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Preface 

It is now just about 10 years since the publication of the fi rst edition of Polymorphism 
in Pharmaceutical Solids, which certainly received a positive reaction from workers in 
drug development. Since then, Joel Bernstein and Rolf Hilfi ker have published their 
books on polymorphic phenomena, and the fi eld has continued to expand both in 
the number of works published and also in the depth of their coverage. Some things 
have not changed, however, and the effects of crystal structure on the solid-state 
properties of a given system remains of paramount importance. As I stated in the 
preface to the fi rst edition, the heat capacity, conductivity, volume, density, viscosity, 
surface tension, diffusivity, crystal hardness, crystal shape and color, refractive 
index, electrolytic conductivity, melting or sublimation properties, latent heat of 
fusion, heat of solution, solubility, dissolution rate, enthalpy of transitions, phase 
diagrams, stability, hygroscopicity, and rates of reactions are all strongly infl uenced 
by the nature of the crystal structure.

The content of the present edition of Polymorphism in Pharmaceutical Solids 
has expanded to refl ect the larger scope of topics having interest to development 
scientists. The book is now divided into six main sections, the fi rst dealing with 
thermodynamic and theoretical issues. Within this initial section, one will fi nd 
updated chapters from the fi rst edition, “Theory and Principles of Polymorphic 
Systems” and “Application of the Phase Rule to the Characterization of Polymorphic 
and Solvatomorphic Systems.” Refl ecting the growing trend in predictive science, 
a new chapter entitled “Computational Methodologies: Toward Crystal Structure 
and Polymorph Prediction” is now featured in this section.

The second section of the new edition features preparative methods for poly-
morphs and solvatomorphs, and the single chapter of the fi rst edition has been split 
into two chapters entitled “Classical Methods of Preparation of Polymorphs and 
Alternative Solid Forms” and “Approaches to High-Throughput Physical Form 
Screening and Discovery.” In the next section, one will fi nd chapters relating to the 
structural properties of polymorphs and solvatomorphs, updating the chapters 
from the fi rst edition, “Structural Aspects of Polymorphism” and “Structural 
Aspects of Solvatomorphic Systems.” With greater interest developing about the 
advantageous properties of co-crystal systems, it was appropriate to expand the 
structural section to include a new chapter entitled “Pharmaceutical Co-crystals: A 
New Opportunity in Pharmaceutical Science for a Long-Known but Little-Studied 
Class of Compounds.”

In the fi rst edition, topics related to the characterization methods for poly-
morphs and solvatomorphs were covered in two chapters, but the growth in the 
fi eld that has taken place in the past 10 years required far greater coverage of these 
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areas. Hence, the four chapters of the next section are entitled, “Thermoanalytical 
and Crystallographic Methods,” “Vibrational Spectroscopy,” “Solid-State Nuclear 
Magnetic Resonance Spectroscopy,” and “Effects of Polymorphism and Solid-State 
Solvation on Solubility and Dissolution Rate.” The chapter on solubility and dis-
solution is especially poignant, as it retains timeless and consequential contributions 
written by the late Professor David Grant for the analogous chapter in the fi rst 
edition.

In the fi rst edition, the phase interconversion of polymorphs and solvatomorphs 
was covered only from a processing viewpoint, but in the present edition, this 
important topic is now covered in two chapters, “Solid-State Phase Transformations” 
and “Effects of Pharmaceutical Processing on the Solid Form of Drug and Excipient 
Materials.”

As in the fi rst edition, the last section contains chapters that have been grouped 
together as special topics. The chapter “Structural Aspects of Molecular Dissym-
metry” concerns structural variations that can arise from the existence of molecular 
dissymmetry, manifested primarily in marked differences in solid-state properties 
between solids composed of racemates relative to solids composed of separated 
enantiomers. Finally, as the amorphous state represents one polymorphic form 
potentially available to all compounds, this extremely important fi eld is covered in 
great depth in a chapter entitled “Amorphous Solids.”

Even though the scope of the second edition of Polymorphism in Pharmaceutical 
Solids is substantially increased relative to that of the fi rst edition, there is simply no 
way that all developments in the fi eld could have been covered in depth in a single 
volume. Beginning with a survey of papers published during 2004, I am writing 
annual reviews of polymorphism and solvatomorphism that attempt to summarize 
the state of the fi eld during a given calendar year. Interested readers can easily fi nd 
these in the literature.

In the present edition of Polymorphism in Pharmaceutical Solids, I have once again 
tried to bring together a single volume that contains a comprehensive view of the 
principles, practical concerns, and consequences of the existence of polymor-
phism and solvatomorphism. As with the previous edition, I hope that the new 
chapters will continue to suggest approaches that will stimulate work and encourage 
additional growth in this area of solid-state pharmaceutics.

Harry G. Brittain
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             Theory and Principles of 
Polymorphic Systems   

   Harry G.   Brittain   
 Center for Pharmaceutical Physics, Milford, New Jersey, U.S.A.     

 INTRODUCTION 
 With the discovery by Bragg that one could use the angular dependence of scattering 
of X rays from a crystalline solid to determine the structure of that solid  (1) , structural 
science has played a large role in the fi elds of chemistry and physics. Very early in the 
19th century, it had become known that many compounds were capable of exhibiting 
the phenomenon of  dimorphism , and could be crystallized into solids having different 
melting points and crystal habits. For example, the  α - and  β -forms of potassium ethyl 
sulfate were found to exhibit different solubilities and eutectic temperatures in their 
phase diagram  (2) . The existence of a thermally induced phase transition between 
the anhydrous and monohydrate forms of 5-nitrosalicylic acid was deduced from 
the temperature dependence of its solubility  (3) . 

 As the techniques of structure elucidation grew in their sophistication, the 
crystallographic basis of dimorphism became fi rmly established. The X-ray crystal-
lographic technique enabled workers to determine the dimensions and angles asso-
ciated with the fundamental building blocks of crystals, namely, the unit cell. At the 
same time it also became recognized that crystalline solids were not limited to one or 
two crystal forms, and that many solids were capable of being isolated in multitudes 
of crystalline forms. 

 During the very fi rst series of studies using single-crystal X-ray crystallogra-
phy to determine the structures of organic molecules, Robertson reported the struc-
ture of resorcinol (1,3-dihydroxybenzene)  (4) . This crystalline material corresponded 
to that ordinarily obtained at room temperature, and was later termed the  α -form. 
Shortly thereafter, it was found that the  α -form underwent a transformation into a 
denser crystalline modifi cation (denoted as the  β -form) when heated to about 74°C, 
and that the structure of this newer form was completely different  (5) . A summary 
of the unit cell parameters reported for both forms is provided in  Table 1 . The  α -form 
features a relative open architecture that is maintained by a spiraling array of hydro-
gen bonding that ascends through the various planes of the crystal. The effect of the 
thermally induced phase transformation is to collapse the open arrangement of the 
 α -form by a more compact and parallel arrangement of the molecules in the  β -form. 
This structural change causes an increase in crystal density on passing from the 
 α -form (1.278 g/cm 3 ) to the  β -form (1.327 g/cm 3 ). 

  The term  polymorphism  has come to denote those crystal systems for which a 
substance can exist in structures characterized by different unit cells, but where 
each of the forms consists of exactly the same elemental composition. For a long 
time, the term  pseudopolymorphism  was used to denote other crystal variations where 
the crystal structure of the substance is defi ned by still other unit cells where these 
unit cells differ in their elemental composition through the inclusion of one or more 
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molecules of solvent, and more recently this term has become replaced by the term 
 solvatomorphism . The crystallographic origins and consequences of polymorphism 
and solvatomorphism have been the focus of several monographs and reviews ( 6–  12 ), 
recent annual reviews ( 13–  15 ), and will be discussed in great detail in one of the 
later chapters in this book. 

 The existence of different crystal structures of the various polymorphs of a 
substance often causes these solids to exhibit a variety of different physical proper-
ties, many of which are listed in  Table 2 . Because of differences in the dimensions, 
shape, symmetry, capacity (number of molecules), and void volumes of their unit 
cells, the different polymorphs of a given substance have different physical proper-
ties arising from differences in molecular packing. Such properties include molecu-
lar volume, molar volume (i.e., molecular volume multiplied by Avogadro’s 
number), density, refractive index along a given crystal axis, thermal conductivity, 
electrical conductivity, and hygroscopicity. Differences in melting points of the var-
ious polymorphs arise from differences of the cooperative interactions of the mole-
cules in the solid state compared with the liquid state. Also observed are differences 
in spectroscopic properties, kinetic properties, and some surface properties. Differ-
ences in packing properties and in the energetics of the intermolecular interactions 
(i.e., thermodynamic properties) among polymorphs give rise to differences in 
mechanical properties. 

  These differences in physical properties among the crystal forms of a poly-
morphic system have become extremely interesting to pharmaceutical scientists 
because their manifestation can sometimes lead to observable differences that 
have implications for processing, formulation, and drug availability ( 16–  21 ). For 
such situations, the regulatory concerns can often become critically important, 
and can determine the path of development for a given drug substance  (22) . Con-
sequently, an entire fi eld of characterization techniques for the evaluation of phar-
maceutical solids has arisen, and its degree of sophistication continues to 
grow ( 23–  29 ). 

 Once the phase space of a substance has been determined, and the scope of 
possible polymorphic or solvatomorphic forms is established, it becomes critical to 
determine the boundaries of stability for the different forms and how they might be 
interconverted. At the very least, one must determine which crystal form is the 
most stable state, because unless mitigating circumstances dictate otherwise, that 
form would be the one to be chosen for continued development.   

 TABLE 1    Summary of the Unit Cell Parameters Associated with the two Polymorphs 
of Resorcinol (4,5)  

Polymorphic form a-form  b-form 

Crystal class Orthorhombic Orthorhombic
Space group P na P na 
Number of molecules per unit cell  Z  = 4  Z  = 4
Unit cell axis lengths  a  =10.53 Å  

 b  = 9.53 Å  
 c  = 5.66 Å

 a  = 7.91 Å  
 b  = 12.57 Å  
 c  = 5.50 Å

Unit cell angles  α  = 90°  
 β  = 90°  
 γ  = 90°

 α  = 90°  
 β  = 90°  
 γ  = 90°
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 TABLE 2    Physical Properties that Differ Among Crystal Forms of a Polymorphic System  

Packing properties Molar volume and density  
Refractive index  
Conductivity: electrical and thermal  
Hygroscopicity

Thermodynamic properties Melting and sublimation temperatures  
Internal or structural energy  
Enthalpy  
Heat capacity  
Entropy  
Free Energy and Chemical Potential  
Thermodynamic Activity  
Vapor Pressure  
Solubility

Spectroscopic properties Electronic state transitions  
Vibrational state transitions  
Nuclear spin state transitions

Kinetic properties Dissolution rate  
Rates of solid-state reactions  
Stability

Surface properties Surface free energy  
Interfacial tensions  
Crystal habit

Mechanical properties Hardness  
Tensile strength  
Compactibility, tabletting  
Handling, fl ow, and blending

 THERMODYNAMICS OF POLYMORPHIC SYSTEMS 
 Before a discussion of the thermodynamics associated with systems capable of 
being crystallized in more than one form can be undertaken, a number of funda-
mental principles regarding the interactions that can take place in solid systems 
must be set out. In such discussions, one often uses thermodynamics to treat an  ideal  
system, which may be taken as approximating some type of limiting condition. Real 
systems are often diffi cult to treat, but ideal systems are useful in that their bound-
aries can be used to deduce simple laws that are often suffi ciently accurate to be 
practically useful. The following discussion has been distilled from several standard 
texts on thermodynamics and chemical equilibrium ( 30–  34 ). 

 Systems are said to possess  energy , and interacting systems exhibit simultane-
ous changes in observable properties that are accompanied by changes in energy. The 
energy of a system therefore implies the power to interact but also is a description of 
the results of interaction in terms of changed properties. To the thermodynamic sci-
entist, these properties are usually descriptions in which the system exchanges energy 
with some standard system, although the properties can also be defi ned with respect 
to another member of the system. The changes of interest most pertinent to the pres-
ent discussion involve changes in  potential  energy, or energy stored in a system as a 
result of how it came into that state. For example, the transformation of a substance 
from one physical phase to another involves the transfer of energy in the form of 
heat. Only changes or differences in energy are empirically measurable, because the 
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absolute energy of a system depends critically on the standard from which that 
energy might be measured. 

 Properties are identifi ed as being  extensive  (dependent on the quantity of mass 
present) or  intensive  (independent of the amount of mass present), and the latter 
properties express a quality of the system rather than a quantity of something. For 
example, one may measure the amount of heat required to vaporize one gram of 
water, but dividing that amount of heat by that amount of water yields an intensive 
property that defi nes the substance called water. For every type of energy, there is a 
property whose difference between two systems determines whether energy will be 
exchanged and over which direction that energy will fl ow. Temperature, for exam-
ple, is a measure of the intensity of heat in a system, and the value of this property 
with respect to the temperature of another system determines how much heat will 
fl ow and which system will be the donor of that heat. 

 It is concluded that the relative intensities of the various forms of energy in 
different systems determine whether interactions of exchanges of energy can take 
place between them. For a series of systems isolated from the universe, energy must 
fl ow until total equality in all forms of energy is attained. Consequently, to defi ne a 
system one must be able to state the intensities of all signifi cant forms of energy 
contained within that system. When this situation has been reached, the intensities of 
these energies existing within the system are grouped together in a class of properties 
denoted as  conditions . 

 The conditions of a system can be controlled by manipulating the surround-
ings of the system. For example, unless a system is contained in a closed vessel, the 
pressure of ordinary chemical and physical transformations is fi xed as the same as 
atmospheric pressure by virtue of the interaction of the system with open surround-
ings. As will be seen in the next chapter dealing with the Phase Rule, this stipulation 
results in reduced degrees of freedom and a limitation on the number of equilibria 
available to a system. In partly isolated systems, one may vary conditions by the 
deliberate introduction of one type of energy in order to observe the consequences 
of that addition in a linear manner. 

 In numerous experiments, it has been demonstrated that although energy can 
be converted from one form to another, it cannot be created or destroyed. This fi nd-
ing is the basis for the law of conservation of energy, which in turn, is the basis for 
the  fi rst law of thermodynamics : “The total energy of a system and its surroundings 
must remain constant, although it may be changed from one form to another.” The 
energy of a system is seen to depend upon its pressure, volume, temperature, mass, 
and composition, with these fi ve quantities being related by the  equation of state  for 
the system. Therefore, it is possible to assign a defi nite amount of energy to any 
given state of a system, which is determined only by the state itself and not by its 
previous history. If  E  A  represents the energy of the state A, and  E  B  is the energy of 
the state B, then the change in energy that accompanies the transformation of the 
system from A to B is independent of the path taken, and is given by: 

      B A  = – ∆E E E   (1)  

 The  internal energy  of the system,  E , is a function of pressure, volume, and 
temperature, and includes all forms of energy other than those resulting from the 
position of the system in space. The actual magnitude of the internal energy is usu-
ally not known, but because thermodynamics is concerned primarily with changes 
in energy, the actual value of the internal energy is not signifi cant. 
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 When a system changes from one state to another, it may perform some type 
of external work, the magnitude of which is represented by  w . If the work is done 
by the system, then  w  is positive, but if work is not done in the system, then  w  is 
negative. In addition, the system may absorb or evolve an amount of heat equal to 
 q  during the change, and  q  will always be positive if the system absorbs heat. 
According to the fi rst law of thermodynamics, in order for the total energy of the 
system and surroundings to remain unchanged during the transition, it follows 
that the change in energy ( ∆  E ) must be exactly equivalent to the heat  q  absorbed 
from the surroundings less the energy  w  lost to the surroundings in the from of 
external work: 

        = – ∆E q w   (2)  

 For non-electrical thermodynamic processes that take place at constant pres-
sure, the work term in equation (2) can be replaced by an expansion term, where  P  is 
the constant external pressure and  ∆  V  is the increase of volume. If the amount of heat 
absorbed at constant pressure is represented as  q P  , then with a slight rearrangement, 
one obtains: 

       =  + ∆ ∆Pq E P V   (3)  

 Because  P  and  V  are thermodynamic properties of the system, and because  E  
depends only on the state of the system and not on its previous history, it follows 
that the quantity ( E  +  PV ) is also dependent only the state of the system. This latter 
quantity is called the  enthalpy  ( H ) of the system: 

       =  + H E PV   (4)  

 At constant pressure: 

        =   + ∆ ∆ ∆H E P V   (5)  

 Comparison of equations (3) and (5) indicates that the increase  ∆  H  in the enthalpy of 
the system at constant pressure equals the heat absorbed under these conditions. 

  Thermochemistry  deals with the changes in heat of a system that accompany 
chemical or physical transformations where reactants transition into products. 
Because different substances have different amounts of internal energy in the form 
of chemical energy, the total energy of the products of a reaction will differ from the 
total energy of the reactants. As a result, the reaction will be accompanied either by 
the liberation or consumption of heat. An  exothermic  reaction is one where heat is 
produced as a product of the reaction, while an  endothermic  reaction is one where 
hear is consumed as a reactant in the reaction. 

 If a system transformation is run under constant atmospheric pressure, 
then the amount of heat absorbed is identifi ed as the  enthalpy of reaction , and this 
quantity represents the difference in the enthalpies of the reaction products and 
the reactants. For example, the combustion of solid elemental graphite with gas-
eous elemental oxygen at 25°C (i.e., 298 K) to yield gaseous carbon dioxide is 
endothermic: 

      
(S) 2 (G) 2 (G)C  + O CO→   (6)  

 and the enthalpy of combustion equals –94.05 kcal/mol. It is generally postulated that 
elements are in their standard states (i.e., the stable forms at ambient conditions), and 
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therefore their respective enthalpies are set to zero. Because equation (6) depicts the 
formation of CO 2  from its constituent elements, the enthalpy of that reaction is termed 
the enthalpy of formation for CO 2 . 

 When the reaction under consideration involves a phase change, then the change 
in enthalpy is indicative of that reaction. For example, the  enthalpy of vaporization  of a 
substance is defi ned as the amount of heat required at constant pressure to vapor ize  one 
mole of that substance. One may determine the difference in enthalpy between two 
polymorphic forms of a compound by applying Hess’s Law of constant heat summa-
tion, if the enthalpies of combustion for the two forms are known. The enthalpy of 
combustion for the reaction of diamond with oxygen equals –94.50 kcal/mol, and there-
fore the enthalpy of transition accompanying the conversion of diamond into graphite 
equals –0.45 kcal/mol. 

 Although the majority of chemical reactions that are exothermic in character 
will spontaneously go to completion under ordinary conditions, a number of reac-
tions are known to require the absorption of heat and are still spontaneous. For 
example, the dissolution of most salts is endothermic, and yet their dissolution pro-
ceeds spontaneously as long as the equilibrium solubility is not exceeded. This sim-
ple observation demonstrates that enthalpy considerations are not suffi cient to 
determine the spontaneity of a reaction, and that the defi nition of another parameter 
is required. 

 This additional state function is known as the  entropy  of the system, and has 
been given the symbol,  S . One often encounters the explanation that entropy is a 
measure of disorder in a system, and that a spontaneous reaction is accompanied by 
an increase in entropy. Although apart from statistical mechanics it is diffi cult to 
defi ne entropy, it is easier to defi ne changes in entropy. Even though it is clear that 
spontaneous reactions are irreversible in nature, one can still break down the over-
all irreversible process into a series of infi nitely small processes, each one of which 
is reversible in nature. The increase in entropy, d S , that accompanies an infi nitesi-
mal change equals the heat absorbed when the change is carried out in a reversible 
manner divided by the absolute temperature,  T : 

      
REVd  = ( )/δS q T   (7)  

 Because  δ ( q  REV ) has a defi nite value for a reversible, isothermal change, one can 
integrate equation (7) between the temperature limits of the initial and fi nal states 
to obtain the entropy change for the process,  ∆  S . 

 It has proven expeditious to defi ne other functions where the entropy is part 
of the determinant of spontaneity, one of these being: 

      = –A  E  TS   (8)  

 where the  work function ,  A , equals the maximum amount of work obtainable when a 
system undergoes a change under reversible conditions. More useful to pharmaceutics 
and issues of polymorphism is the  free energy : 

      =G  H – TS   (9)  

 It is not diffi cult to show that combination of equations (4), (8), and (9) yields the 
relation: 

       =  + G A PV   (10)  
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 When a system undergoes a transformation, that change takes place at constant 
temperature and then the free energy of the transition is given by: 

        = –∆ ∆ ∆G H T S   (11)  

 If the transformation is also conducted at constant pressure, then equation (5) can 
be substituted into equation (11) to yield: 

        = + – ∆ ∆ ∆ ∆G E P V T S   (12)  

  Figure 1  shows the energy relationships for a hypothetical system where the 
enthalpy and the entropy of the system increase with increasing absolute tempera-
ture. According to the Third Law of Thermodynamics, the entropy of a perfect, pure 
crystalline solid is zero at absolute zero, enabling one to set the zero-point entropy 
of the system. The ( T   ·   S ) product is seen to increase more rapidly with increasing 
temperature than does the enthalpy, and therefore the free energy will decrease 
with increasing temperature. This decrease also corresponds to the fact that the 
slope ( δ  G / δ  T ), of the plot of  G  against  T  is negative according to the equation: 

      ( / )  = –δ δ PG T S   (13)  

  Each polymorphic form of a substance will yield an energy diagram similar to 
that of  Figure 1 , and because each polymorph has its own distinctive crystal lattice, 
it is to be anticipated that the values of enthalpy, entropy, and free energy at a given 
temperature would be different among the various polymorphs. In discussions of 
the relative stability of polymorphs and the driving force for polymorphic transfor-
mations at constant temperature and pressure, the difference in free energy between 
the forms is the decisive factor, with the form exhibiting the lowest free energy 
being the most stable. 
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 FIGURE 1    Temperature dependence of various thermodynamic functions.    
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  Figure 2  shows the temperature dependence of the enthalpy and free energy 
for two different polymorphs, identifi ed as Form-1 and Form-2. Because the tem-
perature dependence of the free energies of the forms differs, at some tempera-
ture the respective curves cross and the two forms become isoenergetic. If the 
intersection point is determined under ambient conditions, the temperature is 
referred to as the  ordinary transition point  ( T  TR ). The fact that the free energies of 
the two polymorphs are equal implies that Form-1 and Form-2 are in equilibrium 
at that temperature. 

   Figure 2  shows Form-2 having an enthalpy that is higher than that of Form-1, 
so that the difference in enthalpies has the order  H  2  >  H  1  (i.e.,  ∆  H  is positive and the 
transition is endothermic in nature). Because at the transition temperature the dif-
ference in free energies of the forms equals zero, it follows that the difference in 
entropies will have the order  S  2  >  S  1 . Equating the free energies of the two forms 
leads to the useful relation: 

      TR TR TR = ∆ ∆H T S   (14)  

 where  ∆  H  TR  =  H  2  –  H  1  and  ∆  S  TR  =  S  2  –  S  1  at the transition point. Through the use of 
differential scanning calorimetry, one may measure the enthalpy of the transition, 
and therefore calculate the entropy of the transition as long as the transition point 
is accurately determined. For this measurement to be accurate, the rate of tempera-
ture increase must be slow enough to allow Form-1 to completely transform into 
Form-2 over a span of a few degrees so as to achieve reversible conditions as closely 
as possible. 
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 FIGURE 2    Temperature dependence of the enthalpy ( H  ) and free energy ( G ) for two polymorphic 
crystal forms.    
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  Figure 2  also shows that below the transition temperature, Form-1 has the 
lower free energy (i.e.,  G  2  >  G  1 ), and therefore is more stable within that temperature 
range. On the other hand, above the transition temperature, Form-2 now has the 
lower free energy and is therefore more stable (i.e.,  G  2  <  G  1 ). One concludes that 
under defi ned conditions of temperature and pressure, only one polymorph can be 
stable, and that all other polymorphs must be unstable. It is important to note that 
thermodynamics speaks to the relative energies and stabilities of polymorphs, but 
as will be discussed shortly, has nothing to say regarding the rates of these phase 
transformations. Diamond is thermodynamically unstable with respect to graphite, 
but the kinetics associated with that phase change are so infi nitesimally slow that 
one refers to diamond as a metastable phase. 

 Equation (10) applies to the ideal systems discussed thus far, and differentiating 
both sides of the equation yields: 

      d  = d  + d + dG A P V V P   (15)  

 But d A  is the maximum work of the expansion and must therefore be numerically 
equal to – P d V , so equation (15) reduces to: 

      d  = dG V P   (16)  

 In order to integrate equation (16), one requires an equation of state defi ning  V  in 
terms of  P . For one mole of an ideal gas, the law is simply: 

      = /V  nRT P   (17)  

 where  n  is the number of moles of gas and  R  is the gas constant. Substitution of 
equation (17) into (16) and integrating yields: 

      
2 1 2 1  =  –  = ln( / )∆G G G RT P P   (18)  

 Equation (18) applies to any change of state or isothermal transfer of a substance 
from a region in which it has a vapor pressure  P  1  to another region where its vapor 
pressure is  P  2 . 

 Practically all substances do not behave as ideal gases, so the concept of  fugacity  
has been developed for real materials. One way to understand fugacity is to see it as 
the tendency manifested by a substance to leave the phase where it exists and pass 
into every other phase to which it has access. Because for an ideal gas, the partial pres-
sure equals the fugacity, it is clear that equation (18) is a limiting instance of a more 
general equation. One may therefore substitute the fugacities ( f i  ) of the substance in 
each phase for the partial pressures to obtain: 

      
2 1  = ln( / )∆G RT f f   (19)  

 As is typically the case for thermodynamics, it is useful to defi ne the fugacity 
of a substance with respect to the fugacity of some standard state, which can be 
taken as  f   0 . The ratio of the fugacity of a substance to that of the substance in the 
standard state has been termed the  activity  ( a ): 

      0 = /a f f   (20)  

 so that: 

      0 –  = ln( )G G RT a   (21)  
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 As long as the reference state used to defi ne  G  0  and  f   0  is the same, the quantities may 
be used interchangeably, so it follows that: 

      
2 1 2 1  =  –  = ln( / )∆G G G RT a a   (22)  

 The tendency of any one substance to be transferred from one phase or state 
to another at the same temperature depends on the properties of that substance, on 
the states involved, and on the temperature in question. However, neither the fugac-
ity nor the activity are dependent upon the path or mechanism of transfer. At any 
specifi ed temperature, these quantities can be considered to be governed by a prop-
erty of the substance in the separate states. For many purposes, they are satisfacto-
rily measured by the free energy of transfer or difference in molal free energy 
between the states. The molal free energy in any individual phase therefore com-
prises a measure of the escaping tendency of the substance in that phase relative to 
a standard state. 

 For dilute solutions, the activity is approximately proportional to the solubil-
ity,  s , in any given solvent. One can then write an expression approximating the 
free energy difference between two polymorphic forms in terms of their respective 
equilibrium solubilities, or: 

      
2 1  ~ ln( / )∆G RT s s   (23)  

 If the dissolution of the polymorphic forms is conducted under transport-controlled 
sink conditions and under conditions of constant hydrodynamic fl ow, then the dis-
solution rate per unit surface area,  J , is proportional to the solubility according to 
the Noyes–Whitney equation. One then can write another approximation for the 
free energy difference of two polymorphs as: 

      
2 1  ~ ln( / )∆G RT J J   (24)  

 Because the most stable polymorph under defi ned conditions of temperature 
and pressure has the lowest free energy content, it must therefore have the lowest 
values of fugacity, vapor pressure, thermodynamic activity, and solubility, and 
dissolution rate per unit surface area in any solvent.   

 ENANTIOTROPY AND MONOTROPY 
 In the preceding section, the general thermodynamics associated with systems was 
discussed, and methods were developed for determining the degree of spontaneity 
of a potential change were outlined. Implicit to the discussion was the understand-
ing that the thermodynamic relations applied to systems undergoing reversible 
changes. In real crystals, however, a multitude of complicating factors introduce a 
degree of irreproducibility into the thermodynamic relations, thus limiting the 
scope of exact calculations in the understanding of real systems  (35) . Consequently, 
a number of more empirical concepts and rules have been developed to deal with 
actual polymorphic systems. 

 As described above, it is possible for polymorphic crystal forms to exhibit 
an ordinary transition point where one form can reversibly transform into another. 
Obviously, the temperature of this transition point must be less than the melting 
point of either polymorph or else the system would pass into the liquid state and 
no phase transition could be detected. For such systems, one polymorph will be 



Theory and Principles of Polymorphic Systems 11

characterized by a defi nite range of conditions under which it will be the most 
stable phase, and the other form will be characterized by a different range of condi-
tions under which it is the most stable phase. Polymorphic systems of this type are 
said to exhibit  enantiotropy , and the two polymorphs are said to be enantiotropes of 
each other. 

 The free energy relationships between two enantiotropic polymorphs is illus-
trated in  Figure 3 , where now the enthalpy and free energy curves of the liquid 
(molten) state have been added. In the fi gure, Form-1 is shown as having a lower 
free energy content over the lower temperature range, while Form-2 is shown to 
have a lower free energy over a higher temperature range. For such an enantiotro-
pic system, a reversible transition between forms can be observed at the transition 
temperature where the free energy curves cross and the forms are isoenergetic. The 
existence of enantiotropism in the system is indicated by the fact that the free energy 
curve for the liquid phase intersects the free energy curves for both polymorphs at 
a temperature that is higher than the temperature of the transition point. 

  Other systems exist where only one polymorph is stable at all temperatures 
below the melting point. As a result, all other polymorphs have no region of stabil-
ity anywhere on a pressure–temperature diagram, and must be unstable with 
respect to the stable form. Polymorphic systems of this type are said to exhibit 
 monotropy , and the two polymorphs are said to be monotropes of each other. The 
polymorph having the lowest free energy curve and solubility at any given 
temperature will necessarily be the most thermodynamically stable form. 
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 FIGURE 3    Temperature dependence of the enthalpy ( H  ) and free energy ( G ) for two enantiotropic 
polymorphic crystal forms and their liquid (molten) state.    
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 The free energy relationships between two monotropic polymorphs is illus-
trated in  Figure 4 , including the enthalpy and free energy curves of the liquid 
(molten) state. In this fi gure, Form-1 is shown as always having a lower free energy 
content over the entire accessible temperature range, and Form-2 has a higher free 
energy over the same temperature range. The free energy curve of the liquid state 
crosses the free energy curves of both polymorphs at temperatures less than that 
of the transition point, and hence, there can be no temperature at which the two 
polymorphs would exhibit a reversible phase transition. For a monotropic system 
the free energy curves do not cross, so no reversible transition can be observed 
below the melting point. 

  The isolation of polymorphs that form an enantiotropic system requires careful 
control over the isolation conditions. For enantiotropic materials, one can always 
identify a set of conditions where one polymorph or the other is the most thermody-
namically stable form, and if crystallization is performed under those conditions one 
can usually obtain the desired form. Owing to its superior stability under all acces-
sible temperature and pressure conditions, the isolation of the most stable polymorph 
in a monotropic system can usually be achieved without great diffi culty. Isolation 
of the less stable form, however, requires a kinetic trapping of the system under 
conditions where the polymorph is characterized as being metastable at best. 

 A number of rules have been developed that serve to aid in the elucidation of 
the relative order of stability of polymorphs, and to facilitate determination of the 
existence of enantiotropism or monotropism in a polymorphic system ( 36–  41 ). 
Although a summary of these many thermodynamic rules is provided in  Table 3 , it 
should be noted that the most useful and generally applicable rules are the Heat of 
Fusion rule and the Heat of Transition rule. 

H (form-2)

G (form-2)

H (form-1)

G (form-1)

H (liquid)

G (liquid)

Absolute temperature

E
ne

rg
y 

(a
rb

itr
ar

y 
un

its
)

 FIGURE 4    Temperature dependence of the enthalpy ( H  ) and free energy ( G ) for two monotropic 
polymorphic crystal forms and their liquid (molten) state.    
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  The  Heat of Transition Rule  states that, if the transition between polymorphic 
forms is endothermic in nature, then the two forms are related by enantiotropy. 
Conversely, if the phase transformation is exothermic, then the two polymorphic 
forms are related by monotropy. Burger and Ramberger based this rule on the fact 
that because  ∆  H  and  ∆  S  are ordinarily positive for a spontaneous reaction, the 
enthalpy curves will not intersect and the free energy curves can intersect only once 
 (36) . In favorable circumstances, the sign and magnitude of the enthalpy change can 
be determined using differential scanning calorimetry (DSC). 

 When the enthalpy of transition cannot be measured by DSC, the  Heat of 
Fusion Rule  should be applied next. This rule states that if the higher melting poly-
morph has the lower enthalpy of fusion, then the two forms are enantiotropes. 
Conversely, if the higher melting polymorph has the higher enthalpy of fusion, 
then the two forms are monotropes. Burger and Ramberger have pointed out that 
the difference between the enthalpies of fusion of a polymorphic pair does not 

 TABLE 3    Empirically Based Rules for Assigning the Nature of Phase Relationships in 
Polymorphic Systems a   

Rule Enantiotropic system Monotropic system

Fundamental defi nition Form-1 is the most stable 
polymorphic form at temperatures 
below the transition point, while 
Form-2 is the most stable 
polymorphic form at temperatures 
above the transition point

Form-1 is the stable 
polymorph at all temperatures 
below that of the melting point

Heat of fusion The enthalpy of fusion of 
Form-1 is less than the enthalpy 
of fusion of Form-2

The enthalpy of fusion of 
Form-1 is more than the 
enthalpy of fusion of Form-2

Heat of transition The phase transition of Form-2 
to Form-1 is endothermic

The phase transition of Form-2 
to Form-1 is exothermic

Entropy of fusion The melting points of both Form-1 
and Form-2 is less than the 
temperature of the transition point

The melting point of the most 
stable polymorph is higher 
than the temperature of the 
transition point

Phase transformation 
reversibility

The phase transformation at the 
transition point is reversible

The phase transformation of 
Form-2 into Form-1 is 
irreversible

Solubility Form-1 is the most soluble 
polymorphic form at temperatures 
below the transition point, while 
Form-2 is the most soluble 
polymorphic form at temperatures 
above the transition point

Form-1 is the most soluble 
polymorph at all temperatures 
below that of the melting point

Density The density of Form-1 is less than 
the density of Form-2

The density of Form-1 is more 
than the density of Form-2

 a In the table, the convention where Form-1 has a higher melting point relative to that of 
Form-2 has been used.
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exactly equal the enthalpy of transition, and have provided an improvement to 
the difference in enthalpies of fusion based on the difference in heat capacities of 
the two forms  (36) . 

 The  Entropy of Fusion Rule  states that if the polymorph having the higher 
melting point has a lower entropy of fusion, then the two forms are related by 
enantiotropy  (38) . One may calculate the entropy of fusion ( ∆  S  F ) from the enthalpy 
of fusion ( ∆  H  F ) measured for a reversible phase transformation taking place as the 
transition point ( T  TR ) by applying equation (7) to the melting process: 

      
F F TR  =  /∆ ∆S H T   (25)  

 Equation (25) cannot properly be applied to the calculation of  ∆  S  F  for a monotro-
pic system, because monotropy is fundamentally irreversible in nature. However, 
if the form having the higher melting point had a higher entropy of fusion, then 
the two polymorphic forms would be related by monotropy. Yu has developed a 
method for inferring thermodynamic stability relationships from melting data, 
calculating the free energy difference and the temperature slope of  ∆  G  between 
two polymorphs  (40) . 

 The  Solubility Rule  proceeds directly from equation (23), which relates the free 
energy difference between two polymorphic forms to the solubility ratio of these. 
Because the solubility of a solid phase is directly determined by its free energy, it 
follows that if one polymorph is the most soluble form at temperatures below the 
transition point, and the other form is the most soluble form at temperatures above 
the transition point, then the two polymorphs must be enantiotropes. Conversely, 
if one polymorph is the most soluble form at all temperatures below that of the 
melting point of either form, then the two polymorphs must be monotropes. 

 The  Density Rule  is probably the least reliable of the Burger and Ramberger 
rules  (36) , and states that the polymorph having the highest true density will be 
the more stable crystal form. The basis for this rule is the assumption that the 
most stable polymorphic form would have the most effi cient crystal packing, and 
hence, the greatest amount of lattice energy. A number of exceptions have been 
observed to the density rule, among them the instance of resorcinol that was 
discussed earlier ( 4  ,  5 ). 

 As an example of how the thermodynamic rules are used, consider 
the enantiotropically related system constituted by the two non-solvated poly-
morphs of auranofi n (i.e., 5-triethylphosphine-gold-2,3,4,6-tetra- o -acetyl-1-thio—
 D -glyucopyranoside)  (42) . Form-A was found to melt at 112°C, with the enthalpy of 
fusion being determined as 9.04 kcal/mol. Form-B was found to melt at 116°C, and 
its enthalpy of fusion was found to be 5.84 kcal/mol. According to the heat of fusion 
rule, because the higher melting form has the lower heat of fusion, the two poly-
morphs must be enantiotropically related and the difference in fusion enthalpies 
was calculated to be 3.20 kcal/mol. Using solution calorimetry, the enthalpy of solu-
tion for Form-A in 95% ethanol was found to be 12.42 kcal/mol, whereas the 
enthalpy of solution for Form-B in the same solvent system was found to be 
9.52 kcal/mol. In dimethylformamide, the enthalpy of solution of Form-A was 
found to be 5.57 kcal/mol, whereas the enthalpy of solution for Form-B was found 
to be 2.72 kcal/mol. Thus, the enthalpy difference between the two forms was found 
to be 2.90 kcal/mol in 95% ethanol and 2.85 kcal/mol in dimethylformamide. The 
equilibrium solubility of Form-A in 25% aqueous polyethylene glycol 200 was 
found to be 0.65 mg/mL, whereas the equilibrium solubility of Form-B in the same 



Theory and Principles of Polymorphic Systems 15

solvent system was found to be 1.30 mg/mL. The enantiotropic nature of the aura-
nofi n system is demonstrated that at room temperature Form-A is the most stable, 
whereas at elevated temperatures Form-B is the most stable.   

 NUCLEATION AND CRYSTAL GROWTH 
 Among the various methods one may use to prepare different polymorphs are crys-
tallization from liquid solutions of various pure and mixed solvents, crystallization 
from the molten liquid state, suspension of less-soluble substances in pure and 
mixed solvents, thermal treatment of crystallized substances, exposure of solids to 
various relative humidities, sublimation, and crystallization from supercritical fl u-
ids. Typically, the fi rst experiments performed in a preformulation study entail the 
attempted crystallization of polymorphic solids from solutions using various sol-
vents and various temperature regimes ( 43  ,  44 ). In these experiments, initially 
supersaturated solutions are prepared, and then the supersaturation is discharged 
by either slow or rapid cooling of the solution, evaporation of the solvent, addition 
of an anti-solvent to induce precipitation, chemical reaction between two or more 
soluble species, or variation of pH to produce a less soluble acid or base. 

 The crystallization process begins with the aggregation of molecules into clus-
ters, and the continued addition of molecules to the clusters eventually results in 
the formation of tiny crystallites ( 45–  48 ). The  critical nucleus  is obtained when the 
clusters of molecules have the smallest size capable of independent existence in the 
supersaturated phase, with these particles existing in a reversible state where they 
have an equal probability of growing into larger crystals or dissolving back in the 
solution phase. These critical nuclei are too small to be observed directly, and their 
structure is not known. Mullin has stated that the structure of a critical nucleus 
could be anything from a diffuse agglomeration of molecules to a miniature crystal 
that is perfect in form  (46) . 

 The typical theory of nucleation is based on the theory developed for the con-
densation of vapor into a liquid that has been extended to crystallization from the 
molten state. The formation of a liquid droplet or a solid particle in a homogeneous 
fl uid requires the performance of work to obtain the end product. The total amount 
of work required to form a crystal nucleus,  W  TOT , equals the amount of work required 
to form the surface ( W  S ) plus the amount of work needed to form the bulk of the 
particle ( W  V ): 

      
TOT S V =  + W W W   (26)  

 Using the geometrical equations known for spherical particles, it can be shown that 
total work of equation (26) equals: 

      24
3TOT  = sπW r   (27)  

 where  r  is the radius of the particle and   s   is the surface energy of the particle per 
unit area. 

 The increase in vapor pressure resulting from the decrease in size of a droplet 
can be estimated from the Gibbs–Thompson equation: 

      
R

2
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M
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RT r
s
r

=P   (28)  
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 where  P  R  is the vapor pressure over a droplet of radius  r ,  P * is the equilibrium vapor 
pressure of the liquid,  M  is the molecular weight,   r   is the liquid density,  T  is the 
absolute temperature, and  R  is the universal gas constant. 

 For solid particles, the pressure terms of equation (28) can be replaced by 
concentration equivalents. However, the ratio of the concentration of a particle 
having a radius equal to  r  ( C  R ) to the equilibrium solubility ( C *) is a measure of the 
degree of supersaturation ( D ) in the system: 

      *
R = /D C C   (29)  

 In that case, equation (28) can be written as: 
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 or more usefully as: 
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 Substitution of equation (31) into equation (27) yields the important relationship: 
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 According to equation (32), a saturated solution cannot spontaneously nucleate, 
because ln( D ) = 0, and the work required for nucleation would be infi nite. The equa-
tion also indicates that any supersaturated solution can undergo spontaneously nucle-
ation as long as a suffi cient amount of energy is supplied to the system. Nucleation 
may be primary (not requiring pre-existing crystals of the crystallizing substance) or 
secondary (nucleation is induced by pre-existing crystals of the substance). Primary 
nucleation may be homogeneous (the nuclei of the crystallizing substance arise spon-
taneously in the medium), or heterogeneous (the nuclei comprise foreign solid matter, 
such as particulate contaminants, dust particles, or the walls of the container. 

 The change in free energy associated with the process of nucleation ( ∆  G  TOT ) 
from a homogeneous solution is given by: 

      
TOT S V  =   +  ∆ ∆ ∆G G G   (33)  

 where  ∆  G  S  is the excess free energy between the surface of the particle and the bulk 
of the particle, whereas  ∆  G  V  is the excess free energy between a very large particle 
having  r  =  ∞  and the solution in solution.  ∆  G  S  is a positive quantity known as the 
surface excess free energy,  ∆  G  V  is a negative quantity known as the volume excess 
free energy, and both quantities are functions of the radius of the particle. 

 Because the  ∆  G  S  and  ∆  G  V  terms contribute opposing contributions to the total 
free energy change as the radius of the nucleus increases, the free energy passes 
through a maximum ( ∆  G  CRIT ) at a particle radius equal to the radius ( r  CRIT ) of the 
critical nucleus. This behavior has been illustrated in  Figure 5 , and the free energy 
of the critical nucleus can be calculated as: 

      2
3CRIT CRIT  = 4 s∆ πG r   (34)  
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  Spontaneous nucleation is therefore seen to be governed by the algebraic opposition 
of a volume term that favors the accretion of additional molecules from the super-
saturated medium and a surface term that favors the dissolution of the molecular 
aggregates that would otherwise form nuclei ( 45–  48 ). The molecules of the crystalliz-
ing substance tend to aggregate in the supersaturated medium under the infl uence 
of the volume term that tends to reduce the Gibbs free energy of the system. 

 For a substance capable of existing in two or more polymorphic forms, each 
polymorph would have its own characteristic  ∆  G  TOT  as determined by its particular 
 ∆  G  V  and  ∆  G  S  properties, as well as its own characteristic value of  r  CRIT  and  ∆  G  CRIT . 
Within the limits imposed by their characteristic curves, the aggregates or embryos 
of the various polymorphs would compete for molecules in their relative attempts 
to grow into crystallites so that their free energies could decrease. Depending on the 
characteristics of the free energy curves and the properties of the solution, it is to be 
anticipated that the aggregate for which the critical activation energy is the lowest 
will form the fi rst nucleus, and continued deposition of molecules on that nucleus 
would eventually yield the crystallization of that particular polymorph. 

 In order to form crystals from the nuclei, molecules of the crystallizing sub-
stance attach onto the nuclei until the crystallization medium is no longer super-
saturated and the equilibrium solubility of the substance is reached. The small but 
defi nite increase of solubility with decreasing particle size for microscopic solid 
particles predicted by equation (30) does, however, account for the increase in the 
average particle size when crystals of various sizes are allowed to age in constant 
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 FIGURE 5    Dependence of the surface excess free energy ( ∆  G  S ) and the volume excess free 
energy ( ∆  G  V ), illustrating the existence of a critical nucleus having a diameter equal to  r  CRIT .    
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with a saturated solution. This phenomenon, known as  Ostwald ripening , occurs 
because a smaller particle, having a higher solubility, will dissolve in the unsatu-
rated solution that is saturated with respect to a larger particle of lower solubility. 
Conversely, a larger particle having a lower solubility will grow in the supersatu-
rated solution that is actually saturated with respect to a smaller particle of higher 
solubility. Larger particles will therefore grow at the expense of smaller particles 
and the concentration of the “saturated” solution will decrease asymptotically. 

 Because the most easily nucleated polymorph is the one whose critical nuclei 
are the easiest to form (i.e., they have the most favorable free energy characteristics), 
one frequently fi nds that a phase transformation accompanies an Ostwald ripening 
process. As the science of crystallization developed during the 19th century and 
workers learned that compounds could be obtained in more than one solid state 
form, a number of cases were documented where a metastable form of a compound 
crystallized fi rst and subsequently transformed into a more stable form. These fi nd-
ings led Ostwald to propose his  Law of Stages , which stated that a supersaturated 
state does not spontaneously transform directly into that phase that is the most 
stable of the possible states, but instead, transforms into the phase that is next more 
stable than itself  (49) . In thermodynamic terms, the crystal form most likely to be 
initially crystallized would be the one whose free energy was closest to the free 
energy of the dissolved state. 

 Stranski and Totomanov provided an explanation for this phenomenon 
developed in terms of the kinetics of transformation (50). In this model, the deter-
mining factors are the relative rates of nucleation and crystal growth for the stable 
and metastable forms. The differences between the various parameters may be 
such that at the working temperature, the rate of nucleation is greater for the meta-
stable product. This situation would cause the metastable phase to preferentially 
nucleate. In another scenario, the rates of nucleation may be more or less the same 
for the two forms, but if the metastable phase has a higher rate of growth, then this 
form would eventually predominate in the isolated product. 

 One may also encounter the situation where nucleation of the stable form may 
have taken place to a small extent along with the nucleation and growth of the 
metastable form. Because the stable form would necessarily have a lower solubility, 
a process of solution-mediated phase transformation is set up where over time the 
metastable phase transforms into the stable phase. For the situation where no nuclei 
of the stable phase were formed, then for a phase transformation to occur nuclei of 
the stable form would have to be created. The most likely situation for formation of 
these nuclei would be that they would not be generated within the bulk solution, 
but would instead be formed on the surfaces of the metastable crystals. 

 One typically identifi es those situations where two crystal forms are obtained 
in an isolated product as  concomitant crystallization , the products as  concomitant 
polymorphs , and the thermodynamics and kinetics of the phenomenon have been 
discussed in detail  (51) . For example, two orthorhombic polymorphs of 1-deoxy- α -
D-tagatose have been crystallized from a mixed methanol/ethyl acetate solvent sys-
tem  (52) . Form-II was obtained as hexagonal places after allowing the mother liquor 
to stand for 16 hours, while Form-I crystallized as needles from the same solution 
after 72 hours. The two polymorphic forms were collected in approximately 
equal amounts from the crystallizing solution, and the single-crystal structures 
of these forms indicated that the polymorphism was derived from differences in 
hydrogen-bonding patterns. 
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 Probably the best way to avoid the generation of concomitant polymorphs is 
through the introduction of seed crystals into a slightly supersaturated solution. As 
long as the seed crystals do not undergo a solution-mediated phase transformation 
of their own, the supersaturation in the crystallization medium is then discharged 
through growth onto the seeds. The implementation of this process requires knowl-
edge of the temperature dependence of the equilibrium solubility and the spontane-
ous nucleation curve, and seeding is conducted in the concentration region between 
these boundaries (i.e., the  metastable zone ). The techniques for seeding a desirable 
polymorphic form during crystallization have been discussed in detail (46–48,53). 

 Another possibility where one may obtain stable or metastable crystal forms 
is where nucleation and subsequent crystal growth takes place on foreign surfaces, 
a process known as  epitaxial crystallization . When surfaces, foreign nuclei, or appro-
priate seed crystals are present in a solution, these may favor the formation of a 
different form when the surfaces of the epitaxial agents present interfaces for which 
the structure closely matches the structure that would exist in a crystal of the new 
form ( 54  ,  55 ). For example, Form-III of anthranilic acid was obtained by crystalliza-
tion on glass coated with trimethoxysilane, Form-II was obtained when the crystal-
lization took place on glass coated with chloro-triisobutlysilane, and a mixture of 
Form-II and Form-III was obtained if the crystallization was conducted on uncoated 
glass  (56) . It was concluded that the availability of hydrogen-bonding functionality 
at the nucleation surface played an important role in the polymorphic selectivity. 

 The various phenomena discussed in the preceding paragraphs amply dem-
onstrate that one must exercise a considerable degree of control over the nucleation 
process and succeeding crystal growth processes if one seeks to obtain phase-pure 
materials. The crystal nucleation process has been discussed in detail  (57) , as has 
been the signifi cance of controlling crystallization mechanisms and kinetics  (58) . 
These phenomena have also been critically examined with a view toward poly-
morph selection, and the crystal engineering that would be desirable in obtaining 
bulk drug substances having appropriate structures  (59) .   

 DISAPPEARING AND REAPPEARING POLYMORPHS 
 Over the years, stories have accumulated that summarize the failed attempts to 
reproduce previously reported crystallization products. When observed, the phe-
nomenon is simultaneously frustrating and infuriating because modern physical 
science is often judged on the basis of its reproducibility. Dunitz and Bernstein 
addressed systems where a particular crystal form could not be obtained despite 
heroic efforts, concluding that control over nucleation and crystal growth processes 
was required  (60) . Crystallographers and preformulation scientists recognize the 
role of seeding in initiating nucleation, and many consider the disappearance of a 
metastable form to be a local and temporary phenomenon. These authors concluded 
that, “once a particular polymorph has been obtained, it is always possible to obtain 
it again; it is only a matter of fi nding the right experimental conditions.” 

 In a subsequent work, Bernstein and Henck returned to the subject of transient 
polymorphs, examining this time certain systems where polymorphs had become 
elusive after a new polymorphic form was isolated  (61) . Through studies of the 
benzocaine:picric acid,  p  ′ -methylchalcone, benzophenone, and N-(N ′ -methylanilino)
phthalimide systems, hot-stage microscopy was demonstrated to be of great use in 
the design of further experimentation that would yield the elusive polymorph. 
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 The monoclinic polymorph of paracetamol (i.e., acetaminophen) is a 
commercially important form of the drug substance, despite its unsuitability in 
direct compression formulations. An orthorhombic crystal form of the drug sub-
stance had been characterized  (62) , but this polymorph could not be reproduced 
by several groups even though they followed the reported method of isolation. 
Eventually the experimental diffi culties were overcome and a scalable process 
was reported that yielded the orthorhombic form in suffi cient quantities for its 
characterization and formulation  (63) . The key to the successful process came 
through the use of appropriate seeding techniques to suppress the nucleation of 
the unwanted monoclinic polymorph, and rapid isolation of the product at low 
temperatures to suppress any phase transformation. 

 One example where a metastable polymorph was replaced by a more stable 
crystal form is that of meso-xylitol. In the early 1940s, two polymorphs of xylitol 
were described, with one being a metastable, hygroscopic, monoclinic form, melt-
ing at 61–61.5°C  (64)  and the other a stable orthorhombic form melting at 93–94.5°C 
 (65) . After a sample of the orthorhombic form was introduced into a laboratory in 
which the monoclinic polymorph had been prepared, the metastable spontaneously 
transformed into the stable form on exposure to the ambient environment. As part 
of a structural study of the orthorhombic polymorph, it was noted that “Attempts 
to obtain the lower melting monoclinic form from alcoholic solutions either at room 
temperature or close to 0°C have hitherto been unsuccessful. We invariably grow 
the orthorhombic crystals. It is interesting to note that although xylitol was fi rst 
prepared as a syrup in 1891 there was no report of crystallization until 50 years later, 
when it was the metastable hygroscopic form that was prepared fi rst. Having now 
obtained the stable form, it is diffi cult to recover the metastable crystals”  (66) . 

 The existence of two new polymorphic forms of 3-aminobenzenesulfonic acid 
(orthorhombic needles and monoclinic plates) have been reported, one of which 
had not been previously known  (67) . Form-I was suggested to be a disappearing 
polymorph, and the serendipitous discovery of Form-III resulted from the attempt 
to use tailor-made additives in order to re-obtain Form I. Although the attempt to 
prepare Form-I did not succeed, the study demonstrated the necessity to explore 
the polymorphic phase space as fully as possible even in simple systems. 

 A metastable form of benzamide was identifi ed by Liebig and Woehler in 
1832, but the structure of this unstable modifi cation was determined much later  (68) . 
During reproductions of the historical experiments, rapid phase transformation was 
observed of the metastable form to the stable form, with the phase transformation 
being complete within 800 seconds. Ultimately, a high-resolution powder diffrac-
tion pattern of the metastable form was obtained by performing the crystallization 
in a sealed capillary, and subtracting the diffraction peaks of the stable form. 
Detailed evaluation of the structures of the stable and metastable polymorphs indi-
cated that the phase transformation involved little structural rearrangement, and 
this fact was deduced as contributing to the diffi culty of preparing phase-pure 
metastable crystals. 

 Three concomitant polymorphs of 1,3-bis( m -nitrophenyl)urea were reported 
in 1899 as yellow prisms (the  α -form), white needles (the  β -form), and yellow tab-
lets (the  γ -form), and a more detailed investigation of the system has been con-
ducted  (69) . During work designed to prepare the  γ -form, a new  δ -form (that had 
the same color and habit as the  β -form) and a monohydrate form were discovered, 
and the analysis suggested that the monohydrate was actually the reported  γ -form. 
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It was also observed that despite the existence of considerable conformational dif-
ferences in the molecules constituting the various crystal forms, the small degree of 
difference in the solid-state  13 C-NMR spectra of these forms indicated the existence 
of comparable environments for the NMR-active nuclei. 

 In their review, Dunitz and Bernstein pointed out that their examples of dis-
appearing polymorphs involved molecules capable of adopting different conforma-
tions  (60) . These molecules would possess signifi cant degrees of conformational 
freedom and molecular confi gurations that would facilitate the existence of equilib-
rium amounts of the different conformations in the solution, and solid-state effects 
would dictate which of these could be best able to build up into a crystal. It was 
noted that the rate of formation of nuclei of a stable polymorph could be signifi -
cantly reduced by a low concentration of the required conformer, whereas another 
conformer might be incorporated in the nuclei of a metastable polymorph, which 
then underwent rapid growth. The phase interconversions accessible to systems of 
these types must be considered in the context of their enantiotropic or monotropic 
character, and therefore correctly designed preformulation studies of pharmaceutical 
compounds should resolve these kinetic and thermodynamic issues.     
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             Application of the Phase Rule to the 
Characterization of Polymorphic and 
Solvatomorphic Systems   

   Harry G. Brittain     
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 INTRODUCTION TO THE PHASE RULE 
 Bancroft has stated that the two expressions describing in a qualitative manner 
all states and changes of equilibrium are the Phase Rule and the Theorem of 
Le Chatelier  (1) . One of these principles describes the possibilities that might exist 
among substances in equilibrium, and the other describes how such equilibrium 
systems would react to an imposed stress. These changes may entail alterations in 
chemical composition, but could just as well involve transitions in the physical 
state. There is no doubt that thermodynamics is the most powerful tool for the char-
acterization of such equilibria. Consider the situation presented by elemental sul-
fur, which can be obtained in either a rhombic or monoclinic crystalline state. Each 
of these forms melts at a different temperature, and is stable under certain well-
defi ned environmental conditions. An understanding of this system would entail 
knowing under what conditions these two forms could equilibrate with liquid sul-
fur (either singly or together), and what would be the conditions under which the 
two could equilibrate with each other in the absence of a liquid phase. 

 These questions can, of course, be answered with the aid of chemical thermo-
dynamics, the modern practice of which can be considered as beginning with pub-
lication of the seminal papers of J. Willard Gibbs  (2) . Almost immediately after the 
Law of Conservation of Mass was established, Gibbs showed that all cases of equi-
libria could be categorized into general class types. His work was perfectly general 
in that it was free from hypothetical assumptions, and immediately served to show 
how different types of chemical and physical changes actually could be explained 
in a similar fashion. Gibbs began with a system that needed only three independent 
variables for its complete specifi cation, these being temperature, pressure, and the 
concentration of species in the system. From these considerations, he defi ned a gen-
eral theorem known as the Phase Rule, where the conditions of equilibrium could 
be specifi ed according to the composition of that system. 

 The following discussion of the Phase Rule, and its application to systems of 
polymorphic interest, has primarily been distilled from the several classic accounts 
published in the fi rst half of this century (1,3–10). It may be noted that one of the 
most fractious disagreements that took place early in the development of physical 
chemistry took place between the proponents of pure computational thermody-
namics and those seeking a more qualitative understanding of physical phenom-
ena. The school of exact calculations prevailed  (11) , and this view has tended to 
dominate how workers in the fi eld treat experiment and theory. Nevertheless, hav-
ing a qualitative understanding about phase transformation equilibria can provide 
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one with a clearer grasp regarding a particular system, and the Phase Rule is still 
valuable for its ability to predict what is possible and what is not in a system that 
exists in a state of equilibrium.  

 Phases 
 A heterogeneous system is composed of various distinct portions, each of which 
is in itself homogenous in composition, but which are separated from each other 
by distinct boundary surfaces. These physically distinct and mechanically sepa-
rable domains are termed phases. A single phase must be chemically and physi-
cally homogeneous, and may consist of single chemical substance or a mixture of 
substances. 

 Theoretically, an infi nite number of solid or liquid phases may exist side by 
side, but there can never be more than one vapor phase. This situation arises from 
the fact that all gases are completely miscible with each other in all proportions, and 
will therefore never undergo a spontaneous separation into component materials. It 
is important to remember, however, that equilibrium is independent of the relative 
amounts of the phases present in a system. For instance, once equilibrium is reached, 
the vapor pressure of a liquid does not depend on either the volume of the liquid or 
vapor phases. As another example, the solubility of a substance in equilibrium with 
its saturated solution does not depend on the quantity of solid material present in 
the system. 

 In a discussion of simple polymorphic systems, one would consider the vapor 
and liquid phases of the compound as being separate phases. In addition, each solid 
polymorph would constitute a separate phase. Once the general rule is deduced 
and stated, the Phase Rule can be used to deduce the conditions under which these 
forms could exist in an equilibrium condition.   

 Components 
 A component is defi ned as a species whose concentration can undergo indepen-
dent variation in the different phases. Another way to state this defi nition is that a 
component is a constituent that takes part in the equilibrium processes. For instance, 
in the phase diagram of pure water, there is only one component (water), despite 
the fact that this compound is formed by the chemical reaction of hydrogen and 
oxygen. Because according to the Law of Defi nite Proportions the ratio of hydrogen 
and oxygen in water is fi xed and invariable, it follows that their concentration can-
not be varied independently, and so they cannot be considered as being separate 
components. 

 For the specifi c instance of polymorphic systems, the substance itself will be 
the only component present. The situation complicates for solvatomorphs because 
the lattice solvent will compromise a second component, and hence, different phases 
will not have the same composition. The general rule is that the number of compo-
nents present in an equilibrium situation is to be chosen as the smallest number of 
the species necessary to express the concentration of each phase participating in the 
equilibrium.   

 Degrees of Freedom 
 The number of degrees of freedom of a system is defi ned as the number of variable 
factors that must be arbitrarily fi xed to completely defi ne the condition of the sys-
tem at equilibrium. Gibbs  (2)  demonstrated that the state of a phase is completely 
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determined if the temperature, pressure, and chemical potentials of its components 
are known. For a system of one component, there are no chemical potentials 
involved, so the system becomes specifi ed only through knowledge of the tempera-
ture and pressure. One often speaks of the  variance  of a system, which is defi ned by 
the number of degrees of freedom required to specify the system. 

 For example, consider the situation of a substance forming an ideal gas in its 
vapor phase. The equation of state for ideal gases is given by the familiar equation: 

      =PV  nRT   (1)  

 where  P  is the pressure,  V  is the volume,  n  is the number of moles present,  T  is the 
absolute temperature, and  R  is the gas constant. For a given amount of gas, if two 
out of the three independent parameters are specifi ed, then the third is determined. 
This type of system is then said to be bivariant, or one that exhibits two degrees of 
freedom. If the gaseous substance is then brought into a state of equilibrium with its 
condensed phase, then empirically one fi nds that the condition of equilibrium can 
be specifi ed by only one variable. The system exhibits only one degree of freedom, 
and is now termed univariant. If this system is cooled down until the solid phase 
forms, and the liquid and vapor remain in an equilibrium condition, one empiri-
cally fi nds that this equilibrium condition can only be attained if all independent 
parameters are specifi ed. This latter system exhibits no degrees of freedom, and is 
said to be invariant.   

 The Phase Rule 
 For a substance capable of existing in two different phases, the state of equilibrium 
is such that the relative amounts of substance distributed between the phases in the 
absence of stress appears to be unchanging over time. This can only occur when the 
Gibbs chemical potential is the same in each phase, so equilibrium is defi ned as 
the situation where the chemical potential of each component in a phase is the same 
as the chemical potential of that component in the other phase. 

 Consider the system that consists of  C  components present in  P  phases. In 
order to specify the composition of each phase, it is necessary to know the concen-
trations of ( C  – 1) components in each of the phases. Another way to state this is that 
each phase possesses ( C  – 1) variables. Besides the concentration terms, there are 
two other variables (temperature and pressure), so that altogether the number of 
variables existing in a system of  C  components in  P  phases is given by: 

      Variables = (  – 1) + 2VariablesP C   (2)  

 In order to completely defi ne the system, one requires as many equations as 
variables. If for some reason there are fewer equations than variables, then values must 
be assigned to the variables until the number of unknown variables equals the number 
of equations. Alternatively, one must assign values to undefi ned variables or else the 
system will remain unspecifi ed. The number of these variables that must be defi ned or 
assigned to specify a system is the variability, or the degree of freedom of the system. 

 The equations by which the system is to be defi ned are obtained from the 
relationship between the potential of a component and its phase composition, tem-
perature, and pressure. If one chooses as a standard state one of the phases in which 
all of the components are found, then the chemical potential of any component in 
another phase must equal the chemical potential of that component in the standard 
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state. It follows that for each phase in equilibrium with the standard phase, there 
will be a defi nite equation of state for each component in that phase. One concludes 
that if there are  P  phases, then each component will be specifi ed by ( P  – 1) equa-
tions. Then for  C  components, we deduce that the maximum number of available 
equations is given by: 

      Equations = ( – 1)C P   (3)  

 The variance (degrees of freedom) in a system is given by the difference 
between the number of variables and the number of equations available to specify 
these. Denoting the number of degrees of freedom as  F , this can be stated as: 

       = Variables – EquationsF   (4)  

 Substituting equations (2) and (3) into equation (4), and simplifying, yields: 

      F = + 2 – C P   (5)  

 which is often rearranged to yield the popular statement of the Phase Rule: 

      +  = + 2P F C   (6)  

 One can immediately deduce from equation (5) that for a given number of com-
ponents, an increase in the number of phases must lead to a concomitant decrease in 
the number of degrees of freedom. Another way to state this is that with an increase 
in the number of phases at equilibrium, the condition of the system must become 
more defi ned and less variable. Thus, for polymorphic systems where one can encoun-
ter additional solid-state phases, the constraints imposed by the Phase Rule can be 
exploited to obtain a greater understanding of the equilibria involved.    

 SYSTEMS OF ONE COMPONENT 
 In the absence of solvatomorphism or chemical reactions, polymorphic systems 
consist of only one component. The complete phase diagram of a polymorphic sys-
tem provides the boundary conditions for the vapor state, the liquid phase, and the 
boundaries of stability for each and every polymorph. From the Phase Rule, it is 
concluded that the maximum amount of variance (two degrees of freedom) is only 
possible when the component is present in a single phase. All systems consisting of 
one component in one phase can therefore be perfectly defi ned by assigning values 
to a maximum of two variable factors. However, this bivariant system is not of 
interest to our discussion. 

 When a single component is in equilibrium between two phases, the Phase 
Rule predicts that it must be a univariant system exhibiting only one degree of free-
dom. Consequently, it is worthwhile to consider several univariant possibilities, 
because the most complicated phase diagram of a polymorphic system can be bro-
ken down into its component univariant systems. The Phase Rule applies equally to 
all of these systems, and all need to be understood for the entire phase diagram to 
be most useful.  

 Characteristics of Univariant Systems 
 When a single component exists in a state of equilibrium between two phases, the 
system is characterized by only one degree of freedom. The types of observable 
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equilibria can be of the liquid/vapor, solid/vapor, solid/liquid, and (specifi cally 
for components that exhibit polymorphism) solid/solid types. We will consider the 
important features of each in turn.  

 Liquid/Vapor Equilibria 
 A volatile substance in equilibrium with its vapor constitutes a univariant system, 
which will be defi ned if one of the variables (pressure or temperature) is fi xed. The 
implications of this deduction are that the vapor pressure of the substance will have 
a defi nite value at a given temperature. Alternatively, if a certain vapor pressure is 
maintained, then equilibrium between the liquid and vapor phase can only exist at 
a single defi nite temperature. Each temperature point therefore corresponds to a 
defi nite pressure point, and so a plot of pressure against temperature will yield a 
continuous line defi ning the position of equilibrium. Relations of this type defi ne 
the  vaporization curve , and are ordinarily plotted to illustrate the trends in vapor 
pressure as a function of system temperature. It is generally found that vaporiza-
tion curves exhibit the same general shape, being upwardly convex when plotted in 
the usual format of pressure–temperature phase diagrams. 

 As an example, consider the system formed by liquid water, in equilibrium 
with its own vapor. The pressure–temperature diagram for this system has been 
constructed over the range of 1–99°C  (12) , and is shown in  Figure 1 . The character-
istics of a univariant system (one degree of freedom) are evident in that for each 
defi nite temperature value, water exhibits a fi xed and defi nite vapor pressure. 
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 FIGURE 1    Vapor pressure of water as a function of temperature. The data were plotted from 
published values (12).    
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  In a closed vessel, the volume becomes fi xed. According to Le Chatelier’s 
Principle, an input of heat (i.e., an increase in temperature) into a system consisting 
of liquid and vapor in equilibrium must result in an increase in the vapor pressure. 
It must also happen that with the increase of pressure, the density of the vapor 
must increase, whereas with the corresponding increase in temperature the density 
of the liquid must decrease. At some temperature value, the densities of the liquid 
and vapor will become identical, and at that point the heterogeneous system 
becomes homogeneous. At this  critical point  (defi ned by a critical temperature and 
a critical pressure), the entire system passes into one homogeneous phase, and the 
vaporization curve terminates at this critical point. As evident in  Figure 1 , the vapor 
pressure of a liquid approaches that of the ambient atmospheric pressure as the 
boiling point is reached. 

 Continuing with the principle of Le Chatelier, if an equilibrium system is 
stressed by a force that shifts the position of equilibrium, then a reaction to the 
stress that opposes the force will take place. Consider, therefore, a liquid/vapor 
system that is suffi ciently isolated from its surroundings so that heat transfer is 
prevented (i.e., an adiabatic process). An increase in the volume of this system 
results in a decrease in the pressure of the system, causing liquid to pass into the 
vapor state. This process requires the input of heat, but because none is available 
from the surroundings, it follows that the temperature of the system must fall. 

 Although qualitative changes in the position of liquid/vapor equilibrium can 
be predicted by Le Chatelier’s principle, the quantitative specifi cation of the system 
is given by the Clausius–Clapeyron equation: 

      
2 1

d
d ( – )

qP
T T v v

=   (7)  

 where  q  is the quantity of heat absorbed during the transformation of one phase to 
the other,  v  2  and  v  1  are the specifi c volumes of the two phases, and  T  is the absolute 
temperature at which the change occurs. Integration of equation (7) leads to useful 
relations that permit the calculation of individual points along the vaporization 
curve.   

 Solid/Vapor Equilibria 
 As a univariant system, a solid substance in equilibrium with its vapor phase will 
exhibit a well-defi ned vapor pressure for a given temperature, which will be inde-
pendent of the relative amounts of solid and vapor present. The curve represent-
ing the solid/vapor equilibrium conditions is termed a  sublimation curve , and 
generally takes a form similar to that of a vaporization curve. Although the subli-
mation pressure of a solid is often exceedingly small, for many substances it can 
be considerable. 

 One example of a solid that exhibits signifi cant vapor pressure is camphor, for 
which a portion of its sublimation curve is shown in  Figure 2 . This compound 
exhibits the classic pressure–temperature profi le  (13) , fi nally attaining a vapor pres-
sure of 422.5 torr at its melting point (179.5°C). When heated above the fusion tem-
perature, only a short vaporization curve is possible because the boiling point of 
camphor is reached at 207.4°C. 

  The sublimation curve of all substances will have its upper limit at the 
melting point, and a theoretical lower limit of absolute zero. However, because 
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low-temperature polymorphic transitions can be encountered, one often encounters 
considerable complexity in sub-ambient phase diagrams. One need only consider the 
example of water, where at least seven crystalline forms are known. 

 If the sublimation pressure of a solid exceeds that of the atmospheric pressure 
at any temperature below its melting point, then the solid will pass directly into the 
vapor state (sublime) without melting when that substance is stored in an open ves-
sel at that temperature. In such instances, melting of the solid can only take place at 
pressures exceeding ambient. Carbon dioxide is one of the best known materials 
that exhibits sublimation behavior. At the usual room temperature conditions, solid 
“dry ice” sublimes easily. Liquid carbon dioxide can only be maintained between its 
critical point (temperature of +31.0°C and pressure of 75.28 atm) and its triple point 
(temperature of –56.6°C and pressure of 4.97 atm)  (14) . 

 The direction of changes in sublimation pressure with temperature can be 
qualitatively predicted using Le Chatelier’s principle, and quantitatively calculated 
by means of the Clausius–Clapeyron equation.   

 Solid/Liquid Equilibria 
 When a crystalline solid is heated to the temperature at which it melts and passes 
into the liquid state, as long as the two phases are in equilibrium, the solid/liquid 
system is univariant. Consequently, for a given pressure value, there will be a defi -
nite temperature (independent on the quantities of the two phases present) at which 
the equilibrium can exist. As with any univariant system, a curve representing the 
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 FIGURE 2    Vapor pressure of camphor as a function of temperature. The data were plotted from 
published values (13).    
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equilibrium temperature and pressure data can be plotted, and this is termed the 
melting point or  fusion curve . Because both phases in a solid/liquid equilibrium are 
condensed (and diffi cult to compress), the effect of pressure on the melting point of 
a solid is relatively minor unless the applied pressures are quite large. 

 Using Le Chatelier’s principle, one can qualitatively predict the effect of pres-
sure on an equilibrium melting point. The increase in pressure results in a decrease 
in the volume of the system. For most materials, the specifi c volume of the liquid 
phase is less than that of the solid phase, so that an increase in pressure would have 
the effect of shifting the equilibria to favor the solid phase. This shift will have the 
observable effect of raising the melting point. For those unusual systems where the 
specifi c volume of the liquid exceeds that of the solid phase, then the melting point 
will be decreased by an increase in pressure. 

 An example of a fusion curve is provided in  Figure 3 , which uses benzene as 
the example  (15) . It can be seen that to double the melting point requires an increase 
in pressure from 1 atm to approximately 250 atm. The fusion curve of  Figure 3  
is fairly typical in that in the absence of any pressure-induced polymorphic 
transformations, the curve is essentially a straight line. 

  The quantitative effect of pressure on the melting point can be calculated 
using the inverse of the Clausius–Clapeyron equation: 

      2 1( )d
d

T v vT
P q

−=   (8)  
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 FIGURE 3    Effect of pressure on the melting point of benzene. The data were plotted from published 
values (15).    
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 However, the magnitude of such shifts of the melting point with pressure are relatively 
minor, because the differences in specifi c volumes between the liquid and solid phases 
are ordinarily not great. 

 According to equation (8), for a fusion curve to exhibit a positive slope (as 
was the case for the one illustrated in  Fig. 3 ), the specifi c volume of the liquid must 
be greater than the specifi c volume of the solid. In such systems, the substance 
would expand upon melting. Other systems are known where the specifi c volume 
of the liquid is less than the specifi c volume of the solid, so that these substances 
contract upon fusion. The classic example of the latter behavior is that of ice, which 
is known to contract upon melting. For example, although the melting point 
of water is 0°C at a pressure of 1 atm, the melting point decreases to –9.0°C at a 
pressure of 9870 atm  (16) .    

 Triple Points 
 When one component is present in three phases that co-exist in a state of equilib-
rium, the Phase Rule states that the system is invariant and therefore possesses no 
degrees of freedom. This implies that such a system at equilibrium can only exist at 
one defi nite temperature and one defi nite pressure, which is termed the  triple point . 
For example, the solid/liquid/vapor triple point of water is found at a temperature 
of 273.16 K and a pressure of 4.58 torr. 

 Although the solid/liquid/vapor triple point is the one most commonly con-
sidered, the existence of other solid phases yields additional triple points. The num-
ber of triple points possible to a polymorphic system increases very rapidly with 
the number of potential solid phases. It has been shown that the number of triple 
points in a one component system is given by  (17) : 

      ( – 1)( – 2)
#

6
P P P

TP =   (9)  

 Thus, for a system capable of existing in two solid-state polymorphs, a total of four 
phases would be possible, which would then imply that a total of four triple points 
are theoretically accessible. Denoting the liquid phase as L, the vapor phase as V, 
and the two solid phases as S 1  and S 2 , the triple points correspond to: 
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2

1 2

1 2

S –L–V
S –L–V
S –S –L
S –S –V

  (10)  

 The S 1 –S 2 –V point is the  transition point  of the substance, the S 1 –L–V and S 2 –L–V 
points are  melting points , and the S 1 –S 2 –L point is a  condensed transition point   (7) . 
Whether or not all of these points can be experimentally attained depends on 
the exact details of the phase diagram of the system, and the temperatures and 
pressures at which these points exist. 

 To the scientist interested in polymorphic phenomena, the S 1 –S 2 –L triple point 
is of particular interest. Because the Phase Rule requires that triple points for sys-
tems of one component be invariant and devoid of degrees of freedom, it follows 
that crystallization from the melt could only yield two polymorphic solids at a 
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single pressure and temperature. In other words, the possibility that one could 
encounter simultaneous formation of two polymorphs from the molten phase (i.e., 
concomitant crystallization) at ordinary ambient pressure is exceedingly remote. 

 It has already been established that each S  i  –V curve ends at the melting point. 
At this point, liquid and solid are each in equilibrium with vapor at the same pres-
sure, so they must also be in equilibrium with each other. It follows that the particu-
lar value of temperature and vapor pressure must lie on each S  i  –V curve(s) as well 
as on the L–V curve. Applying the Clausius–Clapeyron equation to both transitions, 
one concludes that a discontinuity must take place on passing from the S  i  –V curve(s) 
to the L–V curve. This arises that because the change in specifi c volume for each 
transition is essentially the same, and because the heat required to transform a solid 
into its vapor must necessarily exceed the heat required to transform a liquid into 
its vapor, it must follow that the value of d P /d T  for the solid/vapor transition 
must exceed that for the liquid/vapor transition. Therefore, the S  i  –V curve(s) must 
increase more rapidly than does the L–V curve, with the curves intersecting at a 
triple point. Using a similar argument, it can be deduced that each S  i  –L curve must 
also pass through a triple point. One therefore deduces that the triple point is a 
point of intersection of three univariant curves. These relationships are illustrated 
in  Figure 4 , which provides the phase behavior for a typical substance for which the 
specifi c volume of the liquid exceeds that of the solid. 

  The triple point differs from the ordinary melting point, because the latter 
represents the transition point that is determined at atmospheric pressure. At the 
triple point, the solid and liquid are in a state of equilibrium under a pressure that 
equals their vapor pressure. 
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 FIGURE 4    Phase diagram of a hypothetical substance for which the specifi c volume of the liquid 
exceeds that of the solid. The triple point is defi ned by the intersection of the three univariant curves 
describing the solid–vapor, liquid–vapor, and solid–liquid equilibria.    
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 Interesting conclusions can be reached if one considers the consequences of 
applying Le Chatelier’s principle to a system in equilibrium at its triple point. Stress-
ing the system through a change in either pressure or temperature must result in an 
opposing effect that restores the equilibrium. However, because the system is invari-
ant, the position of equilibrium cannot be shifted. Therefore, as long as the system 
remains in equilibrium at the triple point, the only changes that can take place are 
changes in the relative amounts of the phases present. For the specifi c instance of 
polymorphic solids, this deduction must apply to all other triple points of the sys-
tem. It should be emphasized that at the triple point, all three phases must be 
involved in the phase transformations.    

 SOLID-STATE POLYMORPHISM AND THE PHASE RULE 
 That a given solid can exist in more than one crystalline form was fi rst established 
by Mitscherlich for the specifi c instance of sodium phosphate  (18) . The phenome-
non has been shown to be very widespread for both inorganic and organic systems, 
with compilations ( 19–  21 ) and annual reviews ( 22–  24 ) having been published 
regarding compounds of pharmaceutical interest that exhibit polymorphism. 
Throughout the following discussion, one must remember that these structural dif-
ferences exist only in the solid state, and that the liquid and vapor phases of all 
polymorphs of a given component must necessarily be identical. 

 According to the preceding defi nition, each solid-state polymorphic form 
constitutes a separate phase of the component. The Phase Rule can be used to pre-
dict the conditions under which each form can co-exist, either along or in the pres-
ence of the liquid or vapor phases. One immediate deduction is that because no 
stable equilibrium can exist when four phases are simultaneously present (i.e., at a 
quadrupole point), it cannot happen that two polymorphic forms exist in equilib-
rium with each other as well as being in equilibrium with both their solid and vapor 
phases. However, when the two crystalline forms (denoted as S 1  and S 2 ) are in equi-
librium with each other, then the two triple points (S 1 –S 2 –V and S 1 –S 2 –L) become 
exceedingly important.  

 The Transition Point 
 The S 1 –S 2 –V triple point is obtained as the intersection of the two univariant subli-
mation curves, identifi ed as S 1 –V and S 2 –V. Below this triple point only one of the 
solid phases can exist in stable equilibrium with the vapor (i.e., being the stable solid 
phase), and above the triple point only the other phase can be stable. The S 1 –S 2 –V 
triple point therefore provides the pressure and temperature conditions at which the 
relative stability of the two phases inverts, and hence, is referred to as the  transition 
point . 

 The S 1 –S 2 –V triple point is also the point of intersection for the S 1 –S 2  curve, 
which delineates the conditions of equilibrium for the two polymorphic forms with 
each other. Because the S 1 –S 2  curve defi nes a univariant system, it follows that the 
temperature at which the two phases can be in equilibrium will depend on the pres-
sure. In common practice, workers make use of the ordinary transition point 
(defi ned as the temperature of equal phase stability at atmospheric pressure), but 
this point in the phase diagram must be distinguished from the S 1 –S 2 –V triple point. 
The ordinary transition point bears the same relationship to the S 1 –S 2 –V triple point 
that the ordinary melting point bears to the S–L–V triple point. 
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 The transition point, like the melting point, is affected by pressure. Depending 
on the relative values of the specifi c volumes of the two polymorphs, an increase 
in pressure can either raise or lower the transition temperature. However, because 
this difference in specifi c volumes is ordinarily very small, the Clausius–Clapeyron 
equation predicts that the magnitude of d T /d P  will not be great. 

 To illustrate the phase behavior of a substance at the S 1 –S 2 –V triple point, 
we will return to the example of camphor whose sublimation curve was shown in 
 Figure 2 . The pressure dependence of the S 1 –S 2  (Form-1/Form-2) phase transforma-
tion is known  (25) , and the phase diagram resulting from the addition of this data 
to the sublimation curve is shown in  Figure 5 . Because the data used to construct 
the S 1 –S 2  curve were obtained at pressure values ranging up to 2000 atm, the loca-
tion of the triple point must be deduced from an extrapolation of the S 1 –S 2  curve to 
its intersection with the S–V curve. One fi nds that the triple point is located at 
a temperature of 87°C and a pressure of 0.017 atm (13 torr). This fi nding would 
imply that the S–V sublimation curve reported for camphor actually represents the 
composite equilibrium of the two phases with their common vapor phase. 

    The Condensed Transition Point 
 For the sake of this argument, let us assume that phase S 1  is more stable than is phase 
S 2  at ordinary ambient conditions. If one increases the pressure on the system, the 
position of equilibrium will be displaced along the S 1 –S 2  transition curve, which will 
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 FIGURE 5    Location of the Form-1/Form-2/vapor triple point in the phase diagram of camphor. The 
triple point is deduced from the extrapolated intersection of the S 1 –S 2  transition curve with that of 
the S–V sublimation curve. The data were plotted from published values (13,25).    
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have the effect of raising the transition temperature. At some point, the univariant 
S 1 –S 2  curve will intersect with the univariant S 1 –L fusion curve, producing a new 
triple point S 1 –S 2 –L, which is denoted the  condensed transition point . The S 1  phase 
ceases to exist in a stable condition above this triple point, and the S 2  phase will be 
the only stable solid phase possible. 

 When observable, the S 1 –S 2 –L triple point is encountered at extremely high 
pressures. For this reason, workers rarely determine the position of this triple point 
in a phase diagram, but focus instead on the S 1 –S 2 –V triple point for discussions of 
relative phase stability. 

 To illustrate a determination of an S 1 –S 2 –L triple point, we will return to the 
example of benzene, for which the low-pressure portion of the S–L fusion curve was 
shown in  Figure 3 . When the full range of pressure–temperature melting point data 
is plotted  (15) , one fi nds that the pressure-induced volume differential causes a 
defi nite non-linearity to appear in the data. Adding the S 1 –S 2  transition data  (26)  
generates the phase diagram of benzene, which is shown in  Figure 6 , where the 
triple point is obtained as the intersection of the S–L fusion curve and the S 1 –S 2  tran-
sition curve. The S 1 –S 2 –L triple point is deduced to exist at a temperature of 215°C 
and a pressure of 11,500 atm. Such pressures are only attainable through the use of 
sophisticated systems, which explains why the S 1 –S 2 –L triple point is only rarely 
determined during the course of ordinary investigations. 
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 FIGURE 6    Location of the Form-1/Form-2/liquid triple point in the phase diagram of benzene. The 
triple point is deduced from the extrapolated intersection of the S 1 –S 2  transition curve with that of 
the S–L fusion curve. The data were plotted from published values (15,26).    
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    Enantiotropy and Monotropy 
 The S 1 –S 2 –V triple point is one at which the reversible transformation of the crystal-
line polymorphs can take place. If both S 1  and S 2  are capable of existing in stable 
equilibrium with their vapor phase, then the relationship between the two solid-
state forms is termed  enantiotropy , and the two polymorphs are said to bear an 
enantiotropic relationship to each other. For such systems, the S 1 –S 2 –V triple point 
will be a stable and attainable value on the pressure–temperature phase diagram. A 
phase diagram of a hypothetical enantiotropic system is shown in  Figure 7 . Each of 
the two polymorphs exhibits an S–V sublimation curve, which cross at the same 
temperature at which they intersect the S 1 –S 2  transition curve. The S 2 –V curve 
crosses the stable L–V fusion curve at an attainable temperature, which is the melt-
ing point of the S 2  phase. The S 1 –S 2  transition and the S 2 –L fusion curves eventually 
intersect with the S 1 –L fusion curve, forming the condensed transition point. 

  It should be noted that the ordinary transition point of enantiotropic systems 
(which is measured at atmospheric pressure) must be lower than the melting point 
of either solid phase. Each polymorph will therefore be characterized by a defi nite 
range of conditions under which it will be the most stable phase, and each form is 
capable of undergoing a reversible transformation into the other. 

 The melting behavior of an enantiotropic system is often interesting to observe. 
If one begins with the polymorph that is less stable at room temperature (i.e., the 
metastable phase) and heats the solid up to its melting point, the S 2 –L melting phase 
transformation is fi rst observed. As the temperature is raised further, the melt is 
often observed to re-solidify into the more stable polymorph (S 1 ) because the liquid 
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now exists in a metastable state with respect to S 1 . Continued heating then results in 
the S 1 –L phase transformation. If one allows this latter melt to re-solidify and cool 
back to room temperature, only the S 1 –L melting transition will be observed. 

 Other systems exist where the second polymorph (S 2 ) has no region of stabil-
ity anywhere on a pressure–temperature diagram. This type of behavior is termed 
 monotropy , and such polymorphs bear a monotropic relationship to each other. For 
a monotropic system, the S 1 –S 2 –V triple point will not be an attainable value on the 
pressure–temperature phase diagram because melting of one of the forms takes 
place before the triple point can be reached. 

 The melting point of the metastable S 2  polymorph will invariably be less (in 
terms of both pressure and temperature) than will the melting point of the stable 
form (S 1 ). This, in turn, has the effect of causing the S 1 –S 2 –V triple point to exceed 
the melting point of the stable S 1  phase. Monotropy therefore differs from enantiot-
ropy in that the melting points of an enantiotropic pair are higher than the S 1 –S 2 –V 
triple point, whereas for monotropic systems one or both of the melting points is 
less than the S 1 –S 2 –V triple point. 

 The phase diagram of a hypothetical monotropic system is illustrated in 
 Figure 8 . The S 1 –S 2 –V triple point (transition point) point is clearly virtual in that 
fusion of all solid phases takes place before the thermodynamic point of phase sta-
bility can be attained. The phase diagram indicates that only one of the polymorphs 
can be stable at all temperatures up to the melting point, and the other polymorph 
must be considered as being a metastable phase. For such systems, there is no transi-
tion point attainable at atmospheric pressure, and the transformation of polymorphs 
can take place irreversibly in one direction only. 

  Very complicated phase diagrams can arise when substances can exist in more 
than two crystalline polymorphs. In certain cases, some of the forms may be enantio-
tropic to each other, and monotropic to yet others. For instance, of the eight poly-
morphs of elemental sulfur, only the monoclinic and rhombic modifi cations exhibit 
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enantiotropy and the possibility of reversible interconversion. All of the other forms 
are monotropic with respect to the monoclinic and rhombic forms, and remain as 
metastable phases up to the melting point.    

 KINETICALLY IMPAIRED EQUILIBRIA 
 Using the computational tools of quantitative thermodynamics, one can predict the 
course of an equilibrium process and determine what will be the favored product. 
Unfortunately, classical thermodynamics has nothing to say about the velocity of 
reactions, so a short discussion as to the possible kinetics associated with phase 
transformation reactions is appropriate.  

 Suspended Phase Transformations 
 It is well established that certain phase transformations, predicted to be spontane-
ous on the basis of favorable thermodynamics, do not take place as anticipated. For 
instance, the diamond phase of carbon is certainly less stable than the graphite 
phase, but under ordinary conditions (i.e., in a gemstone setting) one does not 
observe any evidence for phase transformation. The diamond polymorph of car-
bon is metastable with respect to the graphite phase of carbon, but the phase 
interconversion can only take place if appropriate energy is added to the system. 

 Fahrenheit found that pure liquid water, free from suspended particles, could 
be cooled down to a temperature of –9.4°C without formation of a solid ice phase 
 (27) . If the temperature of the supercooled water was decreased below –9.4°C, solid-
ifi cation was observed to take place spontaneously. However, if a crystal of solid ice 
was added to supercooled water whose temperature was between 0 and –9.4°C, 
crystallization was found to take place immediately. Fixing the system pressure as 
that of the atmosphere, one can defi ne the metastable region of stability for super-
cooled water as 0 to –9.4°C. Supercooled water is unstable with respect to phase 
transformation at temperatures less than –9.4°C. 

  Suspended phase transformations  are those phase conversions that are predicted 
to take place at a defi ned S 1 –S 2 –V triple point, but do not owing to some non-ideality 
in the system. One can immediately see that only through the occurrence of a sus-
pended transformation could one obtain a metastable polymorph in solid form. 
In the case of two solids, slow conversion kinetics can permit the transition point 
to be exceeded when moving in either direction along the S 1 –S 2  transition curve, 
permitting the isolation of the otherwise unobtainable metastable phase. 

 One of the best-known examples of suspended transformation is found with 
the polymorphs formed by quartz  (28) . The three principal polymorphic forms are 
quartz, tridymite, and cristobalite, which are enantiotropically related to each other. 
The ordinary transition point for the quartz/tridymite transition is 870°C, whereas 
the ordinary transition point for the tridymite/cristobalite transition is 1470°C. The 
melting point of cristobalite is at 1705°C, which exceeds all of the solid phase transi-
tion points. However, the phase transformations of these forms are extremely slug-
gish, and consequently, each mineral form can be found in nature existing in a 
metastable form. 

 Ordinarily, the rate-determining step during phase conversion is the forma-
tion of nuclei of the new phase. If suitable nuclei cannot be formed at the conditions 
of study, then the phase transformation is effectively suspended until the nuclei 
either form spontaneously or are added by the experimenter. Synthetic chemists 
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have made use of these phenomena by introducing “seed” crystals of their desired 
phase into a supersaturated solution to obtain a crop of material in that solid-state 
form, and to suppress the formation of unwanted by-products. This procedure is 
especially important during the resolution of enantiomers and diastereomers by 
direct crystallization. 

 For example, the inclusion of seed crystals of chloramphenicol palmitate 
Form-A to a mass of Form-B was found to lead to accelerated phase transformation 
during a simple grinding process  (29) . The same type of grinding-induced conver-
sion was obtained when seed crystals of Form-B were added to bulk Form-C prior to 
milling. In this study, the conversion kinetics were best fi tted to a two-dimensional 
nuclear growth equation, but the parameters in the fi tting were found to depend 
drastically on the quantity of seeds present in the bulk material. The practical import 
of this study was that Form-A was the least desirable from a bioavailability view-
point, and that milling of phase-impure chloramphenicol palmitate could yield 
problems with drug products manufactured from overly processed material.   

 Pressure–Temperature Relations Between Stable and Metastable Phases 
 It has already been mentioned that in the vicinity of the S–L–V triple point, the S–V 
sublimation curve increases more rapidly than does the L–V vaporization curve. If 
follows that if the L–V curve is to be extended below the triple point (as would have 
to happen for a supercooled liquid), the continuation of the curve must lie above the 
S–V curve. This implies that the vapor pressure of a supercooled liquid (a metasta-
ble phase) must always exceed the vapor pressure of the solid (the stable phase) at 
the same temperature. 

 For solids capable of exhibiting polymorphism, in the vicinity of the S 1 –S 2 –V 
triple point, the sublimation curve for the metastable phase (S 2 –V) will always lie 
above the sublimation curve for the stable phase (S 1 –V). It therefore follows that the 
vapor pressure of a metastable solid phase will always exceed the vapor pressure of 
the stable phase at a given temperature. This generalization was fi rst deduced by 
Ostwald, who proved that for a given temperature of a one component system, the 
vapor pressure of any metastable phase must exceed that of the stable phase  (30) . 
This behavior was verifi ed for the rhombic and monoclinic polymorphs of elemen-
tal sulfur, where it was found that the ordinary transition point of the enantiotropic 
conversion was 95.5°C  (31) . The vapor pressure curve of the rhombic phase was 
found to invariably exceed that of the monoclinic phase at all temperature values 
above 95.5°C, whereas the vapor pressure of the monoclinic phase was higher than 
that of the rhombic phase below 95.5°C. This behavior provided direct evidence 
that the rhombic phase was the most stable phase below the transition point, 
and that the monoclinic phase was more stable above the transition point. 

 Owing to the experimental diffi culties associated with measurement of the 
families of S  i  –V sublimation curves required for the use of Ostwald’s rule of relative 
phase stability, a variety of empirical rules (not based on the phase rule) have been 
advanced for the deduction of relative phase stabilities. However, when the perti-
nent data can be measured, application of the rule can yield unequivocal results. The 
pressure–temperature diagram for the  α -,  β -, and  γ -phases of sulfanilamide was con-
structed using crystallographic and thermodynamic data, and by assigning the tem-
peratures of the experimentally observed phase transitions to triple points involving 
the vapor phase  (32) . At temperatures below 108°C, the order of vapor pressures was 
 β  <  α  <  γ , which indicated that the  β -phase was more stable than the  α -phase, which 
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is itself more stable than the  γ -phase. Between 108°C and 118°C, the order of vapor 
pressures was determined to be  β  <  γ  <  α , so that within this range the  β -phase 
remained the most stable, and that the  γ -phase was more stable than the  α -phase. At 
temperatures exceeding 118°C, the order of vapor pressures was  γ  <  β  <  α , indicating 
that the  γ -phase became the most stable, and that the  α -phase remained the least 
stable. The data clearly indicate that the  β - and  γ -phases are enantiotropically related, 
having a transition point of 118°C. It was further concluded that because no stability 
region could be identifi ed for the  α -phase (it only became less metastable as the 
temperature increased), it bore a monotropic relationship to the other two phases.    

 SYSTEMS OF TWO COMPONENTS 
 When the substance under study is capable of forming a hydrate or solvate system 
and can therefore exhibit solvatomorphism, the number of components must neces-
sarily increase to at least two. The two components are the substance itself and the 
solvent of solvation, because any other compound can be described as some combi-
nation of these. The various phases that can be in equilibrium will generally not 
exhibit the same composition, so that the usual variables of pressure, volume, and 
temperature must be augmented by the inclusion of the additional variable of con-
centration (thermodynamically through the chemical potential). In fact, it is a gen-
eral rule that if the composition of different phases in equilibrium varies, then the 
system must contain more than one component. 

 Two components present in a single phase constitute a tervariant system, 
characterized by three degrees of freedom. The equilibrium condition between two 
phases is a bivariant system, whereas three phases in equilibrium would be uni-
variant. For a system of two components to be invariant, there must be four phases 
in equilibrium. From the Phase Rule, one immediately concludes that there cannot 
be more than four phases in equilibrium under any set of environmental conditions. 
Owing to the diffi culties in expressing phase diagrams on a two-dimensional sur-
face, the graphical expression of these phase relationships requires the a priori spec-
ifi cation of some of the conditions. Fortunately, for the two component systems of 
most interest to pharmaceutical scientists (hydrates and their anhydrates), studies 
are usually conducted at atmospheric pressure, and this specifi cation immediately 
fi xes one of the variables, enabling the construction of planar diagrams.  

 Solid/Vapor Equilibria 
 One two-component system is where one or more solid phases exists in a state 
of equilibrium with a single vapor phase. This type of situation would exist for 
solvation/desolvation equilibria whose transition temperatures are substantially 
less than the fusion point corresponding to generation of a liquid phase, and is cer-
tainly a commonly encountered type of solvate system of pharmaceutical interest. 
For most compounds, the solid substance in question has no appreciable vapor 
pressure, so that the sole component of the vapor phase will be essentially that of 
the volatile solvent. The usual occurrence where the evolved solvent passes entirely 
into the vapor phase will be assumed, where it does not form a discrete liquid phase 
of its own. 

 Upon heating, the solvate species can dissociate either into a solvate of lower 
solvation, or into an anhydrous phase. Each stage of such equilibria represents a 
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system of two components (substance and solvent) present in three phases (initial 
solvate, solvate product, and solvent vapor). According to the Phase Rule, this con-
stitutes a univariant system, so a defi nite vapor pressure must correspond to each 
temperature. This is termed the  dissociation pressure , and will be independent on the 
relative or absolute amounts of phases present.  

 Single Solvation State Systems 
 Copper chloride dihydrate is an example of simple dehydration, which upon simple 
heating below the melting point, is capable of losing its water of hydration: 

      2 2 2 2CuCl 2H O CuCl  + 2H O⋅ →   (11)  

 At atmospheric pressure, the dehydration of the dihydrate is essentially complete 
by 75°C  (33) . The pressure–temperature curve of the dihydrate consists of a simple 
dissociation curve, having the form illustrated in  Figure 9 . 

  When dehydrating the dihydrate phase at constant temperature, the pressure 
would be maintained at the value corresponding to the dissociation pressure of the 
dihydrate until the complete disappearance of that phase. At that point, the pressure 
would fall to that characteristic (and negligible) vapor pressure of the anhydrate 
phase. If the external pressure on the dihydrate is reduced below its dissociation pres-
sure at a given temperature, then the solid will undergo spontaneous effl orescence 
and will lose the requisite water of hydration to the atmosphere. 
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 FIGURE 9    Vapor pressure of water over copper chloride dihydrate as a function of temperature. 
The data were plotted from published values (33).    
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 Conversely, if one begins with the anhydrous phase, and exposes the solid to 
water vapor, as long as the vapor pressure is less than that of the dissociation pres-
sure at that temperature, no hydrate phase will form. This does not imply that adven-
titious water will not be absorbed, however, but simply that the crystalline dihydrate 
cannot be formed. This situation arises because according to the phase diagram, only 
the anhydrate phase is stable below the lowest dissociation pressure. At the dissocia-
tion pressure, however, a univariant system is obtained because with formation of 
the hydrate phase there are now three phases in equilibrium. With the experiment 
being conducted at constant laboratory temperature, the pressure must also be con-
stant. Continued addition of water vapor can only result in an increase in the amount 
of dihydrate phase, and a decrease in the amount of anhydrate phase present. When 
the anhydrate is completely converted, the system again becomes bivariant pressure 
and the pressure increases again with the amount of water added. Because no higher 
hydrate forms are possible for copper chloride, only adventitious water can be 
absorbed. Of course, if suffi cient water is absorbed, the solid can presumably 
dissolve in the extra water, a phenomenon which is known as  deliquescence .   

 Multiple Solvation State Systems 
 When substances are capable of forming multiple solvated forms, it is observed that 
the different solvates will exhibit different regions of stability and the pressure–
temperature phase diagram becomes much more complicated. Each solvate will be 
characterized by its own dissociation curve, and these families of curves mutually 
terminate at points of intersection. Each dissociation curve will exhibit an initial 
increase, then plateaus as conversion to another solvation state begins, and then 
decreases as the vapor pressure of the solvate product becomes established. At tem-
perature values slightly above the intersection point of two dissociation curves, the 
solvate product would have a higher vapor pressure than the solvate reactant, and 
would therefore be metastable with respect to the higher solvate. However, once 
the temperature is allowed to rise beyond the plateau value, the solvate product 
becomes the stable phase. 

 The hydrate system formed by lithium iodide will be used to illustrate the 
stepwise dehydration process. When heated at temperature values below the melt-
ing point of anhydrous lithium iodide (446°C), the trihydrate is capable of losing 
its water of hydration, to form a dihydrate and a monohydrate on the way to the 
anhydrate phase: 

      2 2 2

2 2 2

LiI 3H O LiI 2H O H O
LiI 2H O LiI 1H O H O

⋅ → ⋅ +
⋅ → ⋅ +

  (12)  

 At atmospheric pressure, the transition point for the trihydrate/dihydrate conver-
sion is 72°C, and the transition point for the dihydrate/monohydrate conversion is 
87°C  (34) . As illustrated in  Figure 10 , the pressure–temperature phase diagram 
of the system consists of three discrete dissociation curves, which intersect at the 
ordinary transition points. 

  When dehydrating the trihydrate phase at constant temperature, the pressure 
would be maintained at the value corresponding to the dissociation pressure of the 
trihydrate until the complete disappearance of that phase. At that point, the pressure 
would fall to that characteristic pressure of the dihydrate phase. Continued dehy-
dration would take place at the dissociation pressure of the dihydrate phase until it 
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was completely transformed to the monohydrate, whereupon the pressure would 
immediately fall to the dissociation pressure of the monohydrate. As previously dis-
cussed, once the external pressure on a given hydrate is reduced below its character-
istic dissociation pressure, then the solid will undergo spontaneous effl orescence to 
a lower hydration state and will evolve the associated water of hydration. 

 Conversely, if one begins with the anhydrous lithium iodide, and exposes the 
solid to water vapor, as long as the vapor pressure is less than any of the dissociation 
pressures, no hydrate phase can form. At the lowest dissociation pressure a univari-
ant system is obtained, because upon formation of the hydrate phase there must be 
three phases in equilibrium. Because the experiment is being conducted at constant 
laboratory temperature, the pressure must also be constant. Continued addition of 
water vapor can only result in an increase in the amount of hydrate phase, and a 
decrease in the amount of anhydrate phase present. When the anhydrate is com-
pletely converted, the system again becomes bivariant pressure and the pressure 
increases again with the amount of water added. The higher hydrate forms are, in 
turn, produced at their characteristic conversion pressures in an equivalent manner.   

 Desolvated Solvates 
 A desolvated solvate is the species formed upon removal of the solvent from a 
solvate. Depending on the empirical details of the system, the desolvated solvate 
may be produced as either a crystalline or an amorphous phase. These materials 
are not equivalent, possessing different free energies, and the amorphous phase 
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 FIGURE 10    Vapor pressure of water over the trihydrate (solid trace), dihydrate (short dashed 
trace), and monohydrate (long dashed trace) phases of lithium iodide as a function of temperature. 
The data were plotted from published values (34).    
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will ordinarily be the less stable of any of the crystalline forms. For example, the 
thermal dehydration product of theophylline monohydrate could be formulated 
into tablets, which then exhibited different dissolution rates than tablets formed 
from either the monohydrate or anhydrate phases  (35) . 

 However, from a Phase Rule viewpoint, a completely desolvated solvate, from 
which the solvent vapor has been totally removed from the residual solid, is simply 
a system of one component. The characteristics and phase equilibria of such systems 
have been amply described earlier in the section “Systems of One Component,” and 
all of the deductions reached about systems of one component must necessarily hold 
for solids produced by the desolvation of a solvate species.    

 Solid/Liquid/Vapor Equilibria 
 This system exists when the solid phase containing the solvated compound is in 
equilibrium with both its liquid and vapor phase. This system would result from 
the congruent melting of the solid phase, which was in turn accompanied by the 
simultaneous volatilization of the included solvation molecules. The equilibrium 
therefore consists of two components (substance and solvent) present in three 
phases (initial solvate, fused liquid, and solvent vapor). According to the Phase 
Rule, this constitutes a univariant system, so just as for the system described previ-
ously, for each temperature there will correspond a defi nite vapor pressure. This is 
still a dissociation pressure, and will be independent on the relative or absolute 
amounts of phases present. 

 Examples of this type of behavior are not commonly encountered for com-
pounds of pharmaceutical interest, because the melting points of drug substances 
generally lie at considerably higher temperatures than do the dehydration points. 
Even for excipients characterized by low melting points, the dehydration steps take 
place at lower temperatures than do the fusion transitions. One of the closest pairs of 
dehydration and melting temperatures was noted for the crystalline dihydrates of 
magnesium stearate and palmitate, but even here the melting transition occurred 
approximately 20°C higher than the dehydration transition  (36) . As a result, the crys-
talline hydrates could be completely dehydrated prior to the onset of any melting. 

 Nevertheless, the Phase Rule can be used to deduce some conclusions about 
systems where a congruently melting solid remained in equilibrium with the vapor 
phase. One deduction is that one would not expect to encounter a condition where, 
in addition to being in equilibrium with liquid and vapor phases, the solvate phase 
was in equilibrium with any other type of solid phase. Such a system would consti-
tute an invariant system, and could only exist at a characteristic quadrupole point. 
Because it is hardly likely to encounter a quadrupole point at ambient temperature 
or pressure, the possibility can be effectively discounted from ordinary experience. 

 The power of the Phase Rule is immediately evident in that the solid/liquid/
vapor system is characterized by the same amount of variance as was the solid/
vapor system. As a result, the arguments made regarding the pressure–temperature 
curves of the former system can be extended to apply to the latter system, except 
that the liquid phase takes the place of the anhydrate phase.   

 Solid/Solution Equilibria 
 Given that most polymorph screening studies entail crystallization of solids out of a 
solution, it follows that the equilibria existing between solid phases and a liquid phase 
containing dissolved solute would be of prime interest. This area, of course, relates to 
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the solubility of materials in solvents, which has been the subject of in-depth 
reviews ( 37–  42 ). 

 For simple unsaturated solutions, as long as the saturation solubility is not 
exceeded, all components in the liquid phase will be completely miscible, and there-
fore the number of phases equals one. Because the number of components equals 
two, the number of degrees of freedom available to the system is calculated to be 
three. Considering that experimental work is normally conducted at atmospheric 
pressure, the variability is further reduced down to two. These two variables are 
temperature and the chemical potential of the dissolved component, which is more 
commonly expressed as a solution concentration. As long as the solvent is capable 
of completely dissolving added solute, the variance of the system will remain effec-
tively equal to two because the effect of pressure is generally not signifi cant for a 
condensed phase. 

 Once the ability of the solvent to dissolve solute is exceeded, the number of 
phases increases to two and the variance (at constant pressure) decreases to one. It 
follows that for a solute in equilibrium with its saturated solution, the specifi cation 
of either temperature or concentration fi xes the other value. One may then plot the 
 equilibrium solubility  of a substance as a function of temperature to obtain the solubil-
ity curve that defi nes the solute concentrations existing in a the saturated solution 
that is in a state of equilibrium with pure solid solute. 

 For most substances, the dissolution process is endothermic, and therefore the 
equilibrium solubility of solute will increase with temperature. As an example, the 
equilibrium solubility of malic acid  (43)  as a function of temperature is plotted in 
 Figure 11 . However, for a much smaller number of compounds, the dissolution of 
solute is an exothermic process, which causes the solubility to decrease with increas-
ing temperature. Calcium acetate  (44)  is one such example, as the solubility curve of 
 Figure 11  illustrates. 

  Of course, the temperature of a solution cannot be varied indefi nitely because 
temperatures will exist where phase transitions will occur. The equilibrium phase 
diagram of a simple aqueous binary system that does not form a hydrate is shown 
in  Figure 12 . The unbroken liquidus line represents the equilibrium between the 
solid solute and its saturated solution, and is the  solubility  curve discussed above. 
The broken liquidus line represents the equilibria between ice and the saturated 
solution, and is termed the  freezing point  curve. The region bounded by these liqui-
dus lines defi nes the unsaturated solution condition that was discussed in detail 
earlier. The horizontal dashed line is termed the  eutectic  line, and at all temperatures 
below the eutectic temperature the system would be entirely solid. 

  If one prepares a dilute solution of the solute and initiates cooling, one would 
fi nd that pure ice would crystallize out of the solution when the temperature reached 
a point along the freezing point curve. As one decreased the temperature further, 
the solution would become more concentrated up to the point where the freezing 
point curve intersects with the eutectic line. Alternatively, if one began with a con-
centrated solution of the solute and initiated cooling, solid solute would crystallize 
out of the solution when the temperature equaled a point along the solubility curve. 
Continued cooling of the solution would result in the crystallization of more solute, 
thus decreasing the solution concentration, until the temperature equaled the same 
point along the solubility curve. 

 The eutectic point is therefore the condition where ice and solid solute sepa-
rate out together in the form of a conglomerate mixture, and the system freezes at 
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constant temperature without change in composition. At the eutectic point, the 
number of phases equals three, and for a system of two components this reduces the 
variance to one. However, because the pressure of the system has been fi xed at 
atmospheric, the system is actually invariant and possesses no degrees of freedom. 

 When the solute is capable of exhibiting polymorphic or solvatomorphic 
behavior, the phase diagram summarizing the various equilibria existing between 
solutions of dissolved solute and its solid phases is of much greater interest. For 
example, the temperature dependence of the solubilities of ampicillin anhydrate 
and trihydrate have been studied, with both solvatomorphs exhibiting good linear-
ity in their van’t Hoff plots  (45) . The solubility data from this study have be refor-
matted and plotted in  Figure 13 , and the break noted in the solubility curve at 42°C 
indicates the existence of a phase transition. It was determined that the anhydrate 
phase was the stable phase at temperatures above the ordinary transition point, 
whereas the trihydrate was the stable phase below this temperature. The data also 
indicate that the enthalpy of solution for the trihydrate phase is endothermic, 
whereas the enthalpy of solution of the anhydrate phase is exothermic. 

    Kinetically Impaired Equilibria 
 Although thermodynamics and the Phase Rule are rigorous in defi ning equilibrium 
conditions, its frequently happens that a system can become kinetically trapped in 
a metastable state and remain outside a condition of true equilibrium. For instance, 
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 FIGURE 11    Equilibrium solubilities of malic acid (solid trace) and calcium acetate (dashed trace) 
as a function of temperature. The malic acid data were plotted from published values (43), as were 
the calcium acetate values (44).    
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 FIGURE 12    Phase diagram for a binary system consisting of a hypothetical solute in equilibrium 
with water at fi xed pressure.    
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 FIGURE 13    Solubility curve for ampicillin in water as a function of temperature. The data were 
plotted from published values (45).    
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effl orescence of a hydrate may not occur immediately once the pressure is reduced 
below the dissociation pressure, and will, in fact, take place only when a suitable 
nucleus for growth is formed. Michael Faraday noted that the decahydrate phase of 
sodium sulfate is unstable with respect to open air, because the vapor pressure of 
the salt exceeds the vapor pressure of water vapor at room temperature  (46) . How-
ever, the system only dehydrates upon contact with the anhydrate phase, demon-
strating the metastable nature of the decahydrate phase. 

 The instability of many anhydrate phases with respect to water has been long 
known. For instance, it was shown by Shefter and Higuchi that hydrate phases of 
cholesterol, theophylline, caffeine, glutethimide, and succinyl sulfathiazole would 
spontaneously form during dissolution studies  (47) . Similar behavior has been 
reported for metronidazole benzoate  (48)  and carbamazepine  (49) . In each of these 
systems, the integrity of the anhydrous phases can be maintained only as long as the 
relative humidity is kept below the dissociation pressure of the hydrate species. 

 As discussed above, ampicillin is known to form crystalline anhydrate and 
trihydrate phases, which exhibit an ordinary transition point of 42°C when in con-
tact with bulk water  (45) . The anhydrate phase is found to be the stable phase above 
the transition point, and the trihydrate is the stable phase below this temperature. 
The trihydrate is the phase of pharmaceutical interest, and can be maintained in a 
stable condition as long as contact with the anhydrate phase is minimized and the 
substance maintained at temperatures below the transition point. When milled in 
contact with anhydrate phase, or when placed in contact with bulk water at room 
temperature, the anhydrate phase forms from the trihydrate with great velocity.    

 SUMMARY 
 Even though the conclusions that can be reached through its use are mainly of a 
qualitative nature, the Phase Rule is still extremely useful for providing a physical 
understanding of polymorphic and solvatomorphic systems in a short amount of 
time. It also is very useful in providing a physical interpretation of phase transfor-
mation phenomena, and is especially useful in its ability to rule out the existence of 
simultaneous multiple equilibria that violate its fundamental equation. Judicious 
use of the Phase Rule permits one to rule out implausible systems, freeing up one to 
focus on more quantitative questions relating to the signs and magnitudes of free 
energy changes associated with accessible systems.    
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 INTRODUCTION 
 A computational method of predicting all polymorphs of a given pharmaceutical 
molecule, and the conditions under which they could be found, requires a funda-
mental understanding of the causes of polymorphism. A computational model 
would only be reliable if it incorporated all the factors that can affect which poly-
morphs can be found. Given the diversity of methods that can generate new poly-
morphs  (1) , and the disappearance of polymorphs due to changes in impurity 
profi les  (2) , modelling all relevant factors currently seems almost impossible. At the 
moment, we can aspire to compute the crystal energy landscape, the set of structures 
that are thermodynamically feasible, for a specifi c compound  (3) . We can predict 
the most thermodynamically stable structure that should exist at specifi ed thermo-
dynamic conditions, if we have performed the calculation of the relative energies 
suffi ciently accurately. Currently, this is the only crystal structure that can be pre-
dicted, by assuming thermodynamic control of crystallization. However, comparing 
the other low-energy structures on the computed crystal energy landscape with 
each other and with the known polymorphs can provide considerable insight into 
the possible solid form diversity  (4) . Using computational modelling in conjunction 
with the experimentally determined crystal structures can help provide an atomic 
level picture of the factors that are infl uencing the crystallization of a molecule, 
from guiding the experimental search to seek polymorphs with alternative packing 
motifs, to using the similarity between predicted structures to suggest the likely 
forms of disorder or crystal growth problems. Gaining a molecular level of under-
standing of crystallization presents challenges to both experimental characteriza-
tion of solids and nucleation processes  (5) , and computational chemistry  (6) . Thus, 
this chapter seeks to demonstrate the types of insight into polymorphism that can 
come from combining various computational tools with experimental work, with 
due allowance for the limitations of the complementary techniques.   

 STRUCTURE COMPARISON TOOLS 
 Many visualization tools are available for viewing organic crystal structures, but 
their three-dimensional nature often makes even qualitative comparison diffi cult, 
and quantifying similarity is a challenge. Some methods are demonstrated by 
comparing pairs of structures of acetaminophen, aspirin, and eniluracil. In all three 
cases the two structures have the same types of hydrogen bonds, and the same 

3
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graph sets  (7) . In acetaminophen (paracetamol), the two polymorphs  (8)  are held 
together by O–H ⋅⋅⋅ O=C C(9) and N–H ⋅⋅⋅ O(H) C(7) hydrogen-bonded chains, but 
form I has highly undulating sheets, whereas the sheets are almost fl at in form II. 
An attempt to overlay the 15 molecule coordination sphere of the two structures, 
using the Compack methodology  (9)  (incorporated in the CalculateSimilarity facility 
in Mercury  (10) ), shows that only one molecule can be overlaid within the default 
tolerance of 20% in the atom–atom distances and 20° in the angles. The relative 
orientations of the other molecules are very different ( Fig. 1A ) despite having the 
same hydrogen bonding pattern. The conformations are very similar, as shown by 
the RMSD 1  value. [RMSD  n   is the minimum root-mean-square difference in the non-
hydrogen atom positions for the  n  molecules that can be overlaid of the 15 (default 
value) coordination cluster of the two structures]. These differences in the packing 
are also evident in the Hirschfi eld ( 11  ,  12 ) surfaces ( Fig. 1B ), which are defi ned by 
the surface where the molecule contributes half of the model for the electron den-
sity in the crystal  (11) . These shapes, particularly when color coded to show the 
nearest intermolecular atom distances, quickly show up the differences in packing. 
Other derived plots can assist the structure comparison  (11) . As would be expected, 
the simulated powder patterns of the two crystal structures are obviously different 
( Fig. 1C ). The similarity in some peaks can be quantifi ed  (13)  using the program 
CalculateSimilarity  (14) . 

  Aspirin illustrates a case where the differences between the two structures are 
more subtle. Eleven of the 15 molecule coordination group of the recently published 
structure for form II  (15)  can be overlaid with form I  (16)  to give an RMSD 11  of 0.07 Å 
( Fig. 2A ). The two structures have the same hydrogen bonded layers  (15) , but these 
stack with different C–H ⋅⋅⋅ O interactions, which can be seen as small differences in the 
acetyl region of the Hirschfi eld surfaces ( Fig. 2B ). The comparison of the energetic 
fi ngerprints  (17)  (the center of mass distance, symmetry relationship, and the compo-
nents of the interaction energy between a central molecule and each of its coordinating 
molecules) of the crystal structures adds further clarity to the debate as to whether 
these two structures should be considered as polymorphs  (18) . In this case, the simu-
lated powder patterns are very similar ( Fig. 2C ), with a CalculateSimilarity  (14)  index 
of 0.96. It is therefore diffi cult to discriminate between the two structures by powder 
or single crystal X-ray diffraction work  (19) . This value of 0.96 is also in the gray area 
where this index does not clearly distinguish  (20)  between polymorphs and redeter-
minations of the same structure. This calibration of the powder pattern similarity 
index was established  (20)  using the polymorphs and redeterminations from different 
samples in different laboratories at different temperatures (with an approximate cor-
rection for thermal expansion), in the Cambridge Structural Database (CSD)  (21) . The 
dangers of just comparing powder patterns are illustrated by two structures proposed 
for eniluracil (5-ethynyluracil) from powder X-ray data  (22) . Both structures are based 
on      2

2 (8)R   N–H ⋅⋅⋅ O=C hydrogen bonded ribbons, but only fi ve molecules of the 
15 molecule coordination sphere can be overlaid ( Fig. 3A ) with an RMSD 5  of 0.045 Å. 
The entire coordination sphere would overlay if C4=O was chemically identical to 
C6–H, providing an almost identical coordination environment (Fig. 3B). Distinguish-
ing between this oxygen and hydrogen, one structure is comprised of polar ribbons and 
the other of non-polar ribbons. Their simulated diffraction patterns are very similar 
( Fig. 3C ) with a CalculateSimilarity index of 0.98 Å, a value more in keeping with dif-
ferent determinations of the same structure, although the structures would normally 
be classifi ed as polymorphs. 
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  Other methods of comparing crystal structures are being developed, for example, 
the Xpac  (23)  methodology, which helps avoid the tendency to concentrate on 
hydrogen bonding, and look at the importance of molecular shape. This approach 
demonstrated the relationship between the packing in 25 crystal structures of 
carbamazepine and close analogues  (24) . 

 As experimental screening methods produce more crystal structures contain-
ing the same or closely related molecules, the use of complementary comparison 
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 FIGURE 1    Different methods of comparing the two polymorphs of acetaminophen (paracetamol) 
(8): ( A ) optimal overlay of central molecule, showing the hydrogen-bonded coordinating mole-
cules in the two forms [form I HXACAN07 (gray); form II HXACAN08 (black); RMSD 1  = 0.096]; 
( B ) Hirshfeld surfaces, which emphasize the differences in the stacking in the two forms; 
and ( C ) the simulated powder patterns (CalculateSimilarity index = 0.75).  Abbreviation : RMSD1, 
root-mean-square difference in overlay of the molecule.    
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tools will become more widespread. Because computed crystal energy landscapes 
often generate huge numbers of thermodynamically feasible structures, further 
automation and development of comparison methods will be needed to obtain the 
real benefi ts of comparing known and computer-generated crystal structures. The 
ability to differentiate different types of polymorphism and solid-form diversity 
helps assess the implications for quality control of possible pharmaceutical products, 
as will be exemplifi ed by these three examples in the section “Interpretation of 
Crystal Energy Landscapes.”   
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 FIGURE 2    Different methods of comparing the two experimental structures of aspirin repre-
sented by ACSALA02 (gray), a 100 K determination of form I (16) and the form II structure 
ACSALA13 (black) (15): ( A ) optimal overlay of the 11 molecule cluster in common (RMSD 11  = 0.07 Å); 
( B ) Hirshfeld surfaces aligned to show the difference in packing of the acetyl groups; and ( C ) the 
simulated powder patterns (CalculateSimilarity index = 0.96).  Abbreviation : RMSD11, root-mean-
square difference in overlay of the 11 molecule cluster.    
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 CALCULATION OF CRYSTAL ENERGIES 
 The calculation of the relative energies of polymorphs provides a major challenge 
to computational chemistry. There is currently no method that can be considered 
reliable for all pharmaceutical molecules for all purposes, although this is an objec-
tive of considerable research because it is closely related to other fi elds such as 
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patterns (CalculateSimilarity index = 0.98). Abbreviation: RMSD5, root-mean-square difference in 
overlay of the fi ve molecule cluster.



Computational Methodologies 57

computational drug design. However, there can be a choice of methods that could 
be applied to a given molecular system, and a key question is whether any one is 
accurate enough for your purposes. Very crude models, such as a computationally 
generated space-fi lling model, can readily deal with questions such as whether a 
structure is plausibly close-packed or sterically implausible. At the other extreme, 
periodic electronic structure methods are beginning to be evaluated for calculating 
organic crystal energies. The traditional approach to modelling organic crystals 
( 25  ,  26 ) sums the energy of the interactions between all the molecules in the crystal 
as evaluated from a model intermolecular potential. The molecules are either mod-
elled as rigid or the energy penalty for the change in conformation is added. Organic 
crystal structure modelling is challenging because the energy differences between 
polymorphs are so small compared with the covalent bond energies. 

 A straightforward evaluation of the energy difference between two or more 
experimental crystal structures, by even the most expensive computational method, 
could be very misleading for several reasons. First, computed lattice energies are 
extremely sensitive to the location of the protons involved in hydrogen bonding. 
X-ray determinations have a systematic error in hydrogen atom positions, and so 
the position of all protons must be adjusted so the X–H bond length is more realistic, 
by using average neutron values  (27)  or ab initio optimization. Also, the hydrogen 
charge density may have been carefully located in the published structure, but often 
the crystallographer has to make assumptions to include the proton positions. If, for 
example, a planar conformation had been assumed for an amine group, which in 
reality distorts to a pyramidal conformation to form better hydrogen bonds, the 
hydrogen bonding energy would be signifi cantly underestimated. 

 Second, the crystal structure should be optimized using the computational 
model for the energy. The van der Waals contacts within crystals are where the 
attractive and repulsive forces balance, and so small changes in these distances can 
lead to large energy differences because of the exponential distance dependence 
of the repulsion. Temperature affects organic crystal structures in an anisotropic 
fashion, refl ecting the nature of the intermolecular interactions in the different direc-
tions. Hence, modelling based on low-temperature structures is always preferred, 
and mixing structures determined at different temperatures can lead to signifi cant 
uncertainties. For example, the lattice energy of form I acetaminophen, after rigid-
body lattice energy optimization, differs by 2.1 kJ mol –1 , depending on whether the 
molecular conformation determined at 20 K or 330 K is used  (28) . This is greater 
than the 1.0 kJ mol –1  difference between the two polymorphs, using the conforma-
tions in structures determined at 123 K, and the same as the polymorphic energy 
difference using the molecular conformations determined at room temperature  (28) . 
An ab initio estimate of the difference in energy due to the change in the molecular 
conformation between conformational polymorphs can be affected by experimen-
tally insignifi cant variations in, for example, the C=O bond lengths. A more realistic 
estimate would be made by fi xing the degrees of freedom that have been affected by 
the crystal packing, such as torsions around single bonds, to those determined in 
the crystal structures, and optimizing all other bond lengths and angles. 

 Finally, computational work can reveal “errors” in the crystal structure, such 
as the diffraction experiment not detecting a small amount of disordered solvent. 
Recent computational analyses of form II of carbamazepine, by either Hirshfeld 
surfaces  (29)  or energy calculations  (30) , prompted investigations that showed that 
this polymorph is being stabilized by solvent. 
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 Thus, the development of accurate methods of computing polymorphic 
energy differences is very dependent on the quality of the crystallography used for 
validation, although it is not unknown for modelling work to raise questions about 
the accuracy of a published structure.  

 Lattice Energy Evaluation 
 Most crystal structure modelling only considers the lattice energy, that is, the energy 
of the static crystal lattice relative to infi nitely separated molecules, both nominally 
at 0 K and neglecting zero-point vibrational motion. There are many programs that 
can calculate the energy of an infi nite static perfect lattice by using various mathe-
matical techniques to sum up all the contributions. These range from electronic 
structure methods, which explicitly model the electrons in the structure by an 
approximate solution of the quantum mechanical equations, through to atom–atom 
force fi elds that use an equation for the energy as a function of the nuclear positions. 
These empirically parameterized equations represent the energy penalties for vari-
ous conformational distortions as well as the intermolecular interactions. The cur-
rent state-of-the-art method for most organic crystal structures is the intermediate 
“monomer + model” approach, in which ab initio calculations on the isolated 
molecule are used to model the molecular structure, energy, and charge density as 
a function of conformation, and then this charge density is used to construct a model 
for the intermolecular potential. These three approaches to evaluating lattice ener-
gies are outlined, before the additional requirements to include the effect of tem-
perature on the relative thermodynamics of pharmaceutical polymorphs are 
described in the section “Free Energies and Other Properties.”  

 Electronic Structure Modelling 
 Modern electronic structure methods are increasingly being applied to the solid 
state. However, organic crystals provide a particular challenge for an approximate 
solution of the Schrödinger equation, because the importance of modelling the 
dispersion forces adequately can vary signifi cantly between polymorphs. Because 
the dispersion forces arise from the correlation of electron motions, they are not 
described at all by routine molecular orbital methods, such as the Hartree–Fock 
approximation, which as the alternative name of Self-Consistent-Field indicates, 
only allows each electron to respond to the average fi eld of all the other electrons. 
There are a variety of methods that include electron correlation under development, 
including many variants of density functional theory. However, correctly predicting 
the most stable gas phase conformations of fl exible molecules, such as polypep-
tides, where there is a signifi cant dispersion contribution between the different 
functional groups, challenges all currently widely available methods  (31) . The 
problem in modelling dispersion also produces very variable results for organic 
crystals, often producing unphysical expansion of the crystal in the directions where 
the dispersion interaction provides the bonding. For example, one polymorph with 
hydrogen bonds in all three dimensions may be well reproduced, whereas a poly-
morph based on a hydrogen bonded sheet will have the stacking separation overes-
timated. This has been demonstrated  (32)  by applying several types of periodic 
density functional theory to the two polymorphs of  o -acetamidobenzamide and the 
fi ve polymorphs of oxalyl dihydrazide. The structures and relative energies are 
much more reasonably modelled  (32)  by a new empirically dispersion-corrected 
density functional, where the damping function for adding a C 6 /R 6  model for the 
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long-range dispersion to the electronic energy had been empirically fi tted to organic 
crystal structures  (33) . This model was successful in the international blind test of 
crystal structure prediction  (34)  held in 2007  (35) , correctly predicting all four target 
structures ( Fig. 4 ) as the most stable  (36) .    

 Force Fields 
 The simplest force fi elds, which are useful for organic crystal structure modelling, 
are the isotropic atom–atom exp-6 model intermolecular potentials of the form: 

      6

,
exp(– ) – /ik iki M k N

U A B R C Rik ik ik∈ ∈
= ∑   (1)  

 where atom  i  in rigid molecule M and atom  k  in rigid molecule N are of atom types 
  i   and   k  , respectively, and are separated by a distance  R ik  . This potential is only 
explicitly modelling the repulsion between the atoms as their charge clouds over-
lap, and the dispersion force. The parameters for atomic types   i   = C, N, O, Cl, S, and 
separate parameters for H bonded to C, N, and O, have been derived ( 37  ,  38 ) by fi t-
ting to heats of sublimation and the crystal structures of rigid molecules. There is 
no explicit electrostatic term, so the lattice energies can be quickly evaluated by 
direct summation. This results in the hydrogen bonding potentials having particu-
larly deep wells to absorb the missing electrostatic term. This  exp-6  model does 
remarkably well for its simplicity, and can be used for approximate comparisons 
with the molecule held rigid at the experimental conformation. 

 Most commercial modelling programs use one of the many force fi elds that 
are being developed for biomolecular modelling, where the molecular fl exibility is 
represented by bond stretching, bond bending, and torsional terms, and the inter-
molecular forces are modelled in the same way as the intramolecular interactions 
between atoms separated by a few covalent bonds. These non-bonded interactions 
are usually of the form of equation (1), or the Lennard–Jones 12-6 model, with the 
addition of an atomic point-charge electrostatic model. There are many force fi elds 
available  (39)  and the choice for a particular study should be dictated by the properties 
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 FIGURE 4    The four molecules used in the 2007 Cambridge Crystallographic Data Centre’s 
international blind test of crystal structure prediction, with Roman numerals defi ned by this series of 
tests (35). These represent a simple rigid molecule, one with less common functional groups, a 
fl exible molecule and a cocrystal, believed to be within the claimed capabilities of many of the 
available methodologies. All these crystal structures were correctly predicted by methods based on 
the monomer + model approach and the dispersion-corrected density functional method (36). The 
success of these lattice energy-based predictions implies that the target crystal structures were the 
most stable for all compounds and monotropically related to any polymorphs.    
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and types of molecules used in the parameterization and validation. The essential 
preliminary test of a force fi eld for crystal structure modelling is whether it gives a 
minimum in the lattice energy reasonably close to the experimental crystal structure 
for a range for similar molecules. There are cases where the intramolecular forces 
cause a change in the conformation of a fl exible molecule that ensures that the opti-
mized crystal structure is qualitatively wrong  (40) . A prediction that aspirin should 
have a more stable polymorph with the molecule in a planar conformation  (41)  
arose from the use of a force fi eld that predicted that the isolated molecule should 
be planar. Ab initio calculations show that the planar conformation is a transition 
state, although the conformation observed in the crystal is close to a local rather 
than the global minimum in the conformational energy  (42) . A general limitation of 
such force fi elds is that the same atomic charges are simultaneously modelling 
the intermolecular interactions and determining the conformation of the molecule, 
and are unable to represent the changes in charge distribution with conformation 
suffi ciently realistically  (43) .   

 Monomer + Model 
 The approach that has proved adequate for a wide range of organic crystal structures, 
including those in the 2007 blind test of crystal structure prediction ( Fig. 4 ), is to 
concentrate on the obtaining the best possible model for the intermolecular interac-
tions ( 44  ,  45 ). The energy penalty for any signifi cant change in conformation from 
the ab initio-optimized molecular structure,  ∆  E  intra , is evaluated by the best afford-
able ab initio calculations on monomers. The lattice energy is then given by  E  latt  = 
 U  inter  +  ∆  E  intra , where  U  inter  is the intermolecular lattice energy. 

 Atom–atom models for  U  inter  explicitly model at least the electrostatic and 
repulsion–dispersion contributions. The electrostatic model is usually derived from 
the charge density of the molecule, preferably calculated for every distinct confor-
mation to represent the redistribution of charge with changes in the intramolecular 
interactions. The electrostatic model can use the atomic charges that give the best 
possible reproduction of the electrostatic potential in the van der Waals contact 
region around the molecule  (46) . However, modelling organic crystal structures 
satisfactorily often requires  (47)  additional point charges on non-nuclear sites to 
represent the electrostatic forces arising from lone pair and  π  electron density. These 
non-spherical features in the atomic charge distribution can be more effectively and 
automatically represented ( 44  ,  45 ) by a distributed multipole model obtained by 
analyzing  (48)  the ab initio charge density of the molecule.  Figure 5  shows the 
electrostatic potential around a fairly spherical molecule, and the errors from using 
an atomic point charge representation of the same charge density relative to the more 
complete distributed multipole representation. There are signifi cant differences 
even around the saturated hydrocarbon rings. The differences are more marked for 
molecules that form stronger hydrogen bonds  (49) . A survey of the computed lattice 
energy landscapes for 50 rigid molecules containing only C, H, N, and O ( 50  ,  51 ) 
concluded that the 64 known structures were signifi cantly more likely to be found 
at or near the global minimum in the lattice energy when a distributed multipole 
model was used rather than an atomic point-charge model.  

 The electrostatic interactions mainly determine the directionality of the hydro-
gen bonding and  π  −  π  stacking, whereas the repulsion between atoms is critical in 
determining the van der Waals contact distances and the dispersion favors dense, 
close-packed crystals. Thus, in addition to the electrostatic interactions,  U  inter  has to 
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include a model for all the other intermolecular contributions, which is usually an 
isotropic atom–atom potential [equation (1)]. Two such models have been developed 
specifi cally for modelling organic crystal structures by having the parameters in 
equation (1) determined by fi tting to a range of crystal structures and heats of sub-
limation. The FIT potential has evolved from a series of studies of different types of 
molecules ( 52  ,  53 ). The more recent WILL01 potential  (54)  has different parameters 
for H, C, N, and O, depending on their covalently bonded neighbors, and was spe-
cifi cally developed and tested for nucleoside and peptide crystals.  Table 1  contrasts 
the two sets of parameters and the larger range of atomic types used in WILL01. The 
marked differences emphasize that equation (1) is a crude approximation, so that 
the parameters refl ect the optimum values for reproducing the close contacts in 
crystal structures used in the fi tting.  

 These two model intermolecular potentials have been successfully used for 
modelling a wide range of organic crystal structures, in conjunction with realistic 
electrostatic models derived from the molecular charge density. However, there are 
many cases where it is clear that more accurate models are needed for the relative 
lattice energies. This can occur when the low-energy structures contain very differ-
ent hydrogen-bonding arrangements  (55)  to those sampled in the crystal structures 
used in the potential derivation. This can be attributed to the empirically fi tted 
model potentials absorbing the induction (also called polarization) energy into the 
parameters in a way that does not extrapolate very accurately to unusual geome-
tries. The induction energy, the additional stabilization due to the distortion of the 

+55 kJ mol–1

–55 kJ mol–1

0.0

+3.3 kJ mol–1

–3.3 kJ mol–1

0.0

(A) (B)

 FIGURE 5    ( A ) The electrostatic potential on the water-accessible surface of 3-azabicyclo(3.3.1)
nonane-2,4-dione, with the imide group at the top, in the plane of the paper, as calculated from the 
distributed multipole representation of the MP2 6-31G(d,p) charge density. The electrostatic potential 
minimum of –55 kJ mol –1  is near the carbonyl groups, and the maximum of 39 kJ mol –1  is in the 
hydrocarbon region. ( B ) The error in the same electrostatic potential when atomic point charges 
derived from the same charge distribution are used. The atomic charges underestimate the potential 
near the hydrogen bond donor by 3.1 kJ mol –1 .    
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charge density of a molecule by the electrostatic fi eld of surrounding molecules, 
gives a signifi cant reordering of the relative stability of the catemer and dimer-based 
structures of carbamazepine  (56) . The induction energy can account for the other-
wise unrealistic energy differences between polymorphs that differ in the number 
of intermolecular and intramolecular hydrogen bonds  (32) . Another approximation 
in empirically fi tted potentials is that the molecular charge distribution is modelled 
as a superposition of spherical atoms for all contributions (except the electrostatic 
contribution when distributed multipoles are used instead of atomic point charges). 
This is clearly a bad approximation for chlorine, bromine, iodine, and some sulphur 
atoms, where the wide range of orientations in crystal structures sample the dif-
ferences in the repulsive wall produced by the lone pair density. Such anisotropy 
in the repulsion is best derived from the molecular charge distribution, as illus-
trated by the nearly non-empirical anisotropic atom–atom potentials that have 
been used for modelling the chlorobenzene crystal structures and their properties 
 (57)  and rationalizing the complex polymorphism of chlorothalonil  (58) . Thus, 

 TABLE 1    Comparison of the FIT Potential and WILL01 Potential Parameters for the Atom–Atom 
exp-6 Potential [equation (1)] in Conjunction with an Explicit Electrostatic Model. The interactions 

between unlike atoms are generated by the combining rules: ik ii kkA A A= ,  B  ik      = ( B  ii    +  B  kk     )/2, 

C C Cik ii kk=   

Potential Atom pair Description A   ι  ι   /(kJ mol –1 ) B   ι  ι   
/(Å –1 ) C   ι  ι   /(kJ mol –1  Å 6 )

FIT C ···C Any C atom 369746 3.60 2439.82
WILL01 C(2) ···C(2) C bonded to two atoms 103235 3.60 1435.09
WILL01 C(3) ···C(3) C bonded to three atoms 270363 3.60 1701.73
WILL01 C(4) ···C(4) C bonded to four atoms 131571 3.60 978.36
FIT H C ···H C H bonded to C 11971 3.74 136.40
WILL01 H(1)···H(1) H bonded to C a 12680 3.56 278.37
FIT H O ···H O H bonded to O 2263 4.66 21.50
WILL01 H(2)···H(2) H in alcoholic group a 361 3.56 0
WILL01 H(3)···H(3) H in carboxyl group a 116 3.56 0
FIT H N ···H N H bonded to N 5030 4.66 21.50
WILL01 H(4)···H(4) H bonded to N a 765 3.56 0
FIT N···N Any N atom 254531 3.78 1378.41
WILL01 N(1)···N(1) N in triple bond 96349 3.48 1407.57
WILL01 N(2)···N(2) other N with 

no bonded H
102369 3.48 1398.15

WILL01 N(3)···N(3) N bonded to 
one H atom

191935 3.48 2376.55

Will01 N(4)···N(4) N with two or more 
bonded H

405341 3.48 5629.82

FIT O···O Any O atom 230066 3.96 1123.60
WILL01 O(1)···O(1) O bonded to one 

other atom
241042 3.96 1260.73

WILL01 O(2)···O(2) O bonded to two 
other atoms

284623 3.96 1285.87

 a WILL01 has the hydrogen interaction sites shifted 0.1 Å into the bond from the proton positions, representing 
the effect on the intermolecular forces of shift of the hydrogen electron density into the bond that also gives rise 
to a systematic error in the location of protons by X-ray diffraction.
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the application of the theory of intermolecular forces is allowing very accurate 
models for  U  inter  to be derived for specifi c molecules  (6) . Indeed, the 2007 interna-
tional blind test of crystal structure prediction saw the fi rst entry and successful 
prediction by a model intermolecular potential that had been derived with no 
solid-state input  (59) , for C 6 Br 2 ClFH 2 . 

 The importance of intramolecular dispersion unfortunately implies that the 
larger and more fl exible the molecule, the greater the importance of using an accu-
rate and expensive wavefunction to evaluate the intramolecular energy penalty 
 ∆  E  intra . The optimization of the lattice energy  E  latt  =  U  inter  +  ∆  E  intra  for small variations 
in specifi ed molecular conformational parameters simultaneously with the crystal 
structure can be performed by DMAfl ex  (60) . The conformational parameters that 
have to be optimized are the low energy-barrier torsion angles that will be affected 
by the packing forces and could differ in conformational polymorphs. However, the 
sensitivity of the lattice energy to the geometry of hydrogen bonds means that the 
torsion angles defi ning every polar proton need to be optimized (i.e., two angles 
for every NH 2  group). Work on reducing the computational cost of the optimization 
of molecular conformations within organic crystal structures is in progress  (61)  to 
increase the range of pharmaceuticals that can be studied.    

 Free Energies and Other Properties 
 The prediction of the relative stability of polymorphs at ambient temperatures, and 
whether they are monotropically or enantiotropically related, represents a major 
challenge to theoretical modeling. The comparison of total lattice energies,  E  latt , com-
pletely neglects the effects of temperature and pressure on the relative stability of 
the crystal structures. Although enthalpy differences dominate entropy differences 
in known polymorphs  (62) , the relative lattice energies only provide a fi rst estimate 
of the stability order for monotropically related systems. 

 Most entropy estimates are based on lattice dynamical calculations for rigid 
molecules  (63) , as the second derivatives of the lattice energy with respect to changes 
in the relative orientations and positions of the molecules (or cell parameters) are 
quite readily calculated. (Realistic second derivatives for conformational variations 
of fl exible molecules are generally too demanding of the balance between the inter- 
and intramolecular forces.) Estimates of the lattice frequencies  (63)  can be used for 
assigning the low-energy lattice modes sometimes measured in the far-infrared, 
Raman, and terahertz spectra  (64) , which can be used for polymorphic identifi cation. 
The phonon frequencies generally correlate with structure, for example, the sheet 
structure of acetaminophen form II has its lowest frequency around 20 cm –1  for 
relative motion of the sheets, almost half the frequency for the lowest energy mode 
of form I. The second derivatives can also be used to estimate the elastic tensor for 
the infi nite perfect crystal  (65) , and again, the lowest eigenvalue of the shear tensor 
for form II acetaminophen ( ∼ 0.8 GPa) is much lower than the  ∼ 3.5 GPa estimated 
for form I, consistent with its compaction properties. Form II of aspirin is estimated 
to be so susceptible to shear ( ∼ 0.2 GPa), that it would be surprising if it did not 
transform readily. (Both second-derivative properties provide a very worthwhile 
check that a structure is a true minimum, rather than a transition state between 
lower energy structures in a lower symmetry space group.) Thus, computational 
estimates of the elastic tensor and the phonon modes are useful in identifying 
marked differences between idealized crystal structures of the same molecule. The 
resulting differences in harmonic estimates of the thermal contributions to the energy 
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are usually small; for example, the relative stability of the two polymorphs of either 
acetaminophen or aspirin at room temperature differs by less than about 0.5 kJ mol –1  
from the lattice energy estimate. 

 The motions in organic crystal structures are not always well approximated 
by the harmonic model, even for rigid molecules, although this depends on the 
forces in the crystal structure. Molecular Dynamics studies can model the motions 
of molecules in a solid at fi nite temperature by using Newtonian mechanics and the 
forces derived from the model intermolecular potential. Such Molecular Dynamics 
studies  (66)  on 5-azauracil and imidazole crystals were able to reproduce the sig-
nifi cantly greater thermal expansion in the cell directions that did not contain 
hydrogen bonds. A comparison of the lattice modes from the two simulation meth-
ods (with the same model for the forces) had differences of less than 20 cm –1  despite 
the lattice dynamic harmonic estimates being nominally at 0 K and the Molecular 
Dynamics simulating 5-azauracil at room temperature. A major disadvantage of the 
harmonic model is that it does not reveal when a structure is thermally unstable. 
In contrast, a Molecular Dynamics simulation can show, for example, that cyclopen-
tane transforms from an ordered crystal structure, through an intermediate phase, 
to a rotationally disorder high symmetry phase with increasing temperature  (67) . 
However, the periodic boundary conditions on the Molecular Dynamics simulation 
cell generally prevent the simulations showing fi rst-order transformations involving 
nucleation and growth. Nevertheless, Molecular Dynamics simulations can reveal 
when the vibrational motion at the simulated temperature is such that it over-
comes the small energy barriers between lattice energy minima. Thus, some lattice 
energy minima are not free energy minima at ambient conditions. A successful 
application of the metadynamics method to exploring the free energy surface for 
benzene  (68)  suggested that there were only seven free energy minima corre-
sponding to the known phases. However, for 5-fl uorouracil, only a quarter of the 
60 low-energy lattice energy minima proved to be unstable in free energy simula-
tions at ambient temperature  (69) . This qualitative difference relates to the experi-
mental tendency to change intermolecular contacts: benzene readily undergoes 
solid-state transformations and rotates in the solid, whereas there is no observed 
transformation between the two polymorphs of 5-fl uorouracil, and other computed 
hydrogen bonding motifs are observed in solvates and cocrystals. Molecular 
Dynamics studies are so computationally demanding that, even in the future, they 
are only likely to be applied in special cases. Thus, although the crystal energy 
landscape should use free energies as a function of the temperature and pressure 
in the range of practical interest, the lattice energy landscape is generally a worth-
while fi rst approximation.    

 CRYSTAL STRUCTURE PREDICTION OR COMPUTING 
THE CRYSTAL ENERGY LANDSCAPE 
 Crystal structure prediction is based on assuming that the molecule will crystallize 
in the most thermodynamically stable structure, although other structures that are 
close in energy may be observed as polymorphs. This requires an adequate search 
through the space-groups that the molecule could crystallize in. This is often 
restricted to the most common orthorhombic, monoclinic, and triclinic space groups 
with one molecule in the asymmetric unit ( Z  ′  = 1). Most of the older methods of 
generating trial crystal structures for lattice energy minimization use crystallographic 
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insight to effi ciently sample the huge range of possible crystal structures. PROMET 
 (70)  looks for strong interactions between molecules related by the symmetry 
operators, and MOLPAK  (71)  seeks dense packings within common coordination 
patterns. As more extensive searches became possible, various types of simu-
lated annealing explored the lattice energy surface  (72) , and systematic searches 
were developed to perform a complete search in specifi ed space groups for a 
given value of  Z  ′ . Analysis of the 2005 blind test results  (73)  suggests that some of 
these computationally demanding methods  (74)  are close to ensuring a complete 
search of the approximate lattice energy surface for a wide range of space-groups 
and  Z  ′  = 1 or 2 . 

 The search effort increases very quickly with the number of conformational 
degrees of freedom (such as torsion angles), or independent units in the asymmetric 
unit cell, as this increases the dimensionality of the lattice energy surface. Most of 
the search methods that consider fl exible molecules cannot be sure of crossing 
signifi cant conformational barriers, and so would start from all the low-energy 
conformational minima of the molecule. The conformation would then be refi ned 
by the energy minimization method. Searches for co-crystals, monohydrates, and 
salts, where there are necessarily two independent molecular fragments in the 
asymmetric unit, are becoming feasible. A fairly general search method correctly 
predicted that the acetone solvate of dihydrocarbamazepine could be isostructural 
with that of carbamazepine  (75) , and new methods  (61)  are being developed that 
can be applied to co-crystals  (76)  and other demanding multi-component systems, 
trying to optimize the balance between the signifi cant computational cost of the 
search and evaluating the fi nal crystal energies suffi ciently accurately. The more 
restricted approach of using a range of plausible hydrogen-bonded structures for 
the asymmetric unit cell contents to generate initial structures, and then allowing 
their relative positions to adjust on lattice energy minimization, has been success-
fully applied to 5-azauracil monohydrate  (77)  and simple diastereomeric salts  (78) . 
A preliminary search for plausible crystal structures of a rigid non-chiral molecule, 
restricted to one molecule in the asymmetric unit, would require about 3000 lattice 
energy minimizations using MOLPAK, but for more confi dence that structures with 
unusual packings would be found, a Crystal Predictor  (74)  search would minimize 
about 10 5  crystal structures. 

 It is the molecule itself that determines the types of structures that are low in 
energy and their relative energies, and so determines the type of search and energy 
evaluation required to order the low-energy structures correctly. For example, 
 Figure 6A  shows the lattice energy landscape for 2,3-dichloronitrobenzene, calcu-
lated with a simple MOLPAK search in common space-groups with  Z  ′  = 1 and using 
the molecule held rigid in the ab initio optimized “gas phase” conformation. The 
known structure is clearly predicted to be the most stable. However, its isomer, 3,5-
dichloronitrobenzene does not have such a good way of packing ( Fig. 6B ), with 
many alternatives to its most stable structure being so close in energy that a more 
accurate energy evaluation is clearly desirable. The lattice energy landscape for 
2,4-dichloronitrobenzene ( Fig. 6C ) appeared to be clearly predicting some favorable 
packings. Later, the crystal structure was found to have two molecules in the 
asymmetric unit, with different torsional distortions of the nitro group, thereby 
producing a structure that was somewhat more stable. The observed structure 
could have been predicted by a far more demanding search allowing both con-
formational fl exibility and extending to two molecules in the asymmetric unit cell. 
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The requirement for  Z  ′  = 2 searches is also shown by the polymorphs of 7-fl uoroisatin 
 (55) . One polymorph corresponded to the minimum in a simple  Z  ′  = 1 search, and 
the most metastable polymorph is  Z  ′  = 2 but also based on the      2

2 (8)R   hydrogen 
bonded dimer, and can be viewed as an “arrested crystallization.” However, the 
most thermodynamically stable polymorph is intrinsically  Z  ′  = 2, using different 
hydrogen-bonding donors and acceptors in a      4

4 (18)R   motif.  
 Because different initial structures can minimize to essentially the same struc-

ture, it is necessary to remove duplicates from the crystal energy landscape. This 
raises some interesting questions as to which criteria will not eliminate structures 
that would be experimentally described as polymorphs, and yet not include struc-
tures where the differences would be eliminated by thermal motion. For example, 
a new low-temperature orthorhombic form of alloxan  (79)  is a slightly better 
match to the global lattice energy minimum  (80)  (RMSD 15  = 0.16 Å) than the high-
temperature, tetragonal structure (RMSD 15  = 0.18 Å for the 42 K determination)  (81) . 
The examples of aspirin and eniluracil in  Figures 2  and  3  demonstrate why it is safer 
only to eliminate as duplicate structures those with both a low RMSD 15  and a high 
similarity index for the simulated powder patterns. 

 Comparison of the simulated powder patterns of the low-energy structures 
with experimental powder X-ray diffraction patterns can aid solving structures 
when crystals suitable for single-crystal X-ray diffraction cannot be grown, and the 
powder pattern cannot be indexed. Several successes have been reported, particu-
larly for pigments  (82) . However, the combination of typical errors of a few percent 
in the computed cell dimensions with the variations in the powder pattern with 
temperature, let alone the possibility of disorder in structures with growth prob-
lems, means that an automated comparison of an experimental powder pattern with 
those simulated from hundreds of low-energy structures is not trivial. However, 
analyzing the range of packing motifs among the low-energy structures can sup-
port or correct qualitative crystal engineering assumptions  (80)  in interpreting 
powder and other experimental data in terms of possible structures.   

 INTERPRETATION OF CRYSTAL ENERGY LANDSCAPES 
 A few idealized types of crystal energy landscape are shown in  Figure 7 , showing 
the relative free energies of different crystal structures denoted by similarities in the 
crystal packing, such as similar hydrogen-bonded sheets. The interpretation of 
each type is given below ( 3  ,  4 ), based on comparing the energy differences between 
structures and the plausible energy difference between different polymorphs. 
More experimental studies may allow a better defi nition of this quantity, which is 
generally taken as less than 10 kJ mol –1   (83) , although it is likely to be determined 
by the barriers to polymorphic transformations for the specifi c molecule. Each type 
of crystal energy landscape is illustrated by a few systems that have been found to 
approximate this type of landscape, although the distinction is rarely clear cut. In 
the illustrative examples, the lattice energy landscape has been computed and used, 
with a tentative allowance made for the likely effects of temperature and other 
inaccuracies in the computational model.   

 Monomorphic Crystal Energy Landscapes 
 The monomorphic crystal energy landscape ( Fig. 7A ) is where one structure is 
more thermodynamically stable than any other, by more than the plausible energy 
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difference between polymorphs. The molecule should only crystallize in this 
structure (unless there is a particularly thermodynamically advantageous multi-
component crystal). Once this crystal structure is obtained, such a crystal energy 
landscape would add confi dence to a limited polymorph screen that there are 
unlikely to be any practically signifi cant polymorphs  (84) . A monomorphic crystal 
energy landscape arises when the molecules can pack densely in a unique manner 
in all three dimensions with translational symmetry. This is rare, explaining the 
challenge of designing new materials by crystal engineering. 

 The degree of choice in solid form development in pharmaceuticals, while 
maintaining the medicinal effect and chiral purity, is so limited that clearly mono-
morphic crystal energy landscapes are likely to be exceptional. However, we could 
fi nd a situation where there was a signifi cant energy gap between the global mini-
mum and the other structures, which are probably within the energy range of pos-
sible polymorphism. If these metastable structures are related to the global minimum 
structure in a way that suggests that it will be impossible to trap the molecules into 
these free energy minima during nucleation and growth, then the system is proba-
bly monomorphic. As illustrated by 3-oxauracil  (85) , such calculations would add 
considerable confi dence to a solid form screen that had not shown any signs of 
polymorphism.   
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 FIGURE 7    Schematic examples of crystal energy landscapes. Each point denotes a crystal 
structure that is a local energy minimum, with the symbols representing signifi cantly different types 
of packing, such as different hydrogen bonding motifs. The experimentally known structures are 
denoted by open symbols. The plausible energy range of polymorphism is marked on the right.    
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 Predictive Crystal Energy Landscapes 
 A predictive energy landscape ( Fig. 7B ), where an alternative polymorph is pre-
dicted to be more stable than the known form, would motivate a careful search to 
fi nd it or establish that there is no route to nucleating it. Because seeds of the 
more stable form could be used to develop a practical crystallization route, any 
method  (1)  that might force nucleation of the predicted form could be used. Two 
cases where the lattice energy landscape predicted more stable structures than the 
known  Z  ′  = 4 structures have resulted in the fi nding of a new  Z  ′  = 1 polymorphs, 
although neither for pyridine  (86)  nor 5-fl uoruracil  (87)  is it established that the new 
forms are more thermodynamically stable. The new polymorph of 5-fl uorouracil 
was crystallized from dry nitromethane. Molecular Dynamics  (88)  simulations show 
how this solvent promotes the formation of the doubly hydrogen-bonded      2

2 (8)R   
dimer motif in form II, whereas water hydrates the molecule so strongly that it 
promotes the close F ···   F contacts in form I. This is just one example how analyzing 
the variety of hydrogen bonding motifs in the low-energy structures can suggest 
 (89)  solvents to target the formation of each motif. Similarly, analysis of the predicted 
structure could suggest polymer, surface, or additive templates that would be 
worth trying to nucleate the predicted structure. The prediction that a catemer-based 
polymorph of carbamazepine would be competitive with the known      2

2 (8)R   dimer 
polymorphs led to the discovery of catemeric carbamazepine in a solid solution 
with the attempted template, dihydrocarbamazepine  (90) . 

 A case where a lattice energy landscape made a very clear prediction, which 
required considerable effort to validate because of the kinetic barrier to rear-
rangement to the most stable form, was the predicted structure of racemic pro-
gesterone  (91) . Although natural progesterone is a case where an established 
polymorph appears stabilized by impurities  (2) , the racemate can adopt a structure 
that has an ideal interaction between the carbonyl groups. The predicted crystal 
structure was found by crystallizing progesterone with its synthetic mirror 
image  (91) . 

 Of course, once all the polymorphs have been found, the “predictive” energy 
landscape becomes one with the known polymorphs as the lowest energy structures. 
Acetaminophen approximates this, in that forms I and II were the lowest energy 
structures on the crystal energy landscape (92); however, there are alternative 
structures that are only slightly less stable. One of these has been proposed  (93)  as a 
possible structure for form III, but the complexity of the metastable region of the 
crystal energy landscape suggests the possibility of form III being disordered.   

 Complex Crystal Energy Landscapes 
 When there are many distinct crystal structures within a small energy range, as 
shown in  Figure 7C , then there are many ways of packing the molecule that are 
energetically competitive. Which ones are actually seen will depend on kinetic 
factors that infl uence which structures can nucleate and grow most readily and not 
transform into a slightly more stable structure. For example, the discussion of the 
2001 blind test of crystal structure prediction  (94)  concluded the 3-azabicyclo(3.3.1)
nonane-2,4-dione should form an      2

2 (8)R   dimer-based structure as well as the know 
hydrogen-bonded catemer form. An extensive search  (95)  found two solvates, a 
 Z  ′  = 2 “fossil relic” chain polymorph, and a plastic phase. The latter implied that 
the barrier to disrupting the hydrogen bonding was very low, and computational 
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modeling confi rmed that the hydrogen bonding motif could readily change in 
small clusters. This was because the hydrogen bonding is atypically weak and non-
directional for this rather spherical imide ( Fig. 5 ) Thus, it is probably not possible to 
trap the dimer-based motif as a metastable polymorph because it will rearrange to 
the catemer structure during nucleation and growth. 

