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ABSTRACT: Solid-state density functional theory (DFT),
molecular dynamics (MD), and terahertz (THz) spectroscopy
were used to study the formation of enantiotropically related
conformational Form I and Form II polymorphs of the
pharmaceutical compound, probucol. DFT calculations were
performed on the crystal systems to compare relative lattice
energies and the solvent stabilization of the metastable Form
II structure. The thermodynamics of solvent inclusion in the
Form II·MeOH crystal system were determined from MD
simulations, as was the favored conformation of molecular
probucol in methanol and ethanol solutions. The ﬁndings
from both solid-state DFT and MD calculations suggest that
the preferred molecular orientations of the probucol molecule
in solution and the probable inclusion of methanol in the crystal lattice during the crystallization process lead to the solvent
selectivity of the probucol polymorph formation. The additional stabilization energy provided by the crystallization solvent
facilitates the nucleation and growth of the Form II polymorph under conditions that favor this metastable crystal form over the
thermodynamically stable Form I, despite the higher energy molecular and crystalline conﬁgurations of probucol Form II. We
demonstrate the inﬂuence of solvent on the formation of pharmaceutical polymorphs and provide a molecular-level view of
complex interactions leading to polymorphism using a combination of computational methods and THz spectral data.

■

diﬀerent carrier solutions.9 MD has also been employed to
provide insight into the process of crystallization of diﬀerent
polymorphs.10−12 DFT and MD can be utilized as a powerful
combination of computational tools for the study and
prediction of crystalline structures and properties.
This study investigates two known polymorphic forms of a
pharmaceutical compound, probucol, to uncover the underlying physical processes inﬂuencing solvent selectivity in
polymorph formation.13 Probucol, or 4,4′(isopropylideneithio)bis(2,6-di-tert-butylphenol), was developed for the treatment of coronary heart disease and remains
the subject of research into its physical and pharmacological
properties.14−18 Two primary crystal forms of probucol
(referred to as Form I and Form II, herein) have been
identiﬁed and investigated in detail in the literature.13,19 Form
I is the thermodynamically stable polymorph with a melting
point of 125 °C, compared to 116 °C for the metastable Form
II polymorph. Form II will also convert to Form I over time at

INTRODUCTION
Polymorphism and solvatomorphism are two major concerns
in today’s pharmaceutical industry.1 Diﬀerent crystalline
structures of the same medicinal compound can exhibit
signiﬁcantly varying properties, such as stability, solubility,
dissolution rate, hygroscopicity, bioavailability, and therapeutic
index.2,3 Such properties can have a profound inﬂuence on the
eﬃcacy of a drug, making it essential to develop eﬀective
methods for the characterization and prediction of crystalline
structures and properties of an active pharmaceutical
ingredient (API).
Computational modeling approaches using density functional theory (DFT) and molecular dynamics (MD) are often
implemented in the study of polymorphism and solvatomorphism to provide a better understanding of the structure
and properties of such systems. It has been demonstrated that
DFT is capable of reliably predicting the structures and
vibrational terahertz (THz) spectra of pharmaceutically
relevant polymorphs, such as those formed by ibuprofen,4
diclofenac acid,5 aripiprazole,6 salicylic acid,7 and irbesartan.8
Likewise, it has been shown that MD may be used to predict
the solubility of drug molecules, such as indomethacin, in
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room temperature.19 The probucol crystal Forms I and II are
considered constitutional polymorphs and are enantiotropically related as a transition state is present between the two
polymorphic crystal forms.20 As the physical properties of
pharmaceutical polymorphs are governed by their molecular
packing arrangements, it is imperative to understanding the
relationships among the molecular structure, crystal structure,
and molecule−solvent interactions to aid the drug development process.
The probucol molecular structure and the unit cells of the
Form I and II polymorphs are shown in Figure 1. Both

frequency THz spectra indicates that our applied computational methodology for computing the potential energy surface
is suitable for determining the energetics and crystal properties.
The results of our DFT and MD calculations reveal the role of
solvent molecules in the formation of metastable polymorphs
via molecular conformational preferences because of solvent
interactions and through the energetic favorability of solvent
inclusions within the crystal lattice.