 The type of crystal energy landscape in  Figure 7C  indicates that multiple solid 
forms are likely. The molecule has a packing problem, which may result in poly-
morphism or be solved by solvate or cocrystal formation. For example, the low-
energy structures of 5-fl uorocytosine all contain the same ribbon motif that appears 
to have no preferred way of packing, and was later found  (96)  in both polymorphs 
and the four stable solvates. In contrast, hydrochlorothiazide had a wide range of 
bimolecular hydrogen bonding motifs in the low-energy landscape  (97) , and the 
problem of packing these dimers results in many of these distinct motifs being 
found in the two polymorphs and seven solvates. Thus, a complex crystal energy 
landscape can help interpret the molecular self-association processes that can lead 
to solvate formation.   

 Interchangeable Crystal Energy Landscape and Disorder 
 A particular type of complex crystal energy landscape is when the low-energy 
structures are related in an interchangeable fashion ( Fig. 7D ), for example, when 
there are two or more ways of stacking the same hydrogen-bonded sheet with 
effectively the same energy. This implies that a multitude of structures based on 
different combinations of the stackings of these sheets will be very similar in 
energy. Thus, depending on the barrier to rearrangement to correct the inevitable 
growth mistakes, such a crystal energy landscape may result in disorder or multiple 
stacking faults, polytypism, or incommensurate structures. Aspirin provides an 
example of this. The two alternative stackings of the same sheet ( Fig. 2 ) were 
predicted to be so close in energy  (42)  at the global minimum of the lattice energy 
landscape, that it rationalizes the later discovery of form II  (15)  and the observation 
of the intergrowth of polymorphic domains within the same single crystal  (18) . 
Although the metastable form II of aspirin readily transforms to the more stable 
form I, other forms of disorder arising from interchangeable motifs may be less 
readily corrected and lead to problems in devising a robust production process. The 
crystal energy landscape of eniluracil  (22)  contains several structures built up of the 
polar and non-polar ribbons illustrated in  Figure 3 , which are very close in energy 
and would be identical if C4=O and C6–H were indistinguishable. It seems highly 
likely that growth mistakes would occur, such as the non-polar ribbons interdigi-
tating in a parallel rather than anti-parallel fashion, which, once formed, would 
be diffi cult to reverse. Thus, the eniluracil crystal energy landscape rationalizes 
the variable disorder seen in different single crystals by detailed diffraction analy-
ses  (22) . This understanding of the variety of possible disordered structures would 
have facilitated the development of a production process. A further case of the 
complexity of the solid state being apparent in the lattice energy landscape is 
chlorothalonil, where fi ve structures within 1.25 kJ mol –1  of the global minimum 
have been related to the observed polymorphs  (58) : the ordered form I corresponded 
to the global minimum, two predicted  Z  ′  = 1 ribbon structures could be recognized 
in the  Z  ′  = 3 form III, and two  Z  ′  = 1 predicted layer structures rationalize the 
apparent disorder in form II. Thus, examining the types of crystal packings on a 
complex crystal energy landscape, such as those illustrated in  Figure 7C  and  D , warns 
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of the possibility of a complex solid state, and can complement the experimental 
characterization.    

 SUMMARY 
 Comparing the crystal structures of pharmaceutical polymorphs, solvates, and co-
crystals can help generate an understanding and means of control of their physical 
properties. This is illustrated by  Figures 1–3  showing the differences between (a) 
clearcut polymorphism in the case of acetaminophen, (b) the debated borderline 
case of aspirin, and (c) eniluracil, which has recently been demonstrated to be better 
described as a case of variable disorder than polymorphism. If the comparison is 
extended to include the crystal structures that are predicted to be competitive in 
thermodynamic stability to the known forms, then this will complement the exper-
imental screening  (4) . It may just provide confi dence that all practically signifi cant 
polymorphs are known, as in the case of 3-oxauracil, or allow the targeting of spe-
cifi c novel polymorphs, for example, for 5-fl uorouracil. It can determine the type 
of potential complexity in the solid state. At the time of this writing, calculating 
the crystal energy landscape with a worthwhile relative accuracy in the thermo-
dynamic stability and range of crystal structures considered is restricted to the 
smaller pharmaceutical molecules with limited fl exibility. It requires considerable 
computational infrastructure and expertise in computational chemistry to select 
and test whether a given approach to calculating the crystal energy landscape is 
likely to be “good enough” for purpose. However, this fi eld has advanced suffi -
ciently in the last decade for the use of computational modelling to be a comple-
mentary tool in multidisciplinary studies of polymorphism in industrial as well as 
academic research.    
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 SOLID FORMS AND THEIR CHARACTERISTICS 
 An awareness of the properties of the solid form in which drug substances (APIs) 
are manufactured and isolated today plays an important role in pharmaceuticals 
development. In the majority of cases a crystalline form is preferred, which enables 
the substance to be produced reliably and reproducibly with well-defi ned and 
characterized physical properties. However, a recent trend in pharmaceuticals 
development is a move toward APIs that are more lipophilic, hydrophobic, and 
insoluble in nature (1), and in these cases limitations in bioavailability may favor 
the development of amorphous or metastable forms with higher solubilities and 
dissolution rates (2). Whatever solid form is chosen will provide the starting point 
for the formulation of the drug, and the formulation and means of delivery will 
conversely exert requirements and restrictions on the solid form selection (3). For 
example, an amorphous API is not desirable for administration via a conventional 
dry powder inhaler. 

 The phenomenon of polymorphism has focused minds on identifying the 
optimal solid form for development. Polymorphs are essentially different crystalline 
forms of a solid resulting from different crystal packings of the same molecules, or 
of the same ions. Because polymorphs also represent different and distinct solid 
phases, their physical properties will differ. Some of these properties, in particular 
solubility and dissolution rate, are important in determining the uptake rate of the 
drug, and must be taken into account in developing an appropriate formulation. A 
survey in 2005 (4) showed that the solubility ratios between polymorphs generally 
lie in the range 1 to 4.5, with the majority of cases (90%) within a factor of two. 

 The facility to manufacture the selected polymorphic form reliably will also 
be a key factor in determining the success of the drug product. There have been a 
number of cases in the past where this has not been achieved, notably with the anti-
HIV agent ritonavir where a second and less soluble polymorphic form appeared in 
manufacture in the summer of 1998 (5,6). Today, regulatory bodies such as the FDA 
(7) recommend that some kind of polymorph screen be carried out to establish the 
reliability of a specifi ed solid form and its stability under stress conditions, and 
the robustness of the process by which it is manufactured. Furthermore, patent 
protection is normally granted only on individual polymorphic forms that have 
been identifi ed, characterized, and differentiated (8), so there is a powerful incen-
tive to identify and protect alternative forms that may otherwise be identifi ed and 
developed by a competitor or a generics manufacturer. 

 From a manufacturing point of view, a procedure to prepare and work with 
the ground-state polymorph that is most stable thermodynamically will always be 
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the preferred option. With no driving force to transform, these products are least 
likely to come up with surprises either in manufacturing or in subsequent storage. 
However, in practice, the possibility of another, less stable form arising in manufac-
ture can never be entirely ruled out, particularly if there are variations in procedure 
or if the production process is operated under conditions that are far from equilib-
rium. On the other hand, the ground-state polymorph will always exhibit the low-
est solubility because its chemical potential is lowest by defi nition. Moreover, 
dissolution rates of less stable forms are also invariably higher because the less 
stable solid forms are more labile, and the ground-state crystalline form will usually 
have the highest packing density and the highest activation energy barriers to 
dissolution. 

 Manufacturers are thus presented with the challenge of balancing solubility, 
dissolution rate, and bioavailability against reliability of manufacture, to choose the 
product most suitable for development as a drug. It is also incumbent on them to 
demonstrate in registering the drug that no alternative crystalline or amorphous 
forms outside the specifi cations of manufacture are likely to arise in their processes, 
and it is in their interests to identify all the alternative solid forms that the compound 
in question may adopt and the conditions under which they arise. The question 
arises as to how far to go. One of the many often quoted statements of W.C. McCrone 
from the 1950s and 1960s states, “Those who study polymorphism are rapidly 
reaching the conclusion that all compounds, organic and inorganic, can crystallize 
in different forms and polymorphs. In fact, the more diligently any system is studied 
the larger the number of polymorphs discovered” (9). In other words, the more time 
and effort spent searching, the more polymorphs will be discovered. Then there is 
the reported phenomenon of “disappearing polymorphs,” where a particular solid 
form suddenly ceases to be obtainable by the method employed hitherto for its 
preparation (10). 

 Today, a search for polymorphs is an integral part of any drug development 
process, and can run from early pre-clinical to the advanced development stages of 
phases 2 and 3. In the early stages, the emphasis is on fi nding suitable (and usually 
stable) forms for development, and feeding such information into the decision 
processes for selecting a suitable formulation. Here, both the quantities of material 
available and the funding available for searches will be limited, and a successful 
outcome in terms of a form suitable to take forward into further development is 
required on a short time scale. At later stages, the searches become more exhaustive, 
with a view toward optimization of the solid form and the process by which it is 
manufactured, and toward protecting the product against the predations of com-
petitors and generics manufacturers who may wish to exploit an alternative and 
unprotected solid form. In this chapter, the different methods by which solid forms 
can be prepared will be outlined, along with discussion of which methods are most 
suitable for which outcomes in terms of form stability. Polymorph and other solid 
form screening is often carried out in high-throughput arrangements whereby large 
numbers of experiments can be undertaken with designed variations in conditions 
using the methods described herein. These high-throughput systems are covered in 
the following chapter. 

 Crystallizations carried out close to equilibrium conditions are likely to pro-
duce the ground-state polymorph, or forms that are relatively stable. More stable 
polymorphs are generally less labile and more closely packed than less stable ones, 
and require longer time periods under moderate conditions to acquire the correct 
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molecular ordering and orientation in the solid state. Also, for enantiotropic substances 
the order of stability and the ground state will change with temperature, and thus 
the outcomes may be temperature dependent. On the other hand, crystallizing 
under stress conditions far from equilibrium, for example by crash-cooling a solu-
tion, is more likely to produce unstable polymorphs, for two reasons. First, crystal-
lization kinetics rather than thermodynamics will determine the crystal form under 
stress conditions, and the formation of the more labile unstable solid forms will be 
kinetically favored. Second, and critically, the high supersaturations induced by 
crash cooling set up the driving forces whereby the unstable and more soluble forms 
can crystallize. The formation of metastable forms under conditions of kinetic con-
trol was expressed in the 1890s in Ostwald’s “Rule of Stages” (11), which states that 
“an unstable system does not necessarily transform into the most stable state, but 
into one which most closes resembles the starting condition with the smallest loss 
of free energy.” However, Ostwald himself recognized that this “Rule” does not 
always apply, and many more cases have been discovered subsequently. More 
recent theoretical descriptions involve a combination of kinetics with thermodynamic 
(12) or structural (13) factors. 

 The formation of solvates of a compound may complicate both its polymor-
phic landscape and the methods by which it is prepared and formulated. The term 
“solvate” generally denotes any solid form that includes solvent molecules in its 
structure, and can be ambiguous in terms of the nature of the form.  Figure 1  illustrates 
the types of solvate commonly encountered. In “true” solvates, or “solvatomorphs” 
( Fig. 1A ), solvent molecules form an integral part of the unit cell of the crystal, are in 
a stoichiometric ratio to the principal substrate, and are bound into the crystal lattice 
by hydrogen bonding or other binding arrangements that can hold multi-component 
crystals together (14). Removal of the solvent cannot occur without structural dis-
ruption, and the conversion of the substrate to either an amorphous or a re-ordered, 
non-solvated crystalline form. In these cases, the temperature at which solvent 
removal occurs, measured thermogravimetrically, is usually well above the boiling 
point of the solvent, and is determined by the energy input required to bring about 
disruption of the lattice structure. 
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 FIGURE 1    Solvates: solid forms incorporating solvent molecules. ( A ) “True” solvate or “solvato-
morph,” stoichiometric. Solvent molecule(s) form part of the unit cell of the crystal. ( B ) Solvent mol-
ecules are trapped in void spaces ( left ) or channels ( right ), non-stoichiometric. Capillary and steric 
effects may retain the solvent way above its boiling point.  Abbreviations : API, active pharmaceutical 
ingredients; S, solvent.    
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  Solvates also include crystal structures where the solvent is not incorporated 
stoichiometrically into the crystal structure, but is accommodated by affi nity at the 
surface, or in voids or channels in the structure ( Fig. 1B ). Where solvent is located at 
the surfaces, it may usually be driven off at temperatures slightly above the solvent 
boiling point, and the thermal stability will be the primary factor determining 
whether or not the structure is disrupted. Solvation by incorporation into voids or 
channels is more akin to solid solution formation, whereby the solvent acts as a 
solute in the host matrix of the crystalline substrate. In these cases, desolvation may 
or may not result in structural disruption, depending on both the thermal stability 
and the extent of the mechanical effects of removing solvent molecules from the 
depths of the lattice structure. In these cases, desolvation usually occurs at tempera-
tures considerably higher than the solvent boiling point (often up to 30 K higher), 
because of capillary effects in channels and geometric blocking of solvent release. It 
should be noted, however, that the arrangement of solvent molecules in channels 
also occurs quite commonly in stoichiometric solvatomorphs (15), by virtue of the 
crystallographic geometry, and the identifi cation of solvent molecules within channels 
does not, in itself, characterize the solvate type. 

 “True” solvates are not polymorphic with the corresponding non-solvated 
forms, because the chemical constitutions are different. The term “solvatomorph” 
can be used to designate the fact that they represent alternative structures that are 
not polymorphic (14). As a general rule, solvates are not favored for pharmaceutical 
development, except for hydrates and occasionally ethanolates, because of the toxic-
ity and undesirability of ingesting most solvents. Hydrates are often, although 
by no means universally, less soluble in aqueous media than the corresponding 
anhydrous forms (4). 

 Salt forms of drug substances are often employed to enhance their aqueous 
solubilities.  Table 1  shows published data on the number of drug salts available in 
the 1990s (16). It can be seen that the number of salts with acidic counter-ions 
(anions) represents about 75% of the total from both sources. There are several rea-
sons for this. First, most APIs contain basic nitrogen functions in their free base 
forms. Second, the list of anions that are suitable in terms of both appropriate pK a  
values and pharmacological safety is much more extensive than the corresponding 
list of bases. Many nitrogenous bases exert biological and pharmacodynamic effects, 
and most inorganic cations are either toxic or exert essential biological functions, 
and in this latter case the dosing of additional quantities may restrict the scope of 
administration of the drug. Even so, the proportion of cations that are inorganic is 
considerably higher than the corresponding ratio for anions in both data sets 
recorded in  Table 1 .  Table 2  gives the frequency distribution of the most common 

 TABLE 1    Reported Number of Drugs Available as Salts, and the Distribution of Acidic (Anionic) 
and Basic (Cationic) Counter-ions (16)  

Source No. of drug salts No. of counter-ions (CIs)

 with acid CI  with basic CI  Acidic  Basic 

 Index Nominum , 1995 1346 474 108 37
 Rote Liste , 1999 (Germany)  612 208  55 21
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salt-forming acidic and basic counter-ions, as percentages of the total (acids + bases), 
calculated using data from two sources (16,17). It is clear from these data which 
counter-ions are used predominantly, although the detailed fi gures vary according 
to the data that has been sampled for the two compilations.   

  Figure 2  shows examples of the solubilization by salt formation of two candi-
date drug compounds, both of which were virtually insoluble as free bases, with 
data points effectively lying on the baselines of the charts (18). On solubility grounds 
alone,  Figure 2A  shows a clear preference for the edisylate (ethanedisulfonate) salt, 
although the solubility of 1.7 mg/mL is not high in absolute terms. Much higher 
solubilities are exhibited by the salts in  Figure 2B , up to 10 mg/mL for the three 
most soluble forms. A recent investigation of salts with the saccharate anion has 
identifi ed solubility enhancements of 600, 40, and 3, respectively, for halperidol, 
mirtazepine, and quinine (19). However, it cannot be assumed that all salts will 
confer enhanced solubility, and salts can often have lower solubilities than the cor-
responding free bases. Salt screens are frequently carried out to identify the most 
suitable counter-ions, as will be described below.  

 TABLE 2    Distributions of Salts with the Most Frequently Occurring Acidic (Anionic) and Basic 
(Cationic) Counter-ions  

Acidic (anionic) counter-ions Basic (cationic) counter-ions

 Anion  Percentage of total  Cation  Percentage of total 

 Ref. (16)  Ref. (17)  Ref. (16)  Ref. (17) 

Hydrochloride 36.2 42.1 Sodium 14.8 17.5
Sulfate 5.2 10.1 Potassium 2.9 4.9
Tartrate 3.3 2.6 Calcium 3.6 1.7
Hydrobromide 4.4 1.4 Magnesium 1.6
Maleate 3.3 2.3 Meglumine 1.0
Mesylate 3.3 1.2 Ammonium 0.9
Phosphate 2.0 3.1 Aluminium 0.8
Acetate 1.8 3.2 Zinc 0.5
Citrate 3.0 0.8 Piperazine 0.5
Pamoate 1.5 0.3 Tromethamine (Tris) 0.5
Nitrate 1.3 0.8 Lithium 0.5
Lactate 1.1 1.0 Choline 0.4
Fumarate 1.1 0.6 Diethylamine 0.4
Hydroiodide 1.3 4-Phenylcyclohexylamine 0.3
Methylsulfate 1.1 Benzathine 0.3
Succinate 1.1
Propionate 1.0
Carbonate 0.5
Gluconate 0.5
Aspartate 0.3
Saccharate 0.3
Besylate 0.3
Valerate 0.3
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 In recent years, the development and use of co-crystals as alternative solid 
forms for APIs has received much attention in the scientifi c literature. Co-crystals are 
covered in more detail in Chapter 8. The idea of using co-crystals for pharmaceuti-
cal products appeared as a serious point of discussion in 2003–2004 (20), although 
the concept of combining multiple molecular entities in a single crystal has been 
around for very much longer (21). Terminology has also evolved with time, and 
what is today designated a “co-crystal” might in the past have been called an 
“adduct” or an “inclusion compound.” There has been some debate about how a 
co-crystal should be defi ned. “A mixed crystal that contains two different molecules, 
made from reactants that are solids at ambient temperature” (22) is now widely 
accepted, although alternatives such as “a molecular recognition event between two 
different molecular species” (23) are also sometimes used. The fi rst of these is 
intended to exclude salts, which contain ions rather than molecules, and solvates in 
which the second “reactant” is not usually a solid at room temperature. Both of 
these defi nitions are restricted to two molecular components or “reactants,” which 
could be too narrow in that co-crystallized forms containing three or more molec-
ular entities may also exist, either as isomorphic substitutions (24) or as three of 
more molecular entities within the unit cell. There can also be structural ambigui-
ties between salts and co-crystals, as illustrated by the pyridinium benzoate salt 
structure and the strong hydrogen bond of pyridine–benzoic acid shown in  Fig-
ure 3 ; in these cases the structural difference arising from a single proton transfer 
can give rise to marked differences in the physical properties of the crystalline prod-
uct (25).  

 In the 1990s and the early 2000s, the commercial applications of co-crystals 
centered on two types of materials development; materials with non-linear optical 
properties, and host–guest complexes that may be used for purposes of separation 
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 FIGURE 2    Examples of increased water solubility from salt formation: solubility data for salt forms 
of two virtually insoluble (off-scale) free bases (18).    
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or purifi cation. Non-linear optical materials have been designed by combining ionic 
and hydrogen bonding, for example, in a number of phenol–pyridine co-crystalline 
structures (26) to form a crystal in a non-centrosymmetric space group. The lack of 
centrosymmetry accounts for the anisotropic optical properties of this and similar 
materials. Host–guest complexes usually involved the construction of hosts with 
channels, often including urea (27), which is well known for forming channel-like 
solid structures and also for its extensive application as a co-crystal former on 
account of its multiple hydrogen donor and acceptor sites. 

 For pharmaceuticals, the potential advantages of co-crystals include the 
enhancement of solubility and dissolution rate, but also the prospect of improving 
stability and other physical properties over a range of options that are far more 
extensive than what is available using salt formation. The co-crystal of caffeine and 
oxalic acid, unlike crystalline caffeine, is non-hygroscopic and resists hydration at 
all relative humidities (28), and a similar result was obtained with theophylline (29) 
where the 2:1 co-crystal with oxalic acid also resisted hydration at relative humidi-
ties up to 98%. Co-crystallization with dicarboxylic acids has been shown to increase 
the solubility and the dissolution rate of both itraconazole (20,30) and fl uoxetine 
hydrochloride (Prozac) (31). Co-crystallization of the slowly dissolving drug carbam-
azepine with lactamide or glycolamide resulted in marked increases in dissolution 
rate; data for the glycolamide co-crystal are shown in  Figure 4  (32). A co-crystal of a 
sodium channel blocker with glutaric acid showed considerable enhancement in 
blood plasma concentration in dogs (33), and a phosphodiesterase-IV inhibitor 
showed plasma levels in Rhesus monkeys a factor of 20 higher when the API was 
“complexed” with L-tartaric acid (34).  

 Despite the intense research and development efforts, no co-crystal form of a 
drug is known to be approaching the advanced stages of development, and the 
regulatory challenges associated with licensing and releasing a drug as a co-crystal 
remain to be fully explored. In the context of drug development timeframes, the 
interest in co-crystals has been relatively short lived, and it will probably be a few 
years yet before co-crystal products are available. 

 The development of amorphous APIs as drug products has also received 
much attention in recent years, largely driven by the question of bioavailability. 
 Table 3  gives some examples of drugs that have been licensed in amorphous, or 
partially amorphous, forms in recent years, taken from their manufacturers’ litera-
ture. Methods by which amorphous forms are prepared and stabilized will be 
briefl y discussed in the section “Preparation and Stabilization of Amorphous 
Forms.” In most of the cases in  Table 3 , limited bioavailability related to low 
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 FIGURE 3    Structural ambiguity between ( A ) a salt (proton transfer) and ( B ) a co-crystal 
(proton sharing). Transfer of a single proton can change the form and properties of the crystalline 
product (25).    
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solubility and slow dissolution is the key driver to formulate the therapy using 
the amorphous form.  

  Figure 5  shows a series of instantaneous dissolution measurements for amor-
phous indomethocin and the crystalline forms, carried out over two-hour periods, 
at temperatures of 5, 25, and 45°C (2). These may be taken to represent the solu-
bilities at each particular time instance, although the lack of equilibration time 
means that these measurements cannot necessarily be read as accurate solubility 
values. At 5°C, the solubility of the amorphous form is around four times that of the 
crystalline ( γ -)form, with neither showing substantial variation over the two-hour 
period. At 25°C, the amount of amorphous material dissolved initially increases 
sharply to maximum at 15 minutes, which is presumably dissolution proceeding 
toward equilibrium over this time period. Over the following 35 minutes, however, 
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 FIGURE 4    Dissolution rate data in water for the co-crystal of carbamazepine with glycolamide (32). 
Comparison is made with carbamazepine form III, the most stable polymorph at room temperature.    
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 TABLE 3    Examples of Drug Products that Have Been Licensed in Amorphous, or Partially 
Amorphous, Forms in Recent Years  

Compound (discoverer/manufacturer) Year licensed Comments

Lopinavir (Abbot) 

0

0

0 0

0

N
N NN

  

USA 2000 
Europe 2001

Co-formulated with 
ritonavir as Kaletra to 
treat HIV/AIDS. 
Lopinavir exists as an 
amorphous form and 
4 crystalline forms. 
The commercial 
material is a mixture 
of the amorphous 
form and Form I 
crystals.

Cefuroxime axetil (GSK) 

 

O

O

O
O

O O

O

O
O

O N

N

N

N

S

 

USA 1977 Second generation 
cephalosporin 
antibiotic, trade 
names Ceftin, 
Zinacef, Zinnat. 
Crystalline form is a 
mixture of two 
diastereomers. 
Amorphous form 
recently dispersed 
with HPMC 2910/
PVP K-30 to increase 
dissolution rate.

Zafi rlukast (Astra-Zeneca) 

 

O

O

O

O O O
S

N

N

N

 

1999 Oral leukotriene 
receptor agonist for 
maintenance 
treatment of asthma, 
trade names Accolate, 
Accoleit, Vanticon. 
Forms A 
(amorphous), B 
(unstable crystal), 
X (stable crystal) 
discovered, also 
ethanol and methanol 
solvates. X has poor 
bioavailability, B is 
diffi cult to prepare 
reliably. A is used in 
formulations.

(Continued )
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 TABLE 3   Examples of Drug Products that Have Been Licensed in Amorphous, or Partially 
Amorphous, Forms in Recent Years  (Continued )  

Compound (discoverer/manufacturer) Year licensed Comments

Rosuvastatin calcium (Astra-Zeneca) 

 

SO3Me

Ca2+

F

N

N

N

OH OH O

O

2

 

USA 2003 
154 other 
countries 
2004

High potency statin 
for reducing high 
blood cholesterol 
levels, trade name 
Crestor. Amorphous 
solid, slightly soluble 
in water (7.8 mg/mL 
@ 37°C).

Itraconazole (Janssen Pharmaceutica) 

 

N
N N N N O O

Cl
Cl

O
N
N

NHO

 

Europe 1987 
USA 1992

Triazole antifungal 
agent, trade name 
Sporanox. Solid 
formulation consists 
of a dispersion of 
amorphous 
itraconazole, HPMC, 
and PEG coated on 
sugar spheres; these 
are fi lled into a 
capsule for oral 
administration.

Quinapril hydrochloride (Pfi zer) 

 

N

OH

O

O

HN

O

O

.HCl

 

1989 ACE (angiotensin 
converting enzyme) 
inhibitor for treating 
hypertension and 
congestive heart 
failure, trade name 
Accupril. Amorphous 
powder, freely 
soluble in water and 
organic solvents.
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the quantity dissolved decreases sharply, eventually to around a third of its maxi-
mum value and to a factor only 1.5 times that of the crystalline material. What is 
probably happening here is that crystalline material is separating from solution, 
and the observed solubility is therefore moving toward the solubility of the crystal-
line form, with the solution at equilibrium with the crystalline solid. The fact that 
the quantity dissolved remains higher for the amorphous material throughout 
the two-hour period probably indicates that the conversion is not complete over 
this time period, and in any case the solution containing the dissolved amorphous 
material will require time to come to equilibrium with the crystalline solid form by 
crystallizing out excess solute. At 45°C, these effects occur more rapidly, and at the 
end of the two-hour period measurements starting with the amorphous form show 
solubility similar to those starting with the crystalline forms.  

 These measurements highlight some of the diffi culties that arise in working 
with amorphous forms, that derive from the fact that they are unstable and tend to 
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 FIGURE 5    Aqueous dissolution of amorphous indomethacin over a two-hour period at different 
temperatures (2): ( A ) 5°C, ( B ) 25°C, and ( C ) 45°C.    
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revert to crystalline forms over a period of time. The rate at which such changes 
occur is of critical importance, and methods developed for stabilizing and formu-
lating amorphous drugs are usually designed to minimize and slow down such 
interconversions, both in storage and in use. A result such as that in  Figure 5C , with 
interconversion over 20 minutes at 45°C, indicates that such reductions in solubility 
could occur in vivo (37°C) over the time scale of absorption of the drug, which 
could end up deposited in the digestive tract as a poorly soluble and slowly absorbed 
crystalline form.   

 OVERVIEW OF METHODS FOR PRODUCING SOLID FORMS 
 The ways in which the various solid forms above may be prepared will be outlined 
in the following sections in a method-based structure, whereby those methods 
employed most extensively will be described fi rst and in most detail. The last 
10 years or so has seen an explosion in the range and types of method used to pre-
pare solid forms that has been fuelled by the burgeoning interest in polymorphism 
and solid form diversity and the consequent requirement to prepare and manufac-
ture targeted solid forms consistently and reliably. The traditional crystallization 
methods have been developed by understanding and controlling their functions, 
and have been augmented by a number of innovative new techniques to improve 
both their form selectivity and the range of polymorphs and other solid forms that 
can be prepared (35). 

 For preparing crystalline forms, crystallization from solution is by far the 
commonest method used in the pharmaceutical industry today. Crystallization 
from melts is rarely employed, mainly because of the limitation of thermal stability 
of API compounds and the small scales of production. Pharmaceutical production 
is usually at relatively small scale, with processes carried out batchwise in multi-
purpose plants under conditions that are specifi c for a given product and manufac-
turing process. Furthermore, synthesized organic compounds are usually prepared 
in a solution, and crystallization is most commonly employed as the method by 
which solid material is recovered from the solution of the fi nal synthesis step. 
Although the logistics and procedural details are different, the same underlying 
principles govern crystallization as a production method and its use in investiga-
tive work, including polymorph searching and single-crystal preparation for X-ray 
structure determination. Moreover, the production of a specifi c polymorph identi-
fi ed in such investigations may require the method by which it was obtained to be 
translated to a preparative or production environment, and this knowledge transfer 
will be greatly assisted by a sound understanding of the principles that underlie the 
method by which it was obtained. 

 As a general principle, slow crystallization and transformation processes 
operated under mild conditions with moderate driving forces are more likely to pro-
duce stable crystalline polymorphs, whereas rapid processes employing dynamic 
and extreme conditions with large driving forces will produce metastable and 
unstable crystalline forms and amorphous solids. This principle is illustrated in 
 Figure 6  for a selection of preparation methods, compiled by the author based on a 
recent similar idea (35,36). The relationship between the speed at which a process 
operates and the outcome is well represented by the antisolvent mediated processes, 
using bulk addition and diffusion. These operate on the same principle, but with 
very different rates of antisolvent addition. Diffusion is a method that introduces 
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the antisolvent slowly, that is used in the slow growth of single crystals, whereas 
bulk antisolvent addition will cause a solute to crash out of solution, and is often 
used where other milder crystallization methods fail.    

 CRYSTALLIZATION FROM SOLUTION 
 As mentioned above, crystallization from solution is by far the commonest crys-
tallization method used as a process for product recovery in the pharmaceutical 
industry. In this context, it simultaneously fulfi lls two essential functions:  

  Purifi cation of the high-value pharmaceutical product, and separation from 1. 
reaction by-products.  
  Consolidation of the product into a specifi ed crystalline form with consistent 2. 
and well-characterized physical properties.   

 Ideally, crystallization will be carried out starting with the solution from the 
fi nal reaction step of product preparation or manufacture. Often, however, isolation 
of crude product is carried out using a method that maximizes yield but does not 
crystallize well, which does not purify effectively or give rise to a good crystalline 
form. In these cases, recrystallization is often employed to carry out the purifi cation 
and consolidation functions. 

 Crystallization to produce specifi c polymorphs follows the same set of 
principles as those used in designing processes to manufacture crystalline products, 
and a basic understanding of these principles can greatly aid the design of a crystal-
lization screen for polymorphs or of a process by which a particular polymorph, 

TimescaleMild conditions
Close to equilibrium

Severe conditions
Non-equilibrium

Months MinutesHoursDays Seconds

Cooling crystallization

Evaporative crystallization

Antisolvent additionAntisolvent vapour diffusion

Reactive crystallization

Precipitation

Melt crystallization Quenching

Crash cooling

Grinding

Thermal transformation

Slurrying

 FIGURE 6    A selection of methods for producing crystalline forms. Longer running procedures 
favor stable polymorphs, whereas more rapid methods are more likely to yield less stable forms 
(35,36).    
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stable or metastable, can be prepared consistently. Some of the general principles, 
applying to all solution crystallizations, will be outlined in the section “Cooling 
Crystallization,” for which they are easiest to formulate and understand. In the 
following sections, we will show how they can be extended to alternative methods 
of crystallization from solution. 

 Although following the same principles, crystallizations carried out for inves-
tigative purposes such as polymorph screening are subject to fewer constraints 
and limitations than processes in manufacture, although these limitations may sub-
sequently come to bear if the process has to be adapted for production of the identi-
fi ed polymorph. For example, investigative crystallizations do not need high yields, 
because small quantities of a polymorph product can usually be isolated and iden-
tifi ed. Also, it is possible to employ a diversity of methods in investigative work 
that are not scaleable and adaptable to larger scale, or for which such adaptations 
may be expensive. Conversely, there are also methods that are operated much more 
conveniently at larger scale, such as processes involving supercritical fl uids.  

 Cooling Crystallization 
 Cooling crystallization from solution is usually the method of fi rst choice, both 
for investigative crystallization in the laboratory and for manufacture at large scale. 
Its advantages are that it is easy to carry out and reproduce, it is generally well 
understood, and it may be reasonably scaled up in most cases. In practice, there are 
often limitations to cooling crystallization at large scale, in particular, the preference 
for natural cooling limits the rate at which cooling can be applied. In the laboratory, 
however, cooling rates can be set fl exibly and accurately, depending on the purpose 
for which the crystallization is carried out and the product properties that are 
required. 

 There are a number of excellent texts that cover the principles of cooling crys-
tallization comprehensively (37–39), and they are only outlined briefl y here to serve 
the matter in hand, viz. the use of cooling crystallization to prepare polymorphs 
and other variable solid forms. Nevertheless, a sound understanding of the principles 
of crystallization is essential if solid-form searching is to be designed in an effi cient 
and comprehensive manner. For a given crystallizing compound and solvent, the 
fi rst requirement is knowledge of the solubility curve. This is best illustrated by 
reference to  Figure 7 , which shows the aqueous solubilities of some common inor-
ganic salts as a function of temperature, from readily available data (40). CuSO 4  
shows a steady increase in solubility with temperature, and may be crystallized by 
cooling the solution to give blue crystals of the stable pentahydrate CuSO 4   ·  5H 2 O. 
Examination of the curve reveals that cooling a solution from 90°C to 10°C could 
result in recovery of 64% of the dissolved solid, if the crystallization proceeds to 
equilibrium. On the other hand, NaCl shows only a very slight increase in solubility 
with temperature, and cooling from 90°C to 10°C could produce only a maximum 
of 5% of the dissolved solute as solid. Cooling crystallization from water is unsuit-
able for NaCl, and industrial processes for its preparation rely on other methods, 
principally evaporative crystallization. The solubility curve for Na 2 SO 4  shows a 
discontinuity at 32°C, which corresponds to the transition of the most stable solid 
phase at equilibrium with the solution from the decahydrate Na 2 SO 4  · 10H 2 O to the 
anhydrous salt. Although the most stable phase at the crystallization temperature 
will be favored thermodynamically under these conditions, it will not necessarily 
be obtained for the reasons discussed below.  
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 Extensive solubility data is not usually available when approaching the 
crystallization of a new compound in form screening, but an indication as to 
whether cooling crystallization is a feasible option can be obtained from two data 
points corresponding to the solubilities at low and high temperature for the sol-
vents under consideration. A compound that shows a marked solubility increase at 
the higher temperature may, in principle, be crystallized by cooling. For form 
screening purposes, the crystallization yield does not have to be high, and cooling 
crystallization may be employed provided that a reasonable supersaturation level, 
say 15% to 20%, can be achieved by cooling the solution. For production, yields will 
normally need to be higher than this, and in such cases cooling will have to be 
supplemented by other means of removing solid from solution, such as evaporation 
or an antisolvent. 

 The solubility curve is fi xed by the thermodynamic relationship between the 
solid and the solution, and represents the condition that the chemical potentials of 
the dissolved solute and the solid at equilibrium with the solution are equal. The 
Gibbs Phase Rule stipulates that, for any given temperature, there will be a unique 
and determined concentration corresponding to equilibrium. The other component 
of the route map for a cooling crystallization is the metastable zone width (MZW), 
illustrated in  Figure 8 . An initially undersaturated solution at point A is cooled at a 
constant rate of temperature decrease, following the horizontal arrow. On crossing 
the solubility line at B the solution becomes supersaturated, but no solid separates 
at this point. At C, crystal nucleation occurs. Substantial crystallization occurs 
beyond this point by both the growth of the nuclei formed at C and by further 
nucleation and growth, and the conditions return toward equilibrium on the solu-
bility line at D. Taking a range of temperature–concentration starting points A, rep-
resented as points below and to the right of the solubility curve in  Figure 8 , the 
supersolubility curve represents the locus of the points at which nucleation fi rst 

0

5

10

15

20

25

30

35

40

45

0 20 40 60 80 100
Temperature (°C)

S
ol

ub
ili

ty
 (

w
t-

%
 a

nh
yd

ro
us

 s
al

t)

CuSO4
NaCl
Na2SO4

 FIGURE 7    Solubility curves for the dissolution of simple inorganic salts in water (40). CuSO 4  may 
be crystallized from water by cooling, whereas NaCl may not. Na 2 SO 4  exhibits a change in the most 
stable solid phase at 32°C, which is manifested as a discontinuity in the solubility curve.    
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occurs for a given set of crystallization conditions, including cooling rate. The width 
of the metastable zone (MZW), represented by BC, is a measure of the diffi culty in 
crystallizing a given substance due to the kinetics of inducing nucleation.  

 Unlike the solubility curve, the supersolubility curve and MZW are dependent 
on the conditions employed for crystallization, in particular, the cooling rate. 
Because crystal nucleation has a kinetic component associated with the ordering of 
molecular clusters into structured crystal nuclei, higher rates of cooling will give 
rise to wider metastable zones. MZW can vary from 2 to 5 K for simple inorganic 
salts to tens of degrees for complex organic molecules. The MZW represents the 
level of supersaturation driving force and departure from equilibrium at which 
nucleation and crystallization take place, and this can substantially affect polymorph 
selectivity. Operation close to equilibrium with narrow metastable zones will favor 
the formation of relatively stable solid forms, because stable crystalline solids are 
generally less labile than unstable and amorphous forms, and the lower driving 
forces and more extended timescales associated with working close to equilibrium 
generally favor their formation. 

 A further factor that can affect polymorph selectivity in cooling crystallization 
is enantiotropy, and this is illustrated in  Figure 9  for the simple case of a dimorphic 
system in which the transition temperature  T t   lies within the operating temperature 
range of the crystallization (41). Form II is stable below  T t  , form I above  T t  . Cooling 
from point A, the metastable zone of form I is traversed and crystallization is 
nucleated while the solution remains undersaturated with respect to form II. Point 
B represents the limit of this condition; the nucleation of form I occurs at the satura-
tion point of form II. At C, the solution fi rst becomes supersaturated with respect to 
form I, but in this case saturation with respect to form II occurs before the form I 
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metastable zone limit is reached. Thus, crystallization of form I will occur from a 
solution that is also supersaturated with respect to form II, and there is the possibil-
ity of cross-seeding and producing a mixture of the two forms. At D, a mixture of 
forms is even more likely. Points E and F represent the converse of B and A, respec-
tively, and indicate the conditions under which form II may be prepared.  Figure 9  
illustrates the importance of varying the crystallization conditions, in this case the 
temperature, in any search for polymorphs. Given that such searches are usually 
conducted to discover what forms can be prepared, the existence of characteristics 
such as enantiotropy will not be known at the time such searches are undertaken.  

  Figure 10  illustrates a situation where further unstable polymorphs exist 
along with the enantiotropic dimorphic relationship of  Figure 9 , and how these 
forms may be accessed by using extreme crystallization conditions, in this case 
cooling rate (41). Under slow cooling, forms III and IV will never occur because the 
solute will crystallize as forms I and/or II depending on the temperature conditions. 
Increasing the cooling rate will “stretch” the metastable zone to encompass a larger 
area of the concentration–temperature continuum. Unstable forms will have high 
solubilities, and this extension of the metastable zone, as shown in  Figure 10 , will 
eventually lead to the conditions for their crystallization falling within the meta-
stable zones of the more stable forms. Under these conditions, the unstable forms 
are more likely to form because they are generally more labile than the more stable 
forms, as is refl ected in their relatively narrow metastable zones within this area of 
the concentration–temperature plane.  
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 FIGURE 9    Solubility and metastable zones for the cooling crystallization of a dimorphic compound 
with a transition temperature within the crystallization region. Selecting the start and end tempera-
tures A–F will determine the crystal forms obtained.  Source : Adapted from Ref. (41).  Abbreviation : 
 T t  , transition temperature.    
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  Figures 9  and  10  demonstrate the importance of diversity in any polymorph 
screening program. Within the confi nes of a single crystallization method, variations 
in the conditions employed—temperature and cooling rate—can lead to different 
outcomes. Crystallizing under conditions close to equilibrium generally results in 
the more stable polymorphs; such conditions are usually “mild” in that they employ 
moderate driving forces sustained over longer periods. More “extreme” conditions 
induce crystallization further from equilibrium under large driving forces and gen-
erally favor unstable polymorphs and amorphous forms. Such extreme conditions 
are inherently unstable and often cannot be sustained over extended periods. The 
less labile and more stable polymorphs are thus denied the time scales of structural 
organization that they require, which works in favor of the less stable forms.   

 Effects of Solvent 
 Moderate solubilities with a steep increase with increasing temperature are the 
optimum conditions for cooling crystallization, with solubilities typically in the 
range 5 to 200 mg/mL at room temperature. If the solubility exceeds 200 mg/mL, 
the viscosity of the solution is likely to be high, and a glassy amorphous product 
may be obtained in preference to crystals. A useful preliminary test can be per-
formed on 25 to 50 mg of sample, adding a few (5–10) drops of solvent: if the 
solid completely dissolves the solubility is probably too high. Also, highly viscous 
solvents are not usually conducive to effi cient crystallization. Solvents with very 
low vapor pressures, such as DMSO or glycerol, are not good for process applications 
because of the diffi culty of removing residues from the isolated products. 
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  Table 4  lists solvents commonly used in the crystallization of pharmaceuticals, 
in decreasing order of their boiling points. Comprehensive polymorph screening 
will involve a larger and wider range of solvents that are not necessarily safe and 
suitable for use in processing but rather give the maximum range and diversity of 
interactions and effects on the solute that is being crystallized. Data from a search of 
the CCDC database (in March 2008) of their frequency of occurrence is also given, 
but this information must be treated with some caution. Although the searches were 
carried out using the common synonyms of the solvents (e.g., 2-butanone/methyl 
ethyl ketone/MEK, chloroform/trichloromethane), the “hits” include structures in 
which the “solvent” moiety forms part of the crystal structure, and in these cases 
may or may not be considered part of the solvent. For pyridine and cyclohexane, 
these structures or their derivatives occur very frequently in the crystal structures 
prepared, and their categorization as a “solvent” does not seem appropriate. THF 
(tetrahydrofuran) also occurs frequently in this way, and most of the solvents in 
 Table 4  participate in at least a few of the structures reported. The distinction 
between this type of structure and a solvate, where the solvent molecule forms part 
of the crystal structure but is deemed to constitute a distinct and separate molecular 
species, can be a fi ne one. Also,  Table 4  has been compiled using all entries in the 
database, many of which are organometallic, and how representative this selec-
tion is of pharmaceutical products is diffi cult to judge. Searching with exclusions 
does not seem to be justifi ed, as organometallics arise quite often as therapeutic 
compounds, for example, as cytotoxic compounds used in cancer chemotherapy.  

 The need to utilize a diversity of solvents in polymorph and other solid-form 
screening was recognized early on (42), and the selection of suitable lists of solvents 
has now become a matter of considerable scientifi c sophistication. In the 1990s, the 
selection of suitable solvents was approached predictively using group contribution 
methods such as UNIFAC (43), and this has now evolved into more sophisticated 
packages (44) such as the NRTL–Segment Activity Coeffi cient (SAC) model that is 
now implemented in commercially available software (45). Mixtures of solvents are 
commonly employed to modify and optimize the solvent properties, including 
solute solubility, polarity, and hydrogen-bonding donor and acceptor properties. 

 Several effects on crystallization and polymorph selection can be mediated by 
the solvent selection, the simplest of which is an effect of temperature. The tem-
perature range in which a solvent can be used is limited by its boiling point ( Table 4 ), 
and by the solubility profi le of the solute. In enantiotropic systems, the polymorph 
that is crystallized may depend on the crystallization temperature by the principles 
discussed in the section “Cooling Crystallization” and  Figure 9 . McCrone, writing 
in 1957 (9), describes the use of high-boiling solvents such as benzyl alcohol and 
nitrobenzene for the recrystallization of metastable forms on a hot stage. For the 
API buspirone hydrochloride, a higher or a lower melting form resulted according 
to whether the crystallization was carried out above or below 95°C (46). Recrystal-
lization from xylene (boiling point 137–140°C) converted the lower boiling form to 
the higher boiling form. This can be explained by enantiotropy, whereby the lower 
melting form becomes the more stable below the transition temperature, but crystal-
lization is strongly infl uenced by the kinetics of nucleation and crystal growth and 
does not always give rise to the most stable form. 

 The freeze-crystallization of mannitol was found to be infl uenced by both the 
initial mannitol concentration and by the rate of freezing (47). In the range of 
2.5–15%, the  δ -polymorph was favored by higher concentrations, whereas the 
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 β -polymorph was favored at lower concentrations. At constant mannitol concentra-
tion (10%), the  α -polymorph was favored by a slow freezing rate, whereas a fast 
freezing rate favored the  δ -form. Also, for the crystallization of stearic acid from 
 n -hexane (48), both the cooling rate and the initial concentration of stearic acid 
infl uenced the proportion of polymorphs A, B, C, and E that could be isolated. 

 The solvent can also determine polymorph selectivity via chemical interven-
tion in the formation of the crystalline solid at the point of nucleation. Different 
polarities (49) and hydrogen-bonding characteristics (50) of the solvent are believed 
to promote or inhibit the cluster precursors of particular forms in supersaturated 

 TABLE 4    Common Crystallization Solvents and Their Frequency of Occurrence in the CCDC 
Database, in Order of Decreasing Boiling Point  

Solvent Boiling 
point 
(°C)

ICH 
class 
(17)

Occurrences in the CCDC database

As solvents As solvates

Occurrences Percentage 
of total

Occurrences Percentage 
of total

Dimethyl sulfoxide 
(DMSO)

189 3 737 0.34 73 0.07

 N,N -
dimethylformamide 
(DMF)

153 2 3079 1.41 1524 1.52

Acetic acid 118 3 1821 0.83 204 0.20
Pyridine 116 2 N/A a 
Toluene 111 2 11482 5.26 4576 4.57
1,4-Dioxane 102 2 1188 0.54 341 0.34
Water 100 – 11350 5.20 41283 b 41.20
1-Propanol 97 3 192 0.09 31 0.03
2-Propanol 83 3 1406 0.64 220 0.22
Acetonitrile 82 2 14447 6.62 5769 5.76
Cyclohexane 81 2 N/A a 
2-Butanone 80 3 169 0.08 13 0.01
Benzene 80 1 19784 9.07 4596 4.59
Ethanol 78 3 30462 13.96 8380 8.36
Ethyl acetate 77 3 5346 2.45 438 0.44
 n -Hexane 69 2 26305 12.05 1903 1.90
Methanol 65 2 17881 8.19 5916 5.90
Tetrahydrofuran 
(THF)

65 2 12359 5.66 4115 4.11

Chloroform 62 2 9328 4.27 3892 3.88
Acetone 57 3 8127 3.72 2671 2.67
Dichloromethane 40 2 29696 13.61 11909 11.89
Diethyl ether 35 3 12611 5.78 2292 2.29

 a Data was not extractable from the CCDC because a large proportion of structures contained moieties of the 
substance within the crystal structure. It was not possible to quantify the proportion of cases in which the 
substance constituted a solvent, rather than a reactant in synthesizing the compound crystallized.
 b The search term used was “hydrate.” There are many examples of hydrates prepared in non-aqueous solvents, 
or in solvent mixtures containing small amounts of water. Hence, the number of hydrates exceeds those that cite 
water as a solvent.
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solutions. For example, the crystallization of difl unisal from polar solvents gave 
polymorph form III, whereas the alternative forms I and IV were obtained from 
apolar solvents (51). Moricizine hydrochloride (52) recrystallized as form I from 
ethanol, acetone, and acetonitrile, whereas the alternative form II was obtained 
from dichloromethane, either alone or as a mixture with ethyl acetate. 

 The effects of the solvent hydrogen-bonding characteristics on polymorph 
selectivity via the processes of molecular self-assembly that precede crystal nucle-
ation has been demonstrated for the crystallization of 2,6-dihydroxybenzoic acid 
(50,53). This compound can crystallize as two polymorphic forms shown in  Figure 11 . 
The monoclinic form I is based on centrosymmetric carboxylic acid dimers paired 
via  2

2R (8)   ring structures, whereas the more stable form II is non-centrosymmetric 
and made up of a catemer motif formed by intra- and intermolecular interactions 
involving both the carboxylic acid functions and the phenolic hydroxyl groups in 
the  o -positions. Form I nucleates from solutions in toluene, where there is a prefer-
ential assembly of dimers. Form II was prepared from solutions in chloroform, in 
which the phenolic catemer motifs were strongly solvated. A further example of 
hydrogen bonding with the solvent affecting polymorph selectivity is provided by 
2-amino-4-nitrophenol (54). This compound has a wealth of donor and acceptor 
sites for hydrogen bonding, and structure predictions showed up to 250 possible 
crystal structures. The choice of solvent in this case can either promote or deactivate 
particular interactions to infl uence the crystal product, as illustrated in  Figure 12 . 
Nitromethane tends to solvate the amine functions, which directs the packing toward 
nitro–hydroxy interactions. Similarly, methanol will solvate the hydroxy groups, 
favoring nitro–amine bonded structures. Toluene tended to promote hydrogen-
bonding interactions non-specifi cally, giving rise to both NH 2 –NO 2  dimers and 
chains made up of OH–NO 2  linkages.   

 The interference of solvents in hydrogen-bonding interactions as above can 
also affect crystal habit, and this has led to the use of specifi c solvents or solvent 
types as growth and habit modifi ers. An example is in the crystallization of aceta-
nilide (55). Acetanilide tends to crystallize as needles, a pattern of behavior common 
among simple secondary amides where a hydrogen-bonded molecular chain in a 
 trans -conformation, with the carbonyl acceptor and –NH donor  anti - to each other, 
forms along the axis of the needle. Solvents that do not interact with the formation 
of these chains, such as benzene and tetrachloromethane, give rise to needles. Proton 
donors (such as methanol) and acceptors (such as acetone) compete for the hydrogen-
bonding sites and thus slow the crystal growth along this axis. Crystallization from 
these solvents gives a rod-like crystal shape in which the aspect ratio is less extreme. 
Impurities that have similar molecular structures to the crystallizing substance can 
have similar habit-modifying effects by blocking or otherwise interfering with crys-
tal growth in a particular direction. Traces of benzoic acid have been shown to 
inhibit the growth of benzamide crystals in the c-direction, by bonding into the 
chain of 2

2R (8)    amide dimers and exerting a repulsion on the next incoming benz-
amide growth unit (56). In a similar way, “impurities” of 2- and 4-toluamide retard 
growth respectively in the a- and b-directions by interfering with the stacking of the 
growth units.   

 Seeded Crystallization 
 Seeding is a method that is commonly used as a control measure in crystallization 
processes, usually to improve reproducibility and to obtain better quality crystals 
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and a more favorable particle size distribution. Essentially, nucleation is induced by 
the introduction of a small quantity of product crystals at some pre-determined 
point within the metastable zone. The principle and effect of seeding in this respect 
is illustrated for a cooling crystallization in  Figure 13 . Introduction of seeds at point 
B enables crystal growth to start at moderate supersaturation levels, and prevents 
the creation of very extensive and uncontrolled nucleation at the higher super-
saturation of point C. However, this also illustrates the importance of introducing 
the seed material at the right point in the cooling profi le. If the seeds are added too 

(A)

(B)

 FIGURE 11    Polymorphs of 2,6-dihydroxybenzoic acid: (A) form I, monoclinic, formed from centro-
symmetric carboxylic acid dimers; (B) form II, catemer motif involving carboxylic acid and  o -hydroxy 
interactions. Crystallization from solution is infl uenced by the hydrogen-bonding interactions of 
the solvent, which can exert polymorphic selectivity by promoting or inhibiting specifi c solid-state 
bonding patterns (50). Reproduced by permission of the Royal Society of Chemistry.    
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early before the solution is supersaturated they will dissolve. If they are introduced 
too late when point C has already been attained, their effects will be much dimin-
ished. A recent investigation (57) recommends that, in general, seeds should opti-
mally be added at a point of supersaturation 30–40% of the unseeded metastable 
zone width.  

 Recent investigations of seeding have focused entirely on the effects on the 
product size distributions. Seeding is effective if suffi cient material is added to 
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 FIGURE 12    2-Amino-4-nitrophenol, a polyfunctional molecule with many possible hydrogen-
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 FIGURE 13    Seeding as a means of narrowing the metastable zone. Seed material provides nuclei 
to enable crystal growth at more moderate supersaturation levels.    
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prevent random nucleation, and its success is indicated by a unimodal size distribution 
(58,59). If insuffi cient seed is added, a bimodal distribution is obtained, because 
part of the product derives from the growth of seeds and the remainder arises as 
smaller particles from random nucleation and the growth of these nuclei. Conven-
tionally, the surface area of the seeds is believed the critical parameter in deter-
mining the effectiveness of seeding (60), but some investigations contradict (58) this 
in showing that seeds above a certain critical size are more effective. It is also common 
practice to wash seed material with a slightly undersaturated solution of the sub-
stance being crystallized, which both dissolves out fi ne material and activates the 
surfaces by removing adsorbed impurities and other passivating effects. 

 In crystallizing polymorphic substances, seeding can also infl uence the solid 
form obtained by templating a particular polymorph at the expense of others. 
Because the seed nucleates the crystallization into its own crystalline form, with 
crystal growth as the dominant mechanism, it should be possible, in principle, to 
direct the crystallization to the required product by a judicious choice of seed 
material. In practice, this works on some occasions but not on others, and there are 
many cases where seeding with one polymorph leads to crystallization that gives an 
alternative form as the dominant product. This is because seeding is never perfect in 
that it can completely replace the nucleation step, and nucleation of other poly-
morphs can occur as in an unseeded process. Also, solvent-mediated transformation 
(see the section “Slurrying”) is a very common mechanism by which less stable 
forms transform to more stable ones, and a crystallizing solution is a very effective 
medium for such transformations. Seeding with an unstable polymorph can thus 
give rise to a more stable product form at the point of isolation. 

 Seeding also underlies cases of “disappearing polymorphs” (10), whereby the 
crystallization of a new form in a process, either serendipitously or by design, has 
effectively prevented the form previously obtained from being produced again in 
the same equipment and process. Usually, the new form is more stable than the 
form previously obtained, and the reason postulated for its repeated formation is 
that plant and equipment remains contaminated with small quantities of seed of the 
new form that cannot be removed by cleaning procedures. There are also reports of 
different forms occurring at different laboratories and locations using nominally 
identical processes and procedures. The credibility of these seeding theories depends 
on the fact that most crystal nucleation is believed to occur heterogeneously, which 
is supported by the observations that crystallizations carried out in clean environ-
ments, such as sterile pharmaceutical areas, are often reluctant to nucleate. The 
presence of small traces of dirt and impurities are therefore believed to be important 
in initiating crystallizations, and the presence of residual material from previous 
batches may well exert a signifi cant effect on crystallization and form selectivity. 

 The application of seeding to polymorph control also presupposes that a small 
quantity of seed material is available as a starting point at the beginning of the 
development. This is often obtainable from a set of polymorph screening experi-
ments, but if these have been carried out at very small scale ( ∼  µ g), there may have 
to be two or three scale-up stages before gram quantities of material can be prepared. 
Seed crystals generally have to be of good quality in terms of their size, shape, and 
morphological integrity. Hence, the preparation of suitable seed material is very 
often at a premium, and can be a major area of diffi culty. 

 The principles of seeding also underlie the preparation of single crystals by 
growing a small, well-formed crystal from a moderately supersaturated solution. 
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Here, a relatively low supersaturation level is generated slowly, to maximize the 
growth of the crystal and minimize the probability of nucleation occurring. Nucle-
ation not only takes away the supersaturation from the solution itself, but the nuclei 
generated provide competing growth sites, and a growth experiment in which 
signifi cant nucleation has occurred will very often have to be discarded and started 
again.   

 Evaporative Crystallization 
 Evaporative crystallization is used in bulk chemicals production in cases where the 
temperature dependence of solubility renders cooling crystallization non-viable, 
the classical example being sodium chloride ( Fig. 7 ). The evaporation of brines in 
shallow ponds has been practiced in arid areas for thousands of years as a means of 
recovering salts (37). In temperate climates, energy costs can be a limiting factor in 
the production of bulk commodities (61). Evaporative crystallization is also used to 
isolate sucrose from cane syrups (62). 

 Evaporative crystallization can be studied and understood in terms of the 
metastable zone, as shown in  Figure 14 , for a case where it would be favored because 
of a relatively fl at solubility curve. Isothermal evaporation, which reduces volume 
and increases concentration, reaches the nucleation point C via the vertical trajectory 
BC. In this case, cooling induces only low levels of supersaturation, giving rise to 
the wide metastable zone AC and a small yield of solid. In reducing the volume, 
evaporative crystallization also increases the solid yield by reducing the amount of 
saturated solution that remains at the isolation temperature. In pharmaceutical 
applications, evaporation is often combined with cooling crystallization to increase 
product yields, usually using partial vacuum to induce evaporation. Most volatile 
solvents are recovered in operational applications, partly for reasons of economy 
but also for environmental reasons. The option of evaporation may infl uence solvent 
choice in such operations.  

 Evaporation is used extensively in polymorph screening and searching, often 
as a default option for recovering solids from experiments where cooling or other 
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 FIGURE 14    Evaporative crystallization and the metastable zone. Isothermal evaporation at point 
B increases concentration to the nucleation point C. The relatively fl at solubility curve gives small 
driving forces on cooling, requiring a large degree of undercooling.    
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methods of inducing crystallization do not work. However, a comprehensive and 
well-designed polymorph screen will usually include evaporative crystallization as 
a designed-in option, as part of its diversity. It can sometimes be diffi cult to eliminate 
evaporation from experiments investigating other crystallization methods, particu-
larly when working at very small scale in well-plates where very high levels of seal 
integrity would be required to eliminate it, particularly when working with volatile 
solvents. It is common to evaporate residual solutions to dryness even in cases 
where solids have been crystallized by other methods such as cooling, and have 
been isolated from the crystallizing solutions by fi ltration or centrifugation. Extra 
information, and in some cases even new polymorphs and other solid forms, can 
often be gleaned from analysis of the solid recovered from such evaporations.   

 Antisolvent Crystallization 
 In antisolvent crystallization, supersaturation is generated by adding a second 
liquid to a solution of the substance to be crystallized, which is miscible with the 
solvent and in which the crystallized substance is insoluble or sparingly soluble. 
The solid is less soluble in the mixture than in the original solvent, and therefore 
comes out of solution. Antisolvent crystallization is used extensively today in 
pharmaceutical developments and perhaps less extensively in other fi ne chemi-
cals manufacturing. It is very rare in commodity chemicals processing, where its 
closest equivalent is in “salting out” (37), whereby salt addition is used to induce 
crystallization by reducing solvent activity. 

 Antisolvent crystallization in the pharmaceuticals context has been investigated 
fairly extensively in recent years, but has received very little coverage to date in 
conventional texts on industrial crystallization (37–39). As such, there has been 
very little discussion of its dynamics in terms of solubility curves and metastable 
zones. We suggest the representation in  Figure 15  as a means of understanding 
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 FIGURE 15    Antisolvent crystallization and the metastable zone, in a representation analogous to 
 Figure 8 . Here, solubility decreases with antisolvent addition, but a metastable zone is also created, 
and its width will depend primarily on the antisolvent addition rate.    



102 Cains

these processes and comparing them with other modes of crystallization. For an 
isothermal addition of antisolvent, the solubility will decrease, although antisolvent 
addition will also increase the volume of the (mixed) solvent, and quantitative work 
needs to take this into account. However, the performance of antisolvent crystalli-
zation will also depend markedly on the rate at which the antisolvent is added, 
which is refl ected in the width of the metastable zone. For fast antisolvent addi-
tions, separation of solid is usually instantaneous, and under these conditions the 
metastable zone width will often not be measurable. This is the phenomenon of 
“crashing out” that is commonly used to obtain solid products on a fi rst pass from 
the fi nal stages of synthesis. Material that is precipitated in this way may be crys-
talline, but the crystal quality of the product particles will be poor, consisting of 
agglomerated small particles with a large surface area. Substances that are crashed 
out of solution in this way are often recrystallized using more conventional and 
moderate crystallization methods in order to purify and consolidate the solid form 
of the product.  

  Figure 6  shows that antisolvent crystallization can be carried out over widely 
ranging time scales by methods that promote greater or lesser degrees of dis-equi-
librium in the crystallizing mixture. Very slow addition of antisolvent will give rise 
to very gradual supersaturation, and crystallizations operated in this way will 
exhibit narrow metastable zones. Diffusion of an antisolvent into a solution is used 
extensively in the preparation of single crystals for X-ray diffraction analysis, where 
low supersaturation levels are required to promote growth and avoid nucleation. 
Addition of bulk antisolvent will give rise to conditions that are much more forced 
with wide metastable zones. Here, the rate of antisolvent addition and the dynam-
ics of mixing of the solution and antisolvent will be the critical factors in infl uencing 
the crystallization behavior. 

  In some cases, a differentiation is also made between forward addition, where 
the antisolvent is added to the solution, and reverse addition, where the procedure 
is reversed and solution containing the dissolved solid is added to a batch of antisol-
vent. Reverse addition might be expected to produce the largest driving forces for 
solute to come out of solution, because the higher transient ratio of antisolvent to 
solvent will create very low transient solubility. However, in practice, mixing of anti-
solvent with solvent is usually rapid, and any control over an antisolvent addition is 
usually exercised by regulating the rate at which the antisolvent is added. In normal 
laboratory work, antisolvents are usually added and mixed rapidly, and the condi-
tions created will deviate only slightly from those of reverse addition. From a point 
of view of creating diverse conditions in form screening, therefore, the differentia-
tion of forward and reverse addition is not that important, and a better experimental 
design would vary the rate at which antisolvent is added, preferably with some 
knowledge of how the solubility varies with the composition of the solvent mixture. 
In this way, a slow antisolvent addition could complement the usual rapid addition 
and mixing to give a more gradual development of supersaturation. 

 Examples of the use of antisolvent crystallization for the preparation of meta-
stable polymorphs include indomethacin, where the  α -form was obtained on the 
addition of water as the antisolvent to a solution in methanol (63). The stable  γ -form 
can be obtained on recrystallization from diethyl ether at room temperature. The 
insolubility of crystalline forms of indomethacin in water is the reason it is usually 
formulated in its amorphous form (2). The metastable form II of midodrine hydro-
chloride has been prepared by the addition of ethyl acetate or dichloromethane to a 
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solution in methanol (64). There is also more recent evidence that more extreme 
conditions of supersaturation created during an antisolvent addition lead to a 
greater preponderance of metastable forms. In the crystallization of abecarnil from 
solution in isopropyl acetate by the addition of hexane antisolvent, the stable form 
C was predominant at low supersaturation, whereas metastable form B occurred at 
higher supersaturation levels (65). A similar result was obtained for the crystalliza-
tion of L-histidine from aqueous solutions using ethanol as the antisolvent (66). 
Here, a mixture of the stable form A and the metastable form B was obtained at 
relatively low supersaturation ratios (ratio of actual concentration to saturation 
concentration)  ≤ 2, although at higher supersaturations  ≥ 2.3 only the metastable 
form was observed. The supersaturation in this case was controllable by varying 
both the concentration of the starting solution and the antisolvent addition. There 
was also interconversion of the metastable to the stable form in the product slurry, 
on a time scale signifi cantly slower than the crystallization observed. The princi-
pal reason postulated for the predominance of the metastable form at high super-
saturation is its enhanced growth rate compared with the A form under these 
conditions. 

 The antisolvent crystallization of 2-aminobenzoic acid from ethanol solution 
with water also yields different polymorphic ratios according to the degree of 
supersaturation that is induced (67). The polymorphism of 2-aminobenzoic acid is 
well understood; there are three non-solvated forms I, II, and III. The system is 
enantiotropic with form I stable below 354 K and form II stable above this tempera-
ture. Form I contains two unlike molecules in the unit cell: one zwitterion and a 
molecule in the non-zwitterionic form. Forms II and III are made up of molecules 
that are not zwitterions. Form III only arises by condensation from the gas phase or 
in melt crystallization. Selectivity between the other two forms was dependent on 
the supersaturation levels generated, as is shown by the polymorphs fi rst observed 
as the solids began to crystallize out as summarized in  Table 5 . These results show 
clearly that the high supersaturation forcing rapid removal of solid from solution 
favors the metastable form, whereas more moderate and gentle conditions favor the 
stable form.  

 Form II also showed a tendency to transform into form I via a solvent-mediated 
process over periods of 30–35 minutes. Forms I and II exhibited a large difference in 
solubility, which is indicative of a large free energy difference between them and 
may explain why this transformation occurs rapidly. However, growth rate measure-
ments of the two forms show that in the intermediate supersaturation region of ratios 

 TABLE 5    Polymorphs of 2-Aminobenzoic Acid Obtained on First Crystallization 
from Ethanol Solutions Using Water as the Antisolvent (67)  

Supersaturation ratio (C/C 0 ) Polymorph fi rst crystallized Induction time a 

1.2 I 15–95 min
1.4–1.6 I + II 70–260 sec
1.9–2.3 II 10–20 sec
3.1–4.5 II <10 sec

 a Time elapsed between antisolvent addition and the appearance of crystals.
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1.4–1.6 the mixture of forms arises from a concomitant crystallization of the two forms 
and not from an initial formation of form II followed by a transformation. 

 Antisolvent crystallization of the enzyme inhibitor BPT,  Figure 16 , from 
methanol solution by the addition of water in the temperature range of 40–60°C 
gave rise to different polymorphs at different temperatures (68). The experiments 
were carried out by dissolving BPT in a mixture of 38 mL methanol and 2 mL 
water at the temperature of the experiment, and then adding 14 mL of water to 
induce crystallization dropwise at rates between 0.2 and 2.0 mL/min while stir-
ring with an impeller. Under these conditions, BPT has three non-solvated poly-
morphs A, B, and C, a hydrate (BH), and a methanol solvate (D). The most stable 
form C was not obtained in these experiments. At the higher temperature (60°C) 
close to the methanol boiling point (65°C, cf.  Table 4 ) forms A and BH crystallized 
competitively, with form A favored at low initial concentrations and low water 
addition rates and the hydrate BH predominant at high concentrations and high 
addition rates. At 50°C, the hydrate BH crystallized, with the methanolate D form-
ing additionally at the higher rates of water addition (69). At 40°C, form D was 
dominant and form BH crystallized also at low concentrations, and there was 
evidence that BH transformed to D at this temperature. There were clear indica-
tions that BPT exhibits enantiotropy within the temperature range investigated, 
and that the methanol–water solvent composition also affected the transformations 
between the solvated forms.  

 The examples above illustrate that antisolvent addition can be a very effective 
method in screening for polymorphs, and that in general, the more extreme the 
crystallization conditions in terms of their departure from equilibrium, the greater 
the probability of preparing unstable and metastable forms. The principles of anti-
solvent crystallization can also be used to create moderate supersaturation levels 
under conditions where cooling and evaporative crystallization are diffi cult or 
inappropriate, for example, where the solubility curve does not favor cooling and 
the solvent is not suffi ciently volatile for evaporation. The use of vapor diffusion 
in single crystal growth has been mentioned above, where very slow antisolvent 
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 FIGURE 16    Enzyme inhibitor BPT, 2-(3-cyano-4-isobutyloxyphenyl)-4-methylthiazole-5-carboxylic 
acid. BPT can crystallize from methanol–water as three non-solvated forms A, B, C, a hydrate BH, 
and a methanol solvate D. Antisolvent crystallization with water never produces the most stable 
form C (68,69).    



Classical Methods of Preparation of Polymorphs and Alternative Solid Forms 105

addition is limited by the rate of diffusion of the antisolvent through a particular 
geometric arrangement that can be designed to further slow the rate of antisolvent 
addition. 

 Another variant of antisolvent crystallization that produces milder super-
saturation conditions involves the addition of a supercritical fl uid or a gas under 
near-critical conditions as the antisolvent, most commonly CO 2 . This technique is 
known as Gas Antisolvent Crystallization, abbreviated GAS, and is most commonly 
used to produce better quality crystals than those obtained by a conventional anti-
solvent crystallization. The principle of operating the method is shown in  Figure 17  
(70). The substance to be crystallized is dissolved in a solvent at the fi lling stage, 
and the antisolvent added under pressurization. The crystallized suspension is 
fi ltered and the pressure subsequently reduced to release the antisolvent gas and 
the solvent, both of which can be recycled. The fi nal step involves the drying of 
the product crystals. The method has been used to isolate the antiarthritic agent 
lobenzarit in preference to conventional antisolvent crystallization with alcohols 
to produce small crystals with an acceptable size distribution (71). Here CO 2  and 
ethane were used as antisolvents, and a small amount of co-solvent (methanol, 
ethanol, isopropanol, or acetone) was added to the aqueous solution to promote 
the solubility of the antisolvent. The method has also been used to crystallize 
amoxicillin from DMSO and N-methylpyrrolidone (NMP) (72), and paracetamol 
from ethanol (70).  

 A systematic investigation of three sulfanilamide drug substances that exhibit 
polymorphism (73) showed no polymorphic changes occurring during crystalliza-
tion using water and supercritical CO 2  as antisolvents, although substantial changes 
in crystal size and habit occurred under different conditions, particularly where 
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 FIGURE 17    Principles of gas antisolvent (GAS) crystallization. Crystallization is induced by the 
addition of supercritical CO 2  which is subsequently drawn off after fi ltration. Antisolvent and solvent 
can often be recycled (70).    
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alternative solvents were used. For example, the habit of crystals of sulfathiazole, 
known to be highly polymorphic, prepared from acetone and methanol solvents 
using CO 2  were respectively granular and acicular, although no change in form was 
apparent. Similar habit changes with different solvents were observed for sulfame-
thizole and sulfabenzamide. Generally, crystal size increased with the temperature 
at which the crystallization was carried out, and smaller crystals were obtained using 
CO 2  as the antisolvent compared with a conventional antisolvent crystallization 
with water.   

 Reactive Crystallization 
 Reactive crystallization occurs where two chemical entities react in solution to give 
a product species that is less soluble than the reactants from which it is formed. 
Supersaturation is generated by the formation of the new product compound, and 
the rate at which it develops is determined by the rate of reaction and the solubility 
of the product species relative to the reactants and the conditions employed. Reactive 
crystallizations are common in the manufacture of commodity chemicals, and occur 
quite often in pharmaceuticals manufacture, in particular, where a fi nal synthesis 
stage yields a product that is less soluble than the reactants and any by-products 
such that isolation can be carried out simply by crystallization or precipitation from 
the solution in which the reaction has been carried out. 

 The principles by which reactive crystallizations may be analyzed and 
developed in general have been reviewed recently, in the light of increased interest 
in this type of process over several years (74). According to this review, the above 
description of a reactive crystallization is incomplete because it does not include the 
situation where a solid reactant dissolves and reacts to form the crystallizing prod-
uct within the reactor vessel. In the present author’s experience, this type of process 
is not often used in the fi nal stages of manufacture of pharmaceutical products; the 
reaction of two species in solution is much more common. Even within this more 
limited range of possibilities, there is a great deal of scope for variations depending 
on reaction rates and the solubilities of the reactants and products.  Figure 18  shows 
two illustrative cases. In  Figure 18A , rapid isothermal reaction leads to very high 
supersaturation and crash-crystallization, conditions analogous to rapid antisolvent 
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 FIGURE 18    Reactive crystallization and the metastable zone. ( A ) The case of rapid reaction 
inducing a very high supersaturation, leading to precipitation or crash-crystallization. ( B ) Combination 
of reaction and cooling crystallization leading to mild crystallization conditions.    
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addition (section “Antisolvent Crystallization”). This condition occurs commonly 
in precipitations, for example, in the well-known precipitation of insoluble inorganic 
compounds by double decomposition, where non-crystalline material is usually 
required.  Figure 18B  shows the opposite extreme of a reaction leading to a product 
concentration below saturation, and continuing reaction and cooling leading to 
crystallization under moderate conditions. All combinations of reaction with heating 
and cooling, that may be infl uenced by exothermic or endothermic reaction, are 
possible in principle.  

 A very common method of reactive crystallization in the pharmaceutical 
industry is via the alteration of pH. Many drug substances are slightly soluble weak 
acids or bases, whose anionic or cationic salt forms are much more soluble in water. 
Adjustment of the pH can thus lead to the crystallization or precipitation of the free 
acid or base, and this can be used to purify and consolidate the fi nal product. Proton-
transfer reactions associated with pH shifts are generally rapid, and the condition 
of  Figure 18A  often arises in these preparations. It is fairly common for a time gap 
of several hours to elapse before nucleation and crystallization are observed in 
these cases, the delay being due to the energy barrier associated with nucleation. 
The combination of rapid reaction and delayed nucleation usually results in con-
ditions analogous to a very wide metastable zone, promoting the formation of 
amorphous materials, unstable and metastable polymorphs, and crystals of poor 
quality. 

 Simple, early examples of this technique for polymorph discovery include 
form I of the X-ray contrast agent iopanoic acid, which was prepared by the adjust-
ment of a solution prepared at pH 12.5 (in 0.1 M NaOH) to pH 2.15 by HCl addition 
(75). Similarly, form III of the diuretic hydrochlorothiazide, which as its name indi-
cates is a hydrochloride salt, was precipitated from an aqueous NaOH solution via 
HCl addition (76). More recently, piretamide form C was precipitated on adjusting 
a solution in 0.1 M NaOH to pH 3.3 by a 1:1 stoichiometric acid addition (77). In this 
case, a slight deviation in the acid:base stoichiometric ratio to 0.95:1, presumably 
leading to a different pH value, gave rise to mixture of amorphous piretamide and 
crystalline form C. It appears in this case that acidifi cation was suffi cient to form the 
protonated species (as determined by pKa values), but the fi nal pH infl uenced the 
morphological form of the product.    

 CRYSTALLIZATION FROM MELTS 
 Melt crystallization is not commonly employed in pharmaceuticals manufacture, 
unlike in the production of commodity chemicals where it is often employed as 
a purifi cation technique (37). Many pharmaceutical compounds decompose on 
approaching their melting points, and the melting and recrystallization of a new 
compound in development, for which many physical and stability properties remain 
unknown, would carry a high risk of degradation. However, there will be cases 
where melt crystallization will give rise to polymorphs that are not accessible by 
other solution-based methods. The highly polymorphic compound ROY, 5-methyl-
2-[(2-nitrophenyl)amino]-3-thiophenecarbonitrile, yielded a form Y04 on crystalli-
zation from the melt at room temperature that was not found by crystallization 
from solution (78). This subsequently transformed to a further, more stable new 
polymorph YT04 over several hours. Despite being unobtainable by solution 
methods, YT04 was found to be the densest known polymorph at room temperature, 
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and is believed to be the second most stable in terms of its lattice energy (at 0 K). 
As a further example, form I of  p -(I R ,3 S )-3-thioanisoyl-1,2,2-trimethylcyclopentane 
carboxylic acid was obtained from form II by melting the latter and recrystallizing 
in vacuo (79). 

 Generally, melt crystallization is governed by the same principles as crystallization 
from solution, in terms of kinetics versus thermodynamics and of a supercooling 
driving force in the place of solution supersaturation. Forced solidifi cation by rapid 
or quench cooling is analogous to crashing out of solution by rapid antisolvent addi-
tion. Quench cooling a melt can sometimes result in formation of an amorphous solid 
that, on subsequent heating (annealing), undergoes a glass transition followed by 
crystallization (80). 

 There is considerable interest recently in the use of thermal fusion methods 
for the preparation of co-crystals. As discussed in the sections “Solid Forms and Their 
Characteristics” and “Preparation of Different Types of Solid Forms,” co-crystals 
have attracted much interest as new solid forms in recent years, and the development 
of new methods for their preparation has strongly infl uenced thinking on polymorph 
preparation. A method attracting much interest for the preparation of co-crystals is 
the Köfl er mixed fusion method (81), in which two (or more) substances are heated 
separately on the hot stage of a microscope until at least one melts, and then 
contacted by mixing with a coverslip. The method has traditionally been employed 
to determine the thermal phase properties of melts, in particular, the formation 
of eutectics (9). Several variants have been employed in recent years. Under favor-
able conditions the thermal behavior of a binary mixture can be observed across a 
gradation of compositions between 100% of each component. 

 The sodium channel blocker 2-[4-(4-chloro-2-fl uorophenoxy)phenyl]pyrimidine-
4-carboxamide has been screened in this way for co-crystal formation with 26 
carboxylic acid co-formers (33), and the glutaric acid adduct exhibited much 
improved bioavailability compared with the original API. Here the API was ren-
dered as a liquid phase below its melting point by dissolution in high-boiling 
solvents such as methyl salicylate and methyl benzoate, with the liquid composi-
tion and concentration used to tailor the conditions to suit the co-former under test. 
A similar method using methyl benzoate was used to screen for co-crystals of 
imprimine hydrochloride (82), by which a co-crystal with (+)-camphoric acid was 
prepared. 

 In a very recent investigation (83), the Köfl er method has been employed in 
conjunction with solution crystallization to search for new solid co-crystals of 
nicotinamide with a number of small-molecule APIs containing carboxylic acid or 
amide functions. Visual images were created by viewing under crossed polar fi lters 
that mapped the eutectic melting points with respect to changes in composition. 
Five out of eight potential co-crystals were identifi ed in this way by the presence 
of three distinct eutectics, and in one case, with fl urbiprofen, polymorphism of 
nicotinamide was observed in addition to co-crystal formation. Also, form III of 
fl urbiprofen was identifi ed (by powder X-ray diffraction) in the material recovered 
from the Köfl er melt. Form III fl urbiprofen is unstable, and usually transforms to 
form I over periods of minutes. Evidence of two co-crystal phases that could not be 
prepared by solution crystallization, of fenbufen–nicotinamide and fl urbiprofen–
nicotinamide, were also found in the melts, and in principle, the possibility exists 
of using such materials as seed to prepare such normally inaccessible solid forms 
from solution. 
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 Similar principles underlie a further recent report (84) of the use of differential 
scanning calorimetry (DSC) for identifying co-crystal formation from binary melts. 
The presence of a co-crystal is indicated by the presence of a second fusion 
endotherm, in addition to the one associated with the binary eutectic. Tests using 
20 API–co-former combinations gave results confi rming the formation of seven 
co-crystals already identifi ed, and indicating a further nine new co-crystal phases 
that were confi rmed by variable-temperature powder X-ray diffraction. In all cases, 
the new co-crystal fusion event was recorded at a higher temperature than the melt-
ing of the eutectic, and was distinguishable from the known fusion characteristics 
of the components. 

 Although the above investigations were focused on co-crystal preparation, 
the accessibility of new forms to these methods will undoubtedly stimulate interest 
in their use for discovering polymorphs that are not accessible by solution crystal-
lization, as has already happened with mechanochemical methods of preparation 
(section “Mechanochemical Methods”). There is evidence from these investigations 
(83) that polymorphs that are unstable and diffi cult to prepare from solution can be 
observed in melt systems, and it is probable that the different conditions promote 
the formation of some polymorphs and co-crystal phases at the expense of others. 
Further investigations of methods based on melt crystallization for polymorph 
discovery can be expected in the near future.   

 MECHANOCHEMICAL METHODS 
 Mechanochemical methods, more commonly and usefully described as grinding, 
have been employed extensively in the preparation of co-crystals in recent years, 
and, as with the thermal methods above, this activity is generating interest in their 
use more generally in solid form preparations. The fi rst reference to the use of grind-
ing to produce adducted materials dates back to the late 19th century (85). In the 
early 1990s, grinding was employed alongside solution crystallization methods in 
the preparation of co-crystals of 2-aminopyrimidine with carboxylic acids (86), and 
also of pairs of nucleotide bases (86,87). For the latter, the formation of co-crystal 
phases was found to depend on the method employed. 9-methyladenine and 
1 -methylthymine formed a co-crystal on grinding together in the solid state that 
could not be prepared from solution, while the exact converse was true for mixtures 
of 9-ethylguanine and 1-methylcytosine (87). Grinding here was carried out over a 
20-minute period in a “mechanical amalgamator” using a 25-mm steel capsule fi tted 
with a single 3-mm ball bearing. At around the same time, there were also some 
reports of polymorphic transformations being induced by grinding. Metastable 
forms B and C of chloramphenicol palmitate were transformed into stable form A 
upon grinding at room temperature (88). The stable  β -caffeine was converted into 
the metastable  α -form in a 95% phase conversion on grinding for 60 hours (89), 
showing that phase transformations up the free energy ladder are also possible. 
Depending on the material and the conditions employed, grinding can also result in 
conversion to an amorphous substance, as discussed below. 

 More recently, the use of so-called “solvent-drop” grinding has been developed, 
in which a small quantity of a solvent is added to the solid substance or mixture 
prior to grinding. Grinding cyclohexane- cis,cis -1,3,5-tricarboxylic acid (CTA) with 
4,4 ′ -bipyridine (Bipy) for one hour in a Retsch MM200 Mixer Mill with an oscillation 
frequency of 15 Hz resulted in partial conversion to the 1:1 co-crystal, whereas the 
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addition of a small quantity of methanol (50  µ L to 200 mg of solid) accelerated the 
process to completion in 20 minutes (90). A more extended investigation (90) of the 
formation of the 1:2 CTA co-crystal with 4,7-phenanthroline (fPh) showed that accel-
eration of the reaction was associated with solubility of one or more of the compo-
nents, as summarized in  Table 6 . In this case, the co-crystal in question can be 
readily obtained by solution crystallization from methanol.  

 Grinding with and without solvent present has been applied to the preparation 
of the dimorphic 1:1 co-crystal of caffeine and glutaric acid (91). Slow evaporative 
crystallization from chloroform results in a mixture of the two polymorphs; mono-
clinic form I crystallizes as rods mixed with block-shaped crystals of the triclinic 
form II. The forms have very similar densities (1.486 and 1.482 g/cm 3 ) and the pack-
ing architectures are similar, suggesting that the lattice energies and free energies of 
formation are probably very similar. Solvent drop grinding with  n -hexane, cyclo-
hexane, and  n -heptane gave a predominance of form I in the product, although 
with cyclohexane there was still some unreacted caffeine present after 60 minutes. 
Grinding with chloroform, dichloromethane, acetonitrile, and water led to a predom-
inance of form II. It is suggested that the effect of solvent polarity in determining the 
polymorphic outcome may arise from packing differences between the two forms. 
Form I includes a non-polar cleavage plane (200) with exposed methyl and methylene 
groups between stacks of ribbons along the  b -axis that is not exhibited in form II. 
It is suggested that non-polar solvents may favor form I by stabilizing these planes 
upon grinding-induced cleavage. 

 Co-crystals of caffeine with trifl uoroacetic acid (TFA) were found to be only 
accessible by grinding (28). Attempts to co-crystallize 1:1 caffeine + TFA from a 
number of solvents gave rise to either crystalline caffeine or occasionally to materials 
with alternative powder diffraction patterns that could not be reproduced. Evapora-
tion of a solution of caffeine with excess TFA led to a viscous liquid from which no 
crystals could be obtained. Dry grinding the components together in a 1:1 ratio gave 
rise to two apparent polymorphic 1:1 co-crystals, designated D and E, depending on 
the quantities of material used. Starting with 140 mg caffeine + equivalent TFA, form 
D was produced, whereas a similar experiment with 320 mg caffeine + equivalent 
TFA produced form E. The grinding was carried out in a Retsch MM200 Mixer 
Mill at 30 Hz in a 10 mL stainless steel grinding jar with two 7 mm stainless steel 

 TABLE 6    Solvent-Drop Grinding: the Promotion of Co-crystal Formation from CTA (Cyclohexane-
 cis,cis -1,3,5-tricarboxylic acid) and fPh (4,7-Phenanthroline) in Relation to Solvent Choice and the 
Solubility of the Components (90)  

Solvent Solubility of Enhancement Comments

 CTA  fPh 

None (dry grinding) – – – Low yield after long period
Methanol v v yes Complete conversion in 10 min
Water v s yes Accelerated reaction
Ethyl acetate i v yes Accelerated reaction
Acetonitrile s s yes Accelerated reaction
Cyclohexane i i no No reaction after 1.5 hr

 Abbreviations : v, very soluble; s, slightly/partially soluble; i, insoluble.
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grinding balls. Seeding the viscous liquid prepared by evaporating a solution in 
excess TFA as above with crystals of either form D or form E from grinding led to 
crystallization and growth of the seeded form, from which single-crystal structure 
determinations were obtained. Form D was stable on storage for six months, whereas 
form E transformed completely to form D in as little as three days. As with the  β - to 
 α -phase conversion of caffeine discussed above (89), no explanation was offered 
(28) for the appearance of a metastable form depending on experimental scale, 
and there is a great deal still to be discovered about transformation mechanisms 
during grinding. 

 Crystallization of a saturated solution of caffeine in excess acetic acid resulted 
in a 1:2 caffeine–acetic acid co-crystal (28), which could also be prepared by grinding 
caffeine and acetic acid together in a 1:2 molar ratio. The co-crystal form produced 
was stable on storage for six months. Grinding caffeine and acetic acid together in a 
1:1 ratio resulted in a new 1:1 co-crystal that could not be prepared by solution 
crystallization. However, residual caffeine was also found in the product, and this 
could not be eliminated by further grinding, whereas the addition of excess acetic 
acid gave rise to contamination with the 1:2 co-crystal form. Solvent drop addition 
of  n -heptane reduced the residual caffeine. The 1:1 co-crystal was unstable, and 
dissociated to crystalline caffeine and acetic acid vapor within one day of storage at 
ambient temperature. 

 There is now ample evidence that grinding methods can be used to identify 
and access solid forms that would not be found if solution crystallization methods 
alone were to be used in screening for them. There is also evidence that small 
amounts of materials prepared by grinding can be used to seed more extensive 
batches of solution to obtain both crystals for structure determination and for sub-
sequent manufacture. What is lacking at present is a complete understanding of the 
mechanisms by which grinding promotes phase transformation and co-crystal for-
mation, and in particular, why some positive results can be obtained by grinding 
that are not obtainable by solution methods. We can examine this in two ways: 
fi rst, by looking at the effects of shearing and other disruptive mechanical forces 
on the materials under test, and second, by making comparisons with solution 
crystallization via phase diagrams. 

 Mechanical trauma will both break down macroscopically ordered structure 
and introduce local heating and pressurization effects. An early source (92) sum-
marizes this by describing a molecular “loosening,” or separation from the lattice, 
that is the fi rst stage of any solid-state transformation. Grinding is extensively used 
in pharmaceuticals processing to reduce particle size, and extreme breakdown 
effects may ultimately result in amorphous material. Breakdown of crystalline 
structure in this way can be explained mechanically, in terms of increasingly anhar-
monic lattice vibrations (phonons) under stress, eventually violating the Born stability 
criteria of the lattice, above which it collapses to yield an amorphous structure (93). 
An alternative view based on thermodynamics asserts that continuous mechanical 
energy input increases the concentration of defects to a critical limit, beyond which 
the amorphous phase has greater stability than the disrupted crystal (94). 

 Transformation to a new crystalline phase, polymorph or co-crystal, will take 
place if the “loosened” material can be nucleated in some way and subsequently 
grow in to form the new solid. The mobility of the amorphous intermediate toward 
this type of reordering will be determined, among other factors, by whether it is 
above or below its glass transition temperature, T g . Above T g , the amorphous material 
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may be expected to re-order itself much more readily because of its higher lability 
and lower viscosity. Cryogenic grinding is commonly employed in producing 
amorphous materials, to keep the amorphous material at a low temperature and 
prevent re-ordering and recrystallization. 

 A detailed investigation of the cryogenic grinding of indomethacin (93) pro-
duced amorphous material starting from all of the non-solvated polymorphs, 
namely  γ  (stable),  α , and  δ  (alternatively designated forms I, II, and IV, respectively). 
Amorphous indomethacin has been well characterized, and has a T g  of around 
43°C. Previous work on the grinding of indomethacin at around the T g  (95) yielded 
only partially amorphous material, and the physical stability of this product was 
dependent on the initial crystal form. Cryogenically grinding the methanol solvato-
morph (93) also produced amorphous material, but this had to be desolvated sub-
sequently because the methanol released destabilized the product, probably by 
acting as a plasticizer. This provides an interesting parallel with solvent drop grind-
ing, where a small amount of solvent is introduced expressly to promote transition 
to a crystalline form. Another indomethacin solvatomorph, the  t -butanolate, was 
unaffected by cryogenic grinding and retained its original structure. 

 The grinding of ursodeoxycholic acid (USDA) with either phenanthrene or 
anthrone at ambient temperature led to an inclusion structure that contained both 
compounds (96). Lower temperature grinding did not yield this structure, but a 
mixture of amorphous USDA and the original crystalline phenanthrene or anthrone. 
Subsequent heat treatment of this mixture did not form the inclusion structure. It 
was concluded that interplay of mechanical and thermal factors were responsible 
for the adduction, but an argument based on the transient production of a labile 
amorphous phase could also explain these observations. 

 A recent investigation of the preparation of the carbamazepine (CBZ)–saccharin 
(SAC) co-crystal by grinding under wet and dry conditions (97) bears out the 
principles established above. Amorphous CBZ has a well-established T g  around 
41°C, and grinding the anhydrous components together gave a much faster rate of 
co-crystal formation when operated at room temperature, where the temperature in 
the mill was established as 45°C, than under cryogenic conditions. Thermal analysis 
of a mixture of dry, amorphous CBZ and SAC showed a crystallization event 
(exotherm) at 69°C, followed by an endotherm at 174°C that corresponds with the 
melting of the CBZ–SAC co-crystalline phase. Storage experiments at 0% and 75% 
relative humidity showed a greater tendency for co-crystals to form under humid 
conditions, and co-crystals also formed more readily when CBZ dihydrate was 
ground with SAC in place of the anhydrous material. This indicates that water is 
acting as a plasticizer in increasing the lability of the amorphous components to 
form new crystalline phases. 

 A mechanism of breakdown of crystalline form during grinding followed by 
the recrystallization of the amorphous phase explains many facets of polymorphic 
transformation and co-crystal formation under these conditions. The enhancements 
brought about by the addition of small quantities of solvent as a plasticizer, and the 
effect of temperature in determining whether the amorphous phases are above 
or below their T g s are also explained. However, the correspondence between the 
effi cacy of particular solvents in promoting transformations and the solubilities of 
the components as indicated in  Table 6  suggests that dissolution effects may also be 
playing a part in enhancing transformations with small quantities of solvent present. 
This could be analogous to the commonly reported polymorph transformation 



Classical Methods of Preparation of Polymorphs and Alternative Solid Forms 113

occurring in the storage of damp materials, where traces of solvent provide a 
pathway via which transformation from a metastable to a stable polymorph may 
occur. 

 Recent investigations of the preparation of co-crystals by solution crystalliza-
tion (98,99) have emphasized the importance of the phase diagram in indicating the 
composition conditions under which co-crystals are most likely to form, and have 
shown that the intuitive use of a ratio of components corresponding to the stoichi-
ometry of the co-crystal is not necessarily optimum. Also, solvent-mediated trans-
formations have been used (100) both to prepare new co-crystalline phases and also 
to investigate the relative stabilities of polymorphs. In these, the solvent is introduced 
to provide a mechanistic pathway, and the quantities used are much less than is 
required to completely dissolve any of the components present. Solvent drop grind-
ing may work in a similar way by providing a small volume solution pathway for 
changes to take place. It is possible that both solvent-mediated transformation and 
solvent drop grinding may be “sampling” a wide range of compositional variation, 
and thus locating at some point in space the region of the phase diagram in which 
the desired phase transition is most favored. Such small-scale variations will not be 
apparent in the design of the experiment, which will be worked out in terms of the 
macroscopic ratios of reactants and solvents. This notion of “sampling” composi-
tional variation is analogous to the Köfl er method for melts, in that the latter allows 
for a continuous variation in the proportions of the reactants in the region where 
they interact. 

 There are at least two modes of mechanical action within a grinding process, 
impact, and shear, and there appears to have been no systematic study of the effects 
of these on amorphization or phase transformation, nor any attempt to investigate 
them separately. Most investigations today take place in small ball-milling devices 
such as a Retsch Mill, but, for example, the different caffeine–TFA co-crystals (28) 
obtained starting with different amounts of reactant material may be due to the 
samples experiencing different mechanical disturbances. A more thorough under-
standing of milling and grinding processes seems to be required to explain more 
fully some of the unusual and anomalous outcomes that are reported.   

 OTHER METHODS FOR INDUCING CRYSTALLIZATION 
AND POLYMORPHIC TRANSFORMATION 
 Mechanochemistry, described above, differs from the other methods discussed so 
far in this chapter in starting immediately from and transforming solid phases, 
rather than starting with the supersaturated liquid phases of a solution or a melt. 
However, the weight of evidence that crystallization by grinding proceeds via an 
intermediate amorphous phase tends to place mechanochemistry into the same 
category, with the outcome determined by the nucleation and growth of specifi c 
solid phases in a process of crystallization. This can also be said about a number of 
other, long-standing, methods that induce solid-phase transformations, usually via 
an intermediate phase in which the original crystalline structure is either transiently 
destroyed or seriously disrupted. These will be reviewed in this section.  

 Thermal Methods 
 Thermally induced phase transformations in the solid state can arise because of 
changes in stability ordering with temperature, as in cases exhibiting enantiotropy, 
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or occasionally because of kinetic factors favoring formation of an alternative form 
at higher temperature. Phase transitions also occur on melting a less stable solid 
form, which then immediately recrystallizes as a more stable, higher melting form. 
Differential scanning calorimetry (DSC) will show such a melting–recrystallization 
event as an endotherm associated with the melting immediately followed by an 
exotherm corresponding to recrystallization. An example from the author’s recent 
work (101) is given in  Figure 19 . The stable phase formed by recrystallization will 
subsequently melt at a higher temperature, giving rise to a further endotherm. In 
such cases, it should be possible in principle to prepare the recrystallized form by 
thermal treatment, although practical diffi culties such as degradation and the need 
for accurate temperature control will often make such preparations diffi cult.  

 There are many examples of thermally induced phase transformations in the 
literature. Chlorpropamide form C was prepared by heating form A, crystallized 
from ethanol solution, in an oven at 100°C for three hours (102). Similarly, the  γ -form 
of tegafur was obtained by heating the  β -form at 130°C for one hour (103). Heating 
 β -caffeine, the stable form at room temperature, for 10 hours at 180°C resulted in 
formation of the  α -form (89). However, the quoted sublimation temperature for 
caffeine is 178°C (below the melting point), and it is possible that this transforma-
tion may have been mediated via the vapor rather than by the melt. Sulfathiazole 
form I was obtained by heating form III crystals at 170°C for 30–40 minutes (104). 
On a larger scale, a vacuum drying pistol has been used with a high boiling liquid 
such as chlorobenzene, enabling the generation of  p -(I R ,3 S )-3-thioanisoyl-1,2,
2-trimethylcyclopentane carboxylic acid form I by the melting of form II with this 
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 FIGURE 19    Melting–recrystallization as recorded as an endotherm–exotherm by DSC (101): ( A ) 
the less stable tiotropium fumarate form II (1:1) salt melts at 186°C; ( B ) the melt immediately recrys-
tallizes to the more stable form IV (tiotropium fumarate–fumaric acid (2:1:1) co-crystal); ( C ) form IV 
subsequently melts at 216°C.    
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arrangement (79). Temperature dependence of the obtained solid forms was observed 
in the thermally induced crystallization of anhydrous indomethacin (105). When an 
amorphous solidifi ed melt of indomethacin was stored at 40°C, it partly crystallized 
as the thermodynamically stable  γ -form, while at 50°C, 60°C, and 70°C, mixtures of 
the  α - and the  γ -form were obtained. 

 The other route for thermal phase transformation often employed is sublima-
tion. This is commonly used for the preparation of single crystals for X-ray structure 
determination, where the sublimed vapor is both condensed and nucleated by a 
small nucleus crystal in a cooled environment. A 1971 source (106) estimated that 
approximately two-thirds of all organic compounds were converted at least partially 
from the solid to the gaseous state on heating and back to the solid on cooling. How 
relevant this is today, and how applicable it is to pharmaceutical active ingredients, 
many of which are not particularly stable at elevated temperature, is questionable. 
Although, strictly speaking, the term sublimation refers only to the phase change 
from solid to vapor without the intervention of the liquid phase, it is quite common 
that crystals are formed on surfaces in close proximity to the melt, whereas no 
crystals are formed at lower temperatures well below the melting point. 

 The sublimation temperature and the distance of the collecting surface from 
the material undergoing sublimation have a great infl uence on the form and size of 
the crystals produced, and these experimental variables are usually optimized in 
single-crystal preparation. The occurrence of polymorphic modifi cations depends 
on the temperature of sublimation. In general, it may be assumed that unstable 
crystals form preferentially at lower temperatures, whereas at higher temperatures 
stable forms are to be expected. This is because lower temperatures induce quench-
cooling, and the solid structure will adopt the form closest to the melt condition, in 
accordance with Ostwald’s Law of Stages. At higher temperatures cooling will be 
less rapid, and the condensed solid will have more relaxation time to adopt more 
stable, and less labile, confi gurations. Also, mixtures containing several forms are 
frequently found together. 

 A simple test has been recommended (9) to determine whether a material 
sublimes and is suitable for crystallization or recrystallization by sublimation. A 
small quantity (10–20 mg) of solid is placed in a Petri dish and covered with an 
inverted watch glass. The dish is heated gently on a hot plate and the watch glass is 
observed to determine if crystals are growing on it. When the sublimate is well 
formed, the cover glass is removed to a clean slide for examination. It may also be 
possible to form good crystals by sublimation from one microscope slide to a second 
held above it, with the upper slide also being heated so that its temperature is only 
slightly below that of the lower slide. Controlled cooling of the coverslip by placing 
drops of various low-boiling solvents on the top surface will cause condensation, 
the lower temperatures leading to the most unstable forms. On a larger scale, a glass 
cold fi nger can be employed. Once crystals of various modifi cations have been 
obtained they can be used as seeds for the solution phase crystallization of larger 
quantities, as described for the methods in previous sections. 

 As examples of crystallization by sublimation, form I of 9,10-anthraquinone-
2-carboxylic acid has been obtained as needle-like crystals upon sublimation at 
temperatures exceeding 250°C (107). Sublimation has also been employed to purify 
theophylline by recrystallization for vapor pressure studies (108). Stable phases 
of both 1,3-dimethyluracil and malonamide have been be prepared by vacuum 
sublimation (109). 
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 In previous sections, the use of temperature as a variable in determining the 
polymorphic outcome of crystallization for compounds exhibiting enantiotropy 
has already been discussed, as for example, for the enzyme–inhibitor compound in 
 Figure 16  (68). There are also cases where heat treatments can be used to convert an 
enantiotropic compound to the form more stable at higher temperature, although 
this may not always be the best method to obtain the form reliably (110), and it is 
also likely that the form stable at lower temperature (i.e., room temperature) may be 
the form preferred. 

 The technique of thermocycling is sometimes employed in solid form screen-
ing. This consists of alternately raising and lowering the temperature of a sample 
several times, usually between room temperature and a temperature close to the 
melting point of the solid. The thinking behind this is that the cycling will allow any 
transient “memory effects” of conversion built up in the solid during individual 
cycles to mature, and eventually to produce a new solid form. However, there are 
no statistics as to the success of this technique in preparing and discovering new 
forms, and it would seem that the cycling would serve to perpeptuate a non-
equilibrium condition in a sample exhibiting enantiotropy or other variations in 
crystallization behavior with temperature.   

 Slurrying 
 Slurrying is a method in which a sample of a solid material is suspended, usually 
for an extended period, in a quantity of solvent that is insuffi cient to dissolve it 
completely. Its primary function in polymorph and solid form screening is to allow 
a pathway via the medium of the solvent for the solid to transform to more stable 
forms, thus ultimately providing a “ladder” down the stability order. Depending on 
the technique used, and the information that it is required to generate, the formation 
of the new solid form(s) may or may not be seeded. 

 Unseeded slurrying is used to seek more stable and hitherto undiscovered 
polymorphs of a compound, and has also been employed in the preparation of 
co-crystals. The primary process occurring is a solvent-mediated transformation, 
which is characterized by the dissolution of the starting material and the nucleation 
and growth of the new form. A detailed investigation using a range of solvents has 
been carried out for sulfamerazine in terms of these stages (111). Sulfamerazine is 
dimorphic and enantiotropic, with form II stable below and form I above the transi-
tion temperature of 51–54°C. The rate of the solvent-mediated transformation of 
form I to form II was determined primarily by the nucleation rate of form II, and 
this in turn was related to the solubility and the strength of the solute–solvent inter-
actions, particularly those associated with hydrogen bonding. To facilitate the crys-
tallization of the more stable polymorph, a solvent should be selected to give high 
solubility of the starting material with moderately strong hydrogen-bonding inter-
actions. It was also shown that agitation rates and conditions may be adjusted to 
optimize the nucleation conditions of the new, more stable, form, although it is not 
possible at present to set out general principles to guide this. Solvent-mediated 
transformations relying on the same principles have also been employed in the 
preparation of co-crystals (100,112); these involve conversion of a less stable mixture 
of components to a more stable co-crystal form, and proceed through similar, 
sequential stages of dissolution, nucleation, and growth. 

 The success of an unseeded solvent-mediated transformation in searching 
for new and more stable polymorphs is ultimately dependent on the nucleation 
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process from a supersaturated solution, and the uncertainties and diffi culties associated 
with this have been discussed above (section “Crystallization from Solution”). As 
nucleation is a stochastic process, and events are usually expressed as a rate or the 
number of events occurring in unit time, the probability of such an event occurring 
increases with time, and slurrying is therefore most effective if continued over an 
extended period. The use of an extended period of slurrying is also desirable for 
other reasons. Solubility differences between less stable and more stable polymorphs 
can often be small, and the supersaturation of solutions formed from the less stable 
form with respect to the more stable form will also be small. Under these conditions, 
crystallization will be slow and produce small amounts of the more stable form, 
which can then subsequently seed the crystallization of supersaturated solutions 
created by further dissolution of the metastable form. Slurrying experiments are 
usually carried out over periods of 2–4 weeks, or even longer. 

 Another type of slurrying experiment, carried out in polymorph screening 
for different reasons, is seeded or competitive slurrying. This method is used 
where several polymorphic forms are already known, and the requirement is the 
identifi cation of the most stable form. Here, a quantity of all the known forms are 
slurried together in a solvent, again for an extended period. In theory, all will even-
tually transform to the most stable form by a series of processes of re-dissolution 
and crystallization. According to Ostwald’s Law of Stages (11), each metastable or 
unstable polymorph should dissolve and recrystallize as the form immediately 
below it on the stability scale; experience tells that this happens in some cases 
but not in others. Nevertheless, periodic sampling of a slurry may identify tran-
sient enrichments that indicate forms of intermediate stability, and particularly 
forms that crystallize readily because of favorable kinetics. In the subsequent 
development of crystallization processes, such kinetically favored forms are likely 
to be encountered, either as the desired product or possibly as a polymorphic 
impurity.   

 Crystallization in the Presence of Additives 
 The use of additives to modify and control crystal growth has been investigated 
over several decades. Additives can enhance or, more commonly, inhibit growth, 
and the effect is often specifi c to a crystal face or group of faces that serves to modify 
the habit of the crystal. This has been an important direction of research in this area, 
to modify crystal properties by altering the aspect ratios of their faces. For example, 
the presence of benzoic acid inhibits the growth of benzamide crystals along the 
c-direction, while  o - and  p -toluamide, respectively, retard growth along the  b - and 
 a -axes (56) (cf. section “Effects of Solvent”). In a more recent example (113), a low level 
of octanoic acid inhibits the growth of crystalline adipic acid, a common excipient, 
on the hydrophilic (100) face. 

 Another effect of growth modifi cation and inhibition has been to change 
the polymorph selectivity of a crystallization process. It has been suggested that 
additives bind specifi cally to the surfaces of particular polymorphs at the develop-
ment of nucleation, and so inhibit their achieving the critical size (114). This will 
allow an alternative phase to grow without competition. Although the  α -form of 
glycine is normally obtained by recrystallization from water, addition of 3% of 
racemic hexafl uorovaline leads to the precipitation of the  γ -polymorph as trigonal 
pyramids (115). This additive was designed to be strongly adsorbed at the four (011) 
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faces of  α -glycine and to bind at only one pole (NH 3  
+ ) of the polar crystal, thus 

leaving the crystal free to grow at the opposite CO 2  
–  pole. 

 Additives at levels as low as 0.03% have been shown to inhibit nucleation and 
crystal growth of a stable polymorph, thus favoring the growth of a metastable 
form (116). This presents a possibility in principle of designing crystal nucleation 
inhibitors to direct the formation of particular polymorphs. Crystals of form I 
terephthalic acid could be obtained by crystallization only in the presence of  p -toluic 
acid, while the form II polymorph, more stable at ambient temperatures, was 
obtained from a hydrothermal recrystallization (117). The transformation of crystal-
lized, metastable  α -indomethacin to the stable  γ -form was inhibited by the presence 
of hydroxypropyl methylcellulose (118). 

 The use of synthetic polymers and polymer mixtures to nucleate particular 
polymorphs selectively has been investigated with some success in recent years 
(119). It is generally accepted that most crystallizations are induced by heteroge-
neous nucleation events, and this work aims to bring this principle together with a 
control and understanding of the relationship between the chemical and structural 
properties of the nucleus and the forms obtained. The fourth polymorph of carbam-
azepine was discovered using this method (120), and differentiation of the polymer 
compositions has been employed to control the crystallization of the two polymorphs 
of acetaminophen (121). The metastable orthorhombic form of the latter, hitherto 
inaccessible via solution crystallization, was prepared by nucleation with a “library” 
mixture of commercially available polymers. The correlation of the polymorph 
obtained with the polymers used appears to be a complex matter involving both 
chemical functionalities and the crystallinity of the polymer. Tests with the highly 
polymorphic intermediate 5-methyl-2-[(2-nitrophenyl)amino]-3-thiophenecarbo-
nitrile (ROY) (121) showed that polymer heteronuclei could be used to generate all 
six structurally characterized forms of this substance, and to prepare good quality 
single crystals suitable for structural determinations.   

 Desolvation of Hydrates and Solvatomorphs 
 Desolvation of solvatomorphs and solvates is used as a method to discover and 
prepare polymorphic forms that are inaccessible via ordinary crystallization tech-
niques. Often, these “desolvated solvates” retain the crystal structure of the original 
solvate form, and exhibit relatively small changes in lattice parameters. However, 
there are also cases where the solvent plays an essential role in stabilizing the lattice, 
and the process of desolvation may give rise to a new crystal form, an amorphous 
material, or at least a change in the lattice parameters. Examples of polymorphs 
prepared uniquely by the dehydration of hydrates include caffeine form II, which 
was prepared by recrystallizing caffeine from water, drying for eight days at 30°C, 
and then heating for four hours at 80°C (89). Chloroquine diphosphate 3:1 hydrate 
was converted to a crystalline anhydrous form by heating to temperatures above 
188°C (122). 

 A more complicated pattern of interconversion is exhibited by etoposide (123). 
The monohydrate form I underwent a dehydration in the temperature range of 
85–115°C to yield etoposide form la. This form melted at 198°C and recrystallized 
immediately to etoposide form IIa, which itself re-melted and subsequently recrys-
tallized at 206°C to yet another polymorph, form IIb. Form IIb melted at 269°C, 
and converted to a hydrate (form II) when exposed to the atmosphere at room 
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temperature. This latter hydrate was also found to dehydrate at 90–120°C to yield 
its corresponding anhydrate form IIa. 

 DSC of levofl oxacin hemihydrate measured under various conditions showed 
different patterns of thermal behavior (124). This was attributed to a dehydration 
process that resulted in a multiple-phase transition. Dehydration at higher tempera-
tures (above 70°C) gave a sharp endothermic peak corresponding to the melting of 
the  γ -form, whereas dehydration at a lower temperature (50°C) gave a peak corre-
sponding to the melting of the  α -form. However, the thermal behavior of levofl oxacin 
monohydrate was not affected by the conditions under which the dehydration was 
carried out. 

 The solvent-free form II of iopanoic acid was prepared via desolvation of the 
benzene solvate (75). The benzene solvate was prepared by rapidly freezing a warm 
benzene solution of iopanoic acid in a dry ice–acetone mixture. The solid obtained 
was permitted to melt at room temperature, yielding crystals of the solvate suspended 
in benzene. When these were vacuum fi ltered and stored for 12 hours at 500 mbar 
and 70°C, form II was obtained free of benzene. 

 Zanoterone form II was prepared by recrystallization from ethanol and vacuum 
drying at 45°C (125). Form III was isolated similarly by desolvating the acetonitrile 
solvate at 80°C under vacuum, and was the form chosen for clinical development 
due to the good reproducibility of its isolation during manufacture. Similarly, forms 
I and II of stanozolol were obtained by heating solvates of the compound to 205°C 
and 130°C, respectively (126).   

 Crystallization with Ultrasound 
 The application of power ultrasound in the frequency range 20–100 kHz has been 
employed as means of inducing nucleation in solution crystallization (127). It has 
been successful in controlling nucleation and the consequent particle size distri-
bution for a range of model compounds (128) and of some substances that are 
conventionally diffi cult to nucleate, such as sugars (129), but its use as a crystal-
lization technique for pharmaceutical products does not appear to be widespread 
at present. The nucleating effect appears related to the phenomenon of ultrasonic 
cavitation (130), which occurs above a well-defi ned intensity threshold. A theoretical 
connection of cavitation to nucleation events is still lacking, although the most 
plausible suggestion has been that the pressure transient associated with cavita-
tional collapse corresponds to a smaller critical cluster size to give rise to a viable 
nucleus (131). 

 The induction of crystal nucleation by ultrasonic cavitation has been com-
pared with the phenomenon of seeding (127,128), which raises the interesting 
question of its selectivity with respect to polymorphs. Ultrasound lacks the struc-
tural templating effect of a seed crystal, and therefore, its selectivity may be 
expected to follow the principles that usually underlie homogeneous nucleation, 
such as Ostwald’s rules. However, there is some evidence that ultrasound can 
affect polymorph selectivity, although there appear to be no consistent trends and 
no means of establishing the causal relationship. The formation of a metastable 
polymorph of 4-aminobenzoic acid has been enhanced by the application of ultra-
sound (132). The purity of  α -glycine obtained by crystallization from water and 
ethanol with respect to the contaminant  γ - and  β -forms has been altered by the 
application of ultrasound in the temperature ranges 20–30°C and 40–50°C, although 
the effects are neither systematic nor consistent (133). There remains much work to 
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be done in understanding the relationship of ultrasonic cavitation to nucleation 
and polymorph selectivity.   

 Crystallization in Capillaries 
 Crystallization in capillary tubes is a technique often employed by crystallogra-
phers to produce a sample in situ for powder X-ray diffraction. Crystallization from 
solution in capillaries may also give rise to conditions that are not attained in more 
conventional crystallization vessels, owing to the effects of the capillary in lower-
ing the rate of evaporation of the solvent, due to both the restricted escape path 
for vapor and the meniscus effect of the capillary in reducing the effective vapor 
pressure. It has been suggested (134) that the very slow evaporation rate in a capil-
lary, together with the absence of nucleating agents, allows the metastable zone 
width to expand, providing access to metastable and unstable forms. 

 A polymorph screen using capillaries has been used to prepare a new meta-
stable form of the antihyperglycemic API metformin hydrochloride (134). A screen 
consisting of a matrix of 28 solvents by eight evaporation conditions in capillaries 
was carried out. Forty-fi ve percent of the capillary experiments resulted in powder 
X-ray diffraction patterns corresponding to the new metastable form B. No prefer-
ences based on solvent identity were observed; however, form B was predominant 
in crystallizations carried out at elevated temperature. Furthermore, capillaries of 
diameter 0.7 mm and 1.0 mm were tested, and the tendency to form B was more 
marked in the narrower bore tubes where the inhibition of solvent evaporation 
would be most marked. Form B remained stable for several weeks while contained 
in the capillary tubes, but any mechanical action such as removal of the solid 
appeared to promote a transition to the stable form A. 

 Capillary crystallization has also been employed to identify a new polymorph 
of nabumetone (135). The growth of high-quality single crystals of proteins has been 
reported (136) using methods that employ slow counter diffusion in the geometry 
of a capillary.    

 PREPARATION OF DIFFERENT TYPES OF SOLID FORMS  
 Solvatomorphs 
 As a general rule, the preparation of APIs and other pharmaceutical products 
as solvatomorphs is not favored. The exception to this is where the solvent is 
water, producing hydrates, but even here the presence of water in a product that 
may become labile under the conditions of the formulation is generally undesir-
able. Relatively few solvates with other solvents are acceptable because of the 
toxicity of the solvent. There are occasional exceptions where the non-solvated 
compound is not obtainable, has unacceptable physical properties, or may be diffi -
cult to handle and process. However, solvatomorphs may occasionally be pre-
pared as intermediates, for example, in cases where the desired form may be 
produced by desolvation as described in the section “Desolvation of Hydrates 
and Solvatomorphs.” 

 Compounds that exhibit a rich polymorphic landscape, that is, are able to form 
many polymorphs, will generally also exhibit a high propensity to form solvates. 
Solvate formation can sometimes be controlled by careful selection of crystalli-
zation solvents to avoid those that form the undesired solvates, but it is not at 
all unusual for a substance to form solvates will all viable solvents. For example, 
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the semi-synthetic macrolide antibiotic dirthromycin crystallizes in at least nine 
stoichiometric solvate forms (137), six of which are isomorphic. With water, it is not 
unknown for hydrates to form from water present as impurity in a different solvent, 
as is illustrated by the large number of hydrates reported in  Table 4  (for discussion, 
see section “Effects of Solvent”). Also, pharmaceutical solids may come into contact 
with water during a wide range of processing steps including lyophilization, wet 
granulation, aqueous fi lm coating, or spray drying. They may be exposed to water 
during storage in an atmosphere containing water vapor, or in a dosage form 
consisting of materials that contain water (e.g., excipients) that are capable of 
transferring it to other ingredients. Water may be adsorbed onto the solid surface 
and/or may be absorbed in the bulk solid structure. 

 Hydrates can exhibit polymorphism, and some substances form a series of 
hydrates with differing levels of hydration. Nitrofurantoin forms two monohy-
drates with different packing arrangements and temperatures and enthalpies of 
dehydration (138), and amiloride hydrochloride dihydrate has been obtained as 
two polymorphic forms (139). Scopolamine hydrobromide has been isolated as a 
hemihydrate, a sesquihydrate, and a trihydrate, all with the same molecular geom-
etries and unit cell parameters (140). Ouabaine has been crystallized at a range of 
hydration levels, with the most stable form changing with temperature (141). 

 Hydrates are can be prepared most simply by recrystallization from water, or 
from a solvent mixture that contains water. For example, trazodone hydrochloride 
tetrahydrate has been prepared by dissolving the anhydrate in hot distilled water, 
allowing the solution to remain at room temperature overnight, and storing the 
collected crystals at 75% relative humidity and 25°C until they reached constant 
weight (142). Sorbitol provides another example where slow cooling of a saturated 
aqueous solution yields long thin needles of sorbitol hydrate (143). Acemetacin 
monohydrate has been obtained by slow evaporation from a mixture of acetone and 
water at room temperature (144). 

 Stable hydrates can also be obtained by suspending the anhydrous material in 
water. Aqueous suspensions of anhydrous metronidazole benzoate are metastable, 
and storage at temperatures lower then 38°C leads to monohydrate formation 
accompanied by crystal growth (145). When suspended in water, anhydrous 
carbamazepine is transformed to the dihydrate (146). 

 Simply exposing an anhydrous powder to high relative humidity can some-
times lead to formation of a hydrate. On exposure to a relative humidity of 100%, 
dexmedetomidine hydrochloride is converted to the monohydrate (147). Droloxifene 
citrate is an example of a compound that is not very hygroscopic and yet still 
forms a hydrate (148). Sorption of water only occurs when the anhydrate form is 
exposed to atmospheres with relative humidity above 85%. However, the mono-
hydrate can be formed by exposing the anhydrous form to 98% relative humidity 
for 10 days at 24°C. 

 Investigations of the formation of co-crystal hydrates of theophylline and 
caffeine by grinding methods (149) have demonstrated different outcomes accord-
ing to the methods used. The methods were: (1) grinding together “neat” solids 
using hydrated form(s) of one or both reactants, and (2) liquid-assisted grinding of 
anhydrous starting materials in the presence of liquid water. The fi rst method can 
either result in an anhydrous co-crystal, as with caffeine, or steer the reaction to a 
co-crystal hydrate, as with theophylline. The ability to prepare an anhydrous 
co-crystal from a hydrated starting material may be valuable if the co-crystal has 
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more favorable physical or formulation characteristics. However, there are also 
cases where a hydrated from will be preferred, and may offer better stability and 
resistance to further hydration. 

 Techniques used for the preparation of non-aqueous solvates are generally 
similar to those for preparing hydrates, viz. crystallization from either the solvent 
forming the solvate or a mixture containing it. In some cases, it may be possible to 
exchange the solvating solvent by recrystallization from solution in the new solvating 
medium. There are also cases of “mixed” solvates in which more than one solvent 
is incorporated, usually of roughly comparable polarity. An exception to this is the 
sodium salt of the antibiotic K-41 4-bromobenzoate monohydrate  n -hexane solvate 
(150), crystallized from  n -hexane saturated with water. 

 As discussed in the section “Desolvation of Hydrates and Solvatomorphs,” 
there are cases where the inclusion of a solvent is necessary to build up a stable crystal 
structure. For example, numerous crystallization tests on 11 β -[4-(dimethylamino)
phenyl-17 β -hydroxy-17 α -(1-propynyl)estra-4,9-diene-3-one] indicated that crystals 
were only obtainable in the presence of  n -butyl acetate or  n -propyl acetate (151). A 
structure determination showed that the solvent molecule had no strong interactions 
with the rest of the structure, and was necessary to fi ll empty space in the molecular 
packing. There are also cases of solvent molecules strengthening the crystal lattice 
and improving stability to solid-state decomposition, for example, the solvated 
structures of prenisolone  t -butyl acetate affect the fl exibility of the steroid nucleus, 
and hence the structure-dependent degradation of the compound when exposed to 
air and light (152).   

 Salts 
 Salt preparation and screening is very often carried out in drug development, for 
the reasons discussed in the section “Solid Forms and Their Characteristics.”  Table 2  
lists the counter-ions most commonly encountered. It is common practice to screen 
a new API for suitable salt forms, particularly when the API is a free base and 
there is a possibility of improving its properties by combination with an anion. In 
principle, salt screening is usually carried out together with crystallization of the 
salt product, for which solution crystallization methods are by far the most com-
mon. This offers the prospect of a “one-pot” salt preparation and crystallization 
process, in which the free-base API and anion are combined in solution and the salt 
product subsequently crystallized by one of the methods described in the section 
“Crystallization from Solution.” 

 Salt screening usually consists of testing the API with a selection of appropriate 
counter-ions in a limited range of solvents. In practice, the solvent selection is limited 
by compatibility with the API and the counter-ion to enable a reasonable prospect 
of the salt being able to form. If both the API and the counter-ion (as its acid or other 
suitable compound) are both soluble, then the salt will form in solution and may be 
crystallized by any of the methods in section “Crystallization from Solution” accord-
ing to its solubility profi le. Salt preparation may also be carried out in a solvent 
where one component (usually the counter-ion) and the salt are soluble, provided 
adequate contact can be made (e.g., by stirring) between the solution and the insol-
uble component for the latter to react and pass into solution as its salt. Generally, 
counter-ion acids dissolve in polar solvents, in which many recently developed 
APIs are not very soluble (cf. section “Solid Forms and Their Characteristics”), so 
this latter situation is quite common today. 
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 In selecting suitable counter-ions, the “rule of thumb” commonly employed is 
that a difference in the pK a  values for the basic function of the API and the acid of 
the counter-anion (or vice versa) should be at least two pH units. A recent investiga-
tion of the formation of salts of the base (1R,2S)-(–)-ephedrine (153) has shown that 
this kind of logic can only really be applied to aqueous solvents, for which pK a  
values are readily available. pK a  values for common acids in other polar solvents 
such as methanol can be up to fi ve pH units higher, which will at least severely 
restrict the range of conditions under which salt formation can take place. The prin-
ciple is shown in  Figure 20  for the combination of ephedrine (pK a  9.74) and acetic 
acid, a comparatively weak acid (pK a  in water 4.76). Furthermore, pK a  values for 
non-aqueous solvents are much less readily available and are rarely quoted. Strong 
acids with aqueous pK a  values less than two are generally more suitable for salt 
formation in non-aqueous solvents.  

 There are cases where salt preparation and screening cannot be carried out by 
simple acid-base contact, for example, APIs that have been prepared as quaternary 
ammonium salts. Methods employing ion exchange are usually employed in such 
cases. A salt screen starting from the quaternary ammonium salt tiotropium hydro-
bromide was carried out by initially exchanging the Br –  anion for HCO 3  

–  in aqueous 
solution using a Dowex 1x8-100Cl exchanger previous loaded with bicarbonate, 
and then immediately contacting the exchanged solution with the acids of the coun-
ter-ions (101). The product solutions were evaporated and the solids recrystallized 
from suitable solvents.   

 Co-crystals 
 In recent years, much of the research that has been carried out on the preparation of 
pharmaceutical solid forms has been directed to the preparation of co-crystals, as 
has been discussed in previous sections. Basically, there are two methods by which 
co-crystals may be prepared: solution-based crystallization and grinding. Opinions 
differ as to which is the more effective. Details of these methods and of the outcomes 
have been discussed in the previous four sections. 

 There are numerous examples of co-crystals prepared by grinding that were 
not obtainable by solution methods (see section “Mechanochemical Methods”) 
(86–89), and the reasons for this are still far from clear. Also, the range of grinding 
conditions has been extended by the addition of solvents in the “solvent-drop” 
method (90), and this may represent the introduction of solution conditions on a 
limited scale to the grinding process. There are a number of recent developments in 
solution crystallization, principally in identifying the optimum region of the phase 
diagram to work in (98,99). Improvements in the predictability of co-crystal forma-
tion as well the development of more reliable and better understood ways in which 
they may be prepared are development priorities for the near future.   

 Preparation and Stabilization of Amorphous Forms 
 The option of preparing and formulating an API in its amorphous form can be prefer-
able to its use in a crystalline form, for the reasons discussed in the section “Solid 
Forms and Their Characteristics.” Amorphous forms invariably have higher free 
energies of formation than crystalline forms, and there is therefore always a thermo-
dynamic driver toward crystallization. Given that an API is required to withstand a 
wide range of conditions during processing, formulation, storage, and use, it is 
necessary to take whatever measures are necessary to prevent crystallization. Hence, 
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there is a challenge to prevent the formation of crystalline forms of the substance, 
both during their preparation and also subsequently. This section will briefl y out-
line methods that have been employed to produce pharmaceutical materials in their 
amorphous form, and also methods by which an amorphous active can be stabilized 
against subsequent crystallization. 

 The conditions generally required to produce an amorphous form are those 
that create large deviations from equilibrium during solidifi cation. In terms of 
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 FIGURE 20    Formation of the acetate salt of (1 R ,2 S )-(–)-ephedrine in solution in ( A ) water and ( B ) 
methanol. In water, the “rule” of 2 pH units works, and both cation and anion are stable in the pH 
range 6–9. In methanol, the pKa value of the acid is much higher (8.74) and there is no pH region 
in which the cation and anion are simultaneously stable (153).    
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 Figures 6  and  10 , they are also the conditions most likely to give rise to less stable 
polymorphs. These principles are consistent, because amorphous forms are less 
stable than crystalline forms, and also the action of forcing the solid rapidly out of 
its liquid phase precursor (solution or melt) will minimize the possibilities of the 
solid attaining an ordered structure prior to its separation. Thus, one set of methods 
for producing amorphous materials is to induce rapid separation or precipitation. 
The second type of method involves the mechanical disruption of an ordered struc-
ture using methods such as milling.  Table 7  lists some examples from the literature 
of amorphous APIs that have been prepared by various methods within these two 
categories.  

 The method of solidifi cation from the melt also serves to illustrate some general 
principles about the properties and behavior of amorphous forms.  Figure 21  shows 
the enthalpy (or, interchangeably, specifi c volume) of a hypothetical substance 
against temperature as it cools from the melt to form either a crystalline or an amor-
phous solid. For the crystalline form, there is a defi nite enthalpy change, the 
enthalpy of fusion, on passing through a defi nite melting point T m , following the 
dashed vertical line  ∆ H m  in  Figure 21 , and the crystalline form exhibits its ordered 
structure that is very distinct from the liquid phase. This distinction is refl ected in 
the specifi c heat, corresponding to the gradient of the line for the crystalline solid, 
which is considerably lower than that of the liquid melt.  

 For transition from the liquid melt to an amorphous solid, there is no defi nite 
melting point corresponding to T m  at which a discontinuity in structure and physical 
properties occurs. The changes in the physical properties of the liquid as the tem-
perature falls occur continuously and the substance becomes a supercooled liquid, 
following the solid line in  Figure 21 . Thus the viscosity increases continuously, 
typically to a value of around 10 –2  poise in the supercooled liquid region. This is 
suffi ciently high for the material to take on some of the appearances of a solid, but 
molecular motion still occurs and associated changes in physical form can take 
place over moderate timescales. Continued cooling leads to a change in physical 
properties when the glass transition is reached. At the glass transition T g , the amor-
phous material transforms from a supercooled liquid to a glassy solid, at which 
point it exhibits a lower specifi c heat and a very much higher viscosity (typically 
in the region of 10 13  poise). Under the conditions of the glassy solid, molecular 
motion is very much slower, and the material is much less susceptible to physical or 
chemical transformation. 

 A key objective in preparing and working with amorphous forms is to main-
tain the material in its glassy state, where the probability of crystallization and other 
changes are minimized. In practice, this means keeping the material below its T g . T g  
can be detected by DSC, where it appears as a step change in the heat capacity on 
heating or cooling. However, this feature indicates that the transition has already 
taken place, and the measured temperature often varies with the conditions of the 
experiment such as the heating rate. Ageing experiments on sucrose, PVP, and indo-
methacin (171) showed that it was necessary to lower the temperature to 50 K below 
T g  in order for molecular motion to be slowed to a point where it will give rise to no 
changes over the lifetime of a pharmaceutical product. This temperature, 50 K below 
T g , appears to be the Kauzmann temperature T k  ( Fig. 21 ), below which the time 
scale for molecular motion is of the order of years (172). Measured T g  values for 
many common drug substances are within the range of 0°C to 100°C, often in the 
range of ambient and body temperature, 20°C to 40°C (173). This means that the 
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question of destabilization via transformation to a supercooled liquid needs to be 
considered in the formulation and use of the drug. 

 The preparation methods (1) in  Table 7  aim to create amorphous materials in 
their glassy state by rapid transitions to the required conditions from the melt or 
solution, by quench-cooling the melt, by rapid evaporation of the solvent, or by 
freeze-drying with a combination of solvent removal and the maintenance of a low 
temperature both to inhibit molecular motion toward the crystalline state and to 
maintain the amorphous solid formed below T g . The methods (2) in  Table 7  rely on 
a mechanical disruption of the crystalline structure, either by externally applied 
mechanical means or via the disruption of a solvate and the release of solvent. 

 TABLE 7    Some Examples of Drug Substances Prepared in the Amorphous State  

API Preparation method Ref.

 (1) Separation/precipitation of solid from liquid 

 (1a) Solidifi cation from the melt 
Indomethacin Quench cooling with liquid N 2 ; slow cooling from the melt 

over 30 min.
(105)

Felodipine Cooling in liquid N 2  or at ambient temperature. (154)
Nifedipine Melting at 180°C, immersion in liquid N 2 . (155)
Lovostatin Melting under N 2 , rapid cooling to 20°C below glass 

transition.
(156)

 (1b) Spray drying 
4 ′  ′ -O-(4-methoxyphenyl) 
acetyltylosin

Spray drying a dichloromethane solution. (157)

Salbutamol sulfate Spray-drying aqueous solution in a Buchi 90 spray dryer. (158)
Furosemide Spray-drying a 4:1 chloroform:methanol solution. (159)
Digoxin Spray-drying an aqueous solution with hydroxypropyl 

methylcellulose.
(160)

  (1c) Freeze drying (Lyophilization)  
Dirithromycin Freeze drying from dichloromethane solution. (137)
Aspirin Freeze drying an aqueous solution with 1% hydroxypropyl-

 β -cyclodextrin.
(161)

Sodium ethacrynate Rapid freezing of an aqueous solution to –50°C, freeze-
drying.

(162)

Cephalothin sodium; 
Cefamandol sodium

Freeze-drying from a 25% aqueous solution. (163)

 (2) Mechanical disruption of an ordered structure 

 (2a) Milling 
Cimetidine Ball milling. (164)
Calcium gluceptate Milling in a Pulverisette 2 grinder (Fritsch) for 4 hr. (165)
Chloramphenicol 
palmitate

Milling in a Pulverisette 0 grinder (Fritsch) for 85 hr. (166)

Digoxin Milling in a Glen Creston Model M270 ball mill for 8 hr. (167)

 (2b) Desolvation 
Tranilast anhydrate Dehydration of the monohydrate over P 2 O 5 . (168)
Erythromycin Heating the dihydrate for 2 hr at 135°C, and then cooling to 

room temperature.
(169)

Calcium DL-pantothenate Drying the methanol:water 4:1 solvate in vacuo at 50–80°C. (170)
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 FIGURE 21    Enthalpy (or specifi c volume) of a substance versus temperature as it cools from 
the melt (gray dashed line) to form a crystalline solid (gray solid and dotted line) or an amor-
phous solid (black solid, dashed, and wavy line). The amorphous solid exists as a supercooled 
liquid (wavy line) down to the glass transition temperature T g , below which it becomes a glassy 
solid.  Abbreviations : H, enthalpy; T g , glass transition temperature; T k , Kauzmann temperature; 
T m , melting point, V, specifi c volume.    

 The presence of impurities or additives in an amorphous solid can raise or 
lower the T g  signifi cantly. In particular, the presence of water commonly acts as a 
plasticizer and lowers T g , potentially undermining stability. Hygroscopicity is thus 
an important consideration in dealing with amorphous solids. Mixing the amor-
phous solid intimately with a benign substance or an excipient that can increase its 
T g  is a method that is often used to stabilize amorphous APIs, particular those with 
low T g  around room and body temperature. A number of polymers used as excipi-
ents, such a poly(N-methylpyrrolidone) (PMP) and hydroxypropylmethylcellulose 
(HPMC) can exert this effect, and are therefore used to confer stability on amorphous 
API formulations. 

 Mixing an amorphous API with a polymer or other stabilizer will, under 
favorable conditions, result in a mixture with a T g  between the values for the API 
and the stabilizer. The Gordon–Taylor equation is often used to identify suitable 
combinations of API and stabilizer. This states that the T g  of a mixture will be given 
as the average of the two components weighted by their proportions on a volumet-
ric basis.  Figure 22  shows some measured values for mixtures of the API itracon-
azole (T g  of 58°C) and HPMC (T g  of 147°C) in comparison with such predictions 
(174). The measured T g  values clearly deviate from the predictions in an unfavor-
able direction. For the Gordon–Taylor equation to be applicable, very intimate mix-
ing of the two components is required, and the prediction takes no account of any 
interactions between the API and its stabilizer. The results of  Figure 22  almost cer-
tainly show that mixing is imperfect, and that regions of the mixture that are 
enriched in itraconazole are undergoing the phase transition at temperatures closer 
to the T g  of the API than the prediction for the mixture.  
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  Figure 23  shows spatially resolved Raman mappings of mixtures of the 
amorphous API felodipine with the stabilizer PVP at 10, 30, and 50% API loadings 
(175). The maps show the ratio of the API signal at 1643 cm –1  to the PVP signal at 
934 cm –1 , and indicate the effi cacy of mixing of the two components, with the API-rich 
regions darker and the PVP-rich regions lighter. It may be seen that as the API 
loading increases, the number and extent of the dark regions increases. This kind of 
segregation, occurring particularly at high API loadings, is likely to give rise to results 
like those in  Figure 22 , where API-rich regions of the mixture undergo phase transi-
tions at temperatures well below those predicted by the Gordon–Taylor calculation.  

 A comparison of mixtures of griseofulvin–PVP and indoprofen–PVP at 10–30% 
API loadings indicated that the tendency to disaggregate was hindered in the latter 
case by chemical interaction between the two components (176). Rate constants for 
phase separation were an order of magnitude lower than for the griseofulvin–PVP 
mixture where no interaction took place. Infrared spectra showed interaction 
between indoprofen and the PVP carbonyl function, which appeared to stabilize the 
composite against disaggregation. 

  Figure 24  shows (A) an unsuccessful and (B) a successful dispersion of an 
amorphous API in different types of PVP as a means of preventing crystallization 
(18). The API can exist in either a crystalline or an amorphous form, and powder 
X-ray diffraction has been used to detect any crystallinity developing within the 
mixture. In both cases, the mixture is amorphous on preparation and up to fi ve days 
thereafter, as shown by the amorphous halo in the diffraction pattern. However, 
in case (A), the diffraction pattern of the crystalline API is evident after 12 days, 
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 FIGURE 22    Glass transition temperatures of mixtures of itraconazole (T g  of 58°C) and HPMC (T g  
of 147°C). The line indicates the predictions of the Gordon–Taylor equation. Unfavorable deviations 
can arise from imperfect mixing or interactions between the API and the stabilizer (174).    
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 FIGURE 23    Raman mappings of mixtures of the amorphous API felodipine with PVP. The dark 
regions represent high levels of API, and their number and extent increases with the API loading. 
The presence of these enriched regions lowers the effectiveness of the stabilizer (175).    
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indicating both disaggregation and crystallization of the API. In case (B), there is no 
evidence of the crystalline API at 33 days and beyond, and the mixture appears to 
remain amorphous.     
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 INTRODUCTION 
 The development of experimental methods for increasing the throughput and effi -
ciency of all stages of drug discovery and development is an important area of 
research within the pharmaceutical industry. In the context of physical form discov-
ery of pharmaceuticals, the fundamental aim when establishing a rigorous experi-
mental crystallization search strategy is to achieve as wide a coverage of crystallization 
conditions and methods as possible within the constraints of available time, material, 
and resources. For the purposes of this chapter, physical form will be taken to mean 
any solid form of the compound being examined, whether crystalline (polymorphs, 
solvates, salts, and co-crystals) or non-crystalline (amorphous). Automated crystal-
lization approaches allow the basic process steps involved in a typical manual solu-
tion recrystallization method ( Fig. 1 ) to be effi ciently replicated over large numbers 
of parallel experiments. In principle, this enables the routine implementation of 
search strategies designed to maximize the diversity of crystallization conditions 
tested, allowing the experimental search to be carried out over a fi ner grid (e.g., a 
larger solvent library). 

  A signifi cant driver for the development and application of automated crystal-
lization approaches has come from the need during pre-clinical drug development 
of a new chemical entity to identify the complete range of solid forms, and their 
associated properties, as quickly and effi ciently as possible (1–4). It is also necessary 
to control polymorphism in generic product development and manufacture (5). 
However, the selection of effective approaches for fi nding polymorphs can also be 
complicated by the limited, sometimes milligram, amounts of compound available 
during the earliest stages of drug development for the initial assessment of polymor-
phism (4,6). In this context, automated and parallel crystallization methodologies 
offer distinct advantages. 

 A comprehensive knowledge of solid-state diversity can add considerable 
value to the product development cycle, informing the control of raw material crys-
tallization, scale-up, formulation and product manufacturing processes, and mini-
mizing the risk of unexpected polymorphs appearing during later stages in the 
compound’s development and production. The enumeration of all solid forms of a 
novel active pharmaceutical ingredient (API) at an early stage in its development also 
adds signifi cant value by supporting robust intellectual property (IP) protection (7). 

 In one high-throughput crystallization study summarized in  Table 1 , the 
authors estimated a 120-fold increase in effi ciency over manual approaches alone 
realized through a combination of the increased number of trials carried out in par-
allel and the increased speed at which individual experiments were implemented (9). 

5
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The results in  Table 1  highlight some important issues when considering the value 
of developing and implementing automated or high-throughput crystallization 
technologies. For example, the high-throughput approach was signifi cantly more 
effective in fi nding diverse crystalline forms of MK-996 within a much shorter 
period of time than with manual methods. This was due to the greater search-space 
accessed using the high-throughput approach. The use of parallel approaches also 
enabled the entire study to be completed in an eighth of the time compared with 
manual methods and from only half the total amount of compound. The increased 
scale of the investigation also increases confi dence that all forms have been observed 
and provides information on the reproducibility with which specifi c polymorphs 
can be obtained. The search on MK-996 (9) also generated one form, form D, that the 
original study (8) identifi ed as being diffi cult to obtain once a more stable form I 
had been produced. High-throughput studies on acetaminophen (10) and ritonavir 
(11) also demonstrate the benefi t of high-throughput methods for identifying multiple 
sets of conditions that produce each specifi c form. 

  High-throughput crystallization studies rely on large numbers of small-scale 
individual crystallizations (e.g., microliter scale crystallizations utilizing micrograms 
of API) carried out in parallel using multi-well plate or rack formats. These approaches 
rely on the extensive use of automation to carry out thousands of crystallizations as 
part of the screen, utilizing robotics and computer control to implement some or all 

Solid Solvent

Dissolve

Filter

Crystallize

Reclaim solid

Use a range of
different solvents
or solvent mixtures

Vary amount to
alter concentration

and supersaturation

Remove seed crystals
of starting material prior
to inducing crystallization

Controlled cooling /
evaporation /
anti-solvent

Identify and
characterize

Remove solid and
prepare for analysis

Temperature / stirring

Select solution components

 FIGURE 1    Process steps and variables in a typical manual solution crystallization experiment. In 
the context of an experimental physical form search, the aim is to explore factors that may infl uence 
the thermodynamic and/or kinetic control of nucleation and crystal growth.    
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aspects of each crystallization process. Many systems are available for automated 
liquid handling, for example, and these have been applied to great effect in structural 
biology to screen protein nucleation and crystal growth conditions for the production 
of diffraction quality samples (12). Whatever the type of solute being studied, the 
development of high-throughput methods has focused on crystallization techniques 
that are well suited to automation, miniaturization, and parallelization. For small mol-
ecule pharmaceuticals, automated solution crystallization has been the most widely 
applied to date. This section will outline methods and strategies based on high-
throughput, automated, or parallel technologies that have been developed to increase 
the throughput and effi ciency of crystallization searches for solid forms of APIs.   

 THE EXTENT OF PHYSICAL FORM DIVERSITY 
 The crystal energy landscape describes all possible crystal structures that a molecule 
may adopt (13). To isolate all of the possible forms requires an extensive experimental 
survey, and the more rigorous the search, the more confi dent we can be that all rele-
vant forms have been observed. For practical purposes, “relevant forms” might only 
include the most stable form (14) and those that may be produced during the specifi c 
synthetic, bulk crystallization, and product manufacturing processes to which the 
compound will be exposed or, perhaps only those forms that are stable at ambient 
temperature. Unfortunately, it is not currently possible to know at the outset of any 
experimental search exactly how many polymorphs a given compound will actually 
produce. Indeed, some molecules may not display polymorphism, Pigment Yellow 
74 (15), for example, regardless of the number and type of crystallizations that are 
carried out, although others may produce many polymorphs and solvates. 

 Although methods for crystal structure prediction (CSP) have advanced con-
siderably in recent years, they are not currently able to cope routinely with the molec-
ular complexity of many large, conformationally fl exible pharmaceutical APIs. 
However, as CSP technologies continue to advance so there is increased potential to 
exploit theoretical structure prediction as a tool to inform and interpret experimental 
searches. For example, a CSP study may indicate that a molecule is likely to be poly-
morphic, establishing the need to implement a rigorous search. Or, where an experi-
mental search fi nds the most probable predicted form(s), this would increase 
confi dence that all of the likely forms that fall within the scope of the CSP search had 
been observed (e.g.,  Z  ′  < 1 structures, most common space groups). Experimental 
searches can also locate forms that typically lie outside the scope of typical CSP 

 TABLE 1    A Comparison of Performance Criteria for Manual and High-Throughput Crystallization 
Studies on the Compound MK-996 (8)  

Manual methods High-throughput methods

Number of crystallizations 
implemented

100 1500

Time scale of study Approximately 32 weeks 4 weeks

Total amount of compound used More than 10 grams Less than 5 grams

Number of crystalline forms observed 9 18

 Source : Data taken from Ref. (9).
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searches (e.g.,  Z  ′  > 1 structures, less common space groups, disordered solids, solvates). 
Alternatively, if the most probable forms from the CSP are not actually observed by 
experiment, this may suggest that kinetic, rather than thermodynamic, factors deter-
mine which of the energetically feasible crystal structures are observed. The potential 
value of CSP is not restricted to polymorphs but can also be used to provide a more 
complete view of the favorable motifs that underpin solvate formation. For example, 
an automated parallel crystallization study of the thiazide diuretic, hydrochloro-
thiazide, found two polymorphs and seven solvates (16). An associated CSP study 
generated ca. 60 energetically feasible crystal structures, including both polymorphs. 
The study identifi ed, a range of recurrent bimolecular hydrogen-bonded motifs in 
the predicted structures that were also observed among the experimental solvate 
crystal structures.  

 Maximizing the Number of Physical Forms Observed 
 The actual number of solid forms identifi ed by an experimental screen may repre-
sent only a subset of all thermodynamically feasible structures. The temperature, 
pressure, and supersaturation (solubility) ranges that are practically accessible in an 
experimental search, as well as the chemical stability of the compound, all limit the 
diversity of crystallization conditions to which a given molecule can be exposed, 
and so potentially restrict the range of forms that can be observed. 

  Figure 2  shows a schematic representation of an idealized “experimental space” 
for a physical form search that combines several crystallization techniques. The outer 
box represents all possible structures that the molecule could adopt under all condi-
tions, and the inner box represents the subset of all forms that are of direct relevance 
to pharmaceutical applications. The shaded areas represent experimental space acces-
sible by each crystallization technique. Some forms may be observed only by one 
particular method, whereas others may be produced by several different techniques. 
Thus, the total number of forms observed may, in principle, be increased by maxi-
mizing the total shaded area, or diversity of crystallization conditions, covered in the 
screen. This can be achieved by (i) combining multiple crystallization techniques and 
(ii) maximizing the scope, or breadth of conditions tested, by each technique. 
Automated parallel approaches to crystallization can help to achieve these aims. 

  For example, the anti-epileptic compound carbamazepine has four known 
polymorphic forms (17–20) in addition to a wide variety of solvates (21–23) and 
co-crystals (24–28) ( Table 2 ). Although the compound has been subjected to a wide 
range of crystallization studies with thousands of individual crystallizations, the 
 C -centered polymorph form IV, has only been recovered by recrystallization from 
solution in the presence of polymers (19,29). 

    Crystallization Methods 
 There are many ingenious means of recrystallization that have been demonstrated 
to be effective for exploring solid-state diversity. These include vapor (30) or liquid–
liquid (31) diffusion, sublimation (32), thermal analysis (33) and hot-stage micros-
copy (34), slurrying (35), contact line crystallization (36), potentiometric cycling 
(37), neat and solvent-assisted grinding (38,39), high-pressure crystallization (40,41), 
epitaxial growth on crystalline substrates (42) or templating using various materials 
(29,43–48), supercritical fl uids (49), laser-induced nucleation (50), and capillary 
crystallization (51). Clearly, with such considerable variety of experimental 
approaches to choose from, it is not logistically possible to cover all possibilities 
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Other methods
[e.g., suspensions

(slurries);
emulsions;

supercritical fluids;
high-P]

Additives
 (e.g., impurities

/ polymers)

All  pharmaceutically relevant forms

 All possible crystalline forms

Solution
crystallization

Desolvating
solvates

Thermal methods
(e.g., solid-state
transformations;
recrystallization
from the melt)

Overlap of
experimental

space
(i.e., same forms

found)

 FIGURE 2    Schematic illustration of the relationship between all possible crystalline forms and the 
coverage of experimental space using different techniques.    

 TABLE 2    Structural Parameters for the Four Reported Polymorphic Forms of Carbamazepine 
[5H-dibenzo(b,f)azepine-5-carboxamide; C 15 H 12 N 2 O, Mol. Wt. = 236.3]  

Form Crystal system/
space group

 a ,  b ,  c  (Å)  a ,  b ,  g  (°)

I Triclinic,   5.171(1), 20.574(2), 22.245(2) 84.12(4), 88.01(4), 85.19(4)

II Trigonal, 35.454(3), 35.454(3), 5.253(1) 90, 90, 120

III Monoclinic,  P 2 1 / n 7.537(1), 11.156(2), 13.912(3) 90, 92.86(2), 90

IV Monoclinic,  C 2/ c 26.609, 6.927, 13.957 90, 109.72, 90

3R
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systematically in a grid-type search. So, although the application of multiple 
experimental techniques remains an important aspect of comprehensive poly-
morph screening, crystallization from solution remains the most widely employed 
method in automated large-scale crystallization studies. The majority of typical 
steps in solution crystallization ( Fig. 1 ) are readily amenable to automation, allow-
ing various parameters that may infl uence nucleation and crystal growth from 
solution to be rigorously tested using effi cient parallel experimental approaches.   

 Automated Parallel Crystallization 
 The inherent challenges of implementing large numbers of experiments under dif-
ferent conditions in a comprehensive search can be addressed by carrying out 
experiments in parallel. This is at the core of high-throughput polymorph screening 
methods that combine parallel experiments with automation and miniaturization 
to maximize effi ciency and provide an early indication of the extent of polymor-
phism and solvate formation in the compound being studied (3,9–11,52,53).  Figure 3  
shows an overview of the main components of a physical form search strategy, 
spanning the selection of crystallization methods and experimental variables, the 
implementation of individual crystallizations and identifi cation of samples to the 
complete characterization of all solid forms that are discovered. 

  The design phase involves the selection of specifi c methods and diverse con-
ditions to be used in the screen. Once crystallization protocols have been estab-
lished, these are translated into instrument controls to allow the robotic platform to 
implement the required experiments. Visual, or optical, inspection of individual 
crystallizations allows the presence of recrystallized solid to be detected, often trig-
gering a sample preparation or retrieval step (e.g., removal of solution). Samples are 
next subjected to physical analysis to identify each specifi c form produced from the 
experiments performed. Finally, once suffi cient sample is available, each novel form 
produced can then be subjected to further characterization of physicochemical 
properties, allowing the relationships between them to be established. Given the 
potential scope of these activities, electronic data management tools are essential to 
deal with the large volumes of data generated during each of the above stages of the 
screen. The successful application of high-throughput, automated, and parallel 
crystallization methods combined with various design strategies has been demon-
strated for a range of organic compounds over the last decade (1,54–56) and some 
examples are highlighted in  Table 3 . 

  Parallelization does not necessarily require sophisticated and expensive auto-
mated instruments; small-scale formats utilizing multi-well plates combined with 
manual multi-channel pipettes for liquid dispensing can also provide a versatile 
platform for crystallization screening ( Fig. 4 ). Simple quartz glass plates with indi-
vidual wells can be used for crystallization screening, giving good chemical resistance 
to organic solvents. Accurate dosing of solute can be achieved by dispensing stock 
solution onto the plate and drying. Solvents can then be dispensed in a combinatorial 
manner across the well to produce the crystallization solutions. In  Figure 4 , for 
example, in direction 1 a series of 12 solvents with increasing polarity may be used, 
whereas in direction 2, the amount of solid introduced can be reduced sequentially 
in each row to vary concentration. The plate containing 96 individual crystallizations 
can then be stored in a controlled environment to allow cooling or evaporation and 
on the appearance of solid; the plate can be analysed by microscopy, Raman, or X-ray 
powder diffraction (XRPD). 
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Design

selection of
methods to be
used
selection of
experimental
conditions to be
varied (e.g., T,
concentration)
solvent selection
(library design)

Screen

automated
parallel solution
crystallization
capillary
crystallization
crystallization
from the melt /
amorphous
thermal
transformations
polymer
heteronuclei
manual
crystallization
methods
high pressure
crystallization

Identify

visual inspection /
image analysis
vibrational
spectroscopy
(e.g., Raman)
micro-XRPD
(GADDS; area
detectors)
XRPD
DSC

Characterize
forms

solubility and
dissolution
relative
thermodynamic
stability
hygroscopicity
determine crystal
structures (single
crystal X-ray
diffraction or
structure
determination
from powder
diffraction data)

Data management
implementation of experimental protocols

equipment / instrument interface
acquisition and analysis of analytical data sets

crystal structure data
data-mining

reporting

 FIGURE 3    An overview of the main process elements in a comprehensive physical form 
discovery approach.  Abbreviations : DSC, differential scanning calorimetry; GADDS, general area 
diffraction detector system; XRPD, X-ray powder diffraction.    
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 FIGURE 4    A typical 96-position plate/rack format capable of supporting parallel crystallizations (54).    
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 TABLE 4    Potential Disadvantages and Advantages of Automated Crystallization Approaches  

Disadvantages Advantages

 High initial costs of hardware, varies with • 
the extent of control and integration offered 
(initial hardware costs can range from £20,000–
£500,000)  
 Need for bespoke software if multiple • 
platforms used incombination 
(for experimental design; 
instrument control; data analysis; 
information management)  
 Diffi culties in miniaturizing key steps • 
(e.g., fi ltration of suspensions under 
temperature control)  
Potentially high maintenance costs  • 
 High cost of development or • 
implementation of new or bespoke features 
to pre-existing systems

 Repeatability of steps under direct computer • 
control: implement multiple protocols 
(e.g., controlled cooling or evaporation across 
a large solvent library, isothermal 
crystallization using anti-solvent)  
 Manageability: ease of implementation of • 
combinatorial experiments with integrated 
data management  
Reduced wastage of materials  • 
 Integration with information management • 
systems and data repositories 
Increased productivity: greater number and • 
throughput of crystallizations  
 Reduced labor for equivalent numbers of • 
experiments  
 Increased scale of experimental search and • 
diversity of conditions  
Increased effi ciency• 

  Other multi-position formats are also in use including heating blocks for 
capillary crystallization and, for example, 96-position racks with individual crystal-
lization inserts in each position. Robotics can be used to prepare each sample solution, 
monitor wells, and transfer either entire plates or individual inserts for analysis 
once crystallization has occurred. Although automation may not be suitable for all 
types of crystallization, in general, it can support improved throughput, more accurate 
control of conditions, and greater reproducibility of conditions compared with 
manual techniques. A summary of various pros and cons of automated crystallization 
systems is listed in  Table 4 . 

    Experimental Variables for Solution Crystallization 
 The sections below highlight several experimental variables that may infl uence the 
thermodynamic and kinetic control of solution crystallizations, and are therefore 
commonly utilized in the automated parallel crystallization searches.  

 Solvent and Solvent Selection 
 Variation of solvent identity can be a relatively straightforward means of design-
ing diversity into the crystallization screen and manipulating physical form out-
come (63,64). Solvent properties such as viscosity, surface tension, and density are 
key parameters in nucleation and crystal growth (65), and can be readily varied by 
using a diverse solvent library comprising many individual solvent types and/or 
solvent mixtures (1,3,56). Mixed solvent systems or co-solvents can be dispensed 
to increase the variety of solution properties and to address poor solubility. Chem-
ical compatibility with the solute may also need to be taken into account during 
solvent selection. 

 In pharmaceutical development the safety of solvents can also be an impor-
tant consideration. For example, the International Conference on Harmonization 
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of Technical Requirements for Registration of Pharmaceuticals for Human Use 
(www.ich.org) has published solvent classifi cations largely based on the safety of 
each group for administration to humans ( Table 5 ). Although class 1 solvents such 
as benzene can, in principle, be used in drug substance manufacture as long as 
strict limits are followed on the level of residual solvent in the fi nal product, gen-
erally these solvents will be avoided completely, and solvents selected from 
classes 2 or 3. 

  A number of statistical techniques can be applied to grouping solvents accord-
ing to their bulk and molecular properties, providing a basis for rational selection. 
Such analyses attempt to quantify the similarity and dissimilarity of solvents in a 
given library based on various experimental or calculated physicochemical descrip-
tors that, ideally, are directly relevant to the infl uence a solvent may have over the 
nucleation and growth of the solute. In addition to published resources (67,68), 
modern computational methods can also provide a wide range of electronic and 
structural molecular properties that can be included in clustering methods. Given 
that the relationship between solvent, nucleation and growth of a crystal is gener-
ally poorly defi ned, and may involve factors other than solvent identity, the selec-
tion of appropriate solvent descriptors remains a challenge. 

 In one study, 96 solvents were classifi ed into 15 distinct groups using a hierar-
chical clustering method (69). Eight descriptors were used for each solvent that 
included hydrogen bond acceptor propensity, hydrogen bond donor propensity, 
polarity/dipolarity, dipole moment, dielectric constant, viscosity, surface tension, 
and cohesive energy density. In another screen, principal components analysis 
(PCA) was applied to 15 calculated and experimental descriptors describing each of 
67 solvents used in an automated parallel crystallization screen on carbamazepine 
(22). The PCA analysis quantifi ed the diversity of solvents being utilized. Solution 
crystallizations were then implemented for the compound from all solvents in the 
library under fi ve separate conditions, selected on a qualitative basis, to explore the 
effect of temperature and supersaturation. The two dimensional score plots from 
the PCA analysis on the solvent library also provided a useful means of visualizing 
the results for each set crystallizations ( Fig. 5 ). 