■

MATERIALS AND METHODS
Solid-State DFT. The structures and THz vibrational
spectra of probucol Forms I and II were calculated by solidstate DFT using the Crystal14 software package.21,22 Published
X-ray crystal structures of probucol available from the
Cambridge Crystallographic Database were used for the initial
atomic positions and lattice dimensions for the computational
model (HAXHET and HAXHET01 for Forms I and II,
respectively).13,23 Initial DFT structural calculations utilized
the generalized gradient approximation (GGA) density
functional Perdew−Burke−Ernzerhof (PBE),24 the hybrid
meta-GGA functional M06,25 and the global hybrid functional
B3LYP,26,27 with all calculations using an atom-centered 631G(d,p) basis set.28,29 On the basis of the resulting qualities
of structural reproductions, only PBE/6-31G(d,p) was used in
subsequent frequency and structural calculations. A shrinking
factor of 5 for both polymorphs was used in deﬁning the kpoint sampling of the density matrix and commensurate grid in
reciprocal space to achieve a self-consistent ﬁeld convergence
precision of 10−8 hartree for geometry optimizations and 10−11
hartree for normal mode calculations.30,31 Convergence on the
root-mean-square (rms) of the energy gradient of 10−4 and
10−5 hartree were applied for geometry optimizations and
frequency calculations, respectively. A pruned (75 974)
integration grid was used to deﬁne the radial and angular
distribution of grid points. A pairwise empirical energy
correction for London-type dispersion forces as incorporated
in the Crystal14 software package was included in all DFT
calculations. The global scaling factors, s6, used for the
dispersion correction term were 0.75, 0.25, and 1.05 for PBE,
M06, and B3LYP, respectively.25,32−34 Additional atomic
dispersion parameters, including C6 coeﬃcients, van der
Waals radii, and cutoﬀ distance, were taken from the
parameterization by Grimme et al.32,33 Geometry optimizations of atomic coordinates and lattice dimensions were
performed within the constraints of space group symmetry.
Energy corrections for the basis set superposition error (BSSE)
were performed using the counterpoise method.35 Normal
mode frequencies were calculated within a harmonic
approximation by numerical diﬀerentiation of the analytical
gradient of the potential energy with respect to the atomic
positions.36 The infrared intensities for normal modes were
calculated analytically using a ﬁrst-order coupled perturbed
Hartree−Fock approach for calculating Born charges.37−39
MD Simulations. For MD simulations, the GROMACS
v5.0.4 software package40−42 was used with an optimized
potentials for liquid simulations (OPLS)-AA force ﬁeld
parameter set.43 Developing a suitable molecular mechanical
description of organic molecules in the crystal phase remains a
challenge, and commonly used force ﬁelds have been
employed for studies of such systems.44−48 The OPLS-AA
force ﬁeld was chosen for this study because of its initial
parameterization to reproduce small organic molecule properties and for the availability of the existing models for

Figure 1. Molecular structure, conformation, and crystal structures of
probucol. (A) Molecular structure of probucol. (B) Form I
polymorph is the thermodynamically favored crystal form and
contains the lowest energy molecular conformer. (C) Form II
polymorph consists of the higher energy molecular conformer in a
metastable crystal form.

polymorphs exist in a monoclinic crystal setting with four
molecules per unit cell. There is a marked diﬀerence in
molecular conformation between the two forms, with a lower
energy conformer present in Form I. Both forms are held
exclusively by weak dispersion forces despite the presence of
hydroxyl groups in the probucol molecular structure.
Preparation of the individual forms can be achieved using a
variety of solvent systems through evaporation, cooling, or
precipitation. Generally, crystals of the stable Form I are
obtained by slow evaporation in most common solvents (e.g.,
acetone, ethanol, and chloroform), allowing the probucol
molecules to reach their thermodynamically favored molecular
and crystalline conformations.13 Form II can be readily
crystallized by rapid cooling of a saturated probucol solution
or by precipitation with the addition of an antisolvent such as
water.19 The rapid crystallization process yields the apparent
kinetically favored Form II polymorph. However, Form II can
also be obtained by a slow evaporation of methanol, indicating
thermodynamic favorability for the Form II molecular
conformation in this solvent system.
The polymorphic forms of probucol were investigated using
a combination of DFT, MD, and THz spectroscopy to provide
answers as to the formation of crystalline products as a result of
diﬀerent dissolution processes, with a particular interest in the
energetics of the Form II molecular conformation and crystal
system. The acquisition of THz spectra allows for the
identiﬁcation of various polymorphs of a pharmaceutical
solid and also provides valuable experimental data to compare
and validate the computational results. The ability to
reproduce the experimental crystal structures and lowB
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Table 1. Percent Change of Lattice Parameters between the Calculated and Experimental X-ray Crystal Structuresa
Form I

% change

parameter

exp.b

PBE

M06

B3LYP

PBE

M06

B3LYP

a (Å)
b (Å)
c (Å)
β (deg)
V (Å3)
Form II

16.972
10.534
19.030
113.66
3116.0

16.5315
10.1347
18.4259
109.529
2909.5

16.4601
9.8444
18.0603
113.067
2692.5

16.6680
10.0477
18.0207
113.585
2765.9

−2.60
−3.79
−3.17
−3.36
−6.6

−3.02
−6.55
−5.10
−0.52
−13.6
% change

−1.79
−4.62
−5.30
−0.07
−11.2

parameter

exp.a

PBE

M06

B3LYP

PBE

M06

B3LYP

a (Å)
b (Å)
c (Å)
β (deg)
V (Å3)

11.226
15.981
18.800
104.04
3272.0

11.0263
15.4038
18.2482
102.431
3026.7

10.8897
15.1758
17.8994
102.359
2889.5

10.9568
15.2372
17.9595
102.130
2931.4

−1.78
−3.61
−2.94
−1.55
−7.5

−3.00
−5.04
−4.79
−1.62
−11.7

−2.40
−4.65
−4.47
−1.84
−10.4

a
Values for the lattice dimensions (Å), β angle (°), and volume (Å3) calculated using the PBE, M06, and B3LYP functionals and compared to the
experimental values determined via published X-ray crystal structures. bExperimental parameters from ref 13.

developing small-molecule topologies.49 The molecular topologies for probucol, methanol, and ethanol were initially
generated using the LigParGen server.49 Atomic charges were
calculated from Mulliken population analyses at the DFT/
PBE/6-31G(d,p) level. 50 Topology ﬁles used in MD
simulations for probucol, methanol, and ethanol are available
in the Supporting Information. A 3 × 3 × 3 supercell of the
Form II·MeOH solvate was constructed for the MD
simulations from the available Form II crystal structure. The
system was prepared for simulations by performing a conjugate
gradient energy minimization, followed by equilibrations in
NVT (constant number of particles, volume, and temperature)
and NPT (constant number of particles, pressure, and
temperature) ensembles. A 100 ps equilibration was conducted
under the NVT ensemble using a v-rescale thermostat at 300 K
with a coupling constant of 0.1 ps.51 The subsequent NPT
equilibration was performed for 100 ps using an anisotropic
Parrinello−Rahman barostat with a time constant of 1.0 ps,
external pressure of 1.01325 bar, and isothermal compressibility of 1.2 × 10−5 bar−1.52 The integration time steps for both
equilibration steps were 1.0 fs. An initial 10 ns MD simulation
was executed using 2.0 fs time steps. All bonds were
constrained to equilibrium values using the LINCS algorithm.53 The Verlet cutoﬀ scheme was used in the calculation
of short-range Coulomb and van der Waals forces, and particle
mesh Ewald was used for long-range electrostatics.54−56
The free energy of methanol inclusion in the Form II·
MeOH crystal was determined by a perturbative method
calculating the energy diﬀerences as the interaction energies of
a single bound methanol molecule were iteratively turned oﬀ in
two steps involving three states: A, B, and C. State A represents
the methanol molecule with full interaction potentials, state B
corresponds to an intermediate conformation with the partial
atomic charges of the methanol molecule set to zero, and state
C represents the methanol molecule with all Coulomb and van
der Waals interactions set to zero. In the ﬁrst step, the partial
charges were decreased by varying the coupling parameter, λ,
from λ = 0 to λ = 1 through 20 evenly spaced intermediate λ
values. Next, the van der Waals radii were decreased, again by
varying the coupling parameter from λ = 0 to λ = 1 through 20
intermediate steps. At each λ value, simulations were
performed for 1 ns at 1.0 fs time steps. ∂H/∂λ was saved