  PCA and self-organizing maps (SOM) have been applied to assess physico-
chemical diversity in a library of 218 organic solvents using 24 descriptors (70). 
Both methods confi rmed the extent of diversity in the library, and the SOM also 

 TABLE 5    Some Examples of Solvents and Their Classifi cations According to ICH Q3C (66)  

ICH Class Solvent Risks

Class 1 Benzene 
1,2-Dichloroethane 
1,1,1-Trichloroethane

Carcinogenic, toxic or environmentally 
hazardous. Concentration limits based 
on toxicity range from 2 to 8 ppm

Class 2 Acetonitrile 
1,4-Dioxane 
Methanol

Should be limited in pharmaceutical 
products due to inherent toxicity. 
Concentration limits for class 
2 solvents range from 50 to 3880 ppm

Class 3 Acetone 
Ethanol 
Methyl ethyl ketone

Up to 5000 ppm acceptable without 
justifi cation
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provides a convenient method to visualize the solvent clusters, enabling straight-
forward selection of diverse subsets of solvents from the entire library. Calculated 
partial charge distributions for solute and solvents have also been assessed as 
potential tools to explore the infl uence of solvent on polymorphic forms of raniti-
dine hydrochloride and stearic acid (71). 

 Although the application of clustering and related methods for assessing sol-
vent diversity cannot guarantee that multiple forms of a solute will be obtained from 
solution, they are still of considerable value in the selection of solvent libraries. When 
used with appropriate descriptors, they provide a means to quantify the range and 
type of diversity of solvents included in a screen, and so increase confi dence that a 
suitably broad set of conditions has been incorporated. Analysis of the solvent prop-
erties can be used to identify under-represented regions of property space within the 
library that would benefi t from the addition of new solvents or, identify solvents that 
may have largely similar properties and so may be considered for exclusion. An 
effective clustering approach can also be used to select subsets of solvents that 
encompass the same overall diversity as a larger library in an attempt to minimize 
the number of experiments carried out.   

 Supersaturation 
 Although solvent identity is often important, the crystalline form produced can 
also be essentially independent of solvent identity and be more closely related 
with solubility and supersaturation (72). The supersaturation achieved during each 
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 FIGURE 5    Scatter plot for solvent library  with symbol positions obtained from a PCA score plot 
derived from 15 solvent property descriptors (22). The ellipse represents the Hoteling T2 with 95% 
confi dence. The symbols indicate individual physical form outcomes determined by XRPD from 
each solvent under the tested conditions. Square, no sample obtained; black circle, form I; diamond, 
form II; asterisk, form III; grey circle, a mixture of anhydrous forms; triangle, solvated form.    
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crystallization can be a major factor determining the nucleation and growth kinetics 
of different forms (65). For example, a solution crystallization screen on carbam-
azepine using only one solvent, cumene, successfully found three of the four known 
polymorphs of this compound by varying only temperature and concentration in 
the screen (73). Limiting the number of solvents used in the search will, however, 
also limit the possibility of producing novel crystalline solvates. The rate and extent 
of supersaturation achieved can easily be varied by using different initial concen-
trations and temperatures of solutions and then applying different rates of cooling, 
evaporation, or addition of anti-solvents.   

 Temperature 
 Temperature plays a very important role in automated approaches and robotic plat-
forms provide for dynamic temperature control, both heating and cooling, of samples 
either individually or in zones covering multiple samples. This allows a wide range 
of control during both sample preparation (dissolution) and crystallization. Con-
trolled cooling of saturated solutions is a relatively straightforward means of induc-
ing crystallization, and is widely used. The accessible temperature ranges for 
individual crystallizations will depend on the boiling point, vapor pressure, and 
freezing point of the solvent as well as the hardware specifi cations of the platform 
(solvent compatibility, temperature ranges). Isothermal crystallizations at different 
temperatures can return different outcomes where, for example, they are carried 
out above and below a transition temperature between two thermodynamic forms. 
Evaporative and anti-solvent techniques are particularly useful for isothermal solu-
tion crystallization at elevated temperatures. Lower crystallization temperatures 
can also favor solvate formation. Temperature ramps can also be applied to achieve 
parallel crystallization from molten material in arrays of glass capillaries (10).   

 Time Scales and Rate of Crystallization 
 Parallel experimentation aims to secure many results simultaneously; however, this 
can be frustrated by the diffi culty in controlling the specifi c time it takes for a solid 
product to be formed by any individual crystallization. It is also desirable to include 
methods for both rapid and slow rates of nucleation and crystallization in a screen. 
Rapid cooling of a saturated solution or fast evaporation under vacuum, for example, 
may favor the production of metastable forms, although can also lead to oiling out or 
amorphous products. Longer crystallization processes may favor stable forms, in the 
absence of solvent interactions that stabilize a specifi c polymorph or solvate. How-
ever, in some circumstances supersaturated solutions may exist for weeks without 
nucleation occurring. Clearly in such cases, a decision must be made between waiting 
for all experiments to yield results and discarding all crystallizations that have not 
produced solid within a fi xed time scale. With high-throughput screens involving 
several thousand crystallizations, the latter approach can often be safely adopted 
whilst still yielding signifi cant numbers of recrystallized samples (56). Alternatively, 
the original crystallization conditions can be altered, by the addition of anti-solvent, 
for example, to accelerate the rate of crystallization. Once crystallization has occurred, 
it is desirable to identify the sample as quickly as possible to reduce the risk of rapid 
transformation of metastable forms that could otherwise be missed in the search.   

 Evaporation 
 Evaporative crystallization under temperature control is another effective means of 
inducing crystallization and can be achieved by pulling a vacuum in the sample 
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chamber (55) or by using a controlled gas fl ow over the samples. Evaporative meth-
ods are less effective in achieving rapid crystallization from solvents with a low 
vapor pressure or high boiling point. With either method, it is important to mini-
mize the risk of cross-contamination by solvents vapors where they come into con-
tact with other solutions in the array. Although this may give rise to interesting 
results (e.g., a novel form) such uncontrolled conditions complicate analysis of the 
screening results and potentially limit the success of subsequent attempts to reproduce 
particular conditions.   

 Agitation 
 Stirring or agitation of solution is often applied during the preparation of solutions 
to facilitate rapid dissolution of solute in the crystallization solvent. However, agita-
tion can also infl uence nucleation kinetics (74). Crystallization from agitated solu-
tions can be achieved either using individual magnetic stirrers or by placing the 
vessels or crystallization plates on large orbital shakers, with the latter approach 
being appropriate for automated parallel systems.   

 Anti-solvent Addition 
 Dispensing anti-solvents into solutions is easy to automate, and provides a rapid 
and reliable means of producing recrystallized samples within short time scales 
(3,56). Variation in the identity of anti-solvent, temperature of addition, volume of 
anti-solvent added, and rate of addition are all potential variables that may be 
included in the screening protocol.   

 Use of Additives 
 The addition of specifi c additives (or the presence of impurities) of different identi-
ties or concentrations can also infl uence the outcome of crystallization, possibly by 
templating or preferentially stabilizing particular forms (75,76). This can be readily 
assessed using automated parallel crystallization methods. For example, both the 
monoclinic and orthorhombic polymorphs of acetaminophen were obtained from 
trials in which 84 different polymers were used as heteronuclei during crystallization 
from aqueous solutions by slow evaporation (29). The selective crystallization of a 
metastable polymorph of tolbutamide from aqueous solutions containing 2,6-di-O-
methyl- β -cyclodextrin has also been attributed to the inhibition of a solution-mediated 
transformation to the stable form by the cyclodextrin additive (77).   

 Suspensions 
 Suspension crystallizations, or slurries, are generally aimed at fi nding the most 
stable form in the absence of impurity effects, solvate formation, or other specifi c 
solvent effects that may stabilize a metastable form (76,78). Solvent identify, tem-
perature, incubation time, and temperature cycling can all infl uence the solid-form 
retrieved.   

 Desolvation of Solvates 
 The occurrence of solvated crystalline forms may not always be of direct signifi cance 
to a particular pharmaceutical product. A labile acetonitrile solvate, for example, is 
unlikely to be selected for use in the manufacture of a new tablet formulation. 
However, where solvates are identifi ed it is always worth confi rming the identity 
of the desolvated form, as this can lead to the production of novel non-solvated 
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forms. The product of desolvation should therefore be routinely assessed during 
parallel screens by analyzing all solvated samples before and after desolvation (1).     

 IMPLEMENTATION OF AUTOMATED PARALLEL CRYSTALLIZATION 
 With automated systems it becomes possible to produce large numbers of individual 
crystallizations in a short period of time. For example, one compound crystallized 
from 64 solvent systems using two different supersaturation levels and two tem-
peratures each carried out in duplicate could lead to 512 samples requiring analysis. 
Of course, the larger the search, the larger the experimental/analytical overhead 
incurred and the more time-consuming and costly the exercise becomes. The following 
sections provide an overview of the main process steps and methodologies used to 
accomplish effi cient and effective automated parallel crystallization searches 
( Table 6 ). 

  Before embarking on a systematic crystallization screen, it is important to col-
late as much information as possible about the raw material ( Table 7 ). A single a 
crystal structure, or details on chemical and physical purity of the sample as well as 
initial physical properties and straightforward tests for thermal or solution-medi-
ated transformations, can generate novel forms at the outset. At the very least, this 
preliminary inspection will provide reference data that can be used for identifi ca-
tion of samples produced during the screen. 

 TABLE 6    Typical Hardware Components for Automated Crystallization Systems  

Component Objective and methods

Solid dispensing• Accurate dispensing of raw compound for dissolution  • 
Addition of multiple solid components for salt and co-crystal • 
screening  
Achieved by dispensing stock solution followed by evaporation or • 
manual or automated solid-dosing

Liquid dispensing• Prepare solutions for accurate dispensing of single or mixed • 
solvent systems  
Addition of buffer solutions to control/vary pH  • 
Addition of anti-solvent  • 
Readily achieved by accurate liquid handling systems comprising • 
single or multi-channel pumps under computer control. Many 
systems have robotic arms to enable complex manipulations to be 
carried out

Temperature control• Control of solution temperature during dissolution and crystallization• 
Agitation• Facilitate dissolution using magnetic stirring, orbital shaking, or • 

sonication under temperature control
Filtration• Remove undissolved solid to prevent seeding by starting form.  • 

Retrieve recrystallized solid• 
Sample retrieval and • 
transfer

Identify presence of solid (e.g., turbidity/optical inspection)  • 
Transfer samples for analysis/identifi cation• 

Sample analysis• Collect characteristic data to distinguish between solid forms  • 
Methods used include microscopy, spectroscopy and XRPD• 
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   Experimental Design 
 Armed with appropriate techniques to implement a systematic experimental search 
strategy, the challenge is to ensure that the widest possible diversity of crystalliza-
tion techniques and conditions can be carried out within the constraints of available 
material, equipment, manpower and time. In general, Design of Experiments (DOE) 
approaches aim to establish experimental models that relate the experimental vari-
ables (factors) to the experimental outcome (responses) and so inform the execution 
of experiments aimed at maximizing the information returned from a minimum 
number of experiments. Signifi cantly, owing to the complexity of the processes 
involved in crystallization, reliable models that can predict the experimental condi-
tions under which a new polymorph will be found are not available. However, DOE 
can be used to assist in the selection of diverse experimental conditions, and the 
application of D-optimal designs and other methods for diversity generation have 
been described in this context (3,56). DOE applications can be used to select diverse 
experimental variables from the accessible range of solvents, temperature, concen-
tration, techniques, and amount of material, and therefore maximize the spread of 
experimental conditions that are sampled during a search and avoid unintentional 
overlap of experiments. The design matrix may incorporate any relevant data such 
as solubility data and measured or calculated solvent properties. Any constraints 
on the experiment, such as hardware limitations (e.g., maximum achievable cooling 
rate), chemical incompatibilities, or toxicity issues can also be factored in to remove 
certain experimental conditions from consideration.   

 Information Management and Process Control 
 Information and data management software are of particular value in high-
throughput and automated systems. These will often combine process, chemical, 
and analytical databases that are used to inform and control the design, imple-
mentation, and analysis of the screen (56,79). The experimental variables selected 

 TABLE 7    An Overview of Initial Investigations on Raw Material to Establish Initial Form and 
Related Properties  

Crystal structure Determine crystal structure; useful for subsequent 
identifi cation of forms

XRPD Obtain reference powder data for known forms; confi rm 
single crystal structure is representative of polycrystalline 
sample

Raman/FT-IR Obtain reference data/fi ngerprints
DSC/TGA Determine melting points and identify transformations
VT-XRPD Structural characterization of polycrystalline phases 

obtained from thermal transformations in situ using 
SDPD

Dynamic vapor sorption/slurrying Assess hydrate/solvate formation
Solubility/dissolution Characterize form and assess solution meditated 

transformations

 Abbreviations : DSC, differential scanning calorimetry; FT-IR, Fourier transform-infrared spectroscopy; SDPD, 
structure determination from powder data methods; TGA, thermogravimetric analysis; VT-XRPD, variable 
temperature X-ray powder diffraction; XRPD, X-ray powder diffraction.
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in the design stage are mapped onto the instruments to create workfl ows defi ning 
the conditions and sequence of all steps. This may involve a single integrated plat-
form or separate hardware systems (e.g., for solid dispensing, liquid dispensing, 
and incubation under controlled temperature) integrated via system control soft-
ware. Instrumental control interfaces typically utilize a graphical user interface 
that illustrates the hardware confi guration with simple user control commands to 
describe tasks such as liquid or solid dosing, and sample retrieval. Upon initiating 
the experimental sequence, solute and solvent are dispensed using the conditions 
required by the combinatorial design. The platform records parameters, such as 
actual weights and volumes of material dispensed, the times at which each step 
occurred, temperature profi les, and pressure or gas fl ows, throughout each 
process step. Thus, the performance of the hardware can be monitored and the 
actual conditions used can be easily checked against the original protocol. Crystal-
lizations are monitored for the presence of solid, and once sample is observed, the 
solid is retrieved and analyzed. The experimental database then collates process 
data and analytical results collected during the experiment. The user can then 
view results, carry out cluster analysis, and ultimately identify all physical forms 
crystallized in the study.   

 Automated Preparation of Solutions 
 The fi rst step to be automated is the preparation of the individual crystallization 
solutions, and a number of systems have been described (3,80) for high-throughput 
experiments using small-scale crystallizations on multi-well plate designs or capil-
lary tubes. Crystallization in capillaries has been reported to be particularly useful 
for obtaining metastable forms through inhibition of nucleation (51). In such small-
scale studies, it is convenient to dispense the API into each well or vessel in the form 
of fi xed volume of a bulk solution, whereupon evaporation of the solvent, a specifi c 
mass of API (microgram to milligram range) is left. With larger scale crystallizations 
(3–5 mL), automatic weighing stations can also be used to accurately dose solid 
directly into the vessels (55). Next, the crystallization solvent or solvent mixtures 
are dispensed combinatorially and dissolution facilitated either through heating or 
via a combination of heating and agitation (55) or heating and sonication (3). 

 It is desirable that crystallization occurs from a seed free solution so that the 
outcome is determined by the specifi c solution conditions. Visual or optical inspec-
tion of individual solutions can identify whether residual undissolved solid 
remains after the addition of solvent. These solutions can be left to run, and treated 
as slurries rather than solution crystallizations (3). Alternatively, after dissolution, 
primary solutions may be passed through fi lters that remove undissolved solids 
and transferred into fresh crystallization vessels. A post-fi ltration heating ramp 
can be applied to dissolve any residual seeds that may have passed through the 
fi lters (55). In the context of automated crystallization, fi ltration is typically better 
suited to milliliter scale experiments than the very low (microliter) solution vol-
umes utilized in high-throughput multi-well plate experiments. Although hard-
ware for automated liquid dispensing and aspiration is widely available, it can be 
diffi cult to ensure temperature control of solutions held at non-ambient tempera-
tures during liquid transfer steps such as fi ltration. For example, a hot saturated 
solution coming into contact with a fi lter or transfer needle at a lower temperature 
risks crystallization occurring within the needle that may lead to blockages or the 
production of seed crystals.   
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 Inducing Crystallization 
 As outlined in the section “The Extent of Physical Form Diversity,” there are a 
variety of means of inducing supersaturation and crystallization that can be easily 
implemented on automated crystallization systems. Whether controlled cooling, 
evaporation, or anti-solvent methods are used, once the necessary conditions 
have been imposed, solutions should be monitored to identify the appearance of 
recrystallized solid.   

 Isolation of Solid Sample 
 Rapid isolation of solid can be achieved by fi ltration (55), aspiration of the superna-
tant (10), and/or evaporation using a nitrogen gas fl ow (61), and is desirable in 
order to minimize the opportunity for sample transformations to occur prior to 
analysis. For example, over time, metastable polymorphs may transform to more 
stable forms via solution-mediated transformation. However, drying may also lead 
to desolvation of solvates, so it is advisable to collect data from wet as well as dried 
samples (1). XRPD is well suited for the analysis of wet samples, as scattering from 
the liquid will not affect the position or intensities of the diffraction peaks required 
for phase identifi cation. Imaging of samples during the retrieval and analysis process 
may also enable the occurrence of desolvation to be identifi ed from any change in 
appearance of the sample. Rapid sample analysis is also desirable to avoid second-
ary crystallization from trace solution left in the well or vessel after fi ltration or 
solution aspiration. For example, where the supernatant is aspirated from a suspen-
sion, evaporation of trace amounts of residual solution may yield a different solid 
form from the primary product. Once each sample has been separated from solution 
they are subjected to primary analysis to attempt identifi cation of the physical form(s) 
present. Details on methods of physical form identifi cation in the context of high-
throughput and parallel crystallization searches are provided in the section “Analyti-
cal Methods in Physical Form Screening.”   

 Assessment of Completeness 
 An effective screening approach should obtain samples of all forms accessible 
within the scope of the search, and provide some information on the factors that 
infl uence the occurrence of those forms (3). Importantly, having identifi ed the 
individual growth conditions for each form, these can be replicated to obtain fur-
ther samples for additional  physical characterizations including crystal structure 
determination, measurement of thermal properties (transformations and melting 
point), hygroscopicity, solubility, and dissolution rate. 

 Multivariate analysis techniques can be applied to assess the completeness of 
the experimental search and attempt to identify correlations between the conditions 
tested and the outcomes observed. For example, a retrospective Random Forest (81) 
analysis of the results from a solution crystallization screen on carbamazepine (23) 
used a variety of parameters to describe each crystallization (solvent and condi-
tions) and each outcome (polymorph or solvate) identifi ed in the screen. These 
results were used to train a classifi cation model (81) that identifi ed three solvents 
( Fig. 6 ) as being likely to form solvates, despite the fact they had produced non-
solvated forms in the original screen. The predictions were confi rmed by subse-
quent recrystallization of carbamazepine from each solvent. The model could not 
specify the crystallization conditions that would produce the solvates, so the recrys-
tallizations were carried out at 5°C, that is, outside the temperature range of the 
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original search. The analysis also identifi ed several solvent descriptors that corre-
lated with carbamazepine solvate formation. Although it may have been possible to 
crystallize these new solvates by having implemented a more extensive crystalliza-
tion search at the outset, solvates can still be missed in a search where they are labile 
and desolvate prior to analysis. 

    Examples of Automated Systems for Parallel Crystallization 
 A range of systems capable of automating crystallization screening for small organic 
molecules have been developed in recent years. These range from complete inte-
grated systems with full automation of liquid and solid handling, real-time moni-
toring of crystallizations with automatic analysis and data capture with sophisticated 
experimental design, instrument control, informatics, and data mining capabilities, 
to small-scale semi-automated bench-top systems that do not offer automation of 
material transfer, but provide accurate, dynamic control of parallel crystallizations. 
A selection of platforms capable of supporting experimental searches for physical 
form diversity are described below. 

 The CrystalMax platform is a proprietary, highly integrated system that uti-
lizes automated technologies for high-throughput crystallization combined with 
experimental design and instrument control systems plus support for data capture, 
analysis, and mining (56). It features full automation with support for over 10,000 indi-
vidual parallel crystallizations using between 0.25 and 1 mg of API. Access to diverse 
crystallization parameters is achieved with automated dispensing of liquids into 
crystallization tubes combined with cooling, evaporation, or anti-solvent addition to 
induce crystallization. Each crystallization tube can be monitored using a vision sta-
tion to identify those containing recrystallized solids. These can then be removed 
from the array and the supernatant removed by aspiration and drying under a gas 
fl ow prior to analysis. If no solid is present, the sample is returned to the crystalliza-
tion station. Recrystallized solids are initially assessed using optical inspection and 
in situ Raman spectroscopy. Several examples of polymorph screens using this tech-
nology are included in  Table 3 . A screen of ritonavir using the CrystalMax system 
implemented over 2000 individual crystallizations with API concentrations varying 
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 FIGURE 6    Molecular structures of solvents that produced non-solvated carbamazepine forms in 
a prior crystallization study, yet were classifi ed by Random Forest analysis alongside other solvate 
forming solvents. Subsequent recrystallization at 5°C produced three novel carbamazepine solvates 
with each solvent.    
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between 20 and 100 mg mL –1  (11). In-house experimental design software was used 
to select diverse solvent selections using single and binary mixtures selected from 
across a library of 24 pharmaceutically acceptable solvents. Controlled cooling was 
used to induce supersaturation and crystallization. Fifty-one recrystallized samples 
were returned from the screen, and Raman spectra for each dried sample identifi ed 
a total of fi ve forms. Both forms I and II of ritonavir were produced in addition to a 
new polymorph, a hydrate, and formamide solvate. 

 The Crissy platform is a scalable, customizable system for automated parallel 
crystallization (82). In addition to automated liquid handling, temperature control, 
and weighing, it can accommodate a range of different reactor block sizes and con-
fi gurations ( Fig. 7 ). A common plate format is used that allows rapid interchange 
between 8, 24, 48, or 96 position standard format plates/vials or proprietary reactor 
block designs, depending on the requirements of the screen. A computer-controlled 
balance can record the amounts of solid dosed into each well, and solvents are auto-
matically added from the library by a liquid dispensing arm. Containers are then 
transferred to stations that enable combined heating, drying, or vortexing on the 
platform (shown) or to separate external incubators to bring about dissolution or 
crystallization as required. The various stations on the platform confi guration 
shown in  Figure 7  (from  left  to  right ) are: ( 1 ) reagent rack for holding solutions or 
solvents; ( 2 ) hot and cold vortexing stations; ( 3 ) pipetting positions; ( 4 ) fi ltration 
box; ( 5 ) and ( 6 ) are heating and cooling plates for dissolution or crystallization steps. 
With certain block designs, recrystallized solids are left on the glass base-plate of 
each reactor, allowing the entire plate to be transferred without further intervention 
onto an XRPD or Raman instrument for analysis. 

  Although the SpecScreen xHTS ( Fig. 8 ) system is primarily designed for 
automated stability testing on solids, it is also capable of supporting polymorph 
screening (83). The self-contained automated platform system consists of temperature-
controlled racks (5–80°C) that can accommodate up to 1000 samples in 96- or 24-well 
plate format racks holding individual glass vials. The platform can be confi gured 
with an integral orbital shaker and Raman/NIR spectrometers with robotic transfer 
of samples between the racks and the spectrometers. The system software enables 
instrument control, and experimental and analytics databases provide support for 
classifi cation of spectra and the generation of reports. 

  Another automated parallel crystallization platform, confi gured for 32 crys-
tallizations per day, has also been described (55) and applied in a range of poly-
morph screens (16,22,57,58). The platform is well suited to sample volumes of 
3–8 mL with between 10 and 500 mg of API per crystallization using evaporation, 
controlled cooling, or anti-solvent addition. The larger scale of individual crystal-
lizations allows for signifi cant fl exibility in the crystallization conditions that can 
be explored and is well suited to application during later stages of development 
where API is available in greater quantities (4). The platform layout is shown in 
 Figure 9 . Crystallization solutions are held in double-jacketed glass vessels, allowing 
temperature control for isothermal crystallization (5–250°C) or controlled cooling 
(5°C min –1 ). Pairs of vessels are connected by a fi ltration system to remove any 
undissolved solid from solutions prior to crystallization. The vessels are mounted 
in blocks that utilize motorized ceramic plates to either open each glass vessel 
(e.g., to allow liquid and solid dosing) or close it (e.g., to prevent evaporation). 
The platform stores up to six 2.5-L solvent vessels (e.g., for washing cycles) plus a 
library of over 60 crystallization solvents. 
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  Automation of both solid and liquid dispensing is enabled by a robotic arm 
allowing the programmed exchange of a solid dispensing unit and a four-channel 
liquid handling head. The parameter log fi le for a controlled cooling crystallization 
protocol is illustrated in  Figure 10 , summarizing the key steps of dissolution, fi ltra-
tion, and supersaturation. With this system, the recrystallized samples must be 
retrieved manually from vessels by fi ltration. The solution volume used is typically 
suffi cient to produce enough polycrystalline sample for analysis using transmission 
foil XRPD (84), even from solvents in which the solute has a relatively low solubility. 
Experimental design and XRPD data analysis is achieved using third-party software. 

    Small-Scale Semi-automated Crystallization 
 There are various small-scale bench-top systems available that can support accu-
rate, dynamic control of multiple crystallizations, and an example is shown in 
 Figure 11 . Although this type of parallel reactor block does not provide automation 
of material dosing into wells, they do provide enhanced control of temperature 
(heating and cooling) and stirring throughout a crystallization cycle compared with 

 FIGURE 7    View showing the instrument software control interface ( top ) in relation to the hardware 
confi guration ( bottom ) on a Zinsser Crissy platform. The view illustrates various plate formats that 
can be utilized for different crystallization volumes and scales of experiment (see text for detailed 
description).    
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typical manual approaches. This type of device is therefore well suited to support 
small-scale semi-automated crystallization searches on milligram quantities of API. 
The Crystal16 system (79), for example, can continuously monitor 16  ×  1-mL solutions 
using integrated turbidity probes, for example, to monitor dissolution, solubility, and 
crystallization (85,86). 

  Small-scale semi-automated devices are also ideal for scaling-up the produc-
tion of specifi c forms, by replicating conditions identifi ed from a high-throughput 
screen. Parallel slurrying experiments are also straightforward to implement, with 
stirred samples in contact with a range of solvents in individual sealed vessels 
under temperature control. The application of slow cooling rates to saturated solu-
tions into which seed crystals have been introduced can also be of value when 
attempting to grow single crystal samples of novel forms for crystal structure deter-
mination (87). Semi-automated methods can be used as a complement to other 

 FIGURE 8    SpecScreen xHTS platform housing ( top right ) the automation system for transfer of 
sample vials between racks and analysis, underneath which sits the temperature-controlled racks 
for housing multiple 96-position racks containing individual sample vials, ( middle left ) NIR and 
Raman spectrometers, and ( bottom right ) instrument control PCs.    
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approaches, exploring conditions that lie outside the normal range accessible using 
automated or high-throughput systems (e.g., low-temperature).    

 ANALYTICAL METHODS IN PHYSICAL FORM SCREENING 
 The analytical tools applied to the primary analysis of samples must be able to dis-
tinguish between a range of possible outcomes that include identifying whether the 
sample is:  

  crystalline or amorphous  • 
  a single form or mixed solid phases  • 
  a known form (i.e., matches a reference)  • 
  a novel form  • 
  chemically different from the raw material (degradation product, adduct, solvate, • 
salt, or co-crystal)   

 FIGURE 9    Chemspeed Accelerator SLT100 parallel synthesizer confi gured as an automated par-
allel crystallization platform. The system enables the automation of basic crystallization steps with 
automated solid and liquid dispensing, in-line fi ltration, and controlled cooling or evaporation with or 
without agitation.    
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 The large sample numbers, small sample amounts (perhaps only a few micrograms), 
and often random disposition of sample in the crystallization vessel present signifi -
cant challenges to physical form analysis. For primary analysis, the analytical tech-
nique used must be able to collect usable data at a rate commensurate with the 
production of samples by the parallel crystallization methods used. Once primary 
identifi cation has been carried out, further characterization steps will typically 
include determination of crystal structure, measurement of characteristic physical 
properties such as melting point, solubility and hygroscopicity, and establishing 
relative thermodynamic favorability of forms ( Fig. 12 ). The following sections will 
discuss microscopy, spectroscopy, and diffraction as tools for primary analysis. 

   Microscopy and Imaging 
 Optical microscopy has wide application in the study and characterization of the 
organic solid state, and its various applications have been described in detail (88). In 
the context of screening, an important advantage is that can be relatively straightfor-
ward to implement for small-scale crystallizations with multi-well plates (62) or capil-
laries (10), to monitor the progress of crystallization automatically, and provide 
confi rmation on the presence of recrystallized solid. Plane-polarized light microscopy 
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 FIGURE 10    Graphical representation of the key parameters during a typical crystallization proto-
col.  T  (K), jacket temperature ( — );  ω  (rpm/2), vortex frequency (-----);  P  (mbar), pressure ( ·  ·  ·  ·  · ). 
Crystallization steps are indicated as follows:  1 , solid and solvent(s) dosed into vessels ( ω  = 0 rpm, 
 T  = 306 K,  P  = 1006 mbar);  2 , solution agitated at 850 rpm, while heating to 413 K, to facilitate solid 
dissolution; the suspension is held under these conditions for about 60 minutes;  3 , suspensions are 
vacuum-fi ltered into post-fi ltration vessels on right-hand side of block;  4 , the temperature of the fi l-
tered solutions is increased by 5 K for ca. 10 minutes to promote dissolution of any seed crystals 
that may remain post-fi ltration;  5 , crystallization is induced, in this example, by cooling the solutions 
to 283 K, at a rate of ca. 3 K/min, while vortexing at 850 rpm.  Source : Data from Ref. (55).    
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can also provide an indication as to whether samples are crystalline. Machine imaging 
systems for automated image acquisition and analysis can capture images from digi-
tal video cameras, allowing particle size and morphology information to be recorded 
and the automated assessment of samples for further analysis (10,89). Optical imaging 
systems can also locate the specifi c area within an individual well where solid particles 
are deposited and guide automatic location of sample and data collection (4).   

 Raman Spectroscopy 
 A variety of spectroscopic methods, including solid-state NMR (90), NIR (91,92), 
FT-IR (93), and terahertz (94) spectroscopy have been applied to the investigation of 
polymorphism in pharmaceuticals. However, Raman spectroscopy has been widely 
adopted as a primary analytical tool for rapid sample characterization in high-
throughput polymorph screening (1,3,10,95). For a detailed account of the basis of 
Raman spectroscopy and its application to pharmaceuticals, see, for example (96,97). 
Raman lends itself well for distinguishing polymorphs, salts, solvates, and co-crys-
tals as spectra typically display sharp, well-resolved bands whose position and 
intensities are sensitive to both the physical and chemical composition of the sample 
(98). Particular advantages of the technique, relevant to its application as an identifi -
cation tool in polymorph screening, include the availability of microprobes that 
enable individual Raman spectra to be collected in around one minute from very 
small sample amounts (down to the nanogram level) spread over very small areas 
(approximately 1  µ m) without sample orientation effects or the need for sample 
preparation (98,99). High spatial resolution microprobes also allow several spectra to 
be collected from different locations in a single sample well, increasing the chances 

 FIGURE 11    An example of a small-scale, bench-top parallel crystallization device (Reactarray 
RM2) with 12 independent wells able to accommodate solution volumes in the range <1 to 30 mL. 
A computer interface enables individual control of temperature (–30 to 150°C) and stirring in each 
crystallization vessel.    
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 FIGURE 12    Outline of an analytical workfl ow suitable for physical form screening outlining typical 
process steps and individual objectives.    

of detecting mixed-phase samples. Spectra can also be collected from samples in 
contact with water or held on glass substrates, as neither material gives rise to sig-
nifi cant Raman scattering. Sample fl uorescence can, however, restrict the use of 
Raman for certain compounds. 

 Commercial Raman microprobe systems are available with integrated multi-
well plates readers that enable automated alignment of each sample (100). Individ-
ual 96-well plates are simply transferred onto the instrument, and each well is 
automatically scanned in sequence, with multiple individual spectra collected and 
collated for further analysis. Raman immersion probes also enable in situ measure-
ment of spectra from suspended solid in larger vessels (101). 

 A microprobe system was used for a salt formation and polymorph screen of 
tamoxifen using quartz 96-well plates. After dispensing 25–50- µ L stock solutions of 
tamoxifen and different acids into each well to give the desired stoichiometry, the 
initial solvent was evaporated before 300- µ L aliquots of 12 different aqueous sol-
vent mixtures were dispensed, sealed, stirred, and heated before being evaporated 
under nitrogen. Based on the Raman spectra, it was concluded that tamoxifen has a 
tendency to form 1:1 salts with polybasic acids, and that several of the salts formed 
were polymorphic (62). Although Raman is widely used for primary identifi cation 
in high-throughput screening, different polymorphs of a compound may yield sim-
ilar Raman spectra, with the result that novel forms produced in the screen can be 
missed (80). Often, therefore, multiple techniques are used, for example, with 
Raman spectra, forming the basis of the initial sample identifi cation and XRPD data 
used to confi rm the sample assignments (11,102). 

 Classifi cation of the large number of spectra that can be generated from com-
prehensive screens is impractical using manual inspection alone, and techniques to 
automate this process are required. Multivariate data analysis methods capable of 
identifying individual samples or groups of samples that yield the same characteristic 
Raman spectrum amongst large numbers of spectra, have become widely adopted. 
For example, PCA analysis has been used to distinguish between Raman/NIR spec-
tra of nitrofurantoin polymorphs produced during a polymorph screen (103). Tan-
imoto matrices, obtained from similarity coeffi cients calculated for each pair of spectra 
collected during a screen (i.e., an  n   ×   n  matrix is produced for  n  spectra) have also 
been applied as a convenient method of grouping spectra from similar solid forms 
together in an easily visualized form (10,56).   

 XRPD 
 Many of the crystallization techniques employed in experimental searches for 
physical forms will result in polycrystalline samples. XRPD is therefore a vital 
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element in the arsenal of analytical techniques used to support physical form 
screening. XRPD can be used alone (80) or in conjunction with spectroscopic 
methods for the primary identifi cation of large numbers of recrystallized samples. 
It is also applied as a secondary technique to confi rm the identifi cation of samples 
based on initial Raman analysis. However, in addition to sample identifi cation, 
XRPD also affords the opportunity to extract valuable structural information from 
the sample. 

 XRPD data can be used for a wide range of analyses on individual samples 
including (i) characterizing samples as crystalline or amorphous, (ii) identifi cation, 
“fi ngerprinting” and pattern comparison, (iii) comparison of XRPD data from indi-
vidual samples with single crystal structures for the purposes of identifi cation, and 
(iv) providing direct access to unit cell, space group, and crystal structure information 
in the absence of suitable single-crystal samples. The following sections will provide 
a brief overview of each application in turn. However, fi rst we shall consider general 
instrumental requirements.  

 XRPD Instrumentation for Screening Applications 
 Developments in instrument technology in recent years have lead to the availability 
of commercial laboratory XRPD instruments capable of collecting powder diffrac-
tion data from very small sample amounts on similar time scales to Raman spec-
troscopy, making them suitable for application in high-throughput screens. For 
example, the Bruker-AXS General Area Diffraction Detector System (GADDS TM ) 
combines an X-ray source with small focal point (50–300  µ m), automated  x-y-z  sample 
stage with video and laser-guided sample alignment and a large two-dimensional 
area detector enabling the rapid assessment of samples (4). Many instruments can 
also record digital images of each sample at the start of the XRPD data collection. 
These are stored along with the raw powder data and enable individual samples to 
be visualized during subsequent analysis steps. For example, where a pattern does 
not display any XRPD peaks, the image can be checked to confi rm that the well 
contained suffi cient solid sample. Area detectors enable a wide range of 2 θ  (typi-
cally up to 35° 2 θ ) to be collected simultaneously, reducing data collection times 
signifi cantly compared with standard laboratory instruments employing one-
dimensional position-sensitive detectors (PSD) (104,105). However, although area 
detectors enable rapid data acquisition, they have some disadvantages compared 
with modern PSDs. These include a signifi cant reduction in angular resolution of 
the integrated XRPD pattern, variable peak shapes, low signal-to-noise ratios, high 
backgrounds, and preferred orientation effects that can be problematic for pattern 
comparison (106). 

 Where larger amounts of sample are available (around 10 mg per sample), 
alternative instrument confi gurations enable higher quality data to be collected, 
albeit at the expense of sample throughput. The combination of primary monochro-
mator, transmission foil geometry, and PSDs allows high-quality data acquisition 
on about 30 samples per day (84) ( Fig. 13 ). Data collected from such systems have 
been demonstrated to yield high-quality data that are important in pattern recognition 
and imperative in indexing. Refl ection geometry is also widely used, often in com-
bination with PSD and sample changer.  Utilization of Kα1,2 radiation provides 
greater beam intensity compared to standard monochromated systems and is ben-
efi cial for sample throughput.  Refl ection geometry also allows the use of controlled 
humidity and temperature chambers. 
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  Capillary transmission instrument geometry can be used where there is a 
need to obtain both accurate refl ection positions and intensities, such as for structure 
determination from powder data (SDPD) methods. Capillary measurements are also 
advantageous to protect sensitive samples from air or humidity, for example. For 
SDPD applications, an effective instrumental confi guration includes primary mono-
chromated radiation, capillary sample holder, and PSD. The sample is fi lled into a 
glass capillary (typically 0.5–1.0-mm diameter, borosilicate or quartz glass) and 
rotated continuously during data collection. This effectively reduces preferred 
orientation effects and maximizes the number of crystallites contributing to the dif-
fraction pattern during data collection. Although laboratory capillary XRPD instru-
ments provide high-quality diffraction data from individual samples, this is typically 
at the expense of long data collection times.   

 Sample Characterization 
 Crystalline solids give rise to Bragg diffraction of X-rays, whereas amorphous sol-
ids, lacking long-range internal order, produce only a diffuse scattering halo with 
no Bragg diffraction peaks. The term “diffraction amorphous” is often used to 
describe such samples, indicating that the sample contains no crystalline material 
within the limits of detection of the method. Amorphous samples are worth further 

(A) (B)

 FIGURE 13    ( A ) A transmission multi-sample XRPD instrument utilizing primary monochromated 
Cu K α  1  radiation, automated  x - y  stage, and PSD. The system is also fi tted with a camera to collect 
images of each sample during data collection. ( B ) A 28-well plate for multiple data collections. 
Samples are held on an X-ray transparent 7.5- µ m Kapton support. Crystallization can be implemented 
in situ on the plates or samples manually transferred from crystallization vessels.    
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investigation, as in some instances, although a particular set of conditions in the 
screen has given rise to a non-crystalline solid, crystallization of different poly-
morphs has been described from amorphous samples of indomethacin (107) and 
carbamazepine–nicotinamide co-crystals (108), for example.   

 Sample Identifi cation 
 The position of each peak in an XRPD pattern corresponds to the interplanar  d -spacing 
from a set of planes within the lattice. Hence, any change in the lattice resulting from 
different crystal packing will result in changes in the diffraction peak positions and 
intensities observed for that sample. With relatively small numbers of patterns, fi nger-
printing can be easily done by direct visual comparison of the each pattern; however, 
once large numbers of patterns are involved, automated means of assessing pattern 
similarity are highly desirable. 

 Diffraction pattern quality (i.e., accurate measurement of peak positions, 
either degrees 2 θ  or  d -spacings, Å, and intensities,  I ) is important, as with improved 
quality of the available XRPD patterns, so the process of pattern recognition becomes 
easier (109). Low full-width half maximum (FWHM) values are also advantageous, 
as good angular resolution improves the ability to distinguish individual diffrac-
tion peaks in the observed pattern ( Fig. 14 ). It is clearly desirable, if data quality 
permits, to go beyond pattern matching and recognition by additionally securing 
structural information for each novel form found in the search. However, even more 
than with pattern recognition, meeting these ambitious demands requires routine 
high-quality XRPD data collections as an integral part of the physical form screen. 

  Traditional, search/match methods rely on comparing  d -spacings and/or 
intensities of prominent peaks in the experimental patterns against reference values 
(109,111). Such approaches require accurate peak positions and intensities, and as 
stated above, data from high-throughput micro-XRPD instruments can be sub-optimal 
in this regard. Automatic similarity checking and cluster analysis can, however, be 
achieved using software packages developed to deal with high-throughput XRPD 
data. For example, the program PolySNAP (112) allows various corrections (e.g., 
background subtraction, data scaling, and sample displacement) to be applied auto-
matically to individual patterns as they are read into the program database. The 
program can compare up to 1500 XRPD data sets simultaneously, and also has 
provision for additional data types (e.g., DSC, Raman), and for example, quantitative 
and categorical descriptors about crystallization conditions. The program includes 
a range of powerful statistical and visualization tools to facilitate rapid clustering 
and interrogation of large numbers of data and facilitate the identifi cation of new 
forms among large numbers of individual data sets (106). Rather than rely on indi-
vidual peak positions or intensities, PolySNAP carries out a full-profi le comparison 
of each pattern with all other patterns. The correlation matrix obtained from these 
comparisons are used as the basis of subsequent similarity and cluster analyses 
( Fig. 15 ). The visual interface allows users to select members of each cluster and 
check that the automated analyses are accurate, and also to retrieve representative 
data for any new forms identifi ed. 

    Comparison of XRPD Data with Single-Crystal Structure 
 Where one or more reference crystal structures are available, these can be used to 
identity samples produced from the crystallization screen. The identity of any 
sample may be confi rmed by comparison of the experimental XRPD pattern with 
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simulated powder data generated from reference single-crystal structures (113,114). 
However, as single-crystal structures are normally determined from data collected 
at low temperature, this can lead to signifi cant shifts in the calculated refl ection 
positions in the simulated data. The effects of thermal expansion can therefore 
complicate the pattern comparison process (115). A more robust approach is to 
allow the low temperature single-crystal structure unit cell parameters to vary in a 
Pawley-type fi t (116) to the data. The experimental unit cell parameters and space 
group from the known single-crystal structure are used as the starting values for 
the refi nement. The Pawley fi t involves a least-squares refi nement of parameters 
describing the background, instrumental zero-point error, lattice parameters, peak 
shapes, and peak areas to obtain the best fi t to the observed XRPD pattern. Where 
the calculated profi le accounts for all of the observed diffraction peaks and a good 
fi t is achieved, it can be concluded that the single-crystal structure is representative 
of the sample ( Fig. 16 ). Careful inspection of the fi nal fi t to the data can also reveal 
the presence of contaminant polycrystalline phases. 

  An additional level of analysis would be to use a Rietveld refi nement (117) in 
which the peak intensities are calculated from the atomic co-ordinates of atoms 
within the single-crystal structure, rather than being fi tted by refi ning peak area, as 
in a Pawley fi t. However, Pawley refi nement is well suited where the aim is to identify 
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 FIGURE 14    Overlaid XRPD patterns simulated using Mercury CSD 2.0 (110) for the monoclinic 
polymorph of acetaminophen in the range 12–30° 2 θ . The patterns are calculated using identical 
parameters except for the peak full-width at half-maximum value (FWHM), which is set at 0.25° 2 θ  
(dashed line) and 0.08° 2 θ  (solid line). Note the considerable loss of detail available at ca. 15.5, 18, 
21, and 25° 2 θ  in the low-angular resolution pattern calculated with 0.25° 2 θ  FWHM value.    



Approaches to High-Throughput Physical Form Screening and Discovery 169

(A)

(B)

1.0

0.8

0.6

0.4

s
i
m
i
a
r
i
t
y

0.2

0.0

0
3
M

0
 9
M

0
 4
M

1
 5
M

0
 7 0

 6

3
 4

2
 6

3
 5

1
 0

2
 2

2
 4

3
2

3
7

2
3

2
7

1
9

2
1

2
8

3
1

1
6

2
0

3
0

2
9

3
8

3
9

1.0

0.8

0.6

0.4

0.2

0.0

5.0

Selected samples (3,5·Rank: 0.2369; shifted a0: 0, a1: 0):

10.0 15.0 20.0 25.0 30.0 35.0

Z

O

Y

X

 FIGURE 15    ( A ) A dendrogram generated using PolySNAP showing the results of a cluster analysis 
on a sample of 26 XRPD patterns collected from samples produced from an automated parallel 
crystallization search on carbamazepine (22). The program has identifi ed two clusters comprising 
four (gray markers on  left hand side ) and 22 (white markers), respectively. The panel at the  bottom  
of the plot shows an overlay of two representative patterns from each cluster. ( B ) A 3D metric multi-
dimensional scaling (MMDS) plot for the cluster analysis. Each sphere represents an experimental 
XRPD pattern and is colored according to the cluster to which it belongs in the dendrogram plot. 
Similar patterns are plotted close together, and outliers are easily identifi ed and can be checked to 
confi rm the assignment.    
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 FIGURE 16    A Pawley fi t to room temperature capillary XRPD data from a polycrystalline sample 
of verapamil hydrochloride in the range 3–30° 2 θ  carried out in TOPAS Academic v4.1. The plot 
shows the observed (black), calculated (gray-dashed), and difference ( bottom ) profi les for the fi nal 
fi t. The tick marks along the  bottom  of the plot show the calculated refl ection positions. The pub-
lished unit cell parameters (CSD refcode: CURHOM) were used as the starting point for the refi ne-
ment. The fi t to the data are excellent as indicated by a low  R  wp  value (0.018) and fl at difference 
profi le. The refi ned lattice parameters at room temperature for the triclinic structure (    ,  Z  = 2) are 
 a ,  b ,  c  (Å) = 7.0931(1), 10.5950(2), 19.2056(5),  α ,  β ,  γ  (°) = 100.073(1), 93.723(2), 101.569(1).    

1P

whether observed diffraction peaks arise from a particular crystalline phase with a 
known unit cell and space group.   

 Structure Determination from Powder Data 
 Although single-crystal methods remain the method of choice for crystal structure 
determination, in the absence of a suitable single-crystal samples of a particular 
form, SDPD, using global optimization methods, can often be used (118). SDPD has 
been successfully applied to determine the crystal structures of a wide range of 
pharmaceutical polymorphs (119–121), solvates (122–124), salts (125–128), and co-
crystals (129), as well as natural products (130) and excipients (131–133). The 
increased use of SDPD has been facilitated by the wide range of software packages 
that have become available for implementing global optimization ( Table 8 ).  Table 8  
also highlights some of the sample, instrumental, data, and software requirements 
for successful SDPD. The application of global optimization to SDPD has been 
described in detail elsewhere (118), and the following section will provide a brief 
overview of this powerful technique for structure analysis. 
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    SDPD Using Global Optimization 
 To maximize the chances of successfully and accurately solving crystal structures 
from laboratory XRPD data, the following data requirements should be met: accu-
rate measurement of refl ection positions and intensities, high angular resolution 
(i.e., small FWHM) and spatial resolution (approximately 2 Å or better), good signal-
to-background ratios across the full pattern and minimal preferred orientation 
effects. These requirements are best achieved in the laboratory with the sample 
mounted in a rotating glass capillary using data collected in transmission geometry 
with monochromatic Cu K α  1  radiation. Once high-quality accurately measured 
data have been collected, the next step is to attempt to determine the unit cell 
parameters. Indexing methods generally use the fi rst 20 peak positions of the pat-
tern to determine the crystal system and unit cell dimensions of the sample. Index-
ing algorithms use various strategies to search for combinations of lattice parameters 
that give the best match to the observed peak positions. With accurately measured 
peak positions, indexing programs tend to work extremely well ( Table 8 ). However, 
if peak positions arising from the presence of impurities in an XRPD pattern are also 
used in the search, this will often reduce the chances of successful pattern indexing. 

 With the cell parameters known, the space group symmetry can be determined 
by visual comparison of observed peak positions with refl ection positions calculated 
from the unit cell parameters and systematic absences of each space group. Probabi-
listic methods for identifying the correct space group that effectively automate the 
process have also been implemented (134). A Pawley refi nement to the experimental 
pattern using the unit cell and space group can then be used to provide confi rmation 
that the correct cell and symmetry settings have been selected. 

 The next step in the structure determination process is to extract the individual 
intensities associated with each refl ection from the observed diffraction peaks. The 
Le Bail (169) and Pawley (116) methods are most widely applied to dealing with 
intensity extraction from overlapped peaks, and whichever method is used, once a 
good fi t has been obtained to the data, the extracted intensities can then be used as 
the basis for the global optimization. 

 Global optimization strategies are used to fi nd the trial crystal structure (posi-
tion, orientation, and conformation of molecular components in the unit cell) that 
gives the lowest possible  R -factor (or best fi t) between the observed intensities and 
those calculated from the trial structure, that is, locate the global minimum. Various 

 TABLE 8    A Range of Values of M n  and F n  Returned by the Indexing Program DICVOL for the 
Correct Unit Cells Obtained from the First 20 Refl ection Positions Measured from the Laboratory 
Capillary XRPD Data  

Compound M(20) F(20)

Creatine monohydrate 41.9  83.4
Diltiazem.HCl 37.6 103.1
Famotidine (form B) 32.3  88.6
Hydrochlorothiazide (form I) 87.1 160.8

The higher the value the more probable the unit cell is correct. From laboratory data, F(20) values of 30–40 and 
above often merit close inspection.
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search methods have been applied in this context with simulated annealing in 
particular being widely implemented ( Table 9 ). Global optimization approaches are 
also amenable to parallelization, and so can also take advantage of modern multi-
core processors or distributed computing grids. This can signifi cantly reduce the 
time required to solve complex structures or assess multiple models, for example, 
when dealing with potentially disordered structures. With simulated annealing, 
many runs (typically several hundred) are implemented to confi rm that the global 
minimum has been correctly identifi ed in the search. 

  In single-crystal diffraction, each atomic position is generally determined 
independently using direct methods (153). This is routinely possible, as a typical 
experiment will yield several thousand independent refl ection intensities. A typical 
powder experiment, however, provides access to only a few hundred refl ections as 
a result of refl ection overlap arising from the collapse of the three dimensions of 
reciprocal space onto a single dimension in the powder pattern. Global optimization 
approaches can effectively overcome this loss of information by using prior chemical 
knowledge, typically in the form of the atomic connectivity of the molecular frag-
ments in the structure; thereby signifi cantly reducing the number of parameters 
that need to be determined. A three-dimensional model, in the form of a z-matrix, is 
constructed for each structural fragment in which the bond lengths and angles 
defi ning the connectivity of atoms are constrained to standard values. The param-
eters that defi ne the location of atoms in the unit cell and optimized during the 
search, comprise six variables describing the position ( x ,  y ,  z ) and orientation ( θ ,  φ , 
 ψ ) of each molecular fragment in the asymmetric unit plus an additional variable 
for each fl exible torsion angle describing the molecular conformation. 

 For example, a single-crystal structure determination attempt for verapamil 
hydrochloride would need to determine 219 fractional co-ordinates to describe the 
location of all 73 atoms in the asymmetric unit. In contrast, a global optimization 
search need only determine 22 parameters (3 degrees of freedom for the position of 
the chloride ion, 6 describing the position and orientation of the verapamil cation, 
and 13 degrees of freedom describing each of the fl exible torsion angles in the mol-
ecule;  Fig. 17 ). During the global optimization search, the position, orientation, and 
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 FIGURE 17    Molecular structure of verapamil with 13 fl exible torsion angles highlighted (curved 
arrows).    
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 TABLE 9    Various Factors for the Successful Application of SDPD Using Laboratory XRPD Data 
to Polycrystalline Pharmaceuticals  

Requirements Comments

 Sample 

ca. 10 mg sample  • 
Known chemical composition• 

Know molecular connectivity, relative • 
stereochemistry, solvate, or salt

Minimal preferred orientation• Lightly grind sample or recrystallize• 
Known unit cell and space group• From powder pattern indexing• 
Accurate 3D models of the molecular • 
geometry

Generated from related structures, for • 
example, known polymorph, or from 
molecular modeling

 Instrument 

Transmission capillary geometry• Sample in rotating 0.7-mm diameter • 
borosilicate capillary

Primary monochromatic radiation• Single wavelength simplifi es data analysis• 
Position sensitive detector• Yields good counting statistics and angular • 

resolution
Sample temperature control• Cryostream devices: 80–500 K• 

 Data 

Good signal-to-noise ratio• Apply variable counting time (VCT) • 
scheme (135,136) and/or low-temperature 
data collection

Good angular resolution• ca. 0.08° 2 • θ  FWHM typical for organic 
molecular solids using instrumentation 
described above

Indexing and global optimization• Capillary XRPD data to  • ∼ 2 Å resolution 
using relatively long step times 
(5–10 seconds) to identify weak refl ections 
in low 2 θ  range

Rietveld refi nement• Capillary XRPD data to at least 1.3 Å • 
resolution using VCT

 Software 

Indexing• e.g., DICVOL (137,138), ITO (139), TREOR • 
(140,141), TOPAS (142), McMaille (143), 
and X-Cell [144]

Structure determination• e.g., DASH (145), Endeavour (146), ESPOIR • 
(147), FOX (148), PowderSolve (149), PSSP 
(150) and TOPAS (151)

Structure (Rietveld) refi nement• e.g., GSAS (152), TOPAS• 

 Abbreviations : FWHM, full-width at half-maximum; XRPD, X-ray powder diffraction.

conformation of the model are varied, and the calculated intensities from each trial 
structure compared to those extracted from the experimental XRPD pattern. As the 
search progresses, the model is varied in such a way as to try and improve the fi t. 
When the best possible match to the data is identifi ed, the global minimum has been 
found and the crystal structure solved. 
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  The structure is then fi nalized by carrying out a Rietveld refi nement in which 
the model returned from the global optimization is varied to obtain the best possible 
fi t to the experimental data while retaining good chemical sense.   

 Variable Temperature XRPD 
 Just as DSC is widely used to identify thermal transformations in organic solids, so 
XRPD can be combined with variable temperature and/or %R.H. to identify the 
conditions under which structural changes may occur. Capillary XRPD with tem-
perature control is a particularly effective technique for tracking structural transfor-
mations in polycrystalline samples. Temperatures in the range 80–500 K are accessible 
using standard cryostream systems enabling samples to be heated or cooled in situ 
to monitor structural transitions such as desolvations or solid–solid transitions. 
High-resolution capillary XRPD data can then be collected from the emergent form, 
enabling the crystal structure to be solved and refi ned using the procedures outlined 
above. Structural transformations cannot usually be monitored effectively using 
single-crystal diffraction as the structural re-arrangement associated with the transi-
tion frequently results in a polycrystalline sample. 

 The structure determination of form II cytenamide (C 16 H 13 NO;  Fig. 18 ) is an 
example of the application of variable-temperature XRPD, SDPD, and Rietveld 
refi nement to good effect in physical form discovery (154). A polycrystalline sample 
of form I cytenamide, an analogue of carbamazepine, was obtained by recrystalliza-
tion from chloroform, placed in a rotating 0.7-mm borosilicate glass capillary and 
mounted on a Bruker AXS D8 Discover TXS X-ray powder diffractometer. The sam-
ple transformed to form II on heating the sample to 498 K. The sample of form II 
cytenamide was then cooled to room temperature, where it remained stable, and 
data collected using a VCT scheme to 70° 2 θ  (12 kW; Cu K α  1 ,  λ  = 1.54056 Å; step size 
0.017° 2 θ ). The diffraction pattern indexed to a triclinic unit cell using DICVOL, and 
the structure was solved using simulated annealing in DASH with a  z -matrix con-
structed from the cytenamide form I single-crystal structure. The  Z  ′  = 4 triclinic 
structure required 28 degrees of freedom to describe the position, orientation, and 
confi rmation of four independent molecules. A rigid-body Rietveld refi nement of 
the structure obtained by simulated annealing included a total of 72 parameters (22 
profi le, 6 cell, 1 scale, 1 isotropic temperature factor, 14 preferred orientation, 4 torsion 
angles, 12 position, 12 rotation) yielded a fi nal  R  wp  = 0.041 ( Fig. 18 ). 

     Single Crystal diffraction 
 Single-crystal X-ray diffraction is the defi nitive method for crystal structure 
determination, and is responsible for over 430,000 experimental crystal structure 
determinations available as of January 2008 in the Cambridge Structural Data-
base (CSD) (155). Modern laboratory instruments are widely available, and offer 
automated collection of high-quality data to atomic resolution (<1 Å) as required 
by the direct methods approach commonly applied to structure determination of 
organic materials. Crystal structures (unit cell parameters, space group, and 
atomic co-ordinates) are of considerable value for the unambiguous identifi ca-
tion of novel crystalline forms and structural analysis of molecular packing in 
different polymorphs produced in experimental searches. 

 Although SDPD can be used for crystal structure determination in the absence 
of suitable single-crystal samples, single-crystal X-ray diffraction is the technique of 
choice for crystal structure determination. Hence, where crystals of suitable size 
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and quality are not obtained from an initial crystallization, it is always desirable to 
employ further recrystallizations in an attempt to obtain more suitable samples of 
the particular form of interest. Controlled cooling or slow evaporation of solutions 
are often useful in this context, with the best results obtained from unstirred solu-
tions aimed at reducing rates of nucleation and slowing crystal growth (e.g., slow 
evaporation or controlled cooling). Recrystallization may also, however, give rise to 
alternative polymorphs or solvates to the intended form. Seeding the solution with 
small amounts of the original sample can be an effective way to ensure the correct 
form is obtained and increase crystallite size. Other approaches that alter the nucle-
ation and growth environment in such a way as to favor improved quality single-
crystal samples include trying different solvents, solvent mixtures, and temperatures 
or other methods such as vapor diffusion (31,156), liquid–liquid diffusion (157), 
thermal gradients (158), sublimation (33,159), growth from the melt (159,160), and 
crystallization from gels (161,162). If these attempts fail, at least within the time 
scales imposed by the experiment, then SDPD can be attempted. Single-crystal sam-
ples of at least 100  µ m are usually required for modern laboratory instruments, 
although smaller crystals may be used in some cases. For small, weakly scattering 
microcrystals, high powered rotating anode laboratory sources or synchrotron 
instruments can also be used to collect data of suffi cient quality to allow structure 
determination (163). 
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 FIGURE 18    Final observed (points), calculated (line), and difference [( y  obs  –  y  calc )/ σ ( y  obs )] profi les 
for the rigid-body Rietveld refi nement of cytenamide (inset) form II (refi ned lattice parameters  a  = 
5.8100(2),  b  = 19.6315(5),  c  = 21.7087(6) Å,  α  = 85.918(2),  β  = 86.164(2),  γ  = 84.482(2),  V  = 2453.82(13) 
Å 3 , triclinic,   ,  Z  ′  = 4) using laboratory XRPD data collected at 293 K to a resolution of 1.3 Å. The 
fi nal fi t to the data is excellent yielding a fi nal  R  wp  = 0.041.    
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 A consequence of the increasing use of parallel crystallization in physical form 
discovery, either in high-throughput or semi-automated, smaller scale modes, is the 
increasing number of samples being produced that require crystal structure deter-
mination. This poses considerable challenges for traditional laboratory single-crystal 
diffraction facilities. It is perhaps a logical consequence that, where the demand for 
large numbers of novel crystal structures continues to grow, innovative approaches 
to high-throughput chemical crystallography are required (164).   

 Crystal Packing Analysis 
 With the increasing rate at which novel organic molecular crystal structures can 
be produced, crystal structure analysis has arguably become a new bottleneck in 
the study of polymorphism and multi-component crystal formation. In recent 
years a variety of techniques including Mercury (110), d-SNAP (165), XPac (166), 
and CrystalExplorer (167) have been developed to enable effi cient structural 
classifi cation of different crystalline structures and to investigate the interplay 
between molecular structure, intermolecular interactions, and crystal packing. In 
combination with developments in CSP and other computational methods for 
studying crystalline solids, these tools are providing new opportunities to explore 
the basic science underpinning polymorphism and physical form diversity in 
pharmaceutical solids.   

 Physicochemical Characterization 
 In keeping with the drive to increase the effi ciency of all stages in the discovery and 
development of new pharmaceuticals, high-throughput approaches to physico-
chemical characterization of pharmaceutical solids have also been developed in 
recent years (2). A variety of automated systems are commercially available to sup-
port thermal analysis, solubility, hygroscopicity, drug-excipient compatibility, and 
chemical stability on small amounts of material. However, as with automated crys-
tallization methods these characterization technologies require careful deployment 
and effective data management and informatics tools to ensure their productive use 
in solid form development.    

 CONCLUDING REMARKS 
 Control and prediction of the structure and properties of pharmaceutical solids 
remains a signifi cant challenge for those involved in the commercial development 
and manufacture of pharmaceuticals. Phenomena such as polymorphism and solvate 
formation continually test our understanding of the basic science underpinning 
crystallization and the organic solid state. Thus, in the absence of reliable predictive 
models, rigorous experimental investigation remains the best means to establish the 
extent of structural diversity a particular molecule can display, the crystal structure 
of each form, the conditions under which they can be produced, and their physico-
chemical properties. Parallel crystallization techniques therefore have a valuable 
role to play in these endeavors, providing a more detailed and accurate view of the 
extent of solid-state diversity in molecular solids. That said, high-throughput crys-
tallization screening does not offer a complete solution to understanding physical 
form diversity (1,80,168). Rather, automated methods offer a powerful set of tools 
that complement the arsenal of other approaches, described elsewhere in this book, 
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that can profi tably increase the coverage of experimental space included during any 
investigation.    
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 INTRODUCTION 
 A century ago, the study of crystals was only concerned with examinations of their 
external form and with the physical properties, as these varied along the different 
crystal directions. The regularity of the appearance and of the external form of natu-
rally occurring crystals led observers to believe that these materials were formed by 
the regular repetition of identical building blocks. It was deduced that when a crystal 
grows in a constant environment, the shape remains unchanged while the mass is 
built up from the continuous addition of fundamental units. Mineralogists made 
the important discovery that the faces of a crystal could be indexed to exact integers, 
and in 1784 Haüy showed that only the arrangement of identical particles in a three-
dimensional periodic array could account for the law of rational indices (1). It was 
subsequently suggested by Seeber that the elementary building blocks of crystals 
were small spheres, held together in a lattice array through the balance of attractive 
and repulsive forces (2). Different crystal structures were believed to arise from the 
various ways spheres could be packed into alternate motifs. Shrewd guesses about 
the structures of a number of crystals were made by Barlow, who argued from 
considerations of symmetry and the packing of spheres (3). 

 The modern study of the physical properties of the solid state essentially 
began in 1912 with the publication of a paper by Laue and coworkers on the dif-
fraction of Röntgen rays (now known as x-rays) (4). In the fi rst part of the paper, 
Laue developed an elementary theory for the diffraction of x-rays by a periodic 
array of atoms, whereas in the second part Friedrich and Knipping reported the fi rst 
experimental observations of X-ray diffraction by crystals. This work demonstrated 
simultaneously that x-rays must possess a wave character (because they could be 
diffracted), and that solids were composed of a regular network of atoms. These 
experimental proofs are considered to mark the beginning of the fi eld of solid state 
physics. W.L. Bragg reported the fi rst determinations of crystal structures in 1913, 
deducing the structures of KCl, NaCl, KBr, and KI (5).   

 LATTICE THEORY OF CRYSTAL STRUCTURE 
 An ideal crystal is constructed by the infi nite regular repetition in space of identical 
structural units. In the simplest crystals formed by monatomic elements, the basic 
structural unit consists of a single atom. For the organic molecules of pharmaceutical 
interest, the structural unit will contain one or more molecules. One may describe 
the structure of all crystals in terms of a single periodic lattice, which represents 
the translational repetition of the fundamental structural unit. For elemental or 
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ionic crystal structures, each point in the lattice may be a single atom. For organic 
molecules, a group of atoms is often attached to a lattice point, or situated in an 
elementary parallelepiped. 

 A  lattice  is defi ned as a regular periodic arrangement of points in space, and is 
by defi nition a purely mathematical abstraction. The nomenclature is in allusion to 
the fact that a three-dimensional grid of lines can be used to connect the lattice 
points. It is important to note that the points in a lattice may be connected in various 
ways to form an infi nite number of different lattice structures. The crystal structure 
is formed only when a fundamental unit is attached identically to each lattice point, 
and extended along each crystal axis through translational repetition. 

 The points on a lattice are defi ned by three fundamental translation vectors,  a , 
 b , and  c , such that the atomic arrangement looks the same in every respect when 
viewed from any point  r  as it does when viewed at point  r ′  : 

      1 2 3= + + +n n n′r r a b c   (1)  

 where  n  1 ,  n  2 , and  n  3  are arbitrary integers. The lattice and translation vectors are said 
to be  primitive  if any two points from which an identical atomic arrangement is 
obtained through the satisfaction of equation (1) with a suitable choice of the  n  1 ,  n  2 , 
and  n  3  integers. It is common practice to defi ne the primitive translation vectors to 
defi ne the axes of the crystal, although other non-primitive crystal axes can be used 
for the sake of convenience. A lattice translation operation is defi ned as the displace-
ment within a lattice, with the vector describing the operation being given by: 

      1 2 3 =  +  + T a b cn n n   (2)   

 The Unit Cell 
 The crystal axes,  a ,  b , and  c , form three adjacent edges of a parallelepiped. The small-
est parallelepiped built upon the three unit translations is known as the  unit cell . 
Although the unit cell is an imaginary construct, it has an actual shape and defi nite 
volume. The entire crystal structure is generated through the periodic repetition, by 
the three unit translations, of matter contained within the volume of the unit cell. A 
unit cell does not necessarily have a defi nite absolute origin or position, but does 
have the defi nite orientation and shape defi ned by the translation vectors. A cell 
will fi ll all space under the action of suitable crystal translation operations, and 
will occupy the minimum volume permissible. By elementary vector analysis, the 
volume of a unit cell is defi ned by the magnitude of the cell axes: 

      Vc  =| × · |a b c   (3)  

 The unit cell is defi ned by the lengths of the lengths ( a ,  b , and  c ) of the crystal axes, 
and by the angles ( α ,  β , and  γ ) between these. The convention is that  α  defi nes the 
angle between the  b  and  c  axes,  β  defi nes the angle between the  a  and  c  axes, and  γ  
defi nes the angle between the  a  and  b  axes. There are seven fundamental types of 
primitive unit cell, whose characteristics are provided in  Table 1 . These same unit 
cell characteristics defi ne the seven  crystal classes . As stated earlier, each unit cell 
will occupy one lattice point in the structure.    

 Unit Cell Symmetry Operations 
 Crystal lattices can be carried into themselves not only by the lattice translation 
defi ned in equation (2), but also by the performance of various point symmetry 
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operations. A  symmetry operation  is defi ned as an operation that moves the system 
into a new confi guration that is equivalent to and indistinguishable from the original 
one. A  symmetry element  is a point, line, or plane with respect to which a symmetry 
operation is performed. There are a total of fi ve symmetry operations of import to 
the solid state. 

 The simplest operation is the  identity , which leaves the system unchanged, 
and hence, in an orientation identical with that of the original. Although the perfor-
mance of the identity operation does not yield any translation, it is a mathematical 
requirement of the theory of groups necessary to handle the ensemble of symmetry 
operations. Its presence also serves to distinguish between identical and equivalent 
orientations. 

 The second symmetry operation is that of  refl ection  through a plane, and is 
denoted by the symbol “ σ .” Using Cartesian coordinates, the effect of refl ection is to 
change the sign of the coordinates perpendicular to the plane, while leaving 
unchanged the coordinates parallel to the plane. The third symmetry operation is 
that of  inversion  through a point, and is denoted by the symbol “i.” In Cartesian 
coordinates, the effect of inversion is to change the sign of all three coordinates that 
defi ne a lattice point in space. 

 The fourth type of symmetry operation is the  proper rotation , which represents 
the simple rotation about an axis that passes through a lattice point. Only rotations 
by angles of 2 π  (360°), 2 π /2 (180°), 2 π /3 (120°), 2 π /4 (90°), and 2 π /6 (60°) radians 
are permissible. These operations are referred to as one-fold (symbol C 1 ), two-fold 
(symbol C 2 ), three-fold (symbol C 3 ), four-fold (symbol C 4 ), and six-fold (symbol C 6 ) 
proper rotation axes. Rotations by other angles will not bring a three-dimensional 
lattice system into an equivalent confi guration, and are therefore not permissible 
symmetry operations in the solid state. 

 The fi nal type of symmetry operation is the  improper rotation , which represents 
the combination of a proper rotation axis followed by the performance of a refl ection 
operation. Once again, only improper rotations by angles of 2 π  (360°), 2 π /2 (180°), 
2 π /3 (120°), 2 π /4 (90°), and 2 π /6 (60°) radians are permissible, and are denoted as 
one-fold (symbol S 1 ), two-fold (symbol S 2 ), three-fold (symbol S 3 ), four-fold (symbol 
S 4 ), and six-fold (symbol S 6 ) proper rotation axes.   

 The 14 Bravais Lattices 
 Bravais (6) proved that if the contents of a unit cell have symmetry, the number of 
distinct types of space lattices becomes 14. These are the only lattices that can fi ll 

 TABLE 1    The Seven Crystal Classes, Defi ned From the Fundamental Unit Cells  

System Relationship between cell edges Relationship between cell angles

Cubic  a  =  b  =  c  α  =  β  =  γ  = 90°
Tetragonal  a  =  b   ≠   c  α  =  β  =  γ  = 90°
Orthorhombic  a   ≠   b   ≠   c  α  =  β  =  γ  = 90°
Monoclinic  a   ≠   b   ≠   c  α  =  γ  = 90°  β   ≠  90°
Triclinic  a   ≠   b   ≠   c  α   ≠   β   ≠   γ   ≠  90°
Hexagonal  a  =  b   ≠   c  α  =  β  = 90°  γ  = 120°
Trigonal  a  =  b  =  c  α  =  β  = 90°  γ   ≠  90°
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all space, and are commonly termed the 14 Bravais lattices. Because there are seven 
crystal systems, it might be thought that by combining the seven crystal systems 
with the idea of a primitive lattice a total of seven distinct Bravais lattices would be 
obtained. However, it turns out that the trigonal and hexagonal lattices so con-
structed are equivalent, and therefore only six lattices can be formed in this way. 
These lattices, which are given the label P, defi ne the primitive unit cells (or P-cells) 
in each case. 

 The other eight Bravais lattices are derived by taking each of the six P-lattices 
and considering what happens when other lattice points are added through the use 
of certain centering conditions. This operation yields eight centered lattices, seven 
of which are given a name (body-centered, all-face-centered, one-face-centered) and 
a new symbol (I, F, and A, B, or C). The last new lattice is a specially centered hexago-
nal lattice that can be regarded after appropriate redefi nition of axes of reference as 
a primitive rhombohedral lattice. 

 One crystal system can have all four space lattices (P, I, F, and C), whereas 
some crystal systems can have only the P-lattice. For each crystal system, the I-, F-, 
or C-lattices have unit cells that contain more then one lattice point, because we 
have added lattice points in various centered positions. Cells with more than one 
lattice point are sometimes known as multiple-primitive unit cells. The same axes 
refer to all the space lattices in a given crystal system, so all of these conventional, 
centered unit cells will display exactly the same rotational symmetry as does the 
corresponding P-cell in a given crystal system. 

 The assignation of axes of reference in relation to the rotational symmetry of 
the crystal systems defi nes six lattices which, by defi nition, are primitive or P-lattices. 
To determine if new lattices can be formed from these P-lattices, one must deter-
mine if more points can be added so that the lattice condition is still maintained, 
and whether this addition of points alters the crystal system. For example, if one 
starts with a simple cubic primitive lattice and adds other lattice points in such 
a way that a lattice still exists, it must happen that the resulting new lattice still 
possesses cubic symmetry. Because the lattice condition must be maintained when 
new points are added, the points must be added to highly symmetric positions of 
the P-lattice. These types of positions are (a) a single point at the body center of each 
unit cell, (b) a point at the center of each independent face of the unit cell, (c) a point 
at the center of one face of the unit cell, and (d) the special centering positions in the 
trigonal system that give a rhombohedral lattice. 

 In the triclinic system, there are no restrictions on the magnitudes of the 
lengths of the unit cell axes or on their inter-axial angles. One can therefore always 
take a triclinic lattice and center it, to produce a new lattice that will be compatible 
with the conditions of the triclinic crystal system. However, there is nothing new 
about this lattice, because a smaller primitive cell can be determined with the same 
complete arbitrariness of the cell edges and angles. Thus, for the triclinic crystal 
system there can be only one Bravais lattice: the primitive or P-lattice. 

 For the monoclinic system, a new lattice can be obtained by centering a mono-
clinic P-cell along the face defi ned by the plane formed by the intersection of the 
 a  and  b  crystal axes. This is because it is not possible to maintain the fundamental 
monoclinic conditions and yet describe this lattice as a P-lattice. There are therefore 
two unique monoclinic Bravais lattices. 

 The primitive orthorhombic lattice can be thought of as arising from a primitive 
monoclinic lattice with the added restriction that the third angle is also 90°. In that 
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case, all the unit cell translation vectors are 90° to one another but have different 
lengths. In the orthorhombic system, one may construct a C-centered cell, which 
can also be described as an A- or B-lattice by an interchange of the orthogonal axes. 
In addition, there can also be an all-face-centered F-lattice structure and a body-
centered I-lattice. Thus, for the orthorhombic crystal system, there are four unique 
Bravais lattices, P, I, F, and C. 

 In the tetragonal system, centering any of the P-cell faces results only in a 
lattice equivalent to the P-lattice itself. It happens that the only new lattice that can 
be generated in the tetragonal system in the one formed through body-centering of 
the P-cell. The surroundings of every point in this cell are still identical, with each 
point having eight nearest neighbors at the same distance and in the same directions, 
which preserves the four-fold symmetry. It is concluded, therefore, that for the 
tetragonal crystal system there are only two distinct Bravais lattices. 

 Placing a lattice point at the body-center position of a cubic P-cell yields a new 
lattice. Each point is surrounded by eight other nearest-neighbor points, all in the 
same relative positions regardless of the observation point. The I-cell type remains 
cubic because the four three-fold axes are preserved. This structure is frequently 
denoted as the body-centered-cubic cell. One may also add points at the face centers 
of the primitive cubic unit cell to obtain another new lattice. Twelve nearest-neighbor 
points surround every lattice point in the F-cell, still preserving the four three-fold 
axes. This F-lattice is often denoted as being the face-centered-cubic cell. It is clear 
that the cubic crystal system cannot have a single face-centered lattice, because 
centering only one face would destroy the four three-fold axes of symmetry. Thus, 
one concludes that there are three cubic Bravais lattices. 

 The hexagonal and trigonal systems yield special complications owing to the 
relationship between crystal axes and angles. One fi nds that face-centering or body-
centering the primitive lattice types with simultaneous preservation of the three- or 
six-fold axes is not possible. It shall suffi ce to say that only the two Bravais lattices 
of  Figure 1  are possible, and readers seeking additional information on this question 
are referred to the literature (7).    

 The 230 Space Groups 
 The structure of a given crystal might be assigned to one of the seven crystal systems, 
or to one of the 14 Bravais lattices. In those classifi cation schemes, one can state with 
certainty the crystal system as well as the type of lattice. On a deeper level, one 
could deduce the molecular point group of the molecules in the unit cell, which 
would then pinpoint to which of the 32 point groups the crystal belongs. This latter 
classifi cation would yield both the crystal system as well as the relationships 
between the tensors that describe the macroscopic behavior and the properties of 
the crystal. 

 In a further development of detail, one can take into account how the atoms 
of the solid are distributed spatially. The issue of symmetry in context with a fi xed 
point in the crystal, and the symmetry of Bravais lattices has been addressed, but in 
order to describe the entire crystal the effects of two new types of symmetry opera-
tion must be included. A  space group  determined in this way describes the spatial 
symmetry of the crystal. By defi nition, a crystallographic space group is the set of 
geometrical symmetry operations that take a three-dimensional periodic crystal 
into itself. The set of operations that make up the space group must form a group in 
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the mathematical sense, and must include the primitive lattice translations as well 
as other symmetry operations. 

 Bravais also showed that when the full range of lattice symmetry operations 
are taken into account, there are a maximum of 230 distinct varieties of crystal 
symmetry. The ensemble of these 230 confi gurations are the space groups, and the 
structure of any given crystal must be described by one of these. A detailed 

Cubic-P Cubic-I Cubic-F

Orthorhombic-F

Orthorhombic-C

Trigonal-RMonoclinic-BMonoclinic-P

Hexagonal-P
Triclinic-P

Orthorhombic-IOrthorhombic-P

Tetragonal-P Tetragonal-I

 FIGURE 1    The 14 Bravais lattices.    



Structural Aspects of Polymorphism 191

description of all 230 space groups is beyond the scope of this discussion, but such 
treatments are available (7). 

 The set of symmetry operations is ordinarily divided into two main classes. 
The product of the symmetry operations with the identity of the translation group 
(zero translation) yields the category termed essential space group operations. The 
other products of the symmetry operations with primitive lattice translations are 
termed non-essential space group operations. Operations obtained by the product 
of the identity of the symmetry operations with the primitive lattice translations are 
simply the translation symmetry operations. 

 Space group symmetry operations may involve a translation, which is smaller 
than a primitive lattice translation and which is coupled with a rotation or refl ection 
operation. These symmetry operations are known as glide or screw operations. This 
leads to an important classifi cation of space groups as being either symmorphic or 
nonsymmorphic. A symmorphic space group is one that is entirely specifi ed by 
symmetry operations acting at a common point, and that do not involve one of the 
glide or screw translations. The symmorphic space groups are obtained by com-
bining the 32 point groups with the 14 Bravais lattices. This generates the ensemble 
of symmorphic space groups, which account for 73 space groups out of the total 
of 230. 

 When it is necessary to specify a space group by at least one operation involv-
ing a glide or screw translation, the space group is said to be nonsymmorphic. The 
 screw operation  is a symmetry operation derived from the coupling of a proper 
rotation with a non-primitive translation parallel to the axis of rotation, which is 
called the screw axis. The combination of a refl ection operation plus a translation 
operation yields a  glide plane . Three types of glide plane are known in crystals, and 
these are termed the axial glide, the diagonal glide, and the diamond glide. In all of 
these glides, one refl ects across a plane and translates by some distance that is a 
fraction of the unit cell. In the  axial glide , the magnitude of the translation vector is 
one half of a unit-cell translation parallel to the refl ection plane. One refers to the 
axial glide as an  a -,  b -, or  c -glide according to the axis along which the translation is 
carried out. The refl ection that accompanies this translation can be across any of the 
planes defi ned by the intersection of two of the translation axes. The  diagonal glide  
involves translations along two or three directions, which are usually ( a  +  b )/2, 
( b  +  c )/2, or ( c  +  a )/2. In the case of tetragonal and cubic crystal systems the diago-
nal can also include a translation of ( a  +  b  +  c )/2. The  diamond glide  operation 
consists of a translation having a magnitude of ( a   ±   b )/4 or ( b   ±   c )/4 or ( a   ±   c )/4 and 
( a   ±   b   ±   c )/4 in tetragonal and cubic crystals. 

 The nonsymmorphic space groups are specifi ed by at least one operation that 
involves a non-primitive translation. Taking such operations into account, it is 
found that there are a total of 157 nonsymmorphic space groups. These, taken 
together with the 73 symmorphic space groups, produce the entire 230 space groups 
originally derived by Bravais. 

 The best description of the properties of individual space groups uses the 
ensemble of symmetry operations, which give rise to the fundamental structure. 
One must explain the coordinates of the general equivalent positions, and the posi-
tions and occurrence of all the symmetry elements (both essential and non-essential) 
with respect to any particular choice of origin. The procedure is to consider the 
point group of any space group, and to ascertain the number of essential symmetry 
operations. This will automatically yield the number of general equivalent positions 
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in the primitive unit cell. Crystallographers use matrix operator methods to deter-
mine the coordinates of the entire general equivalent positions, and the presence 
and positions of all symmetry elements.    

 CRYSTAL STRUCTURES DERIVED FROM THE CLOSE PACKING 
OF SPHERES 
 The fi rst crystal structures to be solved were those of inorganic compounds, for 
which great help was found through considerations of how one could pack spheres 
into structures that minimized the magnitude of interstitial space (8). In this 
approach, the crystal is built up from spherical structural units that make contact 
with one another. Alternatively, one could consider the points of a lattice network 
to be infl ated into spheres. As a result, all individual symmetry is removed from 
the individual particles, and the symmetry of the lattice structure follows from the 
fashion in which the spheres are arranged. 

 The model of sphere packing requires no defi nition as to the nature of the 
bonding holding the spheres together, and in fact, requires that no directionality be 
exhibited in the bonding. This model does not work well when applied to structures 
built up of covalently bonded organic molecules, but does work reasonably well for 
the crystals formed by ionic or metallic solids.  

 Spheres of Equivalent Size 
 If spheres of equal size are packed together in a plane, they will arrange themselves 
in one of the patterns shown in  Figure 2 . The sphere centers will lie at the corners of 
equilateral triangles, and each sphere will be in contact with six others. The three-
dimensional structure of closely packed spheres of equal sizes will consist of such. 
The conditions that must be satisfi ed are that the space occupied per sphere is a 
minimum, and that the spheres all have the same environment. The relative orienta-
tion of the spheres is disregarded if it is assumed that they possess full spherical 
symmetry, and that there is no way of determining their orientations.  

 There are two ways to arrange equivalent spheres in a regular array that 
minimizes the interstitial volume. If the positions of the atoms in a layer are labeled 
as A, then an exactly similar layer can be superimposed on the fi rst so that the 
centers of the atoms in the upper layer are vertically placed above the positions B. 
When the third layer is placed above the second layer, the centers of the atoms may 
lie above either the C or the A positions. In the latter, case one obtains the layer 
sequence of ABABAB, etc., which is the simplest form and is denoted as hexagonal 
close packing. In the former case, the sequence of layers is ABCABC, etc., and 
is denoted as cubic close packing. The terms hexagonal and cubic refer to the 
symmetry of the resulting aggregate. 

 The highest axial symmetry of hexagonal close packing consists of six-fold 
axes perpendicular to the layers. In cubic close packing, there are three-fold axes of 
symmetry in four directions, inclined to one another as are the body-diagonals of 
a cube. This structure requires that the close-packed layers of the planes are per-
pendicular to any body-diagonal of the cube. The unit cell of cubic close packing is 
a group of atoms situated at the corners and mid-points of the faces of a cube, 
which leads to the alternative name of face-centered cubic for a cubic close-packed 
structure. 
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 In both of these close-packed arrangements each atom has 12 equidistant 
nearest neighbors, six in its own plane and three in each adjacent layer. The next 
nearest neighbors are, however, differently arranged in the two cases. It is apparent 
that any sequence of close-packed layers must lead to a close-packed structure, for 
any atom will always have 12 equidistant nearest neighbors. Any other sequences 
of layers, however, differ from the sequences ABABAB … and ABCABC … in that 
the environment of all the atoms is not the same. Although the arrangement of the 
nearest neighbors is identical, the arrangement of the next nearest neighbors the 
atoms fall into is two or more sets. For example, in the sequence ABACABAC … 
(“double” hexagonal close packing) there are two types of non-equivalent spheres. 

 There are numerous examples of cubic and hexagonal close packing. Metallic 
solids are known to exhibit both cubic and hexagonal structures, whereas the 
inert gases are found to form solids characterized by cubic packing. The structures 
of many simple diatomic molecules can also be described in terms of cubic close 
packing. 

 It is evident that even the simplest model for the packing of spheres of equiv-
alent size permits the possibility of polymorphism. Most of the metals of the 

(A) (B)

(C)

 FIGURE 2    Close-packing arrangements of spheres of equal sizes. Shown are ( A ) cubic close 
packing, ( B ) hexagonal close packing, and ( C ) body-centered cubic packing.    
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lanthanide series exist in the hexagonal close-packed structure at room temperature, 
but transform into the body-centered cubic form at temperatures exceeding 800°C (9). 
For the most part, these transitions appear to be enantiotropic in nature.   

 Spheres of Differing Sizes 
 As soon as spheres of different sizes (i.e., different species) are considered, the 
number of possibilities for packing arrangements increases signifi cantly. Such situa-
tions arise most often for ionic solids, formed by the interactions of positively 
charged (cations) and negatively charged (anions) spheres. 

 For this approach, monatomic ions may be considered as incompressible 
spheres that are only slightly polarized by the ions of opposite charge around 
them. The two conditions for an arrangement of ions in space to have minimum 
potential energy are that (a) the larger ions (usually the anions) around a smaller ion 
of opposite sign must all be in contact, and (b) the coordination number of an ion 
must be as large as possible (subject to the fi rst condition being observed). Thus, 
coordination numbers of 5, 7, 9, 10, and 11 are excluded by geometry if the ionic 
arrangement is to form a regular spatial pattern. In addition, the coordination 
number of 12 is excluded by the requirement that positive and negative charges 
balance one another. 

 For instance, in the well-known sodium chloride structure (body-centered 
cubic packing), only six chloride ions can be accommodated around a sodium ion 
so that they all “touch” the cation, even though the available space would accom-
modate more sodium ions. But because electrical neutrality must be achieved, and 
as the system is stable only when the cation touches all the anions surrounding it, 
the coordination in sodium chloride must be six. Thus, any single sodium ion has 
six octahedrally arranged chlorides as its nearest neighbors, whereas each chloride 
ion similarly has a corresponding arrangement of sodium ions around it. 

 For a compound having a 1:1 stoichiometry of cations and anions, the number 
of anions surrounding a cation in a given structure will depend on the ratio of the 
cationic ( r  c ) and anionic ( r  a ) radii. For instance, the smallest radius ratio ( r  c / r  a ) that 
permits four anions to surround a single cation in the same plane is 0.414. This 
value therefore represents the smallest radius ratio for which six-coordination of 
the cation is possible. In addition to the four anions within the plane, one anion can 
be accommodated above and one below the cation. For lower values of  r  c / r  a , six-
coordination of the cation is not possible because the anions touch one another 
but not the cation. The limiting values of radius ratios for various coordination 
numbers are given in  Table 2 .  

 The situation becomes complicated for stoichiometries other than 1:1. In 
crystals of an AB 2  compound, the coordination number of A is twice that of B and 
the structure is determined by the coordination number of the smaller ion. The 
radius ratio rule is clear-cut only with simple ions, and polymorphism is much 
more prevalent when complex ions are involved. For example, the commonly 
employed pigment titanium dioxide is known to exist in two polymorphs, anatase 
and rutile, whose structures are each built up from different arrangements of octa-
hedral coordination. As shown in  Figure 3 , the coordination polyhedron of rutile is 
essentially ideal, whereas for anatase there are very distorted octahedra of oxygen 
atoms about each titanium ion. Although rutile is ordinarily assumed to be the most 
stable form owing to its common occurrence, anatase is actually more stable by 
approximately 8–12 kJ/mol (10).     
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 STRUCTURAL THEORY OF POLYMORPHISM 
 The problem with thermodynamics is that the rate of formation of individual poly-
morphic modifi cations is not determined solely on the basis of energetics through 
a reduction in their free energy. Entering into the picture are other structural fac-
tors that play a part and that, under given circumstances, may even prove to be 
quite decisive. One often encounters apparent kinetic obstacles to thermodynamic 
predictions, which lead to the observation of metastable states. This situation has 
been pointed out in the fi rst two chapters of this book, and indicates the need for 

 TABLE 2    Limiting Radius Ratios, Cation Coordination Numbers, and Ionic 
Arrangements in Ionic Solids  

Radius ratio ( r  c  / r  a ) Cation coordination number Arrangement

1  →  0.73 8 At cube corners
0.73  →  0.41 6 Octahedral
0.41  →  0.22 4 Tetrahedral

 For anisodesmic crystals 
0.73  →  0.41 4 Square
0.22  →  0.16 3 Triangular
0.16 2 Linear

(A) (B)

 FIGURE 3    Solid-state structure adopted by titanium dioxide in the ( A ) rutile and ( B ) anatase 
structures. The titanium atoms are indicated by the cross-hatched circles, and the oxygen atoms 
are indicated by the open circles.    
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supplementing the thermodynamic approach by structural considerations based 
on atomic and molecular theory. 

 The classifi cation of polymorphic substances into monotropic and enantio-
tropic classes from the standpoint of observed phenomena is not appropriate as 
a basis for the lattice theory of polymorphism. In the lattice theory, one begins 
with a consideration as to whether the lattices of the polymorphic forms are 
related in structure or not. Only in the case of lattices that are structurally related 
will it be possible for mutual transformation to take place at a transition point fi xed 
by the temperature and pressure of the system. If the lattices differ in such a way 
that atoms or molecules must be completely regrouped during the transforma-
tion (changing their state of bonding), no point of contact for mutual reversible 
transformation will exist. 

 Generally speaking, the concepts of monotropy and enantiotropy in phase 
theory appear to coincide with the structural concepts of unrelated and related 
lattices. Nevertheless, one must avoid equating the two, for it is certainly possible 
that one of two related lattices of the same substance be less stable than is the other 
under all conditions of temperature and pressure. This would indicate the existence 
of monotropy in spite of the existence of related lattices. This situation becomes 
especially important for polymorphic organic compounds, which form molecular 
lattices.  

 Polymorphism Among Structurally Unrelated Lattices 
 The most striking differences in properties are exhibited by those polymorphic 
modifi cations for which the lattices have a completely different arrangement. 
Frequently, a complete change in the arrangement of the lattice particles is also 
accompanied by a change in the state of bonding. For example, completely different 
chemical bonding exists for the diamond/graphite or white/red phosphorus poly-
morphic pairs. The difference in energy between polymorphs may be quite consider-
able (as with the modifi cations of phosphorus or arsenic), but also can be surprising 
small (as with diamond and graphite). In almost all instances, polymorphic changes 
that require the breaking of primary bonds and the re-joining of atoms into a different 
arrangement necessitate the existence of monotropy. 

 The modifi cations of various non-metals usually differ drastically in their 
structure and bonding. Systems are known where one or more non-metallic modifi -
cations form molecular lattices in which a defi nite small number of elementary 
atoms are closely united to form a structural grouping, while other semi-metallic 
modifi cations exist that do not exhibit such a grouping in the lattice. A classic example 
of this type of behavior is provided by white phosphorus (with a P 4  structural 
grouping), and black phosphorus (which exhibits a layered structure (11). 

 Even where there is not such a marked difference in the kind of bonding, 
pronounced differences in the structural arrangement are able to stipulate very 
different physical and chemical properties. This type of behavior is typifi ed by 
elemental sulfur. The “plastic” modifi cation consists of long disordered chains of 
sulfur atoms, whereas the two crystalline modifi cations contain the structural group 
S 8  as molecule in the lattice (12). 

 An explanation for the existence of the very different kinds of lattices that 
are observed for the various non-metals demands a profound knowledge of the 
possible ways in which the valence electrons of these elements can be arranged. 
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This information is only available from the performance of suitable molecular orbital 
calculations, which yield detailed information about the distribution of electron 
density in the components of a unit cell. For instance, only such computational 
methods can provide the basis as to why phosphorus forms P 4  molecules in the 
vapor phase, and why these same molecular species are again encountered in the 
lattice of white phosphorus.   

 Polymorphism in Structurally Related Lattices 
 Any structural theory of polymorphism as applied to lattice structures must deal 
with three issues. One is fi rst required to establish the structural relationships 
between the different lattice types on the basis of the lattice theory. Next, one must 
explain why a particular substance is able to arrange its structural units in two 
closely related lattices. The last issue deals with the manner and conditions under 
which a rearrangement of the units from one lattice type to another may occur. 

 The structural relations existing between the 230 space groups have been dealt 
with adequately, and a very detailed summary of these relationships is available (7). 
Hückel has provided an exhaustive summary of the structural causes of polymor-
phism among related crystal lattice types, and has provided the entire range of 
mechanisms whereby a polymorphic transition may take place (13). 

 Three-dimensional lattices of the same symmetry class characterize the two 
polymorphic forms, but the unit cells exist with different coordination numbers 
and different coordination polyhedra. The classic example of this type of behavior 
is given by cesium chloride, which undergoes a reversible transformation from 
a cubic body-centered lattice to a cubic face-centered lattice at 445°C (14). On 
the body-centered modifi cation, two simple primitive cubic lattices (one of Cs 
cations and one of Cl anions) are placed inside one another so that the corners 
of one kind of cube are situated at the centers of cubes of the other kind. The face-
centered modifi cation is built up from face-centered ionic lattices situated inside 
one another. 

 The two polymorphs are characterized by three-dimensional lattices with the 
same coordination scheme, but with different arrangements of the more remote 
lattice points. The structures are related to one another in a manner that fi nds 
expression in twin-formation at the plane of twinning. Examples of this category 
are the two polymorphs of zinc sulfi de, zinc blende, and wurtzite (15). At ambient 
temperatures, zinc blende is the stable modifi cation, but changes enantiotropically 
into wurtzite at 1024°C. For both forms, the zinc occupies a site of tetrahedral 
symmetry. In zinc blende, all the tetrahedra are situated inversely with respect to 
each other, so that all the Zn and S atoms respectively are structurally equivalent. 
In wurtzite, three tetrahedra are situated inversely with respect to each other and 
the fourth as a mirror image. The one structure follows from the other by rotating 
alternate layers formed by buckled six-membered rings through 180°. 

 The lattices of the two polymorphs are related by symmetry changes in the 
lattice, associated with changes of symmetry of the lattice particles through rotation. 
One example of this type of behavior is given by sodium nitrate, which at 250–275°C 
transforms from the trigonal modifi cation into a regular modifi cation (16). This 
phase change takes place as a result on the onset of rotation of the nitrate ions 
about the trigonal axis. A considerable elongation of the lattice in the direction of 
the trigonal  c -axis takes place at the same time, leaving essentially unchanged the 
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magnitudes of the two basal axes. This dilatational change forces the trigonal lattice 
to transform into a lattice of hexagonal symmetry. 

 Different polymorphs may exist under certain conditions as a result of varying 
coordination schemes that become possible when the radius ratio for the particles 
lies close to one of the limits shown in  Table 2 . Examples of this behavior are 
the calcite and aragonite modifi cations of calcium carbonate (17). In the rhombohe-
dral structure of calcite, each calcium ion has the six oxygen atoms of two carbon-
ate ions as neighbors, whereas in aragonite, the nine oxygen atoms of three 
carbonates are nearest neighbors. It happens that the radius ratio for the calcium ion 
in the two forms is close to 0.73, which places it at the cusp, which separates eight-
coordination from six-coordination. The thermal expansion of the lattice that 
accompanies heating a sample of calcite is suffi cient to cause the phase transformation 
to aragonite. 

 Polymorphs may arise from the displacement of atomic layers or groups of 
layers in layer lattices. Examples from this class are the red tetragonal and yellow 
rhombic modifi cations of mercuric iodide, which are enantiotropically transform-
able at 127°C (18). The red phase consists of a layered lattice, in which the mercury 
ions possess the unusual coordination number of four and a pseudo-tetrahedral 
confi guration. This coordination number arises as a result of the very tight binding 
of the stable modifi cation, and the close packing of alternate layers of mercury and 
iodine atoms. In the high-temperature yellow form, the mercury atoms assume a 
coordination number of six in a pseudo-octahedral structure. The transformation 
arises from a shift in the relationship between the alternate layers of mercury and 
iodine atoms, originating from both a lattice expansion and a lateral shift. The 
transition is enantiotropic in nature because the phase change only requires that 
each mercury atom shift from the center of a pseudo-tetrahedron to the center of a 
structurally related pseudo-octahedron. 

 In other systems, new polymorphs may originate in the migration of atoms 
within a lattice in which the lattice particles have a relatively high mobility due to 
the fact that the lattice can be regarded as one with unoccupied positions. This can 
also take the form of a change from a rigid lattice to one with mobile lattice particles. 
For instance, in the  α  and  γ  forms of aluminum oxide, the substance is able to crys-
tallize in an open lattice with unoccupied positions ( γ -alumina) (19) or in a compact 
lattice ( α -alumina) (20). In the most stable  α -form, the oxygen atoms in the lattice 
form a hexagonal close packing, the gaps of which are fi lled by a regular arrange-
ment of aluminum atoms. The structure of the  γ -phase is much more open, being a 
spinel lattice in which one-third of the spaces available for the metal atoms are 
unoccupied. The arrangement of the oxygen atoms in the  γ -form approximates that 
of cubic close packing, possessing both octahedral and tetrahedral sites for the 
aluminum atoms. 

 Finally, new polymorphic structures can arise from different ways of assem-
bling closely related coordination polyhedra. Three possibilities are known, which 
lead to polymorphism of this type, which are most commonly found in oxidic lattices. 
First, the coordination polyhedron of one lattice particle is the same, whereas that 
of the other is only slightly changed (e.g., silicon dioxide). Second, the coordination 
polyhedron of one lattice particle is the same, and that of the other is considerably 
changed (e.g., titanium dioxide). Finally, the coordination polyhedra are both 
deformed to varying degrees, with the basic lattice type being the same but the type 
of distortion different (e.g., zirconium dioxide).    
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 POLYMORPHISM IN MOLECULAR CRYSTALS 
 The survey given above does not represent a complete exposition of the structural 
aspects of polymorphic substances, but the examples chosen from the range of inor-
ganic structural possibilities do serve to provide an insight into the underlying 
causes of polymorphism. The systems become more complex when one considers 
the structural causes of polymorphism in crystals formed by the hydrogen-bonded 
molecules that are of pharmaceutical interest, where it becomes essential to develop 
the structural considerations by a closer examination of the states of bonding of the 
atoms in the different structures. 

 When considering the structures of organic molecules, one fi nds that different 
polymorphic crystal forms can be formed along two distinguishable routes. Should 
the molecule be constrained to exist as a rigid grouping of atoms that lacks confor-
mational lability, these may be packed in different motifs to occupy the points of 
different lattice types. Because this variety of polymorphism is attributable to pack-
ing phenomena, it is usually termed packing polymorphism. On the other hand, 
if the molecule in question is not rigidly constructed and can exist in distinct confor-
mational states, then it may transpire that each of these conformationally distinct 
modifi cations may pack into its own characteristic structure. This latter behavior 
has been termed conformational polymorphism (21,22).  

 Polymorphism Resulting from the Packing 
of Conformationally Similar Molecules 
 General principles of packing polymorphism will be illustrated through a discussion 
of representative examples where polymorphs have originated through the assembly 
of different modes of conformationally equivalent molecules. One theme that will 
be encountered throughout this section is that differing packing modes are read-
ily available to compounds for which hydrogen bonding is important, and for 
which there exist multiple possibilities to achieve the necessary intramolecular and 
intermolecular interactions.  

 Resorcinol 
 During the early development of single-crystal X-ray crystallography for the deter-
mination of the structures of organic molecules, Robertson reported the structure of 
the stable  α -polymorph of resorcinol (1,3-dihydroxybenzene) (23): 

  

HO

OH

  

 This crystal form was characterized by the orthorhombic space group of P na 2 1 , and 
unit cell lengths of  a  = 10.53 Å,  b  = 9.53 Å, and  c  = 5.66 Å. It was subsequently learned 
that the  α -form underwent a phase transformation into a denser crystalline modifi -
cation (the  β -form) when heated at about 74°C (24), and that although this form also 
crystallized in the orthorhombic P na 2 1  space group, the unit cell dimensions of the 
 β -form were quite different ( a  = 7.91 Å,  b  = 12.57 Å, and  c  = 5.50 Å). 
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 The crystal structures of the  α - and  β -forms (viewed down the  c -axis, or (001) 
crystal plane) are illustrated in  Figure 4 , where it may be noted that each form is 
characterized by a different motif of hydrogen bonding. In particular, the  α -form is 
characterized by a relatively open architecture that is maintained by a spiraling array 
of hydrogen bonding that ascends through the various planes of the crystal. In the 
view illustrated (defi ned by the  ab -plane), the apparent closed tetramic grouping of 
hydroxyl groups is actually a slice through the ascending spiral.  

 The effect of the thermally induced phase transformation is to collapse the 
open arrangement of the  α -form by a more compact and parallel arrangement of the 
molecules in the  β -form. This structural change causes an increase in crystal density 
on passing from the  α -form (1.278 mg/m 3 ) to the  β -form (1.327 mg/m 3 ). After the 
open structure of the  α -form has collapsed into the  β -form structure, the molecules 
adopt a more parallel packing array that results in the generation of indefi nite 
chains, as opposed to the infi nite helices of the  α -form.   

 Sulfamerazine 
 Sulfamerazine [4-amino- N -(4-methyl-2-pyrimidinyl)benzene-sulfonamide]: 

   

S
NHN

O

O

N

NH2

H3C

 

 is known to exist in a polymorph (Form-I) that is stable at high temperatures 
and another polymorph (Form-II) that is stable at ambient conditions, and the 
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 FIGURE 4    Crystal structures of the  α - and  β -forms of resorcinol, as viewed down the  c -axis (001 
plane). The fi gure was adapted from data given in Refs. (23) and (24).    
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temperatures at which these forms can be interconverted has been discussed (25). 
The existence of two orthorhombic polymorphic forms of sulfamerazine has been 
demonstrated and the physical properties of these studied (26,27), and more 
recently the crystal structure of an additional monoclinic form has been published 
(28). The crystallographic data reported for all three forms are found in  Table 3 , and 
the hydrogen-bonding motifs existing in sulfonamide structures has been discussed 
in depth (29).  

 In the orthorhombic forms, the repeating motif is a molecular dimer, assembled 
through the formation of two N(amide)–H–N(pyrimidinyl) hydrogen bonds, that is 
pseudo-centrosymmetric in Form-I and centrosymmetric in Form-II. The extent of 
hydrogen bonding is equivalent in the two structures, which accounts for the rela-
tively low energy required to cause the solid-solid phase transition of Form-II into 
Form-I. In the monoclinic form, the molecules adopt a  gauche  conformation when 
viewed along the S–N axis, and the bond angles in the tetrahedral sulfur atom were 
found to be signifi cantly distorted from 109°. 

 Even though the solid-state phase transition between Form-I and Form-II 
is enantiotropic in nature, modulated differential scanning calorimetry studies 
have shown that the endothermic transition is observed in both the reversing and 
non-reversing heat fl ow thermograms (30). The results were interpreted as requir-
ing the existence of a fi rst-order phase transition that was kinetically irreversible, 
although still being thermodynamically reversible. The kinetics of the solution-
mediated Form-I to Form-II phase transformation were studied as a function of 
solvent composition and temperature, and the rates correlated with hydrogen 
bonding between the dissolved solute molecules and the ease with which nucle-
ation to the new form might take place (31). The effect of impurities on the solution-
mediated phase transformation have also been studied, where it was discovered 
that the acetyl derivative of sulfamerazine strongly inhibited the transition, even 
when it was present at very low levels in solvent systems known to favor the phase 
transformation (32).       

 TABLE 3    Crystallographic Data for the Polymorphs of Sulfamerazine  

Crystal class Form I (27) Form II (26) Form II (28)

Orthorhombic Orthorhombic Monoclinic

Space group P n 2 1  a P bca P2 1 / c 
Unit cell lengths  a  = 14.474 Å  

 b  = 21.953 Å  
 c  = 8.203 Å

 a  = 9.145 Å  
 b  = 11.704 Å  
 c  = 22.884 Å

 a  = 11.0966 Å  
 b  = 8.3152 Å  
 c  = 13.9640 Å

Unit cell angles  α  = 90°  
 β  = 90°  
 γ  = 90°

 α  = 90°  
 β  = 90°  
 γ  = 90°

 α  = 90°  
 β  = 99.327°  
 γ  = 90°

Molecules in unit cell 8 8 4
Cell volume 2606.5 Å 3 2449.3 Å 3 1271.43 Å 3 
Density 1.347 g/cm 3 1.43 g/cm 3 1.381 g/cm 3 
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 Iodoanilinium Picrate 
 Crystals of 2-iodoanilinium picrate: 

   

N+

N+

N+

O–

O–

O–

O

O

O

OHNH2

 

 have been obtained in three distinct polymorphic forms, and each of these has been 
found to exhibit a characteristically different color (33). The structures of yellow 
Form-I and green Form-II have been obtained, but the structure of the red Form-III 
could not be solved owing to its instability. Crystals of Form-II were only some-
what more stable, and were found to transform into Form-I within a day. The crys-
tallographic data obtained on the two characterized structures may be found in 
 Table 4 .  

 In Form-I and Form-II, the iodoanilinium cations and picrate anions form 
nearly planar ion pairs, with the iodoanilinium ion being hydrogen bonded to the 
picrate ion by a N–H ····   O hydrogen bond. As illustrated in  Figure 5 , the pairs related 
by translational symmetry in Form-I are stacked to form segregated columns, in 
which the same ion types are stacked with each other. In addition, all the nitro 
groups lie essentially in the plane of the benzene ring. This structure may be con-
trasted with that of Form-II, where the anions and cations are alternatively stacked 
along the  a -axis to form continuous columns. In Form-II, the oxygen atoms of the 
nitro groups at the  ortho -positions deviate from the plane of the benzene ring.  

 TABLE 4    Crystallographic Data for the Polymorphs of Iodoanilinium Picrate (33)  

Crystal class Form-I Form-II

Monoclinic Triclinic

Space group P2 1 / n   P1  
Unit cell lengths  a  = 14.492 Å  

 b  = 4.3733 Å  
 c  = 24.153 Å

 a  = 7.323 Å  
 b  = 8.245 Å  
 c  = 13.656 Å

Unit cell angles  α  = 90°  
 β  = 98.81°  
 γ  = 90°

 α  = 75.71°  
 β  = 74.05°  
 γ  = 75.64°

Molecules in unit cell 4 2
Cell volume 1512.6 Å 3 753.7 Å 3 
Density 1.968 g/cm 3 1.974 g/cm 3 
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 The iodoanilinium picrate system was found to exhibit thermochromism for 
both polymorphs. Form-I crystals changed from yellow to red upon heating to 60°C, 
while Form-II crystal changed from green to red at temperatures above 60°C. The 
thermochromism is due to the polymorphic transformation to the red form (Form-III), 
which is only stable at elevated temperatures. The changes in stacking mode alter 
the nature of the charge-transfer transitions between 2-iodoaniline and picric acid, 
which are responsible for the observed color. In yellow Form-I, only the local exci-
tation band at 400 nm is observed. However, in the green Form-II, the local excita-
tion band (400 nm) is superimposed with the charge-transfer band observed at 

Form-I

Form-II

 FIGURE 5    Hydrogen bonding motifs in the two polymorphs of iodoanilinium picrate, and how 
these affect molecular packing in the crystal forms. The projection of Form-I is down the  a -axis, 
whereas the projection of Form-II is down the  b -axis. The fi gure was adapted from data presented 
in Ref. (33).    
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500–700 nm. Upon passing into the red Form-III, the charge-transfer band shifts 
toward higher energies (wavelength of 500 nm), and its combination with the local 
excitation band (400 nm) results in the observed change in color.   

 Sulfathiazole 
 Sulfathiazole [4-amino-N-(2,3-dihydro-2-thiazolylidene)benzenesulfonamide]: 

   

S

NH
N

S

O

O

H2N  

 has been found to crystallize in fi ve polymorphic forms (34–38), with the identity of 
these being the subject of some confusion in their nomenclature and in their ability 
to be obtained on a consistent basis (39). The polymorphic space of this system has 
been examined in great detail, establishing the absolute identity and existence of 
the fi rst four polymorphs, modes for their isolation, and the solid-state spectro-
scopic properties of these crystal forms (40). A summary of the crystallographic 
data reported for the fi ve polymorphs is provided in  Table 5 .  

 Form-I appears to be unique in the system, consisting of two independent and 
interwoven hydrogen-bonded chain networks, one of which is a two-dimensional 
network and the other which is a three-dimensional network. Forms II, III, and IV 
have been found to be based on a single dimeric chain network that is packed into 
sheets of different and unique motifs. Form-I can be distinguished from the other 
forms primarily on the basis of the difference in hydrogen bonding at the aniline 
functionality, and it was also reported that this contact is associated with a signifi cant 
difference in the degree of hydrogen bonding on the fastest growing face of Form-I 

 TABLE 5    Crystallographic Data for the Polymorphs of Sulfathiazole  

Crystal class Form-I (35) Form-II (34) Form-III (36) Form-IV (36) Form-V (37)

Monoclinic Monoclinic Monoclinic Monoclinic Monoclinic

Space group P2 1 / c P2 1 / c P2 1 / c P2 1 / n P2 1 /n

Unit cell 
lengths

 a  = 10.554 Å  
 b  = 13.220 Å  
 c  = 17.050 Å

 a  = 8.235 Å  
 b  = 8.550 Å  
 c  = 15.580 Å

 a  = 15.570 Å  
 b  = 8.570 Å  
 c  = 15.583 Å

 a  = 10.867 Å  
 b  = 8.543 Å  
 c  = 11.456 Å

 a  = 10.399 Å  
 b  = 15.132 Å  
 c  = 14.280 Å

Unit cell angles  α  = 90°  
 β  = 108.06°  
 γ  = 90°

 α  = 90°  
 β  = 93.67°  
 γ  = 90°

 α  = 90°  
 β  = 112.93°  
 γ  = 90°

 α  = 90°  
 β  = 88.13°  
 γ  = 90°

 α  = 90°  
 β  = 91.21°  
 γ  = 90°

Molecules in 
unit cell

2 1 2 1 8

Cell volume 2261.3 Å 3 1093.2 Å 3 2162.0 Å 3 1063.0 Å 3 2246.6 Å 3 
Density 1.50 g/cm 3 1.55 g/cm 3 1.57 g/cm 3 1.60 g/cm 3 1.51 g/cm 3 
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relative to the other forms (39). Specifi cally, in Form-I only one aniline hydrogen 
is involved, whereas in the other polymorphic forms II, III, and IV the hydrogens 
of both aniline groups are used. 

 Differential scanning calorimetry has been used to study the thermally 
induced phase transformation of Form-I into Form-II, and the technique used as a 
quantitative method for levels of Form-I in bulk Form-II (41). A study of isothermal 
reaction rates indicated that the transition kinetics could be explained by a model 
that was similar to that of diffusion-controlled crystal growth from solution. In 
another study, the melting points of Forms I, II, and III were reported to be 201.0°C, 
196.5°C, and 173.6°C, but that complete melting of Forms I and II could only be 
achieved if the polymorphic purity of the forms was very high (42). Forms I and II 
were shown to undergo a solution-mediated phase transformation to Form-III in 
aqueous suspensions. 

 The fi ve polymorphs of sulfathiazole have been shown to exhibit clearly 
distinguishable solid-state  13 C-NMR spectra, and the spectra fully interpreted and 
rationalized in terms of the crystal structures (43). Somewhat in contradiction 
with the crystallographic interpretations, the spectra of Forms III, IV, and V were 
found to be qualitatively similar but substantially different from the spectra of 
forms I and II. The thermally induced interconversion of all fi ve polymorphs have 
been studied using differential scanning calorimetry and pulsed terahertz spec-
troscopy (44). Here, Form-I was determined to be the stable polymorph at high 
temperatures (melting point of 202°C), and Form-II was noted to melt around 197°C 
and subsequently recrystallize to Form-I at slightly higher temperatures. In this 
work, Forms III, IV, and V were all observed to undergo a thermally induced phase 
transformation at temperatures less than 177°C. 

 Sulfathiazole has been found to exhibit a remarkable ability to form solvates 
with practically any organic solvent, and one group has detected the existence of 
over 100 structurally distinct solvatomorphs and many related two-component 
systems (45).   

 Nitrofurantoin 
 Nitrofurantoin [ N -(5-nitro-2-furfurylidene)-1-aminohydantoin]: 

   

NHN
N+ O

N

O–

O

O

O
 

 is widely used as a urinary tract antibacterial agent, but the compound is character-
ized by poor water solubility, and consequently, its dissolution rate is the main 
factor that determines its bioavailability (46). Two non-solvated polymorphic forms 
have been reported for the compound, with the  α -form being crystallized from a 
hot acetic acid–water solution and the  β -form being obtained from acetone (47,48). 
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A summary of the crystallographic data reported for the polymorphs is found 
in  Table 6 .  

 In both polymorphs, the nitrofurantoin molecules pack in layers that are 
held together by van der Waals forces. The molecules associate to form centro-
symmetric dimers through two identical intermolecular N–H ····   O hydrogen bonds. 
These dimers are themselves linked by a weaker C–H ····   O hydrogen bond in both of 
the non-solvated crystal structures. There is a considerable amount of intra-layer 
hydrogen bonding that dictates the packing modes of the  β -form, and this degree 
of hydrogen bonding is less extensive in the structure of the  α -form. These struc-
tural details account for the very slight difference in crystal densities between the 
two forms. 

 What complicates the dissolution behavior of nitrofurantoin and its formula-
tions is the propensity of the compound to form solvates and hydrates. Two poly-
morphic monohydrate forms have been, one crystallizing in the monoclinic P2 1 / n  
space group and the other in the orthorhombic P bca  space group (49). In both 
structures, water molecules stabilize the structures primarily through different 
modes of O–H ···   O (carbonyl) and N–H ···   O (water) hydrogen bonding. The existence 
of a dimethylformamide solvate and a dimethylsulfoxide solvate have also been 
reported, where the solvent molecules in the solvatomorphs appear to have been 
clathrated into the structure (50). 

 Because the solubility of the anhydrous forms of nitrofurantoin could not be 
determined with accuracy owing to the tendency of the solids to convert into one of 
the monohydrates, the dissolution profi les obtained using a rotating-disk method 
based on a kinetic model were used to obtain apparent solubility values (51). 
Because the solution-mediated phase transformation of the compound proceeds 
effi ciently with a fair degree of velocity, nitrofurantoin has been one of the phase 
transformation models of choice in studies seeking to determine mechanisms for 
the conversion (52–54).   

 TABLE 6    Crystallographic Data for the Polymorphs of Nitrofurantoin  

Crystal class  a -Form (47)  b -Form (47,48)

Triclinic Monoclinic

Space group  P1  P2 1 / n 

Crystal habit Tabular Plates
Unit cell lengths  a  = 6.774 Å  

 b  = 7.795 Å  
 c  = 9.803 Å

 a  = 7.840 Å  
 b  = 6.486 Å  
 c  = 18.911 Å

Unit cell angles  α  = 106.68°  
 β  = 104.09°  
 γ  = 92.29°

 α  = 90°  
 β  = 93.17°  
 γ  = 90°

Molecules in unit cell 2 4
Cell volume 477.6 Å 3 960.2 Å 3 
Density 1.656 g/cm 3 1.648 g/cm 3 
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 Carbamazepine 
 Carbamazepine (5 H -dibenzo[ b , f  ]azepine-5-carboxamide) 

   

N

O NH2

 

 is used as an anticonvulsant and in treatment of pain associated with trigeminal 
neuralgia. The compound has been obtained in a triclinic polymorph crystallizing 
in the P1– space group (55–56), one in a trigonal polymorph having the R 3– space 
group (57), and the most stable polymorph in the monoclinic P2 1 / n  space group 
(58–60). More recently, another monoclinic polymorphic form has been reported, 
crystallizing in the C2/ c C -centered space group (61). A summary of the unit cell 
parameters for these four polymorphs is found in  Table 7 . Although Form-II is 
crystallized from apolar solvents, Form-III by the slow crystallization from polar 
solvents, and Form-I by the heating of the other forms, all three polymorphs could 
be obtained using appropriately controlled solution-enhanced dispersion with 
supercritical fl uids (62).  

 Matzger and coworkers have discussed the structural variations that exist 
between the non-solvated polymorphs (56), noting that the differences arise entirely 
in the packing of the carboxamide dimer units, manifested in the pattern of weak 
C–H ····   O interactions. The monoclinic forms were both reported to contain infi nite 
chains formed by the interaction of a vinylic hydrogen of the azepine ring and an 
oxygen acceptor. The triclinic and trigonal polymorphs were found to be similar in 
their patterns of weak hydrogen bond patterns, where each oxygen atom acted as 
an acceptor to hydrogen atoms from two nearby carbons. 

 TABLE 7    Crystallographic Data for the Polymorphs of Carbamazepine  

Crystal class Form-I (55,56) Form-II (57) Form-III (58–60) Form-IV (61)

Triclinic Trigonal Monoclinic Monoclinic

Space group  P1   R3  P2 1 / n C2/ c 

Unit cell lengths  a  = 5.1705 Å  
 b  = 20.574 Å  
 c  = 22.245 Å

 a  = 35.454 Å  
 b  = 35.454 Å  
 c  = 5.253 Å

 a  = 7.534 Å  
 b  = 11.150 Å  
 c  = 13.917 Å

 a  = 26.609 Å  
 b  = 6.927 Å  
 c  = 13.957 Å

Unit cell angles  α  = 84.12°  
 β  = 88.01°  
 γ  = 85.19°

 α  = 90°  
 β  = 90°  
 γ  = 120°

 α  = 90°  
 β  = 92.94°  
 γ  = 90°

 α  = 90°  
 β  = 109.70°  
 γ  = 90°

Molecules in unit cell 4 18 4 8
Cell volume 2366.4 Å 3 5718.32 Å 3 1167.5 Å 3 2572.6 Å 3 
Density Not reported 1.235 g/cm 3 1.35 g/cm 3 1.31 g/cm 3 
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 The thermodynamic relationships among the different polymorphic forms 
of carbamazepine have been the focus of a number of studies, all of which agree 
that Form-III is the most stable crystal form under ambient conditions. Forms I 
and III have been reported to bear an enantiotropic relationship to each other (63), 
while forms I and II were determined to be monotropes (64). Using solid-state 
infrared absorption and the “infrared rule” it was confi rmed that Forms I and III 
were enantiotropes, whereas a similar relationship was demonstrated for Forms II 
and III (65). 

 During an automated screening study covering 66 solvents and fi ve crystal-
lization protocols, one hydrate and eight organic solvates were discovered in 
addition to the non-solvated Forms I, II, and III (66). The anhydrate-to-dihydrate 
(and vice versa) phase transition of carbamazepine has been the focus of a large 
number of studies investigating both solution-mediated and thermally initiated 
phase transformations (67–73).   

 Paracetamol (Acetaminophen) 
 It has been found that paracetamol ( p -hydroxyacetanilide, and also known as 
acetaminophen): 

   
NH

O
HO

CH3

 

 is capable of being crystallized in an orthorhombic polymorph having the P cab  
space group (74) and a monoclinic polymorph having the P2 1 / a  space group (75). 
Structural details of another relatively unstable monoclinic polymorph having the 
P2 1 / c  space group were deduced from the X-ray powder diffraction pattern (76). 
A summary of the unit cell parameters reported for these three forms is found in 
 Table 8 .  

 TABLE 8    Crystallographic Data for the Polymorphs of Paracetamol  

Crystal class Form-I (75) Form-II (74) Form-III (76)

Monoclinic Orthorhombic Monoclinic

Space group P2 1 / a P cab P2 1 / c 
Unit cell lengths  a  = 12.93 Å  

 b  = 9.40 Å  
 c  = 7.10 Å

 a  = 11.805 Å  
 b  = 17.164 Å  
 c  = 7.393 Å

 a  = 16.05 Å  
 b  = 5.07 Å  
 c  = 9.65 Å

Unit cell angles  α  = 90°  
 β  = 115.9°  
 γ  = 90°

 α  = 90°  
 β  = 90°  
 γ  = 90°

 α  = 90°  
 β  = 79.1°  
 γ  = 90°

Molecules in unit cell 4 8 Not reported
Cell volume 862.9 Å 3 1498.0 Å 3 785.3 Å 3 
Density 1.296 g/cm 3 1.342 g/cm 3 Not reported
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 In the monoclinic Form-I structure, the molecules are linked together by two 
kinds of hydrogen bonds to form a pleated sheet that runs parallel to the  ac -plane 
and along the  b -axis, and the dihedral angle between the benzene ring and the 
amide group is 21.2° (75). In the orthorhombic Form-II structure, two kinds of 
hydrogen bonds form two-dimensional molecular sheets that run parallel to the  ab -
plane and along the  c -axis (74). In this structure, the carbonyl group adopts an  endo  
conformation relative to the benzene ring, and the dihedral angle between the 
benzene ring and the amide plane is 17.7°. The structure for the unstable Form-III 
polymorph is proposed to compose of bilayers where each bilayer is held together 
by O–H ····   O(H) hydrogen bonds in the  bc -plane, and this hydrogen bonding pattern 
was noted to be strikingly different from the patterns observed in the other 
polymorphic forms (76). 

 The thermodynamic relationships between Forms I and II have been studied 
by several groups, with Form-I being stable under ambient conditions and Form-II 
stable under conditions of high pressure. The relative stabilities of the two poly-
morphs have been evaluated through pressure-temperature and temperature-
volume phase diagrams, and the I-II-liquid triple point has been identifi ed at a 
temperature of approximately 230°C and a pressure of 234 MPa (77). At atmospheric 
pressure Form-I melts at 169°C and Form-II melts at 157°C, but both melting points 
increase with pressure until the equalize at a pressure of approximately 250 MPa 
(78). A systematic crystal structure prediction search has been conducted for par-
acetamol, which identifi ed Form-I as the global lattice-energy minimum and at least 
a dozen additional energetically feasible structures (79). 

 A real interest in the polymorphism of paracetamol arose when it was shown 
that the orthorhombic Form-II was much more suitable in direct compression for-
mulations than was the monoclinic Form-I (80), and the compaction qualities of 
the metastable form have been studied in detail (81,82). Given that Form-II is meta-
stable under ambient conditions, and that it can undergo a solution-mediated phase 
transformation to Form-I during ordinary production conditions, a substantial 
amount of work has gone into deducing routes whereby the metastable form can be 
reliably produced in bulk quantities (83–86). 

 Paracetamol has also been shown to form a wide range of solvatomorphic 
structures, such as a monohydrate (87), a trihydrate (88), adducts with 1,4-dioxane, 
N-methylmorpholine, morpholine, N,N-dimethylpiperazine, piperazine, and 4,4′-
bipyridine (89), as well as two dioxane solvates (90).    

 Polymorphism Resulting from the Packing 
of Conformationally Different Molecules 
 Organic molecules can exist in a variety of conformations that have similar energies, 
and the multiple functional groups of pharmaceutically active compounds can lead 
to the existence of different conformers under the right conditions. In many cases, 
the molecule adopts a particular conformation that was determined by the nature 
of its interaction with the crystallizing solvent, and maintains this conformation 
when it packs into a crystal. The packing-type polymorphism discussed in the pre-
vious section usually represents different modes by which molecules in their most 
favorable conformational state have been assembled into alternate solid structures. 
In some cases, however, a molecule for which different conformational states are 
possible yields a different polymorph when its different conformations are packed. 
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This conformational polymorphism is therefore defi ned as the existence of different 
conformers of the same molecule in different polymorphic modifi cations. 

 Bernstein has provided a comprehensive explanation for the polymorphism 
that can arise from the packing of molecules in different conformational states (91). 
One can defi ne conformations that are those various contortions of molecules that 
arise by rotation about single bonds, and that correspond to potential energy 
minima. Because the crystal structure of a molecule will yield information about the 
preferred conformation of that molecule in a given polymorph, it follows that the 
various arrangements of atoms or conformation cannot differ too signifi cantly in 
free energy content from the equilibrium structure of the molecule. It is important 
to emphasize that both the crystal structure and molecular conformation represent 
potential energy minima that are not necessarily unique, and there may exist a 
number of possible molecular geometries of very nearly the same energy for both 
the molecular conformation and the crystal structure. It is this proximity of molecu-
lar conformational energies that makes possible the existence of different molecular 
conformations in a single crystal structure, or conformational polymorphism when 
they are in different crystal structures. 

 The differences in lattice energy among different crystal forms of an organic 
compound can be expected to be in the range of 1–2 kcal/mol, especially when van 
der Waals interactions dominate the structure. From estimates of the magnitudes of 
intermolecular interactions, this is within the range of energy required to bring 
about changes in molecular torsional parameters about single bonds. However, the 
energy required to signifi cantly perturb bond lengths and bond angles far exceeds 
this range. Therefore, for those molecules that possess torsional degrees of freedom, 
various polymorphs may exhibit signifi cantly different molecular conformations. 
This represents the rationale accounting that crystal forces may play a role in 
determining the conformation of a molecule, and yielding the phenomenon of 
conformational polymorphism. 

 p -(  N -chlorobenzylidene)- p -chloroaniline  
 Bernstein has described methodology suitable for the study as to how crystal 
forces can infl uence molecular conformation, and elucidated the basic tenets of 
conformational polymorphism. (92). A combination of quantitative analysis of the 
molecular packing in different space groups along with ab initio molecular orbital 
calculations was used. Choosing the model system of  N -( p -chlorobenzylidene)- p -
chloroaniline: 

   

Cl

N Cl

 

 lattice energy calculations involving minimization of the energy of the triclinic 
and orthorhombic crystal forms of this molecule were performed. The results of 
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these calculations were able to explain the stability of the lattice structure in which 
the unstable planar conformation of the molecule is obtained. Three different poten-
tial functions were evaluated, with all potential functions yielding lower energies 
for the triclinic lattice (in agreement with experimental observation). 

 The crystallographic data for the two forms is summarized in  Table 9 , whereas 
the crystal packing and molecular conformations are illustrated in  Figure 6 . The 
molecule was found to adopt a planar conformation in the triclinic phase, but in 
the orthorhombic phase the phenyl rings were rotated by 24.8° about the N-phenyl 
and CH–phenyl bonds. Both structures may be described as being composed of 
blocks of molecules between two neighboring parallel planes. For the triclinic 
polymorph the blocks are stacked along the  b -axis, whereas in the orthorhombic 
structure the stacking is due to a glide along the  c -axis (rather than a simple trans-
lation. Within the blocks, the stacks are related by a translation along the  a -axis 
in the triclinic structure, and a translation along the  b -axis in the orthorhombic 
form. In the triclinic form, disorder was noted about a center of symmetry, whereas 
in the orthorhombic form the disorder was about a two-fold crystallographic 
axis.   

 Subsequently, additional studies on the effect of crystal forces on molecular con-
formations was reported for various methyl analogues of  N -( p -chlorobenzylidene)-
 p -chloroaniline (93). The ab initio calculations were able to predict the relative 
stability of the various polymorphs, and by using a number of potential func-
tions the authors were able to demonstrate the ruggedness of the method. Taken 
together, the two works demonstrate that use of partial atomic energies for the 
analysis of changes in molecular environments in crystals is valid, even when the 
energy differences involved are small in magnitude. 

 TABLE 9    Crystallographic Data for the Polymorphs of  N -( p -
chlorobenzylidene)- p -chloroaniline (92)  

Crystal class Form-I Form-II

Orthorhombic Triclinic

Space group P ccn  P1  
Crystal habit prisms needles
Unit cell lengths  a  = 24.503 Å  

 b  = 6.334 Å  
 c  = 7.326 Å

 a  = 5.986 Å  
 b  = 3.933 Å  
 c  = 12.342 Å

Unit cell angles  α  = 90°  
 β  = 90°  
 γ  = 90°

 α  = 87.38°  
 β  = 78.40°  
 γ  = 89.53°

Molecules in unit cell 4 4
Cell volume 284.2 Å 3 284.3 Å 3 
Density Not reported Not reported
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 p -methyl- N -( p -methylbenzylidine)aniline  
 Bar and Bernstein continued their work on conformational polymorphism, using 
lattice energy minimization techniques to characterize the infl uence of crystal forces 
(as well as orientational and positional disorder) on the molecular conformation of 
 p -methyl- N -( p -methylbenzylidine) aniline (94): 

   

H3C

N CH3

 

 This compound was obtained in three polymorphic forms, in which the title molecule 
was found to adopt different conformations in each form. A summary of the reported 
crystallographic data is found in  Table 10 .  

Orthorhombic
form

Triclinic form

 FIGURE 6    Views of the molecular packing for the triclinic and orthorhombic polymorphs of 
 N -( p -chlorobenzylidene)- p -chloroaniline. The fi gure is adapted from data presented in Ref. (92).    
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 Form-I was found to crystallize in the monoclinic space group P2 1 / c , with 
four molecules in the unit cell. This form exhibited a positional disorder, and it 
was found that there were two orientations of the bridge atoms with non-equivalent 
occupancy. The observed disorder led to fairly large displacements of the bridge 
atoms, but significantly less displacements for the ring atoms and methyl 
groups. Form-II was found to crystallize in a non-disordered chiral monoclinic 
space group (P2 1 ), and hence, would exhibit optical activity within this crystalline 
state. Finally, Form-III also crystallizes in the monoclinic space group P2 1 / c , but 
contains only two molecules per unit cell. Although disorder was observed at 
the bridge atoms, this phenomenon was different in character than that noted 
for Form-I. 

 Lattice energy calculations were performed on the three polymorphs in 
order to account for the relative stability of Forms I and III, where the unstable 
planar conformation is prevalent. The minimizations were carried out with three 
different potential functions, and it was found that Form-II was characterized by 
the highest energy. The energies of the other two forms were found to be some-
what comparable, and were considerably less than the energy of Form-II. The 
minimized lattice energies were analyzed in terms of partial atomic energy contri-
butions to the total energy, and it was shown that the relative contribution of 
various groups to the total energy was the same for the three polymorphs. The 
stability of Form-I and Form-III with respect to Form-II was attributed to the 
relatively favorable environment of the bridge atoms, demonstrating the impor-
tant role of disorder in the stabilization of the energetically less favorable planar 
conformation.  

 Probucol 
 The lipid-lowering antioxidant drug probucol (4,4 ′ -[(1-methylethylidene)bis(thio)]-
bis-[2,6-bis(1,1-dimethylethyl)phenol]): 

 TABLE 10    Crystallographic Data for the Polymorphs of  p -methyl- N -( p -methylbenzylidine) 
aniline (94)  

Crystal class Form-I Form-II Form-III

Monoclinic Monoclinic Monoclinic

Space group P2 1 / c P2 1 P2 1 / c 
Crystal habit Not reported Not reported Not reported
Unit cell lengths  a  = 6.089 Å  

 b  = 7.751 Å  
 c  = 26.766 Å

 a  = 6.891 Å  
 b  = 7.153 Å  
 c  = 12.600 Å

 a  = 9.878 Å  
 b  = 4.884 Å  
 c  = 12.018 Å

Unit cell angles  α  = 90°  
 β  = 103.16°  
 γ  = 90°

 α  = 90°  
 β  = 102.70°  
 γ  = 90°

 α  = 90°  
 β  = 90.48°  
 γ  = 90°

Molecules in unit cell 4 2 2
Cell volume 1230.07 Å 3 605.88 Å 3 579.78 Å 3 
Density Not reported Not reported Not reported
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HO OH

CH3

CH3

CH3H3C

CH3

H3C
H3C

CH3

CH3

H3C

CH3H3C

H3C CH3

 

 has been reported to exist either as a white crystalline solid obtained from ethanol 
that has a melting point of 124.5–126°C, a yellow crystalline solid obtained from 
isopropanol that has a melting point of 125–126.5°C, or a third form having an onset 
of melting of 116°C (95). 

 The rapid crystallization at room temperature from saturated ethanol or iso-
propanol solutions was found to yield a crystalline solid having an onset of melting 
at 116°C, which was identifi ed as Form-II (96). When suspensions of Form-II in the 
crystallizing solution were allowed to stand for at least two months, a solution-
mediated phase transformation took place that yielded a new crystalline solid 
(identifi ed as Form-I) that was characterized by a melting onset of 125°C. The phase 
transformation of Form II into Form I could also be accelerated by grinding of the 
crystals. 

 Crystals of Forms I and II were obtained in suffi cient quality to have their 
structures determined using single-crystal X-ray diffraction (96), and a summary of 
the reported unit cell parameters is provided in  Table 11 . The conformations of the 
probucol molecule in each form were found to be quite different, and the molecular 
conformations are contrasted in  Figure 7 . In Form-II, the C–S–C–S–C chain is 
extended, and the molecular symmetry approximates C 2v . This symmetry is lost in 
Form-I, where the torsional angles around the two C–S bonds deviate signifi cantly 

 TABLE 11    Crystallographic Data for the Polymorphs of Probucol (96)  

Crystal class Form-I Form-II

Monoclinic Monoclinic

Space group P2 1 / c P2 1 / n 
Crystal habit Not reported Not reported
Unit cell lengths  a  = 16.972 Å  

 b  = 10.534 Å  
 c  = 19.03 Å

 a  = 11.226 Å  
 b  = 15.981 Å  
 c  = 18.800 Å

Unit cell angles  α  = 90°  
 β  = 113.66°  
 γ  = 90°

 α  = 90°
 β    = 104.04°  
 γ  = 90°

Molecules in unit cell 4 4
Cell volume 3116.0 Å 3 3272.0 Å 3 
Density 1.102 g/cm 3 1.049 g/cm 3 
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from 180°. Steric crowding of the phenolic groups by the  t -butyl groups was evident 
from deviations from trigonal geometry at two phenolic carbons in both forms. 
Using a computational model, the authors found that the energy of Form-II was 
26.4 kJ/mol higher than was the energy of Form-I, indicating that the less sym-
metrical conformer is more stable. The Form-I conformer packs into a crystal whose 
density is 5% higher than that of Form-II, which may be taken as being indicative 
of more effi cient packing.   

 The authors examined space-fi lling models of the two conformers, and con-
cluded that the phenolic groups were poorly exposed on the molecular surface. The 
inaccessibility of the phenolic groups was taken to explain both the low solubility of 
the drug in water and the absence of hydrogen bonding in either of the two crystal 
forms.   

Form-I

Form-II

 FIGURE 7    Molecular conformations adopted by probucol in its two polymorphic forms. The fi gure 
is adapted from data presented in Ref. (96).    
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 Spironolactone 
 It has been established that the diuretic steroidal aldosterone agonist spironolactone 
(17-hydroxy-7 α -mercapto-3-oxo-17 α -pregn-4-ene-21-carboxylic acid): 

   

O

CH3

O

O
CH3

H

H

H

S

O

H3C

 

 is capable of being obtained in a number of crystalline modifi cations, and that the 
variable and incomplete oral absorption that is associated with its poor water solu-
bility and slow dissolution rate is complicated by the existence of polymorphism 
and solvatomorphism (97,98). 

 The crystal structure of orthorhombic Form-I has been reported, with the 
compound crystallizing in the non-centrosymmetric P2 1 2 1 2 1  space group (99). In 
this structure, the  A -ring is highly distorted owing to the presence of the  ∆  4  double 
bond and the ketone group, the  B -ring and the  C -ring adopt a chair conformation, 
the  D -ring is a distorted half-chair, and the  E -ring is a half-chair. The hydrophobic 
nature of the compound is manifested in the observation that the molecules are held 
together entirely by van der Waals forces. The unit cell parameters reported for 
Form-I are found in  Table 12 .  

 TABLE 12    Crystallographic Data for the Polymorphs of Spironolactone  

Crystal class Form-I (99) Form-II (100)

Orthorhombic Orthorhombic

Space group P2 1 2 1 2 1 P2 1 2 1 2 1 

Crystal habit Needle-like Prisms
Unit cell lengths  a  = 9.979 Å  

 b  = 35.573 Å  
 c  = 6.225 Å

 a  = 10.584 Å  
 b  = 18.996 Å  
 c  = 11.005 Å

Unit cell angles  α  = 90°  
 β  = 90°  
 γ  = 90°

 α  = 90°  
 β  = 90°  
 γ  = 90°

Molecules in unit cell 4 4
Cell volume 2209.8 Å 3 2213 Å 3 
Density Not reported 1.25 g/cm 3 
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 The crystal structure of the other non-solvated polymorphic Form-II has been 
reported as well, also crystallizing in the non-centrosymmetric P2 1 2 1 2 1  space group 
(100). The unit cell parameters reported for Form-II are also found in  Table 12 . In 
this structure, the  A -ring conformation was described as being that of a sofa, the 
 B -ring and the  C -ring were chair-shaped, the  D -ring was a distorted 13 β  envelope, 
and the  E -ring was almost planar. As in the case of Form-I, the molecules in the 
structure were held together by van der Waals forces. 

 Examination of the intermolecular distances in the various forms indicates 
that the predominant cohesive forces are van der Waals interactions, and all crystals 
are characterized by close molecular packing (101). The steroid nuclei are almost 
planar in all forms, and perpendicular to the  E -ring and to the 7- α -acetylthio side-
chain. A comparison of torsional angles confi rmed the existence of conformational 
polymorphism. Differences in carbon–carbon bond angles were noted in the fl exible 
 A -rings of all non-solvated forms, with this ring being in a “half-chair” conformation 
in Form-I and a “sofa” conformation in Form-II. The conformation of the rigid  B -ring 
and  C -ring is relatively fi xed in the various forms, while the conformation of the 
fl exible  D -ring and  E -ring varies signifi cantly in the various forms. 

 In this latter study, the structures of additional solvated crystalline forms were 
disclosed as well (101). Form-III is a 2:1 acetonitrile solvate, Form-IV is a 2:1 ethanol 
solvate, Form-V is a 4:1 ethyl acetate solvate, and Form-VI is a 1:2 methanol solvate. 
Interestingly, a defi nite formula could only be obtained for Form-III, which agreed 
with the results of the crystallographic study. The solvent content of the other 
solvates was in confl ict with the determined space group, and may be indicative 
of disorder in the solid. The crystal structure of the acetonitrile solvate has been 
discussed in more detail (102).   

 Flufenamic Acid 
 Flufenamic Acid (2-{[3-(trifl uoromethyl)phenyl]amino}benzoic acid): 

   

NH

O

F

F
F

HO

 

 has been found to exist in at least three different monoclinic polymorphic forms 
(103), of which Form-I (104) and Form-III (105) have been the subject of additional 
investigation owing to the stability and metastability under ambient conditions. 
The details of the reported unit cells of the polymorphs are collected in  Table 13 . 
Form-III can be obtained by crystallization from ethanol, and the enantiotropically 
related Form-I can be obtained by simple thermal means. A signifi cant amount of 
thermodynamic information about the thermally induced phase transformations 
among fl ufenamic acid polymorphs can be found in the compilation of Burger and 
Ramberger (106).  

 The difference between the two polymorphs of fl ufenamic acid has been 
reported to exist in the geometrical disposition of the [3-(trifl uoromethyl)phenyl]
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amino moiety with respect to the benzoic acid moiety. As in other fenamate struc-
tures, the carboxyl group and the nitrogen atom of the imino group are connected 
through an intramolecular hydrogen bond. In addition, pairs of centro-symmetrically 
related molecules are connected through hydrogen bonds involving carboxyl groups. 
A more detailed discussion of the structural elements of compounds in the fenamate 
class is available (107). 

 Raman spectroscopy has been used as an on-line tool to quantitatively monitor 
the crystallization of fl ufenamic acid from solution (108). The crystallization was 
monitored as a function of temperature and time using an immersion probe coupled 
to a Raman spectrometer, with data regarding the species existing in the solution 
phase and in the crystallized solids being obtained. It was shown that one could 
identify the polymorphic form initially crystallizing from solution, and the kinetics 
of the conversion of the metastable form to the stable form could be readily followed. 
In a subsequent work, information regarding the phase transformation kinetics was 
obtained using in situ Raman spectroscopic studies (109). On-line X-ray powder 
diffraction has also been used to monitor the polymorphic state of fl ufenamic acid 
in formulations undergoing wet granulation (110).   

 Lomeridine Dihydrochloride 
 Lomeridine dihydrochloride (1-[bis(4-fl uorophenyl)methyl]-4-(2,3,4-trimethoxy-
genzyl)-piperazine dihydrochloride): 

   

O

O

CH3

CH3 O

CH3

N

N

F

F  

 has been developed as a calcium entry blocker in cerebral and peripheral circulation, 
being potentially useful as an agent against migraine. The compound has been 
shown to be capable of existing in two polymorphic forms, for which the structures 
have been reported (111). Form-I was obtained from acetonitrile solution, whereas 
Form-II was crystallized from either the methanol, ethanol,  n -propanol,  i -propanol, 
 n -butanol, or methyl ethyl ketone solvent systems. The reported unit cell parameters 
for the two forms is found in  Table 14 .  
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 Although the molecular conformations of the lomeridine molecule in the two 
polymorphic structures are somewhat similar in many respects, torsion about one 
bond was suffi cient to yield the conformational polymorphism. The two conforma-
tions of the lomeridine unit are illustrated in  Figure 8 , where it may be seen that the 
main conformational difference consists in the rotation about a single C–N bond. 
At the same time, Form-I exhibits head-to-head and tail-to-tail packing toward the 
diagonal axis of the  ab -plane. In Form-II, a three-fold screw axis passes by one of the 
 p -fl uorobenzenes, which stacks continuously, and the other  p -fl uorobenzene lies 
along the axis.  

 It was also reported that the averaged isotropic atomic displacement 
parameter of Form-II was larger by about 0.4 Å relative to that of Form-I, and 

 TABLE 14    Crystallographic Data for the Polymorphs of Lomeridine Dihydrochloride (111)  

Crystal class Form-I Form-II

Triclinic Trigonal

Space group  P1  R3
Crystal habit Not reported Not reported
Unit cell lengths  a  = 19.487 Å  

 b  = 11.930 Å  
 c  = 6.920 Å

 a  = 20.060 Å  
 b  = 20.060 Å  
 c  = 20.060 Å

Unit cell angles  α  = 118.27°  
 β  = 90.99°  
 γ  = 97.35°

 α  = 90°  
 β  = 90°  
 γ  = 117.30°

Molecules in unit cell 2 6
Cell volume 1399.6 Å 3 4504 Å 3 
Density 1.285 g/cm 3 1.198 g/cm 3 

 TABLE 13    Crystallographic Data for the Polymorphs of Flufenamic Acid  

Crystal class Form-I (104) Form-II (103) Form-III (105)

Monoclinic Monoclinic Monoclinic

Space group P2 1 / c P2 1 / a C2/ c 

Unit cell lengths  a  = 12.523 Å  
 b  = 7.868 Å  
 c  = 12.874 Å

 a  = 11.850 Å  
 b  = 10.425 Å  
 c  = 11.220 Å

 a  = 39.848 Å  
 b  = 5.107 Å  
 c  = 12.240 Å

Unit cell angles  α  = 90°  
 β  = 95.20°  
 γ  = 90°

 α  = 90°  
 β  = 112.83°  
 γ  = 90°

 α  = 90°  
 β  = 92.47°  
 γ  = 90°

Molecules in unit cell 4 4 8
Cell volume 1263.27 Å 3 1277.49 Å 3 2488.57 Å 3 
Density 1.47 g/cm 3 Not reported Not reported
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hence, the molecular packing in the Form-I structure was judged to be more 
thermodynamically stable than that of Form-II. The difference in the averaged 
isotropic atomic displacement parameter for the trimethoxybenzene group was 
found to be larger in Form-II is larger relative to that of Form-I, whereas the dif-
ference in the averaged atomic displacement parameter for the  p -fl uorobenzene 
groups in the polymorphic structures was small. It was therefore concluded that 
the difference in the packing stability between the polymorphs was mainly 
determined by the stability of the packing of the trimethoxybenzene groups in 
the two structures. 

 The different polymorphs were found to exhibit different moisture sorption 
profi les, with Form-II tending to form a stable trihydrate when exposed to high 
levels of relative humidity. Form-I, on the other hand, appeared to form a monohy-
drate under similar conditions, but underwent deliquescence at a relative humidity 
of 90%. X-ray powder diffraction patterns obtained for the high-humidity forms 
were consistent with the presence of a phase change for both polymorphs, and the 
diffraction patterns of the resulting hydrate crystal forms differed from each other 
as well. 

Form-I Form-II

 FIGURE 8    Views of the molecular conformations adopted by lomeridine dihydrochloride in its two 
polymorphic forms. The fi gure is adapted from data presented in Ref. (111).    
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  5-Methyl-2-[(2-nitrophenyl)amino]-3-thiophenecarbonitrile (ROY)  
 5-Methyl-2-[(2-nitrophenyl)amino]-3-thiophenecarbonitrile (usually known as ROY): 

   

N
O O

NH S

CH3

N
 

 represents a system that exhibits both conformational and color polymorphism 
(112,113), and is currently the organic compound with the greatest number of 
determined polymorphic crystal structures in the Cambridge Structural Data-
base. Crystallographic data for this polymorphic system is collected in  Table 15 , 
and  Figure 9  shows the conformation of ROY in its orange needle, yellow, red, 
orange plate, yellow needle, orange–red plate, and YT04 (transformed) crystal 
forms.   

 The red, orange, and yellow forms differ in the angle between the plane of 
the phenyl and thiophene ring, with values of 104.7° (yellow form), 104.1°(yellow 
needle), 52.6° (orange needle), 46.1°(orange plate), 39.4°(orange–red plate), and 21.7° 
(red form) being reported. The different colors of the solids arise from perturbation 
of the energies of the molecular orbitals of the compound associated with the dif-
ferent degrees of overlap of the double bonds in these two rings. This hypothesis 
is consistent with calculations of the overlap and absorption spectra of 5-methyl-2-
[(2-nitrophenyl)amino]-3-thiophenecarbonitrile. 

 The history of the discovery of the various forms of ROY provides a fascinat-
ing case study in polymorph research. ROY was originally obtained by Dr. Chuck 
Bunnell at Tippecanoe Labs (Eli Lilly, Indianapolis, Indiana, U.S.A.) as either a red 
or yellow solid. ROY was then subjected to an abbreviated polymorph screen by Dr. 
Greg Stephenson at Purdue University, who discovered a third form, which he 
named Form-ON. Dr. Lian Yu and coworkers at Eli Lilly subsequently discovered 
three additional forms of ROY, which they named forms OP, YN, and ORP. The 
seventh polymorph, Form-RPL, was discovered by selective epitaxial nucleation on 
the (010) face of a succinic acid crystal (114). Energy temperature diagrams among 
ROY polymorphs, forms Y, OP, ON, R, and YN, were constructed using melting and 
eutectic melting data by Dr. Yu, who found that Form-Y is the most stable form at 
room temperature, forms YN and R are the two most metastable forms and are 
monotropically related to other forms he also established that forms ON, OP, and Y 
are enantiotropically related to one another (113). Then in 2005, Yu et al. reported 
the discovery of the eighth and ninth forms of 5-methyl-2-[(2-nitrophenyl)amino]-
thiophene-carbonitrile, learning that Form-YT04 was the second most stable form 
of ROY (115). 

 A new set of conceptual elements and computational methods have been 
developed for a quantitative view of packing in organic crystal structures, and the 
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ON (orange needle)

–52.57

–104.73

Yellow form

Red form OP (orange plate)

YN (yellow needle) ORP (orange–red plate)

YT04 (Y04 transformed)

21.74
46.08

39.40

104.03

112.84

 FIGURE 9    Conformation of the various forms of 5-methyl-2-[(2-nitrophenyl)amino]-thiophene-
carbonitrile (ROY) in the crystal.    



224 Brittain et al.

method was illustrated by the six known polymorphs of ROY (116). Cross-nucleation 
of polymorphs has been studied in the spontaneous and seeded melt crystallization 
of ROY, where it was shown that certain of the polymorphs could not nucleate 
without the aid of another and where the new form grew at a faster rate relative to 
the existing form (117). 

 A summary of methods of preparation for the various forms of ROY are 
outlined in  Table 16 . Although polymorph interconversions abound at high tem-
perature for ROY, the red, orange, and yellow polymorphs have been found to be 
stable at ambient conditions for many years. The observations made by these various 
workers are consistent with experience at SSCI/Aptuit for a number of polymorphic 
systems. Typically, the most stable form is found early in the screening study, and 
less stable forms are found during subsequent studies. For both the ROY example 
and others, it is clear that many polymorphic forms do not crystallize from solution, 
and therefore, solution-based crystallizations will undoubtedly miss other metastable 
crystal forms.    

 Other Conformational Polymorphic Systems Structurally Related to ROY 
 Polymorphic derivatives of 5-methyl-2-[(2-nitrophenyl)amino]-thiophenecarbo-
nitrile have been synthesized, and polymorphic transformation in these systems 
studied as well by Dr. Thomas Borchardt and Dr. Hui Li at Purdue University. 
5-Methyl-2-[(4-methyl-2-nitrophenyl]amino]-3-thiophenecarbonitrile and 2-[(2-
nitrophenyl)amino]-3-thiophenecarbonitrile are among the derivatives exhibiting 
both conformational and color polymorphism. 

 Five polymorphs of 5-methyl-2-[(4-methyl-2-nitrophenyl)amino]-3-thio-
phenecarbonitrile: 

   

N

O O

NH S

N

H3C

CH3

 

 have been observed, with the solids being colored red (R), dark red (DR), light red, 
deep red, and orange (O) (118). The solid-to-solid phase transformation from the 
DR form to the R form was investigated, and it was observed that at 85°C large 
particles underwent faster phase transitions than did small particles. Milling and 
the presence of moisture increased the rate of the phase transformation, whereas 
ethanol vapor annealing reduced the rate. It was concluded that defects on the 
surface were responsible for the solid-to-solid transition for this compound, and 
that larger crystals had more defects that facilitated their phase transformation 
relative to the rates of small crystals. 
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 2-[(2-nitrophenyl)amino]-3-thiophenecarbonitrile: 

  

N

O O

NH S

N   

 has been shown to exist in three polymorphic-colored forms so far, with these being 
identifi ed as yellow (Y), R, and O (119). In addition, an “appearing/disappearing 
polymorph” has also been detected for Form-Y. Energy temperature diagrams for 
the R and O forms were constructed, and free energy differences were calculated 
as well. 

 Crystallographic data for the R and O forms are shown in  Table 17 . Based on 
slurry conversion and solubility studies, Form-R was found to be the stable form 
before melting. Based on the normalized energy-temperature diagram, it was con-
cluded that the free energy difference between forms R and O was small ( ∼ 0.2 kJ/mol). 
A polymorphic transformation from Form-O to Form-R was not observed unless 
the process was seeded with crystals of Form-R in both the solution as well as in the 
solid state.  

 Signifi cant differences between the structures of the R and O forms were iden-
tifi ed in torsional angles between the thiophene and phenyl rings. The torsion angle 
of Form-R (5.01°) is much higher than that of Form-O (53.8°), and this difference 
results in a higher degree of planarity in the molecular conformation of Form-R. 
Increased planarity allows for stronger overlap of the nitrogen in the amino group 

 TABLE 16    Outline of Methods of Preparation for Most of the Polymorphic Forms of 5-methyl-2-
[(2-nitrophenyl)amino]-thiophenecarbonitrile  

Polymorphic form Method of preparation

Y Solution mediated conversion of any other from near room temperature, 
also solution crystallization

ON Fast crystallization from a variety of solvents
R Fast crystallization from a variety of solvents
YN Fast crystallization from a variety of solvents
OP Required seeding or by heating R
ORP Crystallized from a melt
RPL Crystallized from vapor through epitaxy
Y04 New yellow form crystallized from a melt
YT04 Obtained from transformation of Y04
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with the thiophene  π -orbital, which in turn, shortens the distance between the nitro-
gen in the amino group and the thiophene ring. In addition, the torsional angles 
found in the polymorphs are consistent with those of original ROY polymorph, for 
which the R form has lowest torsion angle and the O form has a torsional angle 
around 50°.     

 SUMMARY 
 It is apparent that the molecules are capable of adopting multiple solid-state forms 
upon crystallization, and that the rationales for the existence of different polymorphic 
states are wide and varied. Understanding the origins of such phenomena becomes 
the fi rst step in prediction, and prediction, in turn, should yield mechanisms for the 
control of polymorphs. Approaches to identifying the most stable polymorphs are 
important, and must be used in order to guide the selection of the best form for 
development. 

 In recent years, approaches to the calculation of the crystal structure of various 
polymorphs have been introduced and discussed. Such methods were introduced 
in Chapter 1 of this book. If crystal structures can be calculated with certainty it 
would, of course, be possible to predict the polymorphism of a compound and use 
this information to guide experimental studies. This remains a diffi cult goal to 
achieve, and requires the development of better force fi elds. However, Desiraju has 
recently presented a very balanced view of the possibility of calculating crystal 
structures (120). In some cases it is possible to calculate crystal structures, especially 
if the space group is known. The calculation is more diffi cult for other cases, particu-
larly those involving salts and when several molecules are present in an asymmetric 
unit. However, it will be interesting to observe the developments in this area as 
force fi elds improve, and the speed of computation increases. 

 The Cambridge Crystallographic Database had held four blind tests of 
crystal structure prediction, with the results of the third test being summarized in a 
2005 publication (121). Eighteen groups participated in this test, which involved 

 TABLE 17    Crystallographic Data for the Polymorphs of 2-[(2-nitrophenyl) 
amino]-3-thiophenecarbonitrile  

Crystal class Red form Orange form

Monoclinic Triclinic

Space group C2/ c P1
Crystal habit Plates Needles
Unit cell lengths  a  = 13.8617 Å  

 b  = 8.7921 Å  
 c  = 17.511 Å

 a  = 3.9331 Å  
 b  = 7.1080 Å  
 c  = 10.154 Å

Unit cell angles  α  = 90°  
 β  = 96.1°  
 γ  = 90°

 α  = 75.949°  
 β  = 78.08°  
 γ  = 87.372°

Molecules in unit cell 8 1
Cell volume 2121 269.43
Density 1.535 g/cm 3 1.510 g/cm 3 
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attempting to predict the structures of three molecules. Only one of the 18 groups 
participating was able to predict the structure of only one molecule. These results 
show that as of 2005 better energy models and improved search procedures are 
needed. Interestingly, preliminary information from the fourth blind in 2008 test 
show that one group was able to successfully predict the crystal structures of all of 
the test molecules. This is an impressive improvement that will no doubt lead to 
additional research in this important area. 

 Compounds under pharmaceutical development will continue to adopt 
structures differing in their free energy, and it will probably be true that the most 
thermodynamically favored form will only appear after some time has elapsed. 
However, if the research teams have done their job properly, the full details of the 
polymorphism will be known long before the drug reaches Phase 3, and then there 
would be no surprises to encounter.    
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 INTRODUCTION 
 Whereas polymorphism has been defi ned in other chapters as crystal systems 
for which a substance can exist in structures characterized by different unit cells, 
but where each of the forms has exactly the same elemental composition, the term 
solvatomorphism refers to those systems where the crystal structures of the sub-
stance are also defi ned by different unit cells, but where these unit cells differ in 
their elemental composition through the inclusion of one or molecules of solvent. 
Another defi nition of a solvatomorph is that it is a crystalline solid in which solvent 
molecules have become included in the structure through positional substitution at 
positions that are site-specifi c and that are related to other solvent molecules through 
translational symmetry. 