every 10 fs for postprocessing and free-energy calculations
using Bennett’s acceptance ratio perturbation method.57
THz Spectroscopy. THz spectra were recorded using a
custom time-domain pulsed THz spectrometer. A diodepumped solid-state Nd:YVO4 laser (Coherent, Verdi-5) was
used to pump a Ti:sapphire oscillator (Coherent, Mira-SPO).
The 800 nm output pulse seeded a Ti:sapphire regenerative
ampliﬁer (Coherent, Legend-HE-USP) pumped by a Qswitched solid-state Nd:YLF laser (Coherent, Evolution-30).
The output beam from the regenerative ampliﬁer consisted of
∼800 nm pulses with a pulse duration of 40 fs and energy of
2.5 mJ/pulse. The near-infrared (NIR) pulses were focused on
a 1 mm thick 110-cut ZnTe crystal to generate ∼200 fs THz
pulses with a bandwidth of 0.1−2.8 THz by optical
rectiﬁcation.58 The THz pulses were directed onto the sample
by a pair of oﬀ-axis parabolic mirrors. The samples and blanks
for measurement were held in a cryostat (Janis Research, VPF
ST-100) equipped with 3 mm thick polymethylpentene
windows. The transmitted THz radiation was directed onto a
ZnTe detector crystal by a second pair of oﬀ-axis parabolic
mirrors and was detected by free-space electro-optic
sampling.59 The polarization of the reﬂected NIR gate pulse
was monitored by a balanced photoreceiver (New Focus,
2307) connected to a lock-in ampliﬁer (Stanford Research
Systems, SR-830). The ampliﬁer was locked to an optical
chopper (Digirad, C-980) synchronized to a subharmonic of
the regenerative ampliﬁer repetition rate. A linear delay stage
(Newport Corporation, ILS150CCHA) was used to vary the
arrival time of the THz pulses relative to the NIR pulses at the
detector crystal, yielding the time-domain THz waveform.
The samples for THz measurements were mixed with
polytetraﬂuoroethylene (PTFE) powder at concentrations of
approximately 8% by mass. The samples were pulverized using
a stainless steel amalgamator (Dentsply Rinn 3110-3A) to
minimize the particle size and scattering of THz radiation.
Approximately 0.55 g of the sample mixtures were pressed into
pellets under a measured pressure of 2000 psi using a hydraulic
press (ICL EZ-Press 12) equipped with a 13 mm stainless steel
die. The PTFE pellets for use as reference blanks were
prepared in the same manner.
Data were acquired at 293 and 78 K with the samples under
vacuum. The samples and blanks were scanned 32 times, and
the data were averaged for each individual data set. A 32 ps
C
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Table 2. rmsds for Molecular Parameters between the Calculated and Experimental X-ray Crystal Structuresa
Form I
bond lengths (Å)
bond angles (deg)
torsion angles (deg)

Form II

PBE

M06

B3LYP

PBE

M06

B3LYP

0.01629
0.6909
1.442

0.01049
0.8945
3.925

0.01297
0.7538
1.935

0.01819
0.7538
1.398

0.01094
0.8734
44.31

0.01439
0.8301
2.336

a

rmsds for bond lengths (Å), bond angles (deg), and dihedral angles (deg) for probucol molecules in the Form I and II crystal structures produced
from calculations with the PBE, M06, and B3LYP functionals compared against the published X-ray crystal structures.