 Solvatomorphs may be broadly classifi ed as to the ratio of drug substance, 
namely, that they are either stoichiometric (where a defi nite ratio of solvent to mol-
ecule exists) or non-stoichiometric (where the ratio of solvent to molecule may vary 
continuously over a given range). Griesser has further identifi ed non-stoichiometric 
solvatomorphs as being solid solutions where the solvent can be present in either an 
interstitial or substitutional mode (1). It has been pointed out that the defi nitions of 
solvatomorphs and cocrystals are not mutually exclusive (2), and so the use of the 
latter term might eventually supersede the use of the former. 

 In his solvatomorph chapter, Byrn (3) has tabulated a list of solvents known to 
form solvatomorphs with organic compounds, namely, water, methanol, ethanol, 
 n -propanol, isopropanol,  n -butanol,  sec -butanol, isobutanol,  tert -butanol, acetone, 
methyl ethyl ketone, acetonitrile, diethyl ether, tetrahydrofuran, dioxane, acetic 
acid, butyric acid, phosphoric acid, hexane, cyclohexane, benzene, toluene, xylene, 
ethyl acetate, ethylene glycol, dichloromethane, chloroform, carbon tetrachloride, 
l,2-dichloroethane,  N -methylformamide and  N , N -dimethyl-formamide,  N -methy-
lacetamide, pyridine, and dimethyl sulfoxide. Although the presence of most of 
these solvents in a therapeutically indicated drug substance might raise toxicity 
concerns, Byrn (3) has provided a number of reasons for which solvatomorphs of 
organic solvents would be of interest:  

  The solvatomorph could be the penultimate solid form of the drug substance.  • 
  The solvatomorph could be specifi cally chosen for recovery or purifi cation.  • 
  The solvatomorph could be characterized by a crystal morphology that facilitates • 
performance of a step in a manufacturing process.  

7
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  The solvatomorph could be the only crystalline form suitable for crystal structure • 
determination of the drug substance by means of single-crystal X-ray diffraction 
study.  
  The solvatomorph could be useful in a desolvated form that facilitated its • 
dissolution.  
  The solvatomorph could constitute new intellectual property, and thus be • 
patentable.   

 Without a doubt, water is the solvent that forms the largest number of pharma-
ceutically useful solvatomorphic solids, and it has been estimated that approximately 
one-third of drug substances are capable of forming crystalline hydrates (4). Owing 
to its small size that enables it to fi ll structural voids and because of its multidirec-
tional hydrogen-bonding capability, water is an ideal agent for the linking of drug 
molecules into stable crystal structures (3). The mere presence of water in a system is 
not a suffi cient reason to anticipate formation of a hydrate species, because the activity 
of water in the crystallizing medium determines whether a given hydrate species 
will form (5). Because water is such a ubiquitous substance, it is not surprising that 
the most important type of solvatomorphism involves the incorporation of water 
into crystal lattices. 

 The potential pharmaceutical impact of changes in hydration state of crystal-
line drug substances and excipients exists throughout the development process. 
The behavior of hydrates has become the object of increasing attention over the last 
decades, primarily due (directly or indirectly) to the potential impact of hydrates on 
the development process and dosage form performance. Substances may hydrate 
or dehydrate in response to changes in environmental conditions, processing, or 
over time, if they exist in a metastable thermodynamic state (6). 

 Often it may turn out not be practical or possible to maintain the same hydrate 
species of a compound during scale-up activities that was originally isolated during 
the discovery “bench” scale synthesis. The choice of counterions required to pro-
duce a more soluble salt form may also be dictated by the extent and type of hydra-
tion observed for a given salt, and/or by the moisture level that may be safely 
accommodated by the dosage form (7). 

 The physicochemical stability of the compound may raise issues during pre-
formulation. Some hydrated compounds may convert to an amorphous form upon 
dehydration, and some may become chemically labile. This is true of cephradine 
dihydrate, which dehydrates to become amorphous and then undergoes subse-
quent oxidation. Other compounds may convert from a lower to higher state of 
hydration yielding forms with lower solubility. In any case, the resulting “new” 
forms would represent unique entities that, depending on the dosage form, might 
have to be maintained throughout the manufacturing process and in the clinic, and 
would impact on the regulatory status of the compound. Most often this demands 
that the form (usually crystalline) be identifi ed and characterized with respect to 
handling conditions during the early pre-IND stage of the development process. 

 As dosage form development proceeds, changes in hydration state can result in 
variable potencies depending on handling conditions during weighing steps, the 
kinetics of the hydration/dehydration process, and the environmental conditions 
during processing. Differences in powder fl ow can result from changes in crystal form 
and/or morphology that may accompany the hydration/dehydration process. This 
can affect content uniformity in solid processing either in the mixing process or during 
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transfer to other processing equipment such as tablet presses. Aqueous granulation, 
particle size reduction, fi lm coating, and tablet compression, all provide opportunities 
to “trap” a compound in a metastable form that may “relax” to a more stable form at 
some unpredicted point in the life of a dosage form. Alternately, a kinetically favored 
but thermodynamically unstable form may be converted during these processes to a 
more stable and less soluble form. 

 During and after manufacturing, moisture from the environment or that 
sealed in the package may redistribute throughout the dosage form and change the 
hydration state(s). These changes can, in turn, visit the negative consequences dis-
cussed above for the bulk drug on the dosage form. These may be manifest as: 
changes in tablet/capsule dissolution rates (and perhaps bioavailability), changes 
in lyophile reconstitution times, tablet capping, chemical instability, discoloration, 
and more. Of course, the potential for changes in hydration state also exists for 
many pharmaceutical excipients (such as lactose or magnesium stearate). 

 Such problems are typically magnifi ed as both synthetic and dosage form pro-
duction is scaled up. This may be caused by solvent limitations, heat transfer differ-
ences in production equipment, changes in raw materials and/or raw material 
suppliers, changes in processing times, and time and control constraints on product 
storage, to name a few. 

 The arguments just provided detail the potential issues around hydrates in 
the development process, but the question is how often hydrates are encountered 
during the conduct of “real-life” drug development. A quick search of the Cambridge 
Structural Database (version 5.29) shows that 56,940 out of a total 42,3752 crystal 
structures (i.e., 13.4%) contain molecular water (8). Interestingly, when organome-
tallic compounds are excluded from the analysis, it turns out that only 15,390 out of 
181,370 structures contain water (i.e., 8.5%). However, if the search is further limited 
to those structures that are marked as being biologically active, the percentage is 
14.4% (i.e., 1552 out of 10,722 compounds). The difference in the last two percentages 
suggests that hydrates are more common among pharmaceutically relevant com-
pounds. It is to be noted that these statistics cannot be completely accurate, as the 
Cambridge Crystallographic Data Centre (CCDC) cannot guarantee that all active 
compounds have been identifi ed as such, and not all compounds tagged as being 
active are actually used as pharmaceutical agents. Nevertheless, the current subset 
of biologically active compounds is still a better representation of pharmaceutical 
compounds than is the full ensemble of structures in the Cambridge Structural 
Database (CSD). 

 It must also be noted that a considerable number of crystal structures that are 
 solved  during pharmaceutical development do not ever become published. In other 
circumstances, one may obtain evidence for the formation of a hydrate or hydrates, 
but the actual crystal structures are never elucidated. This situation can arise either 
because of a simple lack of interest or because the hydrate crystals are deemed to be 
of insuffi cient quality to perform single-crystal X-ray analysis. Finally, even when 
hydrates are found and their crystal structures determined, in many instances the 
details of the structural analysis are never published for intellectual property con-
cerns. It is highly likely that the actual occurrence of hydrates is much higher than 
database statistics suggest, and that the estimate of one-third of drug substances 
forming hydrates is probably valid. 

 When the hydrated compounds that have been identifi ed as being active are 
evaluated for their stoichiometry, the breakdown of these according to hydration 
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number is that shown in  Figure 1 . Monohydrates are by far the most common, fol-
lowed by dihydrates. The frequency of higher hydration numbers rapidly declines 
beyond the trihydrates. It is interesting to note the relatively frequent occurrence of 
hemihydrates (0.5 water molecules per drug substance molecule) and sesquihy-
drates (1.5 water molecules per drug substance molecule). Apparent fractional 
hydration states can also be encountered, representing either the existence of 
complicated unit cells (such as a unit cell containing one water molecule and two 
drug substance molecules), or the sharing of water molecules between unit cells in 
the structure. 

 Other occurrences with frequencies of one represent non-stoichiometric 
hydrated compounds, but a word of caution is due when such hydrates are encoun-
tered. An apparent stoichiometry of 0.6 water molecules could correspond to a par-
tially dehydrated monohydrate, or to a hemihydrate having sorbed additional 
water due to defects or amorphous content. It could also be a partially dehydrated 
hydrate that was characterized by a true 2/3 stoichiometry. The conditions to which 
crystals are typically exposed during single-crystal X-ray analysis (i.e., a fl ux of 
dry nitrogen close to its evaporation temperature) particularly tend to dehydrate 
crystals during analysis. 
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FIGURE 1 Occurrence of various crystalline hydrate stoichiometries.
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 The symmetry of these hydrate crystals follows fairly closely with that 
reported for organic structures overall.  Table 1  shows the breakdown for space 
groups, organized by crystal system, accounting for the top approximately 90% 
of the structures. Space group  P 2 1 / c  (number 14) is the most commonly encoun-
tered group, as with the general population of organic molecules contained in 
the CSD. 

     THERMODYNAMICS OF SOLVATOMORPHIC SYSTEMS 
 As discussed in a previous chapter, a solvatomorphic system will consist of at least 
two components (the substance itself and the solvent of solvation), and to describe 
the various phases one must invoke the variables of pressure, volume, temperature, 
and composition. For the two component systems of interest to pharmaceutical sci-
entists (typifi ed by hydrates and their anhydrates), studies are usually conducted at 
atmospheric pressure, and this specifi cation immediately fi xes one of the variables 
and enables the construction of ordinary phase diagrams. 

 Two important considerations related to biphasic equilibria are of importance 
during the development of solvatomorphs for pharmaceutical purposes. The fi rst 
concerns the environmental conditions associated with the vapor pressure of sol-
vate species, as these are associated with the ability of a solvate to become desol-
vated. The other concerns the solubility of solvatomorphs in solvent systems, and 
how the different physical properties of a solvatomorph may be exploited during 
development. As hydrates are of most importance to the pharmaceutical commu-
nity, the discussion will focus largely on issues associated with water, but from a 
thermodynamic viewpoint, the content applies equally well to solvatomorphs that 
contain organic solvents. 

TABLE 1 Ten Most Common Space Groups for Compounds Marked as being Active in the 
Cambridge Structural Databasea

Space group Percentage of active compounds 
having the indicated space group

Percentage of active hydrates having 
the indicated space group

P21/c 28.0 19.0
P212121 21.1 22.1
P21 15.7 18.8

1P 13.9 13.2
C2/c 4.3 4.8
Pbca 3.4 1.9
C2 2.3 4.5
P1 2.2 3.5
Pna21 1.2 1.0
P21212 0.9 2.3

93.0 91.1

aOrganometallic compounds were excluded from these statistics.
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 One solvatomorphic system of interest to the present discussion is where a 
solid phase exists in a state of equilibrium with a single vapor phase, such as would 
be encountered for solvation/desolvation equilibria at temperatures less than the 
fusion temperature of the desolvated solid. Upon heating, the solvatomorph can 
dissociate either into a solvate of lower solvation, or into an anhydrous phase. 

 Consider the hydration/dehydration equilibrium associated with the 
hypothetical monohydrate, C – H 2 O: 

      +2 2C–H O C H O�   (1)  

 When C – H 2 O is present in equilibrium with its desolvated form and liberated water 
vapor, this system consists of two components and three phases, and according to 
the Phase Rule is characterized by one degree of freedom. If one were to perform 
the equilibration at fi xed pressure (e.g., atmospheric pressure), then the system 
becomes invariant, and the condition of equilibrium could only exist at a fi xed tem-
perature. Alternatively, if one were to place the monohydrate in a vessel maintained 
at constant temperature, then the pressure would equilibrate at the dissociation 
pressure of the monohydrate and remain at that pressure until the dehydration 
process is complete. 

 Experimentally, it has been found that the vapor pressure curve of a hydrate 
system is the same type as that of liquid water (9). In terms of the temperature–
pressure phase diagram depicted in  Figure 2 , the B–O curve portion is the vapor 
pressure curve of ice, O–A is that of liquid water, and O–C is the effect of pressure 
on the melting point. The S–H curve provides the vapor pressures of saturated solu-
tions of the monohydrate at various temperatures, and must lie below the O–A 
curve because the vapor pressure is lowered by the presence of dissolved solute. In 
addition, the amount of dissolved substance (and consequently the depression in 
vapor pressure) will increase with temperature, so the solution curve will gradually 
recede from the water curve. The solution curve intersects with the ice curve at the 
point S, where four phases (ice, monohydrate, solution, and vapor) will coexist in 
equilibrium. This point is known as a cryohydric point. 

  It is to be emphasized that the vapor pressure of a hydrate is not a pressure of 
water vapor with which the hydrate alone is in equilibrium. According to the Phase 
Rule, before a system can be univariate there must be three phases present, namely, 
two solid phases and the vapor phase. In the context of our hypothetical monohy-
drate, the correct use of the term “vapor pressure of a hydrate” would be that of the 
vapor pressure of the system C/C – H 2 O. Bowden (9) has summarized the signifi cance 
of vapor pressure, and this is found in  Table 2 . 

  The equilibrium thermodynamics of stoichiometric hydrates has been 
described by several authors, which tend to follow the same general outline (10,11). 
The equilibrium constant,  K  h , between an anhydrous crystal and a hydrate whose 
stoichiometry is given by the number  m , A (solid) +  m H 2 O  ↔  A ·  m H 2 O (solid), is 
defi ned as 

      2
h

2

[A H O (solid)]
[A (solid)] [H O]m

a m
K

a a
⋅=   (2)  

 Here,  a  represents the activity of the hydrate [ a (A  ·   m H 2 O (solid))] and anhydrate 
[ a (A (solid))], respectively. Besides the anhydrous form on one side, this equilib-
rium relation can easily be adapted to any system with different levels of hydration, 
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 FIGURE 2    Vapor pressure curve for water and a hypothetical monohydrate.    

 TABLE 2    The Signifi cance of Vapor Pressure (9)  

Property of a pure 
liquid

Property of an 
aqueous solution

Property of a crystalline 
hydrate

Number of 
components

1 2 2

Number of phases 2 2 3
Degrees of freedom 1 2 1
Composition of 
phases

Invariant Variable (function of 
concentration)

Invariant

Defi nition of vapor 
pressure

The pressure of 
vapor in equilibrium 
with the liquid

The pressure of 
aqueous vapor in 
equilibrium with the 
solution

The pressure of aqueous 
vapor in equilibrium with 
the hydrate and the 
hydrate of next lowest 
stoichiometry 
(or anhydrate)
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but for the sake of brevity we will consider only this case. In equilibrium the water 
activity,  a (H 2 O), is defi ned as the partial vapor pressure in equilibrium,  p / p  0 , and 
can thus be written as 

      
1

2
0 2

h

[A H O (solid)]
[H O]

[A (solid)]

m
a m

p p a
a K

 ⋅≡ =   
  (3)  

 The partial vapor pressure of water is typically expressed as a percentage and 
referred to as the relative humidity (RH), that is, RH =  p / p  0   ×  100%. The hydrate/
anhydrous system gives rise to a specifi c critical RH at which these phases are in 
equilibrium. When a substance is subjected to a RH below the critical RH the anhy-
drous phase is more stable; above it, the hydrate is more stable. This means phase 
transitions typically occur when materials are kept outside their respective stable 
RH regions. 

  Figure 3  shows the water adsorption behavior of levothyroxine sodium, which 
shows the equilibrium between the anhydrous and the pentahydrate forms. The 
sudden jump in weight at about 12% RH shows the phase transition. The material 
continues to slightly gain weight at higher RH because of surface adsorption. When 
materials go through several hydration states, such as a monohydrate followed by 
a dihydrate, two individual sharp jumps in height are observed. 
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 FIGURE 3    Vapor adsorption behavior of previously dehydrated levothyroxine sodium that shows 
a phase transition to the pentahydrate at an RH of approximately 12%.    
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  When kept in a closed system and allowed to equilibrate, the air above a 
mass of crystals will attain the RH value that stems from equation (3). These micro-
environmental RH values are important to keep in mind when considering the shelf 
life of dosage forms and their packaging, because the water content of any free vol-
ume of air will equilibrate with the drug product. What makes matters worse is the 
exponential temperature dependence of the RH. As a general rule of thumb, the par-
tial vapor pressure of water drops by a factor of two for every 11.1°C. Therefore, in a 
closed system, the RH rises by a factor of two for the same drop in temperature. 

 Although for polymorphs, phase interconversions are mostly temperature 
controlled, solvatomorphs are also highly sensitive to the activity of the solvents 
involved, as well as to the phase identity of the solvent. Even though thermody-
namics might favor a solid–solid phase transition, it frequently happens that the 
reaction is kinetically unfavorable, and hence, some metastable polymorphs can be 
maintained for years without any evidence for formation of the stable polymorph. 
However, when these metastable forms are exposed to even the smallest amounts 
of solvent, the interconversion process can take place very rapidly. 

 Nývlt discussed the kinetics of this mechanism, and called it a solid–liquid–solid 
phase transformation (12). Boerrigter et al. encountered this process in their inves-
tigations on their research of epitaxial polymorphic growth of a model steroid com-
pound and showed that a tiny amount of acetone present in the system catalyzed 
recrystallization of the metastable phase. To emphasize that the molecules involved 
must pass through a temporary state of dissolution rather than a melt they redubbed 
the term to be more specifi cally a solid–solute–solid phase transition (13). In short, 
the mechanism is explained as a molecular level layer of solution that traverses 
through the crystal. Keeping this in mind, when a certain crystalline form under-
goes a phase transition after a solvent is introduced that does not necessarily mean 
that a solvatomorph was formed. It is equally possible that a metastable form 
recrystallized into a more stable solvent-free form. 

 Hydrates represent a special case of solvatomorphs because water raises no 
issues regarding toxicity and is usually of no concern in the approval of drug 
products. On the other hand, water is the only solvent that is present in ambient 
conditions, and its uptake and possible equilibria between hydrate forms repre-
sents a concern for processing, packaging, and storage. For practical purposes it is 
therefore important to determine the relative stabilities of solvatomorphs. Rela-
tive stability studies for solvatomorphic systems are no different than those for 
anhydrous polymorphic systems, except that the activity of the solvent must be 
taken into account. 

 By far the most instructive information about the relative stability of poly-
morphs and solvatomorphs can be gathered from a  G – T  diagram (free energy vs. 
temperature).  Figure 4  shows such a diagram taken from a recently published paper 
in which Griesser and coworkers diligently analyzed the behavior of three poly-
morphs of ( R )-cinacalcet hydrochloride using a plethora of analytical techniques 
(14).  G – T  cannot, of course, be measured directly, and it must be determined from 
data gathered from various experiments, typically a combination of differential scan-
ning caliometry (DSC) and hot-stage microscopy that identify the thermal energy 
exchange during phase transitions. Because the solid forms cannot be forced to inter-
convert between all phases at any given temperature actual data can only be mea-
sured on a limited number of events. The thick arrows represent actual data of 
temperature and enthalpy exchange, whereas the curves were later deducted from 
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the interpretation of the other data presented in the work. In the fi gure, one sees the 
 H – T  curves, which go up with increasing temperature. On this scale they appear to 
go up in parallel, but in reality they tend to diverge slightly, causing the difference in 
enthalpy between the curves to increase slightly with increasing temperatures. On 
the lower side of the  G – T  diagram one sees the Gibbs free energy of the polymorphs. 
These curves necessarily have a negative slope, because ( ∂  G / ∂  T )  p   =  −  S , and entropy 
is always positive. The form that has the lower Gibbs free energy at a given tempera-
ture is the more stable form at that temperature, and thus it is immediately obvious 
which form is the most stable for any given temperature from this type of diagram. 
Very important is the Gibbs free energy curve of the liquid. The temperature where 
a polymorph curve crosses the liquid curve represents a melting temperature. 
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 FIGURE 4    Semi-schematic energy/temperature diagram of the crystal forms of ( R )-cinacalcet 
hydrochloride polymorphs, where the bold vertical arrows mark the measured enthalpies. In the 
fi gure,  T  fus  is the melting point,  G  is the Gibbs free energy,  H  is the enthalpy,  ∆  fus  H  is the enthalpy of 
fusion,  T  trs  is the transition point,  ∆  trs  H  is the transition enthalpy, and liq is the liquid phase (melt). The 
fi gure has been adapted from Ref. (14).    
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  Because of the differences between polymorphs in how their entropies increase 
with temperature, the Gibbs free energy curves may cross. The temperature at 
which a pair of curves crosses is called the transition temperature. To avoid the 
confusion that typically arises from the various types of nomenclatures of the poly-
morphs (typically using Greek letters or Roman numerals), the form that is more 
stable below the transition temperature is often referred to as the low-temperature 
form and the other form as the high-temperature form. In this example we can see 
that Form-III is the low-temperature form, stable up to 148.5°C, whereas Form-I is 
the most stable from 148.5°C to its melting point at 179.5°C. Even though the Form-II 
curve crosses both that of Forms I and III, it is never the lowest, so Form-II is 
metastable at any given temperature. 

 When materials crystallize from aqueous solution, they are effectively exposed 
to unit activity. If the phase is anhydrous (assuming no specifi c interaction between 
the molecule and the water), when the phase is removed from the solvent it is usu-
ally stable at that temperature, because the free energy of the phase is independent 
of the solvent of origin. If the phase is hydrated, when it is removed from the solvent 
the RH it is exposed to necessarily drops signifi cantly. Once removed from the water, 
the activity of water needed to maintain the form (the critical activity) can be deter-
mined by several methods. These may include water vapor sorption analysis and 
Karl Fischer titrimetry (11). Alternatively, the critical activity can be assessed by crys-
tallizing the material at different water activities by using mixtures of solvents, such 
as from various aqueous alcohol systems (15,16). The percentage water in solution is 
directly related to the RH, as will become obvious in the following discussion. 

 For ideal solutions the change in Gibbs free energy (∆ G  = ∆ H  f   −   T ∆ S  f ) is related 
to the solubility,  x , by ∆ G  =  −  RT  ln  x . These two relations can easily be combined into 

      f f1
ln

H S
x

R T R
∆ ∆= +   (4)  

 where  ∆  S  f  and  ∆  H  f  are the entropy and enthalpy of fusion at the melting point, 
respectively, and  R  is the gas constant. For each phase, ln  x  can be plotted against 
1/ T , which should yield a straight line with a slope equal to  −  ∆  H  f / R  and an inter-
cept of  ∆  S  f / R . In this so-called Van’t Hoff plot, the equilibrium temperature of dif-
ferent phases is found at the intersection of their lines. Non-ideal dissolution 
behavior is observed as a curvature in these otherwise straight lines. In addition, 
this relation assumes that the enthalpy of solution is equal to the enthalpy of melt-
ing at the melting point. A more general expression may be derived, but the recipro-
cal dependence of solubility and temperature is preserved. Just as with a  G – T  plot, 
the intersection of curves generated for two different crystalline phases represents 
a point of equal free energy and a transition temperature. 

 When substituted in equation (3) the identical role of water activity as that of 
solubility becomes immediately obvious from Raoult’s law: 

      
0 = /x p p   (5)  

 Again, water is unique in that ambient conditions provide a counter-pressure 
to the loss of water in a hydrated crystal form. For any other solvated crystal, the 
ambient vapor pressure is zero, which stresses the material to a maximum. This 
stability issue demonstrates another grave concern against using solvates in drug 
formulations.   
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 ORGANIC MOLECULE SOLVATES 
 As discussed above, a wide variety of organic solvents are able to co-crystallize 
with compounds having pharmaceutical interest, and for reasons discussed earlier, 
these solvatomorphs should not necessarily be excluded from consideration as via-
ble crystal forms during development. Generally, the role of a solvent molecule is to 
lend stability to a crystal lattice, primarily by fostering stronger interactions between 
molecules or between planes of molecules. This can be accomplished in two pri-
mary ways: one where the solvent molecules occupy isolated positions in the crystal 
structure, and the other where the lattice positions group the solvent molecules 
along channels in the structure.  

 Discrete Position Solvates 
 During the course of a polymorph screening study conducted on the fumarate salt 
of formoterol: 

HN

NH

O

HO

HO

O
CH3CH3

     the drug substance was crystallized from 12 solvents (17). In addition to three 
non-solvated forms and a dihydrate, crystalline disolvates were obtained from 
ethanol, isopropanol, and benzyl alcohol. The ethanol and isopropanol disolvates 
were found to be isostructural, where the formoterol cations and fumarate anions 
hydrogen bond into sheets and the methoxy-substituted benzene rings pack into 
hydrophobic layers between the molecular sheets. The solvent molecules reside in 
the hydrophobic layers, but do interact with the fumarate anions via their hydroxyl 
groups. 

 Studies on crystalline forms of paracetamol (acetaminophen): 

NH

O
HO

CH3

     are ordinarily concerned with the non-solvated monoclinic and orthorhombic poly-
morphic forms, but the compound has also been shown to form solvatomorphs and 
co-crystals with hydrogen-bond acceptor molecules (18). In this work, structures of the 
1,4-dioxane, dimethylpiperazine,  N -methylmorpholine, piperazine, 4,4 ′ -bipyridine, 
and morpholine adducts have been reported. In the monoclinic dioxane structure, the 
chains of paracetamol molecules are sinusoidal in nature, where the –NH groups form 
hydrogen bonds with the oxygen atoms of the solvent molecules. Because the dioxane 
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C

 FIGURE 5    Molecular interactions in the 1,4-dioxane solvatomorph with paracetamol, viewed 
perpendicular to the (210) plane and along the  c -axis. The fi gure has been adapted from Ref. (18).    

molecules reside on inversion centers, two-dimensional molecular sheets are 
assembled where chains of paracetamol are linked by dioxane bridges. This type of 
structure is illustrated in  Figure 5 . The dioxane solvatomorph has itself shown to 
exhibit polymorphism, as a high-temperature orthorhombic form has also been 
reported (19). 

  Without a doubt, sulfathiazole: 

S
NH N

S

O

O

H2N

     holds the record for forming the largest number of solvatomorphs, with the existence 
of over 100 solvates being known (20). The structure of the tetragonal 1:1 adduct 
between sulfathiazole and pyridine has been reported; however, with the solid 
being crystallized from an  n -propanol/pyridine solution (21). The solvatomorph 
was found to be stable only in pyridine vapor, and decomposed into sulfathiazole 
Form-I under ambient conditions. The structure of a disappearing solvatomorph 
was reported in a separate study, where the described monoclinic 1:1 adduct with 
pyridine could no longer be obtained after the tetragonal polymorph had been 
previously crystallized (22). 

 The thiazide diuretic compound hydrochlorothiazide: 

SS
NH

O O

N
H

O

O

H2N

Cl
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     has been found to exhibit a rich solvatomorphic landscape, and the structures of the 
1:1 solvates with aniline (23), methyl acetate (24), 1,4-dioxane (25),  N , N -dimethyl-
formamide (26), and dimethyl sulfoxide (27) having been reported. The structures 
of the 1:2 solvates with  N , N -dimethylacetamide (28) and  N -methyl-2-pyrrolidone 
(29) have been reported as well. The hydrochlorothiazide compound was found to 
be capable of existing in a variety of conformational states in the different struc-
tures, with the solvent molecules playing key roles in determining the particular 
conformation adopted in a given solvatomorph structure. 

 Carbamazepine: 

N

O NH2

     is known to crystallize in four polymorphic forms and in number of co-crystal 
structures, and the structures of the 1:1 solvate with 2,2,2-trifl uoroethanol (30),  N , N -
dimethylformamide (31), and trifl uoroacetic acid (32) have been reported, as well as 
the structure of the hemisolvate with furfural (33). In these structures, the carbam-
azepine molecules form the same centrosymmetric hydrogen-bonded R 2  

2 (8) dimer 
motif that exists is all of the polymorphs, and the solvent molecules serve to link the 
dimers through hydrogen-bond bridges.   

 Channel-Type Solvates 
 Besides structures where the solvent molecules are effectively isolated from each 
other and bridge individual molecules or sheets of molecules, other structural types 
exist where the solvent molecules included in the lattice are located in proximity to 
other solvent molecules in adjoining unit cells along an axis of the lattice. This struc-
tural feature can be envisioned as being that of a solvent channel that exists through 
the crystal, and hence, this type of solvatomorph will be identifi ed as a channel-
type solvate. For example, in the tetrahydrofuran,  tert -butanol, toluene, and  p -
xylene solvatomorphs of  N , N  ′ -dithiobisphthalimide, the highly disordered solvent 
molecules lie within continuous channels created by sequences of  π  ·  ·  ·  π  stacking 
interactions and very weak C–H ·  ·  · O hydrogen bonds (34). 

 The crystal structures of the 2:1 solvates of phenylbutazone: 

N

N

O

O

H3C
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     with benzene, cyclohexane, 1,4-dioxane, tetrahydrofuran, tetrachloromethane, and 
chloroform have been published, where it was found that almost all of the solvato-
morphs were isostructural (35). In these structures, the solvent molecules were 
located in channels that ran along the (010) direction that was formed by the molecular 
framework of the phenylbutazone molecules. It was also found that the free volume 
available to the solvent molecules in the channels was related to their geometry in 
addition to the strength of the drug–solvent interactions. 

 The crystal structures of several solvates of erythromycin A: 

O

O

O

O

O

OH

HO

OH

H3C

CH3

H3C

H3C

CH3

CH3

CH3 O
O

OH

CH3

CH3

H3C

O CH3

HO

N
CH3H3C

     have been reported, and the hydrogen-bonding patterns and packing motifs of 
the included solvent molecules in these solvatomorphs discussed in detail (36). 
Although the solvent molecules in the tetrahydrofuran, dioxane, and isopropanol 
solvates resided in channels in the structure, the solvent molecules in the methanol 
solvatomorph (whose structure was found to be isomorphic with that of clarithro-
mycin) resided in discrete pockets that were not connected to form a continuous 
solvent space. As illustrated in  Figure 6 , the weak fl uorescence of the methanol sol-
vatomorph of erythromycin A was found to undergo a drastic reduction in intensity 
when the substance was subjected to thermal dehydration (37). 

  Triamcinolone diacetate: 

O

F

O
O

O

OH

O

O

CH3

HO

CH3

H3C

CH3

H

H
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     was found to crystallize in an orthorhombic structure that contained channels 
along the crystallographic  a -axis in which a number of different solvent mole-
cules could be included in a 1:1 molecule–solvent ratio (38). Essentially, isostruc-
tural solvatomorphs were obtained from ethanol, 1-propanol, 2-propanol, 
1-butanol, 2-butanol, acetone, 2-butanone, and methyl acetate. On the other 
hand, triamcinolone acetonide: 

300 350 400 450 500 550 600 650
0

5

10

15

20

25

30

35

Wavelength (nm)

In
te

ns
ity

 FIGURE 6    Excitation (fi ne traces) and emission (heavy traces) spectra obtained for the methanol 
solvatomorph of erythromycin A (solid traces), and its thermally dehydrated product (dashed traces) 
(H.G. Brittain, unpublished results).    
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     was found to form a solvatomorph where the unit cell contained two methanol 
molecules and three drug substance molecules (39). In this structure, the solvent 
molecules were located in channels formed along the crystallographic  c -axis.    

 HYDRATES 
 As discussed above, water is known to form a large number of solvatomorphs that 
have pharmaceutical signifi cance, and the lack of toxicity issues associated with 
hydrates makes them the most appropriate type of solvatomorphic solid, if one is 
going to be used. Water is characterized by an abundant range of hydrogen-bonding 
possibilities, and because it is characterized by a small size that enables it to fi ll 
structural, a considerable number of pharmaceutical compounds have been inves-
tigated for their tendency to form hydrate structures. In addition, the crystallization 
of a hydrate during the course of a complicated synthetic route can sometimes offer 
advantages not possible in a purely non-aqueous environment (40). 

 One way to classify crystalline hydrates is on the basis of their energetics (41). 
In this view, one looks at the strength of the hydrogen bonds that the water molecules 
have formed in the crystal structure. Hydrogen bonds span a wide variety of inter-
action energies that can range from being extremely weak, all the way to being 
extremely strong. Much debate can be made as to when to call a hydrogen bond a 
hydrogen bond, but the fact is that the strength of hydrogen bonds is a sliding scale, 
and everything strongly depends on other features of a crystal structure to determine 
whether a hydrogen bond is a signifi cant contribution to the crystallographic 
arrangement. The only objective way to proceed is to calculate the energies of inter-
action using some reasonable level quality method (such as density functional theory), 
but oftentimes empirical methods can perform better. 

 Closely related to the interaction energy view is the role of the water molecules 
in the solid-state chemistry of the crystal. Hence, one may advance a rudimentary 
classifi cation of crystalline hydrates, where the water of crystallinity is either stoi-
chiometric (i.e., having a well-defi ned water content and a different crystal structure 
than the anhydrous drug or other hydrates) or non-stoichiometric (i.e., having con-
tinuously variable composition within a certain range that is not associated with 
any signifi cant corresponding change in the crystal structure, except for some aniso-
tropic expansion of the crystalline network to accommodate the additional water 
molecules) (5). The entropic state of the water molecules in the solid, as observed in 
a single-crystal structure determination, can often indicate their behavior. When no 
clear hydrogen bonding is present in the crystal, the molecules will usually appear 
to be disordered and/or non-stoichiometric. 

 A more important supramolecular aspect is the motifs of hydrogen bonding 
that the water molecules form. When observing crystal structures it can readily be 
seen that water molecules can have very different roles in this respect, which can 
therefore greatly infl uence the stability of the three-dimensional crystal. At one 
end of the spectrum, water can play a minor role where it appears to merely deco-
rate the structure by clinging onto the three-dimensional arrangement of the host 
molecules. In many other cases, however, the multiple hydrogen-bonding capabil-
ity of water can cause it to act as a bridge between the host molecules in a host–
water–host type of arrangement. In those cases the water is typically found to be 
stoichiometric and rigidly incorporated in the structure. All sorts of higher order 
motifs can be found where multiple water molecules cooperate to form a stable 
link between the host molecules (host–water–water–host, and so on). 
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 It is clear that these types of supramolecular arrangements strongly defi ne the 
stability of the crystal structure. The three-dimensional structure of these coopera-
tive systems can be quite complex, and can really only be fully appreciated by 
studying them on a computer workstation. However, a mistake often made is to 
qualify crystal structures by looking only at the hydrogen-bonding motifs. Because 
of their cooperative nature and larger numbers, Van der Waals contacts typically 
account for the majority of the lattice energy for less polar molecules, and Coulomb 
interaction for more polar molecules. The relative contributions can again only be 
objectively studied by performing proper calculations, and visualization of a crystal 
graph can be extremely helpful in these matters. 

 Perhaps a more practical classifi cation is that of stability. As discussed in pre-
vious sections, both temperature and RH determine the stability of crystalline 
hydrates. These concerns will usually be of primary importance when drug products 
are developed for eventual commercialization. 

 Although having limitations, a highly successful classifi cation scheme is that 
proposed by Morris and Rodríguez-Hornedo (6). In this approach, the following 
three categories of crystalline hydrates are recognized:  

  Isolated site hydrates: The structure where water molecules are isolated from • 
direct contact with other water molecules by intervening drug molecules.  
  Channel hydrates: The water molecules included in the lattice lie next to other • 
water molecules of adjoining unit cells along an axis of the lattice, forming 
“channels” through the crystal.  
  Metal ion-associated hydrates: The water molecules are bound directly to a metal • 
ion, either as part of a coordination complex in the case of transition metal ions, or 
through strong ionic bonds as in the case of alkali metal and alkaline earth ions.    

 Isolated Site Hydrates 
 These hydrate species represent the structures with water molecules isolated from 
direct contact with other water molecules by intervening drug molecules. To illus-
trate some of the characteristics of this hydrate class, consider the dihydrate of 
cephradine: 

NNH

S

O

O

O
NH2

HO

CH3

H
H

     Determination of the crystal structure of cephradine dihydrate was of particular 
importance because when the compound is dehydrated, it becomes amorphous and 
very unstable (42).  Figure 7  shows the molecular connectivity diagram of cephra-
dine dihydrate, where it may be observed that each unit cell contains two molecules 
of cephradine and four molecules of water. The two water molecules hydrogen 
bond with each other, and with the carbonyl, carboxyl, and amide groups on the 
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two cephradine molecules. No axis can be drawn between separate water pairs 
without passing through an intervening portion of the cephradine molecule. This 
means that a pair of water molecules on the surface may be easily lost, but the 
creation of the hole does not leave other water molecules accessible. 

  As an isolated site hydrate type of structure, the thermal analysis of cephra-
dine dihydrate should be characterized by a sharp differential scanning calorimetry 
endotherm and a narrow thermogravimetric weight loss range. This is demon-
strated in  Figure 8 , where the DSC thermogram shows two incompletely resolved, 
but sharp, endotherms around 100°C, and the TG thermogram shows the antici-
pated sharp weight loss over a similar range. In addition, the onset of dehydration 
observed in the DSC thermogram is quite sharp. 

  Olanzapine: 

a

S

C

N

O
H

H2O

S

c

 FIGURE 7    Distribution of the water molecules in the cephradine dihydrate structure, where the 
pairs of water molecules are seen to reside in isolated lattice sites. The fi gure has been adapted 
from Ref. (42).    
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     has been found to crystallize in more than 25 crystal forms, among which are three 
polymorphic dihydrates that are pharmaceutically relevant, and whose structures 
have been reported (43). The basic crystal building block was a centrosymmetric 
dimer of olanzapine molecules, stabilized by the complementary surfaces of the 
most stable conformational enantiomers. In all of the hydrate structures, the water 
molecules were held by two or three hydrogen-bonding interactions, with the main 
difference in the structures being the relative orientation of adjacent two-dimensional 
layers of olanzapine molecules. 

 The 5-HT 3  receptor antagonist cilansetron hydrochloride: 
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 FIGURE 8    ( a ) Differential scanning calorimetry and ( b ) thermogravimetric analysis thermograms 
obtained for cephradine dihydrate.    
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     have been reported to crystallize in two polymorphic monohydrate solvatomorphs: 
one crystallizing in a monoclinic space group (44), and the other in an orthorhombic 
(45) modifi cation. Both structures feature helical chains of alternating water and 
chloride ions, with these running parallel to the crystallographic  b -axis in the mono-
clinic structure and attached laterally to the drug molecules through a network of 
N–H  ·  ·  ·  Cl contact interactions. In the orthorhombic structure, the helices run parallel 
to the crystallographic  a -axis, but these are now connected to the drug molecules by 
means of N–H  ·  ·  ·  O water  contacts. As one might suspect, these structural similarities 
give rise to similar X-ray powder diffraction patterns for the two monohydrate crys-
tal forms, but as illustrated in  Figure 9 , the differences in powder patterns confi rms the 
polymorphic nature of the two forms. 

    Channel Hydrates 
 Hydrates in this class contain water in channels that form wormholes through the 
structure, where the water molecules included lie next to other water molecules of 
adjoining unit cells along an axis of the lattice. When channels empty upon dehy-
dration of the crystals, the crystals are expected to relax some of the stress related to 
the resulting low-density structure by some changes in the lattice parameters. 
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 FIGURE 9    X-ray powder diffraction pattern of the monoclinic (44) form of cilansetron hydrochloride 
monohydrate (solid trace) and of the orthorhombic (45) form (dashed trace). The patterns were 
generated from data contained in the Cambridge Structural Database (version 5.29) using the CSD 
program Mercury (version 2.0).    
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 The channel water in ampicillin trihydrate: 

N

S

HH

NH CH3

CH3

O
HO

O

NH2

O

     exhibits characteristics of this class, and whose structure has been detailed in the 
literature (46). The packing diagram of ampicillin trihydrate is shown in  Figure 10 , 
which contains four unit cells. The water molecules can be seen to line up with 
the screw axis along the crystallographic  c -axis, where a channel having a diameter 
of 3.5 Å would be formed if the water molecules were to be removed without 
changing the structure. The water molecules are hydrogen bonded to four (or more) 

 FIGURE 10    Packing diagram for ampicillin trihydrate deduced from the single-crystal structural 
data. The van der Waals radii are included for the water hydrogens and oxygen, and the “channels” 
are along the screw axes.    
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other water molecules and at least two ampicillin molecules through the carboxy-
late ion, the carbonyl on the  β -lactam, the amino group, or through the ammonium 
group. 

  Results of thermal analysis performed on ampicillin trihydrate demonstrate 
some of the interesting characteristics of channel hydrate dehydration. As shown in 
 Figure 11 , the water contained in the channels ampicillin trihydrate begins to evolve 
at a much lower temperature than the water contained in the isolated lattice sites of 
cephradine dihydrate. Ampicillin trihydrate is found to lose water continuously at 
temperatures up to 125°C, whereas the dehydration endotherms of cephradine 
dihydrate ( Fig. 8 ) are very narrow. Interestingly, the dehydration temperature of 
ampicillin trihydrate is higher than that of cephradine dihydrate, which can be 
understood using a stepwise model. Dehydration begins at the surface of the crys-
tal, and continues toward the center along the channels. As the temperature 
increases, so does the probability of losing the fi rst water molecules on the surface 
at the channel ends. The loss of these water molecules leaves a channel for the next 
and sets up a thermodynamic gradient in the same direction. The drug molecules 
need not reorganize to lose many water molecules from the crystal. This phenome-
non has been observed visually, with Byrn and coworkers observing that crystals 
were heated on a microscope hot stage, and the dehydration appeared as a progres-
sive darkening (increasing opacity) from the surface of the crystal that traveled 
toward the center along the crystallographic  c -axis (47). 

  The anhydrate and monohydrate phases of mometasone furoate: 

O O

O
Cl

O

O

CH3

HO

CH3

Cl

CH3

H

H

     were found to exhibit distinctly different modes of crystal packing even though the 
constituent molecules exhibited similar conformations (48). The anhydrate was 
found to crystallize in an orthorhombic space group, with the drug substance 
molecules being packed tightly in the form of interlocked molecules. The mono-
hydrate form crystallized in a triclinic space group, where the water molecules 
formed channels along the  a -axis and the mometasone furoate molecules packed in 
layers along the same direction. When heated above 90°C, the monohydrate could 
be dehydrated to yield a metastable anhydrous form, which could then be trans-
formed to the known anhydrate when heated above 150°C. The metastable anhy-
drate could also be converted to the monohydrate form after short exposure to an 
RH of 45%. 
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 FIGURE 11    ( a ) Differential scanning calorimetry and ( b ) thermogravimetric analysis thermograms 
for ampicillin trihydrate.    

 When samples of topetecan hydrochloride: 

O

N

N OH

N

O

O

CH3

CH3
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CH3

HCl

     were equilibrated under a series of different RH conditions, it was found that the 
substance formed a trihydrate solvatomorph that could adsorb an additional two 
equivalents of water without forming a pentahydrate phase (49). X-ray diffraction 
studies were used to demonstrate that although the crystal structure of the trihy-
drate was broken by its dehydration, adsorption into or removal of the additional 
two equivalents of water from this form did not lead to changes in the crystal struc-
ture. Performance of a series of solid-state NMR studies enabled the deduction that 
although the water molecules of the trihydrate were intrinsic parts of the crystal 
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lattice, the trihydrate possessed additional structural channels where water could 
hydrogen bond to specifi c portions of the topotecan molecules. 

     Another characteristic of some channel hydrates structures is that the solids 
may reversibly gain or lose signifi cant quantities of water in the channels as a 
result of equilibrium with various RH conditions. These hydration or dehydration 
reactions do not cause alterations in the overall crystal structure, but are instead 
accompanied by expansions or contraction in the crystal lattice that change the 
dimensions of the unit cell. Such effects were shown qualitatively for the disodium 
salt of cromolyn: 

OO

OO O O

OO

OHHO

OH

 where it was found that as crystals absorbed additional moisture, the lattice expanded 
to accommodate the additional water (50). It was proposed that increases in hydration 
caused the crystal expand to the limit of the structure to sustain such change. 

 Grant and coworkers determined the single-crystal structure of cromolyn 
disodium containing 6.44 water molecules per cromoglycate anion (51), which 
was found to correspond to the previously studied structure. As shown in 
 Figure 12 , the structure contained large sodium ion and water channels that ran 
parallel to the crystallographic  a -axis and perpendicular to the plane of cromogly-
cate anions, and which occupied approximately 50% of the unit cell volume. It 
was noted that the existence of these large channels in the structure facilitated 
easy passage of water molecules with a minimal energy expenditure and dis-
ruption to the packing arrangements. Interestingly, the structure could not be 
solved for crystals equilibrated at relative humidities of 0%, 11.4%, and 21.6%, 
indicating that a certain minimum amount of water was required to sustain the 
crystal structure. 

  Channel hydrate structures featuring channels that extend along the full width 
of the crystal are often termed planar hydrates. The structures of the dihydrate forms 
of the sodium salt of racemic and enantiomerically resolved ibuprofen: 

O

OH

CH3

H3C

CH3
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     have been found to bear a strong degree of similarity to each other, with the dominance 
of interaction between oxygen atoms and the sodium cations overcoming the fact 
that one structure is heterochiral and the other homochiral (52).  Figure 13  shows the 
packing diagram for sodium ibuprofen, where the waters of hydration are seen to 
be associated with the sodium ions localized in the  a – c  plane of the lattice. 

  It is worth noting that not all hydrates associated with a given drug sub-
stance will necessarily be characterized by the same type of hydrate structure. 
For example, the existence of four hydration states (an anhydrate, a monohydrate, 

 FIGURE 12    Crystal packing diagram of cromolyn disodium, viewed down the crystallographic  a -axis. 
The small balls represent the oxygen atoms of the water molecules and the large balls represent the 
sodium ions in the channels. The fi gure has been adapted from Ref. (51).    
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a hemi-pentahydrate, and a variable hydrate containing four to six waters) have 
been reported for the sodium salt of risedronate (53): 

 FIGURE 13    Packing diagram for sodium ibuprofen, with waters of hydration and sodium ions being 
shown as van der Waals spheres. The fi gure is unpublished, and courtesy of Jack Z. Gougoutas.    
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     Although the variable hydrate form exclusively contained channel water, the hemi-
pentahydrate form appeared to contain both lattice and channel water. In contrast, 
the monohydrate was determined to contain lattice water that could only be lost at 
high temperatures.   

 Metal Ion-Associated Hydrates 
 Hydrate structures of this type contain water molecules that are directly coordi-
nated to a metal ion. The resulting interactions between a metal cation and the 
lone-pair electrons of the oxygen atoms of the bound water molecules are so strong 
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that they to dominate the experimental characteristics of the material. For example, 
dehydration of these bound water molecules typically takes place only at very high 
temperatures (54). 

     Nedocromil: 

N O

O O

O

OOH

OH

CH3

CH3

 has been found to form complexes with a number of bivalent metal ions, and the 
crystal structures of the hydrated salts with magnesium (55), zinc (56), calcium (57), 
and nickel (58) have been reported. As illustrated in  Figure 14  for the instance of the 
zinc salt, the six directed valences of the metal ion are satisfi ed by the coordination 

Zn

 FIGURE 14    Molecular structure of nedocromil zinc heptahydrate, showing only the water molecules 
bound in the inner coordination sphere of the Ni(II) ion. The fi gure has been adapted from Ref. (56).    
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of fi ve water molecules and one ionic linkage to the nedocromil molecule. Addi-
tional water molecules, not bound to the metal ion, can be present in the structure (and 
would be for the instance of nedocromil zinc heptahydrate), but the ion-associated 
water is seen to constitute the inner coordination sphere of the metal ion. 

  The calcium salt of [10-(2-hydroxypropyl)-1,4, 7,10-tetraazacyc1ododecane-1,4,7-
triacetato]calciate: 

O O

HO

–O

OH

2
CH3

Ca2+Ca2+

O––O N N

N N

     is also known as calteridol calcium, and is used as a stabilization aid in the formula-
tion of the Gd(III) imaging agent, ProHance ® . The compound has been obtained in 
a tetra-decahydrate and in a tetra-dihydrate form, both of which crystallize in the 
 C 2/ c , space group, but which are characterized by signifi cantly different unit cell 
dimensions. Molecular packing diagrams are shown in  Figure 15  for the two 
hydrates of calteridol calcium. 

Calteridol calcium,
tetra-decahydrate crystal form 

Calteridol calcium,
tetra-dihydrate crystal form 

 FIGURE 15    Packing diagrams derived from single-crystal data results obtained for the two 
hydrates of calteridol calcium, the tetra-decahydrate and the tetra-dihydrate (obtained after six-hour 
dehydration at room temperature).    
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  For the tetra-decahydrate form, there are four water molecules associated 
with each central calcium ion, and 10 lattice water molecules located in each channel 
that run perpendicular to the plane of the fi gure (the crystallographic  b -axis). One 
would anticipate that the channel water would be lost more easily than would be 
the water associated with the cation. One reason for this is that the energy of asso-
ciation of water with calcium through the lone pair electrons on oxygen is greater 
than that of hydrogen bonding in water, and the other reason is that the loss of 
water in channels occurs more easily than would be expected by its interaction 
energy alone. Also shown in  Figure 15  is the structure of the crystal after dehydra-
tion at room temperature has been conducted for six hours. Most of the channel 
water (eight molecules per unit cell) has been lost, leaving the four calcium-associated 
water molecules and two water molecules in the secondary sphere of hydration of 
the calcium. 

  Figure 16  contains the thermal analysis results obtained for the initial tetra-
decahydrate solvatomorph. The DSC thermogram exhibits a large broad endotherm 
beginning at ambient temperature and peaking at approximately 75°C, which is 
associated with a weight loss of 13.56% (based on dry weight) or eight moles of 
water per mole of calteridol (the theoretical water content is calculated to be 13.96%). 
Further heating leads to the observation of a smaller endotherm and a weight loss 
corresponding to two moles of water. As the heating continues, a sharper endo-
therm is seen at approximately 179°C, and a weight loss corresponding to the four 
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 FIGURE 16    ( a ) Differential scanning calorimetry and ( b ) thermogravimetric analysis thermograms 
for the tetra-decahydrate solvatomorph of calteridol calcium.    
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moles of water directly associated with the calcium ion. The molar heat of dehydra-
tion is between two and three times larger for the loss of the calcium-bound water 
than for the channel or lattice water. 

     DESOLVATION AND DEHYDRATION PHENOMENA 
 If one has made the decision to pursue the development of a solvatomorph as the 
crystal form of a drug substance, one of the more critical issues that arise concerns 
the conditions under which the solvatomorph might become desolvated. That the 
mechanism of desolvation of an organic solvate might differ from the mechanistic 
pathway of dehydration of a hydrate was demonstrated in kinetic studies of the 
monohydrate and ethyl acetate solvatomorphs of fl uconazole (59). Isothermal ther-
mogravimetric analysis was used to monitor thermally induced weight changes of 
fl uconazole monohydrate and ethyl acetate solvate, and the results analyzed using 
model-dependent and model-independent methods. It was determined that a three-
dimensional phase boundary reaction model provided the best fi t to the monohy-
drate data, whereas a three-dimensional diffusion model provided the best fi t for 
the ethyl acetate solvate data. In addition, the activation energy associated with the 
monohydrate dehydration was determined to be signifi cantly smaller that the 
activation energy of the ethyl acetate solvate desolvation. 

 However, because the majority of solvate forms that achieve pharmaceuti-
cal importance are actually hydrates, most of the discussion that follows will be 
concerned with the dehydration of hydrates. Many models have been developed 
to account for the dehydration kinetics of crystalline hydrates (60,61). Generally, 
these assume a certain geometry, and rely on some consistency of the system as 
the process proceeds. Often these models are indistinguishable for a given sys-
tem due to experimental variation, and the fact that many structures (and, there-
fore, mechanisms) change during dehydration. The change in structure may 
also contribute to the hysteresis observed upon re-hydration of a dehydrated 
structure. 

 When regarding the structural aspects of hydration/dehydration it is worth 
considering the classifi cation proposed by Galwey (61), who based his scheme on 
observations made of the behavior of crystals during dehydration. In this model, 
the processes include:  

  Crystal structure maintained.  • 
  Diffusion across an adherent barrier layer.  • 
  Interface advance/nucleation and growth or contracting envelope.  • 
  Homogeneous reactions in crystals.  • 
  Melting and formation of impervious outer layer.  • 
  Comprehensive melting.   • 

 This classifi cation scheme is especially useful when the process is being observed 
using microscopy, and provides a guideline that may serve to understand the 
mechanism. If proceeding from a crystallographic point of view, one can arrive at 
a somewhat simplifi ed scheme, anticipating one of three situations (62):  

  The crystal structure of the resulting anhydrous substance is nearly identical to 1. 
that of the original hydrate.  
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  The crystal collapses resulting in an amorphous phase, a mixed system of 2. 
unidentifi able crystallites, or, in general, a very poor crystallinity.  
  The crystal transforms into a new crystal structure.   3. 

 The practical consequences of dehydration kinetics may be found in the activities 
associated with determining boundary conditions for allowable exposure of bulk 
drug substances during development and processing, selection of proper packaging, 
determination of allowable temperature ranges for shipping, storage, and labeling 
of fi nal product, and for the initial selection of a form for development.  

 Dehydration and Hydrate Class 
 We have already implied two aspects of dehydration in previous sections, namely, 
the thermodynamic and the kinetic. Obviously the onset of dehydration will 
strongly be related to the enthalpy of interaction of water in the system, but in addi-
tion, the rate of dehydration will be strongly related to the geometrical arrangement 
of the water in the crystal structure. For isolated site hydrates, dehydration rates 
would be anticipated to be low even when the substance is heated nearly to the 
dehydration temperature. Once the dehydration temperature is achieved, the kinet-
ics would be expected to become very rapid unless the structure collapsed and pre-
sented a barrier to loss of the last water. This type of behavior is due to the fact that 
the waters would be in similar energetic environments (i.e., hydrogen bonded to 
drug molecules), so that when suffi cient energy is supplied to free one water, there 
is enough to liberate them all. 

 For example, in the structure of inosine dihydrate (which can classifi ed as an 
isolated site hydrate type), the purine rings are hydrogen bonded together to form 
ribbons running along the crystallographic  b -axis, and the water molecules hydrogen 
bond with the amino hydrogen atoms and the carbonyl oxygen atoms of the base (63). 
During studies conducted on the thermally induced thermal dehydration of inosine 
dihydrate, three types of water loss were detected (64). One water molecule bridging 
the furan ends of the molecules was lost separately, and the waters found to the car-
bonyl group and those bridging the aromatic planes were lost in separate processes. 
The loss of the water of hydration leads to conformational and packing changes that 
are required for the fi nal transformation into the  α -anhydrate structure. 

 The dehydration kinetics of channel hydrates are anticipated to be different 
relative to those of isolated site hydrates because the hydrogen-bonding network is 
dominated by water–water interactions. It is a generally accepted idea that all the 
hydrogen bonds of a given water molecule may get stronger as subsequent hydro-
gen bonds are formed. This suggests that when one water molecule is taken away 
from this arrangement, the remaining water molecules become less strongly bound 
to the host system. This explains both the continuous dehydration observed with an 
onset at relatively low temperatures for channel hydrates, and the relatively discrete 
water loss associated for the isolated site and the ion associated hydrates that are 
not subject to this cascade effect. 

 As mentioned before, the kinetics of dehydration appear to be strongly infl u-
enced by the role of the water in the lattice and its geometrical arrangement. When 
channel or planar hydrates are concerned, there is a conceivable reversibility in the 
process accompanied by well-behaved departure and re-entrance of the water mol-
ecules in the system. Hence, hysteresis in the vapor sorption analysis may be expected 
to be relatively small and the impact on the crystals is expected to be relatively low. 
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 Several studies of the multi-step dehydration of the channel hydrate theophyl-
line monohydrate have been reported. In the crystal structure of the monohydrate, 
theophylline molecules form chains of dimers, and the water molecules form infi nite 
hydrogen-bonded chains that run through tunnels parallel to the crystallographic 
 a -axis (65). The water chains are hydrogen bonded to the theophylline dimers, and this 
arrangement results in the formation of two-dimensional hydrogen-bonded layers 
that run parallel to the  ab -plane. 

 The mechanistic pathway of theophylline monohydrate dehydration has been 
shown to be a function of experimental conditions, where in a closed system the 
phase transition consisted only of a dehydration step (i.e., molecular loosening and 
breaking of hydrogen bonds) because evaporation of the water to the vapor phase 
was inhibited (66). However, when the dehydration was conducted in an open 
system, the reaction proceeded fi rst by a dehydration step that was followed by a 
second step of evaporation of the loosened crystal water. 

 The dehydration of theophylline monohydrate has also been studied from the 
viewpoint of the crystallographic identity of the dehydration products. Using two-
dimensional X-ray powder diffraction studies (acquired with a time resolution of 
40 milliseconds using synchrotron radiation), Suryanarayanan and coworkers 
showed that the products of the two-step dehydration of theophylline monohy-
drate were a metastable anhydrous crystal form and the stable anhydrate (67). The 
dehydration kinetics were also studied by means of Raman spectroscopy, where the 
two-step dehydration process going through the two anhydrate crystal forms was 
confi rmed (68). 

 Although thermal analysis and X-ray crystallography represent the typical 
methods for studying dehydration processes, spectroscopic methods can some-
times reveal steps in the mechanism not readily evident. For example, although 
thermal analysis and X-ray powder diffraction studies indicated that cefadroxil 
monohydrate appeared to undergo a relatively simple thermally induced dehydra-
tion, solid-state fl uorescence spectroscopy studies pointed toward the existence of a 
cefadroxil hemihydrate that could be obtained by appropriate thermal dehydration 
(69). The fl uorescence spectral results indicated the existence of two major photo-
physical pathways for delocalization of excitation in the cefadroxil monohydrate 
crystal, each of which could be selectively activated by irradiation with the proper 
excitation wavelength. One of the photophysical systems appeared to dominate the 
spectroscopy of the monohydrate, but was eliminated once the monohydrate was 
dehydrated to a hemihydrate. The other photophysical pathway existed in the 
monohydrate structure, and became the sole mechanism for observable fl uores-
cence once the cefadroxil monohydrate was partially dehydrated to the hemihy-
drate. The fact that the different species exhibited widely differing fl uorescence 
intensities enabled a spectral evaluation of the decomposition pathway, which is 
illustrated in  Figure 17 . 

    Impact of Particle Size and Crystal Morphology 
 More often than not, one can go by the general rule that the smaller is the particle 
size, the more rapid will be the rate of dehydration. Assuming bulk diffusion in the 
material to be the rate-limiting step, the general assumption can be justifi ed on the 
basis of surface area. A secondary contribution to this effect is seen for materials that 
have been milled, where the resulting crystal defects contribute to an increased 
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degree of bulk diffusivity, as well as an apparently larger surface-to-bulk ratio due 
to cracks and porosity. 

 In one study, the dehydration mechanism and activation energy of dehydration 
of theophylline monohydrate were found to be dependent on both the particle size 
and on the sample weight used (70). For large sample weights, the dehydration 
process was best described by the Avrami-Erofeev equation for both non-fractionated 
samples and for sieve cuts smaller than 500  µ m. On the other hand, a two-dimensional 
phase boundary mechanism proved to be the most consistent to describe the 
dehydration of samples having passed through a 150- µ m sieve. For smaller sample 
weights, the Avrami-Erofeev model proved satisfactory to describe dehydration in 
both the non-fractionated samples and in the <150- µ m sieve cut. It was suggested 
that both the mechanism and the activation energy associated with the dehydration 
of a hydrate could be signifi cantly infl uenced by sample pre-history, and that fac-
tors such as particle size, sample weight, crystal defects, and surface characteristics 
needed to be taken into account. 

 The impact of crystal morphology on dehydration kinetics is seen to be some-
what be more subtle, and is hardly ever independent of particle size considerations. 
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 FIGURE 17    Cefadroxil fl uorescence intensity as a function of the number of water molecules per 
molecule of cefadroxil in isothermally heated samples (69). The intensity of the excitation = 360 nm/
emission = 460 nm system is shown as the solid trace, whereas the intensity of the excitation = 390 nm/
emission = 540 nm system is shown as the dashed trace.    
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Nevertheless, it can easily be conceived that (especially for instances of channel 
hydrates) bulk diffusion would be highly anisotropic, and that morphologies that 
have shorter and more channels per unit of bulk will result in faster dehydration. 

 This topic is complicated by the reality that particle size analysis is a very 
subjective measurement, and the issue of proper sampling can introduce additional 
error (71). This makes it diffi cult to know how to approach the problem of obtaining 
a crystalline hydrate in the form of two different morphologies that have the same 
particle size. Another complication has to do with the dehydration rate measurements 
themselves. As discussed earlier, the stability of the hydrated form cannot be speci-
fi ed without knowledge of the partial pressure (or RH) of water at each temperature 
of interest. Most dehydration experiments are performed against very low values of 
RH, and the conditions/results may not be very realistic or revealing. The literature 
does contain some interesting studies of dehydration at various RH values that clearly 
show the expected trends (72,73). The use of moisture sorption/desorption data is 
also becoming more common, although most workers still use only the equilibrium 
values even though the kinetic data is usually available from the same experiments. 

 The discussion on dehydration characteristics of the different classes suggests 
that, for equivalent particle size, channel hydrate dehydration kinetics should be 
more sensitive to changes in morphology than would be the other classes. For ampi-
cillin trihydrate (a channel hydrate), the water lies on the crystallographic  c -axis. 
For crystals that are more elongated along this axis, the relative density of dehydra-
tion sites on the crystal surface is smaller. This should lead to slower dehydration 
(at least early in the process before structural changes can occur) due to the increase 
in the average distance a water molecule must travel before it becomes liberated.    

 BEHAVIOR OF SOLVATOMORPHS DURING PROCESSING, HANDLING, 
AND STORAGE 
 It is well established that the mechanical forces encountered by polymorphs and 
solvatomorphs during the processing of drug substances into drug products can 
often cause phase transitions from metastable into more stable crystal forms (74–76). 
Although such topics will be discussed in considerable detail in other chapters in 
this book, it is appropriate at this time to explore where in the dosage form develop-
ment process one might encounter phase transformations of solvatomorphs, and 
especially of hydrate species. The discussion naturally divides itself into those situ-
ations where a stage during secondary processing induces a phase transition and 
those situations where transitions take place in the fi nal drug product subsequent 
to its manufacture. Although the majority of published works are concerned with 
the transformations among polymorphs, a suffi cient number of studies have been 
discussed for transitions among states of hydration systems.  

 Processing Induced Transitions 
 Of particular interest in pharmaceutical development is the induction of phase transi-
tions during processing, which can occur for several possible reasons. If the crystalline 
state of the bulk drug substance is a metastable polymorph or solvatomorph, the 
introduction of suffi cient energy to overcome any activation energy barrier may cause 
a phase transformation into a more stable form during processing. The same may be 
said about amorphous drug substances, which will always be metastable with respect 
to any crystalline form. At the end of the phase transformation process, the fi nal state 
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may either be a more stable polymorph or a different hydration state, and the process-
ing may kinetically trap a metastable form in the dosage form. It is also possible, that 
a new form may appear that is only stable in the formulation matrix.  

 Solution-Mediated Transformations 
 During any manufacturing process that entails contact of a non-solvated crystal 
form of a drug substance with any kind of bulk solvent, the possibility of a 
phase transformation into a solvated or hydrated crystal form must be considered. 
In suspensions of solid crystal forms, the higher free energy of a metastable form will 
cause it to exhibit a higher degree of solubility than its more stable forms. Conse-
quently, a saturated solution of the less stable form would be supersaturated with 
respect to the more stable form, which would then crystallize during processing. 
These situations are termed solution-mediated phase transformations, and depend 
upon the solution phase to provide the mobility necessary to rearrange in the most 
stable form. Perhaps carbamazepine and theophylline constitute the best known 
systems of this type, and shall be more fully discussed in Chapter 13. 

 Although the anhydrous crystal form of metronidazole benzoate is the com-
mercially available substance, the monohydrate has been shown to the thermody-
namically stable form in water at temperatures less than 38°C (77). The phase 
transformation of the anhydrate to the monohydrate was found to be accompanied 
by a drastic increase in particle size, which in turn, led to instabilities in suspension 
formulations intended for oral administration. In subsequent work, it was found 
that the aqueous solutions of the drug substance would form an inclusion complex 
with  β -cyclodextrin, and that formation of this complex drastically impeded the 
course of the solution-mediated phase transformation (78). In addition, cyclodextrin 
complexation also served to decrease the rate of hydrolysis and to protect the drug 
substance against photochemical degradation. 

 The ability of polyvinylpyrrolidone to inhibit the humidity-induced phase 
conversion of anhydrous theophylline into its monohydrate has been studied in 
physical mixtures of varying proportions (79). The excipient was found to retard the 
degree of hydrate formation by competing with the drug substance for water mol-
ecules, while at the same time promoting formation of monohydrate by delivering 
water in close proximity to theophylline crystals. However, the second mechanism 
only became signifi cant at high levels of excipient and/or RH, indicating that the 
protective action of polyvinylpyrrolidone in the mixtures could be attributed to the 
action of an internal desiccant. 

 Carbamazepine represents another well-known system where suspension of 
any of the anhydrous polymorphic forms in aqueous media results in the solution-
mediated phase transformation of the substance into its dihydrate form. This phase 
transformation is illustrated in  Figure 18 , where the tabular crystals of the anhy-
drate Form-III convert into the needle-like crystals of the dihydrate over time. The 
effect of excipients that could be grouped into functional classifi cations on this tran-
sition has been evaluated, and it was determined that hydrogen-bonding interac-
tions and solubility interactions played the dominant roles in inhibition of the phase 
transformation (80). 

  The chemical and physical stability of aqueous and non-aqueous suspensions 
of the anhydrate, two polymorphic monohydrates, the 1:1  N,N  ′ -dimethylformamide 
solvatomorph, the 1:1 dimethyl sulfoxide solvatomorph, the 1:1 methanol sol-
vatomorph, and the 2:1 tetraethylene glycol hemisolvate of niclosamide has been 
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evaluated in an effort to develop pharmaceutically acceptable suspension formula-
tions (81). All of the solvatomorphs were found to convert initially to one of the 
polymorphic monohydrates, and over time all of the initially formed metastable 
monohydrates converted to the more stable monohydrate phase. The various 
solvatomorphs could be readily desolvated, but these were unstable and became 
re-hydrated or re-solvated upon exposure to the appropriate solvent. 

 Ciprofl oxacin anhydrate was shown to rapidly convert to its hydrated form 
upon exposure to water, but it was found that premixing the anhydrate with 
hydroxypropyl methylcellulose in the presence of water or ethanol would inhibit 
the processing-induced phase transition, and that proper choice of excipients would 
allow formulation without phase transformation via wet granulation (82). Extended-
release tablets of containing hydroxypropylmethylcellulose (HPMC) that were pre-
pared with the solvatomorphs were found to exhibit different dissolution rates, 
which was interpreted to indicate that the anhydrate-to-hydrate transition was 
signifi cantly inhibited by the excipient in the gel layer of hydrated tablets.   

 Particle Size Reduction 
 Considering the amount of energy that accompanies the processing, unit operations 
of particle size reduction (i.e., grinding and milling) have considerable potential to 
induce changes in the solvation or hydration state of a drug substance. Often the 
process of milling (especially if the energy input into the system is high) can result in 
the formation of a considerable percentage of amorphous content in the ground sub-
stance. The formation of a high-energy amorphous material is usually undesirable 

 FIGURE 18    Photomicrograph taken at a magnifi cation of 40 × , illustrating the growth of carbam-
azepine dihydrate needles on equant crystals of carbamazepine anhydrate Form-III during an aqueous 
solution-mediated phase transformation (H.G. Brittain, unpublished results).    
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in that it must be thermodynamically metastable, and will tend to spontaneously 
transform either to a crystalline hydrate or anhydrate. 

 Extended performance of a milling operation will serve to lower the degree of 
crystallinity in the solid, and this phenomenon is especially important for solvato-
morphs having lower degrees of lattice energy. As the degree of crystallinity in a 
solid steadily decreases, a level can be reached where the crystal structure of a 
hydrate is suffi ciently disrupted so as the lattice water can no longer be retained, 
and the solid collapses into an amorphous product. This phenomenon was most 
clearly demonstrated during studies conducted on cephalexin monohydrate (83,84), 
where samples were ground using a variety of methods and the degree of crystallin-
ity determined using a calibrated X-ray powder diffraction method. As illustrated in 
 Figure 19 , solids that had been milled to degrees of crystallinity less than 20% 
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 FIGURE 19    Relationship between the degree of crystallinity in ground cephalexin samples and 
the dehydration temperature ( lower  trace) and the decomposition temperature ( upper  trace). The 
fi gure is adapted from data contained in Ref. (84).    
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were signifi cantly less stable than the more crystalline solids, as evidenced by the 
precipitous decreases in dehydration and decomposition temperatures. 

  The phenomenon of loss of crystalline water upon extensive grinding of a 
hydrate solvatomorph is not limited to cephalexin. Cefi xime trihydrate could be 
transformed into an amorphous state after four hours of mechanical processing in an 
automated mortar, although no sharply defi ned critical degree of crystallinity could 
be identifi ed in this study (85). On the other hand, the grinding of cyclophosphamide 
monohydrate was shown to proceed through a new metastable phase on the way to 
a stable anhydrous phase (86). Lactitol monohydrate became easier to dehydrate 
upon grinding, even though an analogous grinding process was not found to infl uence 
the dehydration temperature of the dihydrate phase (87). 

 The effects of particle size reduction, granulation, consolidation, and com-
pression on celecoxib and its solvatomorphs have been studied, establishing that 
the non-solvated drug substance retained its crystalline identity without formation 
of any amorphous material during processing (88). On the other hand, milling the 
 N,N  ′ -dimethylacetamide solvatomorph generated crystal defects that initiated fur-
ther changes, and milling the  N,N  ′ -dimethylformamide solvatomorph yielded partial 
transformation to the non-solvated phase. These solvatomorphs were found to 
become desolvated upon wet granulation, and additionally, compaction forces also 
served to desolvate the solvatomorphs.   

 Wet Granulation and Subsequent Drying 
 Wet granulation is a particularly effi cient process for kinetic trapping of metastable 
crystal forms. During one mode of this processing methodology, one prepares a 
highly concentrated solution of the drug substance by using hot solvent to dissolve 
the dry substance, and possibly additional excipients, and then the mixture is rap-
idly dried onto other solids using an evaporative cooling process. The resulting 
product can exhibit a range of characteristics that vary from no change in crystal 
form, to a mixture of forms, to a metastable crystalline form, or to a metastable 
amorphous form. This aspect of processing-induced phase transformation will be 
illustrated through a discussion of the anhydrate-monohydrate phase transitions 
of theophylline during granulation processing and subsequent drying because a 
substantial body of work has developed concerning such processes. 

 The infl uence of the degree of wetting during the granulation step of the pel-
letization process on the drug release from several blends of micro-crystalline cel-
lulose with theophylline anhydrate has been studied (89). The differences in release 
rate were correlated with the anhydrate-to-monohydrate phase crystal transition, 
where the degree of conversion was quantitatively infl uence by the percentage of 
anhydrous theophylline, the choice of excipient, and the degree of wetting during 
the granulation step. In another study of micro-crystalline cellulose blends with 
theophylline, it was confi rmed that wet granulation caused a decrease in the rate of 
drug release rate that was caused by the conversion of theophylline anhydrate into 
theophylline monohydrate (90). Additionally, it was found that oven drying the 
products at 400°C did not restore the anhydrate state, and that a decrease in dis-
solution rate could be obtained for dry compacts of theophylline anhydrate and 
micro-crystalline cellulose that were stored at high humidity levels. 

 The infl uence of lactose monohydrate or silicifi ed micro-crystalline cellulose 
on the anhydrate-to-monohydrate phase transformation during wet granulation 
has been studied with the specifi c aim of determining whether the highly water 
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absorbing cellulosic excipient could retard the transition (91). It was determined 
that lactose exerted no effect on the phase transformation, and that the silicifi ed 
micro-crystalline cellulose only inhibited the transition at low levels of moisture 
and not the levels needed to form granules. The processing-induced phase transfor-
mations of theophylline was further investigated with the aim of studying the for-
mation of a metastable anhydrate form that was produced after wet massing and 
drying of theophylline with poly(vinylpyrrolidone) (92). Different amounts of stable 
and metastable theophylline could be produced depending on the granulation 
method, and these and subsequent phase transitions had a signifi cant effect on 
product performance. 

 The effect of a number of pharmaceutical excipients on the kinetics of theophyl-
line monohydrate formation during high-shear wet granulation has been studied, 
where mixtures of theophylline anhydrate and the excipient were wet granulated in 
a high-shear granulator using water as the granulation fl uid (93). The kinetics of the 
solution-mediated phase transformation was also evaluated in slurries where theo-
phylline and excipients were added to the aqueous phase. It was found that at typical 
levels of excipient in the granulations, the of phase transformation theophylline were 
effectively unchanged, but that when granulation was conducted using low concen-
trations of certain polymeric binders the transformation kinetics could be signifi cantly 
retarded. For example, when 0.3% w/w of hydroxypropyl methylcellulose was added 
to a formulation containing 30% w/w theophylline anhydrate, the formation of the 
monohydrate could be completely prevented over the time period of the granulation 
experiment, without signifi cantly affecting the granular properties. 

 Near infrared (NIR) spectroscopy has been used to study the solution-mediated 
phase transformation of anhydrous theophylline to the monohydrate during an 
aqueous-based wet granulation process (94). As shown in  Figure 20 , the NIR spec-
tra of theophylline anhydrate and its monohydrate are suffi ciently different so as to 
permit their ready identifi cation. It was reported that at low levels of granulation 
fl uid (corresponding to 0.3 moles of water per mole of theophylline), the water 
absorption maxima observed the NIR spectra corresponded to those of theophyl-
line monohydrate, but at higher levels of granulation fl uid (i.e., 1.3–2.7 moles of 
water per mole of theophylline) spectral contributions to free water were identifi ed. 
In a subsequent study, the abilities of NIR and Raman spectroscopies to follow the 
species in a theophylline wet granulation process were evaluated, and it was con-
cluded that although NIR spectroscopy provided information regarding the state of 
water in the solids, Raman spectroscopy yielded information related to the drug 
molecule itself (95). 

  The utility of Raman spectroscopy as a probe technique was evaluated as to 
its potential use for in-line monitoring of the transformation of theophylline anhy-
drate to theophylline monohydrate during high-shear wet granulation (96). The 
transformation kinetics observed during wet granulation were compared with 
those generated by a simple model describing the solvent-mediated transformation 
of theophylline in solution, and it was concluded that a simple solvent-mediated 
transformation model could be useful for estimating the time scale for hydrate 
formation during high-shear wet granulation. 

 Because it was known that theophylline monohydrate can be thermally dehy-
drated to generate either the stable Form-I or the metastable Form-I*, the effect of 
different drying methods on the phase composition was studied (97). When using 
either a multi-chamber micro-scale fl uid bed dryer or the hot-stage of a variable 
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temperature X-ray powder micro-diffraction (XRPD) diffractometer, Form-I* was 
produced when the drying was conducted at 40–50°C. Drying at 60°C in the VT-
XRPD unit yielded only Form-I, whereas mixtures of products were produced in 
the micro-scale fl uid bed dryer even at temperatures as high as 90°C.    

 Transitions in the Final Product 
 Once a fi nal dosage form has been produced, there remains the possibility of in situ 
phase transitions. These can happen either because a metastable form was produced, 
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 FIGURE 20    Near-infrared spectra obtained for theophylline monohydrate ( upper  spectra) and 
theophylline anhydrate ( lower  spectra), showing both the raw absorption spectrum (solid traces) 
and the corresponding second derivative spectrum (dashed traces) for each. The spectra are shown 
in arbitrary units, and have been adapted from Ref. (94).    
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or because the ambient conditions have forced the transition. These changes can be 
either hydration or dehydration, alterations in the polymorphic state, or amorphous-
to-crystalline phase transitions. A transformed drug substance in a dosage form 
could exhibit an altered solubility or dissolution rate that might produce an unde-
sirable profi le, and this effect would be particularly pronounced when developing 
a metastable form of the drug substance. 

 Processes that kinetically trap a metastable phase in a solid dosage form are 
not unusual. To entrap a phase, one must restrict its molecular mobility once it 
forms, and this situation is easier to accomplish in a solid dosage form. Once a 
metastable phase is formed, it may achieve a fair degree of stability in the dosage 
form, and can even represent a marketing advantage where one takes advantage of 
the potentially higher solubility, dissolution rate, and bioavailability. If the phase 
transformation results in a polymorphic or solvatomorphic form other than the 
desired one, a considerable degree of concern will arise. One need only recollect the 
example of Abbott’s Ritonavir, where the initially marketed drug product became 
unacceptable upon crystallization of a less available, more stable polymorph (98). 

  The effect of high degrees of RH on tablets prepared containing anhydrous 
theophylline has been studied in considerable detail. For example, when such tab-
lets were stored under conditions of high RH, needle-like crystals of the monohy-
drate phase appeared on the surface of the tablets that resulted in a decrease of the 
dissolution rate (99,100). The problem was found to be more pronounced for tablets 
containing hygroscopic materials such as polyethylene glycol 6000, magnesium 
chloride, potassium acetate (illustrated in the dissolution curves of  Fig. 21 ), or 
sodium chloride. In a latter study, it was found that unless tablets prepared from 
theophylline anhydrate were stored at relative humidities less than 52%, phase 
transformation of the drug substance into its monohydrate and additional hydra-
tion of the magnesium stearate lubricant would take place (101). The rate of drug 
release was found to bear an inverse relationship to the compression pressure, but 
the degree of compaction was not found to affect the rates of moisture sorption or 
phase transformation. 

 The effects of tableting pressure and various geometric factors on the hydra-
tion kinetics tablets prepared using the various polymorphs of theophylline anhy-
drate have been studied (102,103). Tablets were stored at 35°C and 95% RH, and the 
effects of these storage conditions on tablet expansion and hydration were studied 
as a function of tablet thickness and diameter. In these works, it was found that 
hydration of the tablets decreased with increased tableting pressure, suggesting 
that the role of the tablet excipients, and their effect on tablet porosity, played a 
dominant role in the hygroscopicity. In a related study, the dehydration kinetics of 
theophylline monohydrate in compressed tablets was studied as a function of 
tableting pressure and tablet geometric factors (104). It was determined that like the 
hydration kinetics of tablets containing theophylline anhydrate, the dehydration 
kinetics of theophylline monohydrate in tablets was largely determined by the 
tablet porosity and thickness. 

 It has been established that dehydration of theophylline monohydrate fi rst 
yields a metastable anhydrous phase that, in turn, undergoes a further phase trans-
formation to the most stable polymorphic state. In one study, tablet formulations 
containing either the metastable or stable anhydrate form were prepared and stored 
at ambient temperature and RH conditions of 33% and 52% (105). It was found that 
the drug substance in tablets prepared beginning with the metastable anhydrate 
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completely converted to the stable anhydrate in less than 10 days, and the dissolu-
tion rate of the tablets stored at 52% RH failed the USP dissolution test. In another 
study, anhydrous theophylline was wet massed with different molecular weight 
grades of polyvinylpyrrolidone to effect conversion to the monohydrate, the prod-
ucts dried, and the resulting levels of metastable and stable anhydrate determined 
(106). It was determined that the physical form of theophylline in the tablets was 
infl uenced by the molecular weight of the binding agent, the granulation method, 
and the drying temperature. 

 During an investigation of dissolution failures encountered for tablets con-
taining erythromycin dihydrate indicated that an isomorphic desolvated form of 
the dihydrate phase was responsible for the observed decreases in the dissolution 
rates, specifi cally because the dehydrated dihydrate would become bound with for-
mulated Mg(OH) 2  (107). Interestingly, the phenomenon could be reversed by expos-
ing tablets to water vapor for a relatively short period of time. On the other hand, 
the process-induced transformation of erythromycin dihydrate to its dehydrated 
form was demonstrated to take place during oven tray drying at higher tempera-
tures (60°C) than at lower temperatures (60°C), suggesting that erythromycin does 
not tend to transform easily during processing (108).   
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 FIGURE 21    Dissolution data obtained for an initially produced theophylline tablet formulation that 
contained potassium acetate in addition to conventional excipients (solid trace) and for the same 
formulation stored for four weeks at 37°C and 90% RH (dashed trace). The curves have been 
adapted from data contained in Ref. (100).    
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 Kinetics of Transformation 
 Only a few generalities can be advanced regarding the kinetics of phase transforma-
tions that take place during processing, but it is true that constant-temperature 
solution-mediated transformations typically proceed much faster than do those in 
the solid state. Some transformations that proceed rapidly and are apparently occur-
ring in the solid state may actually be taking place in an absorbed water layer, or in 
the amorphous fractions of the solid. Hydrate transformations can be thought of as 
reactions that are not necessarily occurring in the solid state, because the water may 
be in the vapor phase. These may even be considered as being solution mediated, 
consistent with the relative rapidity with which many hydration/dehydration 
reactions occur. 

 If the thermodynamics of a system indicate that free energy differences repre-
sent only a small driving force for a solid-state polymorphic transformation, even 
favorable kinetics may be insuffi cient to allow the transition to occur rapidly. In 
general, the existence of favorable kinetics has more effect on the transformation 
rate than does a relatively large driving force, so increasing temperature and/or 
pressure conditions become the main controllable factors. The degree of RH can be 
the main factor in a hydrate transformation, and here a large driving force repre-
sented by the partial pressure of water may enhance the kinetics by inducing mobility 
in the system. 

 The kinetics of phase transformation can become problematic for accelerated 
stability studies for several reasons. Stress testing conditions may exceed the tem-
perature of a polymorphic phase transition or dehydration, and the use of acceler-
ated conditions may make a relaxation of a metastable phase more rapid due to the 
increased molecular mobility in the solid. In addition, the RH of the station may be 
in the range suffi cient to cause a solvatomorphic transition associated with a dehy-
dration or a hydration process. If such transformations are possible under stress 
conditions, then it is equally possible that they may also be observed during excesses 
in storage and handling. 

 It is easy to see from the phase diagram of an enantiotropic polymorphic sys-
tem that if the storage condition of the stable phase of drug exceeds the transition 
temperature, the order of stability changes and a new phase will form if the kinetics 
permits. A more common problem is the exceeding of the glass transition tempera-
ture of amorphous compounds (or coatings), which then may induce crystallization 
and/or other mobility related problems. A crystal form that is metastable at a given 
temperature can convert to the stable form if the conditions and kinetics become 
favorable. As the temperature is increased, even though the free energy gradient 
decreases, the conversion kinetics becomes more favorable.     
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 INTRODUCTION 
 Active pharmaceutical ingredients (APIs) are typically orally delivered as solid 
dosage forms that contain a single crystalline form of the API. This is an artifact 
of crystalline solids tending to be more stable and reproducible in the context of 
purifi cation and processing when compared to other types of solid forms such as 
amorphous solids and solid solutions. Interestingly, the importance of crystal form 
selection during development of APIs has probably never been higher, and in the 
past fi ve years pharmaceutical co-crystals have become part of a landscape that was 
previously occupied only by polymorphs, salts, and solvates/hydrates ( Fig. 1 ) (1–4). 
Nevertheless, whereas there is a clear need for better understanding and control 
of crystalline forms in the context of drug development, the concepts of supramo-
lecular synthesis (5–8) and crystal engineering (9–18) remain largely underexploited, 
and there are many basic questions about pharmaceutical co-crystals that remain 
unanswered, including their tendency to form polymorphs (19). Furthermore, a 
number of factors that are critically important in making an API viable as an oral 
dosage form remain diffi cult to predict or even control:   

   • Dissolution rate and intrinsic solubility  of different crystal forms of an API are 
variable, and can strongly infl uence bioavailability. This is a particularly salient 
factor in light of the increasing prevalence of “BCS Class II” drugs (i.e., low-
solubility, high-permeability APIs) (20).  
   • Stability toward temperature and humidity  of an API is critically dependent upon 
crystal packing.  
   • The unpredictability (i.e., lack of obviousness) of crystal structures  and physical prop-
erties means that there are opportunities and challenges in terms of obtaining 
and maintaining patent protection for an API.   

 In such a context, scientifi c developments that afford greater diversity in terms 
of the number of crystalline forms available for a given API and, therefore, an 
opportunity to customize the physical properties of an API with a process or clinical 
need, are obviously of profound relevance to the pharmaceutical industry. This 
chapter highlights how crystal engineering can afford such an opportunity to diver-
sify the number of crystal forms known for an API, and to fi ne tune their physical 
properties of clinical relevance by reviewing the emerging fi eld of pharmaceutical 
co-crystals. Particular emphasis is placed upon their history, their design, and 

8
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their recent impact on preformulation strategies for development of dosage forms 
of APIs.   

 WHAT IS A CO-CRYSTAL? 
 That there is not yet a recognized defi nition of the term “co-crystal” has engendered 
a topical debate on the subject (21–27). In the Zaworotko research group we have 
been using the following operating defi nition:  A co-crystal is a stoichiometric multiple 
component crystal in which all components are solid under ambient conditions when in their 
pure form. These components consist of a target molecule or ion and a molecular co-crystal 
former(s) and when in a co-crystal they coexist at the molecular level within a single crystal  
(28). This perspective has also been taken by Aakeröy (29). That all components are 
solids under ambient conditions has important practical considerations because 
synthesis of co-crystals can be achieved via solid-state methods, and chemists can 
execute a certain degree of control over the composition of a co-crystal because they 
can invoke molecular recognition, especially hydrogen bonding, during the selec-
tion of co-crystal formers. These features distinguish co-crystals from another broad 
group of multiple component compounds, solvates, and it should be noted that 
most molecular compounds are amenable to formation of co-crystals as they exist as 
solids under ambient conditions (30). An increasingly important subset of co-crystals 
is pharmaceutical co-crystals, that is,  co-crystals in which the target molecule or ion is an 
active pharmaceutical ingredient, API, and it bonds to the co-crystal former(s) through 

(A)

(E) (F)
Neutral API

Water/solvent

Charged API

Counterion

Co-crystal
former

(B) (C) (D)

 FIGURE 1    A schematic illustration of the classes of crystal form that might be exhibited by active 
pharmaceutical ingredients (APIs) ( A ) single component API; ( B ) polymorph of single component 
API; ( C ) hydrate or solvate of API; ( D ) polymorph of solvate or hydrate of API; ( E ) salt of API; 
( F ) co-crystal of API.    
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hydrogen bonds  (31). The recent and rapid emergence of pharmaceutical co-crystals 
can be attributed to a number of factors including the following:  

   • Design.  Our scientifi c understanding of the noncovalent forces that sustain 
molecular organic crystals, in particular co-crystals, has recently advanced to the 
extent that control over the stoichiometry and composition of co-crystals can be 
asserted, that is, by exploiting the strategy of crystal engineering (9–18,32–35) in 
the context of understanding and predicting hydrogen-bonding interactions. 
Crystal engineering is facilitated by the Cambridge Structural Database (CSD) 
(36), and the nature of APIs, that is, molecules or ions with exterior functional 
groups that engage in hydrogen bonding, makes all APIs inherently predisposed 
to formation of pharmaceutical co-crystals (31,37–39). This is not ordinarily the 
case for polymorphs and solvates for which high-throughput screening, which 
to a certain extent relies upon serendipity, tends to be relied upon rather than 
design, or for salts, which require an ionizable functional group.  
   • Discovery.  That mechanochemistry can be utilized to synthesize co-crystals has 
been known since the fi rst co-crystals were discovered in the 1840s by dry grind-
ing (40), but it has only recently been realized and accepted that “solvent-drop” 
or “liquid-assisted” grinding are preferred methodologies (41–44). Indeed, it is 
fair to assert that co-crystals are readily accessible through solvent-free or solvent-
reduced methods, although other techniques such as slurrying (45) and solution 
(46) are complementary.  
   • Diversity.  It has become apparent that pharmaceutical co-crystals exhibit different 
physical properties compared to the pure crystal form(s) of APIs, that a given 
API might form co-crystals with dozens of co-crystal formers, and that some of 
these co-crystals might exhibit enhanced solubility (47–50) or stability to hydra-
tion (51). Therefore, pharmaceutical co-crystals represent an opportunity to 
signifi cantly diversify the number of crystal forms of an API, and in turn, fi ne 
tune or even customize its physicochemical properties without the need for 
chemical (covalent) modifi cation.  
   • Development.  Whereas pharmaceutical co-crystals can be designed using crystal 
engineering strategies, this does not mean that details of their crystal structures 
or physical properties can be predicted before they have been measured. There-
fore, there is no reason to assume that it will not be possible for pharmaceutical 
co-crystals of existing APIs to be patented as new crystal forms and, if they 
exhibit clinical advantages, then they are open to be developed as new drugs 
(52). This has potentially important implications for drug development because 
it abbreviates some aspects of drug development time lines and mitigates costs 
and risks related to discovery and toxicology of new APIs.  
   • Delivery.  As mentioned earlier, being able to fi ne tune solubility can be a critical 
factor that infl uences the clinical performance of an API if its bioavailability is 
controlled by rate of dissolution. This is generally considered to be important for 
BCS Class II APIs (53), the most common classifi cation (20,54–55) for the current 
generation of APIs.    

 History of Co-crystals 
 If one uses the criterion that all components of a co-crystal must be solid under 
ambient condition, then co-crystals represent a long known class of compounds. 
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The prototypal co-crystal is quinhydrone, which was reported in 1844 (40), and was 
further studied during the late 1800s (56). Co-crystals were subsequently described 
as  organic molecular compounds  (57). However, structural information on co-crystals 
was largely absent until the 1960s, when the term  complexes  was coined, and most 
recently, the term  heteromolecular crystals  was coined to describe a co-crystal formed 
between two hydrocarbons: cubane and fullerenes (58). 

 That complexes form readily via molecular recognition between comple-
mentary nucleic bases (59–60) is not just of relevance to biochemistry. Such 
interactions are key to understanding existing co-crystals and designing new 
co-crystals.  Figure 2  illustrates the crystal structure of the co-crystal that forms 
when 9-methyladenine is crystallized in the presence of 1-methylthymine. This 
compound can be regarded as a prototypal co-crystal that illustrates how molecu-
lar recognition (i.e., hydrogen bonding) can indeed govern the existence and the 
composition of a co-crystal. It is therefore somewhat surprising, especially given 
the broad relevance and even application of interactions between nucleobases 
(61), that even today there is relatively little structural information on base pair-
ing. Indeed, the August 2008 release of the CSD (36) contains structural informa-
tion on 456,628 organic, metal–organic, and organometallic crystal structures and, 
if salts and solvates are excluded, there are less than 100 crystal structures involving 
nucleobases. Furthermore, there is essentially no information concerning the sta-
bility of base pairing in a competitive environment (i.e., when other hydrogen 
bonding groups are present). The situation with nucleobases represents a micro-
cosm of co-crystals in general because there is not a great deal of structural infor-
mation in the CSD on co-crystals. There are only two entries prior to 1960, and 
even today there are only ca .  2083 (0.46% of the CSD) hydrogen bonded 
co-crystals versus 50,019 hydrates (10.95% of the CSD). Therefore, it would be 
fair to summarize co-crystals as being a long known but little studied class of 
compounds. 

9-Me-adenine 1-Me-thymine

 FIGURE 2    The Hoogsteen base-pairing that occurs in the 1:1 co-crystal of 9-methyladenine and 
1-methylthymine.    
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    History of Pharmaceutical Co-crystals 
 Pharmaceutical companies are always in search of a crystal form that is stable during 
handling, processing, and storage. However, such stability is not always at hand 
because APIs are prone to the formation of polymorphs that could be metastable or 
less soluble. Furthermore, it is at best diffi cult to predict beforehand how many 
polymorphs of an API might exist and under what experimental conditions these 
polymorphs will appear. The other commonly developed forms of active pharma-
ceutical ingredients include salts, solvates, hydrates and multi-component crystal-
line phases, pharmaceutical co-crystals, and of course, polymorphs can also occur 
with all these entities. The availability of multiple co-crystal formers for a given API 
is what makes pharmaceutical co-crystals special. The co-crystal former is a com-
pound that is pharmaceutically acceptable or approved. The scope of available 
co-crystal formers is not yet set but even if it is limited to “generally regarded as 
safe” (GRAS) compounds or compounds that have already been approved by the 
FDA for use in formulation such as a “salt formers,” there could be 100 or more 
possible co-crystal formers for an API. However, pharmaceutical co-crystals are not 
only of interest because they can afford crystal form diversity and improve physical 
properties of clinical relevance. They also represent an opportunity to patent and 
market clinically improved crystal forms of existing APIs, possibly as a new drug. 
It should therefore be unsurprising that much of the currently available literature 
on the subject is found in patents. Indeed, perhaps the earliest example of a pharma-
ceutical co-crystal was reported in a 1934 French patent that disclosed co-crystals of 
barbiturates with 4-oxy-5-nitropyridine, 2-ethoxy-5-acetaminopyridine,  N -methyl-
 α -pyridone and  α -aminopyridine (62). In 1995, Eli-Lilly patented complexes of 
cephalosporins and carbacephalosporins, a class of  β -lactam antibiotics, with para-
bens and related compounds (63). Sildenafi l citrate, the active pharmaceutical ingre-
dient in Viagra ® , a $1.5 bn/year drug that is used for the treatment of male erectile 
dysfunction and pulmonary arterial hypertension, is a BCS class II drug with low 
solubility. The co-crystal of sildenafi l with acetyl salicylic acid (aspirin) was patented 
in 2007 (64), and it exhibits higher solubility under acidic conditions compared to 
the commercially available crystal form sildenafi l citrate ( Fig. 3 ). A more detailed 
discussion of this pharmaceutical co-crystal is presented in the section “Case Studies 
of Pharmaceutical Co-crystals.”  

 In terms of the scientifi c literature there were few reports of pharmaceutical 
co-crystals until the past decade. However, Caira, demonstrated that “old” drugs 
such as sulfonamides could form co-crystals (65), and suggested their potential in 
pharmaceutical development. Pharmaceutical co-crystals have received much 
more attention in recent years, as evidenced by several review articles (28,31,38,39) 
and a feature article in the June 18th 2007 issue of  Chemical & Engineering News  (66). 
This cover story focused upon various aspects of active pharmaceutical ingredi-
ents including polymorphs, solvates, hydrates, pharmaceutical co-crystals, and 
patentability.   

 Design of Co-crystals 
 It is evident that many of the early co-crystals reported in the literature appear to 
have been the result of serendipity rather than design. However, the emergence of 
crystal engineering has changed this situation, and in recent years several groups 
have successfully exploited crystal engineering principles for design and synthe-
sis of co-crystals, with particular emphasis upon exploitation of hydrogen bond 
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motifs (29,33,34,67–69).  Figure 4  reveals that there has been a steady increase in the 
number of co-crystals reported from 1990 − 2008, a time period that coincided with 
the emergence of the paradigm of crystal engineering. Pepinsky introduced the 
concept of crystal engineering as far back as 1955 (32), and it was fi rst implemented 
by Schmidt in the context of organic solid-state photochemical reactions (9). It is fair 
to assert that Etter popularized the term “co-crystal” in the 1980s (33), and at around 
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 FIGURE 3    Intrinsic dissolution rate of the 1:1 sildenafi l citrate:aspirin co-crystal versus sildenafi l 
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the same time Desiraju defi ned crystal engineering as “the understanding of inter-
molecular interactions in the context of crystal packing and in the utilization of such 
understanding in the design of new solids with desired physical and chemical 
properties” (11). Crystal engineering has now matured into a widely accepted para-
digm for the preparation or supramolecular synthesis of new compounds. A salient 
feature of crystal engineered structures is that they are designed from fi rst principles 
using the concepts of supramolecular chemistry and self-assembly (16,70–73).  

 A crystal engineering experiment typically involves CSD surveys followed by 
experimental work to prepare and characterize new compounds that are sustained 
by molecular recognition events or  supramolecular synthons  (5). A detailed under-
standing of the supramolecular chemistry of the functional groups present in a 
given molecule is a prerequisite for designing a co-crystal because it facilitates 
selection of appropriate co-crystal formers. However, when multiple functional 
groups are present in a molecule, the CSD rarely contains enough information to 
address the hierarchy of the possible supramolecular synthons. Furthermore, the 
role of solvent in nucleation of crystals and co-crystals remains poorly understood, 
and solvent can play a critical role in obtaining a particular co-crystal. However, the 
hierarchy of the supramolecular synthons that can occur for common functional 
groups such as carboxylic acids, amides, and alcohols with emphasis upon  supramo-
lecular heterosynthons , that is, non-covalent bonds between different but comple-
mentary functional groups (29,47,67b,e,f,74) is becoming better defi ned. Furthermore, 
it is becoming evident that such interactions are key to implementing a design 
strategy for co-crystals in which a target molecule forms co-crystals with a series of 
co-crystal formers that are carefully selected for their ability to form supramolecular 
heterosynthons with the target molecule.   

 How Are Co-crystals Prepared? 
 Synthesis of a co-crystal from solution might be thought of as counter-intuitive 
because crystallization is such an effi cient and effective method of purifi cation. 
However, if different molecules with complementary functional groups result in 
hydrogen bonds that are energetically more favorable than those between like 
molecules of either component, then co-crystals are likely to be thermodynamically 
(although not necessarily kinetically) favored. Supramolecular heterosynthons that 
seem to favor formation of co-crystals are exemplifi ed by carboxylic acid − pyridine 
(29a,67b,e,75), carboxylic acid − amide (67g,76), and alcohol − pyridine (67f,77) ( Fig. 5 ).  

 Single crystals involving these supramolecular heterosynthons are commonly 
discovered via slow evaporation from a solution containing stoichiometric amounts 
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 FIGURE 5    ( A ) Acid–amide, ( B ) acid–pyridine, and ( C ) alcohol–pyridine supramolecular 
heterosynthons.    
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of the components (co-crystal formers); however, sublimation, growth from the 
melt, slurrying, and grinding of two or more solid co-crystal formers in a ballmill 
are also suitable methodologies. Indeed, dry grinding was used as far back as the 
19th century (40,56), and the recently developed technique of solvent-drop grind-
ing, addition of a small amount of suitable solvent to the ground mixture to acceler-
ate co-crystallization, appears to be a particularly fruitful methodology (41–44). The 
crystal form that is obtained is typically (45,74a), but not always, (4a) independent 
of the synthetic methodology. However, that co-crystals can often be prepared in a 
facile one-step manner using “green chemistry” approaches (78) does not mean that 
their synthesis and isolation is routine:  

  As mentioned above, a detailed understanding of the supramolecular chemistry • 
of the functional groups present in a given molecule is a prerequisite for design-
ing a co-crystal because it facilitates selection of appropriate co-crystal formers. 
However, when multiple functional groups are present in a molecule the CSD 
rarely contains enough information to address the hierarchy of the multiple 
possible supramolecular synthons.  
  Mismatched solubility between the components of a co-crystal can preclude their • 
generation from solution if the co-crystal formers are present in a stoichiometric 
ratio.  
  The role of solvent in nucleation of crystals and co-crystals remains poorly under-• 
stood, and choice of solvent can be crucial in obtaining a particular co-crystal.     

 Why are Co-crystals Broadly Relevant? 
 Co-crystals are attractive to solid-state chemists because they offer opportunities to 
modify the composition of matter and the chemical and/or physical properties of a 
molecular species without the need to make or break covalent bonds. Thus far, there 
are several notable applications for co-crystals, all of which have direct or indirect 
relevance to pharmaceuticals:  

   • Non-covalent derivatization  (79,80) was coined in the context of modifying the 
stability of Polaroid fi lm (80,81). In this particular context, reduced solubility of 
a co-crystal reduced solubility and diffusion of an active ingredient. The net 
effect was greater stability and shelf life. Such a situation could be relevant to 
drug formulation, especially transdermal formulations, but has not to our 
knowledge yet been applied as such.  
   • Solid-state synthesis . Crystal engineering was fi rst implemented in the context 
of photodimerization in the solid-state (9), and there are multiple examples of 
co-crystal formers having been used as templates to control the orientation of 
photoreactive molecules ( Fig. 6 ) (67d,77c). Such a situation affords a level of con-
trol that cannot be achieved in the absence of the co-crystal former or in solution, 
and can lead to 100% yield and no waste. Co-crystals in which both co-crystal 
formers are reactants have also been exploited for solid-state synthesis. Etter 
et al. reported the fi rst example of such a reaction in 1989 (82), a nucleophilic 
substitution reaction, and more recently, Cheney et al. have reported co-crystal 
controlled solid-state synthesis of imides, C 3 S 3 , via condensation of amines and 
acid anhydrides (83).     
   • Chiral resolution.  Whereas spontaneous resolution of racemic mixtures into 
racemic conglomerates, “Pasteur crystallization,” represents one of the best 
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known crystallization experiments (84), it is not the typical outcome to such an 
experiment. Rather, racemates are generally considered to be the outcome in 
around 90% of crystallizations of racemic mixtures (85). Chiral co-crystal form-
ers offer an enhanced possibility of separating enantiomers by fractional crystal-
lization because the resulting co-crystals are diastereomeric in nature. For 
example, ( S )-mandelic acid has been used to resolve racemic pregabalin on an 
industrial scale (86), and it is able to resolve racemic 2-aminobutyric acid (87a) 
and phenylalanine (87b) through fractional crystallization. On the other hand, 
racemic mandelic acid can be resolved by ( S )-alanine and  R -cysteine (88). A 
diastereomeric co-crystal of ( S )-mandelic acid is illustrated in  Figure 7 .     

hv

 FIGURE 6    The co-crystal controlled (2+2) photodimerization of a resorcinol co-crystal of a 
substituted olefi n.    

 FIGURE 7    1:1 co-crystal of ( S )-3-(ammonionmethyl)-5-methylhexanoate and ( S )-mandelic acid.    
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  Many of the crystal engineering principles and protocols that have been exploited • 
for the generation of pharmaceutical co-crystals might also be invoked for the 
design and isolation of other types of co-crystal. In this context, molecular tar-
gets that would be particularly attractive and amenable for study because of 
technological opportunities and their hydrogen-bonding capabilities include 
the following: nucleobases (drug design and detection of oligonucleotides), 
molecules with high polarizability (new classes of NLO material), explosives/
propellants (reformulation, enhanced thermal stability, enhanced properties), 
agrichemicals (reformulation, enhanced properties), renewable substrates (solid-
state, polymer, and green chemistry), and volatile organics (air pollution).      

 CASE STUDIES OF PHARMACEUTICAL CO-CRYSTALS 
 An early example of studies that are related to pharmaceutical co-crystals was 
a series of studies conducted in the 1950s by Higuchi and his coworkers, who stud-
ied complex formation between macromolecules and certain pharmaceuticals (89). 
For example, complexes of polyvinylpyrrolidone (PVP) with sulfathiazole, procaine 
hydrochloride, sodium salicylate, benzylpenicillin, chloramphenicol, mandelic acid, 
caffeine, theophylline, and cortisone were isolated (89–90). However, these com-
pounds would not be classifi ed as pharmaceutical co-crystals according to the 
criteria applied herein. Whitesides et al. addressed the use of substituted barbituric 
acid, including barbital and melamine derivatives, to generate supramolecular 
“linear tape,” “crinkled tape,” and “rosette” motifs sustained by robust supramo-
lecular synthons with three-point hydrogen bonding (34). Despite their success in 
co-crystal formation, the focus of these studies was not so much the physical 
properties of the resulting co-crystals but rather the supramolecular functionality 
of barbitals and their complementarity with melamine. Nevertheless, these stud-
ies illustrated the potential diversity of crystal forms that can exist for a particular 
API, as more than 60 co-crystals were structurally characterized in this series 
of studies. Herein we shall focus upon case studies that exemplify the formation of 
pharmaceutical co-crystals with altered physical properties of clinical relevance.  

 Pharmaceutical Co-crystals of Carbamazepine (Tegretol ® ) 
 Carbamazepine (CBZ) has been in use for over three decades for the treatment of 
epilepsy and trigeminal neuralgia even though it has multiple challenges associated 
with its oral drug delivery, including a small therapeutic window, autoinduction 
of metabolism, and dissolution limited bioavailability. A CSD analysis on CBZ 
reveals that it has 45 entries that include four fully characterized polymorphs (91), 
a dihydrate (92), 14 solvates (acetone, furfural, DMSO, trifl uoroethanol, DMF, NMP, 
nitromethane, acetic acid, formic acid, butyric acid, formamide, trifl uroacetic acid, 
tetrahydrofuran,  N , N  ′ -dimethyl acetamide) (93,96a), two ammonium salts (94), 
a solid solution with dihydrocarbamazepine (95), and 16 co-crystals including 
co-crystal hydrate/solvates and co-crystal polymorphs (67g,96). Most recently, 
Hilfi ker et al. (97), at Solvias AG, identifi ed three new forms and a dioxane solvate 
using high-throughput screening and Childs et al. (45) demonstrated the prepara-
tion of 27 unique solid phases of carbamazepine utilizing 18 carboxylic acids as 
co-crystal formers and four different screening methods. CBZ probably has more 
reported co-crystals than any other API, and some of these co-crystals have also 
been studied in terms of their dissolution and bioavailability. CBZ is therefore an 
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appropriate starting point for case studies. CBZ exhibits a simple molecular struc-
ture in terms of its hydrogen-bonding capabilities because it possesses a single 
hydrogen-bonding moiety, a primary amide. The supramolecular homosynthons 
typically exhibited by primary amides are presented in  Figure 8 .  

 The primary amide dimer,  I , like the carboxylic acid dimer, is a well-documented 
supramolecular homosynthon. A survey of the CSD reveals that there are 1,464 
crystal structures that consist of at least one primary amide functional group, and  I  
is exhibited in 589 of these structures even in the presence of competing hydrogen 
bond donors/acceptors. However, this represents a raw set of data, and a more 
refi ned search of the occurrence of this moiety in the absence of competing hydro-
gen bond donors and/or acceptors revealed 61 crystal structures that contain an 
amide moiety in the absence of other hydrogen bond donor or acceptor groups. 
Fifty-two (85 %) of these structures exhibit  I  and 9 (15 %) exhibit catemer motif  II , 
suggesting that  I  is favored over  II  when no competing groups are present. Once the 
dimer is formed between the amide moiety, the anti-hydrogen atom either forms a 
hydrogen bond to an adjacent amide so as to form molecular tapes or sheets or it 
hydrogen bonds to a different functional group via a supramolecular heterosynthon. 
However, this is not the case with CBZ, in which the anti-hydrogen atom is not 
involved in hydrogen bonding, presumably due to steric constraints imposed by 
the azepine ring of CBZ ( Fig. 9 ). That the CBZ dimer does not engage its peripheral 
hydrogen-bonding capabilities represents one avenue for crystal engineering and 
makes CBZ an excellent candidate for formation of pharmaceutical co-crystals. A 
second strategy involves breakage of the dimer motif and formation of supramo-
lecular heterosynthons. Both strategies have been successful, and have afforded 
a number of CBZ co-crystals that exhibit improved physicochemical properties. 
Several of these co-crystals are described herein.  

 Carbamazepine:Nicotinamide 1:1 Co-crystal ( 1a ) (96a) 
 In the pharmaceutical co-crystal of CBZ and nicotinamide,  1a , CBZ molecules form 
supramolecular homosynthon  I  around a crystallographic inversion center. These 
CBZ dimers H-bond to the  syn  positions of nicotinamide amide groups, and the 
aromatic nitrogen atoms of the nicotinamide molecules are not involved in hydrogen 
bonding ( Fig. 10 ).  
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 FIGURE 8    The four supramolecular homosynthons typically exhibited by primary amides.    
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 Rodriguez-Hornedo and coworkers have studied CBZ to develop an approach 
called reaction crystallization for the rapid formation of co-crystals in microscopic 
and macroscopic scales under ambient conditions (40). Reaction crystallization 
exploits solubility differences between the API, co-crystal former and co-crystal, 
and involves analysis of the ternary phase diagram.  1a  was selected as a model 
system to study the reaction pathways and kinetics in both aqueous and organic 
media. The phase solubility diagram for  1a  as a function of the concentration of 
co-crystal former in EtOH was reported, and the co-crystallization process of  1a  
using anhydrous CBZ form III and nicotinamide in EtOH was monitored by 
Raman spectroscopy ( Fig. 11 ). This formation of  1a  was the result of dissolution of 

N

H2N O

 FIGURE 9    Molecular structure of carbamazepine (CBZ;  left side ) and the amide dimer ( I ;  right side ) 
that occurs in pure CBZ polymorphs.    

 FIGURE 10    Illustration of the interaction between CBZ dimers and nicotinamide. Nicotinamide 
links the CBZ dimers by forming hydrogen-bonded tapes.    
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anhydrous CBZ form III, leading to supersaturation of co-crystal  1a . In situ prepara-
tion of  1a  using covered depression slides on a polarizing optical light and Raman 
microscope by addition of a few drops of solvent such as ethanol, ethyl acetate, or 
2-propanol to the solid API and co-crystal former was also described. This study 
suggests broadly applicable screening methods for the preparation of co-crystals.  

 The factors that can control amorphous phase-mediated co-crystallization 
using  1a  as a model system were also addressed in order to evaluate whether 
amorphous phases lead to co-crystal formation and if there is a relation between 
temperature and crystallization pathways (98). The results suggested that amor-
phous phases can indeed generate co-crystals, and that temperature affects the crys-
tallization pathways in signifi cant ways. A new phase of  1a  (Form II) was identifi ed 
during the thermal analysis. 

 Rodriguez-Hornedo et al. also developed a mathematical model to describe 
the solubility of co-crystals by taking into consideration the equilibria between 
co-crystal, co-crystal components, and solution complexes with  1a  as a model 
[ Fig. 12(A)]  (99). Nicotinamide solutions with varying concentrations were pre-
pared using solvents such as ethanol, 2-propanol, or ethyl acetate [ Fig. 12(B)] . The 
co-crystal solubility was measured by suspending co-crystals in these solutions, 
and it was observed that the solubility of co-crystal decreases with the increase in 
nicotinamide concentration.  
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 FIGURE 11    Raman peak position with respect to time showing the slurry conversion or transfor-
mation of solid phase CBZ(III) to co-crystal  1a  at 25°C after adding 0.16 M solution of nicotinamide 
in ethanol to CBZ(III).    
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 Carbamazepine:Saccharin 1:1 Co-crystal ( 1b ) (96a) 
  1b  exhibits a structure similar to that of  1a  in that CBZ molecules form supra-
molecular homosynthon I related by inversion symmetry. The saccharin molecules 
serve as both hydrogen-bond donors (N–H moiety) and acceptors (S=O group) by 
forming hydrogen bonds with both the carbonyl and N–H moieties of CBZ. The 
carbonyl and the second S=O of saccharin molecules are not involved in hydrogen 
bonding ( Fig. 13 ).  
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 FIGURE 12    ( A ) Effect of co-crystal former B concentration on the solubility of co-crystal AB (solid 
line) and the solubility of single-component crystal (for instance API) A (dashed line). The transition 
of the co-crystal former concentration [Br]  tr   occurs when the solubility of A equals the solubility of 
AB. ( B ) Total CBZ concentration in equilibrium with co-crystal,  1a , at 25°C as a function of the 
inverse total nicotinamide concentration in ethanol ( top ), 2-propanol ( middle ), and ethyl acetate 
( bottom ), showing the linear dependence as per the prediction.    

 FIGURE 13    Illustration of the interactions between CBZ dimers and saccharin ( 1b ).    
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 Almarsson and coworkers (50) studied  1b  with regard to multi-gram scale-up, 
propensity for crystal polymorphism, physical stability, in vitro dissolution, and 
oral bioavailability in comparison with the marketed form III of CBZ (Tegretol ® ). 
 1b  was scaled up to 30 g with a conventional cooling crystallization process from 
alcohol solution without seeding. The physical stability of the co-crystal  1b  was 
found to be superior compared to that of solvates of CBZ and similar to that of the 
marketed form of CBZ. It was also found that co-crystal  1b  is resistant to hydrate 
formation over a period of 15 days under direct exposure to ICH storage conditions. 
The oral pharmacokinetics (PK) of co-crystal  1b  were studied in dogs and compared 
with the marketed form of Tegretol ® . The study was conducted at a dose equivalent 
to 200 mg of anhydrous CBZ, and was administered orally in a two-way cross-over 
design to four fasted beagle dogs. The study suggested that co-crystal could serve 
as a practical alternative to anhydrous CBZ in oral formulation because the bio-
availability appears to be improved. Other benefi ts of the co-crystal  1b  include the 
following: (i) it has better solubility compared to the CBZ dihydrate or pure CBZ 
forms; (ii) it is stable in water for >24 hours; (iii) it has similar chemical stability 
compared to other forms of CBZ; (iv) although pure CBZ has four polymorphs 
co-crystal is not overtly polymorphic (1200 screen CRYSTALMAX experiments that 
include high-throughput screening, neat grinding, solvent-drop grinding with 
various solvents, and slurry conversion in different solvents). In general, if CBZ 
represents a microcosm of issues related to crystal form selection of APIs then 
pharmaceutical co-crystals could indeed represent a viable approach for improving 
the diversity and performance of API crystal forms. 

 Polymorphs of  1a  and  1b  (96d) 
 Utilization of functionalized cross-linked polymers as heteronuclei has been used 
as effective strategy for polymorph discovery of active pharmaceutical ingredients, 
and CBZ co-crystal polymorphs have been discovered using such an approach. 
Matzger and coworkers demonstrated that  1a  and  1b  are polymorphic when grown 
from solution in the presence of polymer heteronuclei. The single-crystal X-ray 
structure of form II of  1b  revealed the formation of supramolecular heterosynthons 
between CBZ and saccharin molecules as shown in  Figure 14 , in contrast to the 
amide–amide dimers observed in Form I.  

 Polymorphs of the Carbamazepine:Isonicotinamide 1:1 Co-crystal ( 1c ) (100) 
 Horst and coworkers investigated two polymorphs of  1c  through a solvent-mediated 
transformation process in which a dry mixture of the pure components was sus-
pended in ethanol. Co-crystals with two different morphologies and stabilities 
were obtained. Metastable, needle-like crystals (Form II) were obtained fi rst fol-
lowed by stable plate-like single crystals (Form I). Single-crystal X-ray structure 
determination revealed that Form I is constituted of chains of alternating dimers of 
CBZ and dimers of isonicotinamide, whereas the powder X-ray diffraction pattern 
of Form II suggests that it is isostructural to the known 1:1 stoichiometric co-crystal 
of CBZ and nicotinamide (i.e., centrosymmetric CBZ dimers hydrogen bonded to 
chains of nicotinamide molecules).  Figure 15  compares the crystal structures of the 
two polymorphs of  1c .  

 The ternary phase diagram reveals that excess isonicotinamide favors for-
mation of co-crystals, whereas 1:1 stoichiometry affords either CBZ crystals or 
mixtures of CBZ and co-crystals. Generally APIs are slightly or moderately soluble 



Pharmaceutical Co-crystals 297

in solvents acceptable in pharmaceutical industries. Taking this into consideration a 
typical schematic phase diagram for an API (A), a co-crystal former (B), and solvent 
is as shown in  Figure 16 . This phase diagram highlights how solvent-mediated 
transformations such as reaction crystallization can offer a simple, fl exible, and 
adaptable method for identifying the presence of co-crystal polymorphs.    

 Pharmaceutical Co-crystals of Fluoxetine Hydrochloride (Prozac ® ) (48) 
 Fluoxetine hydrochloride (fl uoxetine HCl) is the API found in the common anti-
depressant drug Prozac ® . It is a solid under ambient conditions, and only one crystal-
line phase is known. Childs et al. (48) demonstrated the preparation of co-crystals of 

 FIGURE 14    Molecular packing in CBZ:saccharin form II co-crystal.    

(A) (B)

 FIGURE 15    Single-crystal X-ray structure of CBZ:isonicotinamide co-crystals: ( A ) Form I; 
( B ) proposed structure of Form II, showing the principal hydrogen bonding synthons.    
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fl uoxetine HCl using pharmaceutically acceptable carboxylic acids that form hydro-
gen bonds with the chloride ions. That chloride is perhaps the most preferred anion 
for generating salts of APIs makes co-crystals of fl uoxetine HCl prototypal for many 
APIs. Fluoxetine HCl was co-crystallized with benzoic acid (1:1), succinic acid (2:1), 
and fumaric acid (2:1) via traditional evaporation techniques. For all three co-crystals, 
the carboxylic acid was found to hydrogen bond to the chloride ion, which in turn, 
interacted with the protonated amine. Powder dissolution experiments were carried 
out in water for the three novel co-crystals, resulting in a spread of dissolution 
profi les ( Fig. 17 ). The fl uoxetine HCl:benzoic acid co-crystal was found to have 
a decrease in aqueous solubility of ca .  50%, and the fl uoxetine HCl:fumaric acid 
co-crystal had only a slight increase in aqueous solubility. However, the fl uoxetine 
HCl:succinic acid co-crystal exhibited an approximately two-fold increase in aque-
ous solubility after only fi ve minutes. The dissolution profi le is consistent with the 
complex between succinic acid and fl uoxetine HCl falling apart in solution to gen-
erate its pure components after about one hour. An intriguing aspect of this study 
is that by simply hydrogen bonding a hydrochloride salt of an API with similar 
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 FIGURE 16    A schematic phase diagram for slightly soluble components and co-crystal. In the 
region L+AB co-crystallization occurs and ultimately equilibrium is reached between the AB 
co-crystal and the solution. In the regions L+A+AB and L+B+AB both the co-crystal and a pure 
component crystal phase are formed and the system moves to the three-phase equilibrium point 
where the two solubility lines meet. The dashed line indicates a 1:1 stoichiometric solution.    
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co-crystal formers one can generate distinctively different dissolution profi les in a 
manner that could not be achieved through, for example, particle size control.    

 Pharmaceutical Co-crystals of Itraconazole (Sporanox ® ) (47) 
 Itraconazole ( Fig. 18 ) is an extremely water-insoluble (aqueous solubility is estimated 
at  ∼ 1 ng/mL at neutral pH and  ∼ 4  µ g/mL at pH 1) (101) triazole antifungal agent. 
It is administered both orally and intravenously. The oral administration is formu-
lated with the amorphous form of itraconazole coated on the surfaces of sucrose 
beads of 0.4–0.5-mm diameter and marketed as Sporanox ®  capsules. In addition, 
co-administration of acidifi ed HP- β -cyclodextrin beverages with Sporanox ®  cap-
sules is required to achieve the maximal absorption of the API, even though such a 
co-administration can cause diarrhea.  

 Intriguingly, a survey of the patent literature revealed that there is no data 
available on crystalline salts of itraconazole, even though salt formation using itra-
conazole and an acidic salt former would seem to be a logical approach to improve 
the absorption properties of the API. Crystalline phases of itraconazole can be crystal 
engineered by introduction of additional molecules to match hydrogen-bond 
donors and acceptors. The 2:1 co-crystal of itraconazole and succinic acid is shown 
in  Figure 19 , and it reveals hydrogen bonding via carboxylic acid-triazole supramo-
lecular heterosynthons. The aqueous dissolution of itraconazole co-crystals was 
studied; two of the co-crystals exhibit a dissolution profi le more akin to the Sporanox ®  
form than to the crystalline form of pure API. In a further pharmacokinetic study of 
itraconazole co-crystals, it was revealed that the co-crystal formulation of the API 
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 FIGURE 17    Powder dissolution profi le for various forms of fl uoxetine HCl illustrate how intrinsic 
dissolution can be modifi ed through co-crystallization.    
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gives similar oral bioavailability to the Sporanox ®  form in the animal trial using a 
dog model.    

 Pharmaceutical Co-crystals of Sildenafi l (Viagra ® ) (64) 
 Sildenafi l, 1-[[3-(6,7-dihydro-1-methyl-7-oxo-3-propyl-1 H -pyrazolo[4-3- d ]pyrimidin-
5-yl)-4-ethoxyphenyl]sulphonyl]-4-methylpiperazine [ Fig. 20(A)]  is a drug utilized 
in the treatment of a number of disorders including pulmonary arterial hypertension, 
stable, unstable, and variant angina, congestive heart failure, atherosclerosis, con-
ditions of reduced blood vessel patency, peripheral vascular disease, bronchitis, 
chronic and allergic asthama, as well as male erectile dysfunction and female sexual 
disorders. Sildenafi l is available as a citrate salt form, and has been commercially 
developed and marketed by Pfi zer under the trademark Viagra ® . Although it is 
available as a salt form it is moderately soluble in water and thus exhibits erratic or 
incomplete absorption, low bioavailability, and slow onset of action. It has been 
observed that sildenafi l in a pharmaceutical co-crystal form could provide an 
improved solubility of the API under acidic conditions. In addition, such an improve-
ment of solubility of sildenafi l could be particularly advantageous for its orally 
administrable formulation. Sildenafi l has been successfully co-crystallized with 
acetylsalicylic acid (1:1 molar ratio) by slurry or under refl ux conditions. The crystal 
structure of the co-crystal of sildenafi l and acetylsalicylic acid has been determined 
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 FIGURE 19    ( A ) The 2:1 co-crystal of itraconazole and succinic acid forms a trimeric unit. 
( B ) Dissolution profi les in 0.1 N HCl at 25°C.    
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by single-crystal X-ray diffraction [ Fig. 20(B) ], and in addition, the composition of 
matter was confi rmed by powder X-ray diffraction and infrared spectrometry. The 
melting point of the co-crystal is approximately 143°C, and it remains thermody-
namically stable up to ca. 165°C. An intrinsic dissolution study in simulated gastric 
body fl uid (pH = 1.2) shows that the co-crystal exhibits an intrinsic dissolution rate 
(IDR) of ca. 11.75 mg ⋅ min –1  cm –2  versus 6.64 mg ⋅ min –1  cm –2  for sildenafi l citrate under 
the same conditions.    

 Pharmaceutical Co-crystals of 2-[4-(4-Chloro-2-Fluorophenoxy)Phenyl]
Pyrimidine-4-Carboxamide (SCB), a Sodium Channel Blocker (49) 
 2-[4-(4-Chloro-2-fl uorophenoxy)phenyl]pyrimidine-4-carboxamide (SCB) is a BCS 
class II drug that belongs to a class of sodium channel blockers and was developed 
as a potential drug candidate for the treatment or prevention of surgical, chronic, 
and neuropathic pain. SCB was observed to exhibit low in vitro dissolution, and 
upon oral administration to dogs it showed low in vivo plasma concentration. 
Efforts to increase the bioavailability of SCB by forming salts, solvates, hydrates, 
polymorphs, or amorphous material failed to produce a viable solid form for drug 
formulations. Hence, co-crystallization was used to improve the pharmaceutical 
properties of SCB. Co-crystal screening was carried out employing two methods: 
melt crystallization or highly saturated solution. A total of 26 carboxylic acids were 
screened out of which a co-crystal containing SCB and glutaric acid in 1:1 molecular 
ratio was identifi ed and characterized by single-crystal X-ray analysis ( Fig. 21 ),  5 .  5  
can be scaled up in gram quantities, is non-hygroscopic, and chemically and physi-
cally stable to thermal stress. 

 The intrinsic dissolution rate profi le suggests that the co-crystal increases the 
in vitro rate of dissolution by 18 times when compared to the pure API. Single-dose 
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302 Arora and Zaworotko

bioavailability studies on dogs confi rmed that the co-crystal improved the plasma 
area under the curve (AUC) values by three times at both low (5 mg/kg) and high 
dose (50 mg/kg) as shown in  Figure 22 .     

 Pharmaceutical Co-crystals of “AMG 517” (102) 
 Transient receptor potential vanilloid 1 or TRPV1 is a nonselective ligand-gated 
cation channel that can be activated by a wide variety of external and internal stimuli 
such as a temperature greater than 43°C, an acidic medium or a neurotransmitter 
such as anandamide, or the capsaicin-active components in chilli pepper. TRPV1 
receptors are found in central and peripheral nervous systems, and they are respon-
sible for transmission and modulation of pain along with the integration of diverse 
painful stimuli. AMG 517 is a transient receptor potential vanilloid 1 antagonist that 
was developed by Amgen for the treatment of acute and chronic pain. The free base 
of AMG 517 is associated with problems such as insolubility in water and buffers at 
physiological pH. AMG 517 has three isolated forms: a monohydrate (stable for at 

 FIGURE 21    Hydrogen bonding in co-crystal  5  showing the interactions between the carboxylic acid 
groups of glutaric acid molecules and the amide and pyridine groups of the drug molecules, SCB.    
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 FIGURE 22    Dog plasma concentration with time for ( A ) 5 mg/kg dosing and ( B ) 50 mg/kg of API, 
SCB (solid circles) and co-crystal (open circles). Error bars show +1 standard deviation.    
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least three years at ambient temperature and humidity), a metastable nonsolvated 
form, and a stable free base. In addition numerous salts and solvates have been 
prepared, isolated, and characterized. However, the salts disproportionate in aque-
ous medium and convert into the hydrated form of AMG 517. Bak and coworkers 
(102) investigated 10 co-crystals of AMG 517 with the following carboxylic acids: 
sorbic acid, benzoic acid,  trans -cinnamic acid, 2,5-dihydroxybenzoic acid, glutaric 
acid, glycolic acid,  trans -2-hexanoic acid, 2-hydroxycaproic acid, L(+)-lactic acid, 
and L(+)-tartaric acid. The hydrogen bonding in two co-crystals is as shown in 
 Figure 23 . The physicochemical properties such as particle size, solubility, stability, 
hygroscopicity, thermal behavior, and structural characteristics of these co-crystals 
were studied in detail.  

 Solubility experiments on the AMG 517:sorbic acid co-crystal showed that the 
co-crystal has better initial solubility compared to AMG 517; however, it converts 
back to a form of the free base hydrate after prolonged slurrying in FaSIF (fasted 
simulated intestinal fl uid, pH 6.8). Pharmacokinetic studies of the co-crystal in rats 
using 10% (w/v) Pluronic F1081 in OraPlus1 suspensions revealed that a 30 mg/kg 
dose in suspension had comparable exposure to a 500 mg/kg dose of the free base. 
Further solubility measurements on AMG 517 co-crystals with glutaric acid, glycolic 
acid,  trans -2-hexanoic acid, lactic acid, and benzoic acid showed that the co-crystals 
reach a maximum solubility within 1–2 hours and, similar to the sorbic acid 
co-crystal, the dissolution profi le indicates conversion of the co-crystals to AMG 
517 hydrate. 

 Correlations between the melting point of the co-crystal formers and the 
co-crystals and between the melting point and solubility of the co-crystals were 
also addressed. The melting point of all co-crystals was between the co-crystal 
formers and AMG 517, and linear regression indicated that the melting points of 
co-crystal formers and co-crystals are directly proportional with 78% correlation. 
However, the melting point and solubility of the co-crystals are related with only 
55% correlation.   

(A) (B)

 FIGURE 23    Molecular recognition between AMG 517 and ( A )  trans -cinnamic acid ( B )  trans -2-
hexanoic acid.    
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 Co-crystals of Melamine and Cyanuric acid (103) 
 In early 2007 there was a major pet food recall by the FDA based on the receipt of 
numerous complaints regarding the deaths of animals after ingestion of a variety of 
pet food products. It was reported that the majority of these deaths were associated 
with acute renal failure in these animals. Melamine, 2,4,6-triamino-1,3,5 triazine, 
was the primary suspect for contamination in the tainted pet food products because 
melamine had been intentionally added to raise the apparent protein content in the 
pet food. However, melamine is considered relatively nontoxic [LD 50  values of 
3100 mg/kg (rat male) and 3900 mg/kg (rat female)] and oral administration of 
125 mg/kg body weight of melamine to dogs leads to diuretic effects but is not fatal. 
Indeed, the quantity of melamine observed in the pet food was not at the lethal dos-
age. In the course of the pet food recall investigation, cyanuric acid, another rela-
tively nontoxic compound, was also identifi ed in the pet food as a co-contaminant. 
Although melamine and cyanuric acid are relatively safe individually, no data could 
be found in the literature that determines the potential toxicity of melamine and 
cyanuric acid in combination. From the crystal engineering viewpoint, melamine 
and cyanuric acid (1:1 molar ratio) form an extensive two-dimensional networks 
in the solid state based on robust three-point molecular recognition ( Fig. 24 ) and 

 FIGURE 24    The rosette network formed between melamine and cyanuric acid.    



Pharmaceutical Co-crystals 305

the resulting melamine:cyanuric acid co-crystal is, perhaps unsurprisingly, highly 
insoluble in water.  

 Puschner et al. investigated the toxicity of melamine and cyanuric acid indi-
vidually and also in combination when administered to cats, and demonstrated 
clinical pathologic changes, gross or histologic lesions, associated with the contam-
inants in the recalled pet food. The oral administration of 181 mg/kg body weight 
of melamine alone at 0.5% and 1% of their diet to three cats for 11 days did not show 
any evidence of renal failure. Similar results were obtained on administration of 
cyanuric acid alone in the diet at 0.2%, 0.5%, and 1% dosage respectively. However, 
it was observed that a single oral exposure of cats to the combination of melamine 
and cyanuric acid at a dosage as low as 32 mg/kg body weight leads to acute renal 
failure. A study conducted at the Bergh Memorial Animal Hospital in New York 
revealed that co-crystals blocked the tubes leading from the kidneys to the bladder 
in one cat. Thus, it seems clear that the formation of a low solubility co-crystal of 
melamine and cyanuric acid is responsible for these incidents. This case study of 
melamine:cyanuric acid co-crystals might be the fi rst example of co-crystals altering 
clinically relevant physical properties in a negative manner.    

 POLYMORPHISM IN CO-CRYSTALS AND PHARMACEUTICAL CO-CRYSTALS 
 Polymorphism (19,104–105), the existence of different crystal forms of the same 
compound, is long recognized from a scientifi c perspective. Mitscherlich introduced 
the concept of isomorphism, an important development in structural chemistry, in 
1819 (106), and in 1932 Wöhler and Liebig (107) described dimorphism of benz-
amide, perhaps the fi rst example of a polymorphic organic substance. That poly-
morphism can impact physical properties is perhaps best exemplifi ed in elements, 
where it is known as “allotropy,” as exemplifi ed by carbon, which exhibits three 
crystal forms with dramatically different physical properties: graphite, diamond, 
and fullerenes. The phenomenon of polymorphism is now well appreciated both 
academically and industrially because it impacts preparation and formulation of 
specialty chemicals, pharmaceuticals, dyes, explosives, and foods (108). McCrone’s 
defi nition (109) of polymorphism, that is, “a solid crystalline phase of a given com-
pound resulting from the possibility of at least two different arrangements of the 
molecules of that compound in the solid state,” is apt in the context of this chapter’s 
focus upon structural chemistry. 

 Crystallization of polymorphs is governed by a combination of thermodynamic 
and kinetic factors (110). The occurrence of polymorphs often follows Ostwald’s 
rule of stages (111), which states that the meta-stable form is often obtained fi rst and 
the stable form crystallizes subsequently. Depending upon the arrangement of 
molecules and/or conformation adopted by the functional groups present in the 
molecule, polymorphs may be classifi ed into several categories: that is, conforma-
tional polymorphs (112), concomitant polymorphs (107,113) structural polymorphs 
(114), and confi gurational polymorphs (115). Nevertheless, a CSD analysis tabulated 
in  Table 1  reveals that polymorphism is not prevalent in either single-component 
crystals (1,882/134,086) or in co-crystals (40/2,083).  

 This chapter focuses upon pharmaceutical co-crystals, and we present herein 
a structural analysis of selected co-crystals that exhibit polymorphism in addition to 
the polymorphic co-crystals of CBZ discussed earlier in the section “Pharmaceutical 
Co-crystals of Carbamzepine (Tegretol ® ).”  
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 1:1 Co-crystals of Caffeine and Glutaric Acid (EXUQUJ–EXUQUJ01) 
 The crystal structures of the polymorphic forms of 1:1 co-crystals of caffeine and 
glutaric acid were described by Jones et al. (42) in 2004. Both crystal forms, rods 
and blocks, were obtained concomitantly from a solution containing a 1.3:1 ratio of 
caffeine and glutaric acid, respectively. The “rods” are monoclinic (Form I), whereas 
the “blocks” are triclinic (Form II). Both Forms I and II exhibit identical secondary 
architecture because they form sheets resulting from hydrogen bonds (O–H ···   N) 
between one of the –COOH moieties of glutaric acid and the free aromatic nitrogen 
atom (N arom ) of caffeine. The two polymorphs exhibit differences in the torsion angle 
of the methylene carbon atoms of glutaric acid ( Fig. 25 ). The authors noted how 
solvent-drop grinding could be used to afford a co-crystal polymorph exclusively: 
dry grinding and solvent-drop grinding using nonpolar solvents such as  n -hexane, 
cyclohexane, or heptane yielded only Form I; solvent-drop grinding using polar 
solvents such as chloroform, dichloromethane, acetonitrile, and water produced 
only Form II.    

 2:1 Co-crystals of 4-Cyanopyridine and 4,4 ′ -Biphenol (TEHNAW–TEHNAW01) 
 Zaworotko et al. (116) reported that crystallization of a 2:1 ratio of 4-cyanopyridine 
and 4,4 ′ -biphenol in methanol:ethyl acetate afforded concomitant polymorphs of 
the 2:1 co-crystal of 4-cyanopyridine and 4,4 ′ -biphenol. The single-crystal X-ray 
structures revealed that Form I (irregular hexagonal plates) and Form II (parallel-
epiped plates) exhibit conformational differences in the 4,4 ′ -biphenol molecules 
( Fig. 26 ), but O–H ···   N supramolecular heterosynthon sustain both forms, suggest-
ing that O–H ···   N(pyridine) supramolecular heterosynthons are favored over com-
peting O–H ···   N(cyano) supramolecular heterosynthons. Form I crystallized in  C 2/ c  
with half a 4,4 ′ -biphenol molecule and one 4-cyanopyridine molecule in the asym-
metric unit, whereas Form II crystallized in  P 2 1 / n  with four 4-cyanopyridine and 
two 4,4 ′ -biphenol molecules in the asymmetric unit. Form I can be obtained by 
dissolving Form II in MeOH, EtOAc, or acetone where Form II can be obtained 
by solvent drop grinding of the starting materials or Form I.    

 TABLE 1    Cambridge Structural Database Statistics of Polymorphic Single and Multicomponent 
Crystal Structures  

Number of entries Percentage of 
organic structures

Organic crystal structures 186,053 a 100 d 
Single-component molecular organic structures 134,086 72.1 d 
Single-component polymorphic structures 1,882 b 1.4 e 
Hydrates 13,843 7.4 d 
Co-crystals 2,083c 1.1 d 
Polymorphic co-crystals 40 1.9 f 

CSD August 2008 update, 456,628 entries.
 a Structures containing Na, Li, K, As were excluded.
 b Only one refcode was counted for each polymorphic compound.
 c Co-crystals sustained by strong hydrogen bonds.
 d Percentages with respect to organic crystal structures only.
 e,f Percentages with respect to 134,086 and 2083 sub-totals, respectively.
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 1:1 Co-crystals of Hydroquinone/ p -Benzoquinone 
(QUIDON–QUIDON02) (117–119) 
 Quinhydrone is a 1:1 co-crystal of hydroquinone and  p -benzoquinone. It is the pro-
totypal co-crystal that was fi rst reported in 1844, and it is also the earliest entry of a 
co-crystal in the CSD for which atomic coordinates are available. Quinhydrone 
exists in two polymorphic crystal forms: monoclinic and triclinic. The mono-
clinic form ( P 2 1  /c  space group, QUIDON02) was reported by Matsuda et al. in 1958. 

Form I Form II

 FIGURE 25    Crystal structures of monoclinic (Form I) and triclinic (Form II) forms of caffeine:glutaric 
acid co-crystals. Although the crystal packing is similar there is a difference in the torsion angle of 
the methylene carbon atoms of glutaric acid.    

Form I Form II

 FIGURE 26    Crystal packing of Form I and Form II of the 2:1 co-crystal of 4-cyanopyridine:
4,4 ′ -biphenol.    
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The crystal structure reveals that both hydroquinone and  p- benzoquinone molecules 
reside on an inversion center generating linear tapes through O–H ···   O and C–H ···   O 
hydrogen bonds. Such tapes are further connected to generate a 3D network as 
illustrated in  Figure 27(A) . In the triclinic polymorph ( P- 1 space group, QUIDON), 
H-bonded tapes are also formed; however, the tapes are packed parallel to gener-
ate molecular sheets [ Fig. 27(B) ]. The crystal packing of Forms I and II is therefore 
different although the supramolecular synthons remain the same.    

 Polymorphism in the 1:1 Co-crystal of  N , N -Bis(4-bromophenyl)melamine/5,5- 
Diethylbarbituric acid (JICTUK01–JICTUK10) 
 In 1994, Whitesides and coworkers (34) reported polymorphism in 1:1 co-crystals of 
 N , N - bis (4-bromophenyl) melamine and 5,5-diethylbarbituric acid. Form I crystallized 
in a monoclinic crystal system ( P 2 1 / n , JICTUK01), whereas Form II crystallized in a 
triclinic system ( P- 1, JICTUK10). Both polymorphs form linear tapes through three-
point molecular recognition involving N–H ···   O and N–H ···   N hydrogen bonds. Once 
again, the same supramolecular synthons are observed in both crystal forms; 
however, the rotation of the phenyl ring along the C–N bond in Form II generates a 
different arrangement of linear tapes. ( Fig. 28 ).    

 1:1 Co-crystals of Oxalic Acid and Iso-nicotinamide (ULAWAF01–ULAWAF02) 
 The crystal structures of the polymorphs of the 1:2 co-crystal of oxalic acid and iso-
nicotinamide were reported by Wilson and coworkers in 2007 (120). The co-crystal 
exist in two forms: Form I crystallizes in the monoclinic space group  C 2/ c  as earlier 
reported by Nangia and coworkers (75b), whereas Form II crystallizes in the tri-
clinic space group  P -1. These polymorphs can be obtained concomitantly from 1:1 
ethanol:water. The fundamental difference between the two polymorphs is a 
 cis / trans  isomerism observed in the hydroxyl groups of oxalic acid. Form I exhibits 
the  cis -confi guration, whereas Form II contains the  trans -confi guration. The oxalic 
acid and iso-nicotinamide molecules form trimeric units sustained through O–H ···   N 
hydrogen bonds. These trimeric units are, in turn, connected through centrosym-
metric amide dimers between iso-nicotinamide molecules, and thereby forming 
tapes that H-bond to form sheets. The overall crystal packing in both Form I and 
Form II can be described as stacked sheets ( Fig. 29 ).  

(A) (B)

 FIGURE 27    Crystal structures of the ( A ) monoclinic and ( B ) triclinic forms of quinhydrone.    
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 In summary, the series of polymorphic co-crystals presented herein is repre-
sentative of the limited information within the CSD that addresses polymorphism 
in co-crystals and indicates that polymorphism in co-crystals in not typically the 
result of competing supramolecular synthons. However, the paucity of data pre-
cludes sweeping conclusions about polymorphism in co-crystals. That co-crystals 
are attracting wider interest means that there will likely be an increase in the number 
of systematic studies devoted to co-crystals and a corresponding increase in the 
number of polymorphic co-crystals. Intriguingly, this increase in the number of 
studies on co-crystals has afforded several recent reports of failed co-crystallizations 
that have instead resulted in new polymorphs of long known compounds such as 
benzidine and aspirin. Bernstein and coworkers (121) recently reported four new 
forms of benzidine obtained accidentally in the attempts to co-crystallize benzidine 
with different co-crystal formers. Zaworotko and coworkers (96b) fi rst obtained 
Form II of aspirin during co-crystallization experiments involving aspirin and the 
antiseizure compound levetiracetam from hot acetonitrile. Such generation of new 
polymorphs could be a result of the creation of a new medium for crystallization via 

Form I

(A) (B)

Form II

 FIGURE 28    Linear tapes as observed by  N , N -bis(4-bromophenyl)melamine and 5,5-diethyl-
barbituric acid co-crystals: ( A ) JICTUK01; ( B ) JICTUK10. The supramolecular synthons are 
identical in both forms and only salient difference between the structures lies with the orientation 
of the phenyl rings.    

Form I Form II
(B)(A)

 FIGURE 29    Crystal structures of Form (A) I and (B) Form II of the 1:1 oxalic acid:iso-nicotinamide 
co-crystal.    
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the presence of co-crystal formers, and if so, it has implications for high-throughput 
screening as a methodology for discovering new polymorphs.    

 CONCLUSIONS 
 The pharmaceutical industry has only recently paid more than passing attention 
to pharmaceutical co-crystals, but there are several conclusions that can already be 
drawn:  

  New pharmaceutical co-crystals should be patentable as novel crystal forms • 
because their crystal structures are not obvious until prepared.  
  New pharmaceutical co-crystals can be generated via rational design and multiple • 
synthetic approaches for nearly all APIs by using crystal engineering strategies.  
  Pharmaceutical co-crystals signifi cantly diversify the number of crystal forms • 
available for an API and always modify the physical properties of the API, 
thereby offering an opportunity to solve clinical problems through control of 
physicochemical properties of the API.   

 However, this does not mean that pharmaceutical co-crystals will become 
commonplace in marketed drug products because there remain practical handicaps 
that must be overcome such as the costs associated with the signifi cant amounts of 
additional experimental research that are required and the risks associated with a 
patent and regulatory landscape that is presently in fl ux. As stated by Remenar (66), 
“If making a co-crystal of a specifi c molecule helps to enable an application or solve 
a problem, then it’s the right thing to do, but you don’t design a molecule in the real 
world simply because you are looking for a co-crystal strategy.” This is probably 
a realistic assessment of where matters stand today in terms of pharmaceutical 
co-crystals and new drug development. However, there are certain niches where 
pharmaceutical co-crystals might be expected to fi nd a role in drug development 
including high-throughput solid-state synthesis, new formulations of existing APIs, 
and processing of “diffi cult” APIs that are hard to crystallize and/or purify.    
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 INTRODUCTION 
 The different physical forms of a compound can exhibit pronounced differences in 
physicochemical properties. The term “physical form” encompasses polymorphs, 
solvates (also referred to as solvatomorphs), the non-crystalline (amorphous) form, 
and partially crystalline forms. Although numerous analytical techniques are 
available to characterize the physical forms of pharmaceutical compounds, this 
chapter will focus on thermal and crystallographic characterization techniques. 
While discussing the analytical techniques and their applications, we will use the 
term “polymorphism” in its broadest sense, with the understanding that with 
appropriate modifi cations, the techniques can often be extended for the character-
ization of the other physical forms of pharmaceuticals. Although crystallography 
(through crystal structure) provides the most defi nitive evidence of polymorphism, 
thermoanalytical, spectroscopic, and microscopic techniques are often used in a 
complementary fashion for the characterization of polymorphs. 

 Comprehensive and in-depth discussions of different thermoanalytical tech-
niques can be found in the literature (1,2), and this chapter will specifi cally discuss the 
applications of thermoanalytical and crystallographic techniques in the characteriza-
tion of pharmaceuticals. The specifi c thermoanalytical techniques to be discussed are 
differential scanning calorimetry (DSC), thermogravimetric analysis (TGA), and hot-
stage microscopy (HSM). Several recent reviews and book chapters have covered this 
topic, and the examples presented are designed to complement the information in the 
literature (1–4). In the second part of the chapter, applications of X-ray powder dif-
fractometry (XRD) (5,6) are provided. Finally, applications of variable-temperature 
XRD (VT-XRD) are discussed, specifi cally to monitor phase transitions as a function 
of temperature.   

 THERMOANALYTICAL TECHNIQUES 
 Thermal analysis methods can be conveniently defi ned as those techniques in which 
some property of the analyte is measured as a function of an externally applied 
temperature. In most applications, one effects a linear increase in the temperature of 
the sample while the property of interest is recorded on a continuous basis. Thermo-
analytical methods are used to monitor endothermic processes (i.e., melting, boiling, 

9
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sublimation, vaporization, desolvation, solid–solid phase transitions, and chemical 
degradation) as well as exothermic processes (i.e., crystallization and oxidative 
decomposition). Thermal methods are routinely used for the characterization of 
polymorphs, and in light of the experimental simplicity, often constitute the fi rst 
line of techniques used to understand the polymorphic space of a system.  

 Differential Scanning Calorimetry (DSC) 
 In DSC, which is the most widely used technique for thermal characterization of 
pharmaceuticals, the analyte is subjected to a controlled temperature program and 
the temperature and the heat fl ow associated with a thermally induced transition is 
measured. 

 DSC has been developed along two lines: power-compensation DSC and heat-
fl ux DSC. In power-compensation DSC, separate heating elements are in contact 
with the sample and reference cells, with the rate of heating by these elements being 
controlled and measured. Thus the sample and reference are maintained at the same 
temperature and the heat fl ow required to accomplish this  is measured. The other 
methodology is that of heat-fl ux DSC, where the sample and reference cells are 
heated by the same element, and one monitors the direction and magnitude of the 
heat being transferred between the two. 

 A detailed theory of DSC is outside the scope of this chapter and has been 
discussed elsewhere (1,2). Briefl y, the basic principle behind a change in the base-
line of a typical DSC plot (power vs. temperature), signifying a thermal event, is a 
change in the heat capacity of the system under investigation. The basic equation 
(4) describing the relationship between the heat fl ux ( Q ) associated with a thermal 
event and the heat capacity ( C P  ) of the system under investigation is given by: 

      (d /d ) = (d /d )PQ t C T t   (1)  

 where d Q /d t  represents power at the constant heating or cooling rate, d T /d t . 
DSC plots are obtained as the differential rate of heating [in units of watts (joules/
second) or calories/second] against temperature, and thus represent direct mea-
sures of the heat capacity of the sample. The area under a DSC peak is directly 
proportional to the heat absorbed or evolved by the thermal event, and integration 
of these peak areas yields the heat of reaction (in units of calories/seconds  ⋅  gram or 
joules/seconds  ⋅  gram). 

 The effectiveness of DSC to detect various polymorphic forms is illustrated in 
 Figure 1  (7). Profi les 1, 2, and 3 (from top) show the reversible transitions between the 
enantiotropically related forms I and III. The fourth DSC curve shows the melting of 
form II followed by crystallization and melting of form I. The bottom DSC profi le is 
a heating curve of a mixture of forms II and III, which shows the respective melting 
endotherms but no transition to form I. This was tentatively attributed to the absence 
of form I seeds in the mixture of forms II and III, which were concomitantly crystal-
lized as opposed to the pure forms (profi les 1–4), which were crystallized separately 
using different methods.  

 Standard Reference Materials (SRMs) are available from the National Institute 
of Standards and Technology for calibration of temperature and enthalpy of fusion 
for differential scanning calorimeters. Indium (SRM 2232; melting temperature = 
156.6°C; enthalpy of fusion = 28.5  J/g), tin (SRM 2220; melting point = 232.0°C; 
enthalpy of fusion = 60.2  J/g), and gallium (SRM 2234; melting temperature = 29.8°C; 
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enthalpy of fusion = 80.1  J/g) are suitable as calibration standards over the range 
of temperatures of interest in pharmaceutical analyses. Because DSC is also used at 
sub-ambient temperatures for the characterization of frozen solutions, mercury 
(SRM 2225; melting temperature =  − 38.9°C; enthalpy of fusion = 11.5  J/g) is a suit-
able calibration standard. Heat capacity calibration in a DSC is usually carried out 
with synthetic sapphire (SRM 720), copper (SRM RM5), polystyrene (SRM 705a), or 
molybdenum (SRM 781D2). 

 Depending on the protocol used for temperature programming, a DSC experi-
ment could be classifi ed as being conventional, modulated, or accelerated (also 
known as Hyper-DSC ® ). In the conventional mode, the heating rate is constant and 
typically ranges from 0.1°C/min to 20°C/min. The majority of DSC experiments 
are carried out in the conventional mode and may require optimization of the 
sample pan confi guration (discussed later) and the experimental parameters to 
obtain the desired information (3). In  Table 1 , the effects of operational parameters 
are outlined.  

 In modulated DSC (MDSC), a changing (modulated) heating rate is superim-
posed on a constant average heating rate. The modulation is described by a fre-
quency, determined by specifi c amplitude ( ± °C) and period (seconds), such as 
 ± 0.5°C every 60 seconds, with the choice of the amplitude and period being dic-
tated by the nature of the transition (8–10). The advantage of MDSC over conven-
tional DSC is that it can separate the reversible heat fl ow from the non-reversible 
heat fl ow ( Fig. 2 ). Reversible heat fl ow corresponds to events that respond to the 
changing heating rate (e.g., heat capacity change, melting). On the other hand, 
non-reversible heat fl ow events (e.g., crystallization or decomposition) are not 
affected by changing heating rates.  
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 FIGURE 1    DSC profi les of cinacalcet hydrochloride polymorphs. The fi rst (heating), second (cool-
ing), and third (heating) profi les (from  top ) show the solid–solid transition (i.e., III°  →  I); the fourth 
profi le shows melting of form II followed by crystallization and melting of form I; the fi fth profi le is a 
heating curve of a mixture of form II and form III° showing respective melting endotherms but no 
transition to form I signifying absence of form I seeds.  Note : The direction of endotherm is  up . 
 Source : From Ref. (7).    
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 MDSC has found limited utility in the characterization of polymorphs (11,12). 
However, the inherent capability of this technique to separate overlapping melting 
and crystallization events has been demonstrated for the polymorphs of tristearin 
(13,14). MDSC is especially suited for the characterization of amorphous materials 
(15,16), and has enabled the quantifi cation of amorphous content in a partially 
crystalline material (17). Because crystallinity differences could affect material 
performance, it is important that analysts are aware of low levels of lattice disorder 
in highly crystalline materials that were brought about by processing and storage 
conditions. Saklatvala et al. investigated two batches of an investigational crystal-
line drug, which showed pronounced differences in their stability and water sorp-
tion profi les, and MDSC enabled detection and quantifi cation of the amorphous 
content in the batch characterized by the lower chemical stability and the increased 
propensity to take up water (18). 

 Hyper-DSC ®  uses accelerated heating rates (up to 500°C/min) in order to 
selectively investigate phase transitions. The high heating rates result in selective 
inhibition of transitions that would normally take place over the longer timescales 

 TABLE 1    Infl uence of Operational Parameters on the Outcome of DSC 
Experimental Results  

Effects

 Sample size 

Large Advantages   
(i) Non-homogeneous samples   
(ii) Detects “weak” transitions   
Disadvantages   
(i) Broad peaks   
(ii) Temperature of the event may be inaccurate   
(iii) Poor resolution   
(iv) Requires slow heating rate

Small Advantages   
(i) Sharp peaks   
(ii) Increased resolution   
(iii) Permits faster heating rate   
Disadvantages   
(i) Decreased sensitivity

 Heating rate 

Fast Advantages   
(i) Increased sensitivity   
Disadvantages   
(i) Decreased resolution   
(ii) Decreased temperature accuracy

Slow Advantages   
(i) Increased resolution   
Disadvantages   
(i) Decreased sensitivity

Source: Adapted from Ref. (2).
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of conventional heating rates. A case in point are the polymorphs of carbamazepine, 
where a heating rate of 250°C/min was used to prevent simultaneous crystalliza-
tion of form I during the melting of form III, thereby allowing determination of the 
enthalpy of fusion of form III (19). 

 In a typical DSC application, the sample is encapsulated in a pan and the lid 
is crimped, where the lid can be crimped either in a non-hermetic or in a hermetic 
manner ( Fig. 3 ). In the hermetically crimped pan, a pinhole can be made in the lid 
to relieve pressure during the acquisition of the DSC curve. To minimize the head 
space, the lid can be inverted and then hermetically crimped.  
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 FIGURE 2    Modulated DSC profi les of quenched polyethylene terephthalate, showing the non-
reversible ( uppermost trace ), total ( middle trace ), and reversible ( lowest trace ) heat fl ow curves. The 
exothermic recrystallization event is hardly discernible in the total heat fl ow but is prominent in 
the non-reversible heat fl ow.  Source : From Ref. (66).    
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 FIGURE 3    Diagrammatic representation of different DSC pan confi gurations.  Source : From Ref. (9).    
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 The pan confi guration can infl uence the outcome of a DSC experiment. This is 
especially true for solvates, because the desolvation kinetics, as well as the physical 
form of the product phase, can be profoundly infl uenced by the sample environ-
ment. In an open pan, there is no physical barrier to the escape of liberated solvent, 
and the purge gas (typically nitrogen) will facilitate removal of the liberated solvent. 
The reasonably unrestricted nature of a non-hermetically crimped pan will also per-
mit ready escape of the liberated solvent. At the other extreme, the liberated solvent 
cannot escape in a hermetically crimped pan. In a sealed pan with a pinhole, the 
rate of vapor loss will become appreciable only when the vapor pressure exceeds 
atmospheric pressure. Different pan confi gurations, which result in varied desol-
vation conditions, have been used to generate different polymorphs of anhydrous 
carbamazepine and trehalose from their respective hydrates (20,21). 

 Pressure DSC (PDSC) enables DSC experiments to be carried out at elevated 
pressures as high as 1000 psi. PDSC is useful for the separation of overlapping dehy-
dration and vaporization events that are observed following the dehydration of 
hydrates. Although the temperature of dehydration is likely to be unaffected by 
pressure, the boiling temperature of water is pressure dependent and can be ascer-
tained from the Clausius–Clapeyron equation. In addition, the potential interaction 
of the liberated water with the anhydrous product phase can also be ascertained. 
Han and Suryanarayanan (22) used PDSC to successfully resolve overlapping dehy-
dration and vaporization transitions observed when carbamazepine dihydrate was 
heated ( Fig. 4 ,  upper left panel ). The conventional DSC of carbamazepine exhibited 
two overlapping endotherms over the temperature range of 85°C to 100°C, attrib-
uted to dehydration followed by vaporization, which were followed by the melting 
of non-solvated carbamazepine around 189°C. When the pressure was increased, 
only a single endotherm attributable to dehydration was observed at approximately 
90°C. Interestingly, several thermal events were observed between the dehydration 
and the melting temperatures.  

 A limitation of DSC is that although it reveals the existence of thermally 
induced transitions, the nature of these transitions can be diffi cult to determine. 
In an effort to simulate the PDSC experiments, Han and Suryanarayanan (22) heated 
carbamazepine dihydrate in a “sealed” environment. Following dehydration, the 
released water caused an increase in pressure by being retained in the holder, 
although the pressure was uncontrolled. As shown in the  upper right panel  of 
 Figure 4 , the carbamazepine polymorphic transitions were further characterized 
by VT-XRD. The formation of  β -carbamazepine at  ∼ 90°C was evident in the diffrac-
tion patterns on the basis of peaks observed at scattering angles of 13.1, 15.3, and 
18.7° 2  q  ). Based on the disappearance of the characteristic peaks of carbamazepine 
dihydrate (at 8.9 and 12.3° 2  q  ), dehydration appeared to be complete by 100°C. 
Around 160°C, several characteristic peaks of  γ -carbamazepine were observed, 
indicating a  β   →   γ  solid–solid phase transition. Based on the decrease in the intensi-
ties of the  β -carbamazepine peaks, and the increase in the intensities of the 
 γ -carbamazepine peaks, the  β   →   γ  phase transition was accelerated as the tem-
perature was increased to 180°C. These VT-XRD results aided in the interpretation 
of the DSC results. When DSC was conducted under elevated pressure, usually four 
endotherms were observed. The fi rst endotherm at  ∼ 90°C, as explained earlier, is 
attributed to dehydration. The two overlapping endotherms at  ∼ 120°C and 125°C 
are attributed to the  β   →   γ  carbamazepine phase transition and to the vaporiza-
tion of water. The melting of  γ -carbamazepine occurred at  ∼ 189°C. This scheme is 
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illustrated in  Figure 4  ( lower panel ) and shows the transitions of carbamazepine 
dihydrate at ambient and elevated pressures. 

 An emerging technique that could be considered as a variant of DSC is micro-
thermal analysis, which combines the principles of DSC and scanning probe micros-
copy. Microthermal analysis was used to identify local regions of different polymorph 
content in a 50:50 mixture of two cimetidine polymorphs (23). This technique also has 
the potential to map a tablet surface for polymorph content uniformity.   

 Thermogravimetry 
 Thermogravimetry (TG, and also known as thermogravimetric analysis or TGA) is a 
technique where one uses a very sensitive balance to continuously determine the 
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 FIGURE 4    ( Upper left panel ) DSC of carbamazepine dihydrate at different pressures: ( a ) ambient 
pressure in conventional DSC cell, ( b ) ambient pressure in PDSC cell, ( c ) 100 psi, ( d ) 200 psi, 
( e ) 300 psi, ( f ) 400 psi, ( g ) 600 psi. ( Upper right panel ) VT-XRD of carbamazepine dihydrate. Peaks 
characteristic of the dihydrate as well as anhydrous  β  and  γ  forms are shown. ( Lower panel ) Sche-
matic showing carbamazepine dihydrate transitions under ambient and elevated pressures.  Source : 
From Ref. (22).    
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weight of the analyte as a function of temperature or time. This simple technique 
provides valuable information that can aid in the identifi cation and characterization 
of the thermal events associated with thermally induced reactions of solvates. For 
example, several hydrates of nedocromil sodium were identifi ed and profi led using 
TG as one of the characterization tools (24). As the sample was heated, the weight 
loss occurred in a stepwise fashion, which facilitated calculation of the hydrate 
stoichiometries based on the percent weight loss at each step. 

 As discussed elsewhere in this book, there are different ways in which water 
can associate with solids. In authentic hydrates, water is incorporated in the crystal 
lattice, whereas in amorphous and partially crystalline materials, water can associate 
with disordered regions in the lattice. Water can also be adsorbed and also exist as 
“bulk water” in incompletely dried solids. TG analysis can also be used to distin-
guish between some of these states of water in solids. Compared with dehydration, 
desorption (adsorbed as well as bulk) typically occurs at lower temperatures, 
although these two processes can overlap. As shown in  Figure 5 , for carbamazepine 
dihydrate, when the TG experiment is carried out under isothermal conditions, 
there can be sequential loss of sorbed and lattice water (25).  

 TG analysis performed under isothermal conditions can be used to study the 
kinetics of phase transitions in solvatomorphs (26,27). Alkhamis et al. (26) carried 
out model-independent isoconversional analysis of the isothermal desolvation of 
the monohydrate and ethyl acetate solvate of fl uconazole. One potential shortcom-
ing of this technique is that a separate and direct technique might be required to 
confi rm the cause of weight loss. In order to address this inadequacy, the TG instru-
ment can be interfaced with additional instrumentation capable of identifying the 
vapor released upon heating. For example, TG has been used in combination with 
infrared absorption spectroscopy to understand the thermal behavior of a hydrate 
(28). In this study, two different thermal events resulting in weight loss were shown 
to be due to separate dehydration and decomposition processes. 
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 FIGURE 5    ( Left panel ) Dehydration of a wet sample of carbamazepine dihydrate at 0% RH 
(25°C). The plotted sample weight is based on the dry sample weight after complete dehydra-
tion. The fi rst and second stages of dehydration are separated by the point of slope change. 
( Right panel ) Effect of temperature on desorption and dehydration kinetics of carbamazepine 
dihydrate shown at three representative temperatures. For the purpose of comparison, the  x -axis 
origin is the time point of transition from desorption to dehydration (point of slope change in left 
panel).  Source : From Ref. (25).    
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 Temperature calibration of TG instrumentation can be accomplished using 
melting point standards or the Curie point transition of a paramagnetic material 
(ASTM E1582) (29). Although not considered a “reference standard,” calcium 
oxalate monohydrate is frequently used to validate the performance of a TG 
system (30).   

 Hot-Stage Microscopy 
 Visualization of solids using a microscope often provides unique insights not 
afforded by other techniques. The visual observation of the analyte, placed on a 
temperature controlled stage (“hot stage”) of a microscope, forms the basis of 
HSM. For the characterization of polymorphs and solvates, HSM, with DSC and TG 
analyses, forms an optimal routine three-pronged approach. Vitez et al. (31) have 
briefl y outlined the historical evolution of HSM from being merely a melting 
point determination tool to being an integral part of polymorph characterization. 
The practice and application of HSM has been reviewed and discussed in recent 
publications (3,32). 

 One of the primary advantages of HSM is the small amount of sample needed, 
which, given the limited availability of an active pharmaceutical ingredient (API) 
in the discovery phase, often represents a very important consideration. When 
characterizing solvates, the analyte is typically dispersed in silicone oil in order to 
aid in the visualization of the thermally induced release of any included solvent. As 
shown in  Figure 6 , a desolvation process is usually manifested by loss of transpar-
ency (perceived as a darkening of the crystals) (33), and in the formation of bubbles 
(specifi cally for hydrates) in the oil (34,35). Caution should be exercised in data 
interpretation because this observation could be potentially complicated by the 
release of entrapped air from the solids or by the simple presence of air bubbles 
in the dispersion medium. In addition, crystals may also darken as a result of 
decomposition.  

 FIGURE 6    Hot-stage photomicrographs of toluene solvate of picryltoluidene, taken at various 
temperature values: ( A ) 25°C; ( B ) 35°C, onset of desolvation from crystal edges; ( C ) 45°C; 
( D ) 55°C; ( E ) 65°C; ( F ) 80°C, completely desolvated anhydrous form; ( G ) 162.5°C, melting 
onset of the anhydrous form; ( H ) 163°C, remaining crystal of the anhydrous form in the melt. 
 Source : From Ref. (33).    
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 In some instances, desolvation may be accompanied by a change in crystal 
habit. For example, Tonder et al. used HSM to study the desolvation of different 
niclosamide solvates (36). Although the solvate crystals were characterized by dif-
ferent morphologies, desolvation resulted in the appearance of crystals having the 
same habit as that of the anhydrate form. In addition, the desolvated crystals were 
all observed to melt over the same temperature range as did the anhydrate, which 
was taken as confi rming their transformation to the anhydrate phase. 

 Crystallization from the amorphous state can be demonstrated by the appear-
ance of birefringence. In order to explain DSC observations, Bottom monitored the 
crystallization of a metastable spherulitic polymorph of sulfapyridine from the 
amorphous state through a solid-state phase transition to the stable needle-shaped 
form (12). Grooff et al. (37) used HSM as one of the tools to characterize crystalliza-
tion of a metastable polymorph of nifedipine from the amorphous state. In this 
work, two other polymorphs were identifi ed, and an enantiotropic relationship 
between two of the polymorphs was confi rmed by direct observation of a reversible 
solid-state transition between the two crystal forms. 

 Microscope stage attachments are commercially available having a wide 
temperature range (less than –150°C to higher than 350°C) and excellent tempera-
ture stability ( ± 0.1°C). In addition, most modern hot-stage systems are equipped 
with a high-resolution camera capable of rapid image collection, and which is 
controlled by a computer interface. All these accessories have drastically reduced 
the subjectivity associated with microscopy and have increased the effi ciency of 
data collection. Consequently, HSM has evolved into one of the primary techniques 
that is used for the routine identifi cation and characterization of pharmaceutical 
solids.    

 CRYSTALLOGRAPHIC CHARACTERIZATION TECHNIQUES 
 The technique of XRD is exceedingly important in the study of polymorphs and 
solvatomorphs because it represents the primary method whereby one can obtain 
fundamental information about the structure of a crystalline substance. The meth-
odology is highly suited for the differentiation of crystal forms, as it would be only 
by pure coincidence that two compounds might form crystals having identical 
XRD patterns due to identical three-dimensional spacing of planes in all directions. 
One example of accidental isostructure is the trihydrate phases of ampicillin and 
amoxicillin (38), but such instances are uncommon. Typical applications of XRD 
methodology include the determination of crystal structures, evaluation of poly-
morphism and solvate structures, evaluation of degrees of crystallinity, and the 
study of phase transitions. 

 Every crystal consists of exceedingly small fundamental structural units, 
which are repeated indefi nitely in all directions. In 1830, Hessel conducted a purely 
mathematical investigation of the possible types of symmetry for a solid fi gure 
bounded by planar faces, and deduced that only 32 symmetry groups were possible 
for such objects. The same conclusion was reached by Bravais in 1949, and Gadolin 
in 1867. These 32 crystallographic point groups are grouped into six crystal systems, 
denoted as triclinic, monoclinic, orthorhombic, tetragonal, trigonal, hexagonal, and 
cubic. Each crystal system is characterized by unique relationships existing among 
the crystal axes and the angles between these, and this information is summarized 
in  Table 2 .  
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 Bragg (39) explained the diffraction of X rays by crystals using a model where 
the atoms of a crystal are regularly arranged in space, and that they can be regarded 
as lying in parallel sheets separated by a defi nite and defi ned distance. Then he 
showed that scattering centers arranged in a plane act like a mirror to X rays inci-
dent on them, so that constructive interference would occur in the direction of spec-
ular refl ection. Within a given family of planes, defi ned by a Miller index of ( hkl ) 
and with an inter-planar distance  d , each plane produces a specular refl ectance of 
the incident beam. If the incident X rays are monochromatic (having wavelength 
equal to   l  ), then for an arbitrary glancing angle of   q  , the refl ections from successive 
planes are out of phase with one another. This yields destructive interference in the 
scattered beams. However, through the systematic variation of analysis angles, a set 
of values for   q   can be found so that the path difference between X rays refl ected 
by successive planes will be an integral number ( n ) of wavelengths, and then con-
structive interference would occur. One ultimately obtains the expression known as 
Bragg’s law that explains the phenomenon: 

      q l2 sin = d n   (2)  

 Unlike the diffraction of light by a ruled grating, the diffraction of X rays by a crys-
talline solid leads to constructive interference (i.e., refl ection) only at critical Bragg 
angles. When refl ection does occur, it is stated that the plane in question is refl ecting 
in the  n th order, or that one observes  n th order diffraction for that particular crystal 
plane. Therefore, one will observe an X-ray scattering response for every plane 
defi ned by a unique Miller index of ( hkl ).  

 Single-Crystal X-Ray Diffractometry 
 Single-crystal XRD involves an assignment of the arrangement of atoms based on 
an electron density map generated by diffraction of a pure, regular, and adequately 
large crystal (40). Structural information derived from an XRD study of a single 

 TABLE 2    Characteristics of the Six Crystal Systems  

System Description

Cubic Three axes of identical length (identifi ed as  a  1 ,  a  2 , and  a  3 ) intersect at right angles.
Hexagonal Four axes (three of which are identical in length, and denoted as  a  1 ,  a  2 , and  a  3 ) 

lie in a horizontal plane, and are inclined to one another at 120°. The fourth 
axis,  c , is different in length from the others, and is perpendicular to the plane 
formed by the other three.

Tetragonal Three axes (two of which are denoted as  a  1  and  a  2 , and are identical in length) 
intersect at right angles. The third axis,  c , is different in length with respect to  a  1  
and  a  2 .

Orthorhombic Three axes of different lengths (denoted as  a ,  b , and  c ) intersect at right angles. 
The choice of the vertical  c  axis is arbitrary.

Monoclinic Three axes (denoted as  a ,  b , and  c ) of unequal length intersect such that  a  and  c  
lie at an oblique angle, and the  b  axis is perpendicular to the plane formed by 
the other two.

Triclinic Three axes (denoted as  a ,  b , and  c ) of unequal length intersect at three oblique 
angles.
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crystal is the most fundamental description of a polymorph or solvatomorph, and 
helps to explain its physical properties. 

 Generally, polymorphic structures can be classifi ed into one of two main 
categories. The fi rst is associated with molecules that can only exist as a rigid group-
ing of atoms that can be stacked in different motifs to occupy the points of different 
lattices (i.e., packing polymorphism). One of the best-known instances of packing 
polymorphism is the allotropic system of carbon, namely graphite and diamond. As 
shown in  Figure 7 , in diamonds each carbon atom is tetrahedrally surrounded by 
four equidistant neighbors, and the tetrahedra are arranged to give a cubic unit cell. 
Graphite is composed of planar hexagonal nets of carbon atoms, which can be 
arranged to yield either a hexagonal unit cell (the  α -form) or a rhombohedral unit 
cell (the  β -form).  

(1)

(2a) (2b)

 FIGURE 7    Crystal structure of ( 1 ) diamond, showing the tetrahedral coordination of each carbon 
atom. Also shown are the crystal structures of the two polymorphs of graphite, specifi cally ( 2a ) the 
hexagonal  α -form, and ( 2b ) the rhombohedral  β -form.    
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 The other category is associated with molecules that are capable of existing in 
conformationally different arrangements, each of which can crystallize in its own 
characteristic structure. This latter behavior has been termed conformational poly-
morphism (41), and the probucol system represents an extreme example of a com-
pound where the polymorphism arises from the packing of different conformers 
(42). Although both polymorphs were found to be monoclinic, the unit cells 
belonged to different space groups and the molecular conformations of the title 
compound were quite different ( Fig. 8 ). In form II, the C–S–C–S–C chain is extended, 
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 FIGURE 8    Conformation of the probucol molecule existing in ( 1 ) form I and in ( 2 ) form II. The fi gure 
was adapted from data contained in Ref. (42).    
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and the molecular symmetry approximates C 2v . This symmetry is lost in the structure 
of form I, where the torsion angles about the two C–S bonds deviate signifi cantly 
from 180°. The extended conformer was shown to be less stable relative to the bent 
conformer, as simple grinding was suffi cient to convert form II into form I.  

 Not all instances of conformational polymorphism are as dramatic as the 
probucol system, and often different conformers of a single sidechain are able to 
pack into different crystalline arrangements. For instance, the two polymorphs of 
 p -(1 R ,3 S )-3-thioanisoyl-1,2,2-trimethylcyclopentane carboxylic acid were found to 
be associated with different conformations of the carboxylate group (43). Torsion 
about a single C–N bond was shown to be the origin of the polymorphism detected 
for lomeridine dihydrochloride (44). Finally, relatively small differences in molecular 
conformation were detected for the two polymorphic and four solvated crystalline 
forms of spironlactone (45). 

 The analysis of single-crystal XRD data is divided into three parts (46–49). The 
fi rst of these is the geometrical analysis, where one measures the exact spatial distri-
bution of X-ray refl ections and uses these to compute the size and shape of a unit 
cell. The second part entails a study of the intensities of the various refl ections and 
uses this information to determine the atomic distribution within the unit cell. 
Finally, one looks at the X-ray diffraction pattern to deduce qualitative information 
about the quality of the crystal or the degree of order within the solid. This latter 
analysis may permit the adoption of certain assumptions that may aid in the 
solving of the crystalline structure. 

 A determination of the internal structure of a crystal requires the specifi cation 
of the unit cell dimensions (axis lengths, and angles between these), and measure-
ment of the intensities of the diffraction pattern of the crystal. For a given lattice, 
regardless of the content of the unit cell, the directions of refl ection are the same. 
The experimental determination of these directions is used to deduce the reciprocal 
lattice of the crystal, which unambiguously yields the crystal lattice. In addition, the 
relative intensities diffracted by different planes depend on the contents of the unit 
cell. Their measurement leads to the determination of the crystal structure factor, 
and these data permit the determination of the atomic structure of crystals. 

 Crystallographic characterization of the physical form of an API may be used 
to understand its performance during pharmaceutical processing. One well-known 
case is that of polymorphic forms I and II of acetaminophen (also known as parac-
etamol). The crystal structures of both forms have been determined and the associ-
ated implications on their physical properties have been discussed (50). Monoclinic 
acetaminophen form I cannot be formulated into tablets by direct compression, but 
the presence of slip planes (illustrated in  Fig. 9 ) in the orthorhombic form II allows 
its direct compression due to a plastic deformation process. This property is an 
immense advantage considering that direct compression is a cost-effective and 
time-effi cient method of tablet production.  

 Crystallographic information is critical to understand dehydration of solvates 
that have channels in their crystal structures. As mentioned earlier, such solvato-
morphs undergo desolvation under certain conditions, leading to the formation of 
isomorphic desolvates that tend to retain the three-dimensional structures of the 
parent compound (51,52). 

 Variable temperature and atmospheric-induced dehydration was characterized 
in form I of a small molecule developmental drug that was presented as a sodium 
salt and a trihydrate (53). It was shown that at 25°C, the compound lost 0.5% w/w 
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water when the relative humidity was decreased from 90% to 15%, and that this 
water loss did not cause any change in the XRD pattern. A single-crystal XRD 
study revealed the existence of channels in the form I crystal structure (illustrated 
in  Fig. 10 ), where one of the water molecules was weakly bound by hydrogen bonds 
and where the other two water molecules were bound to the sodium cation. Forma-
tion of the isomorphic dehydrate was attributed to the escape of some weakly 
bound water molecules through the channel, which did not compromise the integ-
rity of the structure. Further decrease in relative humidity into the range of 5% to 
15% resulted in a reversible phase transformation into form II, and at relativity 
humidities below 5%, XRD showed that the compound transformed into the semi-
crystalline form III. A combination of techniques was used to show that form II was 
formed as a result of the escape of both weakly and strongly bound water molecules, 
which caused a partial collapse of the channels. Further dehydration of the solid 
resulted in disordered anhydrate form III.  

 The interplay between intramolecular conformational fl exibility and inter-
molecular hydrogen bonding may infl uence the properties of a polymorph (54), 
such as in the classic example of ritonavir (55). In 1998, the commercial form of this 
drug substance (tradename of Norvir ® , and marketed as a semi-solid formulation 
contained in capsules) had to be reformulated because the newer lots failed to meet 
established dissolution specifi cations. This was attributed to the sudden appearance 
of a polymorph (form II), which was much less soluble than the parent polymorph 
(form I) in the hydro-alcoholic medium of the formulation. Single-crystal XRD stud-
ies showed that both the hydrogen bonding capability and the packing density of 

 FIGURE 9    Pressure-induced formation of cleavages (indicated by the ellipse) in an acetamino-
phen form II crystal perpendicular to its length, showing the evidence of the existence of slip planes. 
 Source : From Ref. (41).    
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form II was less than that of form I, which could be taken to suggest a greater stability 
of form I. However, the molecular conformation of ritonavir in form II was more 
favorable for crystal packing, and made this form the more stable polymorph. 

 It has been shown elsewhere that a thermodynamically stable polymorph 
may be characterized by the presence of unstable molecular conformations, such 
as the thermodynamically stable polymorph of oxybuprocaine hydrochloride, 
which was shown to have both stable and unstable molecular conformations in its 
crystalline forms (56).   

 X-Ray Powder Diffractometry 
 Although the solving of a crystal structure from an analysis of single-crystal diffrac-
tion provides the most fundamental structural understanding of polymorphic 
solids, the need for suitable single crystals and the degree of complexity associated 
with data analysis precludes this technique from being used on a routine basis for 
batch characterization. During routine synthesis, most drug substances are obtained 
as micro-crystalline powders, for which it is usually suffi cient to establish only the 
physical form (usually polymorphic identity) of the solid, and to verify that the 
isolated compound is indeed of the desired structure. For these reasons, and in light 
of the experimental simplicity, the technique of XRD is the predominant tool for the 
study of polycrystalline materials (57–60), and is eminently suited for the routine 
characterization of polymorphs and solvates. 

 A properly prepared sample of a powdered solid will present a substantially 
random selection of all possible crystal faces and the diffraction patterns will there-
fore provide information regarding all possible spacings (atomic or molecular) in 

a

b

2A

 FIGURE 10    Top view along  c -axis showing the crystal packing of form I of a developmental drug, 
the sodium salt of  N -(3-(aminosulfonyl)-4-chloro-2-hydroxyphenyl)- N  ′ -(2,3-dichlorophenyl) urea. 
Arrows indicate potential motion of water along the channels (dashed lines). Sodium atoms are 
represented by dark circles.  Source : From Ref. (44).    
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the crystal lattice. To measure a powder pattern, a randomly oriented powdered 
sample is prepared in an effort to expose all the planes in the lattice. The scattering 
angle is determined by slowly rotating the sample and measuring the angle of dif-
fracted X rays (typically using a scintillation detector) with respect to the angle of 
the incident beam. Alternatively, the angle between sample and source can be kept 
fi xed, while moving the detector to determine the angles of the scattered radiation. 
Knowing the wavelength of the incident beam, the spacing between the planes 
(identifi ed as the  d -spacings) is calculated using Bragg’s Law. 

 The XRD pattern will therefore consist of a series of peaks detected at charac-
teristic scattering angles. These angles, and their relative intensities, can be corre-
lated with the computed  d -spacings to provide a full crystallographic characterization 
of the powdered sample. After indexing all the scattered lines, it is possible to derive 
unit cell dimensions from the powder pattern of the substance under analysis. For 
routine work, however, this latter analysis is not normally performed, and one 
typically compares the powder pattern of the analyte to that of reference materials 
to establish the polymorphic identity. Because every compound produces its own 
characteristic powder pattern owing to the unique crystal structure, powder XRD is 
clearly the most powerful and fundamental tool for polymorphic identity of an 
analyte. 

 The United States Pharmacopeia contains a general chapter on XRD (61), 
which sets the criterion that identity is established if the scattering angles in the 
powder patterns of the sample and reference standard agree to within the calibrated 
precision of the diffractometer. It is noted that it is generally suffi cient that the 
scattering angles of the ten strongest refl ections obtained for an analyte agree to 
within either  ± 0.10 or  ± 0.20° 2  q  , whichever is more appropriate for the diffractome-
ter used. Older versions of the general test contained an additional criterion for 
relative intensities of the scattering peaks, but it has been noted that relative inten-
sities may vary considerably from that of the reference standard, making it impos-
sible to enforce a criterion based on the relative intensities of corresponding 
scattering peaks. 

 For identifi cation purposes, it is usually convenient to identify the angles of the 
10 most intense scattering peaks in a powder pattern, and to then list the accepted 
tolerance ranges of these based on the diffractometer used for the determinations. 
Useful tabulations of the XRD patterns of a number of compounds have been pub-
lished by Koundourellis and coworkers, including 12 diuretics (62), 12 vasodilators 
(63), and 12 other commonly used drug substances (64). 

 The literature abounds with countless examples that illustrate how powder 
diffraction has been used to distinguish between polymorphs. It is safe to state that 
one could not publish the results of a phase characterization study without the inclu-
sion of XRD data. Nowhere is this more crucial than in intellectual property contro-
versies, where the different XRD patterns of polymorphs are used for patentability 
purposes. For example, two polymorphic forms of ibandronate sodium have been 
the subject of two United States patent applications (65), and although the XRD 
patterns of these are somewhat similar ( Fig. 11 ), a suffi cient number of differences 
in scattering peak angles exist so as to permit their identifi cation. In the patent 
applications, some of the claims defi ne the two polymorphs on the basis of fi ve 
characteristic XRD scattering peaks, which enables one to tabulate the data and 
determine whether or not a given sample of ibandronate sodium is within the scope 
of these XRD claims.  
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 Once the characteristic XRD patterns of one or more analytes have been 
established, it is usually possible to develop methods for phase quantifi cation. The 
methodology is based on the premise that each component will contribute to the 
overall scattering by an amount that is proportional to its weight fraction in a 
mixture, and that the powder pattern of each analyte contains one or more peaks 
whose scattering angle is unique to that analyte. Quantitative analysis typically 
requires the use of reference standards that contribute known scattering peaks at 
appropriate scattering intensities. This can be achieved through the use of internal 
standards, where one would mix reference materials such as elemental silicon or 
lithium fl uoride into the sample matrix. 

 Although simple intensity correction techniques can be used to develop 
suitable quantitative XRD methods, the introduction of more sophisticated data 
acquisition and handling techniques can greatly improve the quality of the devel-
oped method. For instance, improvement of the powder pattern quality through 
use of the Rietveld method has been used to evaluate mixtures of two anhydrous 
polymorphs of carbamazepine and the dihydrate solvatomorph (66). The method 
of whole pattern analysis developed by Rietveld (67) has found widespread use in 
crystal structure refi nement and in the quantitative analysis of complex mixtures. 
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 FIGURE 11    X-ray powder diffraction patterns of ibandronate sodium, Form A (solid trace) and 
Form B (dashed trace). The patterns have been adapted from data in United States patent 
applications 2006/0172975 and 2006/0172976 (65).    
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Using this approach, the detection of analyte species was possible even when their 
concentration was less than 1% in the sample matrix. It was reported that good 
quantitation of analytes could be obtained in complex mixtures even without the 
requirement of calibration curves. 

 Well-characterized and stable (both physically and chemically) Standard 
Reference Materials are available from the National Institute of Standards and 
Technology (NIST) (68). These materials are used both to calibrate powder XRD 
equipment and to measure the instrument sensitivity. Silicon powder (SRM 640c) is 
typically used for the calibration of  d -spacing or line position, and also can be used 
as an internal reference for quantitative applications. NIST SRM 674b is a set of four 
metal oxides (CeO 2 , Cr 2 O 3 , TiO 2 , and ZnO) that are also used as internal standards 
in quantitative work. 

 The use of parallel beam optics as a means for determining the polymorphic 
composition in powder compacts has been evaluated (69). In this study, compressed 
mixtures of known polymorphic composition were analyzed in transmission mode, 
and the data processed using profi le fi tting software. The advantage of using 
transmission, rather than refl ectance, was that the results were not sensitive to the 
geometrical details of the compact surfaces, and that spurious effects associated 
with preferential orientation were minimized. 

 The effects of preferred orientation in XRD analysis can be highly signifi cant, 
and are most often encountered when working with systems characterized by plate-
like or tabular crystal morphologies. A viable XRD sample is one that is free from the 
deleterious effects of preferential orientation, and any sample packing effect that 
serves to introduce a non-random pattern of crystal faces can strongly affect the 
observed intensities and any quantitative results. The problem has been investigated 
for the three needle-like polymorphs of mannitol, and it was found that through the 
use of small particles, the preferential orientation effects were held to a minimum, 
enabling quantifi cation of the polymorphs around the 1% level (70). 

 The use of powder XRD has been investigated to determine whether one may 
use pattern indexing as another tool for polymorph screening studies (71). In this 
work, data were collected on six compounds using two diffractometers that 
employed transmission geometry, primary monochromatic radiation, and a position-
sensitive detector. The data were found to exhibit good angular resolution, and there-
fore lattice parameters were easily obtained using the indexing program DICYOL-91. 
The extent of preferred orientation in each pattern was estimated using the DASH 
implementation of the March–Dollase function. It was concluded that the combi-
nation of experimental techniques used would be highly effective compared to just 
one technique that would require a large number of samples per day with the aim 
of obtaining the type of high-quality data necessary for pattern recognition and 
indexing. 

 Practical complications associated with preferential orientation effects have 
been discussed in detail (72). A number of sample-packing methods were consid-
ered (vacuum free-fall, front-faced packing vs. rear-faced packing, etc.), but the best 
reduction in preferential orientation was achieved by using materials having small 
particles that were produced by milling. Through the use of sieving and milling, 
excellent linearity in diffraction peak area as a function of analyte concentration 
was attained. The authors deduced a protocol for development of a quantitative 
XRD method consisting of (a) calculation of the mass attenuation coeffi cient of 
the drug substance, (b) selection of appropriate diffraction peaks for quantifi cation, 
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(c) evaluation of the loading technique for adequate sample size, (d) determination 
of whether preferred orientation effects can be eliminated through control of the 
sample particle size, (e) determination of appropriate milling conditions to obtain 
reproducibility in peak areas, and (f) generation of calibration curves from physical 
mixtures. 

 Profi le-fi tting analysis has been combined with powder XRD to develop a 
quantitative method to determine the relative amounts of two prazosin hydro-
chloride polymorphs in their powder mixtures (73). Powder patterns of the pure 
 α - and  δ -polymorphs were initially obtained, and then patterns of calibration 
samples containing the  α -form at concentrations ranging from 0.5% to 10% w/w in 
bulk  δ -form. As is evident from  Figure 12 , the  α -form exhibits a strong scattering 
peak at 27.5° 2  q   where the  δ -form exhibits little scattering, thus making this peak 
suitable for use in developing a quantitative method for phase composition. Using 
mathematical profi le fi tting, the background intensity level of the  δ -form and 
the integrated intensity of peaks due to the  α -form were determined, enabling a 
detection limit of 0.5%.  

 Powder XRD and diffuse refl ectance infrared absorption spectroscopy analyses 
were used to develop two independent quantitative phase composition methods 
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 FIGURE 12    Expanded X-ray powder diffraction patterns of prazosin hydrochloride,  α -form (solid 
trace) and  δ -form (dashed trace), illustrating the peak at 27.5° 2  θ   that was used for quantitation 
purposes. The patterns have been adapted from data in Ref. (73).    
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for the determination of quantities of cefepime dihydrochloride dihydrate in 
samples of cefepime dihydrochloride monohydrate (74). For the XRD method, over 
a working concentration range 2.5% to 15% w/w, the limit of detection and quanti-
fi cation of the dihydrate in monohydrate were respectively 0.75% and 2.5% w/w. 
For the infrared method, a working range of 1.0% to 8.0% w/w was established 
with a minimum quantifi able level of 1.0% w/w and a limit of detection of 0.3% 
w/w dihydrate in monohydrate. 

 When reference samples of the pure amorphous and pure crystalline phases 
of a substance are available, calibration samples of known degrees of crystallinity 
can be prepared by mixing these reference samples. Establishment of a calibration 
curve (XRD response vs. degree of crystallinity) permits quantifi cation of crystallin-
ity in unknown samples. In one such study, a quantitative method was developed 
by beginning with commercially available crystalline digoxin and ball-milling of 
this substance to obtain various samples having various degrees of amorphous 
phase (75). Calibration mixtures were prepared as a variety of blends prepared 
from the 100% crystalline and 0% crystalline materials, and acceptable linearity 
and precision was obtained in the calibration curve of XRD intensity versus actual 
crystallinity. 

 In the absence of standard materials having known degree of crystallinity, one 
may determine the degree of crystallinity from the simple relation: 

      C TDOC = ( / )(100)A A   (3)  

 where  A   C  is the integrated intensity attributable to the crystalline regions, and  A   T  is 
the total diffracted intensity. The evaluation of  A   C  and  A   T  is illustrated in  Figure 13 , 
where the reported XRD pattern of lenalidomide Form H (76) is shown along with 
its associated amorphous background. One would obtain  A   C  as the sum of the areas 
of the peaks above the dashed line, whereas  A   T  would be measured as the total area 
under the curve.    

 Determination of Crystal Structures from Powder Diffraction Data 
 As discussed above, a powder pattern will consist of a series of peaks having varying 
intensities, detected at various scattering angles. Through the indexing process, 
the  d -spacings computed from the values of the scattering angles are assigned to 
diffraction from the crystal planes defi ned by their Miller ( hkl ) indices to provide a 
full crystallographic characterization of the powdered sample. After the indexing 
procedure is complete, it is possible to derive unit cell dimensions and other crys-
tallographic information from a high-resolution powder pattern of a substance, 
eventually developing an approximate structural model that can be refi ned against 
experimental powder XRD data (structure refi nement) (77–81). This procedure 
is best conducted on diffraction data collected using a high-fl ux synchrotron 
source (82). 

 Of the three crystal forms of telmisartan, the structure of solvated Form C was 
determined using single-crystal XRD and the structures of non-solvated forms A 
and B were determined from high-resolution powder XRD data using the method 
of simulated annealing for structure solution followed by Rietveld refi nement (83). 
With 13 degrees of freedom (three translational, three orientational, and seven torsion 
angles), the structure solution was accomplished in approximately two hours of com-
puter time, demonstrating that the crystal packing and the molecular conformation 
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of medium-sized pharmaceutical compounds could be solved quickly and routinely 
from high-resolution powder XRD data. 

 Other examples where structural properties have been derived from powder 
XRD data include enalapril maleate form II (84) and bupivacaine base (85).   

 Variable-Temperature X-Ray Diffractometry 
 XRD, performed on a hot stage, enables one to obtain powder patterns at elevated 
temperatures, and permits the deduction of structural assignments for thermally 
induced phase transformation reactions. By conducting VT-XRD studies, one can 
bring the system to conditions that had been indicated to be of interest during the 
conduct of thermal analysis studies. XRD systems equipped with hot-stage sample 
holders have been described, with this instrumentation being capable of obtaining 
powder patterns at temperatures of pharmaceutical interest (86,87). VT-XRD studies 
conducted under isothermal conditions can also be used for the calculation of 
activation energies of solid-state reactions. 

 VT-XRD is ideally suited to explain potentially complex solid-state transfor-
mations involving pharmaceutical hydrates. For example, Terakita et al. examined 
the dehydration behavior of calcium benzoate trihydrate, a system where the solid 
state transformations involved, in addition to crystalline and amorphous phases, 
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 FIGURE 13    XRD pattern of lenalidomide form H (solid trace), and an estimation of the amorphous 
background (dashed line). The powder pattern of form H was adapted from data in Ref. (74).    
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a mesophase (88). As the temperature was increased, the trihydrate crystal form 
gradually formed a mesophase, as indicated by a sharp low-angle peak. As illus-
trated in  Figure 14 , further heating resulted in complete amorphization and the 
disappearance of all XRD peaks. A ground sample of the trihydrate was found to 
contain traces of calcium benzoate monohydrate, which was confi rmed by VT-XRD 
to have formed by a recrystallization process. In this work, VT-XRD was shown to 
function both as an aid in the identifi cation of crystalline phases, as well as in decod-
ing the mechanism of their formation. Understanding such transformations and 
the knowledge of the conditions under which phase transitions occur, could aid in 
optimizing process parameters, such as the drying temperature of granules.  

 By virtue of their higher free energy compared to their more stable counter-
parts, metastable polymorphs of drug substances can signifi cantly affect drug 
release from a dosage form. For example, theophylline monohydrate was observed 
by VT-XRD to dehydrate to the anhydrous form via an intermediate metastable 
anhydrate (89). The dissolution performance of tablets containing stable and meta-
stable anhydrous theophylline was compared, where surprisingly the dissolution 
rate of the metastable form was found to be slower than that of the stable form. 
This phenomenon was shown to be due to the relatively rapid conversion of the 
metastable anhydrate form to the monohydrate form in the dissolution medium. 

 Isomorphic desolvates, formed by desolvation of solvates, represent the type 
of lattice structures that can be inherently unstable owing to their molecular pack-
ing. Consequently, such materials tend to be quite reactive and prone to instability, 
especially during their secondary processing into drug products (90). Miroshynk 
et al. used VT-XRD to investigate processing-induced phase transformations in 
erythromycin dihydrate (91). Dehydration resulted in shifts in the XRD peak 
positions, where some peaks shifted to higher angles owing to lattice expansion, 
whereas other peaks shifted to lower angular values as a result of lattice contraction. 
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 FIGURE 14    VT-XRD patterns obtained during the drying of calcium benzoate trihydrate, showing 
the gradual dehydration to a mesophase (100°C), which eventually culminated in the formation of 
an amorphous phase (250°C).  Source : From Ref. (88).    
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At higher temperatures, the XRD patterns indicated that the solids rearranged to 
form anhydrous erythromycin. 

 Although the typical use of VT-XRD is at elevated temperatures, the technique 
can also be used for work under sub-ambient conditions. For example, Pyne et al. 
characterized freeze-dried buffered aqueous systems of mannitol and glycine, and 
found that  δ -mannitol and  β -glycine crystallized during primary drying (92). By 
monitoring the intensities of the characteristic peaks of  δ -mannitol and  β -glycine 
both during primary and secondary drying, it was possible to determine the rate 
of crystallization of these solutes. Interestingly, one of the buffer salts, disodium 
hydrogen phosphate, crystallized as its dodecahydrate phase at the start of primary 
drying, but became dehydrated to an amorphous anhydrate at the end of the drying 
cycle ( Fig. 15 ). It is important to note that conventional XRD of the fi nal lyophile 
would not have revealed the crystallization of the buffer salt. The selective crystal-
lization of disodium hydrogen phosphate only became evident by monitoring the 
phase transitions that took place  during  the freeze–drying process.  

 While attempting to simulate pharmaceutical processing steps, it is impor-
tant to consider the effect of sample geometry on the phase transition kinetics. 
The relative quantities of stable and metastable anhydrous theophylline were 
found to be signifi cantly different when theophylline monohydrate granules were 
dried in a microscale fl uid bed dryer and in the sample stage of a powder X-ray 
diffractometer, with these differences being attributed primarily to differences in 
sample geometry (93). Although the VT-XRD sample bed was stationary, resulting 
in a slow drying rate, the sample in the fl uid bed drier was dried rapidly due to 
fl uidization. 

 XRD studies conducted at elevated temperatures can also be run under con-
trolled water vapor pressures, using humidifi ed nitrogen to control the vapor 
pressure. Han et al. proposed this technique to rapidly evaluate the physical sta-
bility of pharmaceutical hydrates, and studied the isothermal dehydration kinetics 
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 FIGURE 15    In situ VT-XRD patterns obtained during the primary drying (PD) of a frozen aqueous 
solution consisting of buffer salts, mannitol, and glycine. The solution was fi rst cooled to –70°C at 
2°C/min, which was then followed by heating to the primary drying temperature (–40°C) at 5°C/min. 
Primary drying was carried out for 4 hours.  Source : From Ref. (92).    
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of amoxicillin trihydrate at 68°C and at different water vapor pressures (94). The 
product they obtained was a poorly crystalline anhydrate. From these kinetic studies, 
the transition water vapor pressure of amoxicillin trihydrate was determined to be 
approximately 10.5 Torr at 68°C. 

 In addition to being extremely useful in the study of phase transformations, 
VT-XRD can also be used to obtain information on substance decomposition during 
a variable-temperature study. The commercially available form of aspartame is 
hemihydrate form II, which is known to transform into hemihydrate form I when 
milled, but a 2.5-hydrate species is also known (95,96). Through the use of VT-XRD, 
it was found that when either hydrate form was heated to 150°C, they dehy-
drated into the same anhydrous phase. Further heating of the anhydrate to 200°C 
resulted in a thermally induced cyclization, forming 3-(carboxymethyl)-6-benzyl-2, 
5-dioxopiperazine. The 2.5-hydrate was shown to dehydrate to hemihydrate form 
II when heated to 70°C, and this dehydration product was shown to undergo the 
same decomposition sequence as directly crystallized hemihydrate form II.     
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             Vibrational Spectroscopy   

   Harry G.   Brittain   
 Center for Pharmaceutical Physics, Milford, New Jersey, U.S.A.     

 INTRODUCTION 
 In addition to the crystallographic techniques of X-ray diffraction and optical 
crystallography, methodologies based on molecular spectroscopy have become 
extremely important for the characterization of polymorphs and solvatomorphs (1). 
These methods become particularly useful when information must be obtained 
from a small amount of sample in a short period of time, and because most of the 
methods are non-destructive in nature, the analyzed material can be recycled for 
additional study once the measurements are complete. A number of techniques 
have been developed for the characterization of compounds in the solid state, 
and those based on probing the periodic motion of atoms and groups of atoms in 
molecules in solids will form the scope of this chapter. 

 The vibrational patterns existing in molecules are characterized by repetitious 
departures and returns about the center of gravity, and these correlated motions are 
termed the vibrational modes of the molecule. Energies associated with the lowest 
energy vibrational modes of a chemical compound will lie within the range of 400 
to 4000 cm –1 , a spectral region of the electromagnetic spectrum denoted as the 
mid-infrared. Transitions among states associated with these vibrational modes can 
be observed directly through their absorbance in the mid-infrared region of the 
spectrum, or alternatively through an inelastic scattering of incident energy via the 
Raman effect. Transitions involving the excitation of multiple vibrational states are 
known as overtone bands or combination bands, and these are observed in the 
near-infrared (NIR) region of the spectrum (4000–13,350 cm –1 ). 

 Infrared absorption spectroscopy is an enormously useful technique for the 
physical characterization of solids having pharmaceutical interest. When the crystal-
lography of a given molecule suffi ciently perturb the frequencies of vibrational 
modes relative to the energies of the modes for a free molecule, one can use changes 
in the spectra as a means to study the solid-state chemistry of the system. For example, 
being especially sensitive to changes in molecular conformation between different 
solid-state forms, infrared absorption spectra are frequently used to evaluate the 
polymorphic space of a drug substance system. In addition, the technology can be 
very useful in studies of solvent molecules contained within a solvatomorph. 

 The vibrational energy levels of a molecule in its solid form can also be eval-
uated using Raman spectroscopy. Because most compounds of pharmaceutical 
interest are characterized by low or no molecular symmetry, the same bands 
observed in the infrared absorption spectrum will also be observed in the Raman 
spectrum. However, the fundamentally different nature of the selection rules 
associated with the Raman effect leads to the existence of signifi cant differences in 
intensity among peaks as measured by the two methods. In general, symmetric 
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vibrations and non-polar groups yield the most intense Raman scattering bands, 
whereas antisymmetric vibrations and polar groups yield the most intense infrared 
absorption bands. 

 The spectral features observed in the NIR region of the electromagnetic 
spectrum are associated with overtones and combinations of the same fundamental 
bands detected in infrared absorption or Raman spectroscopies. Some of the spectral 
features that have found the greatest utility are those functional groups that contain 
unique hydrogen atoms. For example, studies of water in solids can be easily per-
formed through systematic characterization of the characteristic –OH band, usually 
observed around 5170 cm –1 . The determination of hydrate species in an anhydrous 
matrix can also be easily performed using near-IR analysis. 

 In this chapter, a brief overview of the necessary theoretical bases for all three 
types of vibrational spectroscopy will be presented, and it should be noted that 
more extensive details regarding molecular spectroscopy (2–6) and vibrational 
spectroscopy (7–17) are available. The utility of vibrational spectroscopy in the 
physical characterization of pharmaceutical compounds has been reviewed many 
times (18–32).  

 Motion of Atoms in Molecules 
 Because all forms of vibrational spectroscopy have their origin in the patterns of 
motion executed by the atoms and groups in the molecule, it is clear that the 
energies associated with these motions provide the basis to an understanding of 
the observed spectra. Consequently, it is appropriate to briefl y consider the nature 
of these motions, and the manner in which energy can become distributed among 
the various modes. For this part of the discussion, the perturbing effects of other 
molecules in a condensed state will not be considered, but instead, only the state of 
a molecule will be considered, which is essentially free to move through space. The 
perturbing effects of the solid state on the vibrational properties of the component 
molecule in a crystal will be the focus of illustrative examples. 

 The number of degrees of freedom that any body may possess is related to the 
number of independent coordinates that are needed to specify its position in space. 
For instance, a sphere that is able to move randomly in space would require the 
specifi cation of all three of the Cartesian coordinates (X, Y, and Z) to defi ne its 
position. One therefore states that this free object has three degrees of freedom. 
However, if the object were constrained to move only in the XY-plane, then the 
value of the Z-coordinate would be fi xed and only the X and Y coordinates would 
have to be specifi ed during the motion. In that case, the object would have only two 
degrees of freedom. If it is further required that the object move along a line in this 
plane, then one would only have to specify the coordinate along which the object 
moved (i.e., one degree of freedom). 

 If one now considers a molecule consisting of  N  atoms, it is clear that one 
must specify the three X, Y, and Z coordinates for each atom, and therefore, the total 
number of degrees of freedom possible for this molecule would be equal to 3 N . At 
the same time, the atoms in the molecule are bound, and this bonding will affect 
how the 3 N  degrees of freedom would be distributed among the different types of 
motion available to the molecule. In a molecule, each atom is not free to move 
independently of the others, but instead, the molecule must translate and rotate 
as a whole. For non-linear molecules, three degrees of freedom are associated 
with translational motion, and three more degrees of freedom are associated with 



Vibrational Spectroscopy 349

rotational motion, so for polyatomic molecules consisting of  N  atoms, there will be 
(3 N  – 6) degrees of freedom due to the various types of internal motion known as 
the vibrational modes. 

  Consider the case of a non-linear triatomic molecule, for which the number 
of authentic vibrations will therefore equal [3(3) – 6]. The three normal vibrational 
modes of motion are illustrated in  Figure 1 . To preserve the pure vibrational nature 
of the symmetric stretching motion, the central atom must move an equal amount 
in the direction opposite to the motion of the end atoms, so that the net result of 
the simultaneous motions of the end and central atoms is a symmetric stretching 
of the bonds. The atomic motions for the asymmetric stretching vibration gives 
rise to a compression of one bond and a stretching of the other bond, whereas the 
atomic motions for the bending vibration yield an opening and closing of the 
bond angle.   

 The Harmonic Oscillator Model and Spectroscopy Associated 
with Fundamental Vibrational Modes 
 A full understanding of vibrational spectroscopy requires a solution of the wave func-
tions associated with vibrational motion, which are usually developed as quantum 

Symmetric 
stretching vibration

Antisymmetric 
stretching vibration

Bending vibration 

 FIGURE 1    Motions of the atoms in each of the genuine vibrational modes of a nonlinear triatomic 
molecule.    
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mechanical expressions independent of the expressions for electronic motion. For a 
simple diatomic molecule, the Hamiltonian operator for nuclear motion is given by 
the sum of the kinetic and the potential energy operators, and so the Schrödinger 
equation for nuclear motion can be written as: 

      { + ( )} =  T V r EN y y   (1)  

 where  T N   is the kinetic energy operator,  V ( r ) is the potential energy function, and it 
is understood that   y   is the wave function for nuclear motion. For the diatomic 
molecule A-B, equation (1) becomes: 

      2 2
A B 2

A B

1 1 2
{ ( )}E V r

m m
∇ + ∇ + − = 0

h
y y y   (2)  

 where  m  A  and  m  B  are the masses of the two atoms comprising the molecule. 
 After elimination of terms associated with translation of the nuclei, the motion 

of the atoms is determined by the effect of the potential fi eld directed along the 
internuclear axis. Mathematically, this situation is equivalent to that of a single par-
ticle moving in the fi eld defi ned by  V ( r ), where the mass of this equivalent particle 
is given by the reduced mass (  m  ) of the two atoms: 

      A B

A B

m m
m m

m =
+

  (3)  

 The wave equation now becomes: 

      2
2

2
{ – ( )}E V r

m∇ + = 0
h

y y   (4)  

 After the wave function is transformed into spherical polar coordinates, it can 
be factored into radial and angular functions that each consist of a single variable. 
The usual procedure is to defi ne the radial distribution function,  S ( r ), and after 
much work the radial portion of the wave equation becomes: 

      2 2

d 2
{ – ( )} 0

d
E V r

r
m+ =
h

S
S   (5)  

 Equation (5) cannot be considered further until one chooses a form for the potential 
function, but highly useful solutions are obtained if  V ( r ) is assumed to have the 
form associated with simple harmonic motion: 

      
2

( ) = ½ V r k r   (6)  

 In equation (6),  k  is the force constant associated with the magnitude of the restoring 
force on the particle. 

 The mathematical solution to the harmonic oscillator wave function is beyond 
the scope of this chapter, but has been amply described in numerous texts on quan-
tum mechanics (33–37). At the end of the process, one obtains expressions for the 
energies ( E  V ) of the vibrational wave functions that are functions of the reduced 
mass, the bond force constant, and a quantum number  v  for each wave function: 

      ½
V =  {  / }  (  + ½)E k vmη   (7)  
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 Because the classical vibrational frequency (  υ   OSC ) of a harmonic oscillator is: 

      ½
OSC  = (1/2 ) {  /  }ku mπ   (8)  

 it follows that the energies (in units of ergs) of the vibrational states are also 
equal to: 

      V OSC =   (  + ½)E h u n   (9)  

 It is more typical to express the energy of a given vibrational state in units of 
reciprocal centimeters (cm –1 ), which is obtained by dividing equation (9) by the 
speed of light: 

      OSC 1
2V

 
( )

h
G v

c
u= +   (10)  

 Defi ning the oscillator energy as   w   (in units of cm –1 ), one obtains the expression: 

      V  =   (  + ½)G w n   (11)  

 For most molecules,   w   will have values in the range of 200 to 4000 cm –1 . 
 In order for a molecule to absorb infrared energy to promote the system 

from the ground  E ( v  = 0) ground state to an excited  E ( v   ≠  0) excited states, the 
molecule must possess a permanent dipole moment. The intensity of this electric 
dipole transition is determined by the magnitude of the transition probability,  P   ij  , 
which is calculated from the lower vibrational state ( S   i  ) to the upper vibrational 
state ( S   j  ): 

       = S d  ij i j t∫P Sm   (12)  

 For a molecule having a permanent dipole moment, it can be shown that equation 
(12) will equal zero unless the following harmonic oscillator selection rule is met: 

        = 1n∆ ±   (13)  

 The energetics of vibrational energy levels is such that the ground vibrational state 
of a given molecule will be characterized by  v  = 0. The implication of the harmonic 
oscillator selection rule is that the only allowed vibrational transition would be 
 S  0   →   S  1 , which is known as the  fundamental  vibrational transition. In the harmonic 
oscillator model, transitions from  S  0  to higher excited states  S  V  are forbidden. 

 In the harmonic oscillator model, therefore, the energy of the  E ( v  = 0) state is 
given by: 

      
1

2
0 { / }

2
E k m= h

  (14)  

 and the energy of the  E ( v  = 1) state is given by: 

      
1

2
1

3
{ / }

2
E k m= h

  (15)  
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 Therefore, energy of the ( v  = 0)  →  ( v  = 1) transition is given by: 

      ½
1 0 –  =  { /  }E E k mh   (16)  

 or: 

      1 0 –  =  G G w   (17)  

 According to equation (17), the energy of a vibrational transition may be seen to be 
partially defi ned by the magnitude of the force constant (which is interpreted as a 
measure of the bond strength). In particular, it can be shown that one can calculate 
a value for the force constant of a harmonic oscillator using the relation: 

      2 2 2 = (4 )k cm wπ   (18)  

 where the reduced mass   µ   is give in units of grams/molecule,   w   is in units of cm –1 , 
and the speed of light  c  equals 2.9979246  ×  10 10  cm/sec. 

 The energy of a vibrational transition is also dependent on the reduced mass 
of the atoms involved in the vibrational motion. Using the average bond stretching 
force constants of Wilson, Decius, and Cross [p. 175 of Ref. (17)], and the relation: 

      
1

2{ / }
2

k
c

mw =
π

  (19)  

 it is possible to calculate the transition energies for the fundamental vibrational 
transitions of some chemically relevant bond types. For instance, the energy of the 
C–H stretching mode is calculated to be 3444 cm –1 , and the energy of the C–C stretch-
ing mode is calculated to be 1189 cm –1 . In addition, the energy of the N–H stretching 
mode is calculated to be 3425 cm –1 , and the energy of the N–N stretching mode is 
calculated to be 1044 cm –1 . Finally, the energy of the O–H stretching mode is 
calculated to be 3737 cm –1 , and the energy of the C–C stretching mode is calculated 
to be 950 cm –1 . 

 From this analysis, the general trend emerges that the stretching frequencies 
of molecules containing a hydrogen atom will be much higher than the stretching 
frequencies of molecules that do not contain a hydrogen atom. The spectroscopic 
consequence of this trend (which will be developed further in forthcoming sections) 
is that vibrational transitions associated with atom–hydrogen stretching modes will 
be observed at much higher energies than will be the transitions of other functional 
groups. 

 Even for polyatomic molecules, the harmonic oscillator model can be ade-
quately used to describe their fundamental vibrational transitions, because the 
vibrational spectra of complicated molecules can often be assumed to be summa-
tions of a number of harmonic oscillators. The concept of group frequencies is based 
on the fact that many vibrational wave functions are be essentially localized on 
the atoms of a functional group and its nearest neighbors. Because the bond force 
constants are fairly constant from molecule to molecule, and because the reduced 
masses often are comparable as well, it follows that the vibrational frequency of a 
given functional group is determined primarily by the identity of the atoms 
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involved. This concept has led to the concept of  group frequencies , which have been 
summarized in several monographs (38–40). 

 Returning to the example of the non-linear triatomic molecule exhibiting three 
modes of vibration, the symmetric stretching mode will be identifi ed as  ( n   1 , the 
“scissors” bending mode as   n   2 , and the anti-symmetric stretching mode as   n   3 . 
Because the individual vibrational modes are independent of each other, the 
vibrational wave function describing the states of this non-linear triatomic molecule 
will be: 

      1 2 3 1 2 3 ( , , ) =  ( ) ( ) ( )n n n n n ny y y y   (20)  

 The ground state of this non-linear triatomic molecule will be characterized by   y  (  n   1 ), 
  y  (  n   2 ), and   y  (  n   3 ) each being in their respective  v  = 0 states, and its wave function will 
be abbreviated as   y   000 . The lowest energy excited states will be characterized by two 
of the   y  (  n   1 ),   y  (  n   2 ), or   y  (  n   3 ) functions each being in the  v  = 0 state and the third func-
tion being in the  v  = 1 state. These three possible excited states would be identifi ed 
by the functions   y   100 ,   y   010 , and   y   001 . 

 Because the harmonic oscillator selection rule is  ∆  v  =  ±  1, it follows that the 
only possible fundamental vibrational spectroscopic transitions for the non-linear 
triatomic molecule water are: 

      n000 100→ 1  (the  mode)y y   (21)  

      000 010 2  (the  mode)n→y y   (22)  

      000 001 3   (the  mode)n→y y   (23)  

 For water in the gas phase, it has been found that the energy of the   ν   1  vibrational 
mode equals 3652 cm –1 , the energy of the   ν   2  mode equals 3756 cm –1 , and the energy 
of the   ν   3  mode equals 1545 cm –1 . However, as shown in  Figure 2 , in bulk water these 
frequencies are substantially shifted to 1634, 3262, and 3341 cm –1 , respectively, owing 
to the extensive degree of hydrogen bonding.    

 The Anharmonic Oscillator Model and Spectroscopy Associated 
with Overtones and Combinations of Fundamental Vibrational Modes 
 Because the harmonic oscillator selection rule states that only transitions for which 
 ∆  v  =  ± 1 are allowed, and because, the majority of molecules will be in the  v  = 0 state 
at room temperature, only fundamental transitions can be observed in either the 
infrared absorption or Raman spectra. A more realistic description of the energy 
level sequence can be achieved by using potential energy functions that allow for 
molecular distortion in excited vibrational states. The inclusion of anharmonic 
effects serves to weaken the  ∆  v  =  ± 1 selection rule, and permits transitions to higher 
quantum states. The development of appropriate technology has permitted the 
development of a wide variety of applications in the pharmaceutical and other 
industries. 

 The most widely used anharmonic potential energy function is the Morse 
potential: 

      (  – ) 2( ) = [1 – ]–a r re
eV r D e   (24)  
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 where  D e   is the energy required to dissociate the bond. The rigorous approach 
would then be to substitute this form for the potential energy function back into the 
Hamiltonian equation, and to then solve the resulting Schrödinger equation in the 
usual manner. However, this approach is not trivial, and hence, more empirical 
approaches are usually taken. 

 A more practical approach toward vibrational spectroscopy is to expand the 
harmonic oscillator equation in an infi nite power series based on ( v  + ½) to include 
anharmonic effects: 

      2 3
V  =  (  + ½) – (  + ½)  + (  + ½)  +....e e e e eG X Yw n w n w n′   (25)  

 where   w  e   is the harmonic oscillator constant, and where  X e   and  Y e   are anharmonic 
constants. The dissociation energy is given by the sum: 

       =  (  + ½)eD G n∆ ′∑   (26)  

 where the summation is performed over the range of  v  = 0 to the highest vibrational 
level for which the bond in the molecule is still intact. Usually the   w  e X e   term is 
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 FIGURE 2    Infrared absorption spectrum of bulk water, obtained using the attenuated total 
refl ectance sampling mode.    



Vibrational Spectroscopy 355

considerably larger than the   w  e Y e   term, and thus most experimentally determined 
vibrational spectra can be fi tted to the simplifi ed equation: 

      2
V  = (  + ½) – (  + ½)e e eG Xw n w n′   (27)  

 For most molecules, the   w  e X e   term will be positive in character, so the separation 
between successively higher excited states will decrease as v increases. In this 
simplifi ed model, the separation between the  G′  V  state and the  G′  V+1  state will be 
given by: 

      V  =  – (2  + 2)e e eG Xw w n∆ ′   (28)  

 In this simplifi ed model of the anharmonic oscillator, the dissociation energy is 
given by: 

       = /4e e eD Xw   (29)  

 Equation (28) indicates that progressions of experimentally observed vibrational 
transitions can be considered as being composed of a harmonic and an anharmonic 
part. But at ambient conditions the majority of molecules will be in the  v  = 0 state 
because the thermal energy available at 25°C is not suffi cient to raise more than a 
few percent of molecules into the  v  = 1 state. This gives rise to the reality that for 
a transition from  v  = 0 to  v  = 1, the contribution from the anharmonic terms is 
relatively minor; therefore, fundamental transitions can be adequately treated using 
the harmonic oscillator model. 

 With the inclusion of anharmonic effects in vibrational energy states, the 
strict harmonic oscillator selection rule of  ∆  v  =  ± 1 becomes relaxed and transi-
tions from the ground vibrational state to higher vibrationally excited states to gain 
some degree of allowedness. Because the overtone transitions can only take place 
through relaxation of the primary selection rule transitions, where  ∆  v  = 2, 3, 4, etc., 
will be less intense than the corresponding fundamental transition. Nevertheless, 
overtone transitions are easily detected, and are observed in the NIR region of the 
electromagnetic spectrum (41–45). 

 Returning to the non-linear triatomic molecule, once the effects of anharmo-
nicity are factored into the transition moment calculations, almost any type of vibra-
tional excitation becomes possible. One could observe sequences of simple  overtone  
transitions, such as: 

      000 200 300 400 , , , etc.→y y y y   (30)  

      000 020 030 040, , , etc.→y y y y   (31)  

      000 002 003 004, , , etc.→y y y y   (32)  

 or any one of a number of  combination  transitions, some of which can be written as: 

      
000 110 101 011, , ,  etc.→   y y y y   (33)  

      000 120 201 021 , , ,  etc.→  y y  y y   (34)  
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 TABLE 1    Overtone and Combination Vibrational Transitions of Water in the Vapor 
Phase  

Upper State Energy (cm –1 ) Wavelength (nm) Intensity

   n   1     n   2     n   3  

0 1 1 5,332.0 1875.5 Medium
0 2 1 6,874.0 1454.8 Weak
1 0 1 7,251.6 1379.0 Medium
1 1 1 8,807.1 1135.4 Strong
2 0 1 10,613.1 942.2 Strong
0 0 3 11,032.4 906.4 Medium
2 1 1 12,151.2 823.0 Medium
3 0 1 13,830.9 723.0 Weak
1 0 3 14,318.8 698.4 Weak
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 FIGURE 3    NIR absorption spectrum of bulk water, obtained using the refl ectance sampling 
mode.    
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 A summary of the overtone and combination bands of water in the vapor phase is 
given in  Table 1 , and a portion of its liquid phase absorption spectrum is shown in 
 Figure 3 . For bulk water, the moderate band observed at 1455 nm can be assigned to 
the   y   000   →    y   101  transition, the weak band at 1806 nm can be assigned to the   y   000   →  
  y   021  transition, and the strong band at 1936 nm can be assigned to the   y   000   →    y   011  
transition.      

 INFRARED ABSORPTION SPECTROSCOPY FOR THE CHARACTERIZATION 
OF POLYMORPHS AND SOLVATOMORPHS 
 The acquisition of high-quality infrared spectra on solid materials has been made 
possible using Fourier transform technology, because the use of this methodology 
minimizes transmission and beam attenuation problems. Essentially all FTIR 
spectrometers use a Michelson interferometer, where infrared radiation entering 
the interferometer is split into two beams: one of which follows a path of fi xed 
distance before being refl ected back into the beam splitter, and the other traveling a 
variable distance before being recombined with the fi rst beam. The recombination 
of these two beams yields an interference pattern, where the time-dependent con-
structive and destructive interferences have the effect of forming a cosine signal. 
Each component wavelength of the source yields a unique cosine wave, having a 
maximum at the zero pathlength difference (ZPD) and which decays with increasing 
distance from the ZPD. The radiation in the central image of the interference pattern 
impinges on the detector, and intensity variations in the recombined beam become 
measurable manifest as phase differences. If the component cosine waves can be 
resolved, then the contribution from individual wavelengths can be observed. The 
frequency domain spectrum is obtained from the interferogram by performing 
the Fourier transformation mathematical operation. More detailed descriptions of 
the components of a FTIR spectrophotometer are available (46–48). 

 Numerous modes of sampling may be used with FTIR spectrophotometers, 
although only a few of these are appropriate for the study of polymorphs and 
solvatomorphs. The classic alkali halide pellet method is probably the least useful 
for this type of work, as the sample may under so a solid-state transformation due 
to the pressure used to form the pellet, or one may encounter halide exchange 
between the KBr or KCl matrix and the sample (49). The use of mineral oil mulls 
avoids the problems noted for the pellet technique, but the mineral oil itself exhibits 
a number of intense absorption bands (2952, 2923, 2853, 1458, and 1376 cm –1 ) that 
may overlap important absorption bands associated with the sample and obscure 
important spectral regions. Use of diffuse refl ectance sampling avoids all of the 
problems just mentioned (50,51), but usually requires dilution of the analyte with 
either KBr or KCl at a level of 1% to 5% w/w. The diffuse refl ectance technique 
lends itself to studies of polymorphic composition because it is non-invasive, its 
use causes no changes in polymorph character due to its inherent limited sample 
handling, and the technique can be used for quantitative purposes. 

 Probably the most useful sampling method for the study of polymorphs 
and solvatomorphs uses attenuated total refl ectance accessories (52,53). In the ATR 
technique, infrared radiation is passed through a crystal at an angle less than the 
critical angle, which causes the light to undergo total internal refl ection. At each 
such refl ection, the radiation penetrates a small distance beyond the crystal surface, 
and if an analyte is in physical contact with the crystal, then the internally refl ected 
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energy will be attenuated at those frequencies corresponding to changes in molecular 
vibrational states. The advantage of the ATR approach is that it requires effectively 
no sample preparation, because one simply clamps the analyte onto the surface of 
the crystal with moderate pressure to ensure a suffi cient degree of optical contact. 
Because the internal refl ectance process does not permit the infrared beam to pass 
very deeply into the sample, it is typical to determine the composition of an analyte 
up to a sampling depth in the range of 5 to 10 µm. 

 Not surprisingly, the sensitivity of infrared absorption spectroscopy to subtle 
changes in crystal structure have led to its application in a wide variety of inves-
tigations of polymorphic solids, often in conjunction with Raman spectroscopic 
studies. For example, FTIR spectra of different polymorphs of mepivacaine hydro-
chloride were obtained in Nujol mulls and via ATR sampling, with the ATR method 
providing better distinction between the polymorphs (54). This has been illustrated 
in  Figure 4 , where the infrared absorption spectra of mepivacaine hydrochloride 
(Form-II) is seen to be superior when obtained using the attenuated total refl ectance 
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 FIGURE 4    Infrared absorption spectra of mepivacaine hydrochloride, Form-II, obtained using the 
attenuated total refl ectance (solid trace) and Nujol mull (dashed trace) sampling modes. Each 
spectrum has been normalized so that the relative intensity of the most intense band equals 100%, 
and the normalized spectra were generated from data given in Ref. (54).    
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sampling mode as opposed to a Nujol mull. When coupled with artifi cial neural 
network methods, a diffuse refl ectance FTIR spectroscopic method was developed 
that permitted the simultaneous quantifi cation of three polymorphs of carbamazepine 
in ternary mixtures (55).  

 FTIR–ATR spectroscopy was used to characterize the salt-induced crystalliza-
tion of a metastable polymorph of fl ufenamic acid, and to characterize the product 
obtained after a subsequent interface-mediated polymorphic transition (56). The 
FTIR–ATR method was also used to characterize the fl uconazole products obtained 
using the supercritical antisolvent process, with the technique being able to identify 
the polymorphic forms produced as a result of variation of operating conditions 
such as temperature, pressure, and solvent type (57). Three concomitant poly-
morphs of 1,3-bis( m -nitrophenyl)urea had been reported in 1899 as yellow prisms 
(the  α -form), white needles (the  β -form), and yellow tablets (the  γ -form), and FTIR-
microscopy was used during a more detailed investigation of the system (58). In 
this work, complete assignments for the absorption bands associated with hydroxyl, 
amide, nitro, and benzene-ring functional groups were developed in order to 
obtain a deeper understanding of the conformational differences in the molecules 
constituting the various crystal forms. 

 Five differently colored solid-state forms of 5-methyl-2-[(2-nitrophenyl)
amino]-3-thiophenecarbonitrile, where the color of the polymorphic crystal forms is 
related to changes in the energies of molecular orbitals of the systems have been 
studied using infrared absorption spectroscopy (59). The spectra for three of the 
solid-state forms were characterized by frequency shifts originating from the struc-
tural differences, with the nitrile stretching frequency varying by approximately 
10 cm –1  each for the yellow, orange, and red solid-state forms of the compound. In a 
study of the amorphous salt formed by the co-precipitation of cimetidine and 
difl unisal, solid-state infrared absorption spectroscopy was used to prove the 
existence of the salt species (60). The prominent carbonyl absorption band observed 
at 1650 cm –1  in crystalline difl unisal could not be observed in the spectrum of the 
amorphous salt, but a new peak was noted at 1580 cm –1  that was assigned to an 
asymmetric stretching mode of a carboxylate group. 

 Diffuse refl ectance sampling was used to study the anhydrates and hydrates 
of ampicillin and nitrofurantoin, with the presence of water in the hydrate crystal 
forms causing new bands to appear in the infrared absorption spectrum (61). On the 
other hand, FTIR spectroscopy was not useful in distinguishing between the hydrate 
forms of diclofenac sodium as the frequencies in the spectra of the polymorphic 
tetrahydrates were nearly identical, and only differed in band relative intensities 
(62). The utility of combined FTIR and solid-state  13 C nuclear magnetic resonance 
studies enabled the deduction that although the water molecules of topotecan 
hydrochloride trihydrate were intrinsic parts of the crystal lattice, the pentahydrate 
possessed additional structural channels where water could hydrogen bond to 
specifi c portions of the topotecan molecules (63). 

 Fluconazole has been isolated in a number of solvated and non-solvated 
forms, and infrared spectroscopy has proven to be an important tool in the charac-
terization of these. In one study involving two non-solvated polymorphs (Forms I 
and II) and several solvatomorphs (the ¼-acetone solvate, a 1/7-benzene solvate, 
and a monohydrate), the infrared spectra of the different forms showed differ-
entiation in bands associated with the triazole and 2,4-difl uorobenzyl groups, and 
in the propane backbone (64). In another study, the diagnostic infrared spectral 
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characteristics of non-solvated Form-III and two solvatomorphs (the ¼-ethyl acetate 
solvate, and a monohydrate) were used to demonstrate the novelty of the new forms 
relative to those in the literature (65). In yet another work, the kinetics associated 
with the dehydration and desolvation of fl uconazole solvatomorphs were studied 
by three physical methods, and then used to understand the mechanisms of the 
processes involved (66). 

 It has been found that the carbonyl frequency of niclosamide anhydrate and 
two of its monohydrates was particularly sensitive to the crystal form of the drug 
substance, and hence, infrared spectroscopy could be used to demonstrate the 
conformational state of the compound in the solvatomorphs (67). Similarly, infrared 
spectra obtained in the fi ngerprint and high-frequency regions for four non-solvated 
polymorphs of tenoxicam, and of its acetonitrile, dioxane, dimethyl formamide, 
ethyl acetate, acetone, and isopropanol solvates, facilitated a differentiation between 
the various crystal forms (68). A combination of thermogravimetric analysis and 
infrared absorption spectroscopy was used to develop a quantitative method for 
the determination of pantoprazole sodium monohydrate in bulk quantities of the 
sesquihydrate solvatomorph (69). 

 Because the pattern of vibrational modes is usually suffi ciently perturbed by 
crystallographic differences, infrared absorption spectroscopy can be profi tably 
used to study the phase transformation process between polymorphic forms of a 
substance. For example, infrared absorption spectroscopy has been used to study 
the solution-mediated phase transformation of metastable  β -glycine to the stable 
 α -phase, making use of disappearance of the weak band at 1660 cm –1  and shifts in 
energy for the anti-symmetric stretch of the carboxyl group (1580–1590 cm –1 ), the 
deformation of the NH 3  

+  group (1515–1500 cm –1 ), and the O–C=O group bend 
(around 700 cm –1 ) (70). In another work, characteristic absorption bands around 
1145 to 1165 cm –1  were found to be useful in understanding the effect of experimental 
variables on the solution-mediated Form-II to Form-I phase transformation of 
buspirone hydrochloride (71). 

 Infrared spectroscopy has been used to follow the isothermal transformation 
of mefenamic acid Form-I into Form-II at a suffi cient number of temperatures so as 
to calculate the activation energy for the process (72). The value of 71.6 kcal/mol, 
obtained using the infrared spectroscopic method, was signifi cantly smaller than 
the previously reported value of 86.4 kcal/mol that had been determined using of 
differential scanning calorimetry. Conventional FTIR spectroscopy in conjunction 
with FTIR micro-spectroscopy has been used to study the polymorphic interconver-
sion of famotidine metastable Form-B into stable Form-A during grinding in a 
ceramic mortar (73). The particle size reduction that resulted from the grinding 
process was also found to lead a decrease in the transition temperature for the 
Form-B to Form-A phase transformation. 

 Changes in infrared absorption spectra have also been used to study the 
phase transformation process between solvatomorphs. For example, granulation 
of anhydrous lactose with water results in conversion of the anhydrate phase to 
the monohydrate phase, as well as a change from the  β -anomer to the  α -anomer. 
 Figure 5  shows the FTIR–ATR spectra obtained in the high-frequency region for 
different stages in the solution-mediated conversion of lactose anhydrate to lac-
tose monohydrate phase of lactose monohydrate, where it is clear that the absor-
bance band at 3522 cm –1  could be used to follow the kinetics of formation of the 
monohydrate (74).  
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 Trehalose dihydrate undergoes a dehydration transition around 100°C, and 
the infrared spectra obtained during this process were found to change signifi cantly 
over the 1500 to 1800 cm –1  region (75). For example, the band intensities at 1640 and 
1687 cm –1  decreased sharply around 65°C, but remained relatively constant at higher 
temperatures. During the rehydration process where trehalose anhydrate became 
trehalose dihydrate, the liquid-like water became solid-like water over the same 
temperature range. It was postulated that this phase transition could be related to 
the protective effect of trehalose in preserving protein stability.   

 NIR SPECTROSCOPY FOR THE CHARACTERIZATION OF POLYMORPHS 
AND SOLVATOMORPHS 
 Because the energy separation of the ground vibrational state and the lowest 
vibrational excited states is large relative to  kT  at room temperature, molecules at 
ambient temperature will reside almost entirely in their ground vibrational states. 
According to the harmonic oscillator selection rule of  ∆  v  =  ± 1, only the fundamental 
vibrational transitions that are studied by ordinary infrared absorption spectroscopy 
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 FIGURE 5    FTIR–ATR spectra obtained in the high-frequency region of lactose anhydrate ( lowest 
trace ), and during various stages of its solution-mediated phase transformation into the monohydrate 
phase ( uppermost trace ). H.G. Brittain, unpublished results (70).    
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or Raman spectroscopy will be allowed. As long as the harmonic oscillator selection 
rules can be considered as being valid, vibrational transitions corresponding to  ∆  v  = 
 ± 2,  ∆  v  =  ± 3,  ∆  v  =  ± 4, etc., or combinations of these, are not allowed. 

 However, the harmonic oscillator model should be considered as being the 
fi rst term in a solution of the vibrational Hamiltonian equation where the potential 
term can also include anharmonic effects. As discussed above, the strict  ∆  v  =  ± 1 
selection rule can be relaxed by the inclusion of anharmonicity, and the relaxation 
of this fundamental selection rule enables the observation of transitions from the 
ground vibrational state to higher vibrationally excited states. However, because 
the fundamental selection rule is merely relaxed and not broken, these overtone 
transitions will generally be less intense than their fundamental transition. 

 The NIR region of the spectrum is generally considered to span 750 nm 
(13,350 cm –1 ) to 2500 nm (4000 cm –1 ). Through the design of appropriate instrumen-
tation, the overtone and combination transitions can be detected and quantitated, 
with these being observed in the NIR region of the spectrum (76–83). In general, the 
spectral features of greatest utility entail overtone transitions associated with func-
tional groups that contain unique hydrogen atoms. For example, NIR spectroscopy 
has been successfully used to develop methods for moisture determination, whole 
tablet assay, and powder blending (84–87). Owing to the usually broad nature of the 
absorption bands, the raw spectra themselves tend not to be most useful in the 
study of polymorphs and solvatomorphs, but when the spectra are differentiated 
and the resulting derivative spectra combined with multi-component analysis, real 
analytical utility emerges. 

 NIR spectroscopy has been shown to be capable of differentiating between 
polymorphs of sulfathiazole and sulfamethoxazole, as well as hydrates of ampicillin 
and lactose (88). For example, the raw absorption spectra of sulfathiazole Form-I 
and Form-III are shown in  Figure 6  along with their corresponding second deriva-
tive spectra. It is evident that use of the derivative spectra eliminates the sloping 
baseline of the raw absorption spectra, readily identifying bands at 1376 and 
1528 nm that were useful in differentiating between the polymorphic forms. These 
spectra differences were exploited to develop a quantitative analytical method 
for determination of the amount of Form-III in Form-I that was characterized by 
recovery errors less than 3%.  

 Although NIR spectroscopy can defi nitely be used as a means of polymorph 
identifi cation, its real power lies in the ability of workers to readily develop quanti-
tative assays for phase composition. The quantifi cation of sulfathiazole Form-I and 
Form-III in binary mixtures was addressed in another work, here using univariate, 
multiple linear regression, and partial least-squares regression methods to generate 
the validation set (89). Quantitative methods for the two polymorphs of bicifadine 
hydrochloride have been developed using differential scanning calorimetry coupled 
with thermogravimetric analysis, X-ray powder diffraction, infrared absorption 
spectroscopy, and NIR spectroscopy, with the NIR methods being found to yield the 
best accuracy and ease of operation (90). The utility of Raman and NIR spectros-
copies combined with multivariate analysis for the quantitation of ternary mix-
tures of  α -,  γ -, and amorphous indomethacin was investigated, with comparable 
root-mean-square errors of prediction being obtained for the two methods (91). 

 Distinctions between the solvated and non-solvated forms of a drug substance 
are often easy to detect using NIR spectroscopy, making the technique a valuable 
part of a multi-disciplinary study such as that carried out on the baclofen anhydrate 
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and monohydrate (92). The factors associated with the quantitative analysis of 
anhydrate/hydrate powder mixtures have been discussed (93), and these issues 
illustrated in work establishing the phase boundaries in the anhydrate/hydrate 
system of caffeine (94). The interconversion between the anhydrate, monohy-
drate, and dihydrate forms of azithromycin have been studied, with the spectral 
region associated with the fi rst overtone of water (1800–2200 nm) being most use-
ful (95). In another work, the monohydrate/dihydrate composition of magnesium 
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 FIGURE 6    NIR spectra obtained for sulfathiazole Form-I ( upper  spectra) and Form-III), showing 
both the raw absorption spectrum (solid traces) and the corresponding second derivative spectrum 
(dashed traces) for each. The spectra are shown in arbitrary units, and have been adapted from 
Ref. (88).    
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stearate samples was established using NIR spectroscopy and multivariate 
calibration (96). 

 NIR spectroscopy was used to monitor the degree of conversion between the 
stable Form-A of a new chemical entity and the metastable Form-B produced at 
the elevated temperature and humidity conditions of its wet granulation (97). 
Because a reference method was not available for quantitation of Form-B in bulk 
quantities of Form-A, a calibration set was developed from the NIR spectra of the 
drug substance, the premix blend, and wet granulated samples, because narrow 
spectral regions unique to Form-B were found that were insensitive to differences in 
physical properties between the premix blend and wet granulation. The fi nal uni-
variate method was used for either for off-line, or for on-line, monitoring of phase 
conversion during the wet granulation process. 

 In-line NIR spectroscopy was used to demonstrate that the process-induced 
transformation of erythromycin A dihydrate to its dehydrated form did not take 
place easily during pellet manufacture via extrusion/spheronization and drying, 
although partial phase transformation was noted for pellets dried at 60°C (98). NIR 
spectroscopy was one of several techniques used to obtain quantitative determina-
tions of phase compositions of a developmental compound in its bulk drug substance 
and in compressed tablets, with a partial least-squares regression algorithm being 
used to obtain good multivariate calibration (99).   

 TERAHERTZ SPECTROSCOPY FOR THE CHARACTERIZATION 
OF POLYMORPHS AND SOLVATOMORPHS 
 The ability to acquire absorption spectra in the far-infrared region of the spectrum 
(10–450 cm –1 ) became much easier to obtain when dispersive technology was 
replaced by Fourier transform methodology. Initial applications of far-infrared 
spectroscopy included studies of pure rotational spectra, skeletal bending modes, 
molecular motion in four-, fi ve-, six, and seven-membered rings, torsional vibrations, 
vibrational modes involving heavy atoms, and weak intermolecular interactions 
(100). Other investigational work involved studies of organic crystalline solids, 
where the translational and librational modes of molecular crystals below 250 cm –1  
could be evaluated. In one such study, the four lattice modes of crystalline fi lms 
of elemental nitrogen and carbon monoxide at 10 K were studied over the range of 
20 to 250 cm –1 , and it was determined that although the translational modes were 
moderately strong, the librational modes were weak in intensity (101). 

 Fairly recently, it has been recognized that the developing fi eld of terahertz 
(THz) spectroscopy can also be used to study low-frequency modes that hitherto 
had been the domain of far-infrared spectroscopy. Because 1 THz is equivalent to 
33.33 cm –1 , it turns out that the spectral region of interest (i.e., 3–400 cm –1 ) corre-
sponds to frequencies of 0.09 to 12 THz. With the development of appropriate 
instrumentation, the technique has been applied to the study of a wide variety of 
materials (102,103), and has been used to study the crystallinity of materials having 
pharmaceutical interest (104–106). With the introduction of the attenuated total 
refl ectance sampling mode (107), it is anticipated that application of THz spectros-
copy to the characterization of polymorphs and solvatomorphs will become even 
more widespread. 

 The incident THz radiation is obtained as femtosecond pulses that are gener-
ated by the excitation of charge carriers in a semiconductor material through the 
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use of ultra-short pulses of light that is higher in energy than the bandgap of the 
semiconductor. These pulses can be detected with an ultra-fast antenna receiver, 
providing simultaneous amplitude and phase information over a wide frequency 
range in a single measurement. It is to be noted that this type of measurement is 
based on frequency (in the form of the instantaneous value of the electric fi eld itself) 
and not on an intensity measurement of the type that would be used during the 
conduct of conventional far-infrared spectroscopy. The frequency-dependent 
absorption coeffi cient and index of refraction of the analyte are obtained from the 
attenuation, delay, and distortion of the femtosecond THz pulse transmitted through 
the sample. Additional details of the different modes of measurement technology 
are available in the book by Dexheimer (103). 

 The utility of pulsed THz spectroscopy as a tool for the differentiation of the 
two polymorphs or ranitidine hydrochloride has been demonstrated (108). As 
shown in  Figure 7 , the THz spectra of the two crystal forms are quite different, and 
the authors concluded that the region around 1.10 THz (36.7 cm –1 ) was the most 
useful for identifi cation of the polymorphic form contained in tablet formulations. 
It was also noted that the plastic bags commonly used for drug substance storage 
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 FIGURE 7    THz pulsed spectra of ranitidine hydrochloride, Form-I (solid trace), and Form-I (dashed 
trace). Each spectrum has been normalized so that the relative intensity of the most intense band 
equals 100%, and the normalized spectra were generated from data given in Ref. (104).    
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were transparent to THz radiation, thus making it possible to use the technology for 
substance identifi cation without having to remove a sample for analysis.  

 The utility of pulsed THz spectroscopy for quantitative analysis of phase 
composition was demonstrated for various forms of carbamazepine, enalapril 
maleate, indomethacin, and fenoprofen calcium (109). Distinct THz spectra were 
measured for the various crystal forms owing to the unique patterns of lattice vibra-
tions associated with each compound type and crystal form, and these differences 
were exploited to develop quantitative methods of analysis. Harmonic lattice 
dynamics calculations were performed on the four polymorphs of carbamazepine 
in order to derive assignments for the bands observed in the THz spectra, and to 
understand the observed trends in frequencies of similar hydrogen bond vibrations 
in the polymorphs (110). In fact, the sensitivity of THz spectroscopy toward differ-
ences between crystal structures has led to its inclusion as one of the identifi cation 
tools in a polymorph screening study (111). 

 With the inclusion of a hot-stage in a THz spectrometer, acquisition of 
temperature-dependent spectra in real time could be used to study a variety of 
thermally induced phenomena. The methodology was fi rst applied to a study of the 
phase transition of carbamazepine Form-III to Form-II, as well as the solid-state 
transformation under isothermal conditions below the melting point (112). When 
heated between 20°C and 160°C, the spectral features of Form-III broadened, 
decreased in intensity, and underwent a shift to lower energies. Further heating to 
180°C led to melting of Form-III and recrystallization to Form-I, with the THz 
spectra refl ecting the formation of the phase form. Sequences in the disappearance 
of Form-III spectral features, and in the appearance of Form-I features, indicated 
that the conversion mechanism entailed more than one step. 

 The far-infrared spectroscopic characteristics of fi ve polymorphs of sulfathi-
azole have been studied by THz pulsed spectroscopy and thermal analysis, and 
then variable-temperature spectroscopic studies were conducted to monitor ther-
mally induced phase transitions among the different forms (113). Time–domain 
THz spectroscopy was used to obtain the defi ning characteristics of two anhydrous 
polymorphs of theophylline and its monohydrate, and then variable-temperature 
studies were used to monitor phase transformations (114). Details of the phase trans-
formation processes associated with the hydration and dehydration of theophylline 
have also been studied using THz pulsed spectroscopy (115). 

 THz time–domain spectroscopy has been used to study the anhydrous and 
hydrate forms of caffeine, theophylline, glucose, and ampicillin, with the aim of 
demonstrating the utility of this method as a process analytical tool in production 
and quality control (116). Crystallization and relaxation phenomena in amorphous 
carbamazepine have been studied using THz pulsed spectroscopy, and the technique 
was shown to be capable of determining glass transition temperatures (117).  

 Raman Spectroscopy for the Characterization 
of Polymorphs and Solvatomorphs 
 With the introduction of Fourier-transform methodology into measurement 
instrumentation, the use of Raman spectroscopy as a tool to solve problems having 
pharmaceutical interest has become widespread, and the technique is now as essen-
tial to the study of polymorphs and solvatomorphs as infrared absorption spectros-
copy. Comparable to the use of attenuated total refl ectance in FTIR spectroscopy, 
the sampling modes used in the acquisition of Raman spectra are non-destructive 
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in nature, and spectra can even be obtained in a non-invasive manner using fi ber 
optics. Unlike diffuse refl ectance sampling in FTIR spectroscopy, analytes are not 
required to be diluted with a spectroscopically inert fi ller before study. A number of 
detailed reviews are available regarding the use of Raman spectroscopy in areas of 
pharmaceutical interest (20–29,31,32). 

 When substances are irradiated with intense beams of monochromatic radia-
tion, the majority of the photons are scattered at the same frequency as that of the 
incident beam (i.e., elastic or Rayleigh scattering). However, it has been found that 
a small amount of the incident light will also be scattered at non-resonant frequencies, 
some at frequencies more than and some at frequencies less than the frequency of 
the Rayleigh line. The differences in frequency between the incident radiation and 
the shifted frequencies correspond to the frequency of molecular vibrations of the 
molecules in the sample. The scattering peaks observed at lower frequencies relative 
to the Rayleigh line are known as the  Stokes  bands, and the scattering peaks observed 
at higher frequencies are known as the  anti-Stokes  bands. Owing to their stronger 
intensity, most Raman spectroscopic studies use only the Stokes peaks. 

 For those molecular systems having non-degenerate ground electronic states 
that are irradiated with intense beams of electromagnetic radiation whose energy 
does not permit a transition among electronic states, the theory states that the inten-
sities of vibrational Raman transitions are determined by the matrix elements of the 
electronic polarizability. Therefore, only molecular transitions characterized by a 
change in polarizability will exhibit an allowed Raman transition. Because the 
magnitude of the frequency shifts of Raman bands relative to the frequency of the 
incident beam is determined by the energy differences of the associated vibrational 
states, the intensity of a given Raman band is related to the transition probability 
the transition, and as long as the harmonic oscillator model can be used to describe 
the system, the usual selection rule of  ∆  v  =  ± 1 will hold. 

 The intensity of scattered light will depend on the magnitude of the induced 
dipole moment,  P , which can be defi ned in analogy with equation (12) for a transition 
between states  i  and  j  that are defi ned by the wavefunctions   y    i   and   y    j  , and which is 
given by the matrix formed from the integrals: 

       = d  ij i j t∫P Py y   (35)  

 The polarizability operator,  P , being a matrix quantity, requires that the elements of 
transition moment along each of the Cartesian axes will be: 

      X X i XX Y XY Z i Z = d  + d  + E d  i i j X ja t a t a t∫ ∫ ∫P E Ey y y y y yij   (36)  

      Y X YX Y YY Z YZ = d  + d  + d  ij
i j i j i ja t a t a t∫ ∫ ψ ψ ∫P E E Ey y y y   (37)  

      Z X ZX Y ZY Z ZZ = d  + d  + d  ij
i i i j i ja t a t a t∫ ∫ ∫P E E Ey y y y y y   (38)  

  E X  ,  E Y  , and  E Z   are the amplitudes of the incident electromagnetic radiation along 
each Cartesian direction. 

 The three diagonal matrix elements of the transition moment (∫  y    i  a   XX   y    i  d  t  ,  
∫  y    i  a   YY   y   j d  t  , and  ∫  y    i  a   ZZ   y    j  d  t  ) correspond to the Rayleigh scattering, whereas the six 
off-diagonal elements (∫  y    i  a   XY   y    j  d  t  ,  ∫  y    i  aα   XZ   y    j  d  t  ,  ∫  y    i  a   YX   y    j  d  t  ,  ∫  y    i  a   YZ   y    j  d  t  ,  ∫  y    i  a   ZX   y    j  d  t  , 
and ∫  y    i  a   ZY   y    j  d  t  ) correspond to the Raman scattering. The   y    i    →    y    j   transition will be 
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Raman allowed if at least one of the six off-diagonal elements does not equal zero. 
Such determinations can be qualitatively made using symmetry-based group the-
ory, but for low symmetry organic molecules all fundamental (i.e.,  ∆  v  =  ± 1) Raman 
transitions will be allowed. 

 Although Raman spectra can be obtained using dispersive technology, the best 
spectra are acquired through the use of Fourier transform technology because FT-
Raman systems can provide superior wavelength accuracy and minimization of any 
background fl uorescence. In a typical system, a gas or diode laser is used to irradiate 
the sample, the sample is positioned in the laser beam, and the scattered radiation 
collected either in the 180° backscattering or the 90° right-angle confi guration. The 
scattered photons are passed into an interferometer equipped with laser line fi lter-
ing, and ultimately quantitated by a suitable detector. More detailed discussions of 
the spectrometer hardware can be found in the literature (13–16,118). 

 With appropriate collection optics, Raman spectroscopy can be performed on 
very small samples, with solid samples of approximately 25 to 50 mg often being 
merely fi lled into metal or glass sample holders. Samples that are darkly colored 
can present practical diffi culties because such materials tend to absorb the exciting 
energy and degrade. In such cases, one must dissipate the heat, which can be 
accomplished by reducing the laser power or by spinning the sample to avoid the 
irradiation of a single point. 

 As in the case of infrared absorption spectroscopy, the bands in a Raman 
spectrum can be assigned through the use of group frequencies correlation tables. 
Signifi cant insight can be obtained from the compilations of functional group vibra-
tional frequencies associated with infrared absorption spectroscopy (38–40), but of 
greater utility is the compilation of group frequencies specifi c to Raman spectros-
copy (119). Because the transition moment of a Raman transition depends on the 
magnitude of polarizability, it follows that the vibrational modes exhibiting the 
strongest intensities in a Raman spectrum will be those that are associated with 
functional groups that are characterized by high degrees of polarizability. Examples 
of such functionalities include the C–S, S–S, C–C, N=N, and C=C groups. 

 Although excitation of a given vibrational mode gives rise to infrared absorp-
tion bands and Raman scattering bands having identical frequencies, the fact that 
the infrared absorption process is an electric dipole transition and the Raman pro-
cess is based on changes in polarizability leads to the observation of differences in 
relative spectral intensities for a given material. This is illustrated in  Figure 8 , where 
the infrared absorption and Raman spectra of racemic ibuprofen in the fi ngerprint 
region are compared (120). Most notable is the complete absence of a peak associated 
with the asymmetric C=O stretching mode in the Raman spectrum that is very 
prominent at 1707 cm –1  in the infrared absorption spectrum. Also noteworthy are 
the differing phenyl ring vibrational modes, one of which is observed at 779 cm –1  in 
the infrared absorption spectrum, and another which is observed at 827 cm –1  in the 
Raman spectrum.  

 As was the case for the other vibrational spectroscopic methods discussed 
above, Raman spectroscopy can be profi tably used to study polymorphic and 
solvatomorphic solids when the differing crystal structures results in a perturbation 
of the pattern of molecular vibrations. This is often the case, but the question arises 
as to how different the energies of Raman peaks associated with the same group 
vibration in two different crystal forms should be in order to be useful. This question 
was addressed through the use of descriptive statistics and analysis of variance 
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methods for the development of a guideline that signify when Raman spectral 
differences could reliably signify the existence of different crystal structures for 
the same substance (121). From this analysis, it was proposed that the shift in the 
energy of a Raman peak would need to exceed 1.6 cm –1  to indicate the existence of 
polymorphism. 

 Nevertheless, the shifts commonly observed among polymorphic substances 
are frequently suffi ciently large to permit the use of Raman spectroscopy as a triage 
method in screening protocols. In one such study, Raman spectroscopy was used to 
measure the amount of dissolved carbamazepine in a given solvent system, and 
subsequently to determine whether Form-I or Form-III crystallized upon cooling of 
the solutions (122). The advantage of the Raman method was that the analyses 
could be performed in sample volumes of 35 or 100  µ L, and use of these small 
volumes allowed faster approaches to equilibrium through the use of smaller 
quantities of drug substance. The Raman method has been shown to be applicable 
to high-throughput studies conduced in multi-well plates (123) and in studies of 
epitaxial-induced crystallization (124). 
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 FIGURE 8    Fingerprint region infrared absorption spectrum of racemic ibuprofen (solid trace), and 
the fi ngerprint region Raman spectrum of the same compound (dashed trace). Each spectrum has 
been normalized so that the relative intensity of the most intense band equals 100%. H.G. Brittain, 
unpublished results (120).    
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 A combination of infrared and Raman spectroscopic investigations was used 
to characterize two polymorphs of olanzapine, with spectral assignments being 
deduced for all observed bands in the two solid-state forms in order to obtain 
insight into the crystalline structures (125). As illustrated in  Figure 9 , the spectrum 
of Form-1 in the high-frequency region is characteristic of a hydrogen-bonded 
molecule, and the changes in the spectrum of Form-2 were determined to be con-
sistent with atoms involved directly or indirectly to hydrogen bonds associated 
with the N–H group and not with any type of conformational difference between 
the molecules in the two crystal structures.  

 Schmidt has used Raman spectroscopy to study the polymorphic structures 
formed by benzocaine, butambene, and isobutambene as part of a program to 
characterize local anesthetic drugs having the general formula of lipo–CO–hyd, 
where the lipophilic end is mostly phenyl, CO is a negatively charged linkage 
(usually ester or amide), and the hydrophilic group (hyd) is usually a secondary or 
tertiary amine (126). Three polymorphs of sibenadet hydrochloride were found to 
exhibit varying degrees of dynamic disorder in a terminal phenyl group, with the 
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 FIGURE 9    Raman spectra obtained in the high-frequency region for olanzapine Form-1 (solid 
trace) and Form-2 (dashed trace). Each spectrum has been normalized so that the relative intensity 
of the most intense band equals 100%, and the normalized spectra were generated from data given 
in Ref. (125).    
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polymorphism being largely governed by skeletal symmetry changes rather than 
alterations in hydrogen-bonding patterns (127). 

 Raman spectroscopy has been found to be extremely useful for the quantitative 
analysis of phase composition. For example, two polymorphs of buspirone hydro-
chloride were characterized by a full range of techniques, with unique peaks in the 
Raman spectrum and chemometric analysis being used to develop quantitative 
methods for phase composition in mixtures of the two forms (128). A related 
approach was used to develop a quantitative method for the polymorphs of parac-
etamol in mixtures (129). An analytical method has been developed to determine 
the phase composition in mixtures of the two polymorphs of  N -[5-chloro-4-[(4-
chlorophenyl)cyanomethyl]-2-methylphenyl]-2-hydroxy-3,5-diiodobenzamide and 
its amorphous form, with these being quantitatively distinguished using Raman 
spectroscopy and a constrained linear regression model (130). The effect of particle 
size on quantitative phase determinations using Raman spectroscopy was studied 
for the case of fl ufenamic acid, noting that the intensity of Raman scattering tended 
to decrease with increasing particle size (131). 

 The use of X-ray powder diffraction in the study of amorphous solids is 
hampered by the lack of a useful response, but the vibrational transitions of such 
materials are still visible in both infrared absorption and Raman spectroscopies. 
Both techniques were used to evaluate the hydrogen-bonding patterns in a series of 
crystalline and amorphous dihydropyridine calcium channel blocker compounds, 
where it was learned that although signifi cant variations existed in the various crys-
talline forms, similar patterns were detected for the amorphous states (132). The 
crystalline  γ  and amorphous modifi cations of indomethacin have been studied 
using vibrational spectroscopic and density functional theory computational 
methods, where it was deduced that the drug substance in the amorphate existed 
primarily in dimeric structures that were similar to those existing in the crystalline 
 γ -form (133). 

 Raman spectroscopy has proven to be very useful as well in the study of the 
polymorphic content of drug substances in their formulations. For example, a 
detailed series of calibration samples was used to develop a method based on 
Raman spectroscopy for determination of the phase composition of the methyl 
ester of 5- p -fl uoro-benzoyl-2-benzimidazolecarbamic acid in two formulations (134). 
The diffi culty in this analysis lay in the fact that the drug substance was capable of 
existing in three polymorphic forms, and that a full statistical package based on the 
intensities of 78 selected bands was required to differentiate the forms. 

 The characterization of solvatomorphs by Raman spectroscopy is based on 
crystallographic effects on the energies of molecular vibrations. In addition to the 
known monohydrate and sesquihydrate crystal forms of pantoprazole sodium, two 
additional hydrate forms were studied using a full complement of spectroscopic 
characterization techniques, with both infrared absorption and Raman spectrosco-
pies being capable of distinguishing between the various solvatomorphs (135). Four 
hydration states (an anhydrate, a monohydrate, a hemi-pentahydrate, and a variable 
hydrate containing fou to six waters) have been reported for risedronate sodium, 
with the Raman spectra of these forms being dominated by peaks associated with 
the substituted pyridine ring of the compound (136). Comparison of structures 
obtained by X-ray diffraction indicated the existence of strong intermolecular out-
of-plane hydrogen bonding between the pyridine ring and an adjacent phosphate 
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group was capable of impacting the ring vibrational modes in the monohydrate and 
variable hydration forms. 

 Owing its ready adaptability as an in situ method of characterization, Raman 
spectroscopy has been shown to be useful in the study of solution-mediated phase 
transformation reactions. For example, a number of methods (including Raman 
spectroscopy) were used to follow the phase change of the metastable  α -form of 
( L )-glutamic acid into its stable  β -form, and as an aid develop the fi rst-order kinetics 
for nucleation and growth kinetics of both polymorphs in a population balance 
model (137). The anhydrate/monohydrate equilibria of citric acid in aqueous solu-
tions have been investigated with the aim of demonstrating the process analytical 
technology capabilities of in situ Raman spectroscopy (138). Flufenamic acid was 
used as the model system in a study of the use of in situ Raman spectroscopy as 
a method for the determination of transformation kinetics and transition temper-
atures, with good agreement being reported between results obtained by the 
spectroscopic method and those obtained using the more conventional van’t 
Hoff approach (139). 

 The solution-mediated aqueous transformation of anhydrous carbamazepine 
to its dihydrate phase has proven to be a good model system for the use of Raman 
spectroscopy as a means to study the kinetics, because certain bands in the Raman 
spectra are diagnostic of the phase identity ( Fig. 10 ). The thermodynamics associ-
ated with the system were studied in ethanol–water mixtures by measuring the 
solubility of both forms over the temperature range of 0°C to 60°C using a Raman 
immersion probe to establish the phase composition (140). In a related work, the 
Raman immersion probe was used to determine that crystallization of the stable 
form represented the rate-determining step (141). Raman spectroscopy was used to 
follow the kinetics associated with the conversion of the Form I, II, and II anhy-
drates to the dihydrate, where it was found that the morphology of the starting 
material seemed to determine the rates of reaction (142). The Raman technique, in 
combination with partial least squares regression analysis, was found to be the most 
robust method for the detection and quantifi cation of mixtures of the carbamazepine 
solvatomorphs, with the possible biasing infl uences of particle size, morphology, 
mixing, and surface effects being evaluated (143).  

 Owing to its ease of acquisition, and non-invasive nature of sample handling, 
Raman spectroscopy has proven to be an ideal technique for the in situ study of 
thermally induced phase transformations. For example, variable-temperature 
Raman spectroscopy was used to study the low-temperature phase transitions in a 
biphenyl–fullerene single crystal, where three biphenyl vibrational modes and the 
C–H stretching mode were indicative of the phase transition, and changes in the 
planarity of the biphenyl molecule appeared to accompany the phase change (144). 
The behavior of most of the C 60 –fullerene vibrational modes could be correlated 
with either of the transitions, indicating changes in its site symmetry. In contrast, 
Raman spectroscopy was used to demonstrate that single crystals of different poly-
morphs of pentacene did not undergo any phase transformation reactions over the 
temperature range of 79 K to 300 K (145). 

 Details of the phase transformation processes associated with the hydration 
and dehydration of theophylline have also been studied using Raman spectros-
copy, because the bands in the high-frequency region were found to be especially 
sensitive toward the phase identity (146). The thermally induced dehydration of 
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erythromycin A dihydrate has been studied using variable-temperature Raman 
spectroscopy, because the spectroscopic method was able to distinguish between 
the isomorphic dihydrate and its dehydrated product and being suffi ciently 
responsive so as to be useful as an in-process technique for control over a drying 
process (147). 

 The use of principal component analysis and Raman spectroscopy in studies 
of the dehydration phenomena associated with various hydrated compounds, 
where it was found that the approach was effective in the fast screening of 
accumulated information, and its use facilitated the identifi cation of critical tem-
peratures or critical time points in the dehydration reactions (148). A Raman 
spectrometer interfaced with a moisture sorption gravimetric analyzer has been 
used to study modes of water–solid interactions in sulfaguanidine, cromolyn 
sodium, ranitidine hydrochloride, amorphous sucrose, and silica gel (149). Once 
again, principal components analysis was used to determine the genuine trends in 
the Raman data and facilitate the generation of information related the various 
types of interactions.      
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 FIGURE 10    Raman spectra of carbamazepine anhydrate (solid trace) and carbamazepine dihydrate 
(dashed trace) over the lowest frequency region. Each spectrum has been normalized so that the 
relative intensity of the most intense band equals 100%. H.G. Brittain, unpublished results (120).    
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 INTRODUCTION 
 Solid-state NMR (SSNMR) spectroscopy has been used to study polymorphism 
beginning with the analysis of hydroquinone by Ripmeester almost 30 years ago 
(1). The characterization of pharmaceutical polymorphs by SSNMR spectroscopy 
has become more common in the last 10 to 15 years as the technology has improved 
and NMR spectrometers have become easier to use, particularly for non-specialists. 
SSNMR spectroscopy provides unique information due to its selectivity and speci-
fi city compared to other analytical techniques, which makes it very valuable for 
characterization of pure compounds and well as mixtures. 

 SSNMR spectroscopy has also found an important role in establishing intel-
lectual property in the pharmaceutical industry because it is critical to know the 
specifi c solid forms in which most drug substances exist. SSNMR spectroscopy 
tends to be the primary technique to establish the solid form of a drug in a formu-
lated product due to its high specifi city and relatively limited interference from 
excipients compared to X-ray powder diffraction (XRPD), and vibrational spectros-
copy (IR or Raman). Therefore, it is prudent to have all solid forms characterized by 
SSNMR spectroscopy in addition to the typical XRPD data as part of a patent package. 
In general,  13 C cross-polarization magic angle spinning (CP/MAS) is suffi cient for 
characterizing the solid form, but SSNMR spectroscopy of other nuclei might also 
be important for a particular drug. 

 A number of recent reviews have appeared about the use of SSNMR spectros-
copy to analyze polymorphs and other solid forms (2–7). Three of the more extensive 
recent reviews covering many aspects of SSNMR spectroscopy of pharmaceutical 
compounds are by Harris (2), Medek (3), and Tishmack et al. (4). The reader is 
referred to the book chapter by Medek for a thorough review of many aspects of 
pharmaceutical SSNMR spectroscopy in addition to a theoretical discussion of 
NMR spectroscopy (3). The review by Harris is particularly interesting for solid-
state structural determination, analysis of hydrates, and amorphous solids (2). The 
review by Tishmack et al. is a general overview of SSNMR spectroscopic analyses of 
pharmaceuticals through approximately 2002 (4). 

 In this chapter, the theory and applications of SSNMR spectroscopy will be 
discussed primarily in the context of pharmaceutical compounds. SSNMR spectros-
copy is considered a necessary analytical characterization technique for every phar-
maceutical solid that is marketed. The International Committee of Harmonization 
(ICH) specifi cally refers to SSNMR spectroscopy along with IR and Raman spectro-
scopic techniques as necessary for characterizing polymorphs in drug substances and 
drug products (8). It has been well established that characterization of pharmaceuticals 
generally requires multiple analytical techniques (e.g., diffraction, spectroscopy, 
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thermal analysis, microscopy, dissolution, etc.) to adequately understand their 
behavior with respect to production, stability, and bioavailability. Therefore, many 
of the literature references cited in this chapter use SSNMR spectroscopy as only 
one of several analytical techniques to study the compound(s) of interest to the 
authors. One of the diffi culties in using SSNMR spectroscopy is that acquisition and 
interpretation of spectra usually requires a reasonably good understanding of the 
underlying physics. This may be the main reason that a relatively high percentage 
of the pharmaceutical literature examples use SSNMR spectroscopy as a secondary 
technique with minimal or even incorrect interpretation of the results. Hopefully 
this situation will improve in the future as SSNMR spectroscopy becomes even 
more powerful in analyzing solid materials. 

 The section on NMR theory in this chapter is not highly mathematical or 
extensive given that there are many excellent texts, reviews, and monographs on 
NMR theory that include details specifi c to SSNMR spectroscopy (9–23). Recent 
reviews by Baldus (9) and Reichert (10) cover general applications of SSNMR spec-
troscopy to many solid systems. Laws et al. wrote a particularly thorough review of 
SSNMR spectroscopy that is highly recommended (11). The SSNMR spectroscopy 
book by Duer is a useful reference for beginners and more advanced spectroscopists 
(12), and two older books are also excellent references for most aspects of SSNMR 
spectroscopy (13,14). The books by Friebolin (15), Chandrakumar (16), Harris (17), 
and Becker (18) are texts on general NMR spectroscopy with chapters devoted to 
the solid state. These books also provide reasonable reviews of the basic theory of 
NMR spectroscopy. Trafi cante’s chapter is a basic introduction to NMR spectros-
copy that is generally easy to understand (19). The older books by Carrington and 
McLachlan (20), Slichter (21), and Abragam (22) are fundamental resources on NMR 
spectroscopy with a much more mathematically detailed treatment of essentially 
every aspect of the quantum mechanical basis of the technique. Grant and Harris 
edit a large encyclopedia covering all aspects of NMR spectroscopy that is periodically 
updated with new information (23).   

 GENERAL THEORY OF NMR SPECTROSCOPY 
 NMR spectroscopy derives from the nuclear spin angular momentum, which is 
based on the number of protons and neutrons of an atom. Nuclear spin ( I ) is quan-
tized in multiples of the Planck constant ( h ),  I  = 0, 1/2, 1, 3/2, 2, etc. Nuclei with 
even numbers of protons and neutrons have zero spin and thus no NMR signal 
such as  12 C and  16 O. Half integer nuclear spins result when the nucleus of an ele-
ment has either an even or odd number of protons and an odd number for its mass. 
Integer nuclear spins result if a nucleus has an odd number of protons and an even 
mass. Most elements have a isotope that can be studied by NMR spectroscopy, but 
it is not always the isotope with the highest natural abundance. Unfortunately, 
nuclei with spins other than one-half have a quadrupole moment and thus an elec-
tric fi eld gradient that will interact with the nuclear dipole moment and lead to 
broad peaks in most cases. Spin one-half nuclei such as  1 H,  13 C,  15 N,  19 F, and  31 P are 
studied most often because they have better resolution and sensitivity compared to 
quadrupolar nuclei. However,  13 C and  15 N have relatively low natural abundances 
(1.1% and 0.37%, respectively) and correspondingly lower sensitivity than the other 
commonly studied spin one-half nuclei. Some of the positive and negative aspects 
of NMR spectroscopy are summarized in  Table 1.  
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 TABLE 1    Summary of Some Advantages and Disadvantages of Solid-State NMR Spectroscopy  

NMR property Advantages Disadvantages

High fi eld strength Better sensitivity. Possibly 
better resolution. Decreased 
effect of quadrupolar nuclei.

Longer  T  1  relaxation times. 
Instrument cost and 
upkeep. Increased CSA 
effects. Increased 
anisotropic bulk magnetic 
susceptibility.

Very weak transition 
energies

Highest resolution 
spectroscopy. High 
specifi city.

Lowest sensitivity 
spectroscopy. Larger 
samples may be required.

Multiple nuclei High selectivity for 
compounds containing 
chosen nucleus.

Compounds without the 
chosen nucleus are not 
observed.

Signal is directly 
proportional to the number 
of nuclei producing it

Intrinsically quantitative 
technique.

Quantifi cation effi ciency 
depends on nuclear 
relaxation properties.

 T  1  and  T  1   r    relaxation times Dynamic and spatial 
properties can be 
measured.

Long  T  1  increases total data 
collection time. A different 
 T  1  for each nuclei or 
molecule requires careful 
optimization for each case 
particularly for mixtures.

 T  2  relaxation time Dynamic properties 
can be measured.

Short  T  2  causes broader 
peak. Potential loss of 
signal during longer pulse 
sequences.

Chemical shift Structural analyses 
are possible.

Diffi cult to predict 
accurately. Extensive 
overlap in complex 
molecules.

Coupling Structural analyses 
are possible.

Complicates spectrum with 
peak broadening or 
splitting.

Quadrupolar nuclei Comprise most of 
periodic table.

Not easy to observe due to 
broad peaks and rapid 
relaxation times. Special 
techniques may be required 
to obtain spectra.

Multi-dimensional NMR Increased resolution. 
Correlations between 
multiple different nuclei 
possible. Bonding and 
spatial information for 
structural analyses.

Time consuming to obtain 
data. Signifi cant skill 
usually required.
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  NMR active nuclei also have a magnetic quantum number ( m I  ), which has 2 I  + 1 
possible energy states (i.e.,  m I   =  I ,  I  – 1, …, – I ) that determine the orientations of the 
magnetic moments in a static magnetic fi eld ( B 0  ). For a spin one-half nucleus, there 
are two possible energy states,  mI    = –½, +½ that are either approximately anti-parallel 
or parallel to the magnetic fi eld. Tħhe nuclear magnetic moment ( µ  0 ) is directly pro-
portional to the nuclear spin:  µ  0  =   g ħ [ I ( I  + 1)] ½ , where the spin angular momentum 
is  P  =  ħ [ I ( I  + 1)] ½  and  ħ  =  h /2 π  ( Fig. 1 ). The magnetogyric ratio (  g  ) is a constant relat-
ing the magnetic moment to the spin angular momentum of a particular nucleus, and 
it determines the direction of precession of a magnetic moment in a magnetic fi eld. 
The magnetic moment and spin angular momentum are usually aligned parallel to 
each other, but there are exceptions such as for  29 Si and  15 N. An anti-parallel orienta-
tion will affect certain NMR experiments such as those that involve the nuclear 
Overhauser effect (NOE) or CP. The interaction energy between the magnetic 
moment and the magnetic fi eld is given by the equation:  E  = – µ z   B 0  , and the energy 
difference between adjacent energy levels is  ∆  E  = –  g ħ  B 0   or  ∆  E  =  h n  , where   n   is the 
radiation frequency. Transitions occur between energy levels by applying the appro-
priate radiofrequency electromagnetic radiation given by the equation,  h n   = 
|–  g ħ  B0    ∆  m I  |. The selection rule for transitions is  ∆  m I   =  ± 1. Substituting in the appro-
priate values gives the resonance frequency or Larmor frequency of the nucleus,   n   L  = 
|–  g   B 0  /2 π |. The vertical bars in the equation mean absolute value to show that the 
Larmor frequency of a particular nucleus is always positive. 

  Electrons in molecules shield and deshield nuclei and lead to different reso-
nant frequencies (chemical shifts) for each nucleus in a unique environment. The 
chemical shielding effect for a nucleus is,   n  i   =   g ħ  B 0  (1 –   s i      ), where   s   i    is the shielding 
constant for the nucleus, and  B0    is the applied magnetic fi eld corrected for the effect 
of bulk magnetization, which depends on the shape of the sample and its bulk 
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 FIGURE 1    Spin one-half nuclear magnetic moments in a magnetic fi eld ( B 0  ). The angle   q   is 54.74° 
for spin one-half nuclei.  µ z   is the  z -component of the nuclear magnetic moments in  B 0  . The  α -state is 
lower energy and aligned parallel to  B 0  , and the higher energy  β -state is aligned anti-parallel to  B 0  .    
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susceptibility. The electrons in molecular bonds also allow nuclear spins to interact 
or couple with each other, which results in fi ne splittings of the peaks produced by 
coupled spins. This is referred to as scalar coupling or J-coupling, and it is consid-
ered indirect because it is mediated by electrons. Dipolar coupling is referred to as 
direct coupling because it depends on the orientation and separation of nuclear 
dipoles that interact directly through space and not through bonding electrons. 
Dipolar coupling is a much stronger interaction than scalar coupling, and may 
cause signifi cant peak broadening in solids. Dipolar coupling is not directly observed 
in NMR spectra of liquids or gases because it is averaged to zero by rapid motions. 
However, magnetic relaxation and the NOE rely on dipolar coupling, so it is a very 
important property for NMR structure determination in liquids. Other coupling 
mechanisms are also possible, but they are usually not important for spin one-half 
nuclei in common NMR samples. 

 The Boltzmann distribution of spins primarily determines the sensitivity for 
NMR spectroscopy. The NMR absorption and emission processes (i.e., transitions) 
between energy levels occur with equal probability, but the slight excess of spins in 
the lower energy state leads to absorption occurring more often. Each transition 
between energy states is a result of a spin fl ip from the  α  to  β  or  β  to  α  state. The 
equilibrium spin population ratio is:  n   β   / n   α   = e – ∆  E / kT  , where  n   α  ,  β   are the spin popula-
tions in the  α -state (lower energy) or  β -state (higher energy) for the spin one-half 
case,  k  is the Boltzmann constant (1.3806503  ×  10 –23  J/K),  ∆  E  is defi ned previously,   g   
for  1 H is 26.7515  ×  10 7  rad · T –1  · s –1  and for  13 C is 6.7283  ×  10 7  rad · T –1  · s –1 , the Planck 
constant ( ħ  =  h /2 π ) is 1.054571596  ×  10 –34  J · s, and  B 0   is the magnetic fi eld measured 
in tesla (kg · s –2  · A –1 ) (24). In a magnetic fi eld of 9.4 tesla at ambient temperature 
( T   ∼  298 K), for every one million  1 H nuclei in the  β -state, there will be one million 
and sixty-four in the  α -state. The difference between the spin populations is graphed 
in  Figure 2  for various magnetic fi eld strengths represented by the corresponding 
 1 H frequency. The very small energy difference is the reason that NMR is inherently 
insensitive relative to other spectroscopic techniques. Low natural abundance also 
contributes to the decreased sensitivity of most nuclei relative to  1 H. A long  T  1  relax-
ation time or short  T  2  relaxation time for some nuclei may also adversely affect 
sensitivity. Relaxation properties will be discussed in more detail later. Dipolar cou-
pling to the electric fi eld gradient of quadrupolar nuclei or to unpaired electrons in 
paramagnetic systems can cause signifi cant peak broadening and shifting that 
decreases the spectral resolution and also reduces the sensitivity. The weak transi-
tions of NMR spectroscopy are also the reason that it has much higher resolution 
than any other spectroscopic techniques. 

  The magnetization vector in the positive  z -axis ( M z  ) resulting from a summation 
of all the excess nuclear magnetic moments in the low energy state can be manipu-
lated by modern NMR pulse sequences.  Figure 3  shows what happens when a 
radiofrequency pulse ( B  1 ) is applied perpendicular to  M z  .  M z   is equivalent to the 
equilibrium magnetization,  M  0 , when the time between pulses is suffi ciently long to 
allow full relaxation of the particular nuclei being observed. The  z  component of the 
magnetization will rotate into the  x – y  plane if  B  1  is applied for an appropriate length 
of time (i.e., a 90° pulse). The magnetization will then rotate in the  x – y  plane but not 
necessarily as a single vector, because each nucleus in a molecule may have a slightly 
different frequency (chemical shift) and may interact with other nuclei (coupling). 
This will break up the single magnetization vector into multiple vectors rotating at 
various rates orthogonally to the main fi eld. The magnitude of each vector will also 
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decrease over time due to interactions with electrons and nuclei in the sample that 
lead to relaxation. This is observed in the detector of the NMR spectrometer as a free 
induction decay (FID) where the signal intensity usually decays exponentially as 
the vectors dephase in the  x – y  plane due to random spin fl ips ( T  2  relaxation) and as 
the equilibrium magnetization is re-established in the  z -axis ( T  1  relaxation) primar-
ily through dipolar coupling. There is also another type of relaxation ( T  1  r   ) that 
occurs when the magnetization vector is continuously irradiated or spin-locked 
with a  B  1  fi eld that is typically in the kilohertz frequency region. The spin-lock is to 
achieve the Hartmann-Hahn matching condition, which is used in CP for solids or 
total correlation spectroscopy (TOCSY) and rotating frame Overhauser effect spec-
troscopy (ROESY) for liquids. In a solid, the time it takes for  13 C nuclei (or other low 
abundance nuclei) to be cross-polarized by  1 H nuclei ( T  CH ) is important because the 
 1 H  T  1  r    relaxation time determines how long the polarization will persist. Rapid  1 H 
 T  1  r    relaxation times may eliminate the sensitivity advantage that CP introduces. 
The  13 C  T  1  and  T  1  r    relaxation times are usually not a signifi cant factor for CP because 
they are almost always much longer than the  1 H relaxation times. The effects from 
relaxation due to the  1 H nuclei will occur long before those from  13 C nuclei can affect 
the magnetization. Accurate measurement of SSNMR relaxation times can be very 
important, and several of the most common techniques are compared by Frye (25). 
 Figure 4  compares some of the effects of NMR parameters on the observed signal at 
various fi eld strengths. Although it is generally benefi cial to have a higher magnetic 
fi eld strength, relaxation times may increase enough to adversely affect some sam-
ples and NMR experimental techniques. Higher fi eld strength reduces the peak 

1H NMR
13C NMR

100
0

10
20
30
40
50
60
70
80

E
xc

es
s 

nu
cl

ei
 p

er
 m

ill
io

n
in

 lo
w

 e
ne

rg
y 

st
at

e

90
100
110
120
130
140
150
160
170

200 300 400 500
Magnetic field strength in proton frequency (MHz)

600 700 800 900 1000

 FIGURE 2    Bar graphs comparing the effect of the magnetic fi eld strength on the number of excess 
nuclei in the lower energy state for two spin one-half nuclei. The effect of natural abundance is not 
taken into account for  13 C.    
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FIGURE 3 The magnetic moments for the excess nuclear spins in the lower energy state of a spin 
one-half nucleus in a magnetic fi eld (B0) produce net magnetization (M0) along the positive z-axis. 
A radiofrequency pulse (B1) applied along the positive y-axis rotates the z-axis magnetization vector 
into the positive x-axis where it will begin to precess in the x,y-plane according to its Larmor fre-
quency. If the nucleus exists in multiple unique environments as in a molecule, the magnetization 
vector will divide into vectors for each Larmor frequency corresponding to each chemical shift. Sca-
lar coupling will also cause further separation of each vector in the x,y-plane, but usually this will be 
a much smaller effect because the frequency differences between peaks of multiplets are typically 
small relative to chemical shift differences.
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reduce this. In this comparison, the increase in the T1 relaxation time has the largest deviation from 
linearity as the fi eld strength increases.
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broadening effect from quadrupolar nuclei, but it increases the longitudinal relaxation 
time ( T  1 ) as well as the effects of chemical shielding anisotropy (CSA) and anisotro-
pic bulk magnetic susceptibility (ABMS). These effects are particularly important 
for SSNMR spectroscopy. 

   SOLID-STATE NMR SPECTROSCOPY 
 NMR of solids presents signifi cant problems compared to liquids. The rapid motions 
in liquids remove two effects that are largely responsible for the broad peaks typically 
observed in NMR spectra of solids: CSA and dipolar coupling. The  T  2  relaxation time 
is also signifi cantly shorter in solids, which increases the intrinsic peak widths. One 
of the main goals of SSNMR spectroscopy is to obtain spectra similar to what is 
observed for liquid-state NMR spectroscopy of the material in a solution.  Figure 5  
shows the structure of a simple organic molecule (DTPPAA) that has been used by 
the author to test pulse sequences for both liquid-state and SSNRMspectroscopy. 
The NMR spectra of DTPPAA are compared in  Figure 6 . Note that the chemical 
shifts are very close in the solid-state and liquid-state NMR spectra for DTPPAA 
with only one set of unresolved peaks (C14 and C17) in the SSNMR spectrum. This 
makes DTPPAA reasonably useful as a standard to test SSNMR pulse sequences 
and compare the results to the corresponding liquid-state NMR analyses. However, 
crystal packing forces and/or conformational changes will usually result in signifi cant 
differences between liquid-state and SSNRMspectra. 

  For powdered solids, the nuclear magnetic moments are in fi xed random 
orientations that result in broad peaks because both the CSA and dipolar coupling 
tensors have a 3cos 2    q   – 1 term, where   q   is the angle of the tensor relative to the direc-
tion of  B 0  . These phenomena will produce broad overlapped peaks in a SSNMR 
spectrum of a molecule with relatively few carbons. This would make SSNMR spec-
troscopy of limited use unless there was a means of reducing or eliminating the 
effects of CSA and dipolar coupling. 

 The isotropic component of chemical shielding averages to the isotropic fre-
quency,   n   iso , in liquids due to rapid molecular motion, and the anisotropic component 
(CSA) vanishes. The CSA in solids depends on the orientation of nuclear magnetic 
moments with respect to the direction of  B 0  . Nuclei of molecules in powdered solids 
have a distribution of parallel to perpendicular orientations relative to  B 0  , and the 
peak shapes will depend on the crystallographic site symmetry at the nucleus ( Fig. 7 ). 
Many different nuclei in a molecular solid will result in overlapping CSA patterns 
and a featureless spectrum with little useful information. 

  Dipolar coupling between spin one-half nuclei depends on the orientation of 
the dipolar vector between the nuclei relative to  B 0   as well as the distance between 
the nuclei. The distance dependence of dipolar coupling is very powerful for struc-
tural analysis of solids and partially ordered materials. The strength of the local 
fi eld at each nucleus depends on the parallel to perpendicular orientations of dipolar 
vectors in the  B 0   fi eld and gives rise to a distribution of resonance frequencies that 
produces peak shapes similar to axial CSA ( Fig. 8 ). The two mirror image peaks are 
due to the two spin one-half transitions separated by the dipolar coupling constant 
( D  CH ). The isotropic chemical shifts are identical for the two spin states and will be 
observed when the dipolar vector is at and angle of 54.74° relative to  B 0  . There is no 
isotropic component of the dipolar coupling tensor, so it averages to zero in liquids 
due to rapid molecular motions, and has no direct effect on the spectrum. As for CSA, 
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 FIGURE 5    Chemical structure of (2,4-di- tert -pentylphenoxy)-acetic acid (DTPPAA) with numbering 
used for the assignments shown in  Figure 6 .    
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FIGURE 6 13C NMR spectra of DTPPAA at 9.4 T: (A) in CDCl3 solution, (B) spectrum (A) with 60 Hz 
exponential multiplication, and (C) SSNMR spectroscopy of crystalline DTPPAA. The peak positions 
are similar for this molecule in the solid and liquid states. The peak labels in spectrum (A) are the 
resonance assignments for the structure in Figure 5. Abbreviations: CP/MAS, cross polarization 
magic angle spinning; TOSS, total side band suppression.
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 FIGURE 7    Representations of CSA powder patterns for ( A ) cubic, ( B ) axial, and ( C ) lower crystal-
lographic site symmetry for a spin one-half nucleus relative to the magnetic fi eld. Cubic symmetry 
results in only the isotropic frequency. For axial symmetry, the magnetic moment of the nucleus can 
vary between parallel and perpendicular orientations. The probability is much greater for a nuclear 
magnetic moment being in a perpendicular orientation, which results in the higher peak intensity for 
this case. The isotropic frequency for the axial case is a weighted average of the two extremes. The 
lower symmetry case results in a more complex peak shape, where   u   22  will vary in position some-
where between the highest frequency (  u   11 ) and the lowest frequency (  u   33 ) with an isotropic frequency 
(  u   iso ) as shown in the  bottom  diagram.    

multiple dipolar coupled spins in a solid would result in many broad overlapped 
resonances and little useful information in the spectrum.  Figure 9  shows the orien-
tation dependence of dipolar coupling for two spin one-half nuclei in a solid. The 
results are similar for CSA except that only one peak will be present in each spectrum 
(i.e., the solid line spectrum of panel  Fig. 9a  and the corresponding peaks in  Fig. 9b  
and  c  that align with frequencies for the parallel and perpendicular orientations. 
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FIGURE 8 A diagram of a heteronuclear dipolar coupling powder pattern for the simple case of 
two coupled spins (e.g., 1H and 13C). The solid and dashed lines represent the two spin states for 
either of the spin one-half nuclei. Note the similarity of one peak of this pattern to the axial symme-
try for CSA. The dipolar vectors also vary between the parallel and perpendicular orientations with 
respect to the magnetic fi eld. The dipolar coupling constant is DCH.

 The orientation dependence of CSA and dipolar coupling provides a means to 
reduce or eliminate their effects in SSNMR spectra. Andrew et al. discovered that 
rotating solid samples at 54.74° (the magic angle) relative to the magnetic fi eld sig-
nifi cantly reduced the peak widths in SSNMR spectra (26,27).  Figure 10  shows the 
basic procedure for reducing CSA by rapid spinning at the magic angle, and it 
works essentially the same for dipolar coupling. In a powdered solid, all possible 
orientations of angles   q   and   b   are present, but the angle of the rotor (  q   R ) in the probe 
can be set by the operator. 

  Magic angle spinning (MAS) will cause modulations in the spectrum that 
extend out from the isotropic chemical shift position of each nucleus at integral 
multiples of the spinning speed. These spinning side bands move farther out and 
decrease in intensity as the spinning speed increases. The intensity of the isotropic 
peak increases with the spinning rate while the spinning side bands decrease until 
they are eliminated when the rate of rotation exceeds the CSA. An example of MAS 
for glycine ( Fig. 11 ) is shown in  Figure 12 . Note the different CSA powder patterns 
for the carbonyl and methylene resonances in spectrum (a) of  Figure 12 . For  13 C 
SSNMR, the carbonyl resonance has a relatively large CSA ( ∼ 150 ppm), whereas 
aliphatic carbons have signifi cantly smaller CSA ( ∼ 60 ppm). The CSA increases with 
fi eld strength (e.g., for  13 C 100 ppm is  ∼ 10 kHz at 9.4 T and 15 kHz at 14.1 T), which 
means that faster spinning is required at higher fi eld strengths to reduce the spinning 
side bands to the same extent. Smaller diameter rotors are required to achieve faster 
spinning speeds, but the reduced sample quantity results in lower sensitivity that 
may not be compensated by the higher fi eld strength. If necessary, spinning side 
bands can be suppressed by using the total side band suppression (TOSS) technique 
fi rst introduced by Dixon (28–33). In the typical four-pulse TOSS sequence, the 90° 
pulse width for the X-nucleus must be reasonably accurate for good suppression of 
the side bands. TOSS is particularly useful for removing overlapping side bands 
when the spinning speed is not fast enough to push them out past the peaks of 



392 Tishmack

interest such as with larger diameter rotors or at high magnetic fi eld strengths. The 
 13 C CP/MAS spectrum (c) of  Figure 6  was obtained with TOSS to eliminate poten-
tial overlap of the small isotropic peak at approximately 34 ppm with spinning side 
bands, which also helped confi rm that it was a real peak. 
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FIGURE 9 Representations of dipolar coupling for a two spin case: (A) powder pattern for randomly 
oriented dipolar vectors, (B) perpendicular orientation, (C) parallel orientation, (D) 54.74° orientation 
(the magic angle). Spectra (B)–(D) would be obtained for a single crystal positioned as specifi ed.
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  As with CSA, MAS will eliminate dipolar coupling only if it is signifi cantly 
faster than the strength of the dipolar interaction (i.e., tens of kHz). Otherwise, it is 
scales the dipolar coupling in proportion to the spinning speed and gives broader 
peaks. MAS will usually remove the homonuclear dipolar coupling between  13 C 
nuclei because it is much weaker than  1 H/ 13 C,  1 H/ 1 H,  19 F/ 13 C, or  19 F/ 1 H dipolar 
couplings (11). High-power  1 H decoupling is used to dramatically narrow the peaks 
in  13 C and  15 N detected SSNMR spectra. Simultaneous high-power  1 H and  19 F decou-
pling can also be used if both nuclei are present in the molecule of interest. Both 
scalar (through-bond) and dipolar (through-space) coupling are removed by decou-
pling. The decoupling power necessary to remove the dipolar interaction in solids 
is substantially greater than that used for broadband proton decoupling of the scalar 
coupling in liquid samples. Continuous wave decoupling was originally used, but 
dramatically improved results are possible with newer modulated techniques that 
will be discussed later. 

 Nuclei with low sensitivity (e.g.,  13 C and  15 N) can be diffi cult to obtain spectra 
with good signal to noise in a reasonable time. Pines et al. fi rst used the CP tech-
nique to increase the sensitivity of low natural abundance spins (34). This technique 
relies on dipolar coupling to transfer polarization from  1 H to  13 C nuclei, and its 
effectiveness is thus extremely dependent on the separation between the  1 H and  13 C 
nuclei in a solid. The enhancement of the  13 C signal is roughly proportional to the 
magnetogyric ratios of the nuclei. The high natural abundance and strong magnetic 
moment of protons results in an approximate four-fold enhancement of the  13 C sig-
nal or 10-fold enhancement of the  15 N signal. Because the  1 H  T  1  relaxation time is 
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shielding tensor
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 FIGURE 10    Spinning a sample rapidly at the magic angle ( q  R  = 54.74°) will average the CSA (and 
the dipolar coupling) to zero because of 3cos 2   q  – 1 dependence of their orientation with respect to 
the magnetic fi eld. Adapted from Ref. (12).    
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FIGURE 12 The effect of MAS on the 13C SSNMR spectrum of glycine at 9.4 T. The peaks of the 
static pattern in (A) are broken up into spinning side bands that are separated by integral multiples 
of the spinning speed in spectra (B)–(G). The isotropic frequency is not readily apparent until the 
spinning speed is fast enough to reduce the spinning side bands signifi cantly (2 kHz for methylene, 
6 kHz for carbonyl). Note that the spinning side bands for the methylene resonance are essentially 
eliminated at 6 kHz because this is approximately equivalent to the CSA (60 ppm × 100 Hz/ppm = 
6000 Hz). The spinning speed would need to be approximately 15 kHz to eliminate the spinning 
side bands for the carbonyl resonance, which has a CSA of ∼150 ppm. Abbreviation: MAS, magic 
angle spinning.

H

N

2
1

H O

OH

H

H

 FIGURE 11    Chemical structure of the amino acid glycine.    
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usually much shorter than those of  13 C or  15 N, CP permits the acquisition of more 
scans in less time because the proton spin polarization determines how effi ciently 
the X-nuclei are cross-polarized. 

 Stejskal and Shaefer fi rst used a combination of magic angle spinning, high-
power  1 H decoupling, and CP to obtain high-resolution  13 C SSNMR spectra (35,36). 
This CP/MAS technique is the standard procedure for obtaining high-resolution 
NMR spectra of solids. The effects of these three techniques on the  13 C SSNMR spec-
trum of glycine ( Fig. 11 ) are shown in  Figures 12  and  13 . The CSA powder patterns 
are readily observed for the carbonyl and methylene carbon resonances of the static 
spectrum (a) of  Figure 12 . The enhancement due to CP is also apparent in spectra (b) 
and (d) of  Figure 13 . The high-power decoupling has the most dramatic effect on 
reducing the peak widths in the spectra (c) and (d) of  Figure 13 . An effi cient modu-
lated  1 H decoupling method [SPINAL-64 (57)] was used whenever decoupling was 
required because it is signifi cantly better than the continuous wave decoupling pro-
cedure that was fi rst used for  13 C CP/MAS spectra and is still used in many of the 
literature examples discussed in section “Solid-Form Characterization” on p. 398. 

  The basics of acquiring 1D SSNMR spectra has been demonstrated in an 
excellent article by Bryce et al., which is highly recommended to both novices and 
experienced NMR spectroscopists (37). Several things are important to clarify 
regarding this useful review. First, the authors state that glycine polymorphism 
may cause problems with using it as a standard for chemical shift referencing, CP, 
and sensitivity. However, the glycine polymorphs have such different relaxation 
properties, and it would not be diffi cult to determine if there was a polymorphic 
transformation in a glycine standard sample. The metastable  α -glycine has signifi -
cantly shorter relaxation times, which means that phase transformation is not likely 
to go unnoticed when obtaining SSNMR spectra (38). In this author’s hands, the 
 α -glycine polymorph appears to be stable for years under ambient storage conditions 
and in regular use as a  13 C CP/MAS SSNMR reference standard for signal-to-noise 
measurement, Hartmann-Hahn matching for CP, as a chemical shift reference, and to 
optimize  1 H decoupling (including at nonambient temperatures, –40°C to +80°C). 
The same sample of solid  α -glycine has shown no detectable phase transformation 
or degradation affecting its  13 C CP/MAS spectrum for at least four years of regular 
use. Second, spectra C and D of  Figure 7  in the review by Bryce et al. appear to be 
the same, which does not show the effect of two pulse phase modulated (TPPM) 
decoupling for spectrum D as the authors intended (37). Therefore, one should 
expect different results using the stated conditions. The peak for the methylene car-
bon of phenylacetic acid would actually be much like in spectrum B but with greater 
intensity due to the variable amplitude CP (VACP) in addition to the TPPM decou-
pling. The peak for the carbonyl resonance may not be narrowed as dramatically by 
TPPM, but it would likely be similar to what is shown in spectrum B of  Figure 7  in 
the review by Bryce et al. (37). 

 Taylor has also written a more specifi c summary of the basic experimental set 
up procedures for  13 C CP/MAS SSNMR spectroscopy (39), and an interesting  13 C 
SSNMR spectroscopy study of the effect of low temperatures (–60°C) on the 
polymorphs of glycine (40). The changes in relaxation times (longer  1 H  T  1  and 
shorter  1 H  T  1  r   ) for the glycine polymorphs at low temperature combine to make it 
signifi cantly more diffi cult to acquire high sensitivity spectra in a reasonable amount 
of time. The carbonyl resonance is affected more dramatically because the magnitude 
of the changes in relaxation times is greater. This makes glycine somewhat problematic 
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 FIGURE 13    The effects of high-power  1 H decoupling and CP are shown for  13 C SSNMR spectra 
of glycine at 9.4 T and 6 kHz MAS. The MAS speed is too slow to reduce the dipolar coupling enough 
to observe the methylene resonance (C2) in spectra ( A ) and ( B ). CP dramatically increases the 
signal-to-noise ratio [compare spectra ( A/B ) or  C/D )]. High-power  1 H decoupling is required to get 
the narrowest peaks in spectra ( C ) and ( D ). The apparent peak at approximately 115 ppm in spec-
trum ( A ) is due to the transmitter artifact partially overlapping a broad spinning side band combined 
with the very low signal-to-noise ratio of the spectrum.  Abbreviations : CP, cross-polarization; MAS, 
magic angle spinning; RAMP-CP, ramped amplitude cross polarization; SSNMR, solid-state nuclear 
magnetic resonance.    
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as a reference standard to optimize the spectrometer at low-temperature conditions. 
However, this is not a signifi cant problem in practice until the temperature is 
approximately –50°C, especially if amplitude- or frequency-modulated CP (41–48) 
and modulated decoupling are used (49–59). 

 Setting the magic angle accurately is obviously very important for obtaining 
the highest resolution SSNMR spectra. Frye and Maciel demonstrated the use of 
potassium bromide as a useful means of setting the magic angle for  13 C SSNMR 
spectroscopy (60). More recently, Antonijevic and Bodenhausen have used deuter-
ated  α -oxalic acid to set the magic angle to within 0.01° by minimizing the residual 
 2 H quadrupolar coupling (61). Barich et al. have shown that 3-methylglutaric acid 
(MGA) can be used to set the magic angle, optimize the Hartmann-Hahn match for 
CP, determine the signal-to-noise ratio, and as chemical shift reference for  13 C 
SSNMR spectroscopy (62). The two carboxylic acid carbonyl resonances for MGA 
are used to set the magic angle because carbonyl groups have a large CSA, which 
makes them very sensitive to the magic angle setting. However, adamantane is still 
the best molecule to use for optimizing the fi eld homogeneity due to its very narrow 
 13 C SSNMR peak width (<0.05 ppm). 

 As noted earlier, SSNMR spectroscopy requires additional procedures com-
pared to liquid-state NMR spectroscopy to obtain high-resolution spectra. The three 
procedures currently used are high-power  1 H decoupling, magic angle spinning, 
and CP. These have advanced in several ways since their inception. Magic angle 
spinning for spin one-half nuclei has been extended to double rotation (DOR) and 
dynamic angle spinning (DAS) for quadrupolar nuclei (63). Spinning speeds have 
also increased from several kHz when MAS was initially developed, to tens of kHz 
now. This is particularly helpful for  1 H and  19 F SSNMR, because these nuclei have 
strong dipolar coupling (40–50 kHz) compared to  13 C (10–20 kHz) and high natural 
abundance. Very fast spinning will reduce the dipolar coupling to give narrower 
peaks. High-power proton decoupling has progressed from continuous wave to 
various frequency and phase modulated decoupling methods (49–59). One of the 
best  1 H decoupling methods currently available for common use is the small phase 
incremental alternation (SPINAL-64) decoupling procedure (57), which is based on 
supercycles of the TPPM decoupling of Bennett et al. (59). TPPM decoupling itself 
was a dramatic improvement over existing decoupling techniques. CP has also 
advanced from the original continuous polarization to VACP and ramped ampli-
tude (RAMP-CP) polarization techniques. RAMP-CP is more effi cient than VACP 
and dramatically better than standard CP, particularly for rapidly spinning samples 
(>10 kHz). The result from using these techniques is higher sensitivity and resolu-
tion SSNMR spectra for all of the common nuclei. A minor drawback to using these 
modern techniques is that they require more complicated pulse sequences and 
additional effort to optimize them for obtaining spectra. 

 Temperature control for the sample is important for studying a variety of solid-
state properties such as reactivity, relaxation properties, and molecular dynamics. 
Accurate temperatures in a SSNMR rotor have been signifi cantly more diffi cult to 
obtain and determine than for liquids NMR (see Ref. (4) and references therein). 
Methanol or ethylene glycol is typically used for temperature calibration in liquid-
state NMR spectroscopy, but they can work well for SSNMR spectroscopy in an 
appropriately sealed rotor. Antonijevic and Bodenhausen note that liquid methanol 
was used to calibrate the temperature in the rotor for their study (61). Methanol is 
used primarily for ambient and lower temperatures, whereas ethylene glycol is 
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used for ambient and higher temperatures. The overlap around room temperature 
is useful for connecting calibration curves for the entire temperature range of a 
probe. A signifi cant advantage of using methanol and ethylene glycol is that only 
one or two samples are required to accurately determine an entire temperature cal-
ibration curve simply by measuring the frequency difference between the two 
peaks. The disadvantage is that a modifi ed pulse sequence may be required to mea-
sure the temperature under similar CP/MAS conditions that will be used for solid 
samples. This is because the temperature calibration for either methanol or ethylene 
glycol must be determined with a  1 H pulse sequence, and liquids will not give NMR 
signals with CP as do solids.   

 SOLID-FORM CHARACTERIZATION 
 Molecular polymorphism can be divided into several types. Conformational poly-
morphism occurs when a molecule exists in two or more different conformations in a 
crystalline solid. Packing polymorphism occurs when a single conformation of a mol-
ecule is arranged in one of several unique orientations that have different long-range 
order. Polycrystalline powders are the typical samples for SSNMR spectroscopy and 
usually have a crystallite size in approximately the micrometer range (i.e., microcrys-
talline). Amorphous solids are essentially random arrangements of molecules, but 
they have some short-range order relative to each other because molecular motions 
are restricted in the solid state. Only the rapid tumbling of molecules in liquids or 
gases results in truly amorphous material. The molecules of amorphous solids can 
also have multiple conformations, which might suggest that these conformational 
differences would be observable by SSNMR spectroscopy or other techniques. How-
ever, the different conformations and the random spatial order of an amorphous solid 
tend to be indistinguishable by SSNMR spectroscopy because they have similar peak 
broadening effects on the spectrum. Nanocrystalline solids may also be distinguished 
from amorphous solids by SSNMR spectroscopy. Nanocrystallites will typically 
appear almost identical to microcrystallites or macrocrystallites (single crystals) by 
SSNMR spectroscopy using the typical CP/MAS technique. If nanocrystalline solids 
have signifi cant disorder due to defects, they may be diffi cult to distinguish from 
amorphous solids. 

 The majority of the reports on polymorphism that are reviewed in this chapter 
were published within approximately the last eight years. Many published reports 
in the pharmaceutical literature use SSNMR spectroscopy as a secondary technique 
to analyze solid forms, and the interpretation tends to be rather minimal even when 
the results are quite interesting or potentially critical to a study. The complexity of 
NMR spectroscopy can be daunting at times, but the body of literature available on 
data acquisition and interpretation is extensive and reasonably easy to understand 
even for a novice (37,39). The value of SSNMR spectroscopy is signifi cant for phar-
maceutical solid-form analysis, and should be used to its greatest advantage as a 
complementary technique to XRPD, vibrational spectroscopy, microscopy, and ther-
mal analyses. Hopefully, the examples provided in this chapter will demonstrate 
both the strengths and weaknesses of SSNMR spectroscopy in characterizing 
pharmaceutical solid forms. 

 Conformational polymorphism, where distinct conformations of a molecule 
result in different crystal forms, has been studied for decades (64,65). SSNMR spec-
troscopy is useful here because it is very sensitive to molecular conformations and 
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short-range order in solids. Griesser et al. studied conformational polymorphism in 
oxybuprocaine hydrochloride with spectroscopy, X-ray diffraction, and thermal 
analyses, and found it to have either a less stable bent conformation (U-type) or a 
more stable straight conformation (I-type) in the crystal forms (66). This local anes-
thetic drug has three polymorphs: modifi cation I with one U-type conformer per 
asymmetric unit, modifi cation III with two U-type conformers per asymmetric unit, 
and modifi cation II° with one U-type and one I-type conformer in the asymmetric 
unit. Modifi cation II° is the most stable polymorph below approximately 90°C, 
modifi cation I is more stable above this temperature, whereas modifi cation III is 
metastable over the temperature range studied. Both  13 C and  15 N SSNMR spectros-
copy were useful in determining the number of molecules per asymmetric unit, and 
molecular mobility was studied using variable temperature analyses and the dipo-
lar dephasing technique. The dipolar dephasing NMR experiment can be used to 
analyze molecular motion because dipolar coupling is reduced for more mobility 
for more mobile regions of a molecule. 

 Vogt et al. studied the two enantiotropic polymorphs of {4-(4-chloro-3-
fl uorophenyl)-2-[4-(methyloxy)phenyl]-1,3-thiazol-5-yl} acetic acid by  1 H,  13 C,  15 N, 
and  19 F SSNMR spectroscopy (67). A thorough SSNMR spectroscopy study was 
used to help understand the structures of each polymorph determined by X-ray 
diffraction. The solid-state transition temperature of the polymorphs was  ∼ 30°C. 
Form I was thermodynamically more stable below 35°C, but form II was more 
stable to milling and had lower hygroscopicity. The single-crystal structure of form 
I was determined, but form II did not produce suitable single crystals. The struc-
ture of form II was determined using XRPD, and various SSNMR spectroscopy 
analyses were used to provide additional restraints for the structure determina-
tion. Two 2D NMR pulse sequences that rely on dipolar coupling,  1 H DQ-BABA 
(double quantum back-to-back) and  1 H– 13 C HETCOR (heteronuclear correlation), 
were used to determine conformational features of both polymorphs. The 2D PASS 
(phase-adjusted spinning sidebands) pulse sequence was used to determine chem-
ical shielding tensors (CSTs) for  13 C resonances of form II to help refi ne the calcu-
lated structure. The orientation dependence of CSA is useful in providing unique 
structural details to support diffraction analyses. The authors suggest that, with 
additional work on other polymorphs, it may be possible to use SSNMR spectros-
copy rather than the Burger–Ramberger IR rule for predicting the relative stability 
of polymorphs (68,69). The degree of peak overlap in the spectral region sensitive 
to hydrogen bonds is not nearly the problem for SSNMR spectroscopy as it is for 
IR spectroscopy. This study is an excellent example of using multinuclear, multidi-
mensional SSNMR spectroscopy as a powerful technique to thoroughly character-
ize polymorphs. However, many of the analyses and the interpretation require a 
high level of expertise in NMR spectroscopy. 

 Maccaroni et al. studied the solid-state form interconversions for two linezolid 
( Fig. 14 ) polymorphs by  13 C SSNMR, XRPD, and thermal methods (70). Most of the 
SSNMR peaks were assigned for the two polymorphs by comparison to the  13 C 
NMR assignments of linezolid in a CDCl 3  solution. However, this procedure will 
not necessarily lead to correct assignments for the solid state unless the conformations 
are very similar or the electronic environment around each nucleus is coincidentally 
the same as shown for DTPPAA in  Figure 6 . It appears that the spectra of both poly-
morphs were acquired with the same parameters (e.g., contact time, pulse delay, 
number of scans), but form IV obviously has a longer  1 H  T  1  relaxation time based on 



400 Tishmack

the much lower signal-to-noise ratio in the spectrum ( Fig. 15 ). The peak widths also 
are somewhat broader for form IV, which may result from unresolved peaks of two 
very similar molecules per asymmetric unit, as the authors state. The authors also 
note that the lowest frequency methyl carbon resonance of form IV is split into two 
peaks (nearly overlapping), which may be consistent with two molecules per asym-
metric unit. However, this could also be explained by conformational exchange due 
to restricted rotation about the amide bond, which is quite well known for liquid-
state NMR spectroscopy. The small symmetrical splitting of C2 ( ∼ 170 ppm) in form 
II is likely due to conformational exchange rather than coupling to  14 N, because the 
quadrupolar broadening effect is not very large at this fi eld strength ( ∼ 9.4 T), and 
only some peak broadening is likely to be observed instead. The  13 C- 14 N coupling 
usually produces asymmetrical splitting at lower fi eld strengths where it is more 
readily observed (71–75). The  19 F atom directly bonded to the aromatic carbon (C9) 
produced signifi cant broadening for this peak in the spectrum of form II due to the 
relatively strong scalar and dipolar coupling. The C8 resonance also shows broad-
ening as do the C7 and C10 peaks to a lesser extent ( Fig. 15 ). This is because  19 F 
decoupling is not commonly used simultaneously with  1 H decoupling for  13 C CP/
MAS SSNMR spectroscopy unless the spectrometer and probe are specifi cally 
designed to do so. The MAS speed would need to be much faster than 7 kHz to 
reduce  19 F– 13 C dipolar coupling signifi cantly. The effect of  19 F coupling shows that 
for form II, C9 should be assigned to the broader peak at 154.9 ppm, and C6 should 
be assigned to the peak at 157.2 ppm. The C6 and C13–C16 resonances were appar-
ently not observed for form IV supposedly because of broadening due to their prox-
imity to oxygen and nitrogen in the molecule. However, the assignments for the C6 
and C9 resonances are also swapped for form IV, which means that the C9 resonance 
is broadened (by  19 F coupling) into the baseline noise in this spectrum that already 
has a very low signal-to-noise ratio relative to the spectrum of form II ( Fig. 15 ). This 
alternative interpretation of the spectrum of form IV is supported by the missing 
C13–C16 resonances (also broad in the spectrum of form II), which are likely broad-
ened due to ineffi cient  1 H decoupling. Although the experimental details for the 
SSNMR spectroscopy data acquisition are very minimal in this report, it is quite 
likely that the older continuous wave  1 H decoupling scheme rather than one of the 
modern modulated decoupling methods was used to acquire the SSNMR spectra. 
The contact time (1 millisecond) is also relatively short, and may partly account for 
the low sensitivity of some quaternary carbons in the spectrum of form IV. The dif-
fi culties in correctly interpreting SSNMR spectra to compare solid forms can be 
reduced by using modern fast MAS and modulated decoupling or simultaneous 
 1 H and  19 F decoupling along with effi cient CP. One or more of the various spectral 
editing methods would have been particularly useful in confi rming the assignments 
in this case (76). 

  Two polymorphs of buspirone hydrochloride were compared using  1 H and 
 13 C SSNMR spectroscopy (observed and calculated values), XRPD, Fourier trans-
form spectroscopy, infrared spectroscopy (FT-IR), and differential scanning calo-
rimetry (DSC) (77). The single-crystal X-ray structure was determined for form I 
and found to be very similar to previous work. The authors used XRPD and DSC 
for quantitative analysis of mixtures of polymorphs and compared the results to 
previous quantitative FT-IR data. The XRPD patterns were diffi cult to use for quan-
tifi cation in this case. FT-IR spectroscopy gave superior quantitative data based on 
the summaries in  Table 1  of their report (77), although the authors did not discuss 
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 FIGURE 14    Chemical structure of linezolid. Adapted from Ref. (70).    

this further. The  13 C SSNMR spectra clearly differentiated between the two forms, 
but form I appeared to have a longer  1 H relaxation time based on its relatively low 
signal-to-noise ratio. This may be why the authors were not able to obtain a  1 H 
SSNMR spectrum of form I, and also suggests that quantifi cation by SSNMR spec-
troscopy may not be very practical in this case. The calculated  1 H and  13 C NMR 
chemical shifts were in generally good agreement with the observed values. The 
authors used the comparisons to determine which portions of buspirone hydro-
chloride had the greatest effect on the SSNMR spectroscopy differences observed 
for the two polymorphs. These comparisons with calculated chemical shifts are useful 
if the resonance assignments have not been previously obtained from a liquid-state 
NMR spectrum of the same molecule. Although calculated NMR chemical shifts 
have progressed greatly in recent years, it is still diffi cult to unambiguously determine 
them for cases when the molecular conformations are very close. 

 A recent study of donepezil hydrochloride used XRPD, SSNMR, vibrational 
spectroscopy, and thermal analyses to characterize fi ve polymorphs, two hydrates, 
and an amorphous form (78). This work demonstrates the utility of multiple ana-
lytical techniques for characterizing pharmaceuticals. Unfortunately, each tech-
nique was not used to analyze every sample, which prevents a complete comparison 
of them. In general, the spectroscopic techniques could differentiate the solid forms. 
The authors apparently found three forms of a trihydate (“hydratemorphism”) 
based on DSC, FT-IR, and water vapor sorption analyses. However, none of these 
hydrate forms were analyzed by any of the three most powerful solid-state tech-
niques (XRPD, SSNMR spectroscopy, and Raman spectroscopy). These additional 
analyses would have greatly enhanced their case for “hydratemorphism.” The 
authors also observed that hydrate I had slightly higher water content by Karl 
Fischer titration than a monohydrate, and one of three proposed reasons was that a 
small amount of amorphous material may cause this. The Karl Fischer results are 
explained by the observation of weak broad peaks in the SSNMR spectrum due to 
disordered material, and the XRPD pattern showed some diffuse scattering typical 
of disordered material. An interesting observation is that the carbonyl resonances in 
the  13 C SSNMR spectra are shifted to higher frequency for the hydrates, which is 
expected for hydrogen bonding with water. 

 Masuda et al. examined the  α  and  γ  forms of indomethacin by XRPD and  13 C 
CP/MAS SSNMR spectroscopy (79). They were able to determine that  α -indomethacin 
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has three molecules per asymmetric unit while  γ -indomethacin has only one based 
on the peak splitting ( Fig. 16 ). However, the methoxy group (C12) and the aromatic 
carbon to which it was bonded (C5) of  α -indomethacin also showed a slight splitting 
of the highest frequency peak at low temperature (203 K), which seemed inconsis-
tent with three molecules per asymmetric unit. The variable temperature SSNMR 
analyses (at 203, 298, and 343 K) showed that this splitting was due to conformational 
exchange for one molecule in the asymmetric unit ( Fig. 17 ). The fl exible methoxy 
group (C12) of one molecule in the asymmetric unit is also in two slightly different 
conformations resulting in two nearly overlapping signals, and this apparently 
affects the aromatic carbon (C5) to which the methoxy group is bonded. The other 

180 160 140 120 100 80 60 40 20 ppm

FIGURE 15 13C CP/MAS spectra of linezolid form II (bottom) and form IV (top) obtained at 9.4 T 
and 7 kHz MAS. Asterisks indicate spinning sidebands. Adapted from Ref. (70).
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methyl group (C13) also shows some conformational fl exibility, but it results in a 
broader peak rather than splitting. This is a good example of the sensitivity of 
SSNMR spectroscopy to molecular conformations of solid forms. Conformational 
fl exibility is typically seen in an X-ray crystal structure as an enlarged thermal ellip-
soid. The low temperature (<300 K) SSNMR spectrum shows that the methoxy car-
bon atom for one of the molecules in the asymmetric unit become “conformationally 
trapped” in one of two different environments. Above 300 K the methoxy group is 
apparently mobile enough to cause coalescence of the peaks. It was not clear from 
the report if temperature cycling or varying the cooling rate resulted in the same 
fi nal spectrum at ambient temperature. This could demonstrate whether the two 
conformations became equally populated, or if they could be trapped unequally in 
the different conformations. 