0.670 Å, respectively. Likewise, the Form II structure was best
reproduced by the PBE functional, having an rmsd of 0.475 Å.
The resulting rmsds from the M06 and B3LYP optimizations
were 0.724 and 0.666 Å, respectively.
The quality of the optimized probucol structures was also
assessed in terms of rmsds in bond lengths, angles, and
dihedrals containing heavy atoms (nonhydrogen atoms) in
comparison to the experimental X-ray structures (Table 2).
Complete lists of the experimental and calculated bond
lengths, bond angles, and dihedral angles can be found in
the Supporting Information. With regard to bond lengths, each
functional resulted in a low rmsds for both polymorphs. M06
performed the best with the rmsds of 0.01049 and 0.01094 Å,
respectively, for Forms I and II. The PBE functional exhibited
the largest rmsds of 0.01629 and 0.01819 Å for Forms I and II,
respectively. The opposite trend was obtained for bond angles,
with PBE being the best performer followed by B3LYP and
M06 for both polymorphs. Again, the rmsds for bond angles
resulting from each functional were of high quality. Much
greater diﬀerences in structural reproduction between functionals were observed in the evaluation of dihedral angle rmsds.
For both polymorphs, the PBE calculations resulted in the
lowest rmsds of 1.442° for Form I and 1.398° for Form II. The
structures calculated with B3LYP had slightly higher rmsds.
However, the M06 functional performed quite poor in terms of
reproduction of dihedral angles. For Form I, rmsd was a
reasonable 3.925°, whereas for Form II the resulting dihedral
angle rmsd was 44.31°. The largest structural deviations
predominantly involved the rotation of the isobutyl moieties.
Most notable was the >10° rotation of the isobutyl group of
the central C10 atom (see Supporting Information for atom
labeling).
It was concluded from the results of the structural
optimizations that the PBE functional was best suited for
modeling the probucol polymorphic crystal systems. This
density functional has been likewise shown to perform well
with the structure and vibrational frequency calculations of
smaller pharmaceutical systems.4,5,61 As such, the PBE
functional was used exclusively for all subsequent structure,
energy, and normal mode calculations. It is important to note
that GGAs, such as PBE, not only are computationally less
demanding than hybrid and meta-GGA density functionals, but
they also commonly outperform these more intensive functionals in terms of accuracy in the frequencies of optical
phonon modes, even when used with the relatively modest
double-zeta 6-31G(d,p) basis set.62−65 Given the signiﬁcant
computational resource requirements for solid-state DFT
calculations of large crystal systems, the ability to apply a
favorable density functional/basis set combination for the
analysis of such systems is noteworthy.
It is imperative that the applied computational model be
able to accurately predict the lattice vibrational mode
frequencies as low-frequency phonon modes contribute most

scan window consisting of 3200 data points was used to
capture the THz waveform, which was then symmetrically
zero-padded to a total of 6000 data points for data transforms.
The eﬀective instrument resolution was approximately 1.0
cm−1. The ratio of the power spectra obtained from the
Fourier-transformed data sets of the sample and blank
produced the THz absorption spectrum. Each THz spectrum
presented in this work is the average of four individual THz
spectra, each representing a complete set of sample and blank
measurements.

■

RESULTS AND DISCUSSION
Although solid-state DFT has been widely used in recent years
in the computational analyses of biopharmaceutical molecules
and small APIs, there exists little literature precedent for the
application of atom-centered solid-state DFT calculations on
systems as large (83 atoms per molecule) as the crystalline
probucol polymorphs.8,60,61 This is primarily because of the
considerable computational resources required to perform
such calculations. As an example, a single calculation of
vibrational frequencies for one of the probucol systems
required an excess of 75 000 cpu h (using the PBE/631G(d,p) density functional/basis set combination). This
otherwise intractable resource demand, when considering the
multiple structural optimizations and frequency calculations,
can be alleviated in a highly parallel computing environment
and software capable of eﬃciently scaling large jobs across
multiple computing nodes. For the calculations presented in
this study, individual jobs typically utilized 224 Intel Xeon 2.4
GHz computing cores across eight compute nodes.
Structural optimizations were initially performed using the
PBE, M06, and B3LYP density functionals to evaluate their
performance in the structural reproduction of the probucol
crystal systems. Comparisons of the calculated unit cell
dimensions with the experimental X-ray structure are provided
in Table 1. For the DFT-optimized structures, contraction
along all lattice vectors was observed with each density
functional. This was an expected result for two reasons: (1) the
experimental crystal dimensions were acquired at room
temperature, whereas the calculated structures are eﬀectively
computed at 0 K, thus eliminating any thermal expansion; (2)
the usage of a ﬁnite 6-31G(d,p) basis set results in a small
artiﬁcial increase in the cohesive energy of molecules within
the unit cell because of BSSE. The amount of BSSE was
calculated at 16.6 and 17.3% of the total lattice energy for
Forms I and II, respectively. However, the resulting unit cell
structures exhibited reasonable reductions in volume for the
applied computational parameters, with Form I undergoing a
6.6−13.6% decrease in volume and Form II with 7.5−11.5%
decrease. The best reproduction of the Form I crystal structure
was obtained with the PBE functional, producing an rms
deviation (rmsd) in lattice vector lengths of 0.489 Å, compared
to the M06 and B3LYP functionals with rmsds of 0.748 and
D
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systems, but rather artifacts arising from data collection and
signal processing.
The low-frequency vibrational modes and IR intensities for
both probucol polymorphs were calculated by solid-state DFT.
High-quality calculated THz spectra for probucol Forms I and
II were obtained in good agreement with the experimental
THz vibrational spectra (Figure 3). Nearly all experimental

appreciably to the zero-point vibrational energies of crystal
systems. To properly evaluate crystal energies, the computational data must utilize the experimental vibrational spectra for
validation of the reliability of vibrational frequency calculations. In this study, THz spectroscopy was used to acquire
low-frequency vibrational dynamics of the crystalline probucol
polymorphs for comparison with the predicted phonon mode
frequencies. The THz spectra of probucol Forms I and II
obtained at 78 K are shown in Figure 2. The exclusive

Figure 2. THz vibrational spectra of probucol Forms I and II. The
THz spectra from 10 to 90 cm−1 of probucol obtained at 78 K display
unique vibrational proﬁles between the polymorphic forms as a result
of diﬀerences in crystalline packing.

vibrational mode frequencies and the absence of common
peaks between the two spectra indicate the high purity of the
individual probucol polymorphs grown under diﬀerent solvent
conditions. There are 12 discernible spectral features in the
Form I spectrum centered at 31.4, 36.1, 41.0, 46.5, 50.4, 53.2,
58.6, 62.2, 66.6, 69.9, 79.3, and 83.1 cm−1. Nine vibrational
mode locations can be readily resolved. The feature at 46.5
cm−1 appears as a shoulder convolved into the peak at 50.4
cm−1. The modes centered at 31.4 and 41.0 cm−1 have very
low absorption strengths but can be eﬀectively identiﬁed as real
features above the baseline. Additionally, the oﬀset in the
baseline adjacent the 36.1 cm−1 peak indicates absorption
contributions from the underlying vibrational modes. Peak
centers were determined through ﬁtting of individual baselinecorrected peaks with Lorentzian functions. The average width
of Form I spectral absorptions at full width at half-maximum
(fwhm) was 3.4 cm−1.
The probucol Form II spectrum contains 11 features,
although not as clearly visible as in the Form I spectrum
(Figure 2). Slightly broader absorption line shapes of 5.0 cm−1
at fwhm and the close proximity of some features result in
most of the peak locations able to be determined only through
peak ﬁtting. The three absorptions at 29.8, 74.3, and 82.8 cm−1
are clearly resolved, with the remaining peaks at 26.3, 37.3,
44.4, 53.4, 58.0, 62.4, 67.3, and 77.0 cm−1 identiﬁed through a
combined multiple peak ﬁtting of the full THz spectrum,
truncated at the base of the peak centered at 82.8 cm−1, and
the strong absorption extending beyond the instrument
detection bandwidth. It should also be noted that the apparent
absorptions below 20 cm−1 in both the Form I and Form II
spectra are not real spectral features of the probucol crystal