  Apperley et al. also studied the solid forms of indomethacin as well as nife-
dipine by  1 H and  13 C SSNMR spectroscopy and  1 H  T  1  and  T  1  r    relaxation analyses (80). 
The  13 C SSNMR spectroscopy peak widths of crystalline nifedipine were signifi cantly 
narrower than for crystalline indomethacin, which suggests that molecular mobility 
is higher for nifedipine. The authors showed that amorphous nifedipine recrystallizes 
upon grinding while amorphous indomethacin does not. The onset points for the 
glass transition temperatures ( T  g ) of indomethacin and nifedipine are  ∼ 42°C and 
 ∼ 45°C, respectively. Nifedipine recrystallized at 55°C into a mixture of two different 
polymorphs (forms I and II), which converted almost completely to form I at 70°C. 
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 FIGURE 16     13 C CP/MAS spectra of indomethacin at 9.4 T and 15 kHz MAS: ( A1 )  α -form, ( A2 ) 
 γ -form, and ( B ) chemical structure of indomethacin. Adapted from Ref. (79).    
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Nifedipine form II is a metastable polymorph. The  13 C SSNMR spectrum of amor-
phous indomethacin showed sharpening of peaks as the temperature was increased 
up to 80°C, but it did not recrystallize because the temperature was not increased 
high enough for this to occur in the  13 C SSNMR spectroscopy part of the study. The  1 H 
SSNMR spectra and relaxation measurements indicate that amorphous nifedipine 
has greater mobility below its glass transition temperature than indomethacin, and 
nifedipine tends to recrystallize fi rst to a metastable form. The quadrupolar broaden-
ing effect of  35 Cl and  37 Cl was also examined in indomethacin at fi ve different fi eld 
strengths ranging from 4.7 to 18.8 T (50–200 MHz for  13 C). The quadrupole moment of 
both chlorine nuclides are much larger than for  14 N, which results in signifi cantly 
more peak broadening as well as more complex splitting patterns. This can lead to 
much greater diffi culty in SSNMR spectral interpretation for molecules having chlorine 
atoms unless high magnetic fi eld strengths are used. 

 Schmidt et al. performed a series of studies on the polymorphism of local 
anesthetic drugs using spectroscopic, diffraction, microscopic, and thermal analyses 
(81–85). SSNMR spectroscopy was not a major part of any of these studies, but it 
provided unique complementary information for these compounds. In Part V (81), 
the authors showed  1 H SSNMR spectra in a study of hydrogen-bonding differences 
between modifi cation II° and hydrated modifi cation I, and  13 C SSNMR spectros-
copy could easily differentiate modifi cation II° from modifi cation I and its hydrate. 
Modifi cation I and its hydrate both appeared to have two molecules per asymmetric 
unit, which was confi rmed by the single-crystal X-ray structures. Part IV (82) used 
 1 H,  13 C, and  15 N SSNMR spectroscopy to analyze polymorphism and molecular 
mobility in falicaine hydrochloride and isomorphic dyclonine hydrochloride. The 
SSNMR spectra showed that the polymorphs of both compounds have only one 
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FIGURE 17 Expanded regions of the variable temperature 13C CP/MAS spectra of α-indomethacin. 
The three groups of carbon resonances show conformational disorder for the highest frequency 
peak(s) in each region. The spectra also show that there are three molecules per asymmetric unit. 
Adapted from Ref. (79).
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molecule per asymmetric unit. Modifi cation I of both falicaine hydrochloride and 
dyclonine hydrochloride had a signifi cant amount of the corresponding modifi cation 
II°. High-temperature  13 C SSNMR spectroscopy of the mixture of falicaine hydrochlo-
ride modifi cations I and II° showed that the aromatic ring is rotating at a rate that is 
intermediate on the NMR time scale at ambient temperature. This causes broaden-
ing of the protonated ring carbons for modifi cation I such that they are not easily 
observed in the  13 C SSNMR spectrum. The authors state that a similar process is 
occurring for modifi cation I in the dyclonine hydrochloride mixture, and this can be 
readily determined by the broad peaks near the baseline at the corresponding aro-
matic chemical shift positions in the  13 C CP/MAS spectrum. In Part VII (83), the 
author mentions that the  13 C SSNMR spectra of the three polymorphic systems did 
not have signifi cant differences, although no spectra were shown for any of them. 
Only XRPD, thermal analyses, and microscopic data were shown for the poly-
morphs, but no IR, Raman, of SSNMR spectroscopic data was presented. A poten-
tially interesting study would be to see if this were a series of polymorphs that can 
only be distinguished by specifi c analytical techniques. In Part VIII (84), the authors 
used  1 H and  13 C SSNMR spectroscopy to study several solid forms of hydroxypro-
caine hydrochloride. The  1 H SSNMR spectroscopy was used to analyze the hydrogen 
bonding of the hydrate, and  13 C SSNMR spectroscopy was used to differentiate the 
two polymorphs and determine that the hydrate had two molecules per asymmetric 
unit. Part XI (85) also used  1 H SSNMR spectroscopy to study hydrogen-bonding 
differences for several hydrates. The relatively high chemical shifts of carboxylic 
acid protons made them useful for characterizing hydrogen bonds in several of 
these materials even though  1 H SSNMR peaks are typically very broad without 
very fast MAS or special pulse sequences like combined rotation and multiple pulse 
spectroscopy (CRAMPS). 

 Rubin-Preminger et al. studied polymorphs of ethambutol dihydrochloride 
diastereomers by single crystal X-ray diffraction, XRPD, SSNMR, and thermal anal-
yses (86,87). The  13 C SSNMR spectroscopy was consistent with the crystal structure 
data showing that there was half a molecule per asymmetric unit for each form. 
Ethambutol dihydrochloride is a symmetrical molecule, and this property is main-
tained in the solid state resulting in the half molecule per asymmetric unit. The  S , S -
diastereomer has four polymorphs with two pairs that are enantiotropically related. 
The  R , S -diastereomer has two enantiotropically related polymorphs. Variable tem-
perature  13 C SSNMR spectroscopy of the  S , S -diastereomer showed a solid-state 
phase transformation of a mixture of forms III and IV to form III at  ∼ 40°C and then 
back to form IV upon cooling again (87). A similar solid-state phase transformation 
occurs for form II to form I above  ∼ 70°C. The  13 C SSNMR spectra in these reports 
were very similar due to the similarity of the crystal structures for the polymorphs 
of each diastereomer. However, SSNMR spectroscopy was still sensitive and specifi c 
enough to easily distinguish the subtle differences among the solid forms. 

 Moynihan and O’Hare used IR, Raman, and SSNMR spectroscopic analyses 
to study two polymorphs of paracetamol (acetaminophen) (88). The authors note 
that IR and SSNMR spectra were useful for distinguishing the polymorphs, but the 
Raman spectra were not. The commercial form was monoclinic, and an orthorhombic 
form was produced as a mixture by melt quenching of the monoclinic material. A 
 13 C SSNMR spectrum of the orthorhombic form was obtained by subtracting the 
spectrum of the monoclinic form. The  13 C SSNMR spectra in this report use TOSS to 
suppress the spinning sidebands. The small out-of-phase peaks in each spectrum 
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are likely due to ineffi cient side band suppression from incorrectly setting the  13 C 
pulse width as noted in section “Solid-State NMR Spectroscopy” on p. 385. 

 Shaibat et al. used  13 C SSNMR spectroscopy to study polymorphs of the poten-
tial anti-leukemia compound Cu(II)(8-quinolinol) 2  (89). The paramagnetic copper 
atom increased the peak widths and shifted some of them to higher frequency for 
these molecules. The authors used relatively fast MAS of 20 kHz or more to decrease 
the peak broadening in the spectra. The interconversion of the polymorphs upon 
heating was also monitored by  13 C SSNMR. This study was a useful demonstration 
of SSNMR spectroscopy for characterizing molecular complexes having strong 
paramagnetic centers that cause peak broadening. Typically paramagnetic com-
pounds have been very diffi cult to analyze by NMR spectroscopy because of the 
very broad peaks. 

 Enright et al. studied two anhydrous polymorphs of caffeine ( Fig. 18 ) with 
single-crystal X-ray diffraction and SSNMR spectroscopy at low- and high-fi eld 
strengths (90). The high-fi eld  13 C CP/MAS SSNMR spectra had much better resolu-
tion compared to the low-fi eld data because the interaction with the quadrupolar  14 N 
nucleus was dramatically reduced ( Fig. 19 ). The anhydrous polymorphs appeared to 
be more disordered compared to the monohydrate, and the low-temperature anhy-
drous form had multiple molecules per asymmetric unit ( Fig. 20 ). These results were 
confi rmed by the single-crystal structures of each form. 

  Sheth et al. used  13 C SSNMR spectroscopy to study conversion of piroxicam 
polymorphs after cryogenically grinding them into “amorphous” solids (91). The 
“amorphous” material recrystallized to the original crystalline form during storage 
at 25°C and 0% relative humidity. This is not surprising given that forms I and II after 
cryogrinding for various times show different XRPD patterns for the most disor-
dered forms, which are actually nanocrystalline piroxicam of the corresponding 
polymorph (92). The disordered nanocrystallites act as seeds for conversion back 
into larger crystallites of the same polymorph. SSNMR spectroscopy was not very 
useful in this case because the high degree of disorder in the cryoground samples 
resulted in broad peaks that masked the small amount of nanocrystalline material. 

 Harris et al. used  1 H and  13 C SSNMR spectroscopy to study the structures of 
four carbamazepine polymorphs, a dihydrate, and acetone and dioxane solvates (93). 
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FIGURE 19 13C CP/MAS spectra of caffeine monohydrate: (A) 226.3 MHz (21.1 T) and 11.7 kHz 
MAS; (B) 50.3 MHz (4.7 T) and 2.6 kHz MAS. Asterisks indicate spinning sidebands. The assignments 
in spectrum (A) of the structure in Figure 18 are based on a spectrum obtained by liquid-state NMR 
spectroscopy. Adapted from Ref. (90).

The number of molecules per asymmetric unit was accurately determined for each 
case when compared to the crystal structures with only the triclinic form (with four 
molecules) having more than one. Computational analyses of the shielding constants 
of the P-monoclinic form were compared to the observed values and found to be 
reasonably close. The torsion angles for the P-monoclinic and trigonal forms of car-
bamazepine were also calculated and compared. The single-crystal X-ray structure 
of the dihydrate was also re-examined and determined to be monoclinic rather than 
orthorhombic as previous work had found, possibly due to micro-twinning. 

 Portieri et al. used  13 C and  15 N SSNMR,  1 H and  15 N  T  1  and  T  1  r    relaxation data, 
and CSA to study polymorphs of sulfanilamide (94). The  α ,  β , and  γ  forms were eas-
ily distinguished by  13 C SSNMR. The  1 H  T  1  values for the  α  and  γ  forms were more 
than 10 times longer than for the  β  form, but the  1 H  T  1  r    values for the  α  and  β  forms 
were about twice as long as that of the  γ  form. This indicated that the solid-state 
molecular mobility was different for each polymorph. The authors note that the 
relaxation differences are large enough to result in potentially misleading informa-
tion for mixtures of polymorphs. The peak intensities for the form with the shorter 
 1 H  T  1  relaxation time may be relatively enhanced compared to the other if the SSNMR 
spectroscopy analyses are not set up to properly account for the differences. This is 
the reason that care should be used if one anticipates that mixtures of solid forms 
might be present in a sample to be analyzed by SSNMR spectroscopy. The  13 C SSNMR 
spectroscopy of each form obtained at this relatively low fi eld strength ( ∼ 50 MHz for 
 13 C) clearly showed the quadrupolar splitting of the carbon bonded to the quadrupo-
lar  14 N nucleus. Selective  15 N-labeling at one of the two nitrogens was used to enable 
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easier analysis of the nitrogen NMR parameters. The  15 N  T  1  times for the secondary 
amine nitrogen in all three polymorphs were 100 seconds or longer as measured by 
the method of Torchia (95). The sulfonamide nitrogen  T  1  relaxation times for all three 
polymorphs were less than three seconds. The  T  1  r    relaxation times for the secondary 
amine were 0.64 milliseconds for both the  α  and  β  forms, and 1.5 milliseconds for the 
 γ  form. The  T  1  r    relaxation times for the sulfonamide group were  ∼ 4 to 10 milliseconds. 
These results indicate that the mobility is substantially different in specifi c parts of 
this small molecule. The measured chemical shielding parameters were different for 
each nitrogen but almost the same among the three polymorphs. The calculated 
shielding parameters for  13 C and  15 N were reasonably useful for analyzing the differ-
ences in the polymorphs but also show that improvements in computational methods 
are still needed to accurately determine these values for detailed understanding of 
solid molecules. 

 Lee et al. used liquid-state  13 C NMR of several amphetamines to help assign 
the  13 C SSNMR spectra (96). The various amphetamines were easily distinguished by 
SSNMR spectroscopy. The authors also dry mixed 3,4-methylenedioxy- N -methyl-
amphetamine-HCl [( R , S )-MDMA · HCl] with lactose monohydrate to mimic “Ecstasy” 
tablets. This simple mixing process involved rotating a vial of the two components 
without compression or shear forces, yet there was a very noticeable difference in the 
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FIGURE 20 13C CP/MAS spectra of caffeine solid forms at 226.3 MHz (21.1 T): (A) caffeine mono-
hydrate, (B) low-temperature anhydrous form, and (C) high-temperature anhydrous form. Asterisks 
indicate spinning sidebands. The spectra for the two anhydrous forms were acquired with 16 kHz 
MAS. Adapted from Ref. (90).
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 13 C SSNMR spectrum compared to that of the pure drug. The authors noted shifts of 
about +5.5 ppm for C8 (methylene) and –6.2 ppm for C10 (methyl). Signifi cant shifts 
of about 2.6 ppm for C1 and 1.3 ppm for C5 (both aromatic carbons) as well as a dis-
tinct increase in peak widths for the amphetamine in the mixture can also be seen in 
the spectra. A spectrum of pure lactose monohydrate was not shown for comparison, 
so the effect of mixing on it could not be determined. The authors also noted that the 
peaks shifted toward the positions of those observed in D 2 O and attributed this to 
potential hydrogen bond formation in the solid mixture. The peak broadening may 
also be due to ABMS (138–140). However, the other amphetamines did not show 
similar spectral changes upon mixing with lactose monohydrate, so there appears to 
be a specifi c intermolecular interaction, such as hydrogen bonding, resulting in a 
conformational change that occurs with ( R , S )-MDMA · HCl and causes both peak 
broadening and shifting. 

 Reutzel-Edens et al. used spectroscopic, diffraction, thermal, and water vapor 
sorption analyses to study three anhydrates, a dihydrate, and an acetic acid solvate 
of the developmental compound, LY33470 HCl (97). All of the forms had one molecule 
per asymmetric unit. An unusual observation was that form I had a much lower 
dissolution rate than the dihydrate. The liquid-state  13 C NMR spectrum was used to 
assign the peaks for the solid forms, but the peak shifting observed in the solid state 
was such that these assignments are tentative without supporting solid-state edit-
ing techniques or correlation spectroscopy. The peak of the fl uorinated aromatic 
carbon was very near the amide carbonyl peak, and the large  19 F– 13 C coupling 
constant ( ∼ 150–375 Hz or  ∼ 1.5–3.7 ppm at 9.4 T fi eld strength in this study) caused 
overlap with the amide resonance. The authors assigned three or four peaks in this 
region, although no more than two distinct peaks and a small shoulder were observ-
able for any of the spectra they reported. The largest separation between the peaks 
above 160 ppm (excluding acetic acid) is about 3.3 ppm, which is within the range 
for  19 F– 13 C coupling. The fi eld strength used for the analyses was high enough that 
the proposed residual  13 C dipolar coupling to the quadrupolar  14 N nucleus of 
the amide group could not be responsible for this larger splitting, but may produce the 
shoulders observed for forms I, II, and the dihydrate. Restricted rotation about the 
amide bond is also a potential source of additional peaks that may be asymmetric 
depending on the conformational exchange rate. Therefore, the amide carbonyl and 
fl uorinated aromatic carbon resonances appear to be overlapped with ambiguous 
chemical shift assignments without further information. A good example of the effects 
of  19 F– 13 C coupling is shown for fl urbiprofen by Antonioli and Hodgkinson (98). 

 Wang et al. studied four polymorphs of a fl uorinated NK1 receptor agonist 
referred to as Compound A ( Fig. 21 ) using variable temperature XRPD and  13 C SSNMR 
spectroscopy as well as differential scanning calorimetry, thermogravimetry, and 
microscopy (99). They found two sets of enantiotropically related polymorphs. 
Forms III and IV ( Fig. 22 ) are the high-temperature polymorphs of forms I and II 
( Fig. 23 ), respectively. The highest frequency carbon resonance was due to the fl uo-
rinated aromatic carbon at  ∼ 160 to 165 ppm, which formed an asymmetrical doublet 
similar to that observed in the spectrum of LY334370 HCl (97) but without any pos-
sible overlap from amide carbonyl peaks or spinning side bands that could lead to 
misinterpretation ( Figs. 22  and  23 ). The two trifl uoromethyl carbon resonances 
( ∼ 120–130 ppm) were very broad in forms I and II ( Fig. 23 ), but less so in forms III 
and IV ( Fig. 22 ). The high-temperature forms of compound A appear to be confor-
mational polymorphs of the low-temperature forms given the similarity of most 
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FIGURE 21 Chemical structure of Compound A. Adapted from Ref. (99).

peak positions and the potential for fl exibility for the methyl carbons and morpholine 
ring. The authors suggested that form I may have multiple molecules per asymmetric 
unit based on doublets at  ∼ 48 and  ∼ 100 ppm, but this could also be a conformational 
difference in the morpholine ring system ( ∼ 48 ppm for N–CH 2  and  ∼ 100 ppm for 
O–CH–O) given that no other peak splittings were observed in the spectrum of form 
I to support this hypothesis. However, the spectrum of form II shows four peaks 
between 20 ppm and 30 ppm corresponding to the single methyl group, indicating 
that it is in four different environments in the unit cell ( Fig. 23 ). This could result from 
conformational exchange for the mobile methyl group, but no variable temperature 
SSNMR spectra of form II were obtained to help clarify this. 

 Isotopic labeling is a very useful means of enhancing the sensitivity of NMR 
spectroscopy, particularly for biological molecules. It is used much less often for 
small molecules due to the diffi culty in synthesizing molecules with isotopes at 
specifi c locations. Booy et al. specifi cally  13 C-labeled two ethynyl and one methyl 
carbon of a steroid (Org OD 14) as a means to enhance the sensitivity for detecting 
two polymorphs in formulations having 0.5% or 2.5% API loads (100). From the  13 C 
SSNMR spectra, form I had two molecules per asymmetric unit, and form II had 
one. Under the conditions used by the authors for  13 C SSNMR, the natural abun-
dance steroid peaks were easily observed at 2.5% loading along with the much larger 
peaks from the isotopic labels. The polymorphic form was also readily determined 
from the natural abundance peaks at this loading level. For the 0.5% loading, the 
peaks of the natural abundance steroid were just visible above the noise in the baseline, 
and it was very diffi cult to determine the polymorphic form except by using the peaks 
of the labeled material. A spectrum of the pure labeled sample showed both sharp 
ethynyl carbon peaks overlapped on broader peaks, and this was also observed for 
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the spinning side bands. Although the authors attribute this to  13 C– 13 C dipolar cou-
pling, it is more likely due to some disordered  13 C-labeled material, because spin-
ning at 8 kHz would dramatically reduce or eliminate the relatively small homonuclear 
 13 C coupling as noted in section “Solid-State NMR Spectroscopy” on p. 385. Syn-
thetic isotopic labeling methods can be very useful for characterizing solid forms in 
low load formulations as long as the time and expense required for labeling the API 
is justifi ed. It may eventually be a required technique if high potency pharmaceuti-
cals become more prevalent as the current trend indicates. 

 Olejniczak et al. used 1D and 2D  13 C and  15 N SSNMR, CSA tensor analysis, and 
theoretical calculations to analyze polymorphs of  N -benzoylphenylalanine (101). The 
carbonyl carbons were  13 C-labeled, and the amide nitrogen was  15 N-labeled. This per-
mitted rapid 2D  1 H– 13 C,  13 C– 15 N, and  1 H– 15 N HETCOR analyses of the molecule. CSA 
tensor analyses ( 13 C and  15 N) and  T  1  r  H  measurements were used to estimate the relative 
strengths of the hydrogen bonds. The authors noted that  15 N CSA tensor values were 
less reliable than the  13 C values for evaluating hydrogen bonding. The  15 N chemical 
shift tends to be very sensitive to the effects of chemical bonding and coupling, which 
makes them somewhat unpredictable even in relatively simple molecules. Polymorphs 
I and II each had two molecules per asymmetric unit. Polymorph III was only obtained 
as a mixture with one or more other polymorphs that were not isolated and studied. 
The isotopic labeling as done in this study can be further exploited for structural 
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FIGURE 22 13C CP/MAS spectra of Compound A at 9.4 T and 7 kHz MAS: (A) form III and (B) form 
IV. Asterisks indicate spinning sidebands. Adapted from Ref. (99).
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analysis by using rotational echo double resonance (REDOR) to determine accurate 
internuclear distances within molecules (102,103). 

 Zhou et al. used both  1 H MAS and  2 H MAS SSNMR spectroscopy to study what 
they called “isotopomeric polymorphism” in a complex of pentachlorophenol with 
4-methylpyridine (104). This complex could also be considered a co-crystal. They 
found that the fully protonated material only produces the triclinic polymorph with 
a strong hydrogen bond, whereas the 55% or 90% deuterated material forms the disor-
dered monoclinic polymorph with a weaker hydrogen bond. The reason for deute-
rium causing weaker hydrogen bonding is not clear. It would be interesting to correlate 
the deuteron and proton covalent bond strengths with intermolecular hydrogen (or 
deuterium) bond strengths to determine what controls the resulting solid form. Neu-
tron diffraction analyses and IR spectroscopy would be useful analytical techniques 
to study this further. 

 In some cases, SSNMR spectroscopy is more useful than XRPD in distinguishing 
solid forms. Othman et al. used  1 H and  13 C SSNMR spectroscopy (CP and direct 
polarization) and XRPD to study four polymorphs and four isomorphous solvate 
hydrates of fi nasteride (105). The solvate hydrates were readily distinguished by 
SSNMR spectroscopy but not by XRPD. The solvents in the crystal structures do not 
change the packing pattern signifi cantly, but they infl uence the local electronic envi-
ronments that affect the NMR chemical shifts. The solvent molecules (other than 
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FIGURE 23 13C CP/MAS spectra of Compound A at 9.4 T and 7 kHz MAS: (A) form I and (B) form 
II. Asterisks indicate spinning sidebands. Adapted from Ref. (99).
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water) also have unique chemical shifts that are observed in the SSNMR spectra. 
This study further emphasizes the need to use multiple analytical techniques when 
characterizing solid forms, because there is no reliable way to predict which analyti-
cal technique will be appropriate for properly characterizing solid materials. XRPD 
may be the gold standard for studying solid materials, but spectroscopic techniques 
provide unique data that complements or occasionally surpasses the value of XRPD. 

 Apperley et al. used  13 C and  15 N SSNMR spectroscopy to study hydrogen 
bonding in sildenafi l citrate (active ingredient of Viagra™) upon exposure to water 
vapor (106). One of the citrate carbonyl peaks shifted to higher frequency upon expo-
sure to water vapor over a seven-day period. The other two citrate carbonyl peaks 
did not change. The authors interpreted this as one citrate carboxyl group forming a 
hydrogen bond with water. The chemical shifts of the propyl and ethoxy groups of 
sildenafi l also changed upon exposure to water vapor, which the authors suggest is 
due to water molecules occupying sites close to these groups and presumably chang-
ing the electronic environment surrounding these nuclei. However, the chemical 
shift changes may also result from modifi cation of molecular mobility, and thus the 
conformations in the crystal, due to incorporation of water. The  15 N SSNMR spec-
troscopy chemical shifts of sildenafi l varied by 0.2 to 1.5 ppm upon exposure to 
water vapor over seven days, which are relatively small changes that suggest weak 
interactions with the water molecules. The N2 and N3 nitrogens are bonded in 
sildenafi l, which resulted in the typical 1:2 doublet peaks due to the interaction of 
the  15 N dipole with the electric fi eld gradient of the  14 N nuclear quadrupole. The 
authors determined residual dipolar coupling constants of 33 Hz for  14 N3– 15 N2 and 
37 Hz for  14 N2– 15 N3. The  15 N dipolar dephasing experiment showed that N26 was 
the only protonated nitrogen of sildenafi l. The N5 peak was slightly suppressed by 
the dipolar dephasing experiment, which was interpreted to be a hydrogen bond at 
this position. The  13 C and  15 N SSNMR spectroscopy data are consistent with one 
citrate carbonyl donating a proton to N26 of sildenafi l to form a salt, while a sec-
ond citrate carbonyl is free to interact with water introduced into the sample. The 
third citrate carboxylate may have a p K  a  that signifi cantly reduces the exchange 
rate of its proton, which results in essentially no observed chemical shift changes 
for the corresponding carbonyl resonance upon exposure to water vapor. 

 Rafi lovich et al. used a number of analytical techniques including  13 C SSNMR 
spectroscopy to study polymorphs of 1,3-bis( m -nitrophenyl)urea (107). This is the 
compound where concomitant polymorphs were fi rst discovered. The authors 
found a new polymorph, designated  δ , and a monohydrate that they believe was 
previously reported as the  γ  form. They were able to obtain only the  β  form as a pure 
phase. The  α  and  δ  forms have one molecule per asymmetric unit, and the monohy-
drate and  β  forms have half a molecule per asymmetric unit based on the X-ray 
diffraction data. This was generally supported by the  13 C SSNMR spectra. However, 
the spectrum of the  α  form did not show the expected 13 peaks, although the seven 
peaks observed were substantially broader than those in the spectra of the other 
forms. This may be indicative of some disorder in the crystal structure that may be 
suffi cient to broaden the peaks and prevent observation of all of them. The authors 
were not able to obtain a  13 C SSNMR spectrum of the  δ  form, which was expected to 
show new peaks as a mixture with the  β  form. Only peaks from the  β  form were 
observed, so it was not certain whether any of the  δ  form was present or if it was 
indistinguishable from the  β  form. Small splittings for one peak due to  13 C dipolar 
coupling to the quadrupolar  14 N nucleus was observed for the monohydrate and  β  
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forms that were analyzed at  ∼ 7.1 T but not for the  α  form that was analyzed at  ∼ 11.7 T, 
which is consistent with the fi eld strength effect on dipolar coupling to quadrupolar 
nuclei. Some small chemical shift differences were observed in the  13 C SSNMR spectra 
that are consistent with the differences in hydrogen bonding among the polymorphs. 
An interesting result noted by the authors was the hydrogen bonding interactions 
observed for this molecule in acetone solution where a small amount of added 
water caused specifi c shifting of several peaks in the spectrum. This demonstrates 
that water specifi cally interacts with 1,3-bis( m -nitrophenyl)urea in the liquid-state, 
which is analogous to hydrates of solid forms. 

 Dong et al. prepared polymorphs of neotame anhydrate and studied them by 
XRPD, spectroscopy, microscopy, water vapor sorption, and thermal analyses (108). 
Forms A, D, F, and G were characterized more fully than the three forms that were 
more diffi cult to make in adequate quantities (B, C, and E). The polymorphs were 
readily distinguished by XRPD, FT-IR, and  13 C SSNMR spectroscopy. The  13 C 
SSNMR spectra of forms D and F had broader peaks, indicating some disordered 
material was present, which was also consistent with the XRPD data. Form D also 
appeared to have two polymorphs per asymmetric unit based on its  13 C SSNMR 
spectrum. The  13 C SSNMR spectra were obtained at a magnetic fi eld strength of 7.1 T, 
so splitting due to dipolar coupling of  13 C with the  14 N nucleus was observed for the 
amide carbonyl resonance. 

 A recent brief communication by Griffi n et al. demonstrated the use of  1 H 
double quantum combined rotation and multiple pulse (DQ CRAMPS (109)) NMR 
spectroscopy to distinguish the anhydrous and monohydrate pharmaceutical com-
pounds in a tablet with CaHPO 4  · 2H 2 O as the primary excipient (110). The identity 
of the compound and the loading level were not reported by the authors. However, 
the  1 H DQ CRAMPS analysis showed that the anhydrous form was present in the 
tablet, which would have been diffi cult to determine using 1D  1 H SSNMR due to 
overlap of some key resonances. The authors did not show a corresponding spec-
trum of the monohydrate in the same formulation, which would help validate this 
potentially useful technique. 

 Zhou and Rienstra used  1 H detected fast-MAS HETCOR to study acetamino-
phen and ibuprofen in tablet formulations (111). Fast MAS of 40 kHz was used with 
a 1.6 mm rotor that could hold about 6 mg of material. The fast MAS reduced the 
 1 H- 1 H dipolar coupling without using homonuclear decoupling. A major advantage 
of this technique was that it did not require the tedious calibration procedures typi-
cal of CRAMPS experiments as used by Griffi n et al. (110). The authors also used the 
technique to study hydrogen bonding and molecular motions. The  1 H detected 
HETCOR was much faster than the usual  13 C detected version particularly for acet-
aminophen ( Fig. 24 ), which had a proton  T  1  relaxation time about 30 times longer 
than that of ibuprofen ( Fig. 25 ). The spectra in  Figure 24  also show that it is important 
to acquire enough scans to obtain all of the correlations particularly for compounds 
with long relaxation times. 

  Harris et al. studied two anhydrates, a monohydrate, a higher hydrate, and an 
acetic acid solvate of terbutaline sulfate by  1 H,  13 C, and  15 N SSNMR spectroscopy as 
well as XRPD, single-crystal XRD (hydrates only), and thermal analyses (112). The 
 1 H and  13 C chemical shifts were also calculated and compared to the observed values. 
Modifi cation A had broader  13 C SSNMR spectroscopy peaks that were attributed to 
disorder or crystal defects for this form, and it has only one molecule per asymmetric 
unit. Modifi cation A also appeared to be contaminated with modifi cation B. Based 
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on the peak splitting observed in their  13 C SSNMR spectra, modifi cation B, the mono-
hydrate, and the acetic acid solvate each have two molecules per asymmetric unit. 
The  13 C chemical shifts for each molecule in the asymmetric unit of modifi cation B 
were computed, but the authors were not able to assign them to the independent 
molecules in this case. The  1 H SSNMR data and computational calculations indi-
cated that strong hydrogen bonds may be present in all the forms, but further work 
is required to obtain better evidence for this. 

 Martin-Islán et al. used XRPD, FT-IR,  13 C SSNMR spectroscopy, and thermal 
analyses to study sodium pravastatin (113). The authors found a new polymorph 
(designated M) for this compound by very slow evaporation from a solution of 
2-propanol. They also observed that sodium pravastatin tends to crystallize out as 
mixtures of multiple polymorphs (concomitant polymorphs). The polymorphs also 
tend to be disordered, which is typical of some statins due to the fl exibility of the 
alkyl groups connected to the ring structures. Therefore, it is diffi cult to determine 
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the phase purity by most analytical methods unless truly pure phases can be 
obtained and compared. Without a crystal structure available for sodium pravastatin, 
no calculated XRPD patterns were possible. However, the authors used the crystal 
structure of  tert -octylammonium pravastatin to build a model structure for sodium 
pravastatin, although they did not try to use this to calculate an XRPD pattern to 
compare with any of the forms they analyzed. The authors suggested that previ-
ously reported polymorphs of sodium pravastatin may actually be mixtures due to 
its propensity to crystallize out in multiple forms quite readily. 
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crystal structure shown in (B). The spectrum was obtained in 33 minutes with two scans per row. 
The 1H T1 relaxation time for ibuprofen was 1.7 seconds. Adapted from Ref. (111).



Solid-State Nuclear Magnetic Resonance Spectroscopy 417

 Maurin et al. studied two enantiotropically related polymorphs of roxifi ban 
by XRPD, spectroscopy, and thermal analyses (114). The FT-IR spectra were essen-
tially identical for both forms, and the FT-Raman spectra were almost indistinguish-
able. The standard DSC data for each form were the same, but the modulated DSC 
data showed some differences. The isothermal microcalorimetry data also showed 
differences between the two forms. The XRPD and  13 C SSNMR spectroscopy data 
easily differentiated both forms, although some peak regions were almost identical 
for the SSNMR spectra indicating that only part of the molecule experienced a 
change in electronic environment between the two polymorphs. Form I is the stable 
form above 132°C, and the  n -butyl group of roxifi ban showed splitting for three of 
the four aliphatic carbon resonances compared to form II. The splitting of the ali-
phatic resonances in the spectrum of form I is not necessarily indicative of two 
molecules per asymmetric unit because roxifi ban has several amide groups that may 
have restricted rotation resulting in conformational exchange. Variable-temperature 
SSNMR spectroscopy would be useful in clarifying this issue, and single-crystal 
structures of both forms would show whether there was greater disorder for the 
aliphatic region of form I.  

 SSNMR Spectroscopy of Quadrupolar Nuclei in Pharmaceuticals 
 Several studies have shown that nuclear quadrupolar resonance (NQR) spectroscopy 
can be useful in analyzing polymorphs (115,116). Blinc et al. studied polymorphs of 
fi ve sulfa drugs by using polarization enhancement of the  14 N NQR signal from pro-
tons (115). All of the drugs and their polymorphs were readily distinguished by this 
technique. Quantifi cation was possible because the signal was directly proportional 
to the amount of sample that contains nitrogen, but it requires 10 mg or more of the 
compound in a sample. The authors also note that tablets can be analyzed without 
removing them from the bottle. 

 Pérez et al. used  35 Cl NQR spectroscopy without enhancement to analyze 
chlorpropamide and sodium diclofenac (116). Chlorpropamide had two polymorphs 
with one molecule per asymmetric unit in each, and variable temperature  35 Cl NQR 
spectroscopy revealed a third low-temperature form with a phase transition at –85°C. 
Quantifi cation was also demonstrated in this study in which the limit of detection 
was near 10 mg and the limit of quantifi cation limit was approximately 20 mg. 
NQR is not very useful with disordered or amorphous materials because the 
typically broad peaks even for crystalline materials become too broad to observe 
reliably. 

 NQR spectroscopy would not be a generally applicable technique for studying 
pharmaceuticals, but it can be useful in certain cases.   

 SSNMR Spectroscopy and Structure Determination 
 Structural determination in the solid state has been primarily done using diffraction 
techniques because of their atomic resolution. SSNMR spectroscopy is potentially 
very powerful for determining the conformation of a molecule in the solid state, but 
it is practically useless for determining long-range order in solids due to its strong 
dependence on the local electronic environment surrounding each nucleus. The 
conformations of molecules in the asymmetric unit and interactions with nearest 
neighbors provide useful information about different solid forms. There are numerous 
NMR pulse sequences used for structural determinations in liquid solutions, and 
some of them have been modifi ed for use in the solid state. The orientationally 
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dependent properties of dipolar coupling and CSA have also been exploited to 
determine structure of solids at relatively high resolution. The various SSNMR 
spectroscopy techniques can also be applied to disordered solids to analyze their 
structures, although the broader peaks can make the data interpretation much more 
diffi cult. The rapid developments occurring in SSNMR spectroscopy will hopefully 
overcome some of the current limitations, particularly the broad peaks of  1 H SSNMR 
spectroscopy. Theoretical computations of chemical shifts in solid samples is also 
quite common as shown in several previous examples in section “Solid-Form Charac-
terization” on p. 398, but improvements are required to obtain more accurate chemical 
shifts particularly for very similar conformations that may exist in the unit cell. 

 Harper et al. compared the  13 C detected HETCOR and 2D INADEQUATE 
experiments for analyzing the different molecules in the asymmetric units  α -santonin, 
catechin, and calcium acetate (117). The resolution in the proton dimension of the 
HETCOR analysis tends to be low, which can make it diffi cult to assign the reso-
nances appropriately. The  13 C– 13 C INADEQUATE experiment has very low sensitivity 
(e.g., several days of data acquisition) but can show the carbon-to-carbon connections 
of a small molecule. Although the INADEQUATE experiment takes signifi cantly 
longer than the HETCOR analysis, it usually has better resolution because there is no 
 1 H dimension. 

 Harris et al. used the refocused INADEQUATE ( Figs. 26  and  27 ) and the HET-
COR ( Figs. 28  and  29 ) SSNMR spectroscopy experiments to determine most of the 
 1 H and  13 C resonance assignments for the two different molecules in the asymmetric 
unit for oxybuprocaine hydrochloride modifi cation II° (118). This required a signifi -
cant amount of data acquisition time as the INADEQUATE experiment took fi ve 
days, whereas the HETCOR took 17 hours. The authors also observed unusually 
low chemical shifts for one of the ethyl amine groups (CH 3 CH 2 NH + ) that is likely 
due to the   g -gauche  shielding effect. 

  Harper et al. used CST data to study a polymorph of paclitaxel with two mol-
ecules per asymmetric unit (119). Although they obtained useful data from the CST 
results for use with the XRPD structural refi nement, they could not assign the spe-
cifi c peaks to one or the other molecule in the asymmetric unit. Paclitaxel is quite 
complex compared to most of the molecules so far discussed, which is why it is 
much more diffi cult to interpret it SSNMR spectra. 

 Harris et al. used the  13 C– 13 C INADEQUATE experiment to assign the reso-
nances of the two molecules in the asymmetric unit of the  α  form of testosterone 
(120). The SSNMR spectroscopy information was also used to test the accuracy of 
computed chemical shifts. Although the chemical shift calculations were reason-
ably close to the observed values, they were not accurate enough to differentiate 
between the molecules in the asymmetric unit. 

 Mifsud et al. used  1 H– 1 H DQ-CRAMPS,  1 H– 13 C INEPT-HSQC, and computa-
tion of  1 H and  13 C chemical shifts to study crystalline penicillin G (121). The reso-
nance assignments were determined using through-space  1 H– 1 H correlations from 
the DQ-CRAMPS technique and the through-bond  1 H– 13 C correlations from the 
INEPT-HSQC technique. The computational results worked reasonably well for both 
 1 H and  13 C chemical shifts, although the aromatic resonances are probably the least 
reliable considering that fi ve to six peaks are observed in a rather narrow chemical 
shift range. The variety of SSNMR techniques currently available allows one to ana-
lyze solids in many ways, which will lead to improved computational predictions of 
NMR properties and much better structural determinations of solids.   
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 SSNMR Spectroscopy of Biopharmaceuticals 
 Biopharmaceuticals have been a rapid growth area in the pharmaceutical industry. 
Biopharmaceuticals are usually large molecules produced by living organisms, and 
most of those currently developed as pharmaceuticals tend to be proteins, particu-
larly monoclonal antibodies. However, biopharmaceuticals can also be oligonucle-
otides, polysaccharides, and lipids with benefi cial pharmacological properties. 
SSNMR spectroscopy is a very useful technique for studying crystalline and amor-
phous forms of proteins. Most pharmaceutical proteins are delivered in the lyo-
philized form primarily because protein crystals usually need a signifi cant amount 
of liquid water to remain crystalline. The value of crystalline protein pharmaceuti-
cal formulations has been discussed in the literature (122). Production of crystalline 
formulation rather than the typical amorphous formulation may be benefi cial for 
manipulating the stability or bioavailability of a biopharmaceutical. 

 Several studies have shown that SSNMR spectroscopy readily differentiates pro-
tein polymorphs (123,124). Five polymorphs of the protein GB1 ( β 1 immunoglobulin 
binding domain of protein G, 56 residues,  ∼ 6202 Da) were analyzed by  13 C SSNMR 
spectroscopy and XRPD (123). SSNMR spectroscopy showed the characteristic sharp 
peaks for the crystalline forms ( Figs. 30  and  31 ). Although there was signifi cant over-
lap due to the number of carbons in the molecule, the resolution was suffi cient to easily 
identify the polymorphs. 
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  Martin and Zilm analyzed fi ve proteins with MW between  ∼ 8 and 56 kDa by 
 13 C SSNMR spectroscopy and XRPD ( Figs. 32  and  33 ) (124). They showed that 
microcrystalline and nanocrystalline proteins produced essentially identical SSNMR 
spectra for cases where the nanocrystals were 100 nm or larger ( Fig. 33 ). The authors 
also demonstrated some potentially useful procedures for making batch quantities of 
submicrometer size crystals and preparing small samples of wet crystals for SSNMR 
spectroscopy. 

  The need for molecular-level characterization of biopharmaceutical solids is 
likely to increase in the coming years as more of these molecules are developed to 
treat a wide variety of diseases. SSNMR spectroscopy of biopharmaceuticals may 
be a useful extension of liquid-state NMR spectroscopy of these large molecules. 
NMR spectroscopy of proteins, oligonucleotides, and polysaccharides in aqueous 
or organic solutions provides a detailed fi ngerprint of the molecule, which is a very 
powerful tool for comparing biopharmaceuticals. SSNMR spectroscopy is particu-
larly useful for characterizing biopharmaceuticals because amorphous forms can be 
also analyzed and usually have unique spectra. Comparability of biologicals in the 
solid state has the potential to be a major application of SSNMR spectroscopy in 
pharmaceutical development.   

 Quantifi cation with SSNMR Spectroscopy 
 The diffi culties in performing quantitative SSNMR spectroscopy have been discussed 
by Harris (125). Stephenson et al. have reviewed quantitative X-ray diffraction, vibra-
tional spectroscopy, and SSNMR spectroscopy (126). The main problem for quanti-
tative SSNMR spectroscopy is ensuring that the relative peak areas are accurate for 
the components in the sample. For CP methods (e.g.,  13 C CP/MAS) where the 
sensitivity enhancement is provided by  1 H to  13 C magnetization transfer, there are 
three main relaxation processes that need to be considered (127): (1) The CP time 
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( T  CH ), (2) the rotating frame spin-lattice relaxation time for protons ( T  1  r  H ), and (3) 
the spin-lattice relaxation time for protons ( T  1H ). The corresponding  13 C relaxation 
times ( T  1  r  C  and  T  1C ) usually to not have a signifi cant effect on the observed signal 
for CP spectra. The  T  CH  determines how rapidly each carbon resonance gets 
enhanced by  1 H polarization transfer. Relatively immobile carbons with directly 
bonded protons will be polarized most rapidly. The  T  1  r  H  determines how rapidly 
the rotating frame  1 H magnetization decreases, and it competes with  T  CH  during the 
CP process. This means that if  T  1  r  H  is rapid, then  T  CH  will not be able to enhance 
some or all of the  13 C resonances suffi ciently for CP to be useful. The  T  1H  determines 
how rapidly the equilibrium magnetization of each proton is re-established, and 
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therefore, how long one must wait between pulses.  Figure 34  shows how the length 
of the delay between pulses affects the recovery of magnetization. A delay of 
approximately three times the relevant  T  1  value is required for greater than 90% of 
the magnetization to recover. Because protons are the most prevalent atom in phar-
maceutical solids and have strong dipolar coupling, spin polarization will be rapidly 
distributed over the entire molecule (spin diffusion). Spin diffusion usually results 
in a single  T  1H  relaxation time for a compound. Even if an internal standard is used, 
some corrections would be necessary to obtain quantitative data from CP/MAS 
spectra due to the potential differences in relaxation times. 

  Direct polarization  13 C MAS experiments can be used for quantitative SSNMR 
analyses, but this requires waiting at least fi ve times the  T  1C  between scans for 
greater than 99% of the magnetization to recover. Carbon-13 relaxation times can be 
several to many minutes long, making it impractical to obtain good signal averaging 
in a reasonable amount of time for many solid materials. 
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 Formoterol fumarate dihydrate was quantifi ed at 0.45% in lactose by  13 C 
SSNMR, and the dihydrate to anhydrate ratio could be quantifi ed to 2% in lactose 
(128). It is typical for quantifi cation of polymorph mixtures to be more diffi cult than 
quantifi cation of a single polymorph mixed with excipients because most active 
pharmaceutical compounds are well resolved from excipients but much less so 
from a polymorph. 

 Ziarelli et al. have discussed quantitative  13 C and  23 Na MAS SSNMR spectros-
copy using an unusual external electronic signal (ERETIC™) as a quantifi cation 
standard (129). They also show that using the center portion of the rotor is neces-
sary to obtain the most accurate results, which has been previously discussed by 
Campbell et al. (130). 

 Offerdahl et al. quantifi ed different forms of neotame by  13 C CP/MAS SSNMR 
spectroscopy (131). Their technique requires the determination of  T  CH  and  T  1  r  H  of the 
pure forms, obtaining spectra of mixtures using at least fi ve different contact times 
that are >5  ×   T  CH , and calculating the  T  1  r  H  for each component from a plot of the peak 
area versus contact time. The resulting graph gives a straight line with the y-intercept 
equal to the quantity of the particular component in the sample. The authors found a 
quantifi cation limit of  ∼ 1% to 2%, and that both polymorphs contained a signifi cant 
amount of amorphous material.   

 Miscellaneous Applications of SSNMR Spectroscopy 
 SSNMR spectroscopy can be used to analyze essentially any solid with NMR 
active nuclei. Small organic molecules are the typical compounds used for active 
pharmaceuticals, although larger proteins are being developed at a rapid rate. 
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Less commonly used as pharmaceuticals are carbohydrates, lipids, and nucleic 
acids. Tautomerization, ABMS, solid-state dynamics, hydrogen bonding, and p K  a s 
can also be analyzed by SSNMR. All of these applications have potential uses in char-
acterizing pharmaceutical solids, and some examples of these are discussed in this 
section. 

 Paradowska et al. studied seven crystalline methyl glycopyranosides by  13 C 
SSNMR spectroscopy and XRPD (132). Sugars tend to be structurally very similar and 
potentially diffi cult to differentiate by spectroscopic techniques. However, the  13 C 
SSNMR spectra were very different for each of the sugars in this study. One of the 
sugars had two molecules per asymmetric unit, whereas another was apparently con-
taminated with an unknown sugar that may have two molecules per asymmetric 
unit. The authors used XRPD and calculated patterns from the single-crystal structure 
to confi rm the results from SSNMR spectroscopy. 

 Yoshinari et al. studied the effect of water on the  β  and  δ  polymorphs of man-
nitol by DSC, scanning electron microscopy (SEM), XRPD, FT-IR,  13 C SSNMR spec-
troscopy, and water vapor sorption analyses (133). SSNMR spectroscopy was used 
to confi rm the  δ  polymorph because the crystal structure had not been obtained for 
it. Upon exposure of the  δ  polymorph to 97% relative humidity overnight, it com-
pletely converted to the  β  polymorph. The  1 H and  13 C  T  1  relaxation times were 
obtained for the  β  and  δ  polymorphs. The  1 H  T  1  relaxation time was quite long as is 
typical for sugars ( ∼ 4 and  ∼ 8 minutes for  β  and  δ , respectively), and the  13 C  T  1  relax-
ation times were as much as 15 times longer than the  1 H  T  1  relaxation times. Surpris-
ingly, the authors used a very short relaxation delay (0.1 second) to obtain the  13 C 
SSNMR spectroscopy. This would require many more scans and more time to obtain 
useful data given that the relaxation delay was  ∼ 0.05% of shortest  1 H  T  1 , and 0.02% 
of the longest  1 H T 1 (0). For most pure compounds with long  1 H  T  1  relaxation times, 
a  13 C CP/MAS with an acceptable signal-to-noise ratio can be obtained using a 
relaxation delay of 0.5 to 1.0 times the  1 H  T  1  relaxation time and relatively few scans 
( ≤ 100). A very useful alternative for obtaining spectra of nuclei with long relaxation 
times is the fl ip-back pulse sequence (134). 

 Colsenet et al. used  13 C CST analysis and  1 H SSNMR spectroscopy to study 
hydrogen bonding in malonic acid by lyophilization of solutions at various pH values 
(135). The   d   11 ,   d   22 , and   d   iso  chemical shift tensor values had signifi cant changes with pH, 
whereas the   d   33  value did not change very much. The authors also calculated the p K  a s 
of the carboxylate groups with  13 C SSNMR spectroscopy determinations of the acid 
to base ratios in the solid samples. 

 Mirmehrabi et al. used X-ray diffraction,  13 C SSNMR, FT-IR, scanning electron 
microscopy, and thermal analysis to study tautomerization in two forms of raniti-
dine hydrochloride (136). Tautomers undergo a confi gurational change in bonding 
to give a different isomer of the molecule, and these isomers exist in an equilibrium 
state among the various confi gurations depending on the conditions. This is in con-
trast to the more common conformational changes without bond breaking that lead 
to polymorphism. A change in protonation state is the most common tautomeric 
process because it requires less energy to break and reform bonds with electronega-
tive atoms such as oxygen and nitrogen. The authors performed the  13 C SSNMR 
spectroscopy at 9.4 T with a 3.2 mm rotor and relatively fast MAS at 20 kHz. Both 
forms I and II appeared to have one molecule per asymmetric unit. The spectrum of 
form II showed signifi cant peak broadening especially in the aliphatic region, which 
is consistent with a disordered crystalline solid. The single-crystal X-ray structure 
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confi rmed the disorder in form II, but no crystal structure was obtained for form I 
because only small crystals (1–10 µm) could be grown. The higher degree of order 
in form I was obvious from the  13 C SSNMR spectra, although this was not confi rmed 
by another technique in their study. The highest frequency carbon resonance (C15) 
was noticeably broader than the other resonances (particularly for form I) because 
C15 was bonded to two nitrogens. There was no asymmetrical splitting for this car-
bon resonance because the fi eld strength was high enough to reduce the coupling 
with the  14 N quadrupole. 

 Novoa de Armas et al. studied two polymorphs of ranitidine base with XRPD, 
hot-stage microscopy, DSC, thermogravimetry, FT-IR spectroscopy, and  13 C SSNMR 
spectroscopy (137). The XRPD data was used to determine the crystal structure of 
forms I and II. The SSNMR spectra easily showed the differences between the solid 
forms, and that there was no indication of a mixture of tautomers as previously 
observed for the hydrochloride salt (136). The authors state that only X-ray crystal-
lography can determine which tautomer is present, but SSNMR spectroscopy could 
also be used to do this, although it would probably be much more diffi cult. SSNMR 
analysis of the tautomers might require  15 N labeling for  15 N CP/MAS or REDOR 
analysis (102,103). 

 Barich et al. studied peak widths of ibuprofen in various formulations by  13 C 
SSNMR spectroscopy, XRPD, and SEM (138). The authors note that they could not 
make an amorphous form of ibuprofen, and it has no known polymorphs. The effect 
of ABMS was tested by mixing ibuprofen with materials that had different ABMS 
such as talc, hydroxypropyl methyl cellulose, and croscarmellose sodium (139,140). 
The concentration of the material and its particle size both affected the observed 
SSNMR peak widths of ibuprofen. The authors note that peak broadening observed 
after tableting may be due to reduction in the particle size or elimination of air from 
the voids. This is because air has much lower magnetic susceptibility than the sur-
rounding solid. The authors also note that SSNMR spectroscopy can be used to 
study crystalline domain size, although they did not have any specifi c examples of 
this important issue in their report. The domain size of nanocrystalline materials is 
important for differentiating them from amorphous or disordered solids, such as 
solid dispersion formulations. The distance-dependent properties of NMR spec-
troscopy are particularly useful for studying domain sizes in solids, but this topic is 
outside the scope of this chapter. 

 Adam-Berret et al. used  13 C SSNMR spectroscopy to analyze the metastable  α  
and stable  β  polymorphs of fi ve triacylglycerols important in the food industry 
(141). The  1 H  T  1  and  T  2  relaxation times were determined a 9.4 T, whereas variable-
temperature low-resolution time-domain NMR spectroscopy at 0.47 T was also used 
to measure the dipolar second moments of the polymorphs. They were able to dis-
tinguish the different triacyglycerol polymorphs by their different relaxation times 
(due to mobility differences) as well as by the chemical shift differences. 

 SSNMR spectroscopy can be a powerful analytical tool for partially ordered 
systems. Crowley et al. studied mesophases resulting from solid–solid transforma-
tions of lipids using variable-temperature  13 C SSNMR spectroscopy and  T  1  relaxation 
times (142). They found that  α -oleic acid and both forms of propranolol oleate were 
conformationally disordered crystalline phases. 

 Hughes and Harris used  13 C SSNMR spectroscopy to monitor crystallization 
of the  α  and  γ  polymorphs of  13 C-labeled glycine from H 2 O and D 2 O solutions 
(143). Both H 2 O and D 2 O show nucleation of  α -glycine, but this converts to 
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 γ -glycine for the D 2 O solution (>80% within  ∼ 6 hours). The greater CP effi ciency 
of  α -glycine ( ∼ 3-fold) was not a signifi cant factor in observing the transformation, 
although the quantifi cation would be unreliable without specifi cally accounting 
for the differences. 

 Xu and Harris monitored the dehydration of sodium acetate trihydrate dur-
ing  13 C SSNMR spectroscopic analyses at several spinning rates, and confi rmed the 
resulting solid form by XRPD (144). Their dehydration process produced form I 
from the trihydrate when all other studies had shown that the  β  form results from 
dehydration. A mixture of forms I and  β  are observed at lower spinning speed 
(3 kHz), and the ratio of form I increased at higher spinning speed (7 kHz). The fi nal 
product after about fi ve days was a mixture of forms I and  β . Form I had previously 
been obtained by vacuum drying of the  β  form. However, the authors demonstrated 
with  13 C SSNMR spectroscopy that both form I and  β  are simultaneously produced 
during the drying process rather than an initial transformation of the trihydrate to 
the  β  form followed by dehydration to form I. Pure form  β , obtained by dehydration, 
was also rotated at 3 and 7 kHz and did not convert to form I, which demonstrates 
that a transformation of form  β  to form I was not occurring.    

 SUMMARY 
 SSNMR spectroscopy is a versatile analytical technique for characterizing a wide 
variety of solid materials. Differentiating polymorphs is only one potential applica-
tion, but it is critical to pharmaceutical development. SSNMR spectroscopy particu-
larly stands out for mixture analysis, studying dynamic processes, and conformational 
analysis. It should be used routinely as one of the analytical techniques for character-
izing pharmaceuticals as part of regulatory submissions. SSNMR spectroscopy is par-
ticularly suitable for patent applications of formulated pharmaceuticals because of its 
high specifi city compared to XRPD or vibrational spectroscopy.     
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 INTRODUCTION 
 It has now been amply demonstrated that the different lattice energies (and entropies) 
associated with different polymorphs or solvates give rise to measurable differences 
in the physical properties (density, color, hardness, refractive index, conductivity, 
melting point, enthalpy of fusion, vapor pressure, etc.). Even the explosive power of 
cyclotetramethylene-tetranitramine depends on which of its four polymorphs is 
being used (1). We have seen in previous chapters that the different lattice energies 
of polymorphs or solvates give rise to different solubilities and dissolution rates. If 
the solubilities of the various solid forms are suffi ciently different, they can be very 
important during the processing of drug substances into drug products (2), and 
may have implications for the adsorption of the active drug from its dosage form 
(3). These concerns have led to an increased regulatory interest in the solid-state 
physics of drug substances, and in their characterization (4–10). 

 That the crystal structure can have a direct effect on the solubility of a solid can 
be understood using a simple model. For a solid to dissolve, the forces of attraction 
between solute and solvent molecules must overcome the attractive forces holding 
the solid intact and the solvent aggregates together. In other words, the solvation free 
energy released upon dissolution must exceed the lattice free energy of the solid plus 
the free energy of cavity formation in the solvent for the process to proceed spontane-
ously. The balance of the attractive and disruptive forces will determine the equilib-
rium solubility of the solid in question (which is an exponential function of the free 
energy change of the system). The enthalpy change and the increase in disorder of the 
system (i.e., the entropy change) determine the Ostwald free energy change. Because 
different lattice energies (and enthalpies) characterize different crystal structures, the 
solubility of different crystal polymorphs (or solvate species) must differ as well. 
Finally, the act of dissolution may be endothermic or exothermic in nature, so that 
measurements of solution calorimetry can be used to provide important information 
on the substance under study. The most common solvent media used in the charac-
terization of polymorphs or solvates are liquids or liquid mixtures that give rise to 
liquid solutions of the solute (11) and that constitute the focus of this chapter. 

 The effect of polymorphism becomes especially critical on solubility because the 
rate of compound dissolution must also be dictated by the balance of attractive and 
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disruptive forces existing at the crystal–solvent interface. A solid having a higher 
lattice free energy (i.e., a less stable polymorph) will tend to dissolve faster, because 
the release of a higher amount of stored lattice free energy will increase the solubility 
and hence the driving force for dissolution. At the same time, each species would 
liberate (or consume) the same amount of solvation energy, because all dissolved spe-
cies (of the same chemical identity) must be thermodynamically equivalent. The vary-
ing dissolution rates possible for different structures of the same drug entity can, in 
turn, lead to varying degrees of bioavailability for different polymorphs or solvates. 
To achieve bioequivalence for a given drug compound usually requires equivalent 
crystal structures in the drug substance, although exceptions are known to exist. 

 The dissolution rate and solubility in a solvent medium are one of the most 
important characteristics of a drug substance, because these quantities determine 
the bioavailability of the drug for its intended therapeutic use. Solubility is defi ned 
as the equilibrium concentration of the dissolved solid (the solute) in the solvent 
medium, and is ordinarily a function of temperature and pressure.   

 EQUILIBRIUM SOLUBILITY 
 The capacity of any system to form solutions has limits imposed by the phase rule 
of Gibbs: 

      +  =  + 2F P C   (1)  

 where  F  is the number of degrees of freedom in a system consisting of  C  components 
with  P  phases. For a system of two components and two phases (e.g., solid and 
liquid) under the pressure of their own vapor and at constant temperature,  F  equals 
zero. If one of the phases consists solely of one component (a pure substance), the 
equilibrium solubility at constant temperature and pressure is a fi xed quantity that 
is given as the amount of solute contained in the saturated solution in a unit amount 
of the solvent or solution. 

 For any case in which  F  is zero, a defi nite reproducible solubility equilibrium 
can be reached. Complete representation of the solubility relations is accomplished 
in the phase diagram, which gives the number, composition, and relative amounts 
of each phase present at any temperature in a sample containing the components 
in any specifi ed proportion. Solubilities may therefore be expressed in any appro-
priate units of concentration, such as the quality of the solute dissolved (defi ned 
mass, number of moles) divided by the quantity either of the solvent (defi ned 
mass, volume, or number of moles) or of the solution (defi ned mass, volume, or 
number of moles). Jacques et al. have provided a compilation of the expressions for 
concentration and solubility (12).  

 Determination of Equilibrium Solubility 
 Methods for the determination of solubility have been thoroughly reviewed 
(11,13–15), especially with respect to the characterization of pharmaceutical solids 
(16). Solubility is normally highly dependent on temperature, so the temperature 
must be recorded for each solubility measurement in addition to the precise 
nature of the solvent and the solid phase at equilibrium. Plots of solubility against 
temperature are commonly used for characterizing pharmaceutical solids, and 
have been extensively discussed (11,17,18). Frequently (especially over a relatively 
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narrow temperature range), a linear relationship may be given either by a van’t 
Hoff plot: 

      sat
2ln  = (– / ) + X a RT c′   (2)  

 or by a Hildebrand plot: 

      sat
2ln  = ( / )ln  + X b R T c′′   (3)  

 In  equations (2)  and  (3) ,  X  2  
sat  is the mole fraction solubility of the solid solute at 

an absolute temperature  T ,  a  is the apparent molar enthalpy of solution,  b  is the 
apparent molar entropy of solution, and  c  ′  and  c ″    are constants. The combined 
equation, attributed to Valentiner, has been used by Grant et al. (17) in the form: 

      sat
2ln  = (– / ) + ( / )ln  + X a RT b R T c′′′   (4)  

 This three-parameter equation enables solubility to be simulated and correlated 
quite accurately over a wide temperature range (e.g., 60°C). 

 As implied in the previous paragraph, the validity of the afore-mentioned 
equations requires that each crystal phase is stable with respect to the absence of 
any phase conversion during the determination of equilibrium solubility. Quite 
different methods of analysis must be considered if the substance under study is 
known to undergo a solution-mediated phase transformation. 

 Two general methods, the analytical method and the synthetic method (16), 
are available for determining solubility. In the analytical method, the temperature 
of equilibration is fi xed, whereas the concentration of the solute in a saturated 
solution is determined at equilibrium by a suitable analytical procedure. The ana-
lytical method can be either the traditional, common batch agitation method, or 
the more recent fl ow column method. In the synthetic method, the composition of 
the solute–solvent system is fi xed by appropriate addition and mixing of the solute 
and solvent, then the temperature at which the solid solute just dissolves or just 
crystallizes is carefully bracketed. 

 Another technique that has recently gained attention is that of the potentio-
metric titration method (19–21). The results of this technique have been favorably 
compared to that of the analytical shake fl ask method (20). In order to utilize this 
method a compound must be ionizable with some appreciable solubility. If com-
pound solubility is too low, then cosolvents may be utilized; however, this 
complicates and can confound analysis. Fioritto et al. investigated the pH-metric 
method for determining the solubility and conversion of eight polymorphic com-
pounds (22). Llinas et al. have used a potentiometric method referred to as the 
“chasing equilibrium” method (23) to determine the inter-conversion and solubility 
properties of hydrate polymorphs of sparfl oxacin (24). 

 It is usually not diffi cult to determine the solubility of solids that are moderately 
soluble (greater than l mg/mL), but the direct determination of solubilities much less 
than l mg/mL is not straightforward. Problems such as slow equilibrium resulting 
from a low rate of dissolution, the infl uence of impurities, the apparent heterogeneity 
in the energy content of the crystalline solid (25), and analytical variability, can lead to 
large discrepancies in reported values. For example, reported values of the aqueous 
solubility of cholesterol range from 0.25 to 2600 mg/mL (26).   
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 Metastable Solubility 
 Because only one member of a family of polymorphs or solvates can be the most 
thermodynamically stable form under a given set of environmental conditions 
defi ned by the phase rule, one frequently fi nds that one form spontaneously con-
verts to another form during the time required to establish equilibrium solubility. 
The existence of an unexpected metastable solubility can lead to important (and 
possible undesirable) consequences. For digoxin, unexpectedly high solubility 
values and abnormally high dissolution rates have resulted in the overdosing 
of patients before the phenomenon of its solid-state phase conversion was prop-
erly understood and controlled (27). This phenomenon was caused by higher 
energy crystals resulting from a greater density of crystal defects rather than by 
polymorphism. 

 Any metastable phase will have a higher free energy than would a thermo-
dynamically more stable phase, and will undergo a phase transformation to the 
more stable phase once the activation energy barrier is overcome. Often the barrier 
to phase transformation is merely the improbability of a suitable nucleation step. 
Hence, only fortuitously unfavorable kinetics permitted a determination of the 
equilibrium solubility of the various higher energy phases discussed in the preceding 
section. 

 Conversions of a metastable phase into a more stable phase may include 
the transformation of one polymorphic phase into another, the solvation of an 
anhydrous phase, the desolvation of a solvate phase, the transformation of an 
amorphous phase into a crystalline anhydrate or solvate phase, the degradation of 
a crystalline anhydrate or solvate phase to an amorphous phase, or in the case of 
digoxin, the conversion of imperfect (less crystalline, more amorphous) crystals 
with a high density of defects into more perfect (more crystalline) crystals with 
a lower density of defects. Although it is straightforward to determine the equi-
librium solubility of a phase that stablizes with respect to conversion, the measure-
ment of solubilities of metastable phases that are susceptible to conversion is not a 
trivial matter. 

 Because determinations of the solubility of solid materials are often made 
by suspending an excess of the compound in question in the chosen solvent or 
other dissolution medium, the application of this equilibrium method to a meta-
stable phase will result in a determination of the solubility of the stable phase. One 
of the attempts to measure the solubility of a metastable polymorph was made by 
Milosovich, who developed a method based on the measurement of the intrinsic 
dissolution rates (IDR) and used it to deduce the relative solubilities of sulfathiazole 
Forms I and II (28). This method assumes that the IDR is proportional to the solu-
bility, the proportionality constant being the transport rate constant that is constant 
under constant hydrodynamic conditions in a transport-controlled dissolution 
process. Nogami et al. have also used intrinsic dissolution rate models for charac-
terizing compounds that have metastable states with relatively fast conversion 
times (29,30). 

 Ghosh and Grant have developed an extrapolation technique to determine 
the solubility of a crystalline solid that undergoes a phase change upon contact 
with a solvent medium (31). They proposed a thermodynamic cycle analogous to 
Hess’s law, but based on free energies, and used this cycle to predict the theoretical 
solubility of solvates in water. In the model systems to which the technique was 
applied, good agreement was obtained between the solubility values measured 
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by equilibration (and derived from an extrapolation method in a mixed solvent 
system), and those derived from the extrapolation method and calculated by means 
of the thermodynamic cycle. 

 A light-scattering method has recently been described for the determination 
of the solubility of drugs, and its application to solubility evaluations of metastable 
phases has also been demonstrated (32). Using this technique to deduce solubility 
data for theophylline anhydrate (metastable with respect to the monohydrate 
phase in bulk water at room temperature), agreement with the most reliable litera-
ture data was excellent. The light-scattering method appears to be most useful in 
the determination of solubility data for metastable crystal phases in dissolution 
media in which they spontaneously and rapidly convert into a more stable crystal 
phase. 

 Because the solubility determination of metastable polymorphs is often 
challenging due to conversion kinetics, it is useful to pursue theoretical calcula-
tions based on pure component properties (e.g., transition temperatures, entropy, 
and enthalpy of melting). Indeed, the rigorous derivation of polymorph ideal 
solubility from fi rst principals can be considered and is detailed elsewhere (18,33,34). 
A practical consideration when using the ideal solubility equation is to assume that 
polymorphs have similar heat capacity terms, and that the change in the heat capacity 
from the solid to the liquid state is negligible. Using these heat capacity assumptions, 
Mao et al. (34) have shown that for a monotropic polymorph system, the relationship 
between the solubility of polymorph 1 ( X  1 ) and polymorph 2 ( X  2 ) is, 

      
( )
1 m2 m1 m2 m1
( )
2

– –
log

i

i

X H H S S
X RT R

ª ∆ ∆ ∆ ∆+   (5)  

 where ∆ H  m  and ∆ S  m  are the enthalpy and entropy of melting, respectively. 
 For the enantiotropic systems, the difference in solubility between two 

forms is 
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 where  T  t  is the transition temperature and ∆ S  t  is the entropy of transition. 
 Mao et al. found that the calculated solubility ratios based on good thermal 

data were in good agreement for representative enantiotropic and monotropic 
experimental data. From their work they provided a guide for calculating poly-
morph solubility ratios based on differential scanning calorimetry (DSC) thermal 
observations. A modifi ed guide is given in  Table 1 .    

 Apparent Solubilities of Polymorphic Systems 
 The thermodynamic relationships examined in involving polymorphism and 
solubility has been applied to the methylprednisolone system (35). The solubilities 
of the two polymorphs of this steroid were determined at various temperatures in 
water, decyl alcohol, and dodecyl alcohol. Because the chemical potential and 
thermodynamic activity of the drug in the solid state and in each saturated solution 
is constant, the solubility ratios for the two forms (which may be found in  Table 2 ) 
were found to be independent of the solvent. The enthalpy, entropy, and temperature 
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 TABLE 1    Decision Scheme for Choosing a Solubility Ratio Equation Based on Different DSC 
Thermal Observations  

Observations Methodology

Transition 
observed?

Melting 
point

Heat of event a Solubility Relationship b Transition 
temperature a 

Equation c 

No  T  2  >  T  1 ∆ H  m2  > ∆ H  m1  S  1  >  S  2 Monotropic n.a. Mono (M)
Yes No  T  1   

 T  2  seen
∆ H  ′  t seen  
No ∆ H  m1   
∆ H  m2  seen

 S  1  >  S  2 Enantiotropic  T  t   ≤   T   ′   t   
 T  t  <  T 

Enant (E)

Yes No  T  1   
 T  2  seen

∆ H  ′   t  seen  
No ∆ H  m1   
∆ H  m2  seen

 S  2  >  S  1 Enantiotropic  T  t   ≤   T   ′  t   
  T  <  T  t 

Enant (E)

No  T  2  >  T  1 ∆ H  m1  > ∆ H  m2  S  2  >  S  1 Enantiotropic  T  t  >  T Mono (M)
No  T  2  >  T  1 ∆ H  m1  > ∆ H  m2  S  1  >  S  2 Enantiotropic  T  t  <  T Mono (M)

Adapted from Ref. (34).
 a  T  t  is the equilibrium transition temperature and  T   ′   t  is the solid – solid transition temperature observed by DSC 
(∆ H   ′   t  is the heat at  T   ′   t ).
 b Relationship represents the actual thermodynamic relationship between the polymorphs.
 c Equation refers to the equation that can be used in practice to estimate the solubility ratio based on the data 
observed.

 TABLE 2    Equilibrium Solubility and Solubility Ratios of the Polymorphs of Methylprednisolone in 
Different Solvent Systems (35)  

Temperature (°C) Solubility (mg/mL)

Form I Form II Solubility ratio (II/I)

 In Water 
30 0.09 0.15 1.67
39 0.12 0.20 1.67
49 0.16 0.26 1.63
60 0.21 0.33 1.57
72 0.30 0.43 1.43
84 0.43 0.55 1.28

 In Decyl Alcohol 
30 2.9 4.8 1.66
39 3.5 5.7 1.63
49 4.3 6.9 1.60
60 5.5 8.6 1.56
72 8.3 11.9 1.43
84 – – –

of transition calculated from the data were 1600 cal/mol, 4.1 cal/K · mol, and 118°C, 
respectively.  

 Solubility determinations were used to characterize the polymorphism of 
3-(((3-(2-(7-chloro-2-quinolinyl)-( E )-ethenyl)-phenyl)-((3-dimethylamino-3-
oxopropyl)-thio)-methyl)-thio)-propanoic acid (36). The solubility of Form II was 
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found to be higher than that of Form I in both isopropyl alcohol (IPA, solubility ratio 
approximately 1.7 from 5°C to 55°C) and in methyl ethyl ketone (MEK, solubility 
ratio approximately 1.9 from 5°C to 55°C), indicating that Form I is the thermo-
dynamically stable form in the range of 5°C to 55°C. An analysis of the entropy 
contributions to the free energy of solution from the solubility results implied that 
the saturated IPA solutions were more disordered than were the corresponding 
MEK solutions, in turn, indicating the existence of stronger solute–solvent inter-
actions in the MEK solution. This fi nding corroborated results determined for the 
enthalpy with respect to the relative idealities of the saturated solutions. 

 Phenylbutazone has been found capable of existing in fi ve different polymor-
phic structures, characterized by different X-ray powder diffraction patterns and 
melting points (37). The equilibrium solubilities of all fi ve polymorphs in three 
different solvent systems are summarized in  Table 3 . Form I exhibits the highest 
melting point (suggesting the least energetic structure at the elevated temperature), 
whereas its solubility is the lowest in each of the three solvent systems studied 
(actually demonstrating the lowest free energy). These fi ndings indicate that Form 
I is the thermodynamically most stable polymorph both at room temperature and at 
the melting point (105°C). However, identifi cation of the sequence of stability for the 
other forms at any particular temperature was not straightforward. Following one 
common convention, the polymorphs were numbered in the order of decreasing 
melting points, but the solubility data does not follow this order. This fi nding 
implies that the order of stability at room temperature is not the same as that at 
100°C, and emphasizes that only measurements of solubility can predict the stability 
order at room temperature. If different polymorphs are not discovered in the 
same study, they are ordinarily numbered according to the order of discovery to 
avoid re-numbering those discovered earlier. Ostwald’s rule of stages, discussed in 
Chapter 1, explains why metastable forms are often discovered fi rst.  

 Gepirone hydrochloride was found to exist in at least three polymorphic forms, 
whose melting points were 180°C (Form I), 212°C (Form II), and 200°C (Form III) 
(38). Forms I and II, and Forms I and III, were deduced to be enantiotropic pairs in 
the sense that their  G  versus  T  curves crossed. Form III was found to be monotropic 
with respect to Form II, because the  G  versus  T  curves did not cross below their 
melting points, and because there was no temperature at which Form III was the 
most stable polymorph. The solubility data illustrated in  Figure 1  were used to 
estimate a transition temperature of 74°C for the enantiotropic Forms I and II, whereas 
the reported enthalpy difference was 4.5 kcal/mot at 74°C and 2.54 kcal/mot at 25°C. 

 TABLE 3    Equilibrium Solubility of Phenylbutazone Polymorphs, at Ambient Temperature in Different 
Solvent Systems (37)  

Solvent system Solubility (mg/mL)

I II IV V III

pH 7.5 Phosphate buffer 4.80 5.10 5.15 5.35 5.9
Above buffer with 0.05% Tween 80 4.50 4.85 4.95 5.10 5.52
Above buffer with 2.25% PEG 300 3.52 5.77 5.85 6.15 6.72

 Note : The polymorphs are listed in order of increasing free energy at ambient temperature.
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The most stable polymorph below 74°C was Form I, whereas Form II was the most 
stable above 74°C.  

 The effect of solvent composition on the solubility of polymorphs was inves-
tigated with cimetidine (39). Both forms exhibited almost identical melting points, 
but Form B was found to be less soluble than Form A, identifying it as the most 
stable polymorph at room temperature. The two forms were more soluble in mixed 
water–isopropanol solvents than in either of the pure solvents, refl ecting the balance 
between the solvation of the molecules by water and isopropanol in determining 
the activity coeffi cient of the solute, and hence, the solubility. At constant tem-
perature, the difference in the Gibbs free energy and the solubility ratio were 
constant, independent of the solvent system. 

 The equilibrium solubilities of two polymorphs of an experimental anti-viral 
compound were used to verify the results of solubility ratio predictions made on the 
basis of melting point and beat of fusion data (40). Even though the solubilities of 
Forms I and III were almost equal in three different solvent systems, the theoretically 
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 FIGURE 1    Temperature dependence of the equilibrium solubilities of two polymorphic forms of 
gepirone hydrochloride (38).    



444 Brittain et al.

calculated solubility ratio agreed excellently with the experimentally derived 
ratios in all of the solvent systems studied. The highest melting form (Form I) was 
found to be more soluble at room temperature, indicating that an enantiotropic 
relationship existed between Forms I and III. 

 It is well established that the temperature range of thermodynamic stability 
(and certain other quantities) can be determined from measurements of the equi-
librium solubilities of the individual polymorphs (41). In one such study, the two 
polymorphic forms of 2-[[4-[[2-(1 H -tetrazol-5-ylmethyl)-phenyl]-methoxy]-phenoxy]
methyl]-quinoline were found to exhibit an enantiotropic relationship, because their 
 G  versus  T  curves intersected with Form I melting at a lower temperature than did 
Form II (42). Form I was determined to be the more thermodynamically stable form 
at room temperature, although the solubility of the two forms was fairly similar. 
The temperature dependence of the solubility ratio of the two polymorphs afforded 
the enthalpy of transition (Form II to Form I) as +0.9 kcal/mol, whereas the free 
energy change of this transition was –0.15 kcal/mol. 

 Aqueous suspensions of tolbutamide were reported to thicken to a non-
pourable state after several weeks of occasional shaking, whereas samples of the 
same suspensions that were not shaken showed excellent stability after years of 
storage at ambient and elevated temperature (43). Examination by microscopy 
revealed that the thickening was due to partial conversion of the original plate-like 
tolbutamide crystals to very fi ne needle-shaped crystals. The new crystals were 
identifi ed as a different polymorphic form, and did not correspond either to a solvate 
species or to crystals of a different habit. The crystalline conversion was observed to 
take place in a variety of solvents, the rate of conversion being faster in solvents 
where the drug exhibited appreciable solubility. Because the conversion rate in 
1-octanol was relatively slow, use of this solvent permitted an accurate solubility 
ratio of 1.22 to be obtained (Form I being more soluble than Form III). 

 The polymorphism and phase interconversion of sulfamethoxydiazine 
(sulfameter) have been studied in detail (44). This compound can be obtained in 
three distinct crystalline polymorphs, with the metastable Form II being suggested 
for use in solid dosage forms on the basis of its greater solubility and bioavailability 
(45). However, the formulation of Form II in aqueous suspensions was judged 
inappropriate because of the fairly rapid rate of transformation to Form III. This 
behavior is illustrated in  Figure 2 , which shows that seeding of a Form II suspension 
with Form III crystals greatly accelerates the phase conversion. It was subsequently 
learned that phase conversion could be retarded by prior addition of various formu-
lation additives, possibly permitting the development of a suspension containing 
the metastable Form II (46). Although there are many examples of the conversion of 
a metastable polymorph to a stable polymorph during the dissolution process, some 
of them seminal (47,48), the use of tailor-made additives to inhibit the crystallization 
of a more stable polymorph is relatively recent (49–52).  

  Table 4  provides a practical perspective of the differences in solubility that 
may be observed for compounds that exhibit different polymorphic states. The 
experimental data in  Table 4  is a non-exhaustive list of solubility ratios (solubility of 
metastable/solubility of stable form) for 30 compounds abstracted from the scientifi c 
literature. When many of the reports offer solubilities at multiple equilibration tem-
peratures, representative values nearest to 25–37°C are presented. Acemetacin, 
acetohexamide, cyclopenthiazide, and oxyclozamide on this list are the only com-
pounds that show solubility ratios of greater than 3.0. Most metastable phases have 
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 FIGURE 2    Effect on the solubility of sulfamethoxydiazine Form II by seeding with crystals of Form 
III. Shown are the dissolution profi les of Form II (-▲-), Form III (-■-), and Form II seeded with Form 
III after 20 minutes elapsed time (-▼-) (46).    

apparent solubilities that are 25% to 100% greater than the polymorph with the low-
est solubility. This results in a free energy of transition ( ∆  G  tr ) of 132–410 cal/mol. As 
can be seen in the case of buspirone hydrochloride, the magnitudes of the solubilities 
vary considerably by solvent; however, because of the independence of the solubility 
ratio from the solvent identity, the ratio is virtually constant.  

 Pudipeddi and Serajuddin (81) have compiled 81 solubility ratios for 55 different 
drugs having polymorphic crystal forms, and their results are seen to parallel those 
of  Table 4 .  Figure 3  combines the data from  Table 4  with those of Pudipeddi and 
Serajuddin to offer a more comprehensive evaluation of observed solubility ratios. 
The 128 compounds utilized in  Figure 3  are presented in order of increasing solubility 
ratios. Eighty-one percent of the polymorphs have solubility ratios between 1 and 
2, whereas 9% of them have ratios greater than 3.5. Although these relative increases 
in solubility may be characterized as modest, for water-insoluble drugs exhibiting 
dissolution rate-limited absorption, this difference can be important for therapeutic 
activity.    

 Apparent Solubilities of Systems Having Solvate Phases 
 When the hydrates or solvates of a given compound are stable with respect to phase 
conversion in a solvent, the equilibrium solubility of these species can be used to 
characterize these systems. For instance, the equilibrium solubility of the trihydrate 
phase of ampicillin at 50°C is approximately 1.3 times that of the more stable 



446 Brittain et al.

 TABLE 4    Representative Examples of Solubility Differences Between Polymorphs  

Drug Solvent/Temp. Solubilities Ratio Ref.

Acetohexamide Distilled water  
37°C

I 27  µ g/mL  
II 32  µ g/mL

II/I = 1.2 53

0.1 N HCl  
30°C

V 31.4  µ g/mL  
IV 16.3  µ g/mL  
III 10.4  µ g/mL  
I 8.4  µ g/mL

V/I = 3.7  
IV/I = 1.9  
III/I = 1.2

54

Acemetacin Butanol  
20°C

I 9.18 mM  
II 15.33 mM  
IV 19.00 mM  
V 25.65 mM  
III 43.44 mM

II/I = 1.7  
IV/I = 2.1  
V/I = 2.8  
III/I = 4.7

55

Acetazolamide pH 7 Phosphate buffer  
25°C

A 2.04 mg/mL  
B 2.28 mg/mL

B/A = 1.1 56

Auranofi n 25% aq. PEG 200  
37°C

A 0.55 mg/mL  
B 1.35 mg/mL

B/A = 2.5 57

Benoxaprofen pH 7 Phosphate buffer  
25°C

I 230  µ g/mL  
II 150  µ g/mL

I/II = 1.5 58

Buspirone HCl Distilled water  
20°C

I 101.1 g/100 g  
II 190.0 g/100 g

II/I = 1.9 59

Isopropanol  
20°C

I 0.43 g/100 g  
II 0.80 g/100 g

II/I = 1.9

60:40 
Water:isopropanol  
20°C

I 84.93 g/100 g  
II 133.02 g/100 g

II/I = 1.6

Carbamazepine 2-Propanol  
26°C

I 11.16 mg/mL  
II 9.27 mg/mL

I/II = 1.2 60

{4-(4-Chloro-3-
fl uorophenyl)-2-[4-
(methyloxy)phenyl]-1,3-
thiazol-5-yl} acetic acid

Acetonitrile  
8.9°C

I 10.6 mg/mL  
II 13.3 mg/mL

II/I = 1.2 61

Acetonitrile  
43.1°C

I 20.0 mg/mL  
II 16.0 mg/mL

I/II = 1.2

Cyclopenthiazide Distilled water  
37°C

I 34.7  µ g/mL  
II 61.8  µ g/mL  
III 17.2  µ g/mL

I/III = 2.0  
II/III = 3.6

62

Difenoxin HCl 1% aq. tartaric acid  
37°C

I 4.5 mg/100 mL  
II 3.1 mg/100 mL

I/II = 1.5 63

Famotidine Methanol  
37°C

B 11 mg/mL  
A 6 mg/mL

B/A = 1.8 64

Frusemide pH 5 Acetate buffer  
37°C

II 57.1 mg/100 mL  
I 35.2 mg/100 mL

II/I = 1.6 65

Gepirone HCl  n -Pentyl alcohol  
20°C

II 10.01 mg/mL  
I 3.79 mg/mL

II/I = 2.6 38

Glibenclamide Distilled water  
37°C

II 1.06 mg/100 mL  
I 0.66 mg/100 mL

II/I = 1.6 66

Glycine Distilled water  
25°C

 α  226.8 g · kg –1   
 γ  202.1 g · kg –1 

 α / γ  = 1.2 67

Indomethacin Distilled water  
35°C

 α  0.87 mg/100 mL  
 γ  0.69 mg/100 mL

 α / γ  = 1.3 68

(Continued )
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anhydrate phase at room temperature (82). However, below the transition tempera-
ture of 42°C, the anhydrate phase is more soluble and is therefore less stable. These 
relationships are illustrated in  Figure 4 .  

 Amiloride hydrochloride can be obtained in two polymorphic dihydrate 
forms, A and B (83). However, each solvate dehydrates around 115°C to 120°C, and 
the resulting anhydrous solids melt at the same temperature. However, form B was 
found to be slightly less soluble than form A between 5°C and 45°C, indicating that 
it is the thermodynamically stable form at room temperature. The temperature 

 TABLE 4    Representative Examples of Solubility Differences Between Polymorphs (Continued )  

Drug Solvent/Temp. Solubilities Ratio Ref.

Mefl oquine HCl Distilled water  
37°C

E 5.1 mg/mL  
D 4.3 mg/mL

E/D = 1.2 69

Meprobamate Distilled water  
25°C

II 6.2 mg/mL  
I 3.3 mg/mL

II/I = 1.9 70

MK571 Isopropyl alcohol  
25°C

II 0.390 mg/mL  
I 0.228 mg/mL

II/I = 1.7 36

Methyl ethyl ketone  
25°C

II 2.40 mg/mL  
I 1.24 mg/mL

II/I = 1.9

Nateglinide pH 6.8 Phosphate  
buffered saline 25°C

H 1663.6 ug/mL  
B 1192.5 ug/mL  
S 1553.6 ug/mL

H/B = 1.4  
S/B = 1.3

71

Nimodipine Distilled water  
25°C

I 0.036 mg/100 mL  
II 0.018 mg/100 mL

I/II = 2.0 72

5-Nor-Me Ethanol  
27.8°C

R 2.83 mg/mL  
O 3.06 mg/mL

O/R = 1.1 73

Oxyclozamide 0.1% aq. tween 80  
25°C

III 109 ppm   
I 73 ppm  
I 28 ppm

III/I = 3.9  
II/I = 2.6

74

Phenylbutazone pH 7 Phosphate buffer  
36°C

I 288.7 mg/100 mL  
II 279.9 mg/100 mL  
III 233.6 mg/100 mL  
IV 213.0 mg/100 mL

I/IV = 1.4  
II/IV = 1.3  
III/IV = 1.1

75

Phenobarbital Distilled water  
25°C

II-Ba 1.39 mg/mL  
II 1.28 mg/mL  
III-Cy 1.17 mg/mL

II-Ba/III = 1.2  
II/III = 1.1

76

Piretanide pH 1.2  
37°C

B 13.3 mg/100 mL  
A 8.3 mg/100 mL

B/A = 1.6 77

Retinoic acid 30:70 Water:methanol  
37°C

I 0.097 mg/100 mL  
II 0.129 mg/100 mL

II/I = 1.3 78

Seratrodast pH 8 Phosphate buffer  
25°C

I 0.543 mg/mL  
II 0.817 mg/mL

II/I = 1.5 56

Sulfanilamide Ethanol  
39–40°C

Ortho 21.4 g/1000 g  
Mono 14.0 g/1000 g

O/M = 1.5 79

Tolbutamide Distilled water  
37°C

I 14.61 mg/100 mL  
III 13.03 mg/100 mL

I/III = 1.1 80

Octanol  
30°C

I 23.54 mg/mL  
III 19.33 mg/mL

I/III = 1.2
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dependencies of the solubility data were processed by the van’t Hoff equation to 
yield the apparent enthalpies of solution of the two polymorphic dihydrates. 

 The solubility of polymorphic solids derived from the anhydrate and mono-
hydrate phases of tranilast crystals were evaluated, as were materials processed 
from them to enhance in vitro availability and micromeritic properties (84). Agglom-
erates of monohydrate phases I, II, or III were produced using different crystallization 
solvents and procedures. Monohydrate Form I transformed directly to the stable 
 α -form upon dehydration, whereas Forms II and III dehydrated to the amorphous 
and  β  phases, respectively. The apparent equilibrium solubilities of monohydrate 
Form II and the amorphous form were much higher than those of the  α  and  β  forms 
due to their high surface energies. The solubilities of tranilast hydrate phases 
exceeded those of the anhydrate phases, which runs counter to the commonly 
observed trend and suggests that the anhydrate/hydrate transition temperatures 
are below the temperature of measurement. An analogous situation applies to the 
anhydrate and trihydrate phases of ampicillin (82) discussed above. The trihydrate 
phase is more soluble than the anhydrate phase at 50°C, because the transition 
temperature (42°C) is lower. 

 Carbamazepine is known to exist in both an anhydrate and a dihydrate form, 
with the anhydrate spontaneously transforming to the dihydrate upon contact with 
bulk liquid water (85). The anhydrous phase is reported to be practically insoluble 
in water, but this observation is diffi cult to confi rm owing to its rapid transition to 
the dihydrate phase. The rates associated with the phase transformation process 
have been studied, and appear to follow fi rst-order kinetics (86). Interestingly, 
the only difference in pharmacokinetics between the two forms was a slightly higher 
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 FIGURE 3    One hundred twenty-eight literature solubility ratios (metastable form/stable form) for 
polymorphic systems.    
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absorption rate for the dihydrate (87). The slower absorption of anhydrous carbam-
azepine was attributed to the rapid transformation to the dihydrate, accompanied 
by a fast growth in particle size. Comparison of the bioavailabilities of different 
polymorphs of a given drug suggest that signifi cant differences are found only 
when the polymorphs differ signifi cantly in Gibbs free energy deduced from the 
ratio of solubilities or intrinsic dissolution rates, as in the case of chloramphenicol 
palmitate. 

 A monohydrate phase of metronidazole benzoate exhibited solubility properties 
different from those of the commercially available anhydrous form (88). The mono-
hydrate was found to be the thermodynamically stable form in water below 38°C. 
The enthalpy and entropy changes of transition for the conversion of the anhydrate 
to the monohydrate were determined to be –1200 cal/mol and –3.7 cal/K · mol, 
respectively. This transition was accompanied by a drastic increase in particle size, 
and caused physical instability of oral suspension formulations. These fi ndings 
were taken to imply that any difference in bioavailability between the two forms 
could be attributed to changes in particle size distribution, and not to an inherent 
difference in the in vivo activity at body temperature. 

 Recognizing that the hydration state of a hydrate depends on the water activity, 
in the crystallization medium, Zhu and Grant investigated the infl uence of solution 
media on the physical stability of the anhydrate, trihydrate, and amorphous forms 
of ampicillin (89). The crystalline anhydrate was found to be kinetically stable in the 
sense that no change was detected by powder X-ray diffraction for at least fi ve days 
in methanol/water solutions over the whole range of water activity ( a  v  = 0 for pure 
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 FIGURE 4    The van’t Hoff plot for the anhydrate (-�-), and trihydrate (-■-) phases of ampicillin in 
water (82).    
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methanol to  a  v  = 1 for pure liquid water). However, addition of trihydrate seeds to 
ampicillin anhydrate suspended in methanol/water solutions at  a  v   ≥  0.381 resulted 
in the conversion of the anhydrate to the thermodynamically stable trihydrate. The 
trihydrate converted to the amorphous form at  a  w   ≤  0.338 in the absence of anhydrate 
seeds, but converted to the anhydrate phase at  a  w   ≤  0.338 when the suspension was 
seeded with the anhydrate. These trends are illustrated in  Figure 5 . The metastable 
amorphous form took up water progressively with increasing  a  w  from 0.000 to 
0.338 in the methanol/water mixtures. The most signifi cant fi nding of this work 
was that water activity was the major thermodynamic factor determining the nature 
of the solid phase of ampicillin, which crystallized from methanol/water mixtures.  

 Perhaps the most studied example of phase conversion in the presence of 
water concerns the anhydrate to monohydrate transition of theophylline. It had 
been noted in a very early work that the anhydrous phase would convert to the 
monohydrate phase within seconds of exposure of the former to bulk water (90). 
The conversion to the monohydrate phase was also demonstrated to take place 
during wet granulation (91), and could even occur in processed tablets stored under 
elevated humidity conditions (92). The diffi culty in determining the equilibrium 
solubility of theophylline anhydrate is evident in the literature, which reports a 
wide range of values (93–95). Better success has been obtained in mixed solvent 
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 FIGURE 5    Conversion of ampicillin anhydrate to the trihydrate phase at various water activities 
after seeding with the trihydrate. Shown are the concentration–time data at  a  w  = 1.0 (-■-),  a  w  = 0.862 
(-▲-), and  a  w  = 0.338 (-▼-). The curves were adapted from data originally presented in Ref. (89).    
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 TABLE 5    Representative Examples of Solubility Differences Between Solvated Systems  

Drug Solvent/Temp. Crystal forms and solubilities Ratio Ref.

Ampicillin Water  
Not given

Anhydrate 10.1 mg/mL  
Trihydrate 7.6 mg/mL

A/T = 1.3 99

Calcium 
gluceptate

Distilled water  
22°C

Anhydrate 1.3 molal  
I (3.5 hydrate) 0.07 molal

A/I = 18.6 100

DMHP Distilled water  
25°C

DMHP anhydrate 0.109 M  
DMHP formate 0.894 M

F/A = 8.2 31

Formoterol 
fumarate

Water  
RT

A (anhydrate A) 4.7 mM  
B (anhydrate B) 3.5 mM  
C (anhydrate C) 7.5 mM  
D (dihydrate) 1.5 mM

A/D = 3.1  
B/D = 2.3  
C/D = 5.0

101

Furosemide Water*  
37°C

Dioxane solvate (X) 25.9  µ g/mL  
DMF solvate (D) 24.7  µ g/mL  
Form I anhydrate 19.8  µ g/mL

X/A = 1.3  
D/A = 1.2

102

GK-128 pH 4.0 acetate buffer  
25°C

Anhydrate I 16.4 mg/mL  
Hemihydrate 9.3 mg/mL  
Monohydrate 7.6 mg/mL

A/M = 2.2  
H/M = 1.2

103

Glibenclamide Distilled water  
37°C

Pentanol solvate 
33.7 mg/100 mL  
Toluene solvate 2.5 mg/100 mL  
Form II nonsolvate 
1.06 mg/100 m

P/II = 31.8  
T/II = 2.4

66

Lamivudine Distilled water  
25°C 
Ethanol  
25°C

I (0.2 hydrate) 84.9 mg/mL  
II (anhydrate) 98.1 mg/mL  
I (0.2 hydrate) 18.5 mg/mL  
II (anhydrate) 11.4 mg/mL

II/I = 1.2  
I/II = 1.6

104

Mebendazole Water  
Not given

DMA solvate (X) 5.82  µ g/mL  
DMF solvate (D) 4.86  µ g/mL  
Anhydrate 3.16  µ g/mL

X/A = 1.8  
D/A = 1.5

105

Paroxetine HCl Distilled water  
20°C

I (hemihydrate) 4.9 mg/mL  
II (anhydrate) 8.2 mg/mL

II/I = 1.7 106

Piroxicam 0.1 N HCl  
25°C  
0.1 N HCl  
30°C

A (anhydrate) 11.90 mg/L  
B (monohydrate) 12.30 mg/L  
A (anhydrate) 10.58 mg/L  
B (monohydrate) 14.64 mg/L

B/A = 1.0  
B/A = 1.4

107

Sulfamethoxazole 0.1 N HCl  
25°C

A (anhydrate) 119.3 mg/100 mL  
B (monohydrate) 
97.5 mg/100 mL

A/B = 1.2 108

Sparfl oxacin 0.15 M KCl  
25°C

A (anhydrate) 5600  µ g/mL  
B (trihydrate) 167  µ g/mL

A/B = 33.5 24

Theophylline pH 6 phosphate 
buffer,  
25°C

Anhydrate 12 mg/mL  
Monohydrate 6 mg/mL

A/M = 2.0 109

systems, as in the work of Zhu and Grant (97), analogous to the experiments with 
ampicillin (89). However, the data obtained in water-rich solutions was distorted by 
the formation of the monohydrate phase (96,97,98). 

  Table 5  provides literature solubility data for some representative solvated 
systems. The experimental data in  Table 5  is a non-exhaustive list of solubility 
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ratios (solubility of metastable/solubility of stable form) for 14 different com-
pounds. In general, the solubility ratios for the solvated systems are greater than 
those of the polymorphic systems. In the case of glibenclamide and sparfl oxacin, 
metastable solids have a 30-fold increase in solubility.  Figure 6  combines the 
data from  Table 5  and additional solvated system identifi ed by Pudipeddi and 
Serajuddin (81). The 68 data points, representing 34 different compounds in 
 Figure 6  are presented in order of increasing solubility ratios. Sixty-nine percent of 
the polymorphs have solubility ratios between 1 and 2, whereas 15% have ratios 
greater than 3.5.      

 SOLUTION CALORIMETRY 
 The practice of thermochemistry involves measurement of the heat absorbed 
or evolved when a chemical or physical reaction occurs. Such work entails the 
determination of the amount of heat,  q , in the First Law of Thermodynamics: 

      d  =  – E q wδ δ   (7)  

      d  =  + dH q V Pδ   (8)  

 The usual practice for solution calorimetry is to conduct the studies at constant pres-
sure, so that the enthalpy change equals either the heat evolved (for an exothermic 
change) or the heat absorbed (for an endothermic change). The principal chemical 
requirement for calorimetry is that the measured heat change must be assignable to 
a defi nite process, such as the dissolution of a solute in a solvent medium.  
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 FIGURE 6    Sixty-eight literature solubility ratios (metastable form/stable form) for metastable 
solvated systems.    



Effects of Polymorphism and Solid-State Solvation 453

 Enthalpies of Solution 
 When a solute is dissolved in a solvent to form a solution, there is almost always 
absorption or evolution of beat. According to the principle of Le Chatelier, substances 
that absorb heat as they dissolve must show an increase in solubility with an increase 
in temperature. Those that evolve heat upon dissolution must become less soluble 
at higher temperatures. 

 The heat change per mole of solute dissolved varies with the concentration,  c , 
of the solution that is formed. It is useful to plot the total enthalpy change,  ∆  H , at 
constant temperature against the fi nal molar concentration. This type of curve 
increases rapidly at low solute concentrations, but levels off at the point when the 
solution is saturated at the temperature of the experiment. The magnitude of the 
enthalpy change at a given concentration of solute divided by the corresponding 
number of moles of that solute dissolved represents the increase in enthalpy per 
mole of solute when it dissolves to form a solution of a particular concentration. 
This quantity is called the  molar integral heat of solution  at the given concentration. 
The integral heat of solution is approximately constant in dilute solution, but 
decreases as the fi nal dissolved solute concentration increases. 

 For hydrated salts and salts that do not form stable hydrates, the integral heat 
of solution is ordinarily positive, meaning that heat is absorbed when these sub-
stances dissolve. When the anhydrous form of a salt capable of existing in a hydrated 
form dissolves, there is usually liberation of heat energy. This difference in behavior 
between hydrated and anhydrous forms of a given salt is attributed to the usual 
negative change in enthalpy (evolution of heat) associated with the hydration 
reaction. 

 Because the heat of solution of a solute varies with its fi nal concentration, 
there must be a change of enthalpy when a solution is diluted by the addition of 
solvent. The  molar integral heat of dilution  is the change in enthalpy resulting when a 
solution containing one mole of a solute is diluted from one concentration to another. 
According to Hess’s law, this change in enthalpy is equal to the difference between 
the integral heats of solution at the two concentrations. 

 The increase of enthalpy that takes place when one mole of solute is dissolved 
in a suffi ciently large volume of solution (which has a particular composition), such 
that there is no appreciable change in the concentration, is the  molar differential heat 
of solution . When stating a value for this quantity, the specifi ed concentration and 
temperature must also be quoted. Because the differential heat of solution is almost 
constant in very dilute solutions, the molar differential and integral heats of solu-
tion are equal at infi nite dilution. At higher concentrations, the differential heat of 
solution generally decreases as the concentration increases. 

 The  molar differential heat of dilution  may be defi ned as the heat change when 
one mole of solvent is added to a large volume of the solution at the specifi ed 
concentration. The difference between the integral heats of solution at two different 
concentrations corresponds to the heat of dilution between these two concentrations. 
The heat of dilution at a specifi ed concentration is normally obtained by plotting 
the molar heat of solution at various concentrations against the number of moles of 
solvent associated with a defi nite quantity of solute, and fi nding the slope of the 
curve at the point corresponding to that particular concentration. Because of the 
approximate constancy of the molar integral heat of solution at small concentrations, 
such a curve fl attens out at high dilutions, and the differential heat of dilution then 
approaches zero. 
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 The molar differential heats of solution and dilution are examples of partial 
molar properties, which are important thermodynamic quantities that must be used 
whenever systems of variable composition, such as solutions, are involved.   

 Principles Underlying Partial Molar Quantities 
 A solution that is deduced to be ideal of the chemical potential (  µ  i  ) of every com-
ponent is a linear function of the logarithm of its mole fraction ( X i  ), according to 
the relation: 

      m m  = * + ln i i iRT X   (9)  

 where   m  i      * is the (hypothetical or actual) value of   m  i       when  X i   equals unity, and is a 
function of temperature and pressure. A solution is termed ideal only if  equation (9)  
applies to every component in a given range of composition (usually corresponding 
to dilute solutions), but it is not necessary that the relation apply to the whole range 
of composition. Any solution that is approximately ideal over the entire composition 
range is termed perfect solutions, although there are relatively few such solutions 
known. However, because a given solution may approach ideality over a limited 
composition range, it is worthwhile to develop the equations further. 

 When substance  i  is present both as a pure solid and as a component of an 
ideal solution, the condition of equilibrium may be stated as: 

      s  = * + ln i i iRT Xm m   (10)  

 where   m  i   
s  is the chemical potential of the pure solid, and  X i   is the mole fraction in the 

solution. Rearranging, one fi nds: 

      m msln  = ( / ) – ( */ )i i iX RT RT   (11)  

 According to the phase rule, this two-component, two-phase, system is characterized 
by two degrees of freedom. One concludes that both the temperature and pressure 
of the solution can be varied independently. Because the pressure on the system is 
normally held fi xed as that of the atmosphere during solubility studies, integration 
of  equation (11)  yields: 

      s 2( ln / )  = (  – )/i P i iX T H H RTδ δ   (12)  

  H i   is the partial molar enthalpy of the component in the ideal solution, and  H i   
s  is its 

enthalpy per mole as the pure solid. The equation may therefore be rewritten as: 

      2( ln / )  = /i P iX T H RTδ δ ∆   (13)  

 where   ∆ H i   is the heat absorbed (at constant temperature and pressure) when one 
mole of the component dissolves in the ideal solution. As stated above this quantity 
is the differential heat of solution, and is given by: 

      s  =  – i i iH H H∆   (14)  
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 Provided that the solution remains ideal up to  X i   = 1, and because  H i   is independent 
of composition in the region of ideality,  H i   is the same as the enthalpy per mole of 
the pure liquid component.  ∆  H i   is equal to its molar heat of fusion, which was 
formerly termed the molar latent heat of fusion. It is noted, however, that these 
quantities refer to the temperature at which the solution having mole fraction  X i   is 
in equilibrium with the pure solid. 

 If one now assumes that  ∆  H i   is independent of temperature over a narrow 
temperature range, then equation (13) can be integrated at constant pressure to 
yield: 

      1 2 2 1ln( / ) = ( / ){(1/ ) – (1/ )}iX X H R T T∆   (15)  

 where  X  1  and  X  2  refer to the solubilities (expressed as mole fractions) of the sol-
ute at temperatures  T  1  and  T  2 , respectively. If  equation (15)  remains approximately 
valid up to a mole fraction of unity, this situation corresponds to that where pure 
liquid solute is in equilibrium with its own solid at the melting point. In that case, 
 equation (15)  yields: 

      mln  = ( / ){(1/ ) – (1/ )}iX H R T T∆   (16)  

 where  X  is the solubility at temperature  T , and  T  m  is the melting point of the solute. 
 ∆  H i   is the heat of solution, but by the nature of the assumptions that have been 
made is also equal to the latent heat of fusion ( ∆  H  f ) of the pure solute. 

 Because the number of energy levels available to take up thermal energy is 
greater in the liquid state than in the solid state, the heat capacity of a liquid 
frequently exceeds that of the same substance in the solid state. As a result,  ∆  H  f  
must be assumed to be a function of temperature. If one assumes the change in heat 
capacity to be constant over the temperature range of interest, then one can use the 
relation: 

      R R =  + (  – )i p iH H C T T∆ ∆ ∆   (17)  

 where  ∆  H  R  is the heat of solution at some reference temperature,  T  R . This situation 
has been treated by Grant and coworkers (17), who have provided the highly useful 
 equation (8)  for the treatment of solubility data over a wide range of temperature 
values.  Equation (8)  was originally derived by Valentiner by substituting the expres-
sion for  ∆  H i   [ equation (17) ] into the differential form of the van’t Hoff [ equation (13) ], 
and integrating. In  equation (8) ,  a  is equal to  ∆  H  R  when  T  R  equals 0 K, while  b  is equal 
to  ∆  C p  . 

 The determination of solubility data over a defi ned temperature range can there-
fore be used to calculate the differential heat of solution of a given material. For 
instance, the data illustrated in the bottom half of  Figure 1  indicate that  equation (16)  
can be used to deduce a value for the molar differential heat of solution of gepirone. 
In addition, the fact that Forms I and II yield lines of different slopes indicates the 
existence of unique values of the molar differential heats of solution for the two 
polymorphs. One can subtract the differential heats of solution obtained for the 
two polymorphs to deduce the heat of transition ( ∆  H  T ) between the two forms: 

      B A
T S S  =  – H H H∆ ∆ ∆   (18)  
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 where  ∆  H  S  
A  and  ∆  H  S  

B  denote the differential heats of solution for polymorphs A and 
B, respectively. 

 The validity of the assumption regarding constancy in the heats of solution 
for a given substance with respect to temperature can be made by determining the 
enthalpy of fusion ( ∆  H  F ) for the two forms, and then taking the difference between 
these: 

      B A
T F F =  –H H H∆ ∆ ∆′   (19)  

 where  ∆  H  ′  T  represents the heat of transition between forms A and B at the melting 
point. The extent of agreement between  ∆  H  T  and  ∆  H  ′  T  can be used to estimate the 
validity of the assumptions made. 

 For example, the heats of fusion and solution have been reported for the 
polymorphs of auranofi n (57), and these are summarized in  Table 6 . The similarity 
of the heats of transition deduced in 95% ethanol (2.90 kcal/mol) and dimethylfor-
mamide (2.85 kcal/mol) with the heat of transition calculated at the melting point 
(3.20 kcal/mol) provides a fair estimation of the thermodynamics associated with 
this polymorphic system.  

 Because of the temperature dependence of the various phenomena under 
discussion, and because of the important role played by entropy, discussions 
based purely on enthalpy changes are necessarily incomplete. One can rearrange 
 equation (9)  to read: 

      s* –  = – ln i i iRT Xm m   (20)  

 where the left-hand side of the equation represents the difference in chemical 
potential between the chemical potential of  i  in its pure solid and the chemical 
potential of this species in the solution at a defi ned temperature and pressure. This 
difference in chemical potential is by defi nition the molar Gibbs free energy change 
associated with the dissolution of compound  i , so one can write: 

      s  = – ln iG RT X∆   (21)  

 TABLE 6    Heats of Solution and Fusion Measured for the Polymorphs of Auranofi n (57)  

Heat of solution, 95% 
ethanol (kcal/mol)

Heat of solution, 
dimethylformamide (kcal/mol)

Form A 12.42 5.57
Form B 9.52 2.72
Differential heat of solution 2.90 2.85

 Heat of fusion (kcal/mol) 

Form A 9.04
Form B 5.85
Differential heat of formation 3.20
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 where  ∆  G  s  is the molar Gibbs free energy of solution. By analogy with  equation (12) , 
the molar Gibbs free energy associated with the transformation of polymorph A to 
B is given by: 

      B A
T S S  =  –  G G G∆ ∆ ∆   (22)  

          A B= ln( / )RT X X   (23)  

 where  X  A  and  X  B  are the equilibrium solubilities of polymorphs A and B, respectively, 
expressed in units of mole fraction. 

 Finally, the entropy of solubility ( ∆  S  s ) is obtained from the relation: 

      s s s  = {  – G }/S H T∆ ∆ ∆   (24)  

 For basic thermodynamic understanding of the solubility behavior of a given 
substance,  ∆  G  s ,  ∆  H  s , and  ∆  S  s  must be determined. Similarly, a basic thermodynamic 
understanding of a polymorphic transition requires an evaluation of the quantities 
 ∆  G  T ,  ∆  H  T , and  ∆  S  T  associated with the phase transition. 

 To illustrate the importance of free energy changes, consider the solvate 
system formed by paroxetine hydrochloride, which can exist as a non-hygroscopic 
hemihydrate or as a hygroscopic anhydrate (106). The heat of transition between 
these two forms was evaluated both by DSC ( ∆  H  ′  T  = 0.0 kJ/mol) and by solution 
calorimetry ( ∆  H  T  = 0.1 kJ/mol), which would indicates that both forms are isoen-
thalpic. However, the free energy of transition (–1.25 kJ/mol) favors conversion of 
the anhydrate to the hemihydrate, and such phase conversion can be initiated by 
crystal compression or by seeding techniques. Because the two forms are essentially 
isoenthalpic, the entropy increase that accompanies the phase transformation is 
responsible for the decrease in free energy and may therefore be viewed as the 
driving force for the transition.   

 Methodology for Solution Calorimetry 
 Any calorimeter with a suitable mixing device and designed for use with liquids 
can be applied to determine heats of solution, dilution, or mixing. To obtain good 
precision in the determination of heats of solution requires careful attention to detail 
in the construction of the calorimeter. The dissolution of a solid may sometimes be 
a relatively slow process and requires effi cient and uniform stirring. Substantial 
experimental precautions are ordinarily made to ensure that heat input from the 
stirrer mechanism is minimized. 

 Most solution calorimeters operate in the batch mode, and descriptions of 
such systems are readily found in the literature (110,111). The common practice is to 
use the batch solution calorimetric approach, in which mixing of the solute and the 
solvent is affected in a single step. Mixing can be accomplished either by breaking a 
bulb containing the pure solute, allowing the reactants to mix by displacing the seal 
separating the two reactants in the calorimeter reaction vessel, or by rotating the 
reaction vessel and allowing the reactants to mix (111). Although the batch calori-
metric approach simplifi es the data analysis, there are design problems associated 
with mixing of the reactants. Guillory and coworkers have described the use of a 
stainless steel ampoule whose design greatly facilitates batch solution calorimetric 
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analyses (112). This device was validated by measurement of the enthalpy of solu-
tion of potassium chloride in water, and the reproducibility of the method was 
demonstrated by determination of the enthalpy of solution of the two common 
polymorphic forms of chloramphenicol palmitate in 95% ethanol.   

 Applications of Solution Calorimetry 
 Solution calorimetric investigations may be classifi ed into studies that focus entirely 
on enthalpic processes and studies that seek to understand the contribution of the 
enthalpy change to the free energy change of the system. Although the former can 
prove to be quite informative, only the latter permit the deduction of unequivocal 
thermodynamic conclusions about relative stability. 

 Although heats of solution data are frequently used to establish differences in 
enthalpy within a polymorphic system, they cannot be used to deduce accurately 
the relative phase stability. According to  equation (12) , the difference between the 
differential heats of solution of two polymorphs is a measure of the heat of transition 
( ∆  H  T ) between the two forms. Because enthalpy is a state function (Hess’s Law), this 
difference must necessarily be independent of the solvent system used. However, 
conducting calorimetric measurements of the heats of solution of the polymorphs 
in more than one solvent provides an empirical verifi cation of the assumptions 
made. For instance,  ∆  H  T  values of two losartan polymorphs were found to be 
1.72 kcal/mol in water and 1.76 kcal/mol in dimethylformamide (113). In a similar 
study with moricizine hydrochloride polymorphs,  ∆  H  T  values of 1.0 and 0.9 kcal/mol 
were obtained from their dissolution in water and dimethylformamide, respectively 
(114). These two systems, which show good agreement, may be contrasted with 
that of enalapril maleate, where  ∆  H  T  was determined to be 0.51 kcal/mol in metha-
nol and 0.69 kcal/mol in acetone (115). Disagreements of this order (about 30%) 
suggest that some process, in addition to dissolution, is taking place in one or both 
solvents. 

 In systems characterized by the existence of more than one polymorph, the 
heats of solution have been used to deduce the order of stability. As explained 
above, the order of stability cannot be deduced from enthalpy changes but only from 
free energy changes. If the enthalpy change refl ects the stability, then the polymorphic 
change is not driven by an increase in entropy, but by a decrease in enthalpy. The heat 
of solution measured for cyclopenthiazide Form III (3.58 kcal/mol) was signifi cantly 
greater than the analogous values obtained for Form I (1.41 kcal/mol) or Form II 
(1.47 kcal/mol), identifying Form III as the polymorph with the greater enthalpy, 
but not necessarily the most stable polymorph at ambient temperature (62). 

 In the case of the anhydrate and hydrate phases of norfl oxacin (116), the dihy-
drate phase was found to exhibit a relatively large endothermic heat of solution 
relative to either the anhydrate or the sesquihydrate. Both urapidil (117) and dehy-
droepiandrosterone (118) were found to exhibit complex polymorphic/solvate 
systems, but the relative enthalpy of these could be deduced through the use of 
solution calorimetry. As an example, the data reported for urapidil (117), which 
have been collected into  Table 7 , show that the form with the lowest heat of solution 
implies the highest enthalpy content, which would therefore be the least stable 
form. These deductions have merit because the rank order of enthalpy changes 
corresponded to that of the free energy changes.  

 It is invariably found that the amorphous form of a compound is less stable 
than its crystalline modifi cation, in the sense that the amorphous form tends to 
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crystallize spontaneously, indicating that the amorphous form has the greater Gibbs 
free energy. As discussed in Chapter 1, the amorphous form is more disordered, and 
must therefore have a greater entropy than does the crystalline form. Hence, the 
enthalpy of the amorphous form is also greater. The heat of solution of amorphous 
piretanide in water was found to be 12.7 kJ/mol, whereas the heat of solution asso-
ciated with Form C was determined to be 32.8 kJ/mol (119). The authors calculated 
the heat of transformation associated with the amorphous-to-crystalline transition 
to be –20.1 kJ/mol. Any facile transformation of the two phases was obstructed by 
the signifi cant activation energy (145.5 kJ/mol). 

 As emphasized above, a basic thermodynamic understanding of a polymorphic 
system requires a determination of the free energy difference between the various 
forms. The two polymorphs of 3-amino-1-( m -trifl uoromethlyphenyl)-6-methyl-1 H -
pyridazin-4-one have been characterized by a variety of methods, among which 
solubility studies were used to evaluate the thermodynamics of the transition from 
Form I to Form II (120). At a temperature of 30°C, the enthalpy change for the 
phase transformation was determined to be –5.64 kJ/mol. From the solubility ratio 
of the two polymorphs, the free energy change was then calculated as –3.67 kJ/mol, 
which implies that the entropy change accompanying the transformation was 
–6.48 cal/K · mol. In this system, one encounters a phase change that is favored 
by the enthalpy term, but not favored by the entropy term. However, because the 
overall free energy change ( ∆  G  T ) is negative, the process takes place spontaneously, 
provided that the molecules can overcome the activation energy barrier at a signifi cant 
rate. 

 A similar situation has been described for the two polymorphic forms of 2-[[4-
[[2-(1 H -tetrazol-5-ylmethyl)phenyl]-methoxy]phenoxy]methyl]quinoline (42). The 
appreciable enthalpic driving force for the transformation of Form II to Form 
I (–0.91 kcal/mol) was found to be partially offset by the entropy of transformation 
(–2.6 cal/K · mol), resulting in a modest free energy difference between the two 
forms (–0.14 kcal/mol). 

 In other instances, an unfavorable enthalpy term was found to be compensated 
by a favorable entropy term, thus rendering negative the free energy change associ-
ated with a particular phase transformation. Latnivudine can be obtained in two 
forms, one of which is a 0.2-hydrate obtained from water or from methanol that 
contains water, and the other which is non-solvated and is obtained from many 
non-aqueous solvents (104). Form II was determined to be thermodynamically 
favored in the solid state. Solubility studies of both forms as a function of solvent 

 TABLE 7    Heats of Solution for the Various Polymorphs and Solvates of Urapidil (117)  

Crystalline form Heat of solution (kJ/mol)

Form I 21.96
Form II 24.26
Form III 22.98 (estimated)
Monohydrate 44.28
Trihydrate 53.50
Pentahydrate 69.16
Methanol solvate 48.39
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and temperature were used to determine whether entropy of enthalpy was the 
driving force for solubility. Solution calorimetric data indicated that Form I would 
be favored in all solvents studied on the basis of enthalpy alone ( Table 8 ). In higher 
alcohols and other organic solvents, Form I exhibited a larger entropy of solution 
than did Form II, compensating for the unfavorable enthalpic factors and yielding 
an overall negative free energy for the phase change.  

 Shefter and Higuchi considered the thermodynamics associated with the 
anhydrate/hydrate equilibrium of theophylline and glutethimide (90). For both 
compounds, the free energy change for the transformation from the anhydrate to 
the hydrate was negative (hence, indicating a spontaneous process), the favorable 
enthalpy changes being mitigated by the unfavorable entropy changes. In this work, 
the free energy was calculated from the solubilities of the anhydrate and hydrate 
forms, whereas the enthalpy of solution was calculated from the temperature 
dependence of the solubility ratio using the van’t Hoff equation. The entropy of 
solution was evaluated using  equation (24) . 

 A similar conclusion was reached regarding the relative stability of the mono-
hydrate and anhydrate phases of metronidazole benzoate (88). The enthalpy term 
(–1.20 kcal/mol) favored conversion to the monohydrate, but the strong entropy 
term (–3.7 cal/K · mol) essentially offset this enthalpy change. At 25°C, the overall 
 ∆ G T  of the transition was still negative, favoring the monohydrates, but only barely 
so (–0.049 kcal/mol). This difference was judged to be too small to result in any 
detectable bioavailability differences.    

 KINETICS OF SOLUBILITY: DISSOLUTION RATES 
 Evaluation of the dissolution rates of drug substances from their dosage forms 
is extremely important in the development, formulation, and quality control of 
pharmaceutical agents (16,121–123). Such evaluation is especially important in the 
characterization of polymorphic systems owing to the possibility of bioavailability 
differences that may arise from differences in dissolution rate that may themselves 
arise from differences in solubility (4). The wide variety of methods for determining 

 TABLE 8    Thermodynamic Parameters for Lamivudine in Various Solvents (104)  

Form I Form II

 Solvent = Water 
 ∆  G  SOL  (cal/mol) 2990 2950
 ∆  H  SOL (cal/mol) 5720 5430
 ∆  S  SOL (cal/deg · mol) 9.2 8.3
 Solvent = Ethanol 
 ∆  G  SOL  (cal/mol) 3180 3460
 ∆  H  SOL (cal/mol) 5270 4740
 ∆  S  SOL (cal/deg · mol) 7.0 4.3
 Solvent =  n -Propanol 
 ∆  G  SOL  (cal/mol) 3120 3610
 ∆  H  SOL (cal/mol) 5350 5000
 ∆  S  SOL (cal/deg · mol) 7.5 4.7
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the dissolution rates of solids may be categorized either as batch methods or as 
continuous-fl ow methods, for which detailed experimental protocols have been 
provided (124).  

 Factors Affecting Dissolution Rates 
 The dissolution rate of a solid may be defi ned as d m  / d t , where  m  is the mass of 
solid dissolved at time  t . To obtain d m /d t , the following equation, which defi nes 
concentration, must be differentiated: 

      b = m Vc   (25)  

 In a batch dissolution method the analyzed concentration ( c  b ) of a well-stirred solution 
is representative of the entire volume ( V ) of the dissolution medium, so that: 

      bd /d  = (d /d )m t V c t   (26)  

 In a dissolution study,  c  b  will increase from its initial zero value until a limiting 
concentration is attained. Depending on the initial amount of solute presented 
for dissolution, the limiting concentration will be at the saturation level, or less 
than this. 

 Batch dissolution methods are simple to set up and to operate, are widely 
used, and may be carefully and reproducibly standardized. Nevertheless, they 
suffer from several disadvantages (16). The hydrodynamics are usually poorly 
characterized, a small change in dissolution rate will often create an undetectable 
and immeasurable perturbation in the dissolution time curve, and the solute 
concentration may not be uniform throughout the solution volume. 

 In a continuous fl ow method, the volume fl ow rate over the surface of the 
solid is given by d V /d t , so that differentiation of  equation (25)  leads to: 

      bd /d  = (d /d )m t c V t   (27)  

 where  c  b  is the concentration of drug dissolved in the solvent that has just passed 
over the surface of the solid drug. 

 Continuous-fl ow methods have the advantages that sink conditions may be 
easily achieved, and that a change in dissolution rate is refl ected in a change in  c  b  
(16). At the same time, they require a signifi cant fl ow rate that may require rela-
tively large volumes of dissolution medium. Should the solid be characterized by a 
low solubility and a slow dissolution rate,  c  b  will be small and a very sensitive 
analytical method would be required. 

 The diffusion layer theory is the most useful and best known model for 
transport-controlled dissolution, and satisfactorily accounts for the dissolution 
rates of most pharmaceutical solids. In this model, the dissolution rate is con-
trolled by the rate of diffusion of solute molecules across a thin diffusion layer. With 
increasing distance from the surface of the solid, the solute concentration decreases 
in a non-linear manner across the diffusion layer. The dissolution process at steady 
state is described by the Noyes–Whitney equation: 

      D sd /d  = (  – )m t k A c c   (28)  
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 where d m /d t  is the dissolution rate,  A  is the surface area of the dissolving solid,  c  s  
is the saturation solubility of the solid, and  c  is the concentration of solute in the 
bulk solution. The dissolution rate constant,  k  D , is given by  D / h , where  D  is the 
diffusion constant. The hydrodynamics of the dissolution process have been fully 
discussed by Levich (125). 

 It has been shown (16) that the dissolution rates of solids are determined or 
infl uenced by a number of factors, which may be summarized as follows:  

  Solubility of the solid, and the temperature.  1. 
  Concentration in the bulk solution, if not under sink conditions.  2. 
  Volume of the dissolution medium in a batch-type apparatus, or the volume 3. 
fl ow rate in a continuous fl ow apparatus.  
  Wetted surface area, which consequently is normalized in measurements of 4. 
intrinsic dissolution rate.  
  Conditions in the dissolution medium that, together with the nature of the 5. 
dissolving solid, determine the dissolution mechanism.   

 The conditions in the dissolution medium that may infl uence the dissolution rate 
can be summarized as:  

  The rate of agitation, stirring, or fl ow of solvent, if the dissolution is transport-1. 
controlled, but not when the dissolution is reaction-controlled.  
  The diffusivity of the dissolved solute, if the dissolution is transport-controlled. 2. 
The dissolution rate of a reaction-controlled system will be independent of the 
diffusivity.  
  The viscosity and density infl uence the dissolution rate if the dissolution is 3. 
transport-controlled, but not if the dissolution is reaction-controlled.  
  The pH and buffer concentration (if the dissolving solid is acidic or basic), and 4. 
the pKa values of the dissolving solid and of the buffer.  
  Complexation between the dissolving solute and an interactive ligand, or 5. 
solubilization of the dissolving solute by a surface-active agent in solution. 
Each of these phenomena tends to increase the dissolution rate.     

 Applications of Dissolution Rate Studies to Polymorphs and Hydrates 
 Historically, batch-type dissolution rate studies of loose powders and compressed 
disks have played a major role in the characterization of essentially every polymor-
phic or solid-state solvated system (35,82,90). Stagner and Guillory used these two 
methods of dissolution to study the two polymorphs and the amorphous phase of 
iopanoic acid (126). As evident in the loose powder dissolution data illustrated in 
the  upper half  of  Figure 7 , the two polymorphs were found to be stable with respect 
to phase conversion, but the amorphous form rapidly converted to Form I under 
the dissolution conditions. In the powder dissolution studies, the initial solubilities 
of the different forms followed the same rank order as did their respective intrinsic 
dissolution rates, but the subsequent phase conversion of the amorphous form to 
the stable Form I appeared to change the order. The amorphous form demonstrated 
a 10-fold greater intrinsic dissolution rate relative to Form I, whereas the intrinsic 
dissolution rate of Form II was 1.5 times greater than that of Form I.  

 The nature of the dissolution medium can profoundly affect the shape of a 
dissolution profi le. The relative rates of dissolution and the solubilities of the two 
polymorphs of 3-(3-hydroxy-3-methylbutylamino)-5-methyl- as  triazino-[5,6- b ]-indole 
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were determined in artifi cial gastric fl uid, water, and 50% ethanol solution (127). In 
USP artifi cial gastric fl uid, both polymorphic forms exhibited essentially identical 
dissolution rates. This behavior has been contrasted in  Figure 8  with that observed 
in 50% aqueous ethanol, where Form II has a signifi cantly more rapid dissolution 
rate than Form I. If the dissolution rate of a solid phase is determined by its solubility, 
as predicted by the Noyes–Whitney equation, the ratio of dissolution rates would 
equal the ratio of solubilities. Because this type of behavior was not observed for 
this triazinoindole drug, the different effects of the dissolution medium on the 
transport rate constant may be suspected.  

 The solubilities of the two polymorphs of difenoxin hydrochloride have 
been studied, as well as the solubility of tablets formed from mixtures of these 
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 FIGURE 7    Loose powder dissolution ( upper set  of traces) and intrinsic dissolution ( lower set  
of traces) profi les of iopanoic acid. Shown are the profi les of Form I (-▲-), Form II (-▼-), and the 
amorphous form (-■-). The plots were adapted from data originally presented in Ref. (126).    
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polymorphs (63). Form I was found to be more soluble than was Form II, and the 
solubilities of materials containing known proportions of Forms I and II refl ected 
the differences in the solubilities of the pure forms. Likewise, the dissolution rate of 
difenoxin hydrochloride from tablets was determined by the ratio of Form I to Form 
II. In these studies, no solid-state transformation of the more soluble form to the less 
soluble form was observed. In addition, micronization proved to be a successful 
method for improving the dissolution of tablets prepared from the less soluble 
polymorph. 

 Stoltz and coworkers have conducted extensive studies on the dissolution 
properties of the hydrates and solvates of oxyphenbutazone (128,129). They compared 
the dissolution properties of the benzene and cyclohexane solvates with those of the 
monohydrate, hemihydrate, and anhydrate forms, and then compared their fi ndings 
with results reported in the literature. The powder dissolution rates of the solvates 
proved to be comparable to those of the hemihydrate and the anhydrate, but superior 
to that of the monohydrate. This trend is illustrated in  Figure 9 , which confi rms the 
usual observation that increasing degrees of hydration results in slower dissolution 
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rates. This observation differed from that previously reported by Matsuda and 
Kawaguchi, who reported powder dissolution rates in simulated intestinal fl uid 
that were in the sequence hemihydrate > monohydrate > anhydrate (130). The 
reversed order in the dissolution rates of the former work (128) was attributed to 
the presence of a surfactant in the dissolution medium, which apparently overcame 
the hydrophobicity of the crystal surfaces of the anhydrate form. In terms of the 
Noyes–Whitney equation these results may be explained by the infl uence of the 
surface active agent in increasing either the wetted surface area, or the transport 
rate constant, or both quantities.  

 It has been noted from the earliest dissolution work (90) that, for many 
substances, the dissolution rate of an anhydrous phase usually exceeds that of any 
corresponding hydrate phase. These observations were explained by thermo-
dynamics, where it was reasoned that the hydrates possessed less activity and 
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 FIGURE 9    Powder dissolution profi les obtained for oxyphenbutazone anhydrate (-▼-), hemihy-
drate (-▲-), and monohydrate (-■-). The curves were adapted from data originally presented in 
Ref. (128).    
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would be in a more stable state relative to their anhydrous forms (131). This general 
rule was found to hold for the previously discussed anhydrate/hydrate phases of 
theophylline (93,95,97), ampicillin (89), metronidazone benzoate (88), carbamazepine 
(85,87), glutethimide (132), and oxyphenbutazone (129), as well as for many other 
systems not mentioned here. In addition, among the hydrates of urapidil, the 
solubility decreases with increasing crystal hydration (117). 

 Since the mid-1970s, a number of exceptions to the general rule have been 
found. For example,  Figure 10  shows that the hydrate phases of erythromycin 
exhibit a reverse order of solubility where the dihydrate phase exhibits the fastest 
dissolution rate and highest equilibrium solubility (133). More recent examples 
include the magnesium, zinc, and calcium salts of nedocromil, for which the intrinsic 
dissolution rate increases with increasing water stoichiometry of their hydrates 
(134). The explanation for this behavior is that the transition temperatures between 
the hydrates are below the temperature of the dissolution measurements and 
decrease with increasing water stoichiometry of the hydrates. Consequently, the 
solubilities, and hence the intrinsic dissolution rates, increase with increasing 
stoichiometry of water in the hydrates. Acyclovir was recently found to be capable 
of forming a 3:2 drug/water hydrate phase, which exhibited an almost instanta-
neous dissolution relative to the more slowly dissolving anhydrous form (135). This 
latter fi nding implies a substantial difference in Gibbs free energy between the two 
forms.    

 Intrinsic Dissolution Rates 
 It should be recognized that the fi nal concentration measured using the loose powder 
dissolution method is the equilibrium solubility, and that the initial stages of this 
dissolution are strongly affected by the particle size and surface area of the dis-
solving solids. For this reaction, many workers have chosen to study the dissolution 
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 FIGURE 10    Dissolution profi les of erythromycin anhydrate (-■-), monohydrate (-▲-), and dihydrate 
(-▼-). The plots were adapted from data originally presented in Ref. (133).    
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of compacted materials, where the particle size and surface area are regulated by 
the process of forming the compact. 

 In the disk method for conducting intrinsic dissolution studies, the powder is 
compressed in a die to produce a compact. One face of the disk is exposed to the 
dissolution medium, and rotated at a constant speed without wobble. The dissolution 
rate is determined as for a batch method, whereas the wetted surface area is simply 
the area of the disk exposed to the dissolution medium. 

 It is good practice to compare the powder X-ray diffraction patterns of the 
compacted solid and of the residual solid after the dissolution experiment with that 
of the original powder sample. In this manner, one may test for possible phase 
changes during compaction or dissolution. 

 The dissolution rate of a solid from a rotating disc is governed by the con-
trolled hydrodynamics of the system, and has been treated theoretically by Levich 
(125). In this system, the intrinsic dissolution rate ( J ) may be calculated using either 
of the following relations: 

      2/3 –1/6 1/2
s b = 0.620 (  – ) J D c cn w   (29)  

 or 

      2/3 1/6 1/2
s b = 1.555 ( )J D c c Wn− −   (30)  

 where  D  is the diffusivity of the dissolved solute,   w   is the angular velocity of 
the disc in radians per second,   n   is the kinematic viscosity of the fl uid,  c  b  is the 
concentration of solute at time  t  during the dissolution study, and  c  s  is the equi-
librium solubility of the solute. The dependence of  J  on   w   1/2  has been verifi ed 
experimentally (136). 

  Equations (29)  or  (30)  enable the diffusivity of a solute to be measured. These 
relations assume the dissolution of only one diffusing species, but because most 
small organic molecules exhibit a similar diffusivity (of the order 10 –5  cm 2 /sec in 
water at 25°C), it follows that  J  depends on the 2/3 power of  D . Consequently, the 
errors arising from several diffusing species only become signifi cant if one or 
more species exhibit abnormal diffusivities. In fact, diffusivity is only weakly 
dependent on the molecular weight, so it is useful to estimate the diffusivity of a 
solute from that of a suitable standard of known diffusivity under the same condi-
tions. In most cases, the diffusivity predictions agree quite well with those obtained 
experimentally (137).   

 Intrinsic Dissolution Rate Studies of Polymorphic and Hydrate Systems 
 Under constant hydrodynamic conditions, the intrinsic dissolution rate is usually 
proportional to the solubility of the dissolving solid. Consequently, in a polymorphic 
system, the most stable form will ordinarily exhibit the slowest intrinsic dissolution 
rate. For example, a variety of high-energy modifi cations of frusemide were produced, 
but the commercially available form was found to exhibit the longest dissolution 
times (138). Similar conclusions were reached regarding the four polymorphs of 
tegafur (139) and ( R )- N -[3-[5-(4-fl uorophenoxy)-2-furanyl]-1-methyl-2-propynyl]-
 N -hydroxyurea (140). However, it is possible that one of the less stable polymorphs 
of a compound can exhibit the slowest dissolution rate, as was noted in the case of 
difl unisal (141). 
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 Intrinsic dissolution rate studies proved useful during the characterization of 
the two anhydrous polymorphs and one hydrate modifi cation of alprazolam (142). 
The equilibrium solubility of the hydrate phase was invariably less than that of 
either anhydrate phase, although the actual values obtained were found to be 
strongly affected by pH. Interestingly, the intrinsic dissolution rate of the hydrate 
phase was higher than that of either anhydrate phase, with the anhydrous phases 
exhibiting equivalent dissolution rates. The IDR data of  Table 9  reveal an interesting 
phenomenon, where discrimination between some polymorphs was noted at slower 
spindle speeds, but not at higher rates. Thus, if one is to use IDR rates as a means to 
determine the relative rates of solubilization of different rates, the effect of stirring 
speed must be investigated before the conclusions can be judged genuine.  

 Intrinsic dissolution rate investigations can become complicated when one or 
more of the studied polymorphs interconverts to another during the time of measure-
ment. Sulfathiazole has been found to crystallize in three distinct polymorphic 
forms, two of which are unstable in contact with water (143) but which convert only 
slowly to the stable form (i.e., are kinetically stable) in the solid state. As may be 
seen in  Figure 11 , the initial intrinsic dissolution rates of these are all different, but 
as Forms I and II convert into Form III, the dissolved concentrations converge. Only 
the dissolution rate of Form III remains constant, which suggests that it is the thermo-
dynamically stable form at room temperature. Aqueous suspensions of Forms I or II 
each converted into Form III over time, supporting the conclusions of the dissolution 
studies.  

 Suitable manipulation of the dissolution medium can sometimes inhibit the 
conversion of one polymorph to another during the dissolution process, thus per-
mitting the measurement of otherwise unobtainable information. In studies on 
the polymorphs of sulfathiazole and methylprednisolone, Higuchi, who used 
various alcohols and additives in the dissolution medium to inhibit phase trans-
formations, fi rst employed this approach (144). Aguiar and Zeliner were able to 
thermodynamically characterize the polymorphs formed by chloramphenicol 
palmitate and mefenamic acid through the use of dissolution modifi ers (145). 
Furthermore, the use of an aqueous ethanol medium containing 55.4% v/v ethanol 
yielded adequate solubility and integrity of the dissolving disc during studies 
conducted on digoxin (146). 

 One area of concern associated with intrinsic dissolution measurements is 
associated with the preparation of the solid disc by compaction of the drug parti-
cles. If a phase transformation is induced by compression, one might unintention-
ally measure the dissolution rate of a polymorph different from the intended one. 
This situation was encountered with phenylbutazone, where Form III was trans-
formed to the most stable modifi cation (Form IV) during the initial compression 
step (75). 

 TABLE 9    Intrinsic Dissolution Rates for the Various Polymorphs of Aprazolam at 
Different Spindle Speeds (142)  

Crystalline form IDR, 50 RPM   ( m g/min/cm 2 ) IDR, 75 RPM   ( m g/min/cm 2 )

Form I 15.8 21.8
Form II 18.4 21.9
Form V 20.7 27.3



Effects of Polymorphism and Solid-State Solvation 469

 One interesting note concerns the aqueous dissolution rates of solvate forms, 
where the solvent bound in the crystal lattice is not water. As noted earlier, the 
dissolution rate of an anhydrous phase normally exceeds that of any corresponding 
hydrate phase, but this relation is not usually applicable to other solvate species. It 
has been reported that the methanol solvate of urapidil exhibits a heat of solution 
approximately twice that of any of the anhydrate phases, and that it also exhibits 
the most rapid dissolution rate (147). Similarly, the pentanol and toluene solvates of 
glibenclainide exhibit signifi cantly higher aqueous dissolution rates and aqueous 
equilibrium solubility values when compared to either of the two anhydrous 
polymorphs (66). The acetone and chloroform solvates of sulindac yielded intrinsic 
dissolution rates that were double those of the two anhydrate phases (148). These 
trends would imply that a non-aqueous solvate phase could be considered as being 
a high-energy form of the solid with respect to dissolution in water. 
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 FIGURE 11    Dissolution profi les obtained for sulfathiazole Form I (-▲-), Form II (-▼-), and Form III 
(-■-) in water at 37°C. The fi gure has been adapted from data originally presented in Ref. (143).    
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 The most usual explanation of these phenomena is that the negative Gibbs 
free energy of mixing of the organic solvent, released during the dissolution of the 
solvate, contributes to the Gibbs free energy of solution, increasing the thermo-
dynamic driving force for the dissolution process (90). This explanation, due to Shefter 
and Higuchi, was originally derived from observations on the higher dissolution 
rate of the pentanol solvate of succinylsulfathiazole than of the anhydrate (90). 
Prior addition of increasing concentrations of pentanol to the aqueous dissolution 
medium reduced the initial dissolution rate of the pentanol solvate. This reduction 
was attributed to a less favorable (less negative) Gibbs free energy of mixing of the 
released pentanol in the solution that already contained pentanol. In this way, the 
Gibbs free energy of solution was rendered less favorable (less negative), reducing 
the thermodynamic driving force for dissolution of the solvate. Thermodynamic 
characterization of the various steps in the dissolution of solvates and evaluation of 
their respective Gibbs free energies (and enthalpies) has been carried out by Ghosh 
and Grant (31).    

 CONSEQUENCES OF POLYMORPHISM AND SOLVATE FORMATION 
ON THE BIOAVAILABILITY OF DRUG SUBSTANCES 
 In those specifi c instances where the absorption rate of the active ingredient in a 
solid dosage form depends upon the rate of drug dissolution, the use of different 
polymorphs would be expected to affect the bioavailability. One can imagine the 
situation in which the use of a metastable polymorph would yield higher levels of 
a therapeutically active substance after administration owing to its higher solubility. 
This situation may be either advantageous or disadvantageous depending on whether 
the higher bioavailability is desirable or not. On the other hand, unrecognized poly-
morphism may result in unacceptable dose-to-dose variations in drug bioavailability, 
and certainly represents a drug formulation not under control. 

 The trihydrate/anhydrate system presented by ampicillin has received exten-
sive attention, with confl icting conclusions from several investigations. In one early 
study, Poole and co-workers reported that the aqueous solubility of the anhydrate 
phase was 20% higher than that of the trihydrate form at 37°C (149). They also 
found that the time for 50% of the drug to dissolve in vitro was 7.5 and 45 minutes 
for the anhydrate and trihydrate forms, respectively (150). Using dogs and human 
subjects, these workers then determined in vivo blood levels, following separate 
administration of the two forms of the drug in oral suspensions or in capsules. The 
anhydrous form produced a higher maximum concentration of ampicillin ( C  max ) 
and an earlier time to reach maximum concentration ( T  max ) in the blood serum rela-
tive to the trihydrate form. This behavior was more pronounced in the suspension 
formulations. In addition, the area under the curve (AUC) was found to be greater 
with the anhydrous form, implying that the anhydrous form was more effi ciently 
absorbed. 

 Since the early works just discussed, an interesting discussion on the com-
parative absorption of ampicillin has arisen. Some workers have concluded that 
suspensions and capsules containing ampicillin anhydrate exhibit superior bio-
availabilities than analogous formulations made from the trihydrate (151,152). For 
instance, in a particularly well-controlled study, Ali and Farouk (152) obtained the 
clear-cut distinction between the anhydrate and the trihydrate, which is illustrated 
in  Figure 12 . However, others have found that capsules containing either form of 
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ampicillin yielded an essentially identical bioavailability (153–155). These confl icting 
observations indicate that the problem is strongly affected by the nature of the for-
mulation used, and that the effects of compounding can overshadow the effects 
attributed to the crystalline state.  

 Chloramphenicol palmitate has been shown to exist in four crystal modifi -
cations, and the effect of two of these on the degree of drug absorption has been 
compared (156). After oral ingestion of Forms A and B, the highest mean blood 
levels were obtained with suspensions containing only Form B. In mixed dosage 
forms, the blood levels of the drug were found to bear an inverse relationship with 
the fraction of Form A. This fi nding explained the previous report, which noted that 
a particular suspension formulation of chloramphenicol palmitate exhibited an 
unsatisfactory therapeutic effect (157). A study of various commercial products 
indicated that the polymorphic state of the drug in this formulation was uncontrolled, 
consisting of mixtures of the active polymorph B and the inactive polymorph A. 

 Sulfamethoxydiazine has been shown to exist in a number of polymorphic 
forms, which exhibit different equilibrium solubilities and dissolution rates (158). 
Form II, the polymorph with the greater thermodynamic activity, was found to 
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 FIGURE 12    Ampicillin urinary excretion rates at various times after separate administration of the 
two forms. Shown are the profi les obtained for the anhydrate (-▲-) and trihydrate phases (-■-). The 
fi gure has been adapted from data provided in Ref. (152).    
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yield higher blood concentration than those of Form III, which is stable in water 
(159). This relationship has been illustrated in  Figure 13 . Although the urinary 
excretion rates during the absorption phase confi rmed the different drug absorp-
tion of the two forms as previously observed, the extent of absorption (as indi-
cated by 72-hour excretion data) of the two forms was ultimately shown to be 
equivalent (160).  

 Fluprednisolone has been shown to exist in seven different solid phases, of 
which six were crystalline and one was amorphous (161). Of the crystalline phases, 
three were anhydrous, two were monohydrates, and one was a  tert -butylamine 
solvate. The in vitro dissolution rates of the six crystalline phases of fl uprednisolone 
were determined and compared with in vivo dissolution rates derived from pellet 
implants in rats (162). The agreement between the in vitro and in vivo dissolution 
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rates was found to be quite good, but the correlation with animal weight loss and 
adrenal gland atrophy was only fair. These results can be interpreted to indicate 
that, for fl uprednisolone, differences in dissolution rates of the drug did not lead to 
measurable biological differences. 

 Erythromycin base is reported to exist in a number of structural forms, 
including an anhydrate, a dihydrate, and an amorphous form (163,164). The com-
mercially available product appears to be a partially crystalline material, containing 
a signifi cant amount of amorphous drug (165). From studies conducted in healthy 
volunteers, it was learned that the anhydrate and dihydrate phases were absorbed 
faster and more completely than was either the amorphous form or the commercially 
available form (166). These observations were refl ected in two pharmaco-kinetic 
parameters ( C  max  and AUC). 

 Azlocillin sodium can be obtained either as a crystalline form or as an 
amorphous form, depending on the solvent and method used for its isolation (167). 
The antibacterial activity of this agent was tested against a large number of reference 
strains, and in most cases, the crystalline form exhibited less antibacterial activity 
than did the amorphous form. Interestingly, several of the tested microorganisms 
also proved to be resistant to the crystalline form. 

 Whether the different polymorphs or solvates of a given drug substance will 
lead to the existence of observable differences in the adsorption, metabolism, dis-
tribution, or elimination of the compound clearly cannot be predicted a priori at 
the present time. It is certainly likely that different crystal forms of highly soluble 
substances should be roughly bioequivalent, owing to the similarity of their dis-
solution rates. An effect associated with polymorphism that leads to a difference in 
bioavailability would be anticipated only for those drug substances whose 
absorption is determined by the dissolution rate. However, the literature indicates 
that, even in such cases, the situation is not completely clear. Consequently, when 
the existence of two or more polymorphs or solvates is demonstrated during the 
drug development process, wise investigators will determine those effects that 
could be associated with the drug crystal form and will modify their formulations 
accordingly.     
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 INTRODUCTION 
 Studies of the propensity of one polymorphic form of a substance to transform into 
a different polymorphic form are equally important to the pharmaceutical scientist 
as are studies designed to obtain the different forms and deduce methods for their 
preparation. It is not suffi cient to be able to prepare a particular polymorphic state 
and develop conditions for its manufacture on a desirable scale because if that 
particular solid-state form is highly metastable then its maintenance in that form 
could prove to be problematic. Hence, determining the possible phase transforma-
tion pathways associated with the various polymorphs of a given substance is 
equally important to establishing the phase space of the crystal forms available to 
that substance. 

 The different types of polymorphic transformations that a system can undergo 
were set out by Buerger  (1)  as a means to understand the velocity of phase changes, 
and these were subsequently explained in a lucid manner by McCrone  (2) . These 
types were differentiated into the four categories of transformations of secondary 
coordination, transformations of disorder, transformations of fi rst coordination, 
and transformations of bond type. As far as transitions among polymorphs are 
concerned, the most important processes are displacive transformations of second-
ary coordination (where the crystal lattice is deformed but not broken), and recon-
structive transformations of secondary coordination (where the lattice framework 
is broken and re-formed into a new arrangement), and rotational transformations 
of disorder (where some intermolecular bonds are broken and re-formed to 
accommodate changes in the conformation of the constituent molecules). 

 At the molecular level, the different transformation types are manifested in 
two main distinguishable ways. When the molecules are constrained to exist as a 
rigid grouping of atoms, these may be stacked in different motifs to occupy the 
points of different lattices. This type of polymorphism has its origins in packing 
phenomena, and so is termed packing polymorphism. On the other hand, if the 
molecule in question is not rigidly constructed and can exist in distinct conforma-
tional states, then the additional possibility arises that each of these conformationally 
distinct modifi cations may crystallize in its own lattice structure. This latter behavior 
has been termed conformational polymorphism  (3) . 

 Byrn has summarize the scope of phase transformations from one solid phase 
to another as taking place between polymorphs, solvatomorphs of different stoi-
chiometry, a non-solvated and a solvated form, and between amorphous and crys-
talline forms  (4) . He also extended the four-step mechanism for solid-state chemical 
reactions of Paul and Curtin  (5)  to suggest that solid–solid physical transitions that 
take place in the absence of solvent or vapor involve the four steps of molecular 
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loosening in the initial phase, followed by formation of an intermediate solid 
solution, nucleation of the new solid phase, and fi nally growth of the new phase. 

 In Chapter 2, covering the Phase Rule, it was noted that one may use the ther-
modynamic properties of the phases involved to specify a polymorphic system. 
Solid phases were defi ned as having a uniform structure and composition through-
out, and were separated from other phases by defi ned boundaries. Solids will 
undergo a phase transition when a particular solid phase becomes unstable as a 
result of being placed in an undesirable set of environmental conditions. What 
phase alterations may occur is dictated by differences in free energy at the transition 
point associated with structural or compositional changes. During a phase transition, 
the free energy of the system remains constant, while the entropy, volume, and heat 
capacity undergo discontinuous changes. 

 Under a given set of environmental conditions that form a point or a zone in 
a phase diagram, the most stable polymorph will be the one having the lowest free 
energy. If some point on the phase diagram can be achieved experimentally so that 
the free energies of a more stable and a less stable phase are equal, then a reversible 
phase transition between these two may take place. This condition is termed 
enantiotropy, and the two phases are said to bear an enantiotropic relationship to 
each other. If however, the free energy of the metastable phase exceeds the free 
energy of the stable phase under all environmental conditions below the melting 
point of one of the phases, then any process that converts the metastable form into 
the stable form must be irreversible. This condition is termed monotropy, and the 
two phases are said to bear a monotropic relationship to each other. Consequently, 
absolute values for thermodynamic parameters are seen to be less important than 
are relationships predicting the relative stability of various phases of a polymorphic 
system. 

 Consider the pressure-temperature phase diagram illustrated in  Figure 1  for a 
hypothetical substance capable of existing in two solid-state crystal phases that bear 
an enantiotropic relationship. The segment connected by points A and B defi nes the 
equilibrium conditions of sublimation between solid Form-I and the vapor state, 
while the B–C segment similarly defi nes the equilibrium conditions of sublimation 
between solid Form-II and the vapor state. The segment formed by points C and D 
defi nes the equilibrium conditions of vaporization and condensation between the 
molten substance and its vapor state. The E–C segment defi nes the equilibrium con-
ditions of melting between Form-II and the liquid state, whereas the E–F segment 
defi nes the equilibrium conditions of melting between Form-I and the liquid state. 
Of particular interest is the segment formed by points B and E, which defi nes the 
equilibrium conditions of solid-state phase transformation between Form-I and 
Form-II.  

 Two categories of phase transformation can now be defi ned in terms of 
the phase diagram. One of these involves the simple exposure of a substance in a 
particular solid-state phase to a fi xed pressure-temperature condition, which 
may or may not be within its zone of stability. If it is, then nothing will happen. 
However, if the conditions are such that the particular solid-state phase it is 
stable, then a phase change to a more stable phase would be anticipated. Another 
possibility would be to systematically vary either the pressure or the temperature 
of the system so that the substance moves from a state of stability into a state 
of instability, and then again a phase change to a more stable phase would be 
anticipated. 
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 At this juncture, the specifi cation of pressure becomes a critical parameter in 
the continued consideration of phase equilibria. It is a fact that the majority of 
experimental studies are conducted at ambient or atmospheric pressure, and this is 
especially true in pharmaceutical developmental studies of polymorph screening 
and crystal form stability. Therefore, the scope of reactions that might take place 
under the pre-determined ambient pressure condition becomes defi ned by where 
on the vertical pressure scale the value of ambient pressure happens to be. For 
the instance where temperature and pressure are fi xed (e.g., in a simple solution-
mediated phase transformation), the system should eventually adopt the phase 
identity that is stable at that particular temperature and ambient pressure. 

 For thermally initiated phase transformations, four distinct possibilities are 
presented for the hypothetical enantiotropic system of  Figure 1 .  Figure 2  illustrates 
the situation where ambient pressure was such that a heating experiment would 
only cause the system to cross the A–B segment. Under these conditions, sublimation 
of Form-I would be the only observable phase transformation, and the lack of any 
stability of Form-II at that pressure condition would probably entirely preclude its 
discovery. If it happened that Form-II of the compound was somehow obtained 
during development, the nature of the phase diagram at this particular ambient 
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 FIGURE 1    Complete phase diagram of a hypothetical enantiotropic system, illustrating the various 
regions of stability on a pressure–temperature diagram.    
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 FIGURE 2    Phase diagram of the hypothetical enantiotropic system of  Figure 1 , illustrating the 
sublimation of Form-I that would be the only phase transformation if atmospheric pressure 
happened to equal  P  A .    

pressure might lead to the deduction of monotropic behavior rather than the correct 
enantiotropic relationship.  

 A more interesting condition is presented in  Figure 3 , where the ambient 
pressure is such that one could observe the solid-state phase transformation of 
Form-I into Form-II, followed by the sublimation of Form-II. For this particular 
pressure condition, the melting of either form under ambient conditions would not 
bean observed phenomenon.  Figure 4  illustrates the situation most commonly 
considered as being characteristic of an enantiotropic system, namely, where one 
fi rst observes the solid-state phase transformation of Form-I into Form-II, followed 
by the melting of Form-II, and the eventual volatilization of the liquid state formed 
by the melting process. Finally,  Figure 5  illustrates the situation that would arise if 
most of the interesting zones in the phase diagram existed at pressures below atmo-
spheric pressure, and at this pressure condition one could only observe the melting 
of Form-I and eventual volatilization of the resulting liquid state.    

 The intersection of segments A–B, B–E, and B–C forms a triple point at which 
the reversible transformation of the crystalline polymorphs can take place in 
equilibrium with their vapor phase. For an enantiotropic system, the triple point at 
B will be a stable and attainable value on the pressure–temperature phase diagram, 
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and this transition point is a fundamental defi ning parameter of such a polymor-
phic system. In the vast majority studies that are conducted at atmospheric pres-
sure, one merely measures an ordinary transition point that corresponds to a 
position somewhere along the B–E segment of the phase diagram, and which is 
given as the temperature at which the two polymorphic forms are in equilibrium 
for that pressure value. For a monotropic system, however, the triple point at B will 
not be attainable by experimental means as the melting of one of the polymorphic 
forms will take place at a temperature that is less than the triple point. 

 Adopting the accepted practice that experimental studies are almost exclusively 
conducted at ambient pressure, one may divide phase transformations into two 
categories. One of these is where the phase transformation is induced in a single 
phase purely by thermal means, with this type being exemplifi ed by solid-to-solid 
phase changes or by thermally induced evolutions of a component into the vapor. 
The other category of phase transformation entails the transformation of an initial 
solid phase into a different solid phase by the intervention of a second phase, such 
as the sorption of a vapor phase component in a solid or a solution-mediated phase 
transformation.   
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 FIGURE 3    Phase diagram of the hypothetical enantiotropic system of  Figure 1 , illustrating the 
solid-state phase transformation of Form-I into Form-II, followed by the sublimation of Form-II that 
would be the phase transformations if atmospheric pressure happened to equal  P  B .    
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 THERMODYNAMICS OF PHASE TRANSITIONS 
 The relative stability of the various polymorphs for a given compound is determined 
by the respective Gibbs free energies ( G ) of the different forms, each of which is 
composed of an enthalpy ( H ) and an entropy ( S ) term: 

       =  – G H T S   (1)  

 According to the Third Law of Thermodynamics, the entropy of a perfect, pure 
crystalline solid is zero at absolute zero, which determines the zero-point entropy of 
the system. The entropic term of equation (1) will generally increase more rapidly 
with increasing temperature than will the enthalpic term, and therefore the free 
energy of a substance will decrease with increasing temperature. Because each 
polymorphic form of a substance will exist in a distinctive crystal lattice, it is to be 
anticipated that the values of enthalpy, entropy, and free energy at a given tempera-
ture would be different among the various polymorphs. Thus, each polymorphic 
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 FIGURE 4    Phase diagram of the hypothetical enantiotropic system of  Figure 1 , illustrating the 
solid-state phase transformation of Form-I into Form-II, followed by the melting of Form-II and its 
subsequent volatilization of the liquid state that would be the phase transformations if atmospheric 
pressure happened to equal  P  C .    



Solid-State Phase Transformations 487

form of a substance will be characterized by a different temperature dependence of 
its Gibbs free energy. 

 The free energy curves of two hypothetical enantiotropic polymorphs are 
illustrated in  Figure 6 , as well as the free energy curve of the liquid (molten) state. 
In the fi gure, Form-1 is shown as having a lower free energy content over the lower 
temperature range, while Form-2 is shown to have a lower free energy over a higher 
temperature range. For such an enantiotropic system, a reversible transition between 
forms can be observed at the transition temperature where the free energy curves 
cross. The existence of enantiotropism in the system is indicated by the fact that the 
free energy curve for the liquid phase intersects the free energy curves for both 
polymorphs at a temperature that is higher than the temperature of the transition 
point. Because the temperature at which the curves intersect is dependent on 
the pressure of the system, this transition point is termed “ordinary” and is not a 
fundamental defi ning characteristic of the system as a triple point would be.  

 The free energy curves of two hypothetical monotropic polymorphs and their 
liquid state are illustrated in  Figure 7 , where now Form-1 is shown as always having 
a lower free energy content over the entire accessible temperature range. The free 
energy curve of the liquid state crosses the free energy curves of both polymorphs 
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 FIGURE 5    Phase diagram of the hypothetical enantiotropic system of  Figure 1 , illustrating the 
melting of Form-I and eventual volatilization of the resulting liquid state that would be the phase 
transformations if atmospheric pressure happened to equal  P  D .    
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at temperatures less than that of the transition point, and hence, there can be 
no temperature at which the two polymorphs would exhibit a reversible phase 
transition.  

 When a system undergoes a phase transformation, that change takes place at 
constant temperature, and the change in free energy of the transition is given by: 

      TR TR TR =   – G H T S∆ ∆ ∆   (2)  

 where  ∆  G  TR  is the difference in free energy between the two forms,  ∆  H  TR  is the 
enthalpy difference, and  ∆  S  TR  is the entropy difference. A spontaneous process will 
be characterized by a decrease in the free energy of the system. 