Figure 3. Comparison of the probucol experimental THz vibrational
spectra and those calculated by solid-state DFT. Overlay of the
experimental and calculated THz spectrum for (A) Form I polymorph
and (B) Form II polymorph. Vertical bars indicate the calculated
vibrational modes and normalized IR intensities. Lorentzian line
shapes were convolved into calculated modes using a fwhm of 3.4 and
5.0 cm−1 for Forms I and II, respectively, determined by ﬁtting
experimental data.

absorption peaks in the complex vibrational spectra could be
assigned to the calculated normal modes of vibration (Table
3). Mode assignments to the experimental spectral features
were made via inspection of peak location and intensity and
provided as a direct comparison of experimental and calculated
results. For the graphical representation in Figure 3, the
calculated Form I mode frequencies were scaled by 0.88 to
better align the experimental and calculated spectra. A slight
overestimation of phonon vibrational frequencies is commonly
observed in solid-state DFT calculations.64,66−68 In addition,
the full unit cell optimizations yielding contracted lattice
vectors typically result in the vibrational modes being shifted to
high frequency because of the steepening of vibrational
potentials. The calculated Form II spectra displayed in Figure
3B were not scaled accordingly.
E
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Table 3. Experimental and Calculated Vibrational
Frequencies of Probucol Forms I and II Phonon Modes
Form I
a

Form II

exp.

PBE/6-31G(d,p)

freq.b

freq.

int.c

22.34
28.48
32.09
33.21
35.06
37.03
39.31
43.20
48.58
50.08
55.26
55.43
61.80
62.72
63.01
67.80
71.16
74.99
80.36
82.04
85.75
85.93
91.08
93.29
98.18
101.87
107.49
107.86

0.68
0.43
1.13
0.69
0.04
0.73
0.40
0.70
2.02
0.49
2.36
2.72
3.59
2.31
1.06
0.02
0.82
1.03
2.50
1.43
2.55
0.59
1.94
7.65
3.11
4.82
0.07
5.77

31.4
36.1

41.0
46.5
50.4

53.2

58.6
62.2
66.6
69.9
79.3
83.1

exp.

PBE/6-31G(d,p)

freq.

freq.

int.

14.68
26.85
29.65
31.10
38.87
41.04
43.64
45.39
49.26
51.50
52.41
56.20
59.59
60.05
60.98
61.85
65.96
70.68
70.92
72.01
72.80
80.38
84.70
84.71
85.87
85.92
91.55
96.77
96.79
109.17
109.75

0.48
2.13
0.03
0.79
0.86
0.03
1.08
0.01
0.17
0.22
1.74
0.91
1.86
1.66
0.04
0.01
0.63
0.09
1.00
1.81
6.21
0.16
0.01
0.51
1.42
3.78
2.48
1.98
3.98
4.15
0.76

29.8

37.3

44.4
53.4
58.0

62.4
67.3

74.3
77.0
82.8

a
Experimental. bFrequency (cm−1) (calculated frequencies for Form I
are scaled). cIntensity (km mol−1).