 Consider the simple equilibrium between two solid-state phases, S I  and S II , of 
a single component: 

      I IIS S�   (3)  

 The change in free energy associated with this transformation process ( ∆  G  TR ) will be 
given by: 

      TR S-I S-II =  – G G G∆   (4)  
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 FIGURE 6    Temperature dependence of the free energy for two hypothetical enantiotropic 
polymorphic crystal forms and their liquid (molten) state.    
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 where  G  S-I  and  G  S-II  are the respective free energies of the two solid-state forms. The 
free energy of the  Z th phase is determined by the magnitude of the free energy of 
that phase under standard conditions ( G Z   0 ) and the activity ( a Z  ) of that phase in the 
conditions under study: 

      0 =  + ln( )Z Z ZG G RT a   (5)  

 where  R  is the gas constant and  T  is the absolute temperature. Therefore, the free 
energy change associated with the phase transformation process is given by: 

      0 0
TR S-I S-I S–II S-II  = {  + ln( ) } – {  + ln( ) }G G RT a G RT a∆   (6)  

 defi ning  ∆  G  TR  0  as  G  S-I  
0  –  G  S-II  

0 , one obtains: 

      0
TR TR S-I S-II  =  + ln( / )G G RT a a∆ ∆   (7)  

 Because the change in free energy corresponding to the phase transformation 
of equation (3) must equal zero at equilibrium, then: 
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 FIGURE 7    Temperature dependence of the free energy for two monotropic polymorphic crystal 
forms and their liquid (molten) state.    
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      0
TR S-I S-II = – ln( / )G RT a a∆   (8)  

 The activity ratio term of equation (8) is obviously the equilibrium constant of the 
phase transformation reaction: 

      TR S-I S-II = /K a a   (9)  

 And therefore, equation (8) becomes: 

      0
TR TR  = – ln( )G RT K∆   (10)  

 It is to be emphasized that because the  ∆  G  TR  0  term represents the free energy 
change at the standard state and is a constant factor referring to the two phases in 
their states of unit activity, the use of an empirically determined value of  ∆  G  TR  at the 
ordinary transition point in place of  ∆  G  TR  0  in equation (10) will not give a completely 
accurate value for the equilibrium constant of the phase transformation reaction. 
For example, because the activity of the  Z th species is approximately proportional 
to its solubility,  S Z  , in any given solvent under dilute conditions, one often writes an 
expression approximating the free energy difference between two polymorphic 
forms in terms of their respective equilibrium solubilities: 

      TR S-I S-I  ~ – ln( / )G RT S S∆   (11)  

 Although equation (11) is only an approximation, the solubility ratio rule is a use-
ful quantity in predicting and qualitative order of stability of two solid-state 
polymorphic forms. 

 Referring back to equation (10), one observed that the left-hand side refers to 
a process in which each of the reactants and products is in its standard state, and the 
right-hand side contains the variables  T  and  K  TR . Continuing with the assumption 
of constant (i.e., ambient) pressure, it is possible to differentiate equation (10) with 
respect to temperature at constant pressure, obtaining: 

      
0

TR TR
TR

( ) dln( )
– ln( ) –

d
G K

R K RT
T T

∂ ∆ =
∂

  (12)  

 Multiplying equation (12) through by  T , and substituting  ∆  G  TR  0  for – RT  ln( K  TR ) 
yields: 

      
0

0 2TR TR
TR

( ) dln( )
– –

d
G K

T G RT
T T

∂ ∆ = ∆
∂

  (13)  

 When all the phases in equilibrium are in their standard states, equation (2) 
becomes: 

      0 0 0
TR TR TR =  – G H T S∆ ∆ ∆   (14)  

 From to the First Law of Thermodynamics, it can be shown that: 

        =  – G V P S T∆ ∆ ∆   (15)  
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 At constant pressure, equation (15) simplifi es to: 

        = –G S T∆ ∆   (16)  

 or: 

      
( )

–
G

S
T

∂ ∆ = ∆
∂

  (17)  

 Upon substitution of the general relation (17) into equation (14) one obtains a 
form of the Gibbs–Helmholtz equation that pertains to the special case where all 
substances taking part in the phase transformation are in their standard states: 

      
0

0 0 TR
TR TR

( )G
G H T

T
∂ ∆∆ = ∆ +

∂
  (18)  

 Because both equations (13) and (18) contain the  ∆  G  TR  0  term, one may derive the 
relation: 

      0 2 TR
TR

dln( )
d

K
H RT

T
∆ =   (19)  

 Equation (19) may be rearranged into the more familiar form known as the van’t 
Hoff equation: 

      
0

TR TR
2

dln( )
d

H K
RT T

∆ =   (20)  

 In equation (20),  ∆H  TR  0  is the change in enthalpy under standard state conditions for 
a phase transformation conducted at constant pressure. 

 It is known that the enthalpy change does not generally exhibit much variabil-
ity as a function of pressure, and therefore, one may use the more general relation 
obtained by substituting  ∆  H  TR  for  ∆  H  TR  0  without specifying the exact conditions to 
obtain: 

      TR TR
2

dln( )
d

H K
RT T

∆ =   (21)  

 In practical terms, equation (21) predicts that if one were to plot ln( K  TR ) against 
the absolute temperature, one would obtain a straight line whose slope at any 
temperature would be equal to  ∆  H  TR / RT  2 . According to equation (21),  K  TR  must 
increase with temperature if  ∆  H  TR  is positive, and  K  TR  must decrease with increasing 
temperature if  ∆  H  TR  is negative. 

 Equation (21) must be integrated if it is to be used for practical calculations. If 
the enthalpy of phase transformation,  ∆  H  TR , is assumed to be constant over a small 
range of temperature, then a general integration of the van’t Hoff equation yields: 

      TR
TRln( ) – constant

H
K

RT
∆= +   (22)  
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 or: 

      TR
TRlog( ) – constant

(2.303)
H

K
RT

∆= +   (23)  

 Another useful approach is to integrate the van’t Hoff equation (21) between 
the defi nite temperature limits of  T  1  and  T  2 , obtaining: 

      2

1

TR@ TR

TR@ 2 1

log( ) 1 1
– –

log( ) (2.303)
T

T

K H
K R T T

 ∆=  
 

  (24)  

 where    and    are the equilibrium constants at temperatures  T  1  and  T  2 , respectively. 
When and  ∆  H  TR  and  R  are given in units of calories, equation (24) becomes: 

      2

1

TR@ TR 2 1

TR@ 1 2

log( ) –
–

log( ) (4.576)
T

T

K H T T
K T T

 ∆=  
 

  (25)  

 Using equation (25), it is possible to calculate the equilibrium constant at a different 
absolute temperature as long as the enthalpy of reaction is accurately known at 
another absolute temperature. Alternatively, if the equilibrium constants of the 
phase transformation have been determined at two temperatures, then one may 
calculate the enthalpy of the reaction. It should be emphasized that equation (25) is 
based on the approximation of a constant value of  ∆ H TR  over the temperature range 
of T 1  to T 2 , and that exact calculations require one to make an allowance for any 
possible variation of the enthalpy of reaction with temperature. 

 Although one should base predictive rules on free energy principles rather 
than enthalpic considerations alone, a number of empirical rules have been proposed 
for the deduction of the relative order of stability of polymorphs and whether the 
interconversion processes are enantiotropic or monotropic nature ( 6–  8 ). Among the 
better known of these is the  Heat of Transition Rule , which states that if an endo-
thermic transition is observed at some temperature, it may be assumed that there 
must be a transition point located at a lower temperature where the two forms bear 
an enantiotropic relationship. Conversely, if an exothermic transition is noted at 
some temperature, it may be assumed that there is no transition point located at a 
lower temperature. This, in turn, implies that either the two forms bear a monotropic 
relationship to each other, or that the transition temperature is higher than the 
temperature of the exotherm. 

 Another empirical rule is the  Heat of Fusion Rule , which states that if the higher 
melting form has a lower heat of fusion relative to the lower melting form, then the 
two forms bear an enantiotropic relationship. Less well obeyed is the  Density Rule , 
which states that the most dense form will be the most stable at absolute zero. 
Strictly speaking, the Density Rule is only properly applied to polymorphs of 
molecular solids where intramolecular hydrogen bonding is not a signifi cant 
factor. The limitations of the thermodynamic rules of Burger and Ramberger 
have been discussed in several publications, and upgrades to these have been 
published ( 9–  12 ).   
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 PHASE TRANSFORMATIONS INITIATED WITHIN A SINGLE PHASE 
 As discussed above, thermally induced phase transformations most often corre-
spond to those reactions where the pressure of the system is kept constant, and 
which is ordinarily ambient or atmospheric pressure. The pathways of these 
phase transformations then corresponds to a horizontal cut across a typical pressure–
temperature phase diagram. Because this category of phase transformation is 
conducted at constant pressure, the equilibrium thermodynamics developed in 
the preceding section can often be used to obtain a deeper understanding of the 
processes involved. 

 It goes without saying that although thermodynamics tells one what must 
happen between now and the end of time, principles of thermodynamics cannot be 
used to deduce rates of phase transformation. A spontaneous reaction characterized 
by a negative value of  ∆  G  TR  would be predicted to take place spontaneously, but if 
the activation energy for the process is substantial, the system may be locked into a 
metastable state. For such cases, only an outside intervention would serve to initiate 
the phase transformation. 

 Kawakami has discussed enantiotropically related transitions among poly-
morphs from an activation energy standpoint, pointing out that the kinetics of a 
reversible phase transformation may be impeded if the magnitude of the activation 
energy presents a barrier to the transformation  (13) . Phase transitions were cate-
gorized as being either kinetically reversible [i.e., those for which the transition 
temperature as measured by differential scanning calorimetry (DSC) was the same 
regardless of the direction of the temperature change] or as kinetically irreversible 
(i.e., those for which the transition temperature depended greatly on the direction 
of the temperature change). It was proposed that these distinctions should also be 
investigated during development, and that a mere defi nition of a phase change in a 
system as being monotropic or enantiotropic nature was insuffi cient.  

 Solid-to-Solid Phase Transformation 
 Of the four known polymorphs of ( S , S )-ethambutol dihydrochloride, two have 
been found to bear an enantiotropic relationship during their thermally induced 
phase transformation  (14) . The phase transition was noted to transpire in the form 
of a rapidly moving front that passed through single crystals of the compound, and 
that left new crystals of the transformed substance. Using a hot-stage microscope, it 
was shown that crystallization from the melt (which took place at 124  ±  5°C) pro-
duced a thin fi lm of Form-III that transformed to Form-IV upon cooling. On the 
other hand, Forms I and II could be reversibly interconverted about a temperature 
of 72°C. 

 DSC was used to study the phase interconversion associated with the  α  and  β  
polymorphs of 2,4,5,6-tetrachloro-l,3-benzenedicarbonitile (chlorothalonil)  (15) . 
It was reported that the transition point for the endothermic  α   →   β  transition 
was 150.5  ±  0.1°C, and that the phase transition was characterized by an enthalpy 
of 4.03  ±  0.03 kJ/mol and an activation energy of 650  ±  90 kJ/mol. Although fast 
kinetics were observed for the favorable  α   →   β  transition, it was noted that even 
though the reverse  β   →   α  transition could take place under appropriate conditions, 
the rate of this reaction was slow. Samples of the  β  form could be heated for several 
hours even at the transition temperature without formation of the  α  form as long as 
the relative humidity was maintained at a low value. 
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 The number of non-solvated polymorphs of carbamazepine, and the ease of 
their interconversion, as led to the performance of a number of studies on this 
system. For example, in situ Raman spectroscopy has been used to study the kinetics 
associated with the solid-state transformation of Form-III into Form-I  (16) . The rate 
of transformation was monitored by measuring the relative intensities of peaks 
derived from two C–H bending modes, and the data subsequently fi tted to various 
solid-state kinetic models. Arrhenius plots derived from the kinetic models yielded 
a range of 344 to 368 kJ/mol for the activation energy of the transition. 

 Temperature-dependent terahertz (THz) pulsed spectroscopy was used to 
study the phase transformation of carbamazepine Form-III into Form-II, as well 
as the solid-state transition that took place even under isothermal conditions 
below the melting point  (17) . Spectra reported for Form-I and Form-III are shown 
in  Figure 8  along with the second-derivative spectra calculated from the original 
data. Although the zeroth-derivative spectra exhibit substantial differences, the 
second-derivative spectra of the two polymorphs are extremely different and permit 
ready identifi cation of the two crystal forms. When Form-III was heated between 
20°C and 160°C, the spectral features were observed to broaden and decrease in 
intensity, and eventually shifted to lower energies. Further heating the samples to 
180°C led to melting and subsequent recrystallization to Form-I, which caused the 
THz absorption spectrum to change into that of the new form. Sequences in the dis-
appearance of Form-III spectral features, and in the appearance of Form-I features, 
indicated that the conversion mechanism comprised more than one step.  

 A single-crystal to single-crystal phase transition was found to take place at 
333 K for the  α -polymorph of  ortho -ethoxy- trans -cinnamic acid  (18) . Structures for 
this compound were determined at two temperatures above the transition point in 
addition to structures of the stabile form existing at lower temperatures. It was found 
that the phase transition involved a cooperative conformational transformation 
coupled with a shift in layers of the constituent molecules. The packing in the 
structures did not depend so much on the nature of the O–H ···   O and C–H ···   O 
interactions making up patterns of molecular ribbons as it depended on the nature 
of differing van der Waals forces in the polymorphs. Although the  α  and  γ  poly-
morphs could be crystallized from solutions, the high-temperature  α  ′  form was 
only accessible from the thermally induced phase transformation. 

 The isothermal phase transformation of mefenamic acid Form-I into Form-II 
was studied using solid-state infrared spectroscopy at a suffi cient number of tem-
peratures that permitted calculation of the activation energy for the process  (19) . 
Although an activation energy of 86.4 kcal/mol had been determined using differ-
ential scanning calorimetry, the infrared method yielded a signifi cantly smaller 
value of 71.6 kcal/mol. The discrepancy in results obtained by the spectroscopic 
and thermal methods was explained as a loss of analyte due to sublimation when 
samples of mefenamic acid were maintained at elevated temperatures in the DSC 
pans prior to measuring the exothermic event that was indicative of the Form-I 
content in a sample. 

 Mebendazole has been reported to exist in three different polymorphic forms 
in the solid state, with Form-C being the pharmaceutically preferred form because 
of its increased aqueous solubility. Variable-temperature X-ray powder diffraction 
has been used to study the transformation of metastable Form-C into stable Form-A, 
with this process taking place when the sample was heated above 180°C  (20) . The 
phase transformation was shown to be a fi rst-order structural event that was 
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characterized by an activation energy of 238  ±  16 kJ/mol. Compression of the meta-
stable Form-C did not lead to the observation of any signifi cant change in its crystal 
structure, indicating that the energy associated with the compaction process was 
insuffi cient to cause any measurable phase transformation. 

 The low-frequency vibrational modes of fi ve polymorphs of sulfathiazole 
have been studied by THz pulsed spectroscopy and Raman spectroscopy, with 
the THz method being shown to be a rapid method of phase identifi cation  (21) . 
Variable-temperature spectroscopic studies were contrasted with conventional 
thermal analysis measurements to develop structure–spectra correlations in order 
to understand the behavior of individual vibrational bands during the thermally 
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 FIGURE 8    Terahertz absorption spectra obtained for carbamazepine Form-I ( upper  spectra) 
and Form-III ( lower  spectra), showing both the raw absorption spectrum (solid traces) and the 
corresponding second derivative spectrum (dashed traces) for each. The spectra are shown in 
arbitrary units, and have been adapted from Ref. (17).    
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induced phase transitions between the different forms. Studies conducted at low 
heating rates in a special thermal transitiometer having high energetic sensitivity 
enabled a determination for the fi rst time that theophylline Forms II and I were 
enantiotropically related, and that the phase transition between these forms took 
place at a temperature of 536.8  ±  2.2 K with an associated enthalpy change of 1.99  ±  
0.09 kJ/mol  (22) . 

 The utility of on-line Raman spectroscopy as a sensitive method for the moni-
toring of transformation kinetics and the determination of transition temperatures 
was demonstrated using fl ufenamic acid as a model system  (23) . Transition tempera-
tures deduced from use of the spectroscopic method were found to be in good 
agreement with results obtained using the more conventional van’t Hoff compu-
tational approach. Because spectroscopic experiments can be followed on an 
extremely short time scale, such methodology was proposed for the study of rapidly 
converting systems where properties of the metastable forms might be diffi cult to 
accurately measure. 

 The Form-II to Form-I phase transformation of caffeine that takes place around 
140°C has been studied using quasi-isothermal modulated temperature differential 
scanning calorimetry and microthermal analysis with the aim of developing a more 
complete understanding the physics of the process  (24) . In this work, a novel exten-
sion of the reduced temperature method was developed and applied to linear rising 
temperature data corresponding to the phase transition, with the analysis suggesting 
a close approximation to Arrhenius behavior. In addition, a heat transfer model that 
allows calculation of the thermal gradients within a hermetically sealed pan was 
described, and the combined approach allowed the characterization of the thermo-
dynamics and kinetics of the transformation process as well as spatial identifi cation 
of the distribution of the transformation in compressed systems.   

 Dehydration and Desolvation Phase Transformation 
 The performance of a dehydration or desolvation process frequently leads to the 
formation of a new crystalline state. For example, the initially crystallized dihy-
drate crystal form of naproxen sodium could be transformed into a monohydrate 
phase by dehydration of the dihydrate phase in a desiccator (maintained at 0% 
relative humidity) over a two-day period  (25) . It was also found that the anhy-
drate phase could be obtained from either the monohydrate or the dihydrate 
by drying the substance in an oven at 120°C for two hours. Thermal analysis data 
was used to demonstrate the existence of two types of water in the crystals of the 
dihydrate form, and that each could be separately removed at a characteristic 
temperature. 

 The dehydration of sodium naproxen dihydrate was further studied using 
X-ray powder diffraction and thermogravimetric analysis, confi rming the observa-
tion that a monohydrate could be formed prior to generation of the anhydrate  (26) . 
Microscopic examination of dehydrating crystals revealed that dehydration along 
the  b -axis of the crystals was most rapid owing to the presence of channels that 
could serve to facilitate water transport out of the lattice. In addition, large cracks 
formed during the dehydration process that were noted to form along the  b -axis of 
the crystals, with this phenomenon being used to explain the observed signifi cant 
shrinkage along the  c -axis that accompanied the dehydration process. 

 Although thermal analysis and X-ray powder diffraction studies indicated 
that cefadroxil monohydrate appeared to undergo a relatively simple process 
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thermally induced dehydration, solid-state fl uorescence spectroscopy studies 
pointed toward the existence of a cefadroxil hemihydrate that could be obtained by 
appropriate thermal dehydration  (27) . The fl uorescence spectral results indicated 
the existence of two major photophysical pathways for delocalization of excitation 
in the cefadroxil monohydrate crystal, each of which could be selectively activated 
by irradiation with the proper excitation wavelength. As illustrated in  Figure 9 , one 
of the photophysical systems appeared to dominate the spectroscopy of the monohy-
drate, but was eliminated once the monohydrate was dehydrated to a hemihydrate. 
The other photophysical pathway existed in the monohydrate structure, and became 
the sole mechanism for observable fl uorescence once the cefadroxil monohydrate 
was partially dehydrated to the hemihydrate.  

 Two-dimensional X-ray powder diffraction has been used to study the dehy-
dration kinetics of theophylline monohydrate, as well as to investigate the effect of 
poly(vinylpyrrolidone) on the dehydration pathway and associated kinetics  (28) . 
The dehydration of the monohydrate was shown to yield either the anhydrate, or a 
metastable anhydrate that eventually transformed into the more stable anhydrate 
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 FIGURE 9    Early stages in the time dependence of the emission intensity (excitation at 350 nm, 
emission at 415 nm) of carbamazepine anhydrate Form-III slurried in water at 18.5°C, illustrating 
the rapid initial rise in emission intensity as the anhydrate material dissolved, and the decrease in 
intensity when the dihydrate phase nucleates and solid precipitate is formed. These zones are even-
tually followed by a gradual rise in intensity as the dihydrate phase content grows at the expense of 
the anhydrate phase content.    
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form. The latter reaction had been previously implicated in dissolution failures 
associated with tablet hardening  (29) . Interestingly, the polymer was shown to be 
able to inhibit the dehydration reaction (especially at lower drying temperatures) 
in proportion to the poly(vinylpyrrolidone) concentration. Details of the phase 
transformation processes associated with the hydration and dehydration of theo-
phylline have also been studied using Raman spectroscopy  (30)  and terahertz 
pulsed spectroscopy  (31) . 

 The thermally induced dehydration of erythromycin A dihydrate has been 
studied using in situ variable-temperature X-ray powder diffractometry and hot-
stage Raman spectroscopy  (32) . The dehydration of the dihydrate form over the 
range of 40°C to 100°C led to the formation of an isomorphic non-hydrate, which 
could be melted around 135°C and eventually crystallized into the anhydrate phase 
at approximately 150°C. It was found that Raman spectroscopy could distinguish 
between the isostructural forms of erythromycin A, demonstrating its ability to be 
used as an in-process technique for control over a potential drying process. 

 The kinetics associated with the dehydration and desolvation of fl uconazole 
solvatomorphs were studied by DSC, thermogravimetry, and X-ray powder diffrac-
tion, with the aim of understanding the kinetics and mechanisms associated with 
the desolvation processes  (33) . Statistical evaluation of the results indicated that 
the three-dimensional phase boundary reaction model provided the best fi t for the 
fl uconazole monohydrate dehydration data, whereas the three-dimensional diffu-
sion model yielded the best fi t for the fl uconazole ethyl acetate solvatomorph desol-
vation data. Hydrogen-bond dissociation processes were found to have the largest 
effect on the magnitude of the activation energy of the dehydration process, 
whereas the activation energy for the ethyl acetate desolvation process appeared to 
be governed by factors associated with the constricted channels of the crystal. 

 The solid-state stability of fi ve structurally related solvates of sulfameter have 
been studied using isothermal and nonisothermal thermogravimetry to understand 
the kinetics of their desolvation reaction  (34) . It was determined that the derived 
kinetic parameters could be correlated with structural features of the solid, and 
were not merely computed parameters that provided the best statistical fi t to the 
data. The most appropriate solid-state reaction model correlated to single crystal 
structural features of the solvatomorphs where solvent molecules occupied cavities 
in the unit cell, indicating that the physical size of the solvent molecules and their 
desolvation activation energies depended on the cavity size within the crystal. It 
was also learned that isothermally and non-isothermally derived kinetic parame-
ters did not agree, and that kinetic results obtained from the use of one method may 
not be extended to results obtained from the other. 

 The physicochemical behavior of trehalose dihydrate during storage under 
conditions of low relative humidity and ambient temperature was investigated 
using weight loss measurements, water content determinations, differential scan-
ning calorimetry profi ling, and X-ray powder diffraction analysis  (35) . It was shown 
that under these conditions, trehalose dihydrate could be dehydrated into its  α  
polymorph, and this dehydration was accompanied by the formation of cracks on 
the surfaces of the particles These cracks set in prior to the completion of the dehy-
dration process, and could not be fully reversed upon completion rehydration at a 
relative humidity of 50%. These fi ndings have implications in the use of trehalose 
dihydrate as an excipient in carrier-based dry powder inhalation formulations 
because the surface properties of the excipient are essential to its proper behavior 
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and alterations resulting from processing or storage conditions could affect the way 
the excipient interacts with the drug substance. 

 In another work, the multi-disciplinary application of atomic force microscopy, 
dynamic vapor sorption, and near infrared spectroscopy was used to investigate 
the outer-layer and bulk kinetics of the dehydration of trehalose dihydrate under 
conditions of ambient temperature and low humidity  (36) . Use of the microscopic 
technique enabled the determination of the dehydration kinetics of the outer layers 
both directly and from bulk data, and it was reported that no signifi cant differ-
ences between the outer layer dehydration kinetics could be gleaned using these 
methods. The microscopic method also permitted the analysis of bulk-only kinetics 
from the vapor sorption and spectroscopic data, suggesting that the combination of 
atomic force microscopy and bulk characterization techniques should facilitate the 
acquisition of a more complete understanding of the kinetics of certain solid-state 
reactions. 

 X-ray powder diffraction was used to study the progressive conversion of 
raffi nose pentahydrate to its amorphous form by heating at 60°C over a period of 
72 hours  (37) . The presence of defects in the crystalline structure and any amorphous 
content was determined using a total diffraction method where both the coherent 
long-range crystalline order and the incoherent short-range disorder components 
were modeled as a single system. The long-range crystal structure of the initial 
pentahydrate phase remained intact in residual crystalline material, although the 
 c -axis of the unit cell underwent an abrupt change after two hours of drying with 
the loss of one to two water molecules. The remaining crystal structure gradually 
disappeared over the two- to eight-hour time period, with the diffuse scattering 
containing both amorphous and defect contributions. It was concluded that removal 
of the fi rst two waters of hydration created defects, and that these defects aided in 
subsequent conversion to the amorphous state.    

 PHASE TRANSFORMATIONS CAUSED BY THE ACTION 
OF A SECOND PHASE 
 When a solid consisting of a single component interacts with another phase con-
sisting of a different component, the number of variables required by the Phase 
Rule to specify the system increases. Besides the usual variables of temperature and 
pressure, a concentration factor must also be specifi ed in order to simplify the phase 
diagram. For a solvent interacting with a solid, the additional factor will be the 
solubility of the solute in the solvent at a given temperature and pressure, and 
the magnitude of this solubility will strongly affect the kinetics and outcome of 
the phase conversion process. For a solid interacting with a vapor, the partial 
pressure of the interacting component in the vapor will generally be the dominant 
factor in determining the kinetics and type of product formed by sorption of that 
interacting component.  

 Solution-Mediated Phase Transformation 
 Because it is not likely that a solution-mediated phase transformation could be 
adequately described by equilibrium theory, one must consider the process more 
from a kinetic viewpoint than from a thermodynamic viewpoint. For instance, 
during investigational work designed to determine the polymorphic and solvato-
morphic space for a compound, one typically fi rst crystallizes the substance out of 



500 Brittain

a variety of solvents and under a variety of conditions. Very often, if conditions are 
appropriate for the nucleation of a metastable crystal form, one can then obtain bulk 
quantities of that polymorph through continued crystal growth as long as no other 
phase transformation reactions take place. The identity of the isolated crystal form 
frequently depends on the properties of the crystallization solvent, as well as on the 
mechanism whereby the supersaturation of the solute in the crystallizing solution 
is discharged  (38) . 

 Owing to its inherent range of chemical and physical properties, the crystal-
lizing solvent often exerts a strong infl uence over the nature of packing or confor-
mation polymorphism that can exist for a given compound. Solvents have been 
classifi ed on the basis of their proton donating, proton accepting, and dipole 
interaction abilities  (39) , and also divided into classes according to their high-
performance liquid chromatography (HPLC)-related properties  (40) . Additional 
information about solvent classifi cations is available in the compilation of Riddick 
and Bunger  (41) . Given the additional variability introduced into the phase diagram 
of a compound, there certainly exists a substantial probability that a kinetically 
controlled, non-thermodynamic, process could dominate in a system formed by a 
solid substance and its saturated solution. 

 It has been recognized since the earliest studies of Ostwald  (42)  that the phase 
diagram for solubility is more complicated than is most commonly envisioned. 
At a specifi ed temperature and pressure, a supersaturated solution will not neces-
sarily spontaneously adjust to the equilibrium condition required by the phase 
rule (i.e., the equilibrium solubility) unless the degree of supersaturation exceeds a 
certain critical value. The concentration region where supersaturation can be 
obtained without the spontaneous formation of crystal nuclei is termed the meta-
stable zone, whereas the concentration region where the formation of crystal nuclei 
cannot be stopped is termed the labile zone. 

 Ostwald made a number of important observations regarding the relative 
stability of crystal forms, one of which is that the polymorph having the least sta-
bility tends to crystallize fi rst, and another is that metastable crystal forms tend to 
convert into more stable crystal forms during the time they were suspended in solu-
tion. As he stated, “When a given chemical system is left in an unstable state, it 
tends to change not into the most stable form, but into the form the stability of 
which most nearly resembles its own; that is, into that transient stable modifi cation 
whose formation from the original state is accomplished by the smallest loss of free 
energy”  (14) . The practical implication of the Rule of Stages is that if investigators 
want to isolate a metastable polymorph formed during a rapid discharge of super-
saturation, they must quickly remove the precipitated solids from the crystallizing 
solution before it has a chance to transform into a new crystal form. 

 That kinetics plays the essential role in the course of solution-mediated phase 
transformations has been known for quite some time, and non-equilibrium thermo-
dynamic approaches have been used to develop a theory to explain the phenome-
non. The most notable of these is the work of Davey, who deduced that the kinetic 
theory suggested the existence of very different profi les for discharge of supersatu-
ration for the extremes of growth-controlled and dissolution-controlled transforma-
tions (43  ,44 ). Davey used examples taken from the dyestuff and agrochemical fi elds 
to confi rm that both types of process could occur under suitable circumstances. 
Around the same time, van Santen used an irreversible thermodynamic approach 
to show that the step rule of Ostwald served to minimize entropy production  (45) . 
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 The signifi cance of controlling both the mechanism and kinetics of particle 
growth during crystallization processes has been discussed, with the importance of 
nucleation control being emphasized  (46) . Microscopy was held to be an important 
interrogative tool for characterization work, stressing inverted optical microscopy 
(for the study of crystallization processes in situ, to monitor phase transformations 
in suspensions, to determine transformation times, and to measure crystal growth 
rates), electron microscopy (to characterize solute interactions with specifi c crystal 
faces, to identify nucleation and growth mechanisms, and to measure crystal 
growth rates), and atomic force microscopy (another in situ method for the study of 
crystallization processes). 

 One of the common procedures used to isolate quantities of a desired poly-
morphic form entails the introduction of seed crystals of the appropriate crystal 
form into a crystallizing solution where the solute concentration is in the metastable 
zone. The possibility that solution-mediated phase transformation processes could 
take place subsequent to the seeding step is very real, and as a result the seeding 
procedure has to be carefully investigated and controlled. These issues have been 
fully discussed, with particular emphasis being placed on the choice and preparation 
of seed crystals, the appropriate window for adding seed crystals in a crystallizing 
medium, the rate of crystallization and amount of added seed crystals, how to add 
the seed crystals, and how to scale up a seeded process  (47) . 

 One of the solution-mediated phase transformation systems that has been 
extensively studied is the formation of carbamazepine dihydrate from its various 
anhydrous polymorphs. For example, Raman spectroscopy has been used to study 
the kinetics of the conversion of the Forms I and II, and II anhydrates to the dihydrate 
in aqueous suspensions  (48) . In this work, it was found that the morphology of the 
starting material was a more important factor in determining the rates of reaction 
than was the actual phase identity of the starting material. In another study, electron 
microscopy was used in conjunction with Raman spectroscopy to study the conver-
sion of single carbamazepine crystals to the dihydrate in water and in aqueous solu-
tions, and it was shown that defect structures were a more important driving force 
for the conversion than was the identity of the crystal face where the hydration 
initially took place  (49) . 

 A Raman immersion probe was used to follow the anhydrate–dihydrate phase 
conversion of carbamazepine in ethanol–water mixtures as a function of both 
composition and temperature  (50) . The phase transformation was deduced to consist 
of a two-step process, with the fi rst step consisting of dissolution of the anhydrate 
phase and the second step being crystallization of the dihydrate phase. Owing to 
the relatively slow kinetics of the crystallization, it was determined that crystalliza-
tion of the dihydrate form represented the rate-determining step in the overall 
kinetics of phase transition. Through the use of mixed solvents, it was also deter-
mined that the phase transformation rates could be correlated with the deviation of 
the water activity in the solution from the equilibrium water activity value. 

 The effect of fi ve different additives on the anhydrate-to-dihydrate transforma-
tion in ethanol–water mixtures were evaluated using an in-line Raman probe  (51) . 
Among other things, it was found that hydroxypropyl methylcellulose exhibited 
a strong inhibitory effect on the phase transformation, and that it also decreased 
the difference in solubility among the various crystal forms. In another study of 
the effect of excipients on the anhydrate-to-dihydrate phase transformation of 
carbamazepine, it was established that hydrogen bonding ability and suffi cient 
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hydrophobicity were important as factors infl uencing the inhibition activity of 
the excipients, although the relative importance of the two factors could not be 
established  (52) . 

 It has been found that both the anhydrous Form-III and dihydrate phases of 
carbamazepine exhibit fl uorescence in the solid state  (53) . The fl uorescence intensity 
associated with the dihydrate phase was determined to be signifi cantly more intense 
than that associated with the anhydrate phase, and this difference was exploited to 
develop a method for study of the kinetics of the aqueous solution-mediated phase 
transformation between these forms.  Figure 10  shows plots of the early stages in the 
time dependence of the emission intensity of carbamazepine anhydrate Form-III 
slurried in water at various at suspension concentrations. Each trace consisted of an 
initial rapid increase in emission intensity as the anhydrate material dissolved, 
followed by a decrease in intensity when the dihydrate phase nucleated and solid 
precipitate was formed, and fi nally a gradual rise in intensity as the dihydrate phase 
content grew at the expense of the anhydrate phase content. Studies were conducted 
at temperatures over the range of 18°C to 40°C, and it was found that the phase 
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 FIGURE 10    Dependence of cefadroxil fl uorescence intensities as a function of the number of 
coordinated water molecules in isothermally heated samples. The intensity of the EX360–EM460 
system is shown as the solid trace, whereas the intensity of the EX390–EM540 system is shown as 
the dashed trace.    
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transformation was adequately characterized by fi rst-order reaction kinetics and an 
activation energy of 11.2 kcal/mol (47.4 cal/gram) for the phase conversion.  

 X-ray powder diffraction has been use to quantify the kinetics of the solution-
mediated phase transformation of the metastable form of an active pharmaceutical 
ingredient to one of its more stable forms, and it was reported that the transfor-
mation rate could be infl uenced by the presence of structurally related, tailor-made, 
impurities  (54) . Modifi ed attachment energy calculations were found to represent 
an effective indicator as to how likely a given impurity molecule would be incor-
porated in the growing crystal. In this work, it was proposed that the energetic 
calculations could facilitate the design of suitable molecules that would inhibit the 
crystallization of the stable form and therefore stabilize the metastable crystal 
form. 

 The kinetics associated with the phase conversion of mefenamic acid Form-II 
to Form-I was studied in three solvent systems and under high humidity conditions 
 (55) . As might be expected, the transformation was accelerated with increasing tem-
perature, with the addition of seed crystals of the product phase, and with the 
degree of solubility in the suspending solvent system. The effect of a number of 
parameters on the solution-mediated Form-II to Form-I phase transformation of 
buspirone hydrochloride was studied with the aim of developing a response 
surface analysis in order to identify the more important factors affecting the poly-
morphic interconversion  (56) . The phase transformation of clopidogrel hydrogen 
sulfate Form-I into Form-II has been studied using in situ measurements of ultra-
sonic velocity, with the technique being able to provide information on the induc-
tion times and transformation rates for formation of the two polymorphs as well as 
effects of temperature and solvent composition  (57) . 

 Solution-mediated phase transformation reactions can play havoc with dis-
solution profi le studies if they take place during the lifetime of the study, and any 
dissolution study of a metastable crystal form must take this possibility into account. 
Such phase transformations were studied for theophylline and nitrofurantoin using 
a channel fl ow intrinsic dissolution system, where the polymorphic form of the 
dissolving solid was continually monitored using Raman spectroscopy  (58) . It was 
concluded that knowing both the drug concentrations in the dissolution medium 
and the solid-state characterization provided a route to a deeper understanding of 
the phase transitions accompanying the dissolution. In a subsequent work, the 
solution-mediated phase transformation of theophylline anhydrate into the 
monohydrate were studied in rotating disc and channel fl ow cell dissolution devices 
with a particular aim of characterizing the kinetics of reactions taking place in both 
systems  (59) . 

 A rate enhancement effect due to secondary nucleation has been identifi ed in 
the solution-mediated transformation of the  α -phase of ( L )-glutamic acid to its 
 β -phase  (60) . In this study, the kinetics of the polymorphic transition were studied 
using optical microscopy combined with Fourier transform infrared, Raman, 
and ultraviolet absorption spectroscopies. In another work, four different in situ 
analytical techniques have been used to study the solvent-mediated  α   →   β  phase 
transformation of ( L )-glutamic acid, combined with a mathematical model based on 
population balance equations of equations describing the kinetics of nucleation 
and growth  (61) . This approach facilitated estimation of the nucleation and growth 
rates of the two polymorphs, profi ling of the dissolution process, and a validation 
of the population balance model. On-line X-ray powder diffractometry has been 
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combined with a fl ow-through cell and a chemometric method to study the phase 
transformation between the metastable  α -form and the stable  β -form of ( L )-glutamic 
acid  (62) . The interconversion processed were studied in slurries, and Arrhenius 
methods were used to determine that the activation energy of the process was 
43.9 kJ/mol.   

 Phase Transformation Caused by Vapor Sorption 
 The interaction of solids with gases in the vapor phase represents another exceed-
ingly important area of a crystal form screening protocol, and gains special impor-
tance when the interacting substance in the vapor is water and the product in the 
solid state is a hydrate. In its most basic form, the methodology is to simply expose 
solids pre-selected relative humidity conditions (usually through the use of saturated 
salt solutions) and to allow the solids to interact with the vapor for a suffi ciently 
long time period for the equilibration to reach a steady state. After complete equili-
bration of the sample with the environment is obtained, one measures the water 
content and typically plots the total water content as a function of relative humidity. 
When a compound does not form a hydrate, a plot of water content against relative 
humidity will ordinarily consist of a simple concave-up type of plot. However, 
when a substance can form a stoichiometric hydrate, the hydrate will exhibit 
stability and a well-defi ned water content over a range of relative humidity values 
(63  ,64 ). It is a simple matter after that to use the measured water content to calculate 
the stoichiometry of the hydrate. 

 A wide range of additional experimentation can be performed using dynamic 
vapor sorption instrumentation, where a sample is subjected to varying conditions 
of humidity and temperature, and the gain or loss in mass of the sample is measured. 
Each measurement thus consists of a sorption isotherm, which contains information 
regarding the water content values during the process of adsorption at a constant 
temperature. The technology has been used to determine the critical relative humid-
ity for the onset of moisture-induced phase transformation processes, and has 
proved to be especially useful in the characterization of trends in glass transition 
temperatures and crystallization processes in amorphous or partially amorphous 
substances  (65) . 

 A Raman spectrometer interfaced with a moisture sorption gravimetric ana-
lyzer has been used to study modes of water–solid interactions in sulfaguanidine, 
cromolyn sodium, ranitidine hydrochloride, amorphous sucrose, and silica gel  (66) . 
Principal components analysis was used to determine the trends in the Raman data, 
and the combination of instrumentation and data analysis facilitated the generation 
of information related the various types of interactions. For example, analysis using 
the various modeling routines on the humidity-dependent Raman spectra of cro-
molyn sodium enabled the conclusion that the spectral changes were most likely 
due to water-induced unit cell expansion, which in turn, provided increased fl exi-
bility in the structure allowing the two carboxylate groups to rotate away from each 
other. 

 The solvatomorphic space of the disodium salt of ( S )-4-[[[1-(4-fl uorophenyl)-
3-(1-methylethyl)-1 H -indol-2-yl]-ethynyl]-hydroxyphosphinyl]-3-hydroxybutanoic 
acid has been found to exceedingly rich, with the compound being able to form 
a multitude of hydrate forms upon exposure to various relative humidity environ-
ments  (67) . This developmental drug substance was found to exhibit rapid changes 
in moisture sorption (or desorption) when the environmental relative humidity was 
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altered, and the existence of an amorphous form, three crystalline hydrates, and 
a liquid crystalline phase were identifi ed. Even so, it proved possible to formulate 
the substance into solid dosage forms by dry granulation as long as the relative 
humidity was kept below 52%. Interestingly, the dissolution rate of the substance 
from its formulations was found not to depend on the crystal form in the dosage 
form. 

 The three crystalline hydrates and liquid crystalline phase of this disodium 
salt of ( S )-4-[[[1-(4-fl uorophenyl)-3-(1-methylethyl)-1 H -indol-2-yl]-ethynyl]-hydroxy-
phosphinyl]-3-hydroxybutanoic acid were also found to exhibit varying fl uorescence 
properties as a result of the hydration condition in their respective solid states  (68) . 
The monohydrate Form-I was characterized by an excitation maximum at 345 nm 
and a fl uorescence maximum at 371 nm. Form-II (a dihydrate) exhibited essentially 
equivalent spectral characteristics as did Form-I, except for a signifi cant reduction 
in fl uorescence intensity. The excitation maximum found for Form-III (effectively a 
hexahydrate) was found to shift to 400 nm, and the fl uorescence shifted to 485 nm. 
This latter behavior is consistent with the formation of indole excimers in this phase, 
resulting from a stacking of the ring systems within the solid. Finally, upon bind-
ing of nine hydration waters, the structure relaxed into a liquid crystalline form 
that exhibited similar spectral characteristics to those of Form-III, but of greatly 
reduced intensity. The dependence of cefadroxil fl uorescence intensities upon the 
number of coordinated water molecules in isothermally heated samples is shown in 
 Figure 10 . 

 Near-infrared spectroscopy was used to study the temperature dependence 
of the phase interconversion between the solvatomorphs of caffeine, with the rate 
of conversion being dependent on the difference between the observed relative 
humidity and the equilibrium water activity of the anhydrate/hydrate system  (69) . 
It was found that the phase boundary between caffeine anhydrate and the 4/5-
hydrate existed at a relative humidity of 67% at 10°C, 74.5% at 25°C, and 86% at 
40°C. Numerical fi tting of these data enabled the deduction of a relationship that 
permitted the determination of the phase boundary at any temperature appropriate 
for a secondary processing process. 

 A monohydrate intermediate was implicated in the solid-state transition of 
theophylline metastable Form-III to the stable Form-II, with the transition being 
strongly affected by the environmental relative humidity  (70) . The transition 
between the anhydrates was found to be accelerated by increasing degrees of relative 
humidity, whereas elevated humidity levels inhibited the transition of the mono-
hydrate to Form-II. The kinetics of the humidity-induced phase transformation 
from the anhydrate to the hydrate has been studied using Raman spectroscopy, 
where it was determined that although the anhydrate-to-monohydrate reaction 
proceeds as a single-step hydration process, the monohydrate-to-anhydrate is a 
two-step dehydration reaction  (71) . In this work, it was determined that the criti-
cal relative humidity for room temperature hydration of the anhydrate was approx-
imately 79%. The effects of multi-chamber microscale fl uid bed drying on the phase 
composition of theophylline drug products has been studied, indicating that dry-
ing a monohydrate starting material would produce the stable anhydrate phase 
that was contaminated with measurable quantities of the metastable anhydrous 
form  (72) . 

 The interaction of the anhydrate, dihydrate, hemi-pentahydrate, trihydrate, 
and pentahydrate solvatomorphs of norfl oxacin with water have been studied with 
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the aim of understanding the particular zones of environmental stability as well 
as the propensity of each form to convert to another  (73) . Most of the forms con-
verted to the pentahydrate at extremely high degrees of relative humidity, although 
the dihydrate resisted conversion. The pentahydrate itself proved to be fairly stable 
with respect to dehydration, only undergoing a desolvation reaction when the 
relative humidity was decreased below 20%, and the hemi-pentahydrate form was 
produced when the anhydrate was exposed to 75% relative humidity. 

 It has been observed that under conditions of high relative humidity, parac-
etamol Form-II that had been crystallized from ethanol transforms more rapidly 
into Form-I than did Form-II that had been crystallized from a molten state  (74) . 
Although it was determined that seed crystals of Form-I were present in product 
obtained when Form-II was obtained from a solution-phase process, their presence 
could not be used to entirely explain the difference in phase conversion rates. Grind-
ing experiments indicated that a small amount of ethanol (less than 1%) remained 
in solution-grown product, and it was concluded that moisture sorption from the 
vapor phase triggered an ethanol-mediated growth of the existing Form-I nuclei. 

 An on-line process analytical approach was used to obtain a better under-
standing of the phase transformations experienced by erythromycin dihydrate 
during production of pellets by the extrusion-spheronization and drying process 
 (75) . Samples were taken after the blending, granulation, extrusion, and spheroni-
zation steps of the process during drying at 30°C or 60°C, and were characterized 
as to their near-infrared spectra and X-ray powder diffraction patterns. No change 
in phase composition was detected for product obtained by pelletization and 
drying at 30°C, but partial dehydration of the drug substance was observed for 
pellets dried at 60°C. Variable-temperature X-ray powder diffraction measure-
ments carried out between 25°C and 200°C on initially wet pellets confi rmed that 
erythromycin dihydrate underwent a thermally induced dehydration reaction at 
approximately 60°C.      
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             Effects of Pharmaceutical Processing on the 
Solid Form of Drug and Excipient Materials   

   Peter L. D.   Wildfong   
 Duquesne University, Pittsburgh, Pennsylvania, U.S.A.     

 INTRODUCTION 
 The previous chapters in this book have considered the theories and thermo-
dynamic bases behind the generation of different solid phases, as well as some of 
the principal analytical techniques used to characterize them. The volume of litera-
ture devoted to pharmaceutically relevant solid forms is suffi ciently extensive to 
indicate its signifi cance to formulation and development sciences. The role of solid 
form selection and solid materials characterization as an essential aspect of pre-
formulation has been reinforced as an early step in a feed-forward drug product 
development scheme (1), and is consistent with worldwide regulatory guidance 
documents and the FDA’s recent Critical Path Initiative. 

 Central to the present chapter is a review of current and historical research 
concerning the infl uence of primary processing (unit operations used to manufac-
ture bulk drug substance) and secondary processing (unit operations used to manu-
facture drug product) on the solid form(s) of the materials involved. The importance 
of these phenomena is not isolated to the pharmaceutical industry, and several 
accounts can be found in the materials literature pertaining to the production and 
development of ceramic/inorganic (2–8) and metallic (9–14) composites, and food 
products (15). Inclusive of all processing- and materials-dependent industries, the 
occurrence of raw material solid form changes during manufacturing can have 
dramatic effects on product stability (chemical or physical), material workability 
and process effi ciency (viability of downstream processing), product performance 
(alterations to composite behavior), and product failure (recalls owing to catastrophic 
failure or regulatory non-compliance). In the pharmaceutical industry, active phar-
maceutical ingredient (API) phase changes induced during processing can result 
in unpredictable alterations in shelf-life and changes in relative bioavailability, 
leading to product recall and limiting patient access to important therapeutic 
products. Despite the importance of understanding these phenomena, many pub-
lished studies are limited to characterizations of the phase changes without 
attempting to establish predictive patterns for their potential occurrence in new 
materials. The literature supporting other materials-dependent industries more 
often presents these phenomena at a fundamental level; however, transfer of these 
ideas to organic materials has been limited.  

 Importance of the Effects of Processing on Drug Product Viability 
and Stability 
 The importance of considering the infl uence of manufacturing on solid form is born 
of the need to ensure predictable drug product quality and performance. Solid-state 

14
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characterization is done early in development pipelines in order to identify the 
range of solid forms that a molecule might potentially exhibit (1,16–18). Identifi cation 
of the most thermodynamically stable polymorph is performed with the mindset of 
preventing unanticipated physical changes to the API downstream, which, as classi-
cally demonstrated in the case of Ritonavir (19) led to a dramatic recall of a key 
therapeutic entity from the market, and a costly reformulation. The impact that 
form changes can have on drug products is the impetus behind the polymorph, 
solvate/hydrate, desolvated solvate, and amorphous substance decision trees pre-
sented in Byrn et al. (17,20), and various International Conference on Harmoniza-
tion (ICH) and FDA guidance documents. At the heart of these decision trees are the 
essential questions: (1) does the solid material have the propensity to exist in more 
than one physical form, and (2) are the physicochemical properties of the forms suf-
fi ciently different from one another, that dosage form performance is affected? The 
signifi cance of whether or not a molecule exists in multiple forms is tied to the impact 
its presence can have on a critical performance attribute, whether the change occurs 
during manufacturing (i.e., the ability to manipulate the API into a reproducibly 
homogeneous dosage form is altered) or as a drug product (i.e., the phase transition 
constitutes a signifi cant alteration in the relative bioavailability of the API) (21). 

 The present chapter will examine solid form changes as a result of processing 
by looking at individual unit operations. Within this context, the over-arching 
sources of these transformations appear to fall into one of three categories: (1) exposure 
of materials to extensive mechanical stress, (2) exposure of materials to water (or 
other processing solvents), and (3) exposure of materials to temperature during 
processing. Overall, these three aspects are common to several steps in typical solid 
processing lines. The potential that a transformation may occur during manufacturing 
is, therefore, of importance to the industry. 

 The extent of transformation observed in any manufacturing environment 
will be highly variable depending on the time for which the material is exposed to 
the driving force. It could be argued that in many cases, materials encounter these 
driving forces for such limited durations (i.e., temperature or moisture excursions, 
short compaction dwell times, etc.) that transitions will occur on a scale to which 
the reproducibility of drug product performance is not compromised. Even if 
this argument was refl ective of all current materials and processes, our present 
mechanistic understanding of process-induced transformations is very limited, and 
predictions of phase behavior are not yet possible. 

 The complex interplay between API and excipients that determines the per-
formance of solid drug products is a major focus of current pharmaceutical 
research. A limitation of the body of literature concerning process-induced phase 
behavior in organic materials is that it is heavily skewed toward API. Excipients, 
many of which are derived from natural sources, often suffer from signifi cant 
batch-to-batch, lot-to-lot, and vendor-to-vendor variability. It is not unreasonable 
to consider that the phase response of an excipient to a manufacturing environ-
ment might also be highly variable. Furthermore, whereas conclusions concerning 
API are based on purifi ed materials, excipients (particularly naturally derived 
polymers) tend to be mixtures of molecules, adding an additional layer of com-
plexity to their characterization, and making diffi cult the prediction of responses 
to different manufacturing environments. In short, there is still considerable work 
to be done in this fi eld, if we are to move toward the “materials understanding” 
espoused by the FDA.   
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 Recent Reviews on Mechanochemistry 
and Process-Induced Transformations 
 A survey of the literature suggests signifi cant interest in process-induced transfor-
mation potential of pharmaceutical materials. Several reviews capture the perva-
sive nature of these phenomena, and list historical and current studies based on 
specifi c model compounds (22–27). Other reviews are dedicated to mechanistic 
and theoretical descriptions of processing and process control (28), which use 
compound-specifi c examples to argue mechanistic research (10,29–32). The present 
chapter will attempt to combine the two formats. In general, as pharmaceutical 
materials scientists look to the future, the boon of such research will only be realized 
as we attempt to construct a better understanding of these phenomena. As more 
mechanisms are elucidated and understood, the literature will begin to form a 
database, from which manufacturing and formulation decisions could be derived, 
ultimately leading to more predictable product performance, and consistent 
product quality.    

 PRODUCTION OF BULK DRUG SUBSTANCE 
 Upon identifi cation of a candidate molecule, a potential API enters the development 
stream along two parallel pathways. On the drug product stream, preformulation, 
formulation, and process engineering are initiated in order to yield a dosage form. 
Parallel to this is a drug substance development stream in which process chemists 
are required to scale the synthesis and raw material production from milligram 
quantities through the various scales necessary to support the commensurate 
stages of product development. Although bench-top polymorph screens provide 
information on the variety of different forms that may be grown under numerous 
solvent and temperature conditions, the reaction times conducted at the industrial 
scale (as well as subsequent purifi cation steps) oftentimes allow the system to 
establish thermodynamic equilibrium, resulting in the growth of the most stable 
form. Early in this development stream, however, high yield is often the primary 
focus, and the fi rst scale-up opportunity may result in production of metastable 
phases. 

 Depending on the extent of process refi nement that occurs during later stage 
raw material scale-up sequences, the opportunity for the appearance of the thermo-
dynamically preferred form is considerable. Transformation in later development 
carries with it the burden for retesting of the drug substance, including alterations 
to the analytical profi le, and expensive clinical or toxicological tests. Understanding 
the interplay of different processing steps involved in raw materials manufactur-
ing, therefore, is very important in ensuring the phase purity of drug substance 
used throughout the product development stream, as well as the ultimate assurance 
that the same material can be produced beyond market approval, ad infi nitum.  

 Solidifi cation Processing 
 Crystallization occurs via the collective assembly of molecules into the periodic 
arrangements that will eventually defi ne the structure and properties of the solid 
materials. This nucleation process templates the growth of the solid form that 
results from a given solidifi cation process. Rigorous developments concerning the 
thermodynamics of crystallization can be found elsewhere (33–35). 
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 Free energy arguments require the collective assembly of a fi nite number of 
molecules to form a critically-sized nucleus having a balance between the surface 
and volume free energies, such that growth to larger radii will result in a reduction 
in free energy of the system. Homogeneous nucleation from a recrystallization 
solvent can be described by equation (1): 
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 where  ∆  G  crit  represents the free energy change associated with forming a spherical 
nucleus having a critically-sized radius equal to  r ;   g   is the interfacial energy owing 
to the incoherence between the surface of the growing particle and the mother 
liquor,  v  is the molecular volume,  k  B  is Boltzmann’s constant,  T  is the recrystallization 
temperature, and  S  is the degree to which the growth medium is supersaturated. 
Practically speaking, the recrystallization temperature and degree supersaturation 
afford the greatest opportunity for the formation of differently arranged nuclear 
templates, which result in the growth of different phases. Depending on the system, 
the opportunity for local  T  and  S  excursions may favor the growth of different 
phases from the same molecules (34). 

 Ultimately, the homogeneous mechanism described above [equation (1)] is 
oversimplifi ed, and as such, solidifi cation via this mechanism is seldom observed in 
practice. More commonly heterogeneous mechanisms are invoked, which allow a 
reduction in the interfacial energy by allowing growth on the surfaces of impurities. 
This is mathematically represented by a shape factor,   j  , defi ned in terms of the 
contact angle (  q  ) between the solid growth phase and the surface of impurities in 
the solvent [equation (2)]. 
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 This shape factor is a fractional multiplier, which can be used to relate the 
energy requirements of heterogeneous nucleation with homogeneous nucleation 
[equation (3)]: 

      j∆ ⋅ ∆hom net = G G   (3)  

 The reduction in free energy requirement offered by nucleation on impurity 
surfaces indicates why heterogeneous mechanisms are typically observed. This 
theory also supports the use of seed crystals (secondary nucleation) to direct 
pharmaceutical drug substance manufacturing. The addition of phase-pure parti-
cles of the desired solid form to the mother liquor provides a template for growth, 
as well as surfaces with which the API molecules should have perfect (or near 
perfect) coherence. This effectively drives the   q   term of equation (2) (hence   j  ) to a 
value of zero, which implies that recrystallization in seeded systems should be 
highly favored and spontaneous. In the case of monotropically related poly-
morphs, seeding is expected to unambiguously result in growth of the stable form, 
whereas enantiotropically related pairs risk solvent-mediated transformations at 
temperatures below the transition temperature (34). 

 A well-controlled crystallization system should yield the desirable form, 
having had it introduced to the solvent as seed crystals. In contrast, inadvertent 
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seeding can be devastating to solidifi cation processing, and result in the growth of 
undesired phases. This has been suggested to be the case in the now classic example 
of Ritonavir (19,36). The fi nal drug product,  Norvir , was released to the market in 
1996 as a semisolid capsule formulation containing what was believed to be the 
most thermodynamically stable polymorph (Form I). In 1998, dissolution problems 
with the drug product prompted an investigation, which determined that transfor-
mation to a previously unknown, more thermodynamically stable polymorph 
(Form II) had occurred. The emergence of this much less soluble polymorph reduced 
the bioavailability of the marketed product, requiring a widespread recall. Attempts 
to isolate Form I at the US facilities failed, and a team of investigators was sent to 
Italy to determine whether or not any changes had been made to the bulk material 
manufacturing process. Shortly after the visiting scientists arrived, signifi cant 
amounts of Form II began appearing at the Italian facility. This has been speculated 
to have been the result of an inadvertent transfer of Form II seeds from the US 
facility to the Italian facility, which after contaminating the Italian process, resulted 
in the observed growth of Phase II. This, of course, is also suggested to have been 
a coincidence, and that the spontaneous discovery of Form II was simply the 
unfortunate consequence of thermodynamics taking awhile to rear its ugly head. 

 Beyond recrystallization, bulk API manufacturing involves a series of fi ltra-
tions, washes, and dryings, which may be required before the fi nal solid material is 
ready for transfer to secondary operations. These are schematically illustrated in 
 Figure 1 . Conceivably, any of these steps could elicit an undesired phase change, the 
criticality of which depends substantially on the kinetics of the transformation and 
the duration of the process step. Excursions of  S  and  T  during recrystallization have 
been discussed briefl y above. The time frame of crystallite exposure to the recrystal-
lization solvent also carries with it the potential to cause a solvent-mediated trans-
formation. In short, contact between the solvent and a metastable phase allows its 
re-dissolution followed by the independent nucleation and growth of the more stable 
polymorph. The kinetics of these transformations have been detailed by Cardew 
and Davey (37), but may occur during any of the solvent-dependent manufacturing 
steps ( Fig. 1 ).  

 Also included in drug substance manufacturing is the removal of solvent by 
drying the purifi ed solids ( Fig. 1C ). Akin to drying steps in drug product manufac-
turing, exposure of metastable solids to high temperatures hastens their solid-state 
conversion to more stable forms. Additionally, low-temperature stable enantiotropes 
dried at temperatures above their solid transition temperature ( T  tr ) may convert to 
the high temperature stable form, which could become kinetically trapped as a 
metastable phase when the temperature is removed. Further consideration will be 
given to drying in the section “Effects Due to Drying.” 

 The last step indicated in  Figure 1D  is comminution, which is used to break 
up large, fused particles that result from the preceding steps, allowing the material 
to be better suited to secondary processing. The ubiquitous presence of milling in 
pharmaceutical processing and its potential for eliciting process-induced phase 
transformations merits considerable discussion. As such, comments on milling will 
be covered in the section “Effects of Particle Size Reduction.”   

 Examples of Transformations During Drug Substance Manufacturing 
 At all levels, rigorous research has been performed to optimize process understand-
ing, and fi ne-tune manufacturing control to ensure consistent  T  and  S  throughout 
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recrystallization. An excellent review, which discusses the importance of these con-
trols is provided by Beckmann (34). Without such control we might expect excur-
sions to result in the growth of unanticipated solid forms (alone or as mixtures with 
the desired phase). Gu et al. (38), and Zhang et al. (39), have both reported the infl u-
ence of controlled processing conditions on the crystallization of polymorphs of 
sulfamerazine. It was found that the strength of interactions between the solvent 
and solute was a key determinant in the transformation rate, which was observed 
to be much slower in the solvent having the strongest hydrogen-bond donor pro-
pensity (38). Prior to these studies, the low-temperature stable Form II ( T  tr,II → I  is 
between 51°C and 54°C) had not been prepared in bulk quantities, owing to slow 
conversion rates in solution and in the solid state (39). Sulfamerazine provides a 
nice example of how Ostwald’s Rule of Stages (33,40) can signifi cantly infl uence the 
form yielded by a recrystallization process. Because there is a higher probability of 
forming the metastable form fi rst (Form I), and the solvent-mediated conversion to 
Form II is observed to be exceedingly slow (39), except under highly controlled 
circumstances, growth of Form II should not be expected. 
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 FIGURE 1    Solidifi cation is accomplished via controlled  S  and  T , used to establish favorable condi-
tions. ( A ) Seed crystals may be added to facilitate recrystallization. ( B ) Filtered crystals may have 
poorly formed crystallites or impurities on their surfaces that need to be removed by washing in 
saturated mother liquor. ( C ) Residual solvent needs to be removed to complete purifi cation by the 
application of temperature. ( D ) Dried materials are then subjected to milling for reduce particles to 
usable sizes/size distributions.    
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 Because recrystallization also carries with it signifi cant potential to yield 
undesirable solvatomorphs (hydrates, solvates, etc.), research focusing on predictions 
of the likelihood of this transformation is also central to the discussion of process-
induced transformations. The temperature dependence of the transition point in 
concentration space is considerable, owing to a decreasing window of stability for 
anhydrate/desolvate with decreasing temperature (34). Hosokawa et al. (35) have 
used a chemo-informatic approach to study correlations between the molecular 
characteristics of various compounds and the solvents from which they were recrys-
tallized. The authors completed a survey of the Cambridge Structural Database 
(CSD) to reveal that 6397 small molecule organic compounds had been crystallized 
from one of 15 solvents. Using 2D molecular descriptors to form a training dataset, 
priority rankings for each of the 15 solvents were satisfactorily predicted for 
randomly chosen test compounds. 

 Interest in rigorous control over the solidifi cation process has seen its 
inclusion in recent process analytical technology (PAT) research. Non-invasive 
online measurement of solution concentration (supersaturation) has been dem-
onstrated by Togkalidou (41,42). Additionally, interest in on-line monitoring 
and determining the kinetics of solid form changes during recrystallization has 
been done in an effort to provide a process that consistently results in the desired 
solid phase (43).    

 EFFECTS OF PARTICLE SIZE REDUCTION 
 As indicated above, the last step in bulk substance manufacturing is often milling, 
performed in order to generate raw materials having a reasonable (and uniform) 
particle size and particle size distribution. Comminution as a manufacturing step 
occurs throughout the pharmaceutical industry, and many processing streams 
require a high-shear particle sizing step, sometimes at multiple points in a given 
manufacturing line. Although milling mechanisms can be as varied as the different 
types of mills available for large-scale processing, particle size reduction and parti-
cle size distribution homogenization is accomplished by some combination of 
particle fracture and attrition. Depending on the equipment, the balance of these 
two mechanisms (and the applied stress state required to accomplish the task) can 
be substantially different. Although some effort may be taken to expose materials to 
“mild” processing conditions, particle size reduction by its very nature uses signifi -
cant mechanical energy, carrying with it the potential to impose a change in physical 
form to the material. These changes can include polymorphic transformations, con-
version to the amorphous state, dehydration, or some mixture of these transitions. 
The concern with these possible activated states rests in the nature of high energy 
forms, all of which have the potential to transform to more thermodynamically 
stable states over time. 

 Exploration of these phenomena throughout the materials literature often 
considers phase changes in response to extensive milling periods, during which the 
repeated exposure of materials to high-shear energy drives the transformations. 
Depending on the mill used at industrial scale, the duration for which the material 
is exposed to the stress is often short. The extent of transformations observed in 
academic modeling exercises may, therefore, be exacerbated relative to what is 
observed in practice. It is important to note, however, that uncontrolled transforma-
tions to high-energy solids can seriously compromise downstream manufacturing 
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and product performance; therefore, continued study of these mechanisms merits 
study.  

 Infl uence of Shear Stress on Physical Form 
 A solid body subjected to a mechanical load is forced to accommodate the applied 
stress in order to establish an energetically viable steady state (44). The application 
of stress typically results in a corresponding strain, the magnitude of which depends 
on the materials properties. Elastic strain (  e  ) is analogous to a simple Hooke’s Law 
system, where deformation is directly proportional to an applied stress (  s  ), related 
by a material constant (Young’s modulus,  E ). 

      s = e E   (4)  

 One-dimensional elastic responses [equation (4)], however, are insuffi cient to 
explain strain caused by the three-dimensional stress states typical of pharma-
ceutical processing. In such cases, stress needs to be considered as a combination 
of normal and transverse loads applied over areas of a fi nite stress element, 
whose description can be defi ned more appropriately by   s     ij    ( Fig. 2 ). Responses to a 
mechanical stress occur along the path of least resistance for the material, and can 
be broadly classifi ed as either resulting in fracture or deformation.  

 Linear elastic fracture mechanics ( LEFM ) is rooted in pioneering work by 
Griffi th (45), who determined that fracture occurs when the application of a critical 
stress (  s   f ) applied normal to a fl aw having length 2 a , is concentrated at the crack tip 
allowing crack propagation to become an energetically favorable route for stress 
dissipation [equation (5)]. 

      
gs =

π
SV

f

2E
a

  (5)  

 Although complex fracture mechanisms are expected in real systems (46), the 
heart of material fracture considers that as  a  is minimized,   s   f  approaches unrealistic 

x3

x2

x1

s22
=sij

s11

s21

s31

s12

s22

s32

s13

s23

s33
s12

s21s11

s31

s23
s13

s33

s32

 FIGURE 2    Assuming a right-handed coordinate system ( x  1 ,  x 2  ,  x  3 ), the three-dimensional stress 
state experienced by a fi nite stress element can be represented by a second-rank tensor (  s  ij  ) consisting 
of normal ( i  =  j  ) and shear ( i   ≠   j  ) components.    
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magnitudes, which indicates that materials will have a fragmentation limit. Real 
particles that undergo milling are often polycrystalline aggregates for which the 
grain boundaries provide large fl aws that require very little stress to facilitate 
fragmentation. Fracture of individual grains continues along cleavage plains 
(corresponding to the highest lattice  d -spacing), across which the weakest interac-
tions occur in a given crystal (47), or at defect sites (inherent consequence of growth) 
within the material (48). 

 Beyond the critical fl aw size, continued application of mechanical energy 
forces the crystalline lattice to respond at a fi ner level of material structure. Small 
strain in the elastic regime causes displacement of atoms or molecules from their 
equilibrium lattice positions manifest as a potential energy increase as nuclei 
approach one another. Elastic responses are characterized by recovery of equilibrium 
positions as the stress is removed. Typical milling operations, however, will impose 
a stress state well beyond the elastic limit of the materials involved, where strain is 
not recoverable, and plastic deformation occurs. 

 Whereas elastic deformation is uniformly distributed throughout a crystal, 
plastic deformation may be localized as some of the energy is transferred from the 
applied load and lost to the formation or movement of lattice dislocations (44,49). 
The applied stress state (  s     ij   ) responsible for this deformation can be thought of 
as consisting of a hydrostatic component (equally resolved normal stresses and 
no shear components) and a deviatoric component (all non-hydrostatic stress 
components): 

      
11

22

33

0 0
0 0
0 0

ij ij

s
s s s

s
= + ′   (6)  

 Critically resolved shear stresses in this deviatoric component  ( )ijs ′   result in slip 
along structurally weak lattice planes by dislocation creation and movement (46). 

 The continuous dissipation of mechanical stress via this mechanism results in 
the accumulation of dislocations as the material is repeatedly deformed. Translation 
of dislocations through neighboring unit cells causes further lattice misalignments, 
which themselves migrate, inducing further translation in a chain reaction. Eventu-
ally, as the number of dislocations approaches a critical density, they interfere with 
the movement of one another (44,49). Structurally speaking, such a dislocation 
density can be envisioned as having perturbed the lattice to such an extent that the 
collective interactions that defi ned its periodicity are lost, regionally transforming 
the material to an amorphous solid (50,51). 

 Dislocations are incoherent with respect to the surrounding lattice. An increase 
in dislocation density (  r   d ) results in a positive free energy change owing to the 
accompanying strain. For a material having a known molar volume ( M  V ), the change 
in free energy required to incorporate a specifi c density of dislocations into a lattice 
( ∆  G  d ) can be approximated using equation (7): 
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 Refl ected in this expression are material-specifi c properties :  m   s , the elastic shear 
modulus, and  b , the magnitude of Burgers’ vector. Application of signifi cant and 
repeated shear stress during experimental milling has the potential to increase   r   d  to 
a critical value (  r   crit ), at which the periodicity of the lattice is completely lost, result-
ing in amorphization (52). 

 Assuming that the solid amorphous phase and the liquid phase are energeti-
cally similar (relative to the corresponding crystalline lattice), the free energy change 
associated with this transformation ( ∆  G  am ) can be approximated by equation (8): 

      f
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 where  ∆  H  f  is the heat of fusion,  T  m  is the melting temperature of the crystalline 
solid, and  T  expt  is the experimental milling temperature. If amorphization proceeds 
along this dislocation pathway, the critical dislocation density can be considered to 
be reached when  ∆  G  am  is equal to  ∆  G  d  (i.e.,   r   d  is equal to   r   crit ). 
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 The magnitude of   r   crit , can be calculated for a material for which   m   s ,  b , and  M  V  
are known. It is important to note that this structural argument recognizes that 
values of  r  d  must retain physical meaning; that is, their magnitudes are limited 
by some minimum achievable separation distance. Because dislocation density is 
defi ned in terms of the distance ( d ) between dislocations in a lattice: 
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 the proximity of dislocations relative to one another is restricted by the strain fi elds 
that surround them. As suggested in Wildfong et al. (53), estimates of a prohibitive 
value (above which   r   d  is meaningless),   r  *, for molecular crystals based on strain 
fi eld overlap should be approximately defi ned by equation (11): 
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 According to this model then, the potential of a crystalline material to be fully dis-
ordered by the application of high shear mechanical energy can be reasonably well 
predicted by solutions to equations (8) and (9), such that  ∆  G  am  and  ∆  G  d  are equal 
when   r   crit  <   r  *. 

 This mechanism of mechanical disordering was investigated by Wildfong 
et al. (53). In a survey of seven pharmaceutically relevant materials, variables 
required to solve for   r   crit  [equation (9)] were measured or obtained from the lit-
erature and used to predict whether or not the material should completely trans-
form to the amorphous state under continuous application of mechanical energy. 
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Of these seven materials, two were predicted to become completely disordered via 
this mechanism (sucrose and  γ -indomethacin), while fi ve were not. Each material 
was subjected to extensive cryogenic milling ( T  expt  controlled at 77 K), and periodi-
cally evaluated for complete amorphization using X-ray powder diffraction 
(XRPD) and differential scanning calorimetry (DSC). Experimental results con-
fi rmed the predictions regarding the disordering potential of sucrose and 
 γ -indomethacin. Predicted resistance to amorphization for acetaminophen, aspirin, 
and salicylamide was also confi rmed in these experiments, whereas the other two 
materials (proprietary compounds each subjected to a single three-hour milling 
experiment) provided predictions that confl icted with experimental observa-
tions. It was conceded by the authors that the model provided a fi rst approach to 
predicting mechanical activation behavior, nonetheless resulting in data that merit 
further investigation and modeling. 

 Conversions to different crystalline phases are also supported by the defor-
mation-dependent dislocation-mediated model described above, as suggested by 
Tromans and Meech (52). Here, rather than accumulation of defects to the extent at 
which lattices become completely aperiodic,   r   crit  raises the free energy commensu-
rate with a metastable polymorph, allowing access to this higher energy state. At a 
structural level, the incorporation of dislocations is thought to provide suffi cient 
mobility to lattice constituents that collective reassembly growth of another crystalline 
phase is permissible.   

 Temperature Accumulation During Milling Processes 
 A driving-force often suggested for solid-state transformations during milling is 
the accumulation of temperature (locally or sample-wide). It has long been held 
that owing to the relatively low  T  m  of organic solid materials, it is not unforeseeable 
that continuous application of mechanical energy could result in localized melting 
on the surfaces of particles, which either allows recrystallization to high energy 
forms, or is immediately quenched upon removal of impact stress, allowing surface 
vitrifi cation. 

 The melt-quench hypothesis for milling-induced amorphization has been 
specifi cally addressed by Willart et al. (54,55), who performed extensive ball mill-
ing experiments on samples of lactose. Anhydrous  α -lactose is a commonly used 
excipient, which shows a strong mutarotation to its  β -anomer when melted. Otsuka 
et al. (56) had previously reported that extensive milling of  α -lactose did result in 
substantial formation of  β -lactose; however, their experiments were performed at 
60% relative humidity (RH), and the adsorption of free water molecules by the 
amorphous lactose was suggested to be the cause for mutarotation, rather than the 
milling itself (54). In their experiments, Willart et al. (54) used a planetary ball mill 
(under dry nitrogen atmosphere) to grind samples of  α -lactose, which were then 
evaluated using DSC, XRPD, and  1 H-NMR. Characterization of milled samples 
showed them to be nearly free of the  β -anomer, whereas separate samples that were 
subjected to substantial heating did show a strong tendency to form  β -lactose. Like-
wise, the authors reported that other amorphization routes for  α -lactose, which 
inherently include heating or exposure to water (i.e., melt-quenching, lyophilization, 
and spray-drying) also result in substantial mutarotation (55). From these results, 
the authors concluded that the mechanically facilitated transition was driven by an 
unknown non-thermal mechanism.   
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 The Role of Glass Transition Temperature ( T  g ) 
in Milling-Induced Amorphization 
 Given that transformation to the amorphous state is often the result of extensive 
milling, the glass transition temperature of the material is expected to play a role in 
the persistence of the resulting solid form. Descamps et al. (55) investigated the cor-
relation between milling-induced amorphization and  T  g  by subjecting a small library 
of materials having known glass transitions (above and below the experimental 
temperature) to extensive comminution at room temperature. As summarized in 
 Table 1 , the materials milled at temperatures well below their  T  g  were observed to 
become fully amorphous, whereas those materials ground at temperatures above  T  g  
were observed to undergo a conversion to a metastable polymorph (55). These data 
are supported by well-known observation concerning the stability and persistence of 
amorphous solids at temperatures relative to  T  g . Trehalose,  α -lactose, and budes-
onide were all ground at temperatures well below  T  g  –  T  = 50 K, a temperature 
reported as providing insuffi cient molecular mobility to allow collective reassembly 
of molecules and recrystallization (57). In contrast, the sorbitol and mannitol samples 
were ground at temperatures well above  T  g , where mobility is substantially higher, 
and amorphous materials rapidly recrystallize. Note that all the polymorphic con-
versions observed in this example resulted in metastable crystalline phases, which 
implies recrystallization according to Ostwald’s Rule of Stages.  

 The importance of  T  g  relative to milling temperature is further discussed 
by De Gusseme et al. (58), who performed ball milling experiments on fananserine 
( T  g  = 19°C) at 25°C and 0°C. These authors found that both Forms III and IV of 
fananserine underwent a polymorphic conversion to metastable Form I when 
milled at 25°C ( T  expt  >  T  g ). In contrast, partial amorphization was observed when the 
same solid forms were ground at 0°C ( T  expt  <  T  g ).   

 Phase Transformations Owing to Desolvation During Milling 
 Another mechanism by which crystalline materials can be converted to amorphous 
solids by continuous grinding occurs via desolvation. In such instances comminution 
causes a loss of the water/solvent of crystallization. The structural void left by this 
loss is unable to support the applied stress state, and collapse to the amorphous 
state occurs. High-shear milling of carbamazepine has been used to demonstrate 
this phenomenon. In experiments conducted by Otsuka et al. (59), anhydrous Form 
I was subjected to extensive grinding in a centrifugal ball mill. Periodic evaluation 
of the DSC and XRPD data for samples milled over 1 to 24 hours under two separate 
humidity conditions (17% or 90%) did not show signifi cant change. In contrast, at 

 TABLE 1    Summary of Experiments of Materials Milled Above and Below  T  g   

Material  T  g  (°C) Observation following extensive ball milling

Trehalose 120°C Completely amorphous
 α -Lactose 111°C Completely amorphous
Budesonide 90°C Completely amorphous
 Γ -D-Sorbitol 0°C Conversion to A-polymorph
Mannitol 13°C  β   →   α  conversion ( α   →   β  re-conversion on storage)  

 δ   →   α  conversion ( α   →   β  re-conversion on storage)

Data summarized from Ref. (55).
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both RH conditions the dihydrate (Form III) was observed to fi rst transform to 
amorphous carbamazepine, which eventually recrystallized to Form I.   

 Further Examples of Phase Transformations Elicited During Milling 
 The pharmaceutical literature provides numerous further examples of pharmaceu-
tical API and excipients that, when exposed to various extensive high-shear milling 
processes, undergo various solid state phase transformations. Many utilize tradi-
tional solid state characterization techniques to demonstrate the phase changes; at 
present, specifi c transformation mechanisms still remain an open point of discussion 
and topic for further research. Recognizing that this topic has received substantial 
attention over the past few decades, a  partial  list of several recent and historical 
comminution studies is provided in  Table 2 .  

 It should be noted that several of these transformations are observed to be 
incomplete (as evaluated, for the most part by XRPD and DSC). Whatever the 
specifi c mechanism eliciting the conversion, these changes occur via cumulative 
responses to the applied stress. This suggests that transitions induced by milling are 
likely to result in heterogeneous solid phases, in which the presence of lower energy 
solids drives conversions during continued milling, or during storage of the milled 

 TABLE 2    Summary of Some Reports of Polymorphism and Amorphization Induced by Milling  

Material Mill type Observation

Caffeine (anhydrous) (60) Ball mill I  →  II transformation 
(metastable  →  stable)

Cortisone acetate (61) Vibratory mill (cryogenic) I  →  II transformation (complete, 10 min)
Salbutamol sulfate (62) Air jet mill  

Ball mill
Cryst  →  am (partial, <10%)  
Cryst  →  am (more substantial)

Sulfathiazole (23) Ball mill III  →  I transformation (partial cryst  →  am 
observed)

Piroxicam (23,63) Ball mill (23)  
Vibratory mill (cryogenic) 
(63)

Cryst  →  am (partial; discoloration) (23)  
I  →  am (complete; discoloration) (63)  
II  →  am (complete; discoloration) (63)

Cephalexin ⋅ H 2 O (64,65) Agate shaker mill Cryst  →  am (complete, 3–4 hr)  
Persistence depends on %RH

Nitrofurantoin (66) Centrifugal ball mill Anh  →  ⋅ 1H 2 O II (75% RH)  
Anh  →  am (5%, 50% RH)  
1H 2 O I  →  ⋅ 1H 2 O II (50%, 75% RH)

Cimetidine (67) Vibratory mill B  →  A (substantial cryst  →  am)  
C  →  A (substantial cryst  →  am)  
A  →  D (with nucl.; substantial cryst  →  am)

Indomethacin (53,68) Vibratory mill (cryogenic)  γ   →  am (53,68)  
 α   →  am (68)  
 δ   →  am (68)  
Methanolate  →  am (68)  
 t -Butanolate (no transformation) (68)

Sucrose (53,69) Centrifugal ball mill (69)  
Vibratory mill (cryogenic) 
(53)

Cryst  →  am (complete) (69)  
Cryst  →  am (complete) (53)

Trehalose (55,70) Planetary ball mill Cryst  →  am (complete) (55,70)
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material. This is supported by early experiments by Otsuka and Kaneniwa (71), 
who investigated the effects of seed crystals on the observed transformations of 
chloramphenicol palmitate during milling. In their experiments Form B was 
observed to convert to the more stable Form A after 150 minutes of grinding, 
whereas this transformation occurred much more quickly (40 minutes) when 1% of 
Form A seed crystals were added to the mill. Form C was observed to undergo 
rapid transformation to Form B (16 minutes), which continued to transform to A 
in the same time scale observed for unseeded B  →  A conversions. The conversion 
from C  →  B was accelerated in the presence of 1% B seeds, whereas the B  →  A 
conversion was left unaffected. Form C in the presence of 1% Form A seeds, how-
ever, was observed to undergo rapid C  →  B  →  A transformation in only 30 minutes 
of total grinding. 

 The infl uence of the limited presence of seeds in the above study, suggests 
that residual polymorphic memory has the potential to dramatically infl uence the 
physical stability of materials transformed via this route. Although several examples 
of direct crystal-to-amorphous transformations have been observed as a result of 
milling, at a structural level, it is easy to imagine that complete disruption of all 
molecules in the parent crystalline structure is unlikely, leaving some residual nano-
crystalline regions (at the level of a few unit cells) that are undetectable via the 
XRPD and DSC methods typically employed to study these systems. 

 In a recent study by Lubach et al. (72), crystalline lactose was studied following 
the application of various processing routines (compaction, lyophilization, spray-
drying, and cryogrinding). Consistent with previous reports on the response of 
lactose to grinding, the authors did observe amorphization of most of the sample, 
where conversion increased with increasing processing times. Unlike much of the 
mechanochemical literature, however, the conversion was evaluated using  1 H-ssNMR, 
which is better able to identify residual crystalline material in samples that would 
otherwise be considered amorphous via XRPD characterization. 

 This study also addressed mechanistic aspects of the observed amorphization 
process. The higher energy regions associated with defects in the crystalline material 
(locally amorphous solid) has higher molecular mobility, resulting in shorter proton 
spin-lattice relaxation times (proton  T  1 ), as shown in  Figure 3 . This is meant to 
illustrate a large particle having no internal crystalline defects (slow-relaxing 
domain) surrounded by a fast-relaxing domain associated with the surface. As the 
particle is milled, the slow-relaxing domain is continuously broken down into 
smaller pieces, whereas region B experiences a commensurate increase as the 
specifi c surface area and surface defects of the material are both increased (72). This 
suggests that the progressive defect accumulation method proposed above (52,53) 
can be quantifi ably observed using  1 H-ssNMR.  Figure 3  also illustrates how nano-
crystalline regions may be preserved in extensively milled samples. As discussed 
above [equation (5)] continued fracture of a material (continued reduction of the 
crystalline region in this case) requires increasing stress (  s   f ) as critical fl aw sizes ( a ) 
are reduced.  

 Consistent with the observations by Lubach et al. (72), it might be expected 
that a continuously milled sample would be largely converted to its amorphous 
phase (if such a transformation is permissible), however, the persistence of nano-
crystalline regions in the sample may provide nucleation sites for subsequent 
recrystallization, reducing the physical stability of amorphous materials prepared 
by this route.    
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 EFFECTS DUE TO GRANULATION METHODS 
 Depending on the characteristics of a given formulation, a granulation step may be 
required in order to improve the fl ow and consolidation properties of a blend as it 
proceeds into tableting. Regardless of the method, granulation serves primarily as 
a particle size enlargement and particle size distribution homogenization process. 
Approaches can be generally classifi ed as wet or dry, either of which can potentially 
elicit a phase transformation during processing.  

 Dry Granulation 
 In dry granulation powders/powder blends are fed between two counter-rotating 
rolls under high pressure. Like tableting (see section “Effects Due to Compression”), 
consolidation occurs as particle surfaces are brought into intimate contact, allowing 
the formation of inter-particulate bonds. The emerging ribbon is fed through a 
series of sizing steps (breakers, mills), which are used to convert it into coarse gran-
ular particles ( Fig. 4A ).  

 If a fi nite stress element at the nip region (between the rolls) were considered 
( Fig. 4B ), it could be described as experiencing considerable normal stress in the 
direction applied by the rolls (  s   22 ). Note also, smaller normal stresses (  s   11 ) resolved 
along the free edge of the ribbon, imposed by non-deforming material on both sides 
of the roll gap. Termed  plastic constraint , this smaller compressive stress occurs 
because nearly all of the deformation proceeds along  x  3 , with very little mechanical 
energy transmitted laterally in  x  1  (73). Commensurate shear stresses on the roll sur-
faces would also be expected, providing the source for dislocation generation and 
movement (deformation). As described above, high-shear stress states carry with 
them the opportunity to facilitate phase transformations. 

 Specifi c examples of transformations as a result of dry granulation are likely 
to be rarer. Roll-compaction research using single components is infrequent, as very 
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 FIGURE 3    Schematic model illustrating how process-induced changes in crystalline systems 
affect relaxation and spin diffusion processes. Crystalline regions represent slow-relaxing 
domains, whereas amorphous regions represent fast-relaxing domains; dashed arrows represent 
magnetization transfer from crystalline to amorphous regions via spin diffusion. Figure modifi ed 
after Ref. (72).    
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few materials have suffi cient compactibility to generate ribbons. Furthermore, 
realistic, multi-component formulations are likely to contain excipients whose 
imminent compactibility allows signifi cant dissipation of mechanical energy. As 
such, the extent of deformation-based transformations of API is reduced (or even 
eliminated). That said, transformations owing to this common manufacturing step 
have still been investigated. For example, Bozic et al. (74) observed partial amor-
phous conversion of mixtures of the antibiotic macrolide when combined with 
microcrystalline cellulose. Of the mixtures subjected to compression, slugging, 
and roll compaction, amorphization was observed for the two dry granulation 
methods, which the authors attributed to increased applications of mechanical 
stress relative to direct compression of the same mixtures. 

 Although milling is discussed above as a unit operation having considerable 
potential to elicit solid phase transformations (see section “Effects of Particle Size 
Reduction”), breaking and sizing used in dry granulation processes is done to con-
vert the consolidated ribbon into coarse, free-fl owing granules, having an overall 
larger particle size relative to the input powder blend. The dwell times and applied 
stress state of this particular milling step, therefore, dissipates most of the energy 
in particle fracture, reducing the probability that phase transformations may be 
seen in either of these particular steps.   

 Wet Granulation 
 As with dry granulation, the purpose of this manufacturing step is to facilitate 
particle size growth and particle size distribution homogenization in order to enable 
downstream processing. Currently, wet granulation is an approach used most 
widely to infl uence material handling properties (75). In wet granulation, an aque-
ous or hydroalcoholic binder solution (alone or with polymer) is added to a dynamic 
powder bed. The addition of binder solution to the powders promotes agglomera-
tion as particles collide and surface fi lms coalesce. The stages and theories of this 
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 FIGURE 4    ( A ) Schematic representation of a dry granulation (roll-compaction/sizing) process. ( B ) 
Normal stresses on a fi nite stress element at the nip region between the rolls. Resolved shear 
stresses are also expected, particularly on the surfaces in direct contact with the rolls (shear arrows 
not shown above).    
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process are classically treated elsewhere (75). Two major approaches used to accom-
plish this processing step are illustrated in  Figure 5 .  

 Top-spray fl uidized bed granulation ( Fig. 5A ) applies the binder solution into 
a bed of particles entrained in a column of air. The particles adhere to one another 
as they collide in an airstream of defi ned velocity, temperature, and RH (76). 
Although liquid binders are involved, components sensitive to transitions in the 
presence of solvent may be less affected as it is continuously removed throughout 
the process. In fact, the opportunity for transformation may occur after solution 
addition is completed, when the fl uidizing air temperature is increased to dry the 
granulated material (see section “Effects Due to Drying”). 

 Top-spray high-shear granulation ( Fig. 5B ) employs a rotating impeller 
( ∼ 500 rpm) to mix the contents of the product bowl and spread the granulating 
solution as it is gradually added. A high speed chopper ( ∼ 1000–3000 rpm) is used 
to break down the wet mass and facilitate granule formation (77). Although the 
rapidly moving blades may cause localized surface strain, the majority of the 
shear stress in the system is dissipated by the translational movement of particles. 
The major source of transformation potential in this system comes from the con-
tinuous exposure of the product to solvent. Owing to direct contact with the vari-
ous solid components, the binder solution may cause spontaneous hydration/
solvation of the crystalline materials, which has been shown to signifi cantly affect 
the dissolution behavior of the eventual product, as reported for theophylline (78) 
and ciprofl oxican (79).   

 Impact of Spontaneous Hydration Caused by Wet Granulation 
 Most wet granulation processes involve aqueous binder solutions, so hydration is 
expected to represent the majority of transformations observed as a result of this 
processing step. Chlorpromazine hydrochloride (Form II) has been observed to 
demonstrate severe lamination and capping when directly compressed, necessitat-
ing wet granulation of this API with ethanol and water in order to improve the 
compactibility of this API (80). Wet granulation is traditionally considered to be a 
secondary processing step whose intermediate product affords improved compac-
tion behavior owing to properties of the granules themselves. In this particular case, 
solvent addition facilitated a phase transition from the starting material (Form II) to 
the more stable phase (Form I), whose specifi c lattice was more amenable to fracture 
and deformation processes. 

Heated air 
supply

Fluidized bed
powder/granules

Dynamic bed
powder/granules

Top-spray granulating 
solution

Top-spray granulating 
solution

High-shear 
chopper/impeller

(B)(A)

 FIGURE 5    Schematic representation of ( A ) top-spray fl uidized-bed granulation and ( B ) top-spray 
high-shear granulation.    
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 Although the case of chlorpromazine hydrochloride illustrates a process-
induced transformation that resulted in the improvement of product quality, unan-
ticipated hydration can prove deleterious, as in the case of the anticonvulsant, 
carbamazepine. This particular API, which has received (and continues to receive) 
considerable attention, has been available in its generic form since 1986. In 1988, a 
recall of generic carbamazepine was issued for 53 different lots of the product. An 
independent study of three failed lots from this particular recall found that the 
products were not bioequivalent to the innovator product, or each other (81). 
Although the conclusions of this study were not specifi cally geared toward eluci-
dating mechanistic causality, the authors did echo the fi ndings of Wang et al. (82), 
who found that increased moisture content of tablets during storage was correlated 
to signifi cant differences in both in vitro and in vivo performance profi les. In 1990, 
the FDA formally announced its recommendations to manufacturers that companies 
“change the products’ packaging to keep out moisture” (83). Clinically, the conse-
quences of moisture-exposed carbamazepine tablets have been reported to include 
reduced bioavailability and subsequent loss of seizure control (84). Specifi c studies 
concerning the effects of the crystal form of carbamazepine on bioavailability 
have shown that the administration of a 200 mg/body dose of the dihydrate form 
(in dogs) resulted in a signifi cant reduction in area under the curve (AUC) (85). 
Ultimately, these studies suggest a link between carbamazepine solid form and 
in vivo response. 

 Otsuka et al. (86) reported that the phase behavior of carbamazepine was 
specifi cally infl uenced by the wet granulation process. In their experiments anhy-
drous Form I was granulated as a mixture of active with  α -lactose monohydrate 
and corn starch in binder solutions containing hydroxypropyl cellulose (HPC) in 
either distilled water, 50% aqueous ethanol, or ethanol. The authors found that the 
mixtures experienced transformation from anhydrous Form I to the dihydrate form 
during granulation with the hydroalcoholic solution, whereas those mixtures 
granulated with pure water or pure ethanol did not undergo observable transfor-
mation. The authors also suggested that based on published studies for solvent-
mediated transformation from Form I to dihydrate in aqueous suspensions, they 
expected approximately 76% dihydrate to result from the granulations, when 
substantially less was also observed. They suggested that the HPC used as a binder 
may have inhibited recrystallization of the dihydrate from solution. 

 In a follow-up paper, Otsuka et al. (87) investigated the effects of wet granulat-
ing different crystalline forms of carbamazepine. Forms I, II, III, and IV (dihydrate) 
were combined with  α -lactose monohydrate and corn starch, and granulated with 
aqueous binders containing 5% HPC. After wet granulation with an aqueous binder, 
Forms I, II, and III were respectively observed to be 2.5%, 80.3%, and 35.2% trans-
formed to the dihydrate. The authors also noted that when the wet mass was dried 
at 60°C, the water of crystallization was dehydrated from the structure, resulting in 
fi ne particles of anhydrous Form III. 

 In a further exploration of the infl uence of wet granulation on the solid form 
of carbamazepine, Wikström et al. (88) compared the transformation kinetics of the 
anhydrous monoclinic form of carbamazepine (CSD refcode:  CBMZPN10 ) to the 
dihydrate when exposed to water as a slurry suspension (20 g H 2 O/1 g anhydrous 
powder), a slurry seeded with 5% (w/w) dihydrate nuclei, and as a wet granulation 
(gradual addition of 0.5 g H 2 O/1 g anhydrous powder, in a high-shear granulator). 
Complete conversion to the dihydrate was quantifi ed (using Raman spectroscopy) 
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via all three types of exposure to water. The seeded slurry yielded 100% dihydrate 
after just 6 minutes of exposure, the unseeded slurry fully converted after 8 minutes 
of exposure, and the wet granulation showed 100% dihydrate formation after 
10 minutes. Interestingly, there was no signifi cant difference in induction time 
for any of the three processes, and nucleation and growth of the dihydrate was 
observed almost immediately upon exposure to water, regardless of the method. 
These data certainly confi rm the risk associated with wet granulating a material 
such as anhydrous carbamazepine. 

 Continuous characterization of the solid state behavior of this molecule has 
provided further insight into to the likelihood of a deleterious transformation 
occurring during processing. Murphy et al. (89) studied the effects of lattice disorder 
on the solution-mediated phase transformation of anhydrous carbamazepine to its 
dihydrate form, and found that the kinetics and rate-controlling step for the trans-
formation depended on the mechanical history of the material. Specifi cally, it was 
determined that grinding the anhydrous monoclinic polymorph of carbamazepine 
shortened the transformation times and changed the dependence of the transition 
from crystallization-limited to dissolution-limited. This was suggested to occur 
owing to disordered regions created during milling, which facilitate heterogeneous 
surface nucleation of the dihydrate form on the surface of the ground anhydrous 
polymorph. These fi ndings would suggest that transformation to the dihydrate 
form during wet granulation could depend heavily on the processing steps occur-
ring upstream of wet massing. Given the correlation of crystal form to therapeutic 
outcomes (84,85), this seems to be a case-in-point example of the importance of 
understanding and predicting these transformations.   

 Application of PAT for Monitoring Phase Conversions 
During Wet Granulation 
 As with many secondary manufacturing unit operations, the potential for physical 
form changes suggests the opportunity for real-time monitoring and process 
feedback as embraced by signifi cant efforts to utilize PAT by various groups in 
academia, industry, and worldwide regulatory bodies. In a progression toward 
on-line monitoring of polymorphic conversions during wet granulation, off-line 
evaluations of the progressive hydration of both theophylline and caffeine (sepa-
rately granulated using purifi ed water) demonstrated the viability of appropri-
ately processed Raman and near-infrared (NIR) spectroscopy (90). On-line Raman 
spectroscopy has also been demonstrated for real-time monitoring of hydration 
induced by wet granulation for several materials, as discussed in several papers by 
Wikström et al. (88,91,92). 

 The extent of an observable phase conversion will depend on the kinetics of 
the transformation process relative to the length of the process itself. Davis et al. (93) 
modeled the kinetics of the transformation between Forms I and III of fl ufenamic 
acid, a potent anti-infl ammatory agent. The two forms are enantiotropes (having a 
transition temperature of 42°C), where Form III is the low-temperature stable poly-
morph. Both forms are easily dissolved in ethanol at 25°C, where the respective 
solubilities are 336.3 and 871 mg/mL for Forms III and I. In their experiments, fl ufe-
namic acid Form I was mixed with microcrystalline cellulose and granulated using 
ethanol. Phase changes were monitored online using a novel XRPD setup. As 
expected, metastable Form I underwent a solvent-mediated conversion to Form III 
during wet granulation at 25°C. Particularly important to the present discussion is 
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recognizing that the solvent-mediated conversion was still facilitated in the pres-
ence of adsorbed granulating fl uid, which the authors calculated to be a total 
volume of 17 mL (distributed over a total dry mass of 124 g). Measured conversion 
data corresponded well with kinetic models, showing complete conversion of Form I 
to Form III during wet granulation after approximately two hours of continuous 
mixing. 

 It should be noted that in these experiments complete addition of the ethanol 
was accomplished at a rate of 5 mL/min over the fi rst seven minutes of granulation 
time, reinforcing the notion that the extent of conversion is highly dependent on 
contact time with the solvent. This particular work, though, acknowledges the 
modeling approach as a means by which formulators and process engineers could 
predict the appropriate length of a granulation process that would result in minimal, 
moderate, or complete polymorphic conversion (93). 

 In their paper detailing factors infl uencing anhydrate to hydrate transforma-
tion during the wet granulation process, Wikström et al. (88) compare the conversion 
kinetics for fi ve anhydrous materials (caffeine, carbamazepine, nitrofurantoin, sulf-
aguanidine, and theophylline) when exposed to water via three different methods. 
As described above for carbamazepine, each material was prepared as an aqueous 
slurry (20 g H 2 O/1 g anhydrous powder), a seeded aqueous slurry (5% w/w hydrate 
crystals added to the starting material), and a wet mass generated by high shear 
granulation of the anhydrous powder by slow addition of purifi ed water (0.5 g H 2 O/
1 g anhydrous powder). Eventual, complete conversion to the hydrated form of each 
material was observed, irrespective of the method of water exposure. Theophylline 
was completely transformed to the monoclinic monohydrate structure within three 
minutes by each of the three preparation methods, whereas caffeine (its structural 
analogue) underwent the slowest conversion to its hydrate in the slurry (12 minutes 
for complete conversion). Even in the seeded slurry and granulation experiments, 
the conversion kinetics for caffeine were still slower than for theophylline. Interest-
ingly, sulfaguanidine was observed to undergo near instantaneous solvent-mediated 
growth of the hydrate structure, estimated by the authors as occurring in less than 
30 seconds. 

 The transformation kinetics for nitrofurantoin in the above experiments were, 
perhaps the most interesting, where complete conversion took 180 minutes in the 
slurry, 60 minutes in the seeded slurry, and 50 minutes for wet granulated samples. 
A common structural element that has been described as a potential factor in iden-
tifying the risk of a solvent-mediated hydration occurring during wet granulation 
is the presence of distinctive channels within the crystal lattices of the anhydrous 
materials, via which solvent molecules can be absorbed and specifi cally incorpo-
rated. Of the compounds explored by Wikström et al. (88), four have known “channel 
hydrate” structures, whereas nitrofurantoin is known to form an isolated site hydrate. 
The manifestation of this structural difference seems to be most pronounced when 
comparing the observed kinetics for the solvent-mediated hydration conversions. 
The four channel structures completely transformed to their respective hydrates in 
relatively short time periods (ranging from less than 30 seconds to 12 minutes), 
whereas the shortest observed transformation time for nitrofurantoin was 50 minutes. 
The water addition routine that resulted in the most rapid transformation kinetics 
for nitrofurantoin corresponded to wet granulation experiments. The authors pro-
posed that, despite signifi cantly reduced volumes of H 2 O (relative to other methods 
of exposure), the shear forces imposed by the high-shear granulator were suffi cient 
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to produce secondary nuclei that were capable of initiating and propagating the 
transformation. In support of this hypothesis, it was noted that nitrofurantoin 
hydrate crystals were observed to grow as fi ne needles on the surfaces of the 
anhydrous particles. Fine needles would be easily fractured in a high shear bed, 
exposing the lattice hydration sites to contact with water, and enabling growth. In 
additional support of this idea, the authors noted that transition kinetics were 
observed to be greatly accelerated for pre-ground nitrofurantoin. 

 An interesting example from the literature suggests that transformations of 
materials from crystalline forms to an amorphous form may also be infl uenced by 
wet granulation. A study by Blanco et al. (94) used NIR spectroscopy to evaluate the 
transformation of dexketoprofen trometamol in both laboratory and production 
samples involving wet granulation. Two crystalline polymorphs of the molecule 
(termed A and B) were separately mixed with microcrystalline cellulose and wet 
massed at the laboratory scale by manually stirring in water to a total w/w content 
of 44%. Samples were subsequently dried and carefully ground into individual par-
ticles. Analyses of NIR signals (obtained from these granules) subjected to standard 
multivariate processing routines indicated that both A and B polymorphs, when 
wet granulated, transformed to a common form, which showed neither detectable 
diffraction peaks via XRPD nor endothermic events attributable to fusion of crystal-
line solids in DSC. The authors concluded, therefore, that wet granulation of 
either polymorph of dexketoprofen trometamol elicited a transformation to the 
amorphous form, which was not observed for the same material subjected to direct 
compression.    

 EFFECTS DUE TO DRYING 
 A solvent removal step is inevitably coupled with solvent-based secondary processes 
(wet granulation, recrystallization, etc.). Other chapters in this book have reviewed 
examples in which desolvation (mainly dehydration) results in conversions to 
anhydrous or amorphous solid forms. It is easily anticipated, therefore, that such 
transformations may be induced by the various methods used to dry pharmaceutical 
products and product intermediates. The greatest risk is associated with the adjust-
ment of parameters that may be used to increase drying effi ciency. If process optimi-
zation requires a temperature that exceeds  T  tr  for a pair of enantiotropically related 
polymorphs, these solids may be subject to a phase change. Alternatively, if the rate 
at which solvent is removed from a product is rapid, metastable forms may be 
kinetically trapped by the drying process.  

 Conventional Drying Methods 
 Tray drying is performed by placing moist material in coated trays, which are 
housed in chambers where controlled-temperature airfl ow is passed over and 
through product beds ( Fig. 6A ). Historically, tray drying was the most widely used 
method, but has largely been replaced by fl uidized-bed drying processes. A slower 
process, tray drying does involve lengthy exposure of product to heat and moisture, 
which serves as a potential kinetic disadvantage where process-induced conversions 
are concerned.  

 In contrast, fl uidized-bed drying is one of the most commonly used unit 
operations in the pharmaceutical industry. Often coupled with wet granulation, it 
uses the same equipment ( Fig. 6A ), and proceeds after binder solution addition is 



Effects of Pharmaceutical Processing on the Solid Form 531

completed. Moist material is entrained in a warm, fl uidizing air stream, allowing 
drying to sequentially proceed in two distinct phases (76). The fi rst is heat trans-
fer limited, and occurs as water evaporates from particle surfaces. The change 
in moisture content as a function of time ( M  t ) is linear during this phase and can be 
modeled by equation (12): 

      t 0 =  – M M kt   (12)  

 where  M  0  is the initial moisture content,  t  is time, and  k  is a constant [equation (13)]. 
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 Established by well-known principles of process engineering,  k  considers the density 
of the gas ( r  g ) and the solid ( r  s ), the specifi c heat capacity of the gas at a constant 
pressure (C pg ), the inlet and exit air temperatures ( T  inlet  and  T  exit , respectively), the 
latent heat of vaporization for water ( H  v ), the fl uidizing stream velocity ( U  0 ), the void 
fraction of a packed bed of solid material (  e   m ), and the height of the bed ( L  m ). This 
constant [equation (13)] indicates that the heat transfer-limited phase will depend 
on the operating temperature and fl uidizing air velocity. 

 The mass transfer-limited phase occurs once surface evaporation has ended, 
and continued drying proceeds by diffusion of water from particle cores. Here,  M  t  
follows an exponential trend, approximated by equation (14). 
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 Here,  0M′   represents the initial moisture content at the start of the mass transfer-
limited phase,  M   ∞   is the endpoint moisture content, and   k   is a geometric term 
summed over  n  terms in an infi nite series [equation (15)]: 
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 FIGURE 6    Schematic representation of ( A ) tray drying and ( B ) fl uidized-bed drying.    
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 where  D  m  is the diffusivity of water through the solid materials,  R  is the average 
particle radius, and all other terms are as defi ned above. 

 This two-stage model of fl uid-bed drying is important to the present discus-
sion particularly at the critical point in the process when drying switches from a 
heat transfer-limited mechanism to a mass transfer-limited mechanism. During the 
fi rst phase, evaporative cooling protects the product from exposure to signifi cant 
temperatures as energy is used to remove loosely bound surface water molecules. 
In contrast, the product bed temperature rapidly increases during the mass transfer-
limited stage, running the risk of exposure to deleterious operating temperatures 
( Fig. 7 ).  

 A fast-drying technique has been suggested (95) that employs real-time 
feedback control to indicate the shift in mechanism between phases of drying. In 
this approach  T  inlet  is set above a critical operating temperature (i.e., solid-phase 
transition temperature for a pair of enantiotropes) during the heat transfer-limited 
phase. This is rationalized as safe, as the product would not actually experience 
this temperature as water is removed by evaporation. In anticipation of the drying 
mechanism changing to mass transfer-limited drying,  T  inlet  is reduced below the 
critical temperature until  M   ∞   is reached.   

 Kinetic Trapping of Metastable Polymorphs by Rapid Solvent Removal 
 In their work involving fl uid bed drying of  γ -glycine wet granulated with micro-
crystalline cellulose and water, Davis et al. (96) showed that rapid solvent removal 
lead to kinetic trapping of metastable  α -glycine. Glycine can be recrystallized as one 
of three common crystalline phases ( α ,  β , and  γ ) of which the  γ -form is stable at 
room temperature. Given prolonged exposure to water during wet granulation, 
solvent-mediated conversion to the stable form at room temperature might be 
expected. Samples of granulate were dried at two separate temperatures (60°C and 
80°C), both of which resulted in signifi cant mass percent trapping of metastable 
 α -glycine.   The higher drying rate resulted in more extensive kinetic trapping of the 
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 FIGURE 7    Schematic fi gure illustrating moisture content and outlet air stream temperature as a 
function of fl uidized-bed drying time. The product temperature remains constant during heat transfer-
limited (linear) drying, and sharply rises on transition to mass transfer-limited (exponential) drying.    
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metastable  α -phase. As would be expected, the stable form will dissolve in water at 
a rate proportional to its equilibrium solubility and the dissolution rate constant. The 
authors suggested that if the rate of solvent removal is much faster than the solution-
mediated conversion to the stable form, the metastable polymorph may crystallize 
as drying progresses.

The risk of metastable phase trapping is considerably higher in fl uid-bed 
operations, owing to more rapid and uniform solvent removal. As granulate is 
entrained in the fl uidizing air, solvent can be quickly removed, and the degree of 
supersaturation (with respect to the metastable phase) in the available granulating 
fl uid is expected to be higher, providing a larger thermodynamic driving force for 
rapid nucleation and growth of this form.   

 Dehydration and Desolvation During Drying 
 Another transformation anticipated as being the result of drying involves 
desolvation, specifi cally dehydration of hydrated crystalline lattices. Detailed 
mechanisms for dehydration and desolvation, as well as a thorough review of 
various examples is provided in Byrn et al. (20). Implications of the loss of crystallo-
graphically coordinated solvent molecules can include changes in dissolution rate, 
bioavailability, and stability of solid materials. For example, the non-stoichiometric 
hydrate of thiamine hydrochloride was observed to undergo a 5% unit cell volume 
reduction upon the loss of its water of hydration, but an increase in the free volume 
and molecular mobility of the dehydrated solid (97). From this, and numerous 
other studies, the ease with which a solid effl oresces on heating has been highly 
correlated with specifi c structural features, including the presence and size of 
porous intracrystalline channels, the relative packing density of molecules in a given 
structure, the direction/orientation of solvent molecules relative to the direction/
orientation of the host molecules, the number/strength of hydrogen bonds between 
the solvent and host, and the nature and extent of coordination of the solvent with 
cations in salts (20). Once again, the infl uence of defects within the lattice can be 
expected to play a role in the potential for dehydration, as their presence will affect 
the local structure associated with many of these factors. It might be expected, there-
fore, that depending on the preceding manufacturing steps, desolvation might be 
more favored during drying. 

 Airaksinen et al. (98) investigated the effects of two different drying methods 
on the resulting form changes of theophylline. In their work, anhydrous theophyl-
line was granulated by the addition of purifi ed water to the dry material in a plan-
etary mixer. Fluidized-bed drying was performed using a multichamber microscale 
fl uid-bed dryer (MMFD), while tray drying was simulated in situ in the variable 
temperature holder of a variable temperature (VT)-XRPD. Analysis of granules 
showed that drying of the monohydrate (Form II) at 30°C (dry air conditions) 
resulted in a mixture of forms, including Form II and two anhydrous polymorphs, 
Form I and Form I* (the dehydrated hydrate lattice observed by Phadnis and 
Suryanarayanan (99)). The extent of conversion to Form I* reached a maximum 
when the drying temperature was increased to 50°C. At 90°C, the maximum dry-
ing temperature, conversion of monohydrate to Form I* was decreased relative to 
50°C drying; however, 35% (w/w) of Form I* still forms at this high temperature 
( Fig. 8 ).  

 In contrast, the same granules dried under ambient inlet air ( ∼ 30% RH) at 30°C 
resulted in a XRPD pattern consistent with nearly 100% Form II (i.e., no dehydration 
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 FIGURE 8    ( A ) XRPD patterns of theophylline granules dried using an MMFD at temperatures 
ranging from 30°C to 90°C using dry inlet air (<0.5 g/m 3 ). ( B ) XRPD data for theophylline granules 
dried using an MMFD at temperatures ranging from 30°C to 90°C using ambient inlet air (7.6 g/m 3 ). 
Peaks consistent with Form I* are indicated with (*). XRPD data for Form I (anhydrate) and Form II 
(monohydrate) are shown as controls. Reprinted from Ref. (98), with permission from Elsevier.    
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observed). At 40°C, nearly all of the Form II peaks were observed to disappear, 
and Form I* (dehydrated hydrate) reached its maximum level of conversion. With 
increasing drying temperatures, conversion to Form I* was observed to decrease 
with a commensurate increase in the stable anhydrate (Form I). It should be noted 
that although increasing temperatures did result in decreasing Form I*, at 90°C, 
25% w/w Form I* was still observed (98). 

 The same authors simulated a tray drying experiment using the sample holder 
of a VT-XRPD, drying the Form II wet massed granules at temperatures ranging 
between 40°C and 70°C. At 40°C, a progressive reduction in monohydrate was 
observed over long drying times to a minimum plateau value of 5% w/w after 
15 hours. The dehydrated hydrate (Form I*) reached a maximum conversion (40% 
w/w) after 75 minutes, with subsequent decline in its presence in the overall dried 
solid. Form I, the stable anhydrate also began to form immediately upon drying, 
ultimately resulting in granules having a distribution of approximately 75%, 20%, 
and 5% of Forms I, I*, and II after 15 hours of drying at this temperature. Granules 
dried at 50°C were observed to undergo faster initial conversions but resulted in the 
same ending composition as those dried at 40°C. At 60°C and 70°C, the monohydrate 
was observed to very rapidly dehydrate with commensurate increases in Forms I 
and I*. It should be noted, however, that formation of the dehydrated hydrate only 
occurred over the fi rst 15 minutes, with eventual complete conversion of the granu-
lated solid to Form I after fi ve hours drying (98). Ultimately, both these experiments 
illustrate how drying conditions (specifi cally inlet air temperature and relative 
humidity) can infl uence the resulting forms of dried solid.   

 Collapse to Amorphous Solids on Dehydration 
 In addition to crystal-to-crystal form changes upon dehydration, many hydrates are 
known to become mechanically unstable as their waters of crystallization are 
removed, resulting in an inevitable a collapse to the amorphous state when dried. 
The rate of drying has been shown to affect the tendency to transform to the amor-
phous form as reported for trehalose dihydrate (100,101). Slow dehydration is 
reported to result in the formation of an anhydrous crystalline phase, whereas rapid 
dehydration promotes vitrifi cation. 

 Raffi nose pentahydrate is also known to collapse to its amorphous form 
upon dehydration. In a recent study by Bates et al. (102), it was shown quantita-
tively that initiation of the collapse to the amorphous state occurred by the formation 
of defects upon removal of the fi rst two waters from the pentahydrate structure. 
Examination of the crystal structure of raffi nose pentahydrate informs this behavior, 
as three of the water molecules act as both hydrogen bond donors and acceptors 
with raffi nose, whereas the other two serve only as hydrogen bond donors: one 
with raffi nose and one with water ( Fig. 9 ).    These more weakly bound water mole-
cules are the fi rst to leave the structure on drying, which was observed to be accom-
panied by a reduction in the  c -lattice parameter. Curiously, the commensurate 
volume change is only equivalent to the loss of one water molecule, indicating 
some elastic recovery of the lattice. Pair distribution function (PDF) analysis of the 
XRPD pattern for the lower hydrate structure shows that the lattice remains iso-
structural with the pentahydrate, where the original space group is maintained. 
Subsequent loss of water from the structure creates defects (proposed to be site 
vacancies), which, once they reach a critical level, induce catastrophic collapse to 
the amorphous phase (102). 
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 In addition to conventional drying methods, spray drying, and lyophilization 
processes are routinely used in pharmaceutical manufacturing, and have been 
observed to cause solid state form changes.   

 Spray Drying 
 Spray drying is done by forming a concentrated solution or liquid dispersion of 
the agent to be dried in some volatile medium. The solution/dispersion is then 
atomized into droplets that are exposed to a heated atmosphere in order to accom-
plish rapid solvent removal ( Fig. 10 ). The process yields a dry, free-fl owing pow-
der of fairly spherical particles having a relatively uniform diameter and size 
distribution. For example, the morphology of spray-dried lactose has been com-
pared with that of the monohydrate and anhydrous phases of lactose, with signifi -
cant differences being reported (104).  

 One advantage to this manufacturing step is the potential to control the result-
ing solid form via manipulation of the drying conditions. For example, the reported 
preparation of three different crystal forms of phenylbutazone from methylene 
chloride solution was accomplished by varying the drying temperature of the 
atomized droplets between 30°C and 120°C (105). The authors specifi cally noted 
that one of the polymorphs obtained from spray drying could not be isolated by any 
known crystallization procedure, and could only be produced using extremely slow 
solvent evaporation rates. 

Raffinose pentahydrate
asymmetric unit

bb
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 FIGURE 9    Single-crystal structure of raffi nose pentahydrate (CSD refcode:  RAFINO01 ) (103) 
packed along the  a -parameter, showing the presence of distinct channels via which H 2 O can leave 
the lattice upon dehydration. Note also that H 2 O provides structural integrity to this lattice, which 
informs the observed mechanical instability upon drying.    
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 Spray drying has also been described as a method by which high-energy 
solids can be produced (106,107). Phenobarbitone has been isolated as a metastable 
polymorph (Form III) via spray drying (106), and hydrofl umethiazide can be pro-
duced as amorphous solid by the same route (106). Amorphous lamotrigine mesy-
late has been prepared by spray drying, and was observed to be subject to 
recrystallization at moderate relative humidity (108). 

 Frequently, spray drying processes yield materials consisting of signifi cant 
amounts of amorphous solid. As with other discussions involving amorphous 
solids, it is important to note that these materials are often observed to undergo 
unpredictable physical and chemical changes (109–111), which makes controlling 
their use in pharmaceutical drug products a topic of signifi cant interest. The effect 
of various additives on the recrystallization of amorphous spray-dried lactose has 
been studied. Buckton and Darcy showed that the presence of magnesium stearate 
inhibited the recrystallization of amorphous lactose, whereas layers of microcrys-
talline cellulose in the spray-dried products could signifi cantly delay the onset of 
recrystallization (112). 

 In a study of the behavior of amorphous salbutamol sulfate prepared by spray 
drying, Columbano et al. (113) observed rapid recrystallization upon exposure to 
moderately high RH (75%). Using a combination of dynamic vapor sorption and 
NIR spectroscopy, it was determined that the water that had been readily taken 
up by the amorphous solid, was expelled during crystallization but remained 
associated with the particle surfaces for several days. 

 Spray drying may also be used to encapsulate drug substances into excipient 
matrices; however, phase interconversions may still be possible in such environ-
ments. An example in which sulfamethoxazole Form I was microencapsulated with 

Heated inlet air Heated inlet air

Outlet air cooled by 
evaporation of H2O

Solution/slurry input

Atomized solution/slurry:

Soulte/suspensate randomly 
arranged in atomized droplet

Spray-dried particle:

Molecules solidify in random 
arrangement

 FIGURE 10    Schematic illustration of the spray-drying process. Heated air is passed over an atom-
ized droplet containing solute or suspensate, and rapid evaporation of solvent results in formation 
of an amorphous solid product.    
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cellulose acetate phthalate (CAP) and talc, colloidal silica, or montmorillonite 
clay by spray drying was shown to result in a transformation to Form II during the 
process (114). The formulation was shown to elicit an effect, where increasing 
amount of CAP led to increased conversion of the API to amorphous solid, whereas 
increased talc resulted in a greater extent of polymorphic conversion. In a sub-
sequent study, the authors showed that no phase conversion was observed for 
formulations containing colloidal silica (115).   

 Lyophilization 
 Another drying process that commonly results in changes in material solid forms is 
freeze drying (interchangeably termed lyophilization). This approach is the most 
common way by which sterile powders for reconstitution/injection are prepared. 
During lyophilization the material to be dried is prepared as an aqueous solution 
or suspension, which is rapidly frozen. The frozen formulation is then exposed to 
vacuum and the ice is removed by sublimation. During the freezing step, most of 
the water is effectively separated from the solute as ice is formed. As freezing occurs, 
the solute becomes highly concentrated, forming a freeze concentrate that contains 
approximately 20% (w/w) water. Primary drying is then applied, which involves 
reduction of the pressure well below the vapor pressure of ice in order to drive 
sublimation. A secondary drying step is used to desorb water from the dried frozen 
concentrate, resulting in a fi nal dried product (116). Because the lyophilized mate-
rials have minimal residual water (usually less than 1% of the initial mass from the 
solution) the materials are ordinarily hygroscopic and must be protected from 
adventitious water to prevent any unwanted phase transformations. In normal 
practice, the product that results from this process is amorphous, which, owing to 
the enhanced aqueous solubility of amorphous materials, is favorable for its subse-
quent reconstitution in solution (117). Consequently, the assessment of the potential 
for moisture-induced recrystallization of the lyophilized product is essential to its 
characterization. 

 Cefazolin sodium is capable of existing in a number of crystalline modifi ca-
tions, but the amorphous state is produced by the lyophilization process (118). The 
amorphous solid generated by lyophilization was observed to be physically stable 
at RH of less than 56%; however, recrystallization and conversion to the penta-
hydrate was observed above 75% RH. It is interesting to note that the hygroscop-
icity of the amorphous form was very similar to that observed for the dehydrated 
monohydrate or dehydrated  α -form. 

 Excipients in lyophilized products may also undergo phase conversions during 
processing. Mannitol, which is commonly used as a bulking agent in lyophilized 
products, has a tendency to freeze dry as a combination of crystalline and amor-
phous solids. Because mannitol can exist in a number of crystal forms, slight varia-
tions in the lyophilization process can result in the generation of different solids. 
Within the course of the lyophilization process, an annealing step is often employed, 
which maintains the product at a temperature greater than the fi nal freezing tem-
perature to allow crystallization of the bulking agent. Here, the transformation to 
the excipient induced by the process is desired, as it facilitates better product sta-
bility on storage, owing to a reduced tendency of the solid to recrystallize. Process 
optimization with respect to annealing temperature and time is essential, and 
should occur prior to primary drying to avoid vial breakage. Formulations in which 
mannitol is used as a bulking agent should be annealed at approximately –20°C or 
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–25°C for longer than two hours to allow complete recrystallization of the excipi-
ent (116). The effect of surface-active agents on the composition of lyophilized 
mannitol formulations has been studied, and polysorbate 80 was found to affect 
both the crystal form and the degree of crystallinity in freeze-dried mannitol. When 
pure mannitol was lyophilized a mixture consisting of the  α ,  β , and  δ  forms was 
observed, in various ratios. In the presence of polysorbate 80, however, generation 
of  δ -mannitol is favored (119). 

 Protein therapeutic products oftentimes suffer from insuffi cient stability in 
aqueous solution and various approaches are used to dry the protein into a solid for 
reconstitution. In a series of papers, Abdul-Fattah et al. explored the impact of 
drying-induced variations on the physicochemical properties of a vaccine (live 
attenuated parainfl uenza;  Medi 534 ) (120), a monoclonal antibody (IgG 1 ) (121), and 
methionyl human growth hormone (Met-hgH) (122), to assess their infl uence on the 
stability of each of these products. 

 In the vaccine study, a sucrose-based formulation (formulated with and with-
out Pluronic F-68 surfactant) was dried via lyophilization, spray drying, and foam 
drying. The specifi c surface area (SSA) of the vaccine produced by spray drying 
(without surfactant) was determined to be the highest (2.8 m 2 /g), and the lowest 
(0.1 m 2 /g) for the foam-dried formulations (with or without surfactant). Vaccine 
surface coverage estimated by electron spectroscopy for chemical analysis (ESCA) 
was predicted to be highest for spray-dried formulations (without surfactant) and 
lowest in foams containing surfactant. Stability studies on products prepared by 
all three methods indicated that freezing damaged both in-process and storage 
stability of the vaccine, regardless of whether or not the surfactant was used. Foam 
drying was determined to result in the best storage stability (both with and with-
out surfactant), which was correlated with the low SSA and low vaccine surface 
coverage (120). 

 Sucrose-based IgG 1  formulations were dried via the same three methods (with 
and without the same hydrophilic nonionic surfactant used in the vaccine study), 
and similarly assessed. Both drying method and formulation were determined 
to have a signifi cant effect on IgG 1  powders, including the storage stability. 
Spray-drying resulted in the highest SSA as well as the fewest perturbations in 
protein secondary structure. Foams having the highest sucrose content had the 
lowest SSA and protein surface accumulation, as well as the lowest molecular 
mobility, which was refl ected in their highest relative physical stability. As with 
the vaccine experiments above, the freeze-dried formulations showed the poor-
est stability on storage, once again attributable to changes in protein secondary 
structure (121). 

 Formulations containing Met-hgH and various different stabilizers were dried 
using spray drying, freeze drying, and fi lm drying, and characterized as above. 
Powders dried via the different methods were observed to have different mor-
phologies, refl ected in the different SSA values. In these experiments, fi lm-drying 
resulted in the lowest SSA (0.03 m 2 /g) and lowest total protein surface accumula-
tion. A loss of native protein structure showed a strong dependence on the stabi-
lizer used in the formulation. The lower molecular weight stabilizers investigated 
(trehalose and stachyose) showed the best ability to maintain protein secondary 
structure across all three drying methods, regardless of whether or not a surfactant 
was used in the formulation. In contrast, the larger molecular weight polymers 
(dextran 40 and Ficoll 70) proved less able to preserve secondary structure, and 
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ultimately served as poor stabilizers for these formulations across the three drying 
methods (122).    

 EFFECTS DUE TO COMPRESSION 
 As with milling described above, the stress state required to form tablets from 
powders or granules involves the application of signifi cant force. Some may assume 
that the solid forms of the materials remain consistent despite this harsh processing 
step, owing to the presence of softer excipients, which deform preferentially rela-
tive to harder, crystalline API. The diffi culty with this statement is that it ignores 
that changes in the solid form of these softer excipients might, themselves, bear 
some impact on the drug product performance. Consider that the functional roles 
assigned to many excipients are highly variable, owing to inconsistencies in raw 
materials suppliers. Additionally, vague methods are often used for excipient char-
acterization, which may or may not be adequately linked to the desired perfor-
mance characteristics assigned them in the overall formulation. Given this 
variability and knowledge gap, it is no wonder that subtle or partial solid form 
changes at the excipient level have seldom been tied into dosage form performance 
issues. Certainly, the effect that phase changes have on the bioavailability of the 
API should be held important in the overall analytical scheme. From a materials 
standpoint, however, the stress state imposed on the formulation when it is com-
pacted is capable of affecting many of the components, and it is the broader view 
of transformations with which this section is written.  

 Hydrostatic Stress States 
 Consolidation of solid materials under pressure in a closed-die system is rigor-
ously termed  compaction . The mechanisms by which materials yield to stress is 
broadly divided into fragmentation and deformation processes. It is reasonable to 
consider that under considerable load most materials will experience a combina-
tion of these responses in order to dissipate energy. Although terminology accom-
panying tableting often considers pressure to be the driving force for solid bond 
formation, it is more appropriate to view this load as a stress (  s     ij   ), containing 
both normal and shear components.  Figure 11  below illustrates the difference in 
terminology, where the resolved stresses experienced by a fi nite stress element 
are considered.  

 In  Figure 11A , the fi nite stress element is considered surrounded by a fl uid, 
where all surfaces experience only normal loads of equivalent magnitude. This 
represents a special case of   s  ij   =  P , where –  s   11  = –  s   22  = –  s   33  and all   s  ij   ( i   ≠   j ) are equal 
to zero (i.e., no resolved shear components). 

      
s

s s
s

−
= − =

−

11

11

11

0 0
0 0
0 0

ij P   (16)  

 Termed hydrostatic pressure, access to a different crystal form via isothermal 
compression is possible if the coexistence line between the two phases has a nega-
tive slope (29). As the slope at any point along this boundary is described by the 
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change in pressure with respect to the change in temperature, the following is 
true: 

      
V T

P S
T T

∂ ∂   =      ∂ ∂
  (17)  

 The change in entropy can also be expressed as follows: 

      
d

d
q

S
T

=   (18)  

 where d q  represents a reversible change in heat. During a phase transition, d q  is 
equal to the enthalpy of transition ( ∆  H  tr ), resulting in the following expression for 
transition entropy [equation (19)]: 

      tr
tr

H
S

T
∆∆ =   (19)  

 Combining equations (17) and (19), the slope of the coexistence line results can be 
defi ned by: 

      tr tr

tr tr

P S H
T V T V

∆ ∆ ∆= =
∆ ∆ ∆

  (20)  

 which is generally known as the Clausius–Clapeyron equation. Ordinarily, a tran-
sition from a stable phase to a metastable phase is accompanied by a volume 
expansion, which, if the transformation is endothermic, always results in a positive 
value for equation (20). Given   s  ij   =  P  above, it is diffi cult to imagine a volume expan-
sion against the normal compressive stresses   s   11 ,   s   22 , and   s   33 . If, however, the more 
stable form is less dense than the metastable form, then  ∆  V  tr  is negative, which 
coupled with an endothermic change in enthalpy, necessitates a negative slope to 
the coexistence curve, permitting a pressure-induced pathway to the metastable 
phase ( Fig. 12 ). Such is the case in the example of the isothermal transition of PbO 
at high pressures, where the low temperature stable, tetragonal phase (litharge) is 
observed to transform to its more dense, high temperature stable, orthorhombic 
phase, enabled by a coexistence curve having a negative slope (123).  

 In their papers on the polymorphism of small molecule organic systems, 
Burger and Ramberger proposed a general density rule, stating: “If one modifi cation 
of a molecular crystal has a lower density than the other, it may be assumed to be 
less stable at absolute zero (124).” At room temperature, however, the most stable 
polymorph may not necessarily have the highest density, most often owing to lattice 
stabilization by extensive hydrogen bonding (124). Such is the case for resorcinol, 
in which the low-temperature stable enantiotrope ( α ) is less dense than the high-
temperature stable phase ( β ) (124,125). Equation (20) would predict a negative 
pressure-temperature coexistence ( Fig. 12 ), which was experimentally confi rmed 
by Yoshino et al. (126). The preceding development then provides rationale for 
the commonly observed phase transformation from  α   →   β  that occurs under 
hydrostatic pressures of approximately 0.5 GPa (127,128). 
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 Except under highly controlled circumstances, hydrostatic stress states are 
rare, and to some extent the shear-based deviatoric components will always occur 
in real deformation processing. Here, the stress state applied for consolidation 
includes signifi cant resolved shear stresses,   s  ij   ( i   ≠   j ), as in  Figure 11B , which occurs 
as particles rearrange and deform during consolidation. 

      
s s s

s s s s
s s s

− − −
= − − −

− − −

11 12 13

21 22 23

31 32 33

ij   (21)  

 These shear components are responsible for dislocation propagation and translation, 
which is the structural basis for plastic deformation, and therefore, must be consid-
ered as being signifi cant in this process. In fact, other industries also interested in 
process-induced phase transformations of their materials, have long identifi ed that 
stress states involving shear components are capable of eliciting phase transforma-
tions at much lower applied stresses than purely hydrostatic applied states (3). For 
example, the phase transition from the anatase to the rutile form of TiO 2  has been 
observed during high energy milling under normal operating conditions (sub-GPa) 
(8). Under hydrostatic load, however, anatase does not undergo conversion until a 
pressure of 2.6 GPa has been applied, at which a different high-pressure phase 
results (129). 

 Similar observations have been made in pharmaceutically relevant systems, 
where an API that transforms under normal compaction pressures does not trans-
form until signifi cantly higher pressures when evaluated by analytical techniques 
involving diamond anvil sample cells (crystallites suspended in a fl uid through 
which a hydrostatic pressure is transmitted). Such is the case for chlorpropamide 
Form A (see below for further discussion), which is known to undergo a facile trans-
formation to its metastable phase (Form C) during compaction (130,131). When 
subjected to loads up to 5.5 GPa in a Merrill-Bassett diamond anvil cell, however, 
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 FIGURE 12     P–T  phase diagram for a pair of enantiotropes ( α ,  β ) in which the low-temperature 
stable form has a smaller density than the high-temperature stable form. This necessitates that the 
coexistence curve between them has a negative slope, allowing isothermal, pressure-induced 
phase transformation from the stable to the metastable phase. Modifi ed from Ref. (29).    
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and evaluated using high-resolution synchrotron X-ray powder diffraction, no evi-
dence of the polymorphic transformation was observed (132).   

 Shear-Based Transformation Mechanisms 
 Shear-based mechanisms rely on the non-hydrostatic, shear components of   s  ij   to 
overcome the energetic barriers associated with the shape change required by the 
transition. In general, shear-transforming systems share an invariant plane between 
the two phases and have a normal dilatational strain in the third direction (133). 
One commonly observed shear mechanism is the martensitic transformation found 
particularly in numerous metallic and ceramic materials. Martensitic transforma-
tions are diffusionless, proceeding by the simultaneous and cooperative movement 
of atoms over very small translational distances (134). These transformations often 
accompany conditions that promote extreme volume changes, such as stress states 
associated with extensive plastic deformation (135). 

 To allow the requisite coordinated movement of martensitic transformations, 
the transition requires that the product phase inherits the same composition, atomic 
order, and lattice defects of the parent phase. The transformation interface must 
contain one invariant line that remains undistorted and un-rotated by the strain, 
necessitating a structural relationship between the lattices of both phases. Within 
the habit plane, the invariant line remains common between the initial and fi nal 
crystal phases ( Fig. 13 ).  

 Experimental observations of three-dimensional martensite growth have 
indicated that growth normal to the habit plane is much slower than growth along 
the two directions in the habit plane (136). The crystallographic relationship between 
the parent and daughter phases also demands that both have a high degree of 
symmetry. As such, their occurrence in molecular organic systems is expected be 
less prominent than other mechanisms. 

 As with any solid state nucleation, it is necessary to overcome a free energy 
barrier to facilitate growth of the martensitic phase. Experimental observation has 
shown that the high energy associated with surfaces and grain boundaries does not 
contribute signifi cantly to the initiation of martensitic transformations, rather the 

Habit plane

sij

 FIGURE 13    Parent and daughter phases of a martensitic transformation showing habit plane 
invariance with a shear facilitated dilatation.    
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transformation most commonly starts at dislocations within the lattice of the parent 
phase (137). The energy change associated with a martensitic transformation is 
expressed below in equation (22): 

      g∆ ∆ − ∆ V =   +   sG A V G V G   (22)  

 Here,  A  is the surface area of the martensite phase,   g   is the interfacial energy between 
the parent and daughter phases,  V  is the volume of the transformed phase,  ∆  G  V  the 
free energy change associated with the volume change, and  ∆  G  s  is the energy 
changed due to strain. The strain energy of the coherent interface between phases is 
the most important term infl uencing whether or not the free energy change associ-
ated with the transformation will be favorable. Homogeneous transformation of an 
entire grain via martensitic mechanism is energetically prohibitive; instead, slip or 
twinning along small parallel layers of paired unit cells (138) can accomplish the 
microstructural shape change using minimal strain energy ( Fig. 14 ) (134).  

 Nucleation of these self-accommodating pairs requires growth of an initial 
template, the strain energy of which is greater than that associated with continued 
growth of the coupled layers (134). The shear component along the invariant plane 
is very high, increasing the contribution of the  ∆  G  s  term to the thermodynamic 
spontaneity of this reaction. This may be the reason why dislocations serve as 
initiation sites of martensitic transformations. The strain imposed by the presence 
of a dislocation is likely greater than that imposed by the formation of a coherent 
interface between austenite and martensite, providing the energy gradient that 
initiates the reaction (137). 

 The most common geometry of a martensite growth phase occurs as thin, 
oblate spheroids whose strain energy can be estimated using equation (23) (134): 

      
)

) 2 g
m e yπ −  ∆ = ⋅ ⋅ ∆ + = ⋅    −  
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s

(2
(1 4

t n t
G V

n R R
  (23)  

 Here,   m   s  is the elastic shear modulus,   n   is Poisson’s ratio,  R  and  t  are, respectively, 
the radius of curvature and the thickness of the growth phase, and  ∆  V  and   e   g    are the 
volume and shear components of strain required by the transformation. Substitution 
into equation (22) yields the following: 

(C)(B)(A)

sij sij

Shear-transformed phase Twin boundary

 FIGURE 14    Schematic diagram illustrating martensitic transformation of a particle by formation of 
self-accommodating pairs of twinned planes. Continuous application of shear stress to the particles 
can lead to complete transformation by formation of successive twin regions. Figure modifi ed after 
Ref. (134).    
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 This expression clearly demonstrates the dependence of the transformation energy 
on the physical dimensions of the transformed phase. Compensation of the strain 
components in   y  , ( ∆  V  and   e   g   ) by the application of an external stress, allows the 
strain energy to do work in the direction of the stress, reducing the overall free 
energy change needed to nucleate the new phase (134). 

 Martensitic transformations can be further classifi ed into two sub-categories. 
Weak martensitic transformations can occur without the presence of dislocations, 
and are fully reversible. In contrast, reconstructive martensitic transformations 
are irreversible, and are accompanied by signifi cant changes in microstructure, 
most notably the migration of dislocations through extensive deformation. The key 
difference between them appears to be the energy barrier against transformation. 
The parent and daughter phases involved in weak transformations both belong to 
symmetry groups that are related by a common, fi nite symmetry group (139), 
whereas it is unnecessary that the phases involved in reconstructive transformations 
be related in this way. As such, the energy barrier to accomplish the reconstructive 
symmetry change is as large as the energy barrier for the phase transformation 
itself, which is not the case for weak transformations, allowing them to be fully 
reversible (140). Common examples of reversible, weak martensitic transformations 
include shape memory alloys such as Nitinol (an alloy of Ni and Ti) used for numer-
ous medical instruments and implants such as stents (141). Reconstructive marten-
sitic transformations are those more traditionally seen in steels (135) or ceramics 
(134), which because of their reliance on dislocations for initiation and propagation, 
are not considered reversible (140). 

 Although no pharmaceutically relevant crystals have been specifi cally 
reported to undergo either type of martensitic transformation, this could easily be 
an inadvertent omission owing to terminology. The pharmaceutical materials litera-
ture is certainly full of examples of shear-based transformations of API occurring as 
a result of grinding or compaction. Few, if any, have explored specifi c indicators of 
structure, however, that may have facilitated the transformation. As martensitic 
classifi cations are indebted to specifi c evaluation of structure then, it is not surpris-
ing that this particular transformation mechanism has not been reported in the 
pharmaceutical literature. Although the authors do not specifi cally claim to have 
identifi ed martensitic phase behavior for chlorpropamide, a structural investigation 
of two crystal forms of this antidiabetic molecule were concluded to undergo a 
specifi cally shear-based transformation (131). 

 Chlorpropamide is one of the most widely studied API that undergoes com-
paction-induced transformations. Two of its enantiotropes have been observed to 
undergo a facile solid-state phase transformation when exposed to moderate 
mechanical stress, which has been reported in several studies (130,131,142,143). 
Following the naming convention adopted by Simmons (144), these two crystal-
line phases are termed Form A and Form C, respectively, representing the low-
temperature and high-temperature stable polymorphs. An early observation of this 
transformation was published by Ueda et al. (142), who observed that Form C was 
converted to Form A when compacted at 2 tons/cm 2  (196 MPa) during the prepara-
tion of disks for use in intrinsic dissolution studies. These observations were further 
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investigated by Otsuka et al. (130), who demonstrated that consolidation of Form A 
at 196 MPa resulted in compacts consisting of a mixture of both Form A and Form 
C. Likewise, consolidation of pure Form C at the same applied stress resulted in a 
similar mixture of forms. These studies indicate that the stress involved in routine 
tablet manufacturing is capable of eliciting an interconversion between these two 
phases of chlorpropamide. Given the apparent bi-directionality of the transforma-
tion it has been suggested that the application of pressure induces conversion to a 
disordered intermediate from which either form is capable of recrystallizing (130). 
In a subsequent publication, however, compacts formed under similar pressures 
were sectioned and analyzed by DSC for persistent amorphous content, and none 
was observed (131). 

 A more recent study of chlorpropamide polymorphs, specifi cally addresses 
the crystal structure of Forms A and C, fi nding them to be very similar ( Fig. 15 ). In 
the fi gure, visual comparison of the two polymorphs is facilitated by setting the 
unit cells for both forms in equivalent orientations. As described in Wildfong et al. 
(131), when the respective unit cells are scaled to equal dimensions, the fractional 
coordinates of the four molecules in either of the two structures have identical 
relative positions. Transformation, therefore, only requires a torsion and minimal 
translation of the molecules to interconvert between the two phases.  

 The ease with which the two phases are allowed to interconvert was described 
as a function of the structural similarity between the two forms, and facilitated 
specifi cally by the shear components in the applied stress state. This claim was 
emphasized by experiments in which both Form A and Form C were exposed to 

(B)(A)

c

b

Chlorpropamide Form A

a

b

Chlorpropamide Form C

 FIGURE 15    Comparison of packing models and asymmetric unit for ( A ) chlorpropamide Form A 
and ( B ) chlorpropamide Form C.    
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signifi cant hydrostatic pressures without observed transformation. Evaluation of 
the two crystal structures indicated a common slip plane, which when exposed 
to shear stresses during compaction were proposed to allow suffi cient lattice 
distortion to permit the observed phase interconversion (131).   

 Further Examples of Phase Transformations Elicited During Milling 
 As with milling, numerous examples of compression-induced phase transformations 
are reported throughout the pharmaceutical literature. Once again, recognizing that 
this topic has received considerable attention,  Table 3  contains a  partial  list of recent 
and historical studies.    

 TABLE 3    Summary of Some Reports of Polymorphism Induced During Tableting or by the 
Application of Hydrostatic Pressure  

Material Compression 
experiment

Observation

Piroxicam (145)  α   →   β  (tablets prepared to RTS 9 kg/cm 2 )  
 β   →  no tfm observed

Anhydrous caffeine (60,146) Instrumented single-
punch machine (60,146) 
Mixed w. maltodextrin 
(60)

I  →  II (  s    ∼  50 MPa;  G  II  <  G  I ) (60)  
A  →  B ( ∼ 25% at 150 MPa;  G  B  <  G  A ) (146)

Maprotiline · HCl (146) Instrumented 
single-punch machine

III  →  II ( ∼ 45% at 200 MPa;  G  II  <  G  III )  
I  →  no tfm observed

Sulfabenzamide (146) Instrumented 
single-punch machine

B  →  A (  s   = 50–350 MPa;  G  A  <  G  B )

L-Serine (147) Hydrostatic diamond 
anvil cell

I  →  II (  s   = 5.3 GPa) II  →  III (  s   = 7.8 GPa)

Phenol (148) Hydrostatic diamond 
anvil cell

Monoclinic (I)  →  monoclinic (II) 
(  s   = 0.16 GPa)

Phenylbutazone (149–151) 
 Note : Polymorph 
nomenclature highly 
variable among sources

Single station pellet 
press (149–151)

III  → II (  s   = 1 ton/cm 2 ;  G  II  <  G  III ) (149)  
C  → A ( ∼ 5.6% at 216 MPa;  G  C  <  G  A ) (150)  
D  →  A ( ∼ 2.2% at 216 MPa;  G  D  <  G  A ) (150)  
E  →  A ( ∼ 1.8% at 216 MPa;  G  E  <  G  A ) (150)  
III  →  IV (  s    ∼  310–398 MPa;  G  IV  <  G  III ) (151)  
II  →  IV,? (  s    ∼  310–398 MPa;  G  IV  <  G  II ) (151)

Glycine (152,153) Hydrostatic diamond 
anvil cell

 β   →   β  ′  (  s   = 0.8 GPa) (152)  
 γ   →   δ  (  s   = 2.73–7.85 GPa; 
partial tfm) (153)

Acetaminophen (154) Hydrostatic diamond 
anvil cell

I  →  II (  s   = 4 GPa; partial tfm)

Chlorpropamide 
(130–132,143,155–157)

Single-station eccentric 
tableting machine 
(130,143,155,156)  
Bench-top hydraulic 
press (131,157)  
Hydrostatic diamond 
anvil cell (132)

A  ↔  C [interconversion 
(130,131,143,155–157);  G  A  <  G  C ; not 
observed under hydrostatic load (132)]  
A  →  C (  s   crit  = 10.5 MPa;  G  A  <  G  C ) (157)  
C  →  A (  s   crit  = 10.5 MPa;  G  A  <  G  C ) (157)  

? the authors suggested the possibility of transformation to an unnamed polymorph.
 Abbreviation : tfm, transformation.
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 Analysis of Phase Transformations in Intact Tablets 
 Characterization (and quantifi cation) of phase transitions induced during consoli-
dation of powders can prove to be analytically challenging. Historical examples 
from the literature generally involve reversion of compacts back to powders via 
trituration, a step that carries with it the risk of inducing further transformation. 
Spectroscopy techniques have been used to evaluate various physicochemical prop-
erties of intact tablets (158–162). It should be noted, however, that these techniques 
are limited in their ability to penetrate intact tablets deeply, signifi cantly limiting 
the volume of interrogation. 

 XRPD provides an excellent means for observing transformations, owing 
to the unique diffraction by different polymorphs. In order to evaluate pharmaceu-
tical systems in their consolidated context, XRPD methods for intact compacts have 
been developed (131,157,163–165). XRPD analysis of intact tablets in traditional 
Bragg-Brentano (refl ectance) settings, however, can result in signifi cant optics and 
sample-related geometry errors. Often manifest as diffraction peak offsets (166), 
these could be easily mistaken as the formation of “new phases,” if not corrected for. 
Although mass attenuation coeffi cients of organic solid materials do result in some 
degree of “sample transparency,” (166) it can be expected that the volume of inter-
rogation for an intact tablet would still be incomplete. As such, transmission XRPD 
offers a means by which diffraction signal can be collected from the entire tablet 
volume, signifi cantly improving quantitative statistics for intact, consolidated sys-
tems. The use of parallel-beam XRPD, compensated for signal attenuation owing to 
sample thickness and solid fraction was used to specifi cally quantify the chlorpro-
pamide A  ↔  C interconversion discussed above, having sensitivity down to 2.0% 
(w/w) of Form A in a matrix of Form C (157). Combinations of quantitative X-ray 
diffractometry with multivariate analysis techniques has proven effective in fur-
ther improving the sensitivity and selectivity of intact compact transmission XRPD 
data, in particular, for multicomponent systems more akin to those that might be 
analyzed for transformations in an industrial setting (165).   

 Effects of Different Crystal Forms on Tableting Properties 
 The effect of polymorphism on mechanical properties is well known, owing to the 
differences in response of elements of internal crystalline structure to mechanical 
stress. Various examples are reviewed in Singhal and Curatolo (167). Sun and Grant 
(168) demonstrated that the internal crystal structure holds considerable infl uence 
over the mechanical properties of L-lysine monohydrochloride dihydrate. In 
their study, crystals were grown in prismatic and plate-shaped habits by adjusting 
the composition of the crystallization solvent. These crystals, known to have a dis-
tinct slip system operating on (001) were observed to form stronger compacts when 
the plate-shaped crystals were used (relative to compacts prepared from the pris-
matic crystals). The observed difference was attributed to the probable orientation 
of (001) relative to the principle load axis in compression ( Fig. 16 ).    As shown in 
 Figure 16A , the compressive load is oriented perpendicular to the orientation of the 
slip planes, whereas in  Figure 16B  the load is parallel to the slip planes.

The critically resolved shear stress (  t   cr ) needed to initiate deformation within 
a slip plane can be described by Schmid’s Law [equation (25)]: 

      cr  = cos( )cos( ) t s a b⋅   (25)  
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 where   a   is the angle between the slip plane normal and the applied load (  s  ), and   b   
is the angle between the slip plane and  s    (46). In  Figure 16A    a   =   b   = 90° (i.e., cos(  a  )
cos(  b  ) = 0), suggesting that crystals exactly oriented in this way would experience 
no resolved shear stress in the slip plane, and be unlikely to deform. In contrast, 
 Figure 16B  has   a   =   b   = 0°, (i.e., cos(  a  )cos(  b  ) = 1), suggesting that   t   cr  is maximized in 
this orientation. In Sun and Grant, the authors argued that the most probable ori-
entation of the prism-shaped crystals of L-lysine monohydrochloride dihydrate 
was similar to  Figure 16A , whereas that of the plate-shaped crystals was similar to 
 Figure 16B . The maximally resolved shear experienced by the plate-shaped crystals 
was suggested to enable more extensive deformation and the formation of a greater 
interparticulate bond area, which supports the observed compaction behavior (168). 
Although this example maintains a consistent solid form of the model material 
(only habit is varied), it is easy to visualize how activation/inactivation of slip sys-
tems in different polymorphs would signifi cantly impact the mechanical behavior 
of a material. 

 The poor compressibility of acetaminophen (paracetamol) has been well 
documented (169–173). As such, acetaminophen for direct compression is often 
compounded with more compactable excipients (i.e., gelatin, polyvinylpyrrolidone, 
starch, or starch derivatives). A chemically pure acetaminophen suitable for direct 
compression would constitute a better compendia article, motivating the search for 
a new polymorph. A new phase (orthorhombic; Form II) was recrystallized from 
dioxane, and its crystals were found to have slip planes, which better facilitated 
deformation (174). Although the orthorhombic form is metastable with respect to 
the monoclinic form (marketed; Form I), the dissolution rates for the two forms 
were found to be suffi ciently similar that questions as to the relative bioavailability 
of the two forms would likely prove meaningless. 

 Compressive deformation studies were conducted on single crystals of 
 α -lactose, using mechanical strength and acoustic emission analyses to characterize 
differences in the deformation behavior of  α -lactose monohydrate relative to anhy-
drous  β -lactose (56). The  α -lactose monohydrate crystals were found to exhibit 

Slip plane

Resolved t

FF

(B)(A)

 FIGURE 16    Resolved shear stress (  t  ;   s  ij  , where  i   ≠   j  ) relative to principal load for ( A ) slip planes 
oriented perpendicular to compressive load, and ( B ) slip planes oriented parallel to compressive 
load. Figure modifi ed after Ref. (168).    
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greater mechanical strength than did the anhydrous  α -lactose crystals. The acoustic 
emission data showed that the fragmentation process of the monohydrate phase 
was acoustically more active and energetic. Amplitude distribution analysis of 
the acoustic signals further confi rmed that the nature of fragmentation during 
the deformation of the two types of lactose was different. This was attributed to 
fundamental differences in the internal crystal structure of the two lactose phases. 

 Forms A, B, and F of phenobarbital were individually consolidated using a 
compaction simulator, and evaluated for the effects of crystalline form on the 
compression mechanism and resulting compact characteristics (175). Form A was 
found to form stronger compacts than Form B, which in turn, formed stronger 
compacts than Form F. Cooper–Eaton analysis (176) was used to assess pore reduc-
tion during compaction (at 196 MPa) in terms of the balance between particle rear-
rangement (phase I) and fragmentation/deformation (phase II). Form A was found 
to be more resistant to phase I-type pore reduction than either B and F (which them-
selves showed very similar phase I behavior), suggesting that the friction between 
the die wall and particles of Form A was larger than for particles of either B or F. In 
contrast, during phase II-type pore reduction, Form A progressed further than 
either Form B or Form F, which correlated with the observation that Form A also 
had the highest compression energy relative to the other two polymorphs (175).    

 SUMMARY 
 Several of the common processing steps used in primary and secondary manufac-
turing of pharmaceutical drug substances and drug products are capable of eliciting 
phase transformations of the solid materials involved. Important parameters in 
drug substance manufacturing include: prolonged processing times owing to batch 
size or purity requirements, a lengthy fi nal recrystallization step for the purposes 
of purity, yield, or particle considerations (size, morphology, etc.), drying condi-
tions, and milling to improve raw material characteristics needed for secondary 
processing steps. In any of these steps, crystal forms having small energy differ-
ences between them may result in conversion to, or growth of, undesired polymor-
phic forms, desolvated (or solvated) substance, or conversion to an amorphous 
product. 

 On the drug product side, API in its desired solid form is combined with 
excipients via a series of harsh secondary processing steps in the effort to make a 
reproducibly functional drug product. In solid dosage form manufacturing, one of 
the fi rst opportunities for crystal form changes to occur is during milling, where the 
application of considerable shear stress to the solid, and extensive fracture and 
deformation, results in energy changes at the structural level, which may be mani-
fest as polymorphic changes, desolvation, or signifi cant disordering. Wet Granulation 
and drying mainly risk inducing transformations that involve solvent incorporation 
or loss, particularly with respect to water molecules. Exposure to aqueous binder 
solutions during granulation may mediate conversions to thermodynamically stable 
forms, whereas dehydration during drying may result in lattice collapse and forma-
tion of an amorphous solid. Tableting and dry granulation mainly run the risk of 
inducing transformations to high-energy polymorphs, which persist upon the 
removal of the multi-axial high-shear stress state imposed during compaction. 

 The primary goal of any pharmaceutical company is to manufacture a drug 
product that conforms to reproducible quality standards. Central to this goal for 
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solid products is selection of an API solid form that will remain unaltered throughout 
processing, shipping, storage, and product life. For the most part, it is desirable to 
identify and select the most thermodynamically stable phase as early as possible 
(preferably during the fi rst scale-up of drug substance production) so that all down-
stream toxicology, pharmacokinetics, and clinical studies may be conducted using 
the form likely to be present in the commercial product. Prudent drug development 
will also consider the impact of processing on the properties of various excipients 
included in formulations, where subtle (or signifi cant) changes to their solid forms 
may also result in unanticipated or unpredictable performance attributes of the 
drug product. In the end, multidisciplinary studies that investigate the likelihood 
of form changes any time during the handling of formulation materials is impor-
tant to ensure the consistency of the fi nal drug product. Fortunately, the wide 
variety of available characterization methods makes it possible to detect even very 
subtle changes in solid materials as they are processed. A successful approach to 
problem solving will require collaborative research by process, formulation, and 
analytical scientists. Although problems in development can often occur at the 
most inopportune time, the judicious use of information previously gathered from 
properly designed studies, and rigorous efforts to embrace more complete mate-
rials understanding espoused by worldwide regulatory bodies, should lead to 
ever-improving development paradigms that enable higher quality pharmaceutical 
products.     
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             Structural Aspects of Molecular Dissymmetry   

   Harry G.   Brittain   
 Center for Pharmaceutical Physics, Milford, New Jersey, U.S.A.     

 INTRODUCTION 
 The molecular chirality associated with an optically active molecule is frequently 
manifested in the crystallography of the compound, and one often encounters a 
type of polymorphism between racemic mixtures and resolved enantiomers where 
the two species crystallize in different space groups  (1) . Because the historical devel-
opment of optical activity was greatly aided by systematic studies of the habits of 
enantiomorphic crystals, the concepts of molecular dissymmetry, crystallography, 
and chirality are inexorably linked. As with any other solid, these materials can be 
characterized on the basis of their crystal structures and through an understanding 
of their melting point phase diagrams. 

 It has become abundantly clear that the stereoselective actions associated with 
the enantiomeric constituents of a racemic drug can differ markedly in their phar-
macodynamic or pharmacokinetic properties ( 2–  5 ). These factors can lead to much 
concern, especially if a drug containing a potentially resolvable center is marketed 
as a racemic mixture. This situation is not invariably bad, but it is clear that a race-
mate should not be administered when a clear-cut advantage exists with the use of 
a resolved enantiomer  (6) . An excellent discussion regarding the possible selection 
of a resolved enantiomer over a racemate, from both a practical and regulatory 
viewpoint, has been provided by De Camp  (7) . 

 When the mirror images of a compound are not superimposable, these mirror 
images are denoted as enantiomers. Numerous techniques exist that permit the 
physical separation of enantiomers in a mixture  (8) , and such methodologies have 
become important in the large-scale preparation of separated enantiomers for 
pharmaceutical purposes. Individual enantiomeric molecules are completely 
equivalent in their molecular properties, with the exception of their interaction 
with circularly polarized light. An equimolar mixture of two enantiomers is 
termed a racemic mixture. The generally accepted confi gurational nomenclature 
for tetrahedral carbon enantiomers was devised by Cahn, Ingold, and Prelog, and 
is based on sequencing rules  (9) . Enantiomers are identifi ed as being either  R  or  S , 
depending on the direction (clockwise or counterclockwise) of substituents after 
they have been arranged according to increasing atomic mass. Compounds con-
taining more than one center of dissymmetry are identifi ed as diastereomers, and 
in compounds containing  n  dissymmetric centers the number of diastereomers 
will equal 2  n  . 

 Although not quite fi tting the formal defi nition of polymorphic solids, the 
relationship between racemic mixtures and resolved enantiomers presents an 
intriguing parallel. By virtue of symmetry constraints, a resolved enantiomer must 
crystallize in a non-centrosymmetric space group. Racemic mixtures are under no 
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analogous constraint, but over 90% of all racemic mixtures (which are merely 
equimolar mixtures of the enantiomers) are found to crystallize in a centrosymmetric 
space group  (10) . This consequence of molecular dissymmetry results in the situa-
tion where differing crystal structures can be obtained for the same chemical com-
pound, depending only on the degree of resolution. It is therefore appropriate to 
explore the relation between molecular and crystallographic chirality, and to examine 
some of the consequences of these relationships.   

 ENANTIOMER AND RACEMATE CRYSTAL STRUCTURES 
 A relatively small number of the possible crystallographic lattice symmetries are 
available for the crystals of separated enantiomers, because these must crystallize in 
a lattice structure that does not contain inverse elements of symmetry. Out of the 
230 possible space groups belonging to the 32 crystal classes, only 66 space groups 
within 11 crystal classes are non-centrosymmetric and can accommodate homochi-
ral sets of enantiomers. Racemates are permitted to crystallize in any of the 230 space 
groups, and are not restricted to crystallizing in a centrosymmetric group. It has 
been found that most racemates crystallize into a group that possesses some ele-
ments of inverse symmetry. As will be discussed later, racemic mixtures occasion-
ally crystallize in an enantiomorphic lattice system, and this system results in a 
spontaneous resolution of the enantiomers upon crystallization. 

 A symmetry element is defi ned as an operation that when performed on an 
object, results in a new orientation of that object that is indistinguishable from and 
superimposable on the original. There are fi ve main classes of symmetry opera-
tions: (a) the identity operation (an operation that places the object back into its 
original orientation), (b) proper rotation (rotation of an object about an axis by 
some angle), (c) refl ection plane (refl ection of each part of an object through a plane 
bisecting the object), (d) center of inversion (refl ection of every part of an object 
through a point at the center of the object), and (e) improper rotation (a proper 
rotation combined with either an inversion center or a refl ection plane). Every 
object possesses some element or elements of symmetry, even if this is only the 
identity operation. 

 The rigorous group theoretical requirement for the existence of chirality in a 
crystal or a molecule is that no improper rotation elements be present. This defi ni-
tion is often trivialized to require the absence of either a refl ection plane or a center 
of inversion in an object, but these two operations are actually the two simplest 
improper rotation symmetry elements. It is important to note that a chiral object 
need not be totally devoid of symmetry (i.e., be asymmetric), but that it merely be 
dissymmetric (i.e., containing no improper rotation symmetry elements). The tetra-
hedral carbon atom bound to four different substituents may be asymmetric, but 
the reason it represents a site of chirality is by virtue of dissymmetry. 

 Jacques has evaluated the compilations published by various authors, and 
has reported that 70–90% of homochiral enantiomers crystallize in the P2 1 2 1 2 1  or P2 1  
space groups  (10) . The most frequently encountered chiral space group, P2 1 2 1 2 1 , is 
orthorhombic, with the unit cell commonly consisting of four homochiral molecules 
that are related to each other by three binary screw axes. Practically all of the other 
homochiral enantiomers crystallize in the monoclinic P2 1  space group, which is 
characterized by a plane of symmetry and a twofold axis. The unit cell generally 
contains two molecules related by a binary screw axis. 
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 Jacques has also concluded that among the 164 space groups possessing at 
least one element of inverse symmetry, it is found that 60–80% of racemic compounds 
crystallize in either the P2 1  c , C2/ c , or P1 space groups  (10) . The most common group 
is monoclinic P2 1  c , and whose unit cell contains two each of the opposite enantiomers 
related to one another by a center of symmetry and a binary screw axis. 

 A chirality classifi cation of crystal structures that distinguishes between 
homochiral (type-A), heterochiral (type-B), and achiral (type-C) lattice types has 
been provided by Zorkii et al.  (11) , and expanded by Mason  (12) . In the type-A 
structure, the molecules occupy a homochiral system, or a system of equivalent lat-
tice positions. Secondary symmetry elements (e.g., inversion centers, mirror or glide 
planes, or higher order inversion axes) are precluded in type-A lattices. In the race-
mic type-B lattice, the molecules occupy heterochiral systems of equivalent posi-
tions and opposite enantiomers antipodal are related by secondary lattice symmetry 
operations. In type-C structures, the molecules occupy achiral systems of equiva-
lent positions, and each molecule is located either on an inversion center, on a mirror 
plane, or on a special position of a higher order inversion axis. If there are two or 
more independent sets of equivalent positions in a crystal lattice, the type-D lattice 
becomes feasible. This structure consists of one set of type-B and another of type-C, 
but is not commonly encountered. Of the 5000 crystal structures studied, 28.4% 
were classifi ed as being type-A, 55.6% were of type-B, 15.7% belong were of type-C, 
and only 0.3% were considered as being type-D. 

 A detailed discussion of crystal packing and the resulting space groups has 
been given by Kitaigorodskii  (13) . This approach assumes that molecular crystals 
are assemblages for which compactness tends toward the maximum, which is 
compatible with the molecular geometry. He defi ned a packing coeffi cient as  vZ / V , 
where  v  is the volume of the molecule,  V  is the volume of the cell, and  Z  is the 
number of molecules in the unit cell. In this way, the space-fi lling or packing coef-
fi cient in crystals always lies between 0.65 and 0.77, which is of the same order as 
the regular packing of spheres or ellipsoids. Molecules whose structures cause an 
inability to attain a packing coeffi cient at least equal to 0.6 are not found to crystal-
lize, and these compounds can only form glasses from the melt. In order to fi ll 
space in the most compact manner with objects of indeterminate geometry, the lat-
tice must be populated in a compact fashion. There are only a limited number of 
two-dimensional arrays in which an object may reside in contact with six neigh-
bors, which is necessary for the optimal packing of a molecular assembly. It has 
been concluded that the binary screw axis is highly conducive toward effi cient 
packing. In the fi nal analysis, the limited possible combinations of stacking leads 
to a limited number of space groups that fulfi ll the requirements of three-dimensional 
close-packing  (13) . 

 The close-pack criterion for crystal stability generally yields lower free ener-
gies for a structure composed of a racemic assembly over that composed of 
homochiral molecules. This view has been expressed in the empirical rule of 
Wallach  (14) , which states that the combination of two opposite enantiomers to 
form a racemate is accompanied by a volume contraction. As might be expected, 
there are many exceptions to this rule, and these have been discussed in a system-
atic manner  (15) . The modifi cation to Wallach’s rule contributed by Walden  (16)  is 
more generally valid, and states that if an enantiomer has a lower melting point 
than its corresponding racemate, then the crystals of the latter will have the higher 
density.   

¯
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 RELATIONSHIP BETWEEN MACROSCOPIC AND MICROSCOPIC 
STRUCTURES AS ILLUSTRATED BY QUARTZ AND ITS 
NON-SUPERIMPOSABLE HEMIHEDRAL CRYSTAL FACES 
 The most appropriate point to begin a discussion of molecular and crystallographic 
chirality is to discuss the case of quartz. The morphology of a quartz crystal is that 
of a hexagonal prism, where each end is capped by a hexagonal pyramid. This geo-
metrical fi gure is highly symmetrical, and possesses 24 symmetry elements of vari-
ous types. It was noted by Hauy at the beginning of the nineteenth century that 
quartz crystals contained many small facets that considerably reduced the overall 
symmetry  (17) . These facets were found only on alternate corners of the crystal, and 
were therefore described as being hemihedral. As shown in  Figure 1 , the distribu-
tion of these hemihedral faces gives rise to two forms of quartz, identifi ed at the 
time as being either left- or right-handed  (18) . It was noted that the two forms of 
quartz were mirror images of each other, and that no amount of positioning or ori-
entation permitted the superimposition of one form onto the other. For instance, on 
a right-handed crystal the  s  trigonal pyramid lies to the right of the  m  face, which is 
below the predominating positive rhombohedron,  r . On a left-handed crystal, the  s  
trigonal pyramid lies to the left of the  m  face below the  r  rhombohedron. 
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 FIGURE 1    Crystal morphologies of levorotary ( A ) and dextrorotatory ( B ) quartz crystals, which 
can be readily distinguished by the relative placement of the hemihedral facets. The fi gure was 
adapted from Ref. (11).    
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  The fi rst complete determinations of the simple  β -quartz structure were made 
by Bragg  (19)  and Wyckoff  (20) , who reported that each silicon atom was sur-
rounded by four oxygen atoms, two which were above and two of which were 
below the silicon atom. The tetrahedral groups were found to arrange in spirals, 
each of which twisted in a defi nite manner. Thus, all the spirals of left-handed 
quartz twist in one way, and all the spirals of right-handed quartz twist in the other 
way. The left-handed modifi cation belongs to the enantiomorphic space group C3 1 2, 
while the right-handed modifi cation belongs to the mirror image space group C3 2 2. 

 Herschel investigated the optical properties of quartz slabs, which were cut 
perpendicular to the long crystal axis  (17) . He found that crystals cut from left-
handed quartz would invariably rotate the plane of linearly polarized light in a 
clockwise fashion, while crystals cut from right-handed quartz rotated the plane of 
linearly polarized light in a counterclockwise direction. Elsewhere, Biot was per-
forming extensive studies on the optical rotatory properties of certain compounds 
dissolved in fl uid solutions, and it was at this time that the connection between 
optical activity and crystallographic properties was made. 

 Observations of this type were extremely important to Pasteur in that they 
permitted him to deduce requirements for chirality. He connected the concept of 
non-superimposable mirror images with the existence of chirality. Because quartz 
loses its optical rotatory power when dissolved or melted, he inferred that it was 
a helical arrangement of molecules in this particular solid that conveyed the 
given properties  (17) . He also understood that solids could possess certain ele-
ments of symmetry and still exhibit optical activity (i.e., chirality), and therefore 
coined the term “dissymmetry” to describe materials whose mirror images were 
not superimposable on each other. 

 The twinning of quartz crystals can yield interesting structures. In the extreme 
case, the complete interpenetration of left- and right-handed structures can yield a 
crystal whose morphology is devoid of non-superimposable hemihedral faces ( Fig. 2 ). 
As would be expected, no optical activity is observable from crystal slabs cut from 
this type of quartz structure  (21) . Complete interpenetration would yield equal 
numbers of left-handed and right-handed spirals within the same crystal, with the 
optical effect of one type canceling the effect of the other. A more common occur-
rence is the so-called Dauphiné twin, which consists of a partial crystal interpene-
tration of differently handed quartz crystals ( Fig. 2 ). In this latter instance, one can 
fi nd separate regions of opposite crystal chirality existing within the same twinned 
structure. In one sense, the instance of twinned quartz crystals can be considered to 
be a prototypical racemic mixture. The understanding of optical effects in quartz 
permitted Pasteur to develop important conclusions about the chirality of other 
crystal systems, and in turn, about individual molecules. 

    RELATION OF MOLECULAR DISSYMMETRY AND 
THE CRYSTALLOGRAPHY OF TARTRATES 
 Crystalline quartz is one of those unique materials whose fundamental molecular 
units are achiral, but which are forced to adopt a chiral confi guration by virtue of 
the crystal structure. The proof of this lies in the observation what when dissolved 
or melted, quartz loses its ability to rotate the plane of linearly polarized light. The 
fusion/solubilization process serves to destroy the spiral arrangement of the crystal, 
and the isotropic fl uid that results contains no residual optical activity. 
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 Early in the study of optical activity, it was learned that many organic com-
pounds did not lose their ability to interact with polarized light even after being 
melted or dissolved in a solvent. A signifi cant number of these optically active 
materials could be obtained as crystals that exhibited non-superimposable hemihe-
dral crystal facets. As discussed above, Pasteur used the term “dissymmetry” to 
describe situations that were distinguished by the existence of non-superimposable 
mirror images. Pasteur understood that in the case of quartz, the dissymmetry was 
a result solely attributable to the nature of the crystal structure, and that destruction 
of the structure eliminated the dissymmetry. He realized, however, that organic 
molecules that remained optically active even after dissolution or fusion must pos-
sess an inherent molecular dissymmetry. The remarkable nature of these postulates 
is that Pasteur made his proposals prior to the general acceptance of the tetrahedral 
nature of carbon valency. 

 The development of molecular dissymmetry as an understood property was 
inescapably linked to optical and structural crystallography  (1) , and with tartaric 
acid and its salts providing the best illustrations. Tartaric acid was discovered by 
Scheele in 1769, in conjunction with wine-making, and numerous studies on its 
optical activity were carried out by Biot  (17) . Perplexing scientists of that era was a 
compound known as racemic acid, and whose name was derived from the Latin 
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 FIGURE 2    Examples of twinned quartz crystals, illustrating the lack of hemihedral facets in a 
completely interpenetrating crystal ( A ), and the existence of oppositely-handed quartz crystals in a 
single twinned structure ( B ). The fi gure was adapted from Ref. (14).    



566 Brittain

 Racemas , or raisin. This compound was shown by Gay Lussac to have an identical 
elemental analysis as tartaric acid, but which exhibited signifi cantly different physical 
properties. For example, the melting point of tartaric acid is 168–170°C, while the 
melting point of racemic acid is 206°C. The solid density of tartaric acid (1.760 g/mL) 
exceeds that of racemic acid (1.697 g/mL), as does the water solubility (1390 g/L for 
tartaric acid compared to 206 g/L for racemic acid). Most importantly, Biot conclusively 
demonstrated that racemic acid was not optically active  (17) . 

 Pasteur studied the crystals of both tartaric and racemic acids, and found that 
although tartrate crystals contained non-superimposable hemihedral facets, race-
mate crystals did not. Examples of the ideal crystal morphologies of these crystal 
forms are shown in  Figure 3 . Pasteur subsequently proved the relationship between 
tartaric and racemic acids by mixing equal amounts of tartrate crystals having left-
handed and right-handed hemihedrism, and crystallizing out a tartrate substance 
whose crystal morphology was completely indistinguishable from that of racemate 
crystals isolated in the same manner  (17) . 

  Although Pasteur was able to deduce many important conclusions using optical 
crystallography as his main tool, structural crystallography has the ability to go 
much further. It has been established that tartaric acid contains two centers of 
dissymmetry, with the naturally obtained optically active acid having the ( R , R )-
confi guration  (23) . Enantiomerically pure tartaric acid crystallizes as an anhydrate 
phase in the monoclinic class (space group P2 1 ), with the unit cell containing two 
molecules ( 24  ,  25 ). The reported crystallographic data are  a  = 7.715 Å,  b  = 6.004 Å, 
 c  = 6.231 Å, and   β   = 100.1°  (25) . 

 Racemic acid has now been shown to consist of an equimolar mixture of ( R , R )-
tartaric acid and the unnatural ( S , S )-enantiomer, and is obtained as a monohydrate 
species. The compound crystallizes in the triclinic class (space group P1, with the 
unit cell consisting of one molecule of ( R , R )-tartaric acid, one molecule of ( S , S )-tartaric 
acid, and two water molecules  (26) . This heterochiral unit cell is signifi cantly differ-
ent from the homochiral unit cell, and  a  = 8.06 Å,  b  = 9.60 Å,  c  = 4.85 Å,   α   = 70.4°, 
  β   = 97.2°, and   γ   = 112.5°. The unit cell of racemic acid contains a center of symmetry, 
whereas the unit cell of tartaric does not. 

 The molecular conformation of the tartaric acid is not signifi cantly different in 
the tartrate and racemate structures, but the different modes of molecular packing 
lead to the existence of the two very different crystal structures (see  Fig. 4  for a 
comparison). For the tartaric acid anhydrate crystal, the molecular planes are held 
directly together by a complicated network of intermolecular hydrogen bonds  (25) . 
The hydrogen bonding pattern in the racemic acid monohydrate crystal is very 
different, with the molecules being bound into columns that are linked up to form 
sheets  (26) . 

  Another acid was occasionally encountered in the French wine-making indus-
try, which was chemically identical to the tartaric and racemic acids, but which 
exhibited a completely different range of physical properties. It did not exhibit 
optical activity, not could it be resolved into components that were themselves 
optically active  (17) . The solid exhibited a melting point of 159–160°C, a density of 
1.737 g/mL, and a solubility of 1250 g/L  (22) . Pasteur was ultimately able to obtain 
quantities of this acid as a by-product from the heating of tartaric acid in the presence 
of basic substances. 

 It was ultimately learned that this non-resolvable, optically inactive, form of 
tartaric acid was the  meso -form, and that it contained two centers of oppositely 
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 FIGURE 3    Crystals of tartaric acid, obtained under conditions yielding the hemihedral facets 
distinctive of the levorotatory ( A ) and dextrorotatory ( B ) forms. Also shown is the crystal morphology 
of racemic tartaric acid ( C ). The fi gure was adapted from Ref. (17).    
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senses dissymmetry in the same molecule. This compound has been found to crys-
tallize in four distinct modifi cations, two of which are polymorphic anhydrates and 
two of which are polymorphic monohydrates  (27) . Triclinic  meso -tartaric acid mono-
hydrate crystallizes in the P1 space group with two molecules in the unit cell, and 
 a  = 5.516 Å,  b  = 9.220 Å,  c  = 7.330 Å,   α   = 115.11°,   β   = 93.62°, and   γ   = 93.64°. 

 The monoclinic monohydrate contains four molecules in the unit cell and crys-
tallizes in the P2 1  c  space group, with  a  = 5.215 Å,  b  = 5.019 Å,  c  = 25.92 Å, and 
  β   = 99.77.2°. The triclinic anhydrate crystallizes in the P1 space group with two mole-
cules in the unit cell, and  a  = 9.459 Å,  b  = 6.464 Å,  c  = 5.396 Å,   α   = 68.99°,   β   = 76.36°, and 
  γ   = 75.77°. Finally, the orthorhombic anhydrate crystallizes in the Pbn2 1  space group 
with 16 molecules in the unit cell, and  a  = 19.05 Å,  b  = 9.88 Å, and  c  = 12.16 Å. 

¯
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 In the triclinic  meso -tartaric acid structures, the relative positions most of the 
non-hydrogen atoms of the molecule are approximately equivalent with those of 
the corresponding atoms of racemic acid. As mentioned earlier, one of the impor-
tant linkages in the racemic acid structure is a square system of hydrogen bonds 
between hydroxyl groups on four molecules, which forms columns parallel to the 
 c- axis  (26) . Analogous squares are formed in the  meso -tartaric acid structures. In the 

 FIGURE 4    Comparison of the molecular packing in crystals of enantiomerically pure ( top ) and 
racemic ( bottom ) tartaric acids. The fi gure was adapted from data contained in Refs. (25) and (26).    
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structure of racemic acid, one carboxyl group of the molecule is directly linked with 
a carboxyl group of a centro-symmetrically related molecule, and the other carboxyl 
group is indirectly connected with a counterpart through water molecules. The fi rst 
type of linkage is found at one side of the molecule in the triclinic anhydrate form 
of  meso -tartaric acid, whereas the second type is found at one side of the molecule 
in the triclinic hydrate structure. In the monoclinic hydrate, one side of the molecule 
takes part in a carboxylic acid dimer confi guration, but the linkage through water 
molecules at the other side of the molecule is a less common mutation of the 
hydrated links found in other cases. Evidently the geometry of  meso -tartaric acid 
does not permit an ideal three-dimensional arrangement to exist with both types of 
intermolecular linkages present. 

 Undoubtedly, Pasteur’s most widely known work in the area of molecular 
dissymmetry and crystallography came about during his study of the salts of tar-
taric acid  (17) . In studies concerning the mixed 1:1 sodium/ammonium salts of 
tartaric and racemic acids, Mitscherlich has previously reported that both salts 
exhibited completely identical properties. This fi nding contradicted the growing 
body of evidence that optically active and inactive forms of the same chemical 
species should exhibit different physical properties. Pasteur found that sodium 
ammonium tartrate crystallized with the presence of non-superimposable hemihe-
dral facets, but was surprised to learn that crystals of sodium ammonium racemate 
contained non-superimposable hemihedral facets as well. Upon closer examina-
tion, Pasteur found that half of the crystals of sodium ammonium racemate exhib-
ited hemihedral facets that spiraled to the left, whereas the other half exhibited 
hemihedral facets that spiraled to the right. He was able to manually separate the 
left-handed crystals from the right-handed ones, and found that these separated 
forms were optically active upon dissolution. Drawings of these crystal habits are 
provided in  Figure 5 . 

  The explanation to Pasteur’s experiments is that sodium ammonium salt 
prepared from racemic tartaric acid crystallizes in the orthorhombic P2 1 2 1 2 1 , space 
group, and contains four molecules in the unit cell  (28) . This particular crystal 
class is non-centrosymmetric, and as a result, individual crystals are optically 
active. In fact, effi cient growth of this tartrate salt only takes place if all of the 
( R , R )-tartrate molecules crystallize in one ensemble of crystals, and if all of the 
( S , S )-tartrate molecules crystallize in another ensemble. When formed below a 
temperature of 26°C, the preferred molecular packing does not permit the inter-
mingling of the enantiomers to yield a true a racemic crystal. The crystallization 
of sodium ammonium tartrate below 26°C results in a spontaneous resolution of 
the substance into physically separable enantiomers. Interestingly, a different 
polymorph forms above 26°C, which requires a completely different packing pat-
tern, and which allows for the formation of a racemic modifi cation of sodium 
ammonium tartrate. 

 A series of half neutralized salts of tartaric acid are also found to crystallize in 
the orthorhombic P2 1 2 1 2 1 , space group (all containing four molecules in the unit cell), 
and are thus potentially resolvable by a mechanical separation. Ammonium hydro-
gen tartrate is found to crystallize with  a  = 7.648 Å,  b  = 11.066 Å, and  c  = 7.843 Å  (29) . 
Sodium hydrogen tartrate crystallizes with  a  = 8.663 Å,  b  = 10.583 Å, and  c  = 7.228 Å, 
whereas potassium hydrogen tartrate crystallizes with  a  = 7.782 Å,  b  = 10.643 Å, and 
 c  = 7.608 Å  (30) . Finally, rubidium hydrogen tartrate is found to crystallize with 
 a  = 7.923 Å,  b  = 10.988 Å, and  c  = 7.653 Å  (31) .   
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 PHYSICAL CHARACTERISTICS OF RACEMIC MIXTURES OF 
DISSYMMETRIC SOLIDS 
 The early work of Pasteur clearly demonstrated the possibility that racemic com-
pounds were actually mixtures, and that these mixtures could be separated into 
their component enantiomers using either physical or chemical means. Although 
some compounds could be separated by direct crystallization into chiral crystals, 
the majority of organic compounds required some type of chemical reaction in 
order to effect a separation of the enantiomers. Compounds separable by the direct 
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 FIGURE 5    Crystals of sodium ammonium tartrate, obtained under conditions yielding the 
hemihedral facets distinctive of the levorotatory (A  ) and dextrorotatory ( B ) forms. Also shown is 
the crystal morphology of racemic sodium ammonium tartrate ( C ). The fi gure was adapted from 
Ref. (17).    
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crystallization method were termed  conglomerates , whereas compounds separable 
subsequent to their derivatization were termed  racemates . Much work has gone 
into the investigation of these two types of dissymmetric solids, and it is appro-
priate to conduct a more detailed exposition of some of the structural aspects of 
these systems.  

 Conglomerate Systems 
 Conglomerate solids are characterized by the presence of a single enantiomer within 
the unit cell of the crystal, even when the solid is obtained through crystallization 
of a racemic or partially resolved mixture. These solids consist of separate crystals, 
each of which consists entirely of one enantiomer or its mirror image, and which 
may be separated solely on the basis of their physical properties. The small-scale 
resolution of dissymmetric compounds crystallizing as conglomerates can be 
straight forward because the resolution step takes place spontaneously with the 
crystallization step. The key to a successful resolution by direct crystallization lies 
in the means used to physically separate the crystals containing the opposite 
enantiomers. Jacques and coworkers have provided extensive summaries of the 
methods whereby direct crystallization can be used to effect the resolution of a racemic 
mixture ( 10  ,  32 ). 

 The fi rst method is the classical technique of Pasteur, and this entails the 
mechanical separation of enantiomorphic crystals that are formed simultaneously 
while the mother liquor remains racemic. Enantiomer separation by this particular 
method can be extremely time-consuming, and not possible to perform unless the 
crystals form with recognizable chiral features (such as well-defi ned hemihedral 
faces). Nevertheless, this procedure is often the method of choice to obtain the fi rst 
seed crystals required for the scale-up of the resolution process through direct 
crystallization. When a particular system has been shown to be a conglomerate, 
and the crystals are not suffi ciently distinct so as to be separated, polarimetry or 
circular dichroism spectroscopy can often be used to establish the chirality of the 
enantiomer. 

 Even a few seed crystals, mechanically separated, can be used to produce 
larger quantities of resolved enantiomerically pure material. A second method of 
resolution by direct crystallization involves the localized crystallization of each 
enantiomer from a racemic, supersaturated solution. With the crystallizing solution 
within the metastable zone, oppositely handed, enantiomerically pure, seed crys-
tals of the compound are placed in geographically distant locations in the crystalli-
zation vessel. These serve as nuclei for the further crystallization of the like 
enantiomer, and enantiomerically resolved product grows in the seeded locations. 
This procedure has been used to obtain both enantiomers of methadone, where 
approximately 50% total yield of enantiomerically pure material can be obtained 
 (33) . An apparatus has been described that permits the more automated use of localized 
crystallization, and that has successfully been used to separate the enantiomers of 
hydrobenzoin  (34) . 

 Enantiomer separation may be practiced on the large industrial scale using 
the procedure known as resolution by entrainment  (35) . The method is based on the 
condition that the solubility of a given enantiomer is less than that of the corre-
sponding racemate. To begin, a solution is prepared that contains a slight excess of 
one enantiomer. Crystallization is induced (usually with the aid of appropriate seed 
crystals), whereupon the desired enantiomer is obtained as a solid and the mother 
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liquor is enriched in the other isomer. In a second crystallization step, the other 
enantiomer is obtained. The method can be applied to any racemic mixture that 
crystallizes as a conglomerate, and the main complication that can arise is when the 
compound exhibits polymorphism. In that case, the entrainment procedure must be 
carefully designed so as to generate only the desired crystal form. 

 Resolution by entrainment is best illustrated through the use of an example, 
and the bench-scale resolution of hydrobenzoin  (32)  is an excellent example. 
About 1100 mg of racemic material was initially dissolved along with 370 mg 
of (–)-hydrobenzoin in 85 g of 95% ethanol, and the solution cooled to 15°C. Then 
10 mg of the (–)-isomer was added as seeds, and crystals were allowed to form. 
After 20 minutes, 870 mg of (–)-hydrobenzoin was recovered. 870 mg of racemic 
hydrobenzoin was then dissolved with heating, the resulting solution cooled to 
15°C, and seeded with 10 mg of the (+)-isomer; 900 mg of (+)-hydrobenzoin was 
recovered at this time. The process was cycled 15 times, and ultimately yielded 6.5 g 
of (–)-hydrobenzoin and 5.7 g of (–)-hydrobenzoin. Each isomer was obtained as 
approximately 97% enantiomerically pure. 

 Jacques and coworkers have provided compilations of the known conglomer-
ate systems, identifying at the time approximately 250 organic compounds  (36) . 
This relatively small number represents only about 10% of the number of chiral 
compounds for which resolutions have been published, and represents the major 
limitation to enantiomer resolution by direct crystallization. It has been noted that 
substitution of additional functionalities onto the achiral portion of a compound 
can sometimes also yield a conglomerate system. For example, although mandelic 
acid and many of its derivatives crystallize as racemic mixtures,  ortho -chloromandelic 
acid is obtained as a conglomerate  (37) . Interestingly, both the  meta - and 
 para -chloromandelic acids crystallize as racemates. 

 This seemingly randomness of conglomerate formation has been explained 
through examinations of the thermodynamics of these systems. The stability of true 
racemic solids is defi ned by the free energy change associated with the process of 
combining the  R -enantiomer with the  S -enantiomer to produce the  R , S -enantiomeric 
solid. This has been calculated to be in the range of 0 to –2 kcal/mol, and is roughly 
proportional to the difference in melting points between the racemate and the 
resolved enantiomers  (38) . In most cases, the free energy associated with the forma-
tion of racemates is exothermic, owing to the positive nature of the enthalpies and 
entropies of formation. In those cases where the melting point of the racemic mix-
ture is at least 20 degrees lower than the melting points of the separated enantiomers, 
one generally obtains a conglomerate system. 

 The use of crystal structure prediction in the evaluation of systems for their 
tendency toward spontaneous resolution has been explored  (39) . Using a gas 
phase conformational search to locate low-energy conformations, the possible 
crystal structures of 5-hydroxymethyl-2-oxazolidinone and 4-hydroxymethyl-2-
oxazolidinone assembled from these conformations have been predicted. For both 
compounds, the racemate was predicted to have the lowest energy, with the 
energy difference between the lowest energy racemic structure and the lowest 
energy separated enantiomer structure being in the range of 0.2 to 0.9 kcal/mol. 
The authors noted that as the accuracy of lattice energy calculations becomes 
more accurate, it should become possible to predict whether a chiral molecule will 
crystallize in a space group where its racemate or conglomerate nature would be 
expressed. 
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 Because conglomerate systems consist of totally independent formed 
enantiomer crystals, and are physical mixtures of the enantiomer components, 
these constitute a binary system. Such binary mixtures are easily described by the 
phase rule, and can be characterized by their melting point phase diagrams  (10) . 
Because the components of a conglomerate racemate will melt independently at 
the same temperature, the material will exhibit the melting phenomena of a pure 
substance. One would therefore observe the existence of a eutectic point in the 
melting point phase diagram that would be located at exactly the racemic compo-
sition. For a partially resolved conglomerate system, one can separate out the 
enantiomer present in excess simply by heating the sample to a temperature just 
above the melting point of the racemate, and then collecting the crystalline excess 
of the residual enantiomer. 

 The liquidus line of a phase diagram can be calculated using the Schröder–
Van Laar equation: 

        
F

Pln  = ( / ){(1/ ) – (1/ )}i iX H R T T∆     

 where  X i   is the  i th mole fraction of one of the enantiomers,  ∆  H  F  is the molar heat of 
fusion of the pure enantiomer,  T  P  is the melting point of the pure enantiomer, and  T i   
is the melting point of the substance having mole fraction  X i  . 

 An example of the type of melting point phase diagram that may be obtained 
for a conglomerate system is shown in  Figure 6 , which illustrates one half of the phase 
diagram reported for 4,4 ′ -dimethyl-8,9,10-trinor-spiro-2,2 ′ -bornane  (40) . Below the 
eutectic temperature of 67°C, the system exists as a mixture of solid  D -enantiomer 
and  L -enantiomer. At the exact composition of the racemic mixture ( X  = 0.5), the sys-
tem will exist entirely in the liquid phase above the eutectic temperature. At mole 
fractions where the amount of  L -enantiomer exceeds that of the  D -enantiomer, the 
system will exist as an equilibrium mixture of racemic liquid and solid  L -enantiomer. 
As required by the phase diagram of a conglomerate, the eutectic temperature is the 
lowest temperature attainable where any liquid phase can exist in equilibrium with 
any solid phase. For the 4,4 ′ -dimethyl-8,9,10-trinor-spiro-2,2 ′ -bornane system, an 
excellent fi t of the data according to the Schröder–Van Laar equation was obtained, 
yielding  ∆  H  F  = 5.9 kcal/mol and  T  P  = 95°C. 

  An alternate approach for the characterization of conglomerate systems is 
through the use of ternary phase diagrams, where one component is the solvent and 
the solubility of the substance is used as the observable parameter ( 10  ,  32 ). A racemic 
mixture will be more soluble than are the separated enantiomers, and the rule of 
Meyerhoffer states that a conglomerate will have a solubility that is twice the solubility 
of the resolved enantiomer  (41) . This situation arises because ideally the mole fraction 
of an independent constituent in a liquid depends only on the enthalpy of fusion and 
melting point of the substance, and because according to the Schröder–Van Laar equa-
tion the solubility of one enantiomer cannot affect the solubility of the other. Jacques 
and Gabard have examined the solubilities of a number of conglomerate systems, and 
have largely confi rmed the double solubility rule  (42) . A selection of their results 
obtained for substances, which are not dissociated in solution, is presented in Table 1. 

  A theoretical explanation has been developed to explain the effect of chiral 
impurities on the crystallization rates of the enantiomorphic components of a con-
glomerate system  (43) . The theory provides the time required to complete the 
crystallization of the separated enantiomers, suggests that one might be able to 
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 FIGURE 6    Portion of the melting point phase diagram obtained for the crystalline conglomerate 
formed by 4,4 ′ -dimethyl-8,9,10-trinor-spiro-2,2 ′ -bornane. The fi gure was adapted from data 
contained in Ref. (40).    

 TABLE 1    Solubilities of Separated Enantiomers and Racemic Mixtures of Conglomerate 
Materials  

Compound System Solubility of 
separated 
enantiomer 
(g/100 mL)

Solubility of 
racemic 
mixture 
(g/100 mL)

Ratio of 
racemate 
solubility to 
enantiomer 
solubility

Asparagine Water (25°C)  2.69  5.61 2.16
( α -Naphtoxy)-2-
propionamide

Acetone (25°C)  1.38  2.24 2.08

 p -Nitrophenylamino 
propanediol

Methanol (25°C)  1.63  3.35 2.14

 N -acetyl-leucine Acetone (25°C)  1.86  4.12 2.13
 N -acetyl-glutamic acid Water (25°C)  4.14  8.28 2.12
Diacetyldiamide Water (35.5°C) 12.4 23.7 2.14
3,5-Dinitrobenzoate-lysine Water (30°C)  6.96 13.17 1.99
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obtain an enantiomerically pure product even if the chiral impurity was less than 
enantiomerically pure, and even provides information regarding the particle size 
distribution. The model was tested on the crystallization of ( D , L )-glutamic acid 
that was carried out in the presence of a resolved ( L )-lysine impurity.   

 Racemate Systems 
 Racemate solids are characterized by the presence of equimolar amounts of both 
enantiomers within the unit cell of the crystal. Materials of this type will crystallize 
within a centrosymmetric space group, which will necessarily be different from the 
non-centrosymmetric space group of the separated enantiomers. As a result, the 
range of physical properties associated with a heterochiral solid must be completely 
different from those of the homochiral solid. For instance, the melting point of the 
exact racemic mixture may be greater than or less than that of the separated enantiom-
ers, and there is no general rule that can be invoked to provide a reliable prediction 
of melting point behavior. The basic problem is that the phase diagram of a racemate 
system exhibits two eutectic minima, and crystallization at those conditions yields a 
racemic mixture and not enantiomerically pure product. 

 Racemates can only be separated after the performance of a derivatization reac-
tion with a suitable chiral reagent, and where the resulting diastereomers (often iden-
tifi ed in the literature as the  p-salt  and the  n-salt ) exhibit a phase diagram that contains 
only a single minimum. In general, this minimum will not be located at the exact 
racemic composition, but will instead be observed at some other concentration value. 
In fact, for the p-salt to be separated from the n-salt in a single crystallization step, the 
position of the eutectic should be substantially removed from the equimolar point. 
However, if the eutectic point should happen by accident to be close to the equimolar 
point, then the phase diagram would closely resemble that of a conglomerate. In that 
particular instance, it would be possible to devise an entrainment procedure for the sep-
aration of the p- and n-salts. This possibility has been demonstrated by the preferential 
crystallization of 4-methylpiperidinium hydrogen ( R , S )-succinate  (44) . 

 The procedure most commonly used to alter the crystallization thermody-
namics of true racemate systems involves the formation of dissociable diastereomer 
species  (45) . These are most often simple salts formed between electron-pair donors 
and electron-pair acceptors. For instance, the fi rst resolving agents introduced for 
acidic enantiomers were alkaloid compounds, and hydroxy-acids were used for the 
resolution of basic enantiomers. This type of resolution procedure has been known 
since the time of Pasteur, and extensive tables of resolving agents and procedures 
are available ( 46  ,  47 ). 

 As an example, consider the specifi c case where a racemic acid is to be resolved 
through the use of a basic resolving agent. The fi rst step of the resolution procedure 
involves formation of the p- and n-diastereomeric salts: 

      

 Racemic Mixture         +  Resolving Agent         →  Diastereomer Salts 

(+)R-COOH (+)R-COO-NH 3 -R ′ (+)

+  2NH 2 -R ′ (+)              → 

(–)R-COOH (–)R-COO-NH 3 -R ′ (+)
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  According to convention  (48) , the ( R , R ) and ( S , S ) diastereomers are termed the 
p-salts, and the ( R , S ) and ( S , R ) diastereomers are identifi ed as the n salts. In the 
example used above, the (+)R-COO-NH 3 -R ′ (+) diastereomer would correspond 
to the p-salt, and the (–)R-COO-NH 3 -R ′ (+) diastereomer would be the n-salt. In 
the usual practice, the p- and n-salts are separated by fractional crystallization, and 
the success of the resolution process is critically related to this crystallization step. 

 As mentioned earlier, the desirable effect of derivatization is to transform the 
undesirable thermodynamics of a racemate system into those more amenable for 
direct separation of the diastereomers. One way to look at the process is that the act 
of derivatization alters the phase diagram from containing the double eutectic of 
the racemate system into a pseudo-conglomerate phase diagram exhibiting only 
one eutectic. For example, the enantiomers of phenylsuccinic acid can be separated 
after formation of the proline salt  (49) , and an example of the solubility phase dia-
gram reported for the 1:2 phenylsuccinate/proline salt is shown in  Figure 7 . In this 
work, it was found that the degree of resolution for the salt having the 1:2 stoichi-
ometry was only minimally affected by temperature, but that separation of the 
1:1 stoichiometric phenylsuccinate/proline salt was strongly affected by tempera-
ture. These fi ndings illustrate the strong need for obtaining the phase diagram when 
designing enantiomeric separations, because the effi ciency of the process can be 
strongly affected by environmental factors. 

  For instance, the aqueous solubility of the n-salt of  α -methylbenzylamine 
mandelate has been reported as 49.1 g/L, and the solubility of the p-salt as 180 g/L 
 (50) . However, the relative solubilities of the p- and n-salt pairs is greatly affected by 
the choice of temperature or solvent system, and the pathway of the diastereomer 
separation can easily be manipulated by variations in experimental conditions. 
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 FIGURE 7    Solubility phase diagram reported for the diastereomer system (1:2 stoichiometry) 
formed by ( ± )-phenylsuccinic acid and (–)-proline, using ethanol as the solvent system. The fi gure 
was adapted from data contained in Ref. (47).    
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In fact, it is possible to preferentially crystallize either the p- or n-salt depending on 
the range of parameters used. 

 The chiral discrimination existing in the diastereomer systems formed by 
ephedrine and various mandelic acids has been studied in great detail, using a variety 
of spectroscopic and structural tools. Although signifi cant differences in the solu-
bilities of the n- and p-salts obtained after reaction of ephedrine with mandelic acid 
were known to exist, both salts were found to crystallize in the same monoclinic 
space group with crystal structures that were isosteric  (51) . In subsequent work, it 
was shown that the crystalline diastereomer salts formed by ( R )-mandelic acid 
formed a more compact repeating pattern (with higher melting points and enthalp-
ies of fusion) than did analogous salts formed by ( S )-mandelic acid  (52) . It was 
deduced that the subtle chiral discriminations led to the existence of different 
hydrogen-bonding modes, which in turn, became manifest in a variety of other 
physical properties. 

 There is no doubt that the crystallographic differences between the diastereomers 
generated during derivatization directly affect the outcome of the resolution process. 
For example, when ( D , L )-phenylglycine was resolved with ( S )-camphor-10-sulfonic 
acid, the n-salt was isolated in 45.7% yield and having an enantiomeric purity of 98.8% 
 (53) . The less soluble n-salt exhibited a higher melting point and enthalpy of fusion 
than did the p-salt, which was found to be freely soluble. The crystal structure of the 
n-salt exhibited a dense structure containing alternating phenylglycine cation and cam-
phor sulfonate anion layers, whereas the structure of the p-salt exhibited a coarser 
structure with vacancy layers between the anion and cation planes. These differences 
in crystal structure directly led to the differing physical properties of the diastereomeric 
salts that caused the enantiomeric resolution to be so successful. 

 Distinctions in hydrogen-bonding networks were noted during studies of 
the structures formed by  α -amino acids and ( S )-phenylethanesulfonic acid  (54) , and 
the differences noted for the two salts formed between  p -hydroxyphenylglycine and 
the resolving agent are shown in  Figure 8 . In another work, the diastereomers formed 
during the resolution of ( R , S )-mandelic acid with  R -2- tert -butyl-3-methylimidazoldin-
4-one were characterized by varying networks of hydrogen bonding, whereas the 
conformations of the molecular species were relatively equivalent  (55) . 

  Depending on the details of the lattice dynamics, there is no restriction regard-
ing the ability of a given pair of p- and n-salts to crystallize in the same or in 
different space groups. For example, in the diastereomeric system formed by 
 α -methylbenzylamine and hydratropic acid, the p-salt was found to crystallize in 
the P2 1  space group, whereas the n-salt crystallized in the P2 1 2 1 2 1  space group  (56) . 
Although the conformations of the constituent species in the two crystal forms were 
reported to be similar, the mode of molecular packing that led to the structure of the 
individual crystals was very different. 

 This latter behavior differs from that observed in the crystalline diastereomers 
of mandelic acid with 1-phenylethylamine  (57) . Here, the n-salt crystallized in the 
triclinic P1 space group, whereas the p-salt crystallized in the monoclinic P2 1  space 
group. The crystallographic structures of the two diastereomers revealed the exis-
tence of fairly equivalent hydrogen-bonding patterns, but at the same time substan-
tially different conformations for the two molecular ions making up the 
donor–acceptor complex were noted. These structural differences became manifest 
in the relative solubilities of the two diastereomers, where the aqueous solubility of 
the p-salt was much less than that of the n-salt. 

¯
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 FIGURE 8    Details of the hydrogen bonding existing in crystals of the diastereomeric salts formed 
between the enantiomers of  p -hydroxyphenylglycine (HPG) and ( S )-1-phenylethanesulfonic acid 
(PES). The fi gure was adapted from data contained in Ref. (54).    
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 Once either the p-salt or the n-salt (or both) is successfully crystallized, the 
diastereomer salt is usually dissociated and the resolving agent separated. In the 
specifi c instance of acid resolution, the diastereomeric salt is effi ciently cleaved by 
means of a hydrolysis reaction: 

      

 Separated Diastereomers     +  Hydrolysis Agent           →  Separated Enantiomers 

(+)R-COO-NH 3 -R ′  (+)        + HCl                              →   (+)R-COOH + (+)R ′ -NH 3 Cl

(–)R-COO-NH 3 -R ′  (+)        + HCl                              →    (–)R-COOH + (+)R ′ -NH 3 Cl

 The diastereomer cleavage must be simple, selective, take place in quantitative 
yield, must not racemize the resolved compound, and must leave the resolving 
agent in a form that is easily recovered. The recovery is usually effected by precipita-
tion or extraction of the resolving agent. One important criterion in the choice of a 
resolving agent is the ease by which it may be dissociated and removed from the 
compound being resolved  (45) .   

 Racemate Systems Turned into Conglomerate Systems 
 Although the frequency of conglomerate-forming systems is fairly small for organic 
compounds, a statistical analysis of more than 500 salts has demonstrated that the 
probability of observing spontaneous resolution is two or three times higher for salts 
of the same organic compounds  (58) . The possibility has been further demon-
strated through studies of the crystallization of achiral dicarboxylic acids with 
 α -phenethylamine, where racemates were obtained for the salts with hydrogen 
malonate and hydrogen phthalate, but a conglomerate was obtained for the hydrogen 
succinate salt  (59) . In a subsequent work, it was concluded that conglomerate forma-
tion took place when the protonated and deprotonated carboxylic acid groups formed 
hydrogen-bonded chains rather than forming intermolecular hydrogen-bonded 
dimers in the crystal  (60) . 

 To illustrate how a racemate system can be turned into a conglomerate sys-
tem, we will consider the example of ibuprofen, or 2-(4-isobutylphenyl)propanoic 
acid. The single crystal structures of enantiomerically pure  (61)  and racemic  (62)  
ibuprofen have been published, and the crystallographic properties of the respec-
tive unit cells are summarized in  Table 2 . Using the published details of the two unit 
cells, the powder diffraction patterns of the enantiomerically pure and racemate 
forms were calculated, and these are shown in  Figure 9 . As would be expected, 
these are quite different in their character. The racemic mixture of ibuprofen has 
been shown to be a racemate  (63) , and consequently, the resolution of the com-
pound into its enantiomers typically proceeds through the conventional route of 
diastereomer separation  (64) . 

  The physical and structural properties of ibuprofen are dominated by the 
chemistry of the carboxylate group, for which the p K a has been determined to be 
4.45  (65) . As would be anticipated for a carboxylic acid compound, the solubility of 
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FIGURE 9 X-ray powder diffraction patterns calculated from the published crystal structures of 
(S)-ibuprofen [solid trace; Ref. (61)] and (R,S)-ibuprofen [dashed trace; Ref. (62)].

 TABLE 2    Crystallographic Data for ( S )-Ibuprofen and ( R , S )-Ibuprofen  

( S )-ibuprofen ( R , S )-ibuprofen

Crystal class Monoclinic Monoclinic
Space group P2 1 P2 1 / c 
Unit cell lengths  a  = 12.462 Å  

 b  = 8.035 Å  
 c  = 13.539 Å

 a  = 14.667 Å  
 b  = 7.886 Å  
 c  = 10.730 Å

Unit cell angles   α   = 90°  
  β   = 112.89°  
  γ   = 90°

  α   = 90°  
  β   = 99.362°  
  γ   = 90°

Molecules in unit cell 4 4
Cell volume 1248.8 Å 3 1165.6 Å 3 
Density 1.10 g/mL 1.175 g/mL
Reference 61 62
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the free acid is very low owing to its hydrophobic character, but once the solution 
pH is raised above neutral anionic ibuprofen becomes very soluble. Tromethamine 
(2-amino-2-(hydroxymethyl)propane-1,3-diol) is a basic substance, and has been 
found to form salt species with ibuprofen  (66) . The X-ray powder diffraction pat-
terns of the ( S )-ibuprofen/tromethamine and ( R , S )-ibuprofen/tromethamine salts 
are shown in  Figure 10 , where it may be noted that the respective diffraction patterns 
are equivalent. 

  Because the respective diastereomers of a conglomerate system would crystal-
lize in the same space group, it follows that equivalence in diffraction patterns for the 
tromethamine salts of ( S )-ibuprofen and ( R , S )-ibuprofen ibuprofen identifi es these as 
constituting a conglomerate system. The structural equivalence of the ibuprofen–
tromethamine salts is further demonstrated by the equivalence of their other physical 
properties. For example, the differential scanning calorimetry thermograms of the 
salts are effectively the same, with the ( S )-ibuprofen salt exhibiting a melting endo-
therm at 158.4°C (enthalpy of fusion of 159.1 J/g) and the ( R , S )-ibuprofen salt having 
a melting endotherm at 158.9°C (enthalpy of fusion of 160.2 J/g)  (66) . 
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 FIGURE 10    X-ray powder diffraction patterns obtained for the tromethamine salts with ( S )-ibuprofen 
(solid trace) and ( R , S )-ibuprofen (dashed trace) (HG Brittain, unpublished results).    
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 Because the crystal structures of the ( S )-ibuprofen/tromethamine and ( R , S )-
ibuprofen/tromethamine salts are effectively the same, one would anticipate that 
the solid-state spectra of these compounds would also be equivalent. This is evident 
in the infrared absorption and Raman spectra shown in  Figure 11 , where there is no 
discernable difference in the respective spectra of the various tromethamine salts 
prepared from the enantiomerically pure and racemic ibuprofen. 

FTIR-ATR spectra 

300 500 700 900 1100 1300 1500 1700
0

25

50

75

100

Wavenumber (cm–1)

R
el

at
iv

e 
in

te
ns

ity

Raman spectra 

300 500 700 900 1100 1300 1500 1700
0

25

50

75

100

R
el

at
iv

e 
in

te
ns

ity

Wavenumber (cm–1)

 FIGURE 11    Fingerprint region infrared absorption and Raman spectra of the tromethamine salts 
with ( S )-ibuprofen (solid trace) and ( R , S )-ibuprofen (dashed trace) (HG Brittain, unpublished 
results).    
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     SUMMARY 
 Observations on the chirality of crystals made it possible for Pasteur and others to 
identify dissymmetry as the true origin of optical activity, as the molecular chiral-
ity associated with a given compound proved to be directly observable in the 
crystallography of that compound. The crystallographic consequences of the 
molecular dissymmetry caused the existence of observable differences in a variety 
of physical properties, such as the melting point, solubility, and spectroscopy of 
such species. Although the majority of chiral molecules can only be resolved 
through the formation and separation of dissociable diastereomers, many chiral 
molecules have been observed to exhibit the property of spontaneously resolution 
upon crystallization, and the resulting enantiomorphic crystals may be physically 
separated. 

 With more and more therapeutic agents being administered as resolved 
enantiomers, methods for isolation of the desired dissymmetric species will be in 
constant development. Determination of the melting point or solubility phase dia-
gram becomes a key element to the development process, because one can use this 
information to identify the agent in question as being either a conglomerate or a 
racemate. Should the compound happen to crystallize as a conglomerate, then 
enantiomer separation by direct crystallization could represent the cost-effective 
route. Compounds identifi ed as racemates would necessarily require separation by 
the formation of dissociable diastereomers. Of course, when the compound in ques-
tion can be synthesized directly with the proper enantiomeric composition, the 
need to conduct a resolution procedure evaporates. It should never be forgotten, 
however, that even when asymmetric synthesis is the chosen route, an investigation 
into the relationship between chirality and crystallography is essential to having an 
understanding of the molecular system.     
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 INTRODUCTION 
 Amorphous solids are an integral part of pharmaceutical research and development, 
and thus, an understanding of amorphous solids in relation to crystalline solids 
and liquids is essential. This is self-evident when a drug is intentionally made 
amorphous to increase bioavailability, or an amorphous polymer or excipient is 
purposely incorporated into a pharmaceutical product to provide elegance, and 
improve performance or stability. What may be less obvious is the potential for 
amorphous solids to be formed during processing of drugs and excipient into dos-
age forms, or for amorphous regions to exist in nominally crystalline materials. 
This requires an understanding of the how amorphous materials can be formed, 
the persistence of any amorphous solids during manufacturing, and the potential 
for subsequent physical or chemical change during storage. 

 Historically, the majority of marketed amorphous products were those pro-
duced by freeze drying and intended for parenteral administration. In recent years, 
there has been an increase in the number of oral dosage forms containing the drug 
in the amorphous form, mainly as a means to improve bioavailability, and examples 
are listed in  Table 1.   

 The importance of the amorphous state to pharmaceutical development, 
either by design or as a result of its unintentional presence, is increasingly being 
recognized, and this has fueled considerable research effort. Pharmaceutical research 
in this area has been aided by the fact that amorphous solids are very important 
in metallurgy, polymer science, food science, cryobiology, and ceramics among 
others. Many of the concepts developed in other fi elds have been translated to phar-
maceutical materials, although it should be recognized that a number of key differ-
ences exist between many of the aforementioned classes of materials and small 
molecule organic amorphous solids. An understanding of the important differences 
between pharmaceutical amorphous materials and other well-characterized classes 
of materials (e.g., polymer, metals, ionic glasses) has been the focus of much of the 
research conducted with pharmaceutical amorphous solids. Amorphous solids 
have very different properties from their crystalline counterparts, and a review of 
the structure and thermodynamics of amorphous materials is provided in the next 
section.   

16
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 THE AMORPHOUS STATE AS A CONDENSED PHASE 
 In common with crystalline solids and liquids, amorphous materials fall into the 
category of condensed phases. In general terms, their ability to demonstrate both 
liquid-like and solid-like behavior is what makes amorphous materials of interest 
pharmaceutically. In the simplest terms, it is temperature that controls the properties 
of the amorphous state. The relationship between temperature and the molecular 
structure and macroscopic properties of amorphous solids is central to understanding 
the unique properties of these materials, and under what circumstances an amorphous 
material can be compared to a solid or a liquid. The importance of temperature to the 
macroscopic behavior and the underlying molecular level structure will be addressed 
in much greater depth throughout this chapter. 

 The feature that distinguishes the amorphous “solid” from a crystalline solid 
is the absence of repeat three-dimensional order that persists over long length scales 
(i.e., many, many molecules). Amorphous solids do show short-range order  (2) , and 
in many cases the short-range order is similar to that seen in a liquid. Essentially, 
this means that nearest neighbor interactions are maximized in the amorphous solid 
where possible, to obtain a local minimum in the free energy. The short-range order 
found in amorphous substances stems from packing of the molecules to form near-
est neighbor interactions through van der Waals interactions, hydrogen bonding, or 
electrostatic interactions, and the local packing may or may not be similar to the 
short-range order found in the crystalline counterpart. The locally favored structure 
is not periodic over long distances. Thus, amorphous materials are isotropic over 
longer length scales, whereas most organic crystals display directionally dependent 
properties as a result of their three-dimensional order. 

 Accompanying the more random arrangement of molecules in amorphous 
materials is a higher free volume compared to a crystalline solid. Free volume can 
be determined quantitatively by the difference in the total volume and the molecu-
lar volume as defi ned using van der Waals radii. For an amorphous material, greater 

 TABLE 1    Examples of Products Containing Drug Substance in Its Amorphous Form  

Product Drug substance Reason for amorphous form

Accolate Zafi rlukast Bioavailability
Cefetin Cefuroxime axetil Bioavailability
Mefoxin Cefoxitin Dissolution (sterile) (USP)
Accupril Quinapril HCl Unstable solvate
Rezulin Troglitazone Bioavailability
Sporanox Itraconazole Bioavailability
Intelence Etravirine Bioavailability
Indocin Indomethacin Biavailability (PDR)
Pancrease MT Pancrelipase Does not crystallize, peptide (PDR)
Erythromycin ethylsuccinate Erythromycin ethylsuccinate Bioavailability (USP)
Singulair Montelukast sodium Unknown (PDR)
Viracept Nelfi navir Bioavailability
Kaletra Lopinavir/ritonavir Bioavailability

 Source : Taken from Ref. (1) and the current United States Pharmacopeia–National Formulary (USP31-NF26) and 
Physician’s Desk Reference (PDR).
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free volume translates to molecular motions that are otherwise restricted in a crys-
talline solid. It is this greater free volume and enhanced molecular mobility that 
leads to liquid-like behavior in an amorphous solid at temperatures well below the 
crystal-to-liquid transition temperature ( T  m ). 

 A summary of how the nearest neighbor interactions, molecular order, and 
free volume for an amorphous solid compare and contrast to other condensed 
phases (crystals and liquids) and the gas phase is provided in  Figure 1 . The combi-
nation of some nearest neighbor interactions, absence of long-range molecular 
order, and a greater free volume and higher molecular mobility play a very important 
role in determining the macroscopic properties that are unique to an amorphous 
solid. For example, the viscosity, mechanical strength, and even color can be 
distinctly different for the amorphous form compared to the crystal or liquid forms.    

 THE GLASS TRANSITION 
 Amorphous solids undergo a unique transition, the glass transition (glass-to-supercooled 
liquid), which distinguishes them from crystalline solids that undergo a melt transi-
tion (crystal-to-liquid). This transition is important because it indicates the tem-
perature range where the amorphous material transitions from a rigid, brittle glass 
(e.g., glass bead) to one that resembles a very viscous liquid (e.g., molten lava or 
asphalt on a warm day). Below  T  g , the amorphous solid is called a glass, and above 
 T  g , it is a supercooled liquid. The glass transition is reversible, and therefore occurs 
during heating of the glass, or during cooling of a supercooled liquid. Macroscopic 
and thermodynamic properties such as viscosity, mechanical strength, enthalpy, 
and volume, undergo distinctive changes in the region of the glass transition. These 
changes are indicative of differences in the modes of molecular motion that are 
accessible in these two temperature regimes. Above  T  g , modes of motion that require 
diffusion of a molecular segment or entire molecules are increasingly more acces-
sible with increasing free volume. For polymers, these are the molecular motions 
associated with polymer backbone mobility, or the  α -relaxation processes. Such 
motions are typically restricted below  T  g . In the glass, the modes of molecular 
motions are usually restricted to vibration, rotation, and diffusion through rotation. 
The motions that persist below  T  g  in polymeric glasses are primarily due to motions 
in the side chains, with little or no contribution from the polymer main chain. 
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 FIGURE 1    Comparison of molecular order, specifi c volume, and molecular mobility in different 
phases.    
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In polymers these molecular motions have been referred to collectively as the  b -re-
laxation process ( 3  ,  4 ). Although the classifi cation of modes of molecular motions as 
 α  and  b  in different temperature regimes has its origin in the characterization of the 
molecular dynamics in polymers, the glass transition represent a distinction between 
very subtle but important modes of motion below  T  g , and those above  T  g  leading to 
diffusion. 

 Glass formation, also called vitrifi cation, occurs during cooling of an equilib-
rium supercooled liquid when molecular rearrangement in response to decreasing 
temperature is no longer possible. With decreasing temperature the modes of 
molecular motions are increasingly restricted, leading to the eventual “freezing in” 
of a structure and confi guration that no longer represents an equilibrium state. With 
continued cooling below  T  g , the nearest neighbor interactions do not represent the 
lowest free energy possible for a supercooled liquid, and the free volume is greater 
than expected for an equilibrium supercooled liquid. The glass transition represents 
a point where the time scales for molecular motion coincide with and eventually 
exceed the rate of cooling. Therefore, the temperature where this transition occurs 
depends on the rate of cooling. 

 Very fast cooling will yield a higher glass transition temperature than slower 
cooling of the same supercooled liquid, as has been illustrated schematically in 
 Figure 2 . This sensitivity of  T  g  to cooling rate, or the time scale of measurement 
means that  T  g  values measured using different experimental techniques can be dif-
ferent. The glass transition measured using dilatometry, calorimetry, or nuclear 
magnetic resonance (NMR) spectroscopy will be different due to the sensitivity of 
these techniques to different modes of motions that require a unique length of time 
to take place. This characteristic time for a particular motion, or collection of motions 
is sometimes referred to as the time scale for molecular motion or the characteristic 
relaxation time. Because  T  g  represents a coincidence of the time scales of molecular 
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 FIGURE 2    The dependence of the glass transition on cooling rate.    
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motion and the time scale detected by the experiment, it is appropriate to think 
about the glass transition as a “region” of temperatures, rather than a single 
temperature.  

 The glass transition can be measured by heating a glass, or cooling a super-
cooled liquid. One of the most common techniques used to measure the glass tran-
sition in pharmaceutical systems is differential scanning calorimetry (DSC) ( 5  ,  6 ). 
Because non-isothermal calorimeters are optimized for measurement of thermal 
events during heating,  T  g  values determined by DSC are usually measured during 
heating. Measurement of  T  g  using DSC at a heating rate of 10°C/min has been 
equated to a time scales for molecular motion on the order of several hundred sec-
onds based on the concept of the “coincidence” of molecular motion and experi-
mental time scale. Comparisons of the viscosity at temperatures close to the  T  g  
values measured by DSC suggest that  T  g  is an “isoviscous” state within the range 
of 10 10  to 10 12  Pa s  (7) . DSC is only one of many techniques for measuring  T  g , and is 
commonly used for pharmaceutical materials because of the availability in  many 
academic and industrial laboratories. The use of different techniques for measuring 
molecular mobility will be discussed later in this chapter.   

 THERMODYNAMICS 
 The absence of long-range molecular order in amorphous solids translates to a 
greater free energy in comparison to a crystalline reference state ( Fig. 3 ). As a liquid 
is cooled below the melt temperature, there is a reduction in volume and degree of 
molecular motion as expected, as governed by the thermal expansion coeffi cient 
unique to the supercooled liquid. When the rate of cooling exceeds the rate of 
molecular rearrangement necessary to maintain the thermodynamic properties 
consistent with the supercooled liquid, a glass is formed. The sudden loss of certain 
modes of molecular motion at  T  g  leads to a change in the temperature dependence 
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of the thermodynamic functions of volume, enthalpy, and entropy as shown in 
 Figure 4 . Because this transition has a kinetic component (it depends on how it is 
measured) to the divergence of enthalpy, entropy, and volume at the glass transi-
tion,  T  g  is often referred to as a “pseudo” second-order phase change. Unlike a fi rst-
order phase transition (e.g., crystal-to-liquid), which by defi nition has discontinuous 
change in the aforementioned thermodynamic properties at the transition, the 
enthalpy is continuous for a second-order phase transition ( Fig. 4 ).     The continuity 
in the thermodynamic properties such as enthalpy, entropy, and volume at the glass 
transition temperature is important to its measurement using DSC and dilatometry. 
At the glass transition, the thermodynamic properties obtained by taking the sec-
ond derivative of free energy (heat capacity and thermal expansion) are discontinu-
ous, as shown in  Figure 5 .  

 Below  T  g , the thermodynamic properties of the glass are in excess of those 
of the crystal and the theoretical supercooled liquid that was obtained by cooling 
infi nitely slowly to maintain equilibrium. The enthalpy for a theoretical supercooled 
liquid that remains in equilibrium below  T  g  is shown in  Figure 5  as the dashed line, 
which is simply an extrapolation of the thermodynamic properties of a supercooled 
liquid in a temperature region where equilibrium is possible. Even though the glass 
is very solid-like with respect to its viscosity and mechanical properties, there is 
suffi cient free volume such as to allow molecular motions that enable molecular 
rearrangements. Over time, these rearrangements lead to structural relaxation of 
the glass to a lower free energy state approaching that of the infi nitely slowly cooled 
supercooled liquid. The excess or “free” volume available in the amorphous solid is 
refl ected by the higher specifi c volume of the amorphous form in comparison to the 
crystal ( 8  ,  9 ) as shown in  Table 2.   

 The process by which a glass transforms toward a more energetically favorable 
state is called structural relaxation. Thus, strictly speaking, a thermodynamic 
description of a glass is not possible due to the time-dependent nature of the glass 
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resulting from the evolution to a more energetically favorable state. Although both 
the glass and supercooled liquid are non-equilibrium states relative to the crystal, 
above  T  g , the supercooled liquid is still ergodic. For an ergodic system, the time and 
space distributions averaged over time are equal; thus, an ergodic system is effec-
tively “unchanged” over time. In contrast, the glass is transitional and non-ergodic. 
The changes in time and space at the molecular level are refl ected thermodynami-
cally by decreases in enthalpy and volume. These changes in the thermodynamic 
properties can be detected experimentally and used to provide a more accurate 
thermodynamic description of the non-ergodic glassy state. One such approach is 
the concept of fi ctive temperature,  T  f , which defi nes a non-ergodic glass in terms of 
the supercooled liquid. The supercooled liquid, although only theoretically possible 
at temperatures below  T  g , serves as an unchanging or erogodic reference state. 

 Another complexity in a thermodynamic description of the amorphous state 
is the observation that the extrapolation of the entropy of the equilibrium super-
cooled liquid to lower temperatures eventually leads to a value equal to that of the 
crystal ( Fig. 4 ). Further extrapolation of the entropy of the theoretical supercooled 
liquid would violate the Second Law of Thermodynamics. This violation occurs 

E
nt

ha
lp

y

H
ea

t c
ap

ac
ity

Glass

Crystal

TmTg Tg

Crystal

Supercooled
liquid

Temperature Temperature

∆Hm

Supercooled
liquid

 FIGURE 5    The enthalpy and heat capacity measured by DSC as a function of temperature in the 
region of the glass transition temperature.    

 TABLE 2    Differences in Specifi c Volumes of Crystalline and Amorphous Forms  

Material Crystal-specifi c 
volume (mL/g)

Amorphous-specifi c 
volume (mL/g)

Excess volume in 
amorphous form (%)

Indomethacin 0.72 0.75 4.0
Sucrose 0.63 0.7 10.0
Trehalose 0.62 0.68 8.8
Drug “a” 0.75 0.76 1.5
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with the implication that the supercooled liquid would be lower in entropy than the 
thermodynamically most stable crystalline form. The temperature where this theo-
retical thermodynamic crisis occurs is called the Kauzmann temperature,  T  K , after 
Kauzmann who fi rst recognized this dilemma  (10) . The so-called Kauzmann Para-
dox has been reconciled by invoking the  T  K  as the true  T  g , a second-order transition 
that prevents thermodynamic crisis in the theoretical supercooled liquid formed 
with infi nitely slow cooling. Although the origin of the Kauzmann temperature is 
based on thermodynamics, it has provided the basis for a kinetic interpretation of 
the temperature where the enhanced molecular mobility in an amorphous material 
is no longer present. One fi nal note, the ability to cool slowly enough to produce an 
ergodic liquid at temperatures near  T  K , and so far below the crystal-liquid transition, 
is nearly impossible in practice. However, because a thermodynamic description of 
a glass depends somewhat on the thermodynamic properties of the theoretical 
supercooled liquid, this thermodynamic impossibility has been widely discussed 
and debated in attempt to reconcile the problem. 

 The time-dependent nature of glasses below  T  g  has important implications for 
pharmaceutical product quality and elegance, such as cracking or crazing in fi lm 
coatings and shrinkage of lyophilized cakes. The measurement of structural relax-
ation as a measure of molecular mobility will be discussed in more detail later 
within this chapter.   

 THE MEANING OF SOLUBILITY FOR AMORPHOUS SOLIDS 
 The excess thermodynamic properties of amorphous solids discussed above explain 
why the dissolution of an amorphous solid frequently leads to a higher solution 
concentration than that obtained for a corresponding crystalline solid. The amor-
phous solid is characterized by less favorable cohesive intermolecular interactions, 
and therefore dissolves more readily. If the resulting solution concentration is higher 
than the equilibrium solubility of a crystal form, the solution is said to be super-
saturated with respect to that phase, and there is a thermodynamic driving force for 
crystallization. Although low levels of supersaturation can often be maintained for 
long time periods, above a certain threshold concentration, nucleation and crystal 
growth will occur, resulting in depletion of the solution concentration until the 
thermodynamic solubility is reached. 

 Just as a true thermodynamic description of the amorphous state is not 
possible, the equilibrium solubility for an amorphous solid cannot be measured. 
However, various approaches, each involving certain assumptions, can be used to 
approximate the theoretical maximum solution concentration. Predictions of amor-
phous “solubility” are based on estimations of the free energy difference between 
the amorphous and crystalline solids,  ∆  G  c , which in turn, can be related to the 
amorphous:crystalline solubility ratio as shown in equation (1). Thus, it is necessary 
to know the solubility of the crystalline phase. 

      amorphous amorphous
c

crystalline crystalline

 ln  ln
a S

G RT RT
a S

∆ = ≈   (1)  

 where  R  is the gas constant,  T  is temperature,  a  is the activity, and  S  is solubility. 
Depending on the level of rigor required, various methods are available to estimate 
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 ∆  G  c . For example, if the melting temperature ( T  m ) and heat of fusion of the crystal-
line form ( ∆  H  f ) are known, the Hoffman equation [equation (2)] can be used. 

      m
c f 2

m

( )T T T
G H

T
−∆ = ∆   (2)  

 It is important to realize that using the amorphous form to enhance solubility can 
be a double-edged sword in that the higher the amorphous:crystalline solubility 
ratio (and hence the greater the potential advantage), the greater the thermody-
namic driving force for crystallization and the higher the probability of drug substance 
crystallization. Thus, although dissolution rate advantages are frequently seen for 
amorphous systems, these are not always of the expected magnitude due to drug 
substance recrystallization from solution ( 11  ,  12 ). An example of a dissolution pro-
fi le of an amorphous solid is shown in  Figure 6 . The solution concentration initially 
increases with time, reaches a maximum, and then decreases toward the equilib-
rium solution concentration of the stable crystalline form. The decrease in solution 
concentration can be accounted for by crystallization. 

  In addition to drug substance recrystallization from the supersaturated solution 
generated by dissolution of the amorphous solid, the amorphous solid itself can 
recrystallize. On contact with the dissolution medium, water will be absorbed into 
the amorphous matrix and will increase molecular mobility. The increased molecu-
lar mobility will favor crystallization of the hydrated amorphous solid. As a result 
of crystallization from either the solution phase or from the amorphous solid, it is 
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 FIGURE 6    Solution concentration versus time profi le for amorphous indomethacin compared to 
the thermodynamically stable crystal form. Figure adapted from Ref. (12) and reproduced with kind 
permission of Springer Science and Business Media.    
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very diffi cult to reproducibly measure the solution concentration generated by an 
amorphous solid, and the experimentally measured value may be very different 
from predicted values.  Figure 7  shows the predicted and measured solution concen-
trations for three amorphous solids, and illustrates that the measured values are 
substantially lower than the predicted values for the reasons discussed above. 

    MATERIAL AND MECHANICAL PROPERTIES 
 Like crystalline materials, the mechanical and material properties of amorphous 
materials will depend on the molecular level structure, as well as macroscopic prop-
erties such as particle size. When defi ned in rheological terms, amorphous materials 
are viscoelastic, consistent with the ability to behave both like an elastic solid and a 
viscous liquid. The ability for an amorphous material to fl ow in response to an 
applied stress refl ects the molecular fl exibility as a result of greater free volume and 
results in viscous behavior. However, unlike a strictly viscous liquid, amorphous 
materials can undergo a fast deformation and recovery process, or “push back,” in 
response to an applied stress. This resistance to stress is a solid-like behavior and 
results from nearest neighbor interactions that are increasingly more important to 
the mechanical properties of the amorphous solid with decreasing temperature. 
Thus, the viscoelastic response of amorphous materials is very dependent on tem-
perature. At higher temperatures, a greater degree of molecular mobility results in a 
more viscous response to applied stress. This ability to fl ow also leads to the higher 
ductility characteristic of many polymers above  T  g . As temperatures approach  T  g  the 
restriction of molecular motion translates to a resistance to fl ow in response to 
applied stress. Thus, below  T  g  the glass is more “elastic” than “viscous” in compari-
son to the same material at higher temperatures. With decreasing temperature and a 
reduction in molecular motion, an amorphous material also becomes more brittle. 
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Below  T  g , an amorphous material will be more brittle and more solid-like (resist fl ow 
in response to applied stress) than the same solid above  T  g , but less brittle and more 
likely to fl ow under applied stress than a crystalline material. 

 Although the molecular order and mobility are important to the mechanical 
and rheological performance of a condensed phase, particle properties are also 
extremely important to the behavior of powders, even for amorphous materials. For 
example, a direct comparison of the dynamic indentation hardness and tensile 
strength of amorphous and crystalline forms of a drug substance showed that the 
amorphous form below  T  g  was the more solid-like, more brittle, and less ductile of 
the two  (8) . It is likely that differences in the mean particle sizes, particle size distri-
butions, bulk specifi c volumes, or specifi c surface areas lead to differences in the 
mechanical properties of the two forms, but not differences at the molecular level 
(i.e., mobility, free volume, degree of long-range order). 

 The unique mechanical properties of amorphous materials are relevant in 
many pharmaceutical applications. In comparison to crystalline or partially crys-
talline materials (e.g., microcrystalline cellulose) amorphous polymeric excipients 
are more ductile  (13)  and exhibit lower tensile strength during compression  (14) . 
Higher ductility may be needed to improve the compressibility of a very brittle 
drug, but may lead to a lower tensile strength. The integrity of fi lm coatings is also 
related to the mechanical and rheological properties of the fi lm-forming polymer. 
Reduction in the tendency of fi lms to crack can be achieved by the addition of a 
plasticizer that increases molecular mobility and results in formation of a less 
brittle, more viscous-than-elastic fi lm.   

 FORMATION OF AMORPHOUS SOLIDS 
 Amorphous solids may be formed intentionally by employing specifi c techniques 
such as spray drying or precipitation from solution, or unintentionally during various 
processing operations.  Figure 8  provides an overview of different ways of making 
amorphous solids. 
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FIGURE 8 Schematic illustration of the different ways in which amorphous materials can be formed.
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 For freeze-dried products, the crystalline or amorphous nature of the product 
can sometimes be controlled through the freeze–drying cycle. Cooling of a drug 
solution below any eutectic melting temperatures and glass transition temperatures 
followed by drying at these temperatures will favor the formation of amorphous 
solids. The addition of crystallization inhibitors such as poly(vinylpyrrolidone) 
(PVP) or dextran will also increase the likelihood of producing amorphous mate-
rial. For intentional production of solid dosage forms containing an amorphous 
drug, the two routes most generally employed are spray drying and melt extrusion. 
Critical parameters for both processes include the processing temperature, nature of 
the solvent, rate of solvent removal, and the use of polymeric crystallization inhibi-
tors. When attempting to generate amorphous materials for characterization and 
assessment, the most common methods are melt quenching for heat-stable com-
pounds, freeze drying for water soluble compounds, and spray drying or precipitation 
for compounds soluble in organic solvents. 

 In terms of unintentional production of amorphous material during process-
ing operations, the following routes are possible. First, if the crystalline material 
dissolves to any extent in a processing solvent, then recrystallization may not occur 
on drying, particularly if there are excipients present that act as crystallization 
inhibitors. For example, water-soluble compounds can dissolve during aqueous 
granulation, and recrystallization may not occur following drying, particularly if 
polymeric additives used as binders are effective crystallization inhibitors  (15) . Second, 
a hydrate or a solvate may be dehydrated during processing, leading to an amor-
phous compound. Examples of hydrates/solvates that can form amorphous solids 
following desolvation include raffi nose pentahydrate  (16) , trehalose dihydrate  (17) , 
and carbamazepine dihydrate  (18) . 

 Third, disproportionation of salts on exposure to aqueous conditions can lead 
to precipitation of the amorphous form of the unionized compound. For example, 
it was observed that when the hydrochloride salt of an experimental compound 
was subjected to aqueous wet granulation, partial conversion to the amorphous 
free base occurred  (19) . Fourth, high energy processes such as milling and microni-
zation can generate disordered material. The level of disorder introduced by com-
minution processes can be small and diffi cult to detect, although it can have a 
profound impact on powder properties and chemical stability. It was noted that that 
micronization of albuterol sulfate followed by storage at moderate relative humidi-
ties resulted in agglomeration of particles as a result of crystal bridges formed 
following recrystallization of amorphous domains  (20) . 

 For many compounds, a high degree of disorder is produced by comminution 
processes, and samples can become X-ray amorphous following grinding or mill-
ing. Examples include indomethacin  (21) , sucrose  (9) , digoxin  (22) , and ursodeoxy-
cholic acid  (23) . Because it is well recognized that some materials form and remain 
as amorphous solids more easily than others, factors affecting glass forming ability 
and glass stability will be discussed below.   

 FACTORS INFLUENCING GLASS-FORMING ABILITY 
 It is well known that some compounds more easily form amorphous solids than do 
others. Thus, some compounds crystallize on cooling from a melt, whereas others do 
not and form amorphous solid in the process. Likewise, some compounds are amor-
phous after spray drying, whereas others are crystalline. In principle, it is possible to 
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make any heat-stable compound amorphous if it can be cooled from the melt faster 
than the time frame required for crystallization. However, if the required cooling rate 
is higher than experimentally attainable, a crystalline solid will result. An example of 
a system that crystallizes with slow cooling, but which can be made amorphous with 
rapid cooling, is shown in  Figure 9 , where DSC thermograms of carbamazepine are 
shown. The sample was heated to its melting point, and then cooled either slowly 
(2°C/min) or rapidly (20°C/min). The slowly cooled sample crystallized during 
cooling, as evidenced by an exothermic event during the cooling cycle and an absence 
of a glass transition event during heating. In contrast, the fast-cooled sample does 
not have any exothermic events during cooling, and has a glass transition event during 
reheating, indicating that it was cooled suffi ciently fast to avoid crystallization. 

  The viscosity of a material at its melting temperature, and the rate of increase 
in the viscosity with decreasing temperature, are important material properties that 
will also infl uence glass-forming ability ( 24  ,  25 ). A liquid with a high viscosity will 
have a greater kinetic barrier to nucleation and crystal growth. However, the ther-
modynamic barriers to nucleation and crystal growth are also important factors, 
and will also infl uence the crystallization tendency. It has been suggested that 
liquids with short range order very different from the nearest neighbor interactions 
in the crystal will be more resistant to crystallization ( 25  ,  26 ). Likewise, molecules 
with a high confi gurational entropy would also be expected to be more resistant 
to crystallization  (27) . 
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 FIGURE 9    Dependence of carbamazepine crystallization behavior on cooling rate as measured 
using DSC. A sample cooled slowly from the melt shows a crystallization exotherm during the cooling 
cycle (event a). When this sample is reheated, the crystallized solid melts (event b). A sample 
cooled at a faster rate does not show an exothermic crystallization event. When the fast cooled 
sample is reheated, a  T  g  event is seen (event c) followed by a recrystallization endotherm (event d) 
and melting of the crystallized material (event e). The slow cooling rate was 2°C/min and the fast 
cooling rate was 20°C/min.    
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 When considering glass-forming ability, it has been observed that the  T  g / T  m   ≈  ⅔ 
“rule” holds for many pharmaceutical compounds, where this ratio has consistently 
been found to be between 0.65 and 0.8 for glass-forming pharmaceutical systems. 
However, it has been argued that this “rule” only holds because substances with 
high values of  T  g / T  m  do not crystallize ( T  m  cannot be measured), and substances 
with low values of  T  g / T  m  do not form a glass ( T  g  cannot be measured); thus, any 
values that can be measured will fall within a certain range  (24) . Although this 
“rule” is empirically based, it provides a useful means to estimate the expected 
temperature range for a glass transition event based on the melting point of the 
crystalline counterpart. 

 Although it is perhaps intuitive that compounds that do not readily form 
glasses will also crystallize more rapidly from the glassy state, very little data exists 
to support this idea, particularly for organic systems. Clearly, this would be an 
important link to establish because glass-forming ability could then be used as a 
screening technique to assess the potential of a compound to remain as an amor-
phous solid. Factors infl uencing crystallization from amorphous solids are discussed 
in more detail later in this chapter.   

 METHODS FOR DETECTION AND CHARACTERIZATION OF 
AMORPHOUS SOLIDS 
 In this section, a brief overview of methods available to detect and characterize 
amorphous solids will be provided. A greater level of detail can be found elsewhere 
(9,28–31). 

 For pharmaceutical systems, DSC is typically the favored technique for deter-
mination of the glass transition temperature, although this parameter can also be 
measured with many other techniques including dielectric spectroscopy, thermally 
stimulated current spectroscopy, rheometry, and dynamic mechanical analysis. DSC 
is also used to assess other aspects of amorphous materials, including crystallization 
tendency and molecular mobility. 

 X-ray powder diffraction (XRPD) is frequently used to assess if a material is 
amorphous or crystalline. Because amorphous materials only have short-range 
order, X rays are scattered incoherently so that one observes only a characteristic 
halo pattern. The term “X-ray amorphous” is used to indicate the absence of detect-
able Bragg diffraction peaks; however, different disordered states may lead to inco-
herent scattering of X rays, so other techniques or a closer examination of the 
scattering data should be used to confi rm the exact nature of the system  (2) . Cur-
rently, pharmaceutical applications of XRPD are increasing in sophistication with 
the use of peak broadening effects to determine crystallite size, and pairwise distri-
bution functions to gain more insight into the structure in disordered materials  (32) . 
XRPD is also a very valuable technique to quantify the extent of crystallinity in a 
solid with sophisticated data analysis methods such as whole pattern fi tting being 
employed to increase the sensitivity  (33) . 

 Solid-state NMR spectroscopy has been used with great success to interrogate 
molecular mobility in single component and multi-component amorphous sol-
ids ( 34  ,  35 ), as well as for quantitation of amorphous material  (36) . Dielectric spec-
troscopy has also been used widely to study dynamics in glasses and supercooled 
liquids ( 37–  39 ). Vibrational spectroscopy provides a means to probe intermolecular 
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interactions in amorphous materials  (40) , as well as for detection and quantifi cation 
of amorphous content  (41) . Additional techniques found to be useful for detection 
and quantifi cation of low levels of amorphous content include isothermal micro-
calorimetry ( 42–  44 ) and vapor (either water or an organic solvent) sorption ( 9  ,  45 ). 
More details about specifi c techniques will be given in later sections that deal 
specifi cally with the assessment of molecular mobility.   

 TEMPERATURE DEPENDENCE OF MOLECULAR MOBILITY 
 With increasing temperature, there is an increase in free volume, and hence, an 
increase in molecular mobility. The overall increase in molecular mobility refl ects 
an increase in frequency for a particular type of motion (e.g., rotation about an axis) 
and an increase in the occurrence of motions that may have been restricted at lower 
temperatures (e.g., diffusion, polymer backbone mobility). In a normal liquid, above 
the crystal-to-liquid transition, the dependence of molecular motions, including dif-
fusion, on temperature can be described in terms of an activated process. Thus, 
molecular mobility and processes dependent on molecular motion are well described 
by the Arrhenius equation.   However, this is not the case for many amorphous 
materials, as illustrated in  Figure 10 , which shows the viscosity for the supercooled 
liquids that represent many classes of materials. The deviation from Arrhenius 
behavior has been called “fragile” behavior. In contrast to “strong” supercooled 
liquids, such as SiO 2 , fragile liquids characteristically show more extreme changes 
in molecular structure and dynamics for a given change in temperature. The fra-
gility of a supercooled liquid is a measure of the sensitivity of its structure and 
dynamics to thermal fl uctuations.  Fragile behavior has been explained by hetero-
geneity in the structure (and hence dynamics) inherent to many disordered system 
( 46–  48 ), and the need for cooperative motions of many molecules in highly viscous 
systems. 

  For many materials there appears to be a return to Arrhenius behavior in the 
glassy state ( 50  ,  51 ). This is shown in  Figure 11  as a sharp transition for the purpose 
of illustrating a point. In reality, this transition tends to be a more gradual return 
to an Arrhenius temperature dependence near and below  T  g , as evidenced by 
measurements of ionic conductivity in glasses near  T  g   (50)  and relaxation times in 
pharmaceutical glasses measured using solid-state NMR spectrometry  (52) . 

  Many mathematical descriptions of the non-Arrhenius temperature dependence 
of dynamic processes in supercooled liquids have been invoked, and vary greatly 
with respect to physical and theoretical signifi cance. The Vogel–Tamman–Fulcher 
(VTF) equation [equation (3)] is one that is has been used most frequently to describe 
a given dynamic process. 

      0

0

( ) exp
DT

T A
T T

t
 

=  − 
  (3)  

 This equation describes the relaxation time constant,  t , as a function of temperature 
in terms of three parameters,  A ,  D , and  T  0 . The VTF equation has been ascribed 
physical meaning when the pre-exponential term  A  is assigned a value of  ∼ 10 –14  
seconds (which approximates the time scale for lattice vibrations), when  D  corre-
sponds to the strength parameter, and when  T  0  represents the temperature where a 
particular motion effectively ceases to occur. The strength parameter  D  is inversely 
related to fragility, with lower  D  values corresponding to more fragile behavior. 
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The value of  T  0  has been equated to the Kauzmann temperature, defi ned as the 
temperature where extrapolated thermodynamic properties of a supercooled liquid 
are equal to those for the crystal. The Kauzmann temperature, as described previously, 
is sometimes recognized as the true glass transition. 

 The VTF equation has been used to describe the temperature dependence of 
molecular motion in pharmaceutical amorphous solids ( 39  ,  53  ,  54 ), with  D  values 
typically ranging from 9 to 13, and values of  T  0  that usually are 40 to 100 K below the 
calorimetric  T  g . The temperature dependence of molecular motions and related 
macroscopic properties is very complex due to the heterogeneity in the structure 
and dynamics present in supercooled liquids and glasses. The spatial and temporal 
heterogeneity has important implications for establishing stability–temperature 
relationships in pharmaceutical drugs and excipients using accelerated tempera-
ture regimens. Over narrow ranges of temperatures, molecular mobility and pro-
cesses that are dependent on molecular mobility may show an Arrhenius dependence 
on temperature. However, in studying molecular mobility, and physicochemical 
properties or processes that require molecular motion, the complex dependence of 
molecular mobility on temperature and time should be considered, and may require 
different approaches to assess pharmaceutical product quality and stability.   

 MEASUREMENT OF MOLECULAR MOBILITY 
 The time scales for molecular motion in amorphous materials have been character-
ized using a number of techniques. The most common techniques include measure-
ment of viscosity, the use of solid-state NMR to obtain relaxation times (52,55–57), 
dielectric relaxation (38,58–60), and calorimetric measures of enthalpy relaxation ( 61–  63 ). 
It is important to consider that the various experimental techniques measure different 
molecular motions that occur over very different time scales. Therefore, molecular 
mobility measurements must be considered in the context of the relaxation process 
being measured and caution applied when trying to compare data obtained with 
different techniques.   Thus, the use of several experimental techniques is required to 
measure molecular motions that occur over a range of time scales (and temperatures). 
The potential for crystallization of the supercooled liquid is one of the challenges in 
measuring molecular mobility in amorphous solids, particularly above  T  g . Thus, 
there is very limited data for pharmaceutically relevant amorphous solids.   

 TIME DEPENDENCE IN THE STRUCTURE AND DYNAMICS OF GLASSES 
 As discussed previously, a glass that is formed by very rapid cooling will have a 
higher  T  g  value. In addition, a glass formed by rapid cooling will have greater 
enthalpy and volume compared with one formed by slower cooling. This was illus-
trated in  Figure 2 , which shows the enthalpy and volume of glasses with different 
cooling rates in comparison to a theoretical supercooled liquid formed by very slow 
cooling. The tendency for any glass to evolve to a lower free energy state is accom-
panied by a reduction in enthalpy, volume, and the degree of molecular mobility 
over time  (53) . This process is called structural relaxation, and refers to collective 
molecular motions, which include rotation, rotational-diffusion, and some limited 
diffusion of molecules, leading to a more energetically favorable structure. 

  Structural relaxation has been studied in many pharmaceutical glasses using 
calorimetry, dielectric relaxation, and solid-state NMR. Measurements of molecular 
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mobility in pharmaceutically relevant glasses have contributed to a broad under-
standing the molecular mobility below  T  g , and have revealed the complexity in the 
molecular dynamics below  T  g . Generally the temperature range that molecular 
mobility in glasses can be analyzed is limited to 40–50°C below  T  g . Incidentally, this 
temperature limit for many materials is close to estimates of  T  K . The limitation in 
the range of temperatures where glass dynamics can be measured is due primarily 
to eventual slowing down of motions and structural relaxation to the point that 
they cannot be detected over practical time scales. 

 A commonly used technique for measuring molecular mobility in glasses is 
the use of calorimetry to detect the loss in enthalpy that accompanies structural 
relaxation ( 62  ,  63 ). As a macroscopic measure of molecular mobility this has limita-
tions. Unlike solid-state NMR, which can focus on motions associated with specifi c 
chemical functionalities within a molecule, this technique captures the summation 
of many different modes of motion. However, the technique is straightforward, is 
able to distinguish between mobility in different materials, and uses readily avail-
able equipment. The loss in enthalpy during structural relaxation can be detected 
directly using a highly sensitive isothermal microcalorimeter ( 63  ,  64 ), or indirectly 
using differential scanning calorimetry to measure enthalpy recovery following 
controlled aging of a newly formed glasses  (62) . 

 Knowing the thermal history of a glass is the fi rst step in characterization of 
molecular dynamics and structure below  T  g . Thermal history refers to the “condi-
tioning” of a glass, whether done purposefully or unintentionally, and is a record of 
the exposure of the glass to different temperatures. A newly formed glass will have 
a faster rate of structural relaxation, or greater degree of molecular mobility com-
pared to one that has a thermal history that includes some “aging.” The purposeful 
aging of glasses has been important to understanding of structure and dynamics in 
glasses. Aging experiments begin with a freshly formed glass that is held isother-
mally for different lengths of time. A schematic representation of the aging experiment 
is shown in  Figure 12 . The loss in enthalpy can be monitored continually using iso-
thermal calorimetry during the aging process. Alternatively, this loss in enthalpy is 
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 FIGURE 12    Schematic descriptions of ( A ) of the aging experiment used for measuring structural 
relaxation in glasses, and ( B ) the enthalpy loss accompanying structural relaxation during aging 
and the enthalpy recovery process of an aged glass during heating through  T  g .    
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measured by fi rst cooling the aged glass to a low temperature to stop further relax-
ation, and then reheating through the glass transition to measure enthalpy recovery 
at  T  g  (Fig. 12B). The enthalpy “recovered” at  T  g  on heating is a close approximation of 
the enthalpy loss that occurred during aging of the glass. The rate of enthalpy loss, 
as measured by enthalpy recovery using DSC, is a measure of mobility below  T  g . 

  The use of a DSC aging experiment, such as shown in  Figure 12 , to measure the 
enthalpy recovery, relies on the assumption that continued structural changes and fur-
ther loss in enthalpy during quenching of an aged glass and subsequent heating to 
measure enthalpy recovery are minimal. The size of the endothermic peak observed 
during heating by DSC in the region of the glass transition is directly proportional to 
the enthalpy loss that occurred during aging, as shown in Figure 13. The change in 
enthalpy measured with time refl ects the extent to which the newly formed glass 
evolved to a more relaxed glass, with properties more similar to a supercooled liquid. 

 The measurement of enthalpy changes associated with structural relaxation 
alone can detect relative differences for a single material as a function of thermal 
history, temperature, and time. However, more quantitative measures of mobility 
that also allow the comparison of the mobility to other materials are made possible 
by calculating structural relaxation times. Because of the complexity in the structure 
and dynamics of amorphous solids, relaxation processes are not exponential. 
Thus, the Kohlrausch–Williams–Watt (KWW) equation, which can describe non-
exponential relaxation phenomena, must be employed. The KWW equation has 
two relaxation time constants,   t   KWW  (the average relaxation time constant) and   b   
(a parameter that accounts for the degree of non-exponentiality in the dynamics). 
These two parameters describe the relaxation of a glass as function time,  t . The enthalpy 
changes in an aged glass,  ∆  H ( t ), like those detected by DSC as shown Figure 13, can be 
converted to a fractional extent of relaxation,   f  , using equation (4). Here, the difference 
in enthalpy for the newly formed glass and that of the theoretical supercooled liquid 
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 FIGURE 13    Enthalpy recovery for an aged glass as a function of aging time: a = initial, b = 2 hours, 
c = 8 hours, and d = 16 hours.    
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( ∆  H   ∞  ) is used to represent a fully relaxed state. Similar forms of the KWW equation 
have been used to determine relaxation times for dielectric relaxation ( 38  ,  59 ). 

      
KWW

( )
( ) 1 exp

H t t
t

H

b

t∞

   ∆  φ = − ≈ −  ∆     
  (4)  

 The non-exponential behavior in amorphous solids is due in part to the spa-
tial and dynamic heterogeneity of an ensemble of molecules. Thus, the two param-
eters in the KWW equation are a measure of the average time scale for molecular 
motion,   t   KWW , and the distribution of relaxation time as refl ected in the value of   b  . 
The value of the   b  -term in KWW ranges from 0 to 1, and refl ects a broader distribu-
tion as the number decreases from a value of unity. When   b   is equal to unity, 
the equation collapses to that describing an exponential relaxation, and suggests 
homogeneous molecular dynamics. 

 The use of aging experiments to measure structural relaxation, and to deter-
mine relaxation times, has been used extensively to understand the implication of 
these processes to the mechanical and rheological properties of polymers ( 3  ,  7 ). 
Aging in polymeric glasses has been correlated to mechanical properties such as 
tensile strength. Studies with pharmaceutical polymers and drugs have also shown 
volume reduction associated with structural relaxation in an amorphous drug, 
indomethacin, below  T  g   (62) . Systematic aging of glasses as a function of time and 
temperature can be used to compare the molecular mobility of different drugs and 
excipients ( 62  ,  65  ,  66 ), the difference between amorphous drug and a mixture of drug 
and polymer  (67) , and how the molecular mobility changes with time  (53) . 

 In the last decade there has been an effort to study molecular mobility in 
amorphous materials, including the structural relaxation behavior in glasses in an 
attempt to understand the tendencies for crystallization and enhanced chemical 
reactivity in amorphous systems. While the correlation of macroscopic measures 
of mobility, such as the enthalpy and volume changes associated with structural 
relaxation, to processes such as fi lm shrinkage or cake collapse may be somewhat 
straightforward, this may not be the case with the more complex processes of crys-
tallization and chemical reactivity. The molecular motions that are required for both 
crystallization and chemical reactivity are likely to be more subtle in nature com-
pared to those that contribute to the mechanical and rheological properties ( 68  ,  69 ) 
Furthermore, there are other factors that may be equally or more important to 
chemical reactivity and crystallization than simply the types and degrees of molec-
ular motions. The crystallization and chemical reactivity of amorphous systems, 
including the role that molecular mobility plays in these processes, will be discussed 
in more depth later in this chapter.   

 CRYSTALLIZATION FROM AMORPHOUS SOLIDS: THEORETICAL ASPECTS 
 A major concern for amorphous drugs is their tendency to crystallize when heated, 
when exposed to high relative humidities, or when simply stored for long periods 
of time. The thermodynamic driving force for crystallization from an amorphous 
solid arises from the higher free energy of the amorphous system relative to that of 
the crystal for all temperatures lower than the equilibrium melting point. This driving 
force increases with the degree of undercooling; thus, the further from the crystal 
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melting temperature, the greater the driving force for crystallization. The difference 
in Gibbs free energy between the supercooled liquid and crystalline phases,  ∆  G , is 
given by equation (5): 

      ( ) = ( ) – ( )G T H T T S T∆ ∆ ∆   (5)  

 and can be estimated at a particular temperature from the enthalpy of fusion ( ∆  H  fus ), 
the entropy of fusion ( ∆  S  fus ), the melting temperature,  T  m , and  ∆  C p  , the heat capacity 
difference between the supercooled liquid and the crystal (i.e.,  C p   

l  –  C p   
c ), as a func-

tion of temperature as shown in equations (6) and (7). 
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 When heat capacity data is not available, equations such as the Hoffman equation 
 (70)  [equation (2), discussed earlier] can be used to approximate  ∆  G  at a given 
temperature. 

  Figure 14  shows how the thermodynamic driving force changes as a function 
of temperature for felodipine and nifedipine, as calculated using either the Hoffman 
equation or by using the heat capacity differences between the liquid and the crystal 
in conjunction with equations (5) to (7)  (68) . It is apparent from  Figure 14  that nifedipine 
has a larger driving force for crystallization and that the driving force increases as 
the temperature decreases below the crystal melting point. 
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  Although the thermodynamic driving force increases with decreasing tem-
perature, molecular mobility decreases on cooling, thereby increasing the kinetic 
barrier to crystallization. The kinetic barrier to crystallization is a consequence of 
the high viscosity and decreased molecular mobility of supercooled liquids and 
glassy systems, and is obviously strongly temperature dependent, as discussed in 
detail above. Consequently, there is a balance between the thermodynamic driving 
force for nucleation and growth, which increases with decreasing temperature, and 
kinetic factors, and which become less favorable as the temperature is reduced due 
to restricted molecular mobility. This leads to a theoretical maximum rate of crystal-
lization at a temperature between the melting point,  T  m  and the glass transition 
temperature,  T  g   (71) . 

 For bulk crystallization of a drug substance to occur, nuclei of the new phase 
must fi rst form and then these must grow into crystals. It is therefore relevant to 
consider theoretical models for nucleation and growth from supercooled liquids 
and glasses. A classical nucleation theory has been developed to describe factors 
infl uencing nucleation kinetics from supercooled liquids  (72) . In this model, the rate 
of nucleation is governed by the free energy change occurring on formation of a 
nucleus of critical size,  ∆  G * and the activation energy for transport of a molecule 
from the amorphous phase to the nucleus,  ∆  G  a   (72) . 

      a( * )
 exp

G G
I A

kT
− ∆ +∆=   (8)  

 Here,  A  is a constant,  k  is the Boltzmann constant, and  T  is temperature.  ∆  G * repre-
sents the balance between the energy penalty associated with creating a new sur-
face,  ∆  G  S , and the favorable reduction in free energy associated with forming a 
crystalline phase,  ∆  Gv . 

 Once a stable nucleus has been formed, an increase in the mass of crystalline 
material is achieved by crystal growth. Crystal growth from a disordered phase is 
generally considered to be a fi rst-order phase change that occurs at an interface and 
proceeds by propagation of the interface through the sample. Crystal growth from 
viscous liquids is often described by the normal crystal growth model  (73) . 

      1 exp
k G

u
RTh

 ∆ = − −    
  (9)  

 where  ∆  G  is the free energy difference between the liquid and crystalline forms,  k  is 
a temperature independent constant, and   h   is the viscosity. A typical growth rate as 
a function of temperature profi le for an organic material is shown in  Figure 15 . 

  Close to the melting temperature where the molecular mobility is high, the 
rate of crystal growth depends on the thermodynamic driving force for crystalliza-
tion, which in turn, is related to the degree of undercooling from the equilibrium 
melting point. The growth rate passes through a maximum and then decreases. 
When the degree of undercooling is large, the growth rate is under kinetic control, 
that is, controlled by molecular mobility. It is typically assumed that reorientation 
of the molecule and breaking of intermolecular interactions present in the super-
cooled liquid are necessary before the molecule can be incorporated onto the crystal 
face. Most crystal growth models assume that these processes are similar to the 
process of self-diffusion, which in turn, is inversely proportional to viscosity  (73) . 
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 Crystal growth models invoking a relationship between the growth rate and 
bulk viscosity appear to be an oversimplifi cation for some supercooled liquids. 
Recent analyses suggest that, for fragile liquids, there is a breakdown in scaling 
between the viscosity and growth rate, particularly in the deeply supercooled 
region. Thus, the crystal growth rate is faster than would be predicted based on the 
viscosity  (75) . In addition, a new mode of growth has been observed for some 
organic glass formers, whereby the growth rates are discontinuous with tempera-
ture and increase as the glass transition temperature is approached ( 76–  79 ). This 
mode of growth has been termed glass-crystal (GC) growth, and is thought to 
involve a diffusionless process.  Figure 16  shows an example of a system that dis-
plays a change in the mode of growth as  T  g  is approached. It is apparent the growth 
rate abruptly increases by more than two orders of magnitude and no longer cor-
relates with the self-diffusion coeffi cient ( D ). Furthermore, the increase in growth 
rate persists into the glassy region. 

    MOLECULAR MOBILITY AND CRYSTALLIZATION RATES 
 It is clear from the preceding discussion that both nucleation and crystal growth in 
deeply supercooled liquids (i.e., those cooled far below the equilibrium melting 
temperature of the crystal) and glasses are highly dependent on the molecular 
mobility. In attempting to relate various measurements of molecular mobility to 
crystallization tendency, it is important to recall that supercooled liquids and glasses 
are spatially heterogeneous, and that there are many different types of molecular 
motion. Thus, it is very diffi cult to predict crystallization kinetics using simple mea-
surements of molecular mobility, although several attempts have been made to do so. 

 The complexity of attempting these types of predictions is illustrated by the 
work of Bhugra et al.  (80) . These workers measured the crystallization onset times 
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and crystal growth rates of several compounds in addition to measuring molecular 
mobility above and below  T  g . The techniques used to measure molecular mobility 
included DSC and isothermal microcalorimetry for the glasses and dielectric spec-
troscopy for supercooled liquids, whereas crystallization onset times and growth 
rates were measured using polarized light microscopy. The authors found that crys-
tallization onset times coupled with dielectric spectroscopy relaxation times, albeit 
with coupling coeffi cients of less than one (implying that the molecular motions 
associated with the relaxation time measurements are not identical to those involved 
in dictating the crystallization onset times) for some, but not all compounds above 
 T  g . Below  T  g , successful prediction of crystallization onset time from relaxation 
times was hard to achieve. These results highlight that there is currently no robust 
method available for measuring a surrogate for crystallization tendency and using 
this method to predict crystallization rates. These results are perhaps not surpris-
ing, because it currently not well understood which modes of molecular mobility 
are important for crystallization, particularly in glasses. In addition, crystallization 
from supercooled liquids and glasses is complicated by the different kinetics of sur-
face and bulk molecular assembly processes in addition to temperature dependent 
growth mechanisms ( 75  ,  77  ,  81 ). 

 Another complexity that makes crystallization prediction diffi cult is the well-
known impact of sample preparation and handling on crystallization tendency. 
Samples prepared by melt quenching have been found to be more resistant to crys-
tallization than samples rendered X-ray amorphous through milling of crystalline 
material  (21) . Even samples prepared by melt quenching can have different recrys-
tallization tendencies depending on how they are handled post-melt quenching. 
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For example, it has been observed that milled melt-quenched samples crystallize 
much more readily than do unmilled samples  (82) . It has been suggested that 
mechanical stress such as milling introduces “high energy sites” or nuclei, which 
can lead to crystallization. 

 Another factor that needs to be considered is the importance of the surface 
area of the powder to the phenomenon of surface crystallization. It has been dem-
onstrated that the growth rate of crystals at the surface is much faster than the bulk 
growth rate  (81) . The implication of this observation is that solids with a higher 
surface area may be more prone to crystallization, and thus this might be one reason 
that milled samples crystallize faster. 

 As described above, it is very diffi cult to predict the crystallization tendency 
of amorphous solids, and therefore, experimental measurements of physical stabil-
ity need to be made. Crystallization rates are normally measured using techniques 
such as XRPD, DSC, or spectroscopy. Given that crystallization may be slow under 
ambient conditions, it is obviously desirable to use accelerated stability testing con-
ditions to evaluate the crystallization potential of an amorphous formulations. 
There are several factors that may complicate extrapolations of crystallization rates 
at high temperatures/relative humidities to ambient conditions. The crystal phase 
resulting from devitrifi cation may not be the same for the different experimental 
conditions. For example, indomethacin crystallizes predominantly as the gamma 
polymorph at lower temperatures and relative humidities, and as the alpha form at 
higher temperatures and relative humidities ( 83  ,  84 ). 

 In addition, the temperature dependence of the crystallization rate may not fol-
low a simple Arrhenius-type relationship. This may result from crystallization of dif-
ferent polymorphs as mentioned above or from a non-Arrhenius dependence of 
molecular mobility on temperature as discussed earlier. Additional factors that have 
to be considered are changes in growth mechanism close to  T  g  as discussed previ-
ously and the effects of water content, which will be discussed in more detail below. 

 Based on the preceding discussion, it is clearly very diffi cult to predict precise 
crystallization rates under a given set of experimental conditions either from data 
obtained under accelerated stability conditions or from some experimentally mea-
sured property of the amorphous solid. However, given that different compounds 
have very different crystallization tendencies, it is still useful to assess crystalliza-
tion tendency under a variety of conditions. Clearly, a compound that is stable 
under extreme conditions will be a viable candidate for formulation in an amor-
phous state. For compounds having a moderate tendency to crystallize, a measure 
of the effect of moisture and temperature on crystallization tendencies may help to 
determine if packaging could reduce the crystallization tendency and provide storage 
stability.   

 STABILIZATION AGAINST CRYSTALLIZATION: AMORPHOUS 
SOLID DISPERSION TECHNOLOGY 
 Single-component amorphous drugs often display physical instability over the 
intended shelf life of the product, and so polymeric crystallization inhibitors are 
frequently added to improve the physical stability. In order to be an effective 
inhibitor of bulk crystallization, the polymer must form an intimate mixture with 
the drug substance, resulting in a miscible, single-phase, amorphous solid disper-
sion. Molecular mixtures of amorphous solids are also generated in freeze-dried 
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biological products where sugars are added to improve the stability of proteins, 
and for polymeric fi lm coatings where small molecules are added to the coating to 
act as plasticizers and to improve mechanical properties. 

 Several methods can be used to prepare amorphous solid dispersions, which 
involve destroying the crystal structure of the drug and mixing the resultant liquid 
with the polymer. One common method entails dissolution of crystalline drug 
and polymer in a solvent, followed by drug substance solvent removal. This pro-
cess is typically carried out using techniques such as rotary evaporation, spray 
drying, freeze drying, air drying, or vacuum oven drying. Another common 
method entails heating the crystalline drug and polymer mixture to a tempera-
ture above the melting point of the drug and processing the mixed molten mass 
by means of melt extrusion. It has also been reported that solid dispersions can 
sometimes be prepared by co-milling the drug and the polymer  (85) . If crystalliza-
tion is avoided during the preparation stage, and the drug and polymer remain 
intimately mixed, the system is said to have formed a miscible, single-phase, 
amorphous solid dispersion. 

 If miscibility is achieved, the behavior of the drug in the solid dispersion will be 
altered relative to that of the pure amorphous drug, and the properties of the solid 
dispersion will depend on the individual component properties as well as on the 
composition. There are several polymers that can be used to form solid dispersions, 
although it has been observed that some drug–polymer combinations are miscible 
whereas other systems are immiscible. From a theoretical perspective, molecular level 
mixing will only be achieved if the intermolecular interactions between the drug and 
the polymer are suffi ciently favorable to overcome the cohesive interactions in the 
pure amorphous phases and crystallization of either component is avoided. 

 Derivatized cellulose polymers such as hydroxypropyl methylcellulose and 
the vinylpyrrolidone family of polymers [including poly(vinylpyrrolidone) and 
poly(vinyl-pyrrolidone-co-vinyl acetate)] have been found to be miscible with a 
variety of drug substances. In contrast, polymers or drugs containing strong cohe-
sive interactions may not mix with chemically dissimilar components. For example, 
the ionic polymer, Eudragit E100 (which is a cationic methacrylate polymer), is only 
partially miscible with the itraconazole  (86) . Ibuprofen has been found to be largely 
immiscible with dextran  (87) , which is able to form extensive cohesive hydrogen 
bonding interactions.   

 ESTABLISHING MISCIBILITY 
 Determining the miscibility of the binary system can be challenging. For miscible 
systems, it would be expected that the glass transition temperature of the amor-
phous mixture is intermediate to that of the pure component  T  g  values. Thus, if 
a high  T  g  polymer is mixed with a low  T  g  drug substance, the  T  g  of the dispersion 
will increase with an increasing amount of polymer. An example is shown in  
Figure 17 , where the  T  g  as a function of polymer concentration is shown for the 
felodipine–PVP solid dispersion system. 

  Assuming that two components are miscible, there are theoretical ways to pre-
dict the  T  g  of the mixture as a function of composition. The Gordon–Taylor equation 
is one of the most commonly used approaches for pharmaceutical systems  (89) , and 
assumes that the two components are miscible at all compositions and that the free 
volumes of the components are additive  (90) . The  T  g  of mixture,  T  g12 , is then defi ned as 
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 where  w  1  and  w  2  are the weight fractions of each component,  T  g1  and  T  g2  are the 
respective glass transition temperatures, and  K  is a constant. It can be seen from 
 Figure 17  that the Gordon–Taylor equation yields reasonably good predictions 
for the  T  g  of dispersions of felodipine and PVP. However, application of this 
equation for other systems may either overestimate or underestimate  T  g  for 
binary mixtures ( 67  ,  91 ). 

 Because DSC is widely used to measure  T  g , it is also one of the most com-
mon methods used to establish miscibility, although there are certain limitations. 
DSC is obviously not a good method to evaluate miscibility if the  T  g  of each compo-
nent is very similar, or if the  T  g  of one or both components is hard to determine. Fur-
thermore, due to the non-isothermal nature of DSC, changes in the sample can occur 
during heating which may make results diffi cult to interpret. 

  T  g  is not the only property that will change when a miscible mixture 
is formed, and solid-state NMR has also been used to investigate miscibility  (92) . 
This is a very elegant approach, because by measuring different relaxation 
times, some estimate of the length scale of domains can be achieved. The basis of 
this technique is that the relaxation time of the solid dispersion will be mono-
exponential (but different from the mono-exponential relaxation profi les of the 
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 FIGURE 17    Glass transition temperature of solid dispersions of felodipine and PVP as a function 
of PVP concentration, with the solid line showing  T  g  as predicted using the Gordon–Taylor equation. 
The fi gure has been adapted from data presented originally in Ref. (88).    
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individual amorphous materials), whereas a phase separated system will be bi-
exponential. Using nifedipine as the model drug, Aso and coworkers found that 
the  T  1  and  T  1  r    relaxation times were mono-exponential for HMPC and PVP 
dispersions  (92) . In contrast, dispersions with  α , b -poly( N -5-hydroxypentyl)-L-
aspartamide were mono-exponential for the  T  1  relaxation times but bi-exponential 
for  T  1  r    relaxation measurements. It was concluded that the latter system was phase 
separated into two amorphous phases whereby the size of the phase separated 
domains was between 5 and 50 nm. 

 Vibrational spectroscopy has been used extensively to study intermolecular 
interactions between drugs and polymers  (40) . This technique is most useful for 
systems that can form specifi c (hydrogen bonding) interactions between the drug 
and the polymer. The formation of drug–polymer hydrogen bonding interactions 
is evidence of the close contact between the drug and the polymer, and hence, 
molecular level mixing. 

 XRPD/scattering has also been employed to probe miscibility in solid disper-
sions  (93) . Amorphous materials scatter X rays in a way that is dependent on the 
local packing arrangement. In a miscible solid dispersion, the nearest neighbor and 
the nearest nearest neighbor interactions should be different from in each of the 
pure components. Therefore, the X-ray scattering pattern of the miscible solid dis-
persion should be different from a weighted average of the individual diffraction 
patterns  (93) . In other words, it should not be possible to construct the scattering 
pattern of the miscible dispersion using the scattering patterns of the individual 
amorphous components.   

 IMPROVED PERFORMANCE OF MISCIBLE SOLID DISPERSIONS 
 The physical stability of miscible solid dispersions is typically enhanced relative to 
the amorphous drug alone; that is, the crystallization tendency is considerably 
reduced. Thus, by forming an intimately mixed solid dispersion, a product with an 
adequate shelf life can often be achieved even when the drug alone recrystallizes 
within a few days. The crystallization rate of an amorphous solid dispersion is com-
plex and will depend on several factors, including the crystallization tendency of 
the drug alone  (68) , the storage temperature  (94) , the water content  (95) , and the 
amount and type of polymer used ( 95  ,  96 ). The mechanism by which polymers 
retard crystallization is currently not well understood, but important factors likely 
include the increased  T  g  in the presence of the polymer, decreased molecular mobil-
ity, disruption of drug self-association by the polymer, and a reduced thermodynamic 
driving force for crystallization. 

 Amorphous solid dispersions often provide enhanced dissolution when com-
pared to the amorphous drug alone. An example of this behavior is shown in 
 Figure 18 , where it can be seen that both the maximum solution concentrations and 
area under the curves are much larger for the solid dispersions than for the pure 
amorphous drug. 

    INTERACTION OF MOISTURE WITH AMORPHOUS SOLIDS 
 Amorphous solids can interact with moisture via two mechanisms, one of which is 
adsorption of the water molecules at the surface, and the other of which is absorp-
tion of water into the bulk structure. Absorption is possible due to the lower density 
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structure of amorphous solids whereby the free volume facilitates the sorption of 
water molecules, and hence, amorphous solids typically absorb considerably more 
water than to their crystalline counterparts. This is illustrated in  Figure 19 , where 
the moisture sorption profi le of crystalline indomethacin is compared with that of 
its amorphous solid  (84) . It can be seen that the water content of the amorphous 
solid increases continuously with an increase in relative humidity. 

  The amount of moisture sorbed by an amorphous solid will depend to a large 
degree on the chemistry of the compound, with hydrophilic compounds sorbing 
considerably more moisture than hydrophobic compounds. The amount of moisture 
sorbed will also depend on temperature, relative humidity, the presence of any crys-
talline regions, and the mass of sample (rather than the surface area which is relevant 
for surface adsorption). An example is shown in  Figure 20 , where the moisture sorp-
tion profi le of the hydrophilic amorphous polymer, PVP, is compared with that of the 
hydrophobic amorphous polymer, poly(vinyl acetate). Moisture sorption by amor-
phous materials is complex, altering both the thermodynamics and kinetics of the 
system, and may lead to crystallization as well as increased chemical reactivity. 

  Because of its low glass transition temperature, water is a well-known plasticizer 
of amorphous solids. The glass transition temperature of water has been reported to 
somewhere between –137°C  (97)  and –108°C  (98) . Plasticizers change a number of 
material properties, and will decrease mechanical strength, viscosity,  T  g , and increase 

0 20 40 60 80 100 120

0

2

4

6

8

10
C

on
ce

nt
ra

tio
n 

(u
g/

m
l)

Time (min)

Amorphous drug

Solid dispersion

 FIGURE 18    Dissolution profi le of amorphous felodipine compared to that of an amorphous solid 
dispersion containing 50% PVP.    



616 Taylor and Shamblin

3

2

%
 W

at
er

 c
on

te
nt

 (
%

 d
ry

 b
as

is
)

1

0
0 20 40 60

%RH

80 100

 FIGURE 19    Moisture sorption profile for amorphous (squares) and crystalline (triangles) 
indomethacin. The fi gure was adapted from Ref. (84).  
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molecular mobility, the tendency for crystallization, and chemical reactivity. The 
extent of plasticization of amorphous solids by water is usually refl ected by the 
magnitude of the decrease in the glass transition temperature of a system.  Figure 21  
shows a plot of  T  g  against water content for the PVP–water system. 

  It is apparent that absorption of water results in a marked decrease in the 
glass transition temperature. At high relative humidities, the glass transition tem-
perature of PVP is reduced to below room temperature, and the sample becomes 
a supercooled liquid rather than a glass. For samples where the  T  g  is reduced to 
below the storage temperature, profound changes in appearance can result due to 
the increased molecular mobility, which can lead to sample collapse, fl ow, and 
crystallization. Indeed, highly plasticized samples often appear liquid-like, although 
it is important to recognize that this phenomenon is fundamentally different from 
the deliquescence transition experienced by certain crystalline solids. Although 
water is a known plasticizer, it is interesting to note that at very low concentra-
tions it can actually act as an anti-plasticizer, increasing, for example, mechanical 
strength  (100) . 

 Because of its profound impact on the kinetics of chemical and physical trans-
formations in amorphous materials, it is important to consider the effects (of even 
small amounts) of water. Indomethacin is a hydrophobic molecule, and hence, the 
amorphous solid only absorbs small amounts of moisture, as shown in  Figure 19 . 
However, dielectric and shear relaxation time measurements indicate that even 
these low levels of moisture have a very large infl uence on the molecular mobility, 
with large increases being observed for water contents of 1–2%  (39) . This, in turn, 
leads to a reduced glass transition temperature and a much faster crystallization 
rate when compared to the dry solid  (101) . 
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 FIGURE 21    Glass transition temperature of poly(vinylpyrrolidone) as a function of water content. 
The fi gure has been adapted from data presented originally in Ref. (99).    
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 Absorption of water vapor has been found to promote the crystallization of 
many organic materials, and this crystallization may even take place during mea-
surement of the moisture sorption isotherm. A classic example is that of sucrose. 
When the moisture sorption profi le of amorphous sucrose is measured, the mass is 
observed to increase with relative humidity and then abruptly decrease ( Fig. 22 ). 
The abrupt decrease occurs because the amorphous sample crystallizes to a denser 
solid that cannot accommodate the water molecules in its internal structure (sucrose 
does not form a hydrate). This process leads to expulsion of the water, and a decrease 
in sample mass with increasing relative humidity. 

  The thermodynamics of moisture sorption by amorphous solids can be 
described by the well known Flory–Huggins theory and modifi cations thereof, in 
particular, the Vrentas model. These models were initially developed to describe 
highly non-ideal polymer solutions ( 103–  105 ), and have been subsequently applied 
to investigating the interaction of water vapor with a variety of amorphous 
pharmaceutical systems ( 106–  108 ). The Flory–Huggins equation is: 

      2
1 2 12 2

0 12

1
ln ln 1

p
f f f

p x
c

   
= + − +     

  (11)  

 In this form, the equation describes the relationship between the partial pressure ( p ) 
of water vapor and the volume fraction of water absorbed by the sample.  p  0  is the 
vapor pressure of pure water,   φ   1  is the volume fraction of water,   f   2  is the volume 
fraction of the amorphous solid,  x  12  is the relative molecular volume of the two com-
ponents, and   χ   12  is the Flory–Huggins interaction parameter between the water and 
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 FIGURE 22    Moisture sorption profi le for initially amorphous sucrose as a function of time during 
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the amorphous solid. The interaction parameter is a measure of the chemical affi n-
ity between water and the amorphous solid. Thus, hydrophobic compounds such 
as indomethacin have large, positive interaction parameters around 3  (107) , whereas 
more hydrophilic substances such as sucrose and poly(vinylpyrrolidone) have 
values around 0.5  (108) . 

 In the model proposed by Vrentas and Vrentas  (109) , an additional term,  f , is 
added to account for the fact that water molecules absorbed into amorphous solids 
can lead to non-ideal volumetric changes, and hence, an additional free energy 
change beyond that predicted by the Flory–Huggins equation. The complete 
mathematical statement of the Vrentas–Vrentas model is thus: 

      2
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 and this equation will be identical to the Flory–Huggins equation. Thus, interpre-
tations of water absorption isotherms for amorphous solids exhibiting Type II 
isotherms must take into account both chemical binding and the effects of water 
on the structure of the solid (plasticization).   

 CHEMICAL REACTIVITY IN AMORPHOUS SOLIDS 
 The chemical reactivity of amorphous solids, including cephalosporin drugs 
( 64  ,  110  ,  111 ), peptides ( 112  ,  113 ), and proteins ( 114–  116 ), is well documented. In 
general, amorphous solids show greater chemical reactivity when compared to crys-
tals, which is due in part to the enhanced degree of molecular mobility. In addition, 
nearest neighbor interactions that may not be possible in the more ordered structure 
of a crystal may increase the potential for intra-molecular and inter-molecular 
chemical reactions. One of the earliest documented examples of the enhanced 
chemical reactivity of an amorphous drug is that of cefoxitin sodium, as shown in 
 Figure 23   (110) . 

  Even in nominally crystalline drugs, chemical reactions are likely initiated at 
defect sites in the crystal lattice  (117)  where molecular motions are enhanced. In 
addition, high energy sites have the potential to interact with water vapor that can 
further increase mobility, and in turn, chemical reactivity, through its plasticizing 
effects. It has been shown that high energy processing (such as milling) of drugs or 
drug products promotes chemical reactivity ( 118–  121 ). This enhancement in chemical 
reactivity may be due in part to the increased surface area associated with particle 
size reduction. However, it is possible that application of high shear rates to the 
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crystal surface may lead to some disruption of the long-range molecular order leading 
to greater free volume and enhanced molecular mobility. 

 The formation of an amorphous phase, either intentionally (e.g., by spray 
drying) or unintentionally (e.g., during milling or compaction of powders), 
typically increases the rate or extent of chemical reactions. In several cases, the 
formation of amorphous regions within a crystal, or complete conversion to an 
amorphous form leads to a different degradation mechanism. A change in reac-
tion mechanism for tetraglycine methyl ester from a methyl ester transfer to a 
polycondensation reaction was observed in samples that were milled to produce 
amorphous regions  (113) . In another example, amorphous ethacrynate sodium 
was shown to react to form a dimer, which is a reaction pathway that has been 
observed in concentrated solutions but not in the crystal ( 111  ,  122 ). In both of these 
examples, the availability of molecular confi gurations or modes of motions in the 
amorphous solid, that were otherwise restricted in the crystalline state, promote 
chemical reactions. 

 The occurrence of chemical reactions in amorphous solids that also take place 
in a liquid state but not the crystal, strongly suggest that enhanced molecular mobil-
ity relative to that in the crystal plays a signifi cant role in chemical instability in the 
amorphous phase. Strickly and Anderson showed an increase in the rate of reaction 
and the number of degradation pathways for human insulin, a highly disordered 
globular protein, with increasing moisture content  (123) . The observation that the 
reaction rate of the human insulin approaches values observed in solution with 
increasing water content is consistent with the observation that water increases 
molecular dynamics in proteins in the same way that it plasticizes polymers and 
small drug molecules  (115) . 
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 FIGURE 23    Degradation of crystalline cefoxitin sodium (fi lled symbols, solid lines) and amorphous 
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 It is worthwhile to note, that although chemical reactivity in amorphous 
solids is enhanced relative to the crystalline state, it is still likely to be much less 
compared to that of the solution. Thus, the formation of an amorphous solid may 
provide a strategy for improving stability for drugs intended for dosing as liq-
uids. Drugs, peptides, and proteins intended for parenteral applications are often 
prepared as amorphous solids that are later reconstituted to a liquid form prior to 
dosing provided that both physical and chemical stability can be maintained over 
practical pharmaceutical time scales. 

 The tendency of amorphous materials to absorb water plays an important role 
in the reactivity of amorphous drugs. Although the increased molecular mobility 
alone may render the amorphous form of a drug more chemically unstable than the 
crystal, the potential for the amorphous form to absorb more water than the crystal-
line form as described earlier in this chapter, can further promote chemical reactivity. 
The effect of water on the degradation of human insulin provided earlier illustrates 
the importance of molecular mobility as moderated by the presence of water. 

 According to Shalaev and Zografi , water can play one of four roles in 
promoting chemical reactivity in amorphous systems: a reactant, a product, 
plasticizer, or as a reaction medium  (124) . The versatility of water alone makes it 
a critical participant in many types of reactions. In addition, the ubiquitous nature 
of water, in combination with its ability to plasticize almost any amorphous 
drug, peptide, or protein, makes water a culprit in the chemical degradation of 
many amorphous drugs. The ability of water to promote the cyclization of qui-
napril hydrocholoride to diketopiperazine  (112)  through its ability to plasticize 
the drug is illustrated in  Figure 24 . With increasing water content, the glass transi-
tion is lowered, refl ecting an overall greater mobility, which is also refl ected in the 
 T  1  relaxation time of the C 21  carbon as measured by solid-state NMR. Accompany-
ing this increase in mobility of the carbon is an increased rate in the cyclization 
reaction. 

  Recently there has been a strong effort in the pharmaceutical fi eld to establish 
correlations between the degree of molecular mobility and chemical reactivity with 
a view toward being able to predict chemical instability, improving experimental 
approaches for accelerated stability testing of amorphous drugs and excipients, and 
to provide the understanding needed to reduce chemical instability through the 
addition of polymers or by formation of complexes. There has been some success in 
making correlations between the degree of molecular mobility and chemical reac-
tivity ( 38  ,  65  ,  69 ). However, this is a very challenging area for research. The spatial 
and temporal heterogeneity present in the amorphous state that leads to a distribu-
tion of relaxation times ( 47  ,  125  ,  126 ), and also a distribution of chemical degradation 
rates  (38)  makes correlation between the time scales for molecular motion and 
chemical change extremely diffi cult. Furthermore, many of the techniques that 
measure molecular mobility are more “macroscopic,” and measure an ensemble of 
molecules. 

 Thus, the relevance of enthalpy changes in glasses, dielectric relaxation pro-
cesses, or the changes in viscosity as a function of temperatures near to  T  g  to the 
chemical processes is not clear, even when the reaction is known to have signifi cant 
requirements for molecular mobility, such as the intra- or inter-molecular mobility 
required for intra-molecular cyclization, protein aggregation, or the formation of 
a dimer. Here it is important to return to the example of the cyclization reaction 
for quinapril hydrochloride provided earlier to emphasize that the observed 
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correlation between molecular mobility and chemical reactivity is likely due to 
the measurement of the relaxation time for a specifi c functional group. 

 In general, the ability to correlate molecular mobility to a chemical reaction is 
likely related to the ability to measure the motions relevant to the process of interest 
 (127) . Recent work by Cicerone and workers have suggested that, in glasses, it is the 
very fastest motions that contribute to chemical reactivity, and that these motions may 
not be represented by the relaxation time constants obtained by measuring enthalpy 
relaxation in glasses ( 128  ,  129 ). Thus, there is limit in the ability to establish correlations 
between chemical change and molecular mobility, unless there is an understanding of 
how molecular motions leading to chemical change are coupled to those detected by 
NMR, enthalpy relaxation, or other measures of molecular mobility. 

 At this time there is not suffi cient understanding of molecular dynamics in 
the amorphous state as a function of temperature and humidity to make accurate 
predictions about the chemical stability, even when measurement of mobility is 
made under conditions relevant to storage and handling. The best approach for 
assessing the potential for chemical changes to compromise the quality and safety of 
an amorphous drug form is to study the chemical stability of the amorphous drug 
as a function of temperature and relative humidity while concurrently considering 
the effects of these stressors on the properties of amorphous solids.   

 METHODS FOR IMPROVING CHEMICAL 
STABILITY OF AMORPHOUS DRUGS 
 One of the most straightforward ways to reduce the tendency for chemical instability 
is to protect the amorphous drug from moisture using packaging that creates a bar-
rier to moisture. As described earlier, because of the ability for water to play many 
roles in promoting chemical change, the protection of the amorphous system from 
moisture should be the fi rst line of defense. Another strategy is to reduce the stor-
age temperature so that the system is further away from the glass transition region. 
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The formation of amorphous molecular dispersions has also been shown to improve 
the chemical stability of reactive drugs and peptides. 

 The formation of solid dispersions of cefoxitin sodium and ethacrynate 
sodium with sugars and polymers reduced the reaction rate compared the drug 
alone  (69) . Although the mechanism by which a second component can reduce 
the reactivity of an amorphous drug is not always well understood, it is likely 
due to some combination of dilution of the drug–drug interactions, reduction of 
overall molecular mobility, and/or the formation of adhesive interactions between 
components in a mixture. 

 The ability to improve the chemical stability of a drug through formation of 
an intimate molecular mixture will depend upon the mechanism for the chemical 
reaction, and the miscibility of the two components. The mechanism of the chemi-
cal reaction is likely to be the most important factor that determines if the stability 
of a drug can be successfully improved by formation of an amorphous molecular 
dispersion. The ability to slow reactions that require diffusion of molecular seg-
ments or entire molecules such as dimer formation or aggregation in proteins, by 
formation of a dispersion has been somewhat successful ( 65  ,  69 ). In contrast, the 
ability to slow reactions that only require intermolecular conformation changes, or 
reactions with molecular oxygen or water, which have very high mobility, is more 
challenging.   The formation of inclusion complexes with a cyclodextrin has also 
been shown to reduce the chemical reactivity of amorphous quinapril  (130) . This 
type of approach may be successful depending on the binding constant between 
a drug and cyclodextrin, and the nature of the reaction.   

 SUMMARY 
 The unique properties of amorphous solids that provide both the desirable attri-
butes (e.g., enhanced dissolution rate) and liabilities (e.g., increased hygroscopicity, 
tendency for chemical reactivity) can be attributed to both molecular level structure 
and macroscopic properties. Molecular order in amorphous solids is more random 
than in crystalline solids. In macroscopic terms, the free volume, molecular mobil-
ity, and viscosity of amorphous solids are intermediate to those for a crystalline 
solid or a liquid, and are very dependent on temperature. Higher free energy in the 
amorphous solid compared to a crystal creates the potential for crystallization, and 
the disordered structure promotes the potential for mixing with a second compo-
nent. The tendency for crystallization is governed primarily by two factors, namely, 
the degree of molecular mobility and the thermodynamic driving force for crystal-
lization (which is related to the degree of undercooling relative to the crystal-
to-liquid transition temperature). However, there are many subtle factors that can 
infl uence the nucleation and crystal growth in amorphous solids, making measure-
ment and prediction of crystallization very challenging. The potential for an amor-
phous solid to form a miscible mixture as a means of reducing free energy leads to 
the absorption of vapor and the formation of molecular mixtures with other com-
patible amorphous solids. The formation of a molecular mixture is one of the key 
strategies for reducing the potential for crystallization. 

 Chemical reactivity in amorphous solids tends to be intermediate to that 
observed for the crystalline and liquids states. The enhanced reactivity compared 
to the crystalline solids arises in part as a result of the increased molecular mobility 
of amorphous solids. Understanding the enhanced chemical reactivity in the 
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amorphous solids is important for understanding chemical reactivity in nominally 
crystalline solids, which very likely takes place in disordered regions. The ability to 
correlate chemical reactivity and molecular mobility in amorphous solids is often 
hampered by the complexity of the molecular structure and dynamics in amorphous 
systems, and the ability to measure motions specifi cally related to the chemical 
reaction. However, an understanding of which factors can affect mobility, such as 
temperature, moisture sorption, and mixing with a second component can help to 
improve chemical stability in amorphous solids such that adequate storage stability 
for pharmaceutical applications can be realized.     
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Cooling crystallization, 90

advantages, 89
metastable zone, 90, 91
principles, 89
unstable polymorphs, 92, 93

Copper chloride dihydrate, 42
CP/MAS, 395, 398
Crashing out, 102
Crissy platform, 158
Critical nucleus, 15
Cromolyn, 257
Cryogenic grinding, 112
Cryogenic milling, 520

Automated parallel crystallization (Cont.)
isolation of solid, 156
small-scale semi-automated crystallization, 

159–161, 163
Avrami-Erofeev model, 266
Axial glide, 191
Azlocillin sodium, 473

β-form, 1
B-relaxation process, 590
Biopharmaceuticals, 419
Body-centered-cubic cell, 189
Bragg’s law, 328
Bulk drug substance, production of

examples of transformations, 514–516
solidifi cation processing, 512–514, 515

Caffeine and glutaric acid, 306
CalculateSimilarity, 53
Calteridol calcium, 261
Cambridge Crystallographic 

Database, 226
Cambridge Structural Database (CSD), 53, 235
Capillary crystallization, 120
Capillary transmission instrument 

geometry, 166
Carbamazepine, 142, 207–208, 246, 268, 

290–297, 448, 527
Cephradine, 250
Channel hydrates, 250
Chasing equilibrium method, 438
Chiral resolution, 289
Chirality in crystal, existence of, 561
Chloramphenicol palmitate, 471
Chlorpropamide polymorphs, 547
Cilansetron hydrochloride, 252
Circular dichroism spectroscopy, 571
Clausius–Clapeyron equation, 29, 30, 31, 33, 

35, 323, 542
Co-crystal former, 286
Co-crystal preparation, 123

grinding, 109–113
Köfl er mixed fusion method, 108
solution crystallization, 113

Co-crystals, 81, 283–284, 287
advantages, 82
applications, 289–291
design, 286–288, 287
history, 284–285, 285
history of pharmaceutical, 286, 287
pharmaceutical, 283
preparation, 288, 288–289
relevance, 289–291, 290
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principles, 88–89
reactive, 106, 106–107
seeded, 96–100, 98
solvent effects, 93–96, 95, 97, 98

Crystallization methods, 87, 88, 141, 142–144
Crystallographic characterization techniques, 

318, 327–328, 328
crystal structures determination, 338–339
single-crystal XRD, 328–333, 329, 330, 

332, 333
VT-XRD, 339–342, 340, 341
X-ray powder diffractometry, 333–338, 335, 

337, 339
Crystallographic space group, 189
CrystalMax platform, 157
Cubic close packing, 192, 193

Dauphiné twin, 564
Deformation, applied stress state, 518
Deformation-dependent dislocation-mediated 

model, 520
Degree of crystallinity, 338
Degrees of freedom, 25
Dehydration kinetics, 264, 266
Dehydration process, 266
Deliquescence, 43
Density functional theory, 58
Density Rule, 14
Derivatization, desirable effect of, 576
Design of Experiments (DOE) 

approaches, 154
Desolvated solvates, 44, 118
Desolvation, 521
Desolvation and dehydration phenomena

dehydration and hydrate class, 264–265, 266
particle size and crystal morphology, 

265–267
Desolvation of solvatomorphs, 118
Deviatoric component, 518
Diagonal glide, 191
Diamond anvil sample cells, 543
Diamond glide, 191
Diastereomer species, 575
Diastereomer system

chiral discrimination existing in, 577
solubility phase diagram reported for, 576

Diastereomeric salts
hydrogen bonding existing in crystals of, 578

Diastereomers, 560
Dielectric relaxation processes, 621
Differential scanning calorimetry, 13, 109, 114, 

205, 319, 591, 600
limitation, 323

Cryohydric point, 238
Crystal, elastic vs. plastic deformation, 518
Crystal classes, 186, 187
Crystal energies, calculation of

free energies and other properties, 63–64
lattice energy evaluation

electronic structure modelling, 58–59, 59
force fi elds, 59–60
monomer + model, 59, 60–63, 61

Crystal energy landscapes, 67, 141
complex, 68, 69–70
disorder, 70–71
interchangeable, 68, 70–71
monomorphic, 67–68, 68
predictive, 68, 69

Crystal engineering, 288
Crystal growth, 608
Crystal structure, lattice theory of

14 Bravais lattices, 187–189, 190
230 space groups, 189–192
unit cell, 186, 187

symmetry operations, 186–187
Crystal structure modelling, 57

force fi elds, 59
induction energy, 61–62
lattice energy, 59

Crystal structure prediction (CSP), 64–67, 
66, 141

Crystal structures
chirality classifi cation of, 562
spheres of differing sizes, 194–195, 195
spheres of equivalent size, 192–194, 193

Crystalline conglomerate
portion of melting point phase diagram 

obtained for, 574
Crystalline phase, solubility of, 594
Crystalline quartz, 564
Crystallization, 512
Crystallization and polymorphic 

transformation methods
capillary crystallization, 120
desolvation of hydrates and solvatomorphs, 

118–119
slurrying, 116–117
thermal methods, 113–116, 114
ultrasound, 119–120
use of additives, 117–118

Crystallization from melts, 107–109
Crystallization from solution

antisolvent, 101, 101–106, 104–105
cooling, 89–93, 90–93
evaporative, 100, 100–101
functions, 89
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Enantiotropy and monotropy, 10–15, 11–12, 13, 
37, 37–39, 38, 196

Endothermic reaction, 5
Energy, 3
Enthalpy, 5
Enthalpy of formation, 6
Enthalpy of reaction, 5
Enthalpy of vaporization, 6
Entropy, 6, 542

transition, 542
Entropy of Fusion Rule, 14
Epitaxial crystallization, 19
Equation of state, 4
Equilibrium, 26
Equilibrium solubility, 46

determination, 437–438
metastable solubility, 439–440, 441
polymorphic systems, 440–445, 441–443, 

445–448
solvate phases, 445–452, 449–450, 451, 452

Equilibrium theory, 499
Equilibrium thermodynamics of stoichiometric 

hydrates, 238
Erythromycin, 473
Erythromycin A

crystal structure, 247
Essential space group operations, 191
Ethambutol dihydrochloride, 405
Eutectic, 46
Evaporative crystallization, 100, 100, 151
Exothermic reaction, 5
Exp-6 model, 59
Experimental space, 142, 143
Extensive/intensive properties, 4

F-lattice, 189
Far-infrared spectroscopy, 365
Feed-forward drug product development 

scheme, 510
Finite stress element, 517
First law of thermodynamics, 4, 452
Flory–Huggins theory, 618
Flufenamic acid, 217–218
Fluidized-bed drying processes, 530, 531

two-stage model of, 532
Fluoxetine HCl, 297–299
Fluprednisolone, 472
Force fi elds, 59–60
Fossil relic, 69
Fragile behavior, 601
Free energy, 6–7
Freezing point, 46
FTIR spectrometers, 357, 359, 360
FTIR–ATR spectroscopy, 359

Diffraction amorphous, 166
Diffraction of X rays, 328
Diffraction pattern quality, 167
Diffuse refl ectance sampling, 359
Diffusion, 87–88
Diffusion layer theory, 461
Dimorphism, 1

of benzamide, 305
Dipolar coupling, 385
Direct polarization 13 C MAS, 425
Disappearing polymorphs, 77, 99
Dislocation density, 519
Dislocations, 518
Dissociation pressure, 42
Dissolution rate of solid, 461
Dissolution rates, 460

applications, 462–466, 463–466
determination, 462
factors affecting, 461–462
intrinsic, 466–470, 468–469, 471

Dissymmetry, 561, 564, 565
Droloxifene citrate, 121
Drug product viability and stability

effects of processing, 510–511
Drug products, impact of form 

changes on, 511
Drug substance development stream, 512
Drying

effects, 530
effects of drying methods on form changes 

of theophylline, 533
Drying effects

collapse to amorphous solids, 535–536
conventional methods, 530–532, 531, 532
dehydration and desolvation, 533–535, 

534, 536
kinetic trapping of metastable polymorphs, 

532–533
lyophilization, 538–540
spray drying, 536–538, 537

Electronic structure methods, 58–59
Electrostatic model, 60
Enantiomer

and racemate crystal structures, 561–562
Enantiomer separation, 571

classical technique (Pasteur), 571
localized crystallization from racemic, 

supersaturated solution, 571
resolution by entrainment, 571–572

Enantiomers, 560
solubilities of, and racemic mixtures of 

conglomerate materials, 574
Enantiotropy, 11, 94, 482
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Hydration/dehydration
structural aspects, 263

Hydrostatic component, 518
Hydrostatic pressure, 540
Hygroscopicity, 127
Hyper-DSC®, 321

Ibuprofen, 257
physical and structural properties of, 

579–581
Infrared absorption process, 368
Infrared absorption spectroscopy, 337, 347, 

357–361
Internal energy, 4
International Committee of Harmonization 

ICH), 381
Intramolecular dispersion, 63
Iodoanilinium picrate, 202–204
Isedronate, 259
Isolated site hydrates, 250
Isomorphism, 305
Isothermal thermogravimetric analysis, 263
Isotopic labeling, 410
Isotopomeric polymorphism, 412
Itraconazole, 299–300

Kauzmann temperature, 594, 603
Kinetically impaired equilibria

pressure–temperature relations, 40–41
suspended phase transformations, 39–40

Kohlrausch–Williams–Watt (KWW) 
equation, 605

Labile zone, 500
Lattice, 186
Lattice energy, 58
Lattice translation operation, 186
Law of Defi nite Proportions, 25
Law of Stages, 18
Le Chatelier’s Principle, 29, 30, 31, 34, 453
Light-scattering method, 440
Linear elastic fracture mechanics (LEFM), 517
Liquid/solid dosing, 155, 158
Liquid-state NMR spectroscopy, 388, 397, 

400, 421
Liquidus line of phase diagram, 573
Lomeridine dihydrochloride, 218–220
Low-temperature form, 243
Lyophilization, 538–540

Machine imaging systems, 163
Magic angle spinning (MAS), 391
Magnetogyric ratio, 384
Mannitol, 538

Fugacity, 9
Fundamental vibrational transition, 351
Fusion curve, 31

Gas Antisolvent Crystallization (GAS)
operating principle, 105

Gauche conformation, 201
Generally regarded as safe (GRAS) 

compounds, 286
Gibbs Phase Rule, 90
Glass-crystal (GC) growth, 609
Glass formation, 590. See also Vitrifi cation
Glass transition

dependence on cooling rate, 590
enthalpy and heat capacity in 

region of, 593
Glass transition, 589–590
Glass transition temperature, 521

experiments of materials milled 
above, 521

Glide plane, 191
Glide/screw operations, 191
Global optimization strategies, 171–172
Gordon–Taylor equation, 127
Granulation methods

dry, 524–525, 525
wet, 525–526, 526

PAT application, 528–530
spontaneous hydration, 526–528

Granulation step, 524
Green chemistry approaches, 289
Grinding, 109, 111
Group frequencies, 353

Harmonic model, 64
Harmonic oscillator model, 352, 362, 367
Hartree–Fock approximation, 58
Heat of Fusion Rule, 13
Heat of Transition Rule, 13, 492
Heteromolecular crystals, 285
Hexagonal close packing, 192
High-throughput crystallization, 

139–140, 141
Hoffman equation, 595
Homogeneous nucleation, 513
Homogeneous nucleation from 

recrystallization, 513
Hooke’s Law system, 517
Hotstage microscopy (HSM), 318, 326–327

advantages, 326
Hydrates

channel, 253–259, 254, 256, 258–259
isolated site, 250–253, 251–253
metal ion-associated, 259–263, 260–262
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Non-superimposable hemihedral crystal faces, 
563, 563–564, 565

Noyes–Whitney equation, 461
Nuclear quadrupolar resonance (NQR) 

spectroscopy, 417
Nucleation, 117

and crystal growth, 15–19, 17
process, 512
theory, 15, 608

Olanzapine, 251
On-line Raman spectroscopy, 528
Optical microscopy, 162
Ordinary transition point, 8
Organic molecular compounds, 285
Organic molecule solvates

channel-type, 246–249, 248
discrete position, 244–246, 245

Ostwald ripening, 18
Ostwald’s Rule of Stages, 515
Oxalic acid and isonicotinamide, 308

P-lattice, 188
P-methyl-N-(p-methylbenzylidine) aniline, 

212–213
P-(N-chlorobenzylidene)-p -chloroaniline, 210–212
P-salts, 576
Packing coeffi cient, 562
Packing polymorphism, 199, 329, 398, 481
Paracetamol, 208. 

See Acetaminophen (paracetamol)
crystalline forms, 244
monoclinic polymorph, 20

Paracetamol (Acetaminophen), 208–209
Parallel crystallization, 176
Particle size analysis, 267
Particle size reduction, effects of

glass transition temperature, 521, 521
phase transformations, 521–524, 522, 524
shear stress, 517, 517–520
temperature accumulation, 520

Pasteur crystallization, 289
Pawley fi t, 71, 168
PCA analysis, 164
Perfect solutions, 454
PH alteration, 107
Pharmaceutical co-crystals, 283–284
Pharmaceutical co-crystals (case studies)

2-[4-(4-Chloro-2-fl uorophenoxy)phenyl]
pyrimidine-4-carboxamide (SCB), 
301–302, 301–302

AMG 517, 302–303, 303
carbamazepine (Tegretol®), 292, 293

isonicotinamide, 296–297, 297, 298

Martensitic transformation, 544, 546
energy change associated with, 545
geometry of, 545

Mechanochemical methods, 109–113, 110
Mechanochemistry, 113

and process-induced transformations, 512
Melamine and cyanuric acid, 304–305
Melt crystallization, 107

principles, 108
Melt-quench hypothesis for milling-induced 

amorphization, 520
Melting points, 32
Meso -tartaric acid structures, 568
Metal ion-associated hydrates, 250
Metastable polymorphs, 20, 21
Metastable zone, 19, 500
Metastable zone width (MZW), 90, 91
Meyerhoffer states, rule of, 573
Milling, 516

polymorphism and amorphization 
induced by, 522

Modulated DSC (MDSC), 320–321
Molar differential heat of dilution, 453
Molar differential heat of solution, 453
Molar integral heat of solution, 453
Molar latent heat of fusion, 455
Molecular dissymmetry

structural aspects, 560–561
and tartrate crystals, 564–570, 567, 568, 570

Molecular Dynamics simulations, 64, 69
Molecular polymorphism, 398
Mometasone furoate, 255
Monomer + model approach, 58, 60–63
Monomorphic crystal energy landscape, 67–68
Monotropy, 11, 38, 482

phase diagram, 38
Multiple-primitive unit cells, 188
Multivariate analysis, 156, 164

Near infrared (NIR) spectroscopy, 272, 505
Nedocromil, 260
Nifedipine form II, 404
NIR spectroscopy, 361–364
NIST SRM 674b, 336
Nitrofurantoin, 205–206
Nitrofurantoin, transformation kinetics 

for, 529
NMR spectroscopy, 382–388, 383, 384, 386, 387
N,N-bis (4-bromophenyl) melamine and 

5,5-diethylbarbituric acid, 308
Non-covalent derivatization, 289
Non-ergodic glass, 593
Non-essential space group operations, 191
Non-stoichiometric solvatomorphs, 233
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sample characterization, 166–167, 
168, 169

sample identifi cation, 167
SDPD, 170–171, 171
SDPD using global optimization, 171, 

171–174, 172, 173
variable temperature, 174, 175
vs. single-crystal structure, 167–170, 170

Planar hydrates, 199
Plane-polarized light microscopy, 162–163
Plastic constraint, 524
Plasticizer, 615, 617
Polarization, 61
Polymorph screening, 89, 94, 100

antisolvent addition, 104
Polymorphic systems, 2, 3

thermodynamics, 3–10, 7, 8
Polymorphism, 1, 76, 233, 305, 318

acetaminophen, 53, 54
aspirin, 53, 55, 60
eniluracil, 53, 56, 70

Polymorphism, structural theory of
related lattices, 197–198
unrelated lattices, 196–197

Polymorphism and solvate formation, 
470–473, 472

Polymorphism in molecular crystals
different molecular conformations

5-Methyl-2-[(2-nitrophenyl)amino]-3-
thiophenecarbonitrile (ROY), 221–224, 
222, 223, 225, 226

fl ufenamic acid, 217–218, 219
lomeridine dihydrochloride, 218–220, 

219, 220
p-methyl-N-(p-methylbenzylidine) 

aniline, 212–213, 213
p-(N-chlorobenzylidene)-p-chloroaniline, 

210–212, 211, 212
probucol, 213–215, 214, 215
spironolactone, 216, 216–217

other conformational polymorphic systems, 
224–226

similar molecular conformations
carbamazepine, 207, 207–208
iodoanilinium picrate, 202, 202–204, 203
nitrofurantoin, 205–206, 206
paracetamol, 208, 208–209
resorcinol, 199–200, 200
sulfamerazine, 200–201, 201
sulfathiazole, 204–205, 205

Polymorphs, 53, 67, 76
different physical properties, 2, 3
disappearing and reappearing, 19–21, 225
ground-state, 76–77

nicotinamide, 292–295, 293–295
polymorphs, 296, 297
saccharin, 295, 295–296

fl uoxetine hydrochloride (Prozacâ), 
297–299, 299

history, 286
itraconazole (Sporanox®), 299–300, 300
melamine and cyanuric acid, 304, 304–305
sildenafi l (Viagra®), 300–301, 301

Phase rule, 24, 26–27
components, 25
degrees of freedom, 25–26
phases, 25

Phase transitions
second phase

solution-mediated, 499–504, 502
single phase

dehydration and desolvation, 
496–499, 497

solid-to-solid, 493–496, 495
thermodynamics, 486–492, 488–489
vapor sorption, 504–506

Phases, comparison of molecular order, 
specifi c volume, and molecular 
mobility, 589

Phenylbutazone
crystal structures, 246

Physical form, 318
Physical form diversity

automated parallel crystallization, 
144–148, 145, 146–147, 148

crystallization methods, 142–144
maximizing number, 142, 143
solution crystallization

agitation, 152
anti-solvent addition, 152
desolvation of solvates, 152–153
evaporation, 151–152
solvent and solvent selection, 148–150, 

149, 150
supersaturation, 150–151
suspensions, 152
temperature, 151
time scales and rate of 

crystallization, 151
use of additives, 152

Physical form screening, 164
crystal packing analysis, 176
microscopy and imaging, 162–163
physicochemical characterization, 176
Raman spectroscopy, 163–164
single crystal diffraction, 174–176
XRPD

instrumentation, 165–166, 166
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Relaxation time constant, 601
Resolution by entrainment, 571–572
Resolution procedure, 575
Resolved shear stress, 550
Resorcinol, 199–200
Rietveld refi nement, 168, 174
Ritonavir, 514
(R,S)-Ibuprofen

crystallographic data for, 580
X-ray powder diffraction patterns obtained 

for tromethamine salts, 581
(R,S)-ibuprofen

infrared absorption and Raman spectra of 
tromethamine salts with, 582

Rule of stages, 78, 305

(S)-ibuprofen
crystal structures of, 580
crystallographic data for, 580
infrared absorption and Raman spectra of 

tromethamine salts with, 582
X-ray powder diffraction patterns obtained 

for tromethamine salts, 581
Salt formers, 286
Salt preparation and screening, 122–123
Scalar coupling/J-coupling, 385
Schmid’s law, 549
Screw axis, 191
Screw operation, 191
Seed crystals vs. direct pharmaceutical drug 

substance manufacturing, 513
Seeding crystallization, 96

disappearing polymorphs, 99
principles, 99
product size distributions, 98–99

Seeding techniques, 19, 20
Separated enantiomers

solubilities of, and racemic mixtures of 
conglomerate materials, 574

Shear-based mechanisms, 544
Shear-based transformation mechanisms, 

544–548
Sildenafi l, 300–301
Sildenafi l citrate, 286
Single-crystal diffraction, 172
Single-crystal structure determination, 

172–173
Single-crystal XRD, 102, 174, 328, 331, 332
Six crystal systems, 327, 328
Slurrying, 116

competitive, 117
unseeded, 116–117

Sodium ammonium tartrate, crystals of, 570
Sodium channel blocker, 301–302

Polymorphs and solvatomorphs 
characterization

infrared absorption spectroscopy, 357–361, 
358, 361

NIR spectroscopy, 361–364, 363
Raman spectroscopy, 366–373, 369, 370, 373
terahertz spectroscopy, 364–366, 365

PolySNAP, 167
Poly(vinylpyrrolidone) (PVP), 598
Position-sensitive detectors (PSD), 165
Potential energy, 3
Potentiometric titration method, 438
Predictive energy landscape, 69
Pressure DSC (PDSC), 323
Pressure vs. stress, 540
Probucol, 213–215
Process analytical technology (PAT) 

research, 516
Profi le-fi tting analysis, 337
Progressive defect accumulation 

method, 523
Prohibitive value, for molecular crystals, 519
“Pseudo” second-order phase change, 592
Pseudopolymorphism, 1

Quartz crystal, morphology of, 563
Quartz crystals, twinned, 564
Quinhydrone, 307–308

Racemates, 571, 575
alter crystallization thermodynamics of, 

571, 575
of ibuprofen, 579

Racemic acid, 565–566
Racemic mixture, 560–561
Racemic mixtures, physical characteristics 

of, 574
conglomerate systems, 571–575, 574
racemate systems, 575–582, 576, 578, 580, 

581–582
Racemic solids, stability of, 572
Raffi nose pentahydrate, 535

single-crystal structure of, 536
Raman microprobe systems, 164
Raman spectroscopy, 163, 272, 366–373, 

372, 496
advantages, 163–164

Reaction crystallization, 106, 293
Recrystallization, 512–513

bulk API manufacturing beyond, 514
of glycine, 532
yeilding, undesirable solvatomorphs, 516

Refl ection geometry, 165
Relative humidity, 240
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processing induced transitions, 267–268
particle size reduction, 269–271, 270
solution-mediated transformations, 

268–269, 269
wet granulation and subsequent drying, 

271–273, 273
transitions in fi nal product, 273–275, 275

Solvent-drop grinding, 109, 110, 123, 289
Solvent effects

polymorph selection, 94–96
Solvent-mediated transformation, 99
Space-fi lling model, 57
Space group, 189. 

See also Crystallographic space group
Space group symmetry operations, 191
SpecScreen xHTS system, 158
Sphere packing model, 192
Spironolactone, 216–217
Spray drying, 536–538

advantage, 536
Stable and metastable polymorphs, 20
Stacked sheets, 308
Standard Reference Materials (SRMs), 319
Stoichiometric solvatomorphs, 233
Stokes bands, 367
Structural relaxation, 592–593, 603
Structure comparison tools, 52–56, 54–56
Structure determination from powder data 

(SDPD) methods, 166
Sublimation, 115
Sublimation curve, 29
Sulfamerazine, 200–201, 515
Sulfamethoxydiazine, 471
Sulfathiazole, 204–205, 245
Supercooled liquid, 593
Supramolecular heterosynthons, 288
Supramolecular synthons, 288
Suspended phase transformations, 39
Symmetry element, 187, 561
Symmetry operations, 187
Systems of one component, 45

characteristics of univariant systems
liquid/vapor equilibria, 28, 28–29
solid/liquid equilibria, 30–32, 31
solid/vapor equilibria, 29–30, 30

triple points, 32–34, 33
Systems of two components

kinetically impaired equilibria, 47–49
solid/liquid/vapor equilibria, 45
solid/solution equilibria, 45–47, 47, 48
solid/vapor equilibria

desolvated solvates, 44–45
multiple solvation state systems, 43–44, 44
single solvation state systems, 42, 42–43

Solid drug products, performance of, 511
Solid form changes

sources of, 511
Solid-form characterization, 398–417, 401–404, 

406–408, 410–412, 415–416
Solid forms

characteristics, 76–87, 78–86
methods for producing, 87–88, 88

crystallization, 87
preparation

co-crystals, 123
salts, 122–123, 124
solvatomorphs, 120–122
and stabilization of amorphous forms, 

123–130, 126–130
Solid phases, 482
Solid-state fl uorescence spectroscopy, 265
Solid-state NMR spectroscopy, 381, 388–398, 

389–394, 396, 603
advantages and disadvantages, 383
applications, 426–429
biopharmaceuticals, 419–421, 424, 425
quadrupolar nuclei, 417
quantifi cation, 421–426, 426
structure determination, 417–419, 419–423

Solid-state phase transformations, 481–486, 
483–487

Solid-state polymorphism, 34
Solid-state polymorphism and phase rule

condensed transition point, 35–36, 36
enantiotropy and monotropy, 37–39
transition point, 34–35, 35

Solid-state synthesis, 289
Solid–liquid–solid phase transformation, 241
Solubility, 46, 437
Solubility Rule, 14
Solution calorimetry

applications, 458–460, 459, 460
enthalpies of solution, 453–454
methodology, 457–458
partial molar quantities principles, 

454–457, 456
Solution-mediated phase transformations, 268
Solvates, 78, 78
Solvatomorphic systems, 237

structural aspects of, 236, 237
thermodynamics of, 237–243, 239, 

240, 242
Solvatomorphism, 2, 41, 233
Solvatomorphs, 78, 79, 233, 318

of organic solvents, 233–234
relative stabilities, 241

Solvatomorphs, behavior of
kinetics of transformation, 276
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TRPV1, 302
True solvates, 78, 79
Twinned quartz crystals, 564

Unit cell, 186
Unit cell parameters, 2
Univariant system, 26, 45

Vaccine, impact of drying on the 
physicochemical properties, 539

Van’t Hoff equation, 491
Vapor pressure of hydrate, 238
Vaporization curve, 28
Variable-temperature X-ray diffractometry, 

339–342
Variance, 26
Vibrational modes, 347, 349
Vibrational spectroscopy

anharmonic oscillator model, 
353–357, 356

harmonic oscillator model, 
349–353, 354

motion of atoms in molecules, 
348–349, 349

Viscoelastic, 596
Vitrifi cation, 590

Wallach’s rule, 562
Water, 234
Wet granulation, 271
Work function, 6

X-ray amorphous, 600
X-ray crystallography, 1
X-ray powder diffractometry (XRD), 164–165, 

333–338, 499, 503, 520, 600
applications, 327
polymorphs and solvatomorphs, 327
profi le-fi tting analysis, 337
protocol, 336–337
sample analysis, 165

X-rays, 185
Xpac methodology, 54
XRPD, 549

Tableting, polymorphism induced during, 548
Tartaric acid, 566

crystals of, 567
Temperature, 4
Terahertz spectroscopy, 364–366
Theophylline monohydrate dehydration, 265, 274
Thermal analysis, 318
Thermal fusion methods, 108
Thermal history, 604
Thermoanalytical techniques, 318

DSC, 319–324, 320, 321, 322, 324
hot-stage microscopy, 326, 326–327
thermogravimetry, 324–326, 325

Thermochemistry, 5
Thermocycling, 116
Thermodynamically stable polymorph, 

identifi cation, 511
Thermodynamics of moisture sorption, 618
Thermogravimetric analysis (TGA), 318
Thermogravimetry, 324
Thiazide diuretic compound 

hydrochlorothiazide, 245–246
Third Law of Thermodynamics, 486
Top-spray fl uidized bed granulation, 526
Top-spray high-shear granulation, 526
Topetecan hydrochloride, 256
Total side band suppression (TOSS), 391
Transformation, extent of, 

depending factors, 511
Transition entropy, 542
Transition point, 32, 34
Transition temperature, 243. 

See also Low-temperature form
Tray drying, 530, 531
Triamcinolone diacetate, 247
Triclinic meso -tartaric acid structures, 568
Trihydrate, 49
Triple point, 32, 33
Tromethamine, 581
Tromethamine salts

IR absorption and Raman spectra with 
(S)-ibuprofen and (R,S)-ibuprofen, 582

XRPD patterns obtained with (S)-ibuprofen 
and (R, S)-ibuprofen, 581
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