Upon ﬁtting of the experimental spectra, the widths of the
Lorentzian ﬁtting functions were determined to have average
fwhm values of 3.4 and 5.0 cm−1 for Forms I and II,
respectively. It was unexpected for similar crystal systems to
exhibit substantial variations in spectral line widths. This
discrepancy may be attributed to either anharmonicity, which
is unlikely because of the symmetry of the experimental line
shapes, or possibly to solvent molecules entrapped in the
crystal in a random, or nonperiodic, manner leading to
inhomogeneous broadening of spectral features. However, the
goodness-of-ﬁt of the calculated spectrum of Form II with the
THz vibrational spectrum indicates that the crystal symmetry
remains unbroken despite the possible presence of disperse
methanol molecules contained within the crystal.
To begin investigating the inﬂuence of the crystallization
solvent on polymorph selection, the diﬀerences in crystal
packing between Forms I and II were examined. The packing
eﬃciency and crystal void spaces were mapped for the DFToptimized unit cells of probucol Forms I and II using
CrystalExplorer17 (Figure 4).69 For these measurements, the
unit cells were expanded by plus/minus 5 Å on each lattice
vector. A probe sphere was rolled over a fused-sphere
representation of the molecular crystal at an isovalue of

Figure 4. Measurement of crystal void volumes. Calculated
isosurfaces for the optimized, computed unit cells of (A) Form I
polymorph and (B) Form II polymorph. (C) Position of methanol
molecules placed in regions of large voids in the Form II crystal
structure, as indicated by the green circles.

0.002 e au3. This approach locates the isosurface of the
estimated procrystal electron density and allows for the
visualization and calculation of crystal void volumes. The
thermodynamically favored Form I unit cell was found to have
a packing eﬃciency of 83.7%, compared to the Form II
structure having a lower packing eﬃciency of 78.0% (Table 4).
The Form II crystal structure, however, had a lower packing
eﬃciency of 78.0%. The additional void space was highly
localized and associated with the positioning of each
symmetry-equivalent probucol molecule of the unit cell
(Figure 4B). Each local void volume was determined to be
sizable enough to support the inclusion of a methanol
F
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Table 4. Void Volumes and Lattice Parameters for Probucol
Form I, Form II, and Form II·MeOH Solvate
3

total volume (Å )
void volume (Å3)
packing eﬃciency
a (Å)
b (Å)
c (Å)
β (deg)

Form I

Form II

Form II·MeOH

2909.5
473.2
83.7%
16.5315
10.1347
18.4259
109.529

3026.7
665.9
78.0%
11.02632
15.40380
18.24815
102.4309

3006.8
460.0
84.7%
11.02718
15.36955
18.16789
102.4441

Figure 5. Root-mean-squared ﬂuctuation of molecular center of
masses for probucol and methanol molecules in the MD simulation
cell. The red line indicates a 10-point running average to guide the
eye.

molecule, which has an approximate molecular volume of 25.8
Å3.
On the basis of the measured void volumes of the Form II
polymorph, four symmetrically equivalent methanol molecules
(Z′ = 1) were inserted into the Form II crystal structure in the
locations indicated in Figure 4C. The generated Form II·
MeOH solvate crystal structure was then optimized using
solid-state DFT. The void volumes of the resulting Form II·
MeOH solvate unit cell were measured as previously described
(Table 4). A slight decrease of 19.9 Å3 in total cell volume was
observed with the addition of methanol to the Form II
structure, as well as a signiﬁcant improvement in packing
eﬃciency at 84.7%. This suggests an increase in cohesive
interactions between the contents of the unit cell, which was
veriﬁed by comparing the relative lattice energies for the Form
II and Form II·MeOH systems (Table 5). As Form I is known
to be the most stable polymorph, the resulting 72.7 kJ/mol
diﬀerence in energy between Form I and Form II was
expected. However, it was found that the Form II·MeOH
crystal system has a calculated lattice energy of 97.94 kJ/mol
lower than that of Form I, indicating an enhanced crystal
stability upon the inclusion of methanol solvates. This,
however, only oﬀers a static picture of the electronic energy,
neglecting thermal and kinetic energy contributions because of
nuclear motion, but does support the increased stability of the
crystal system from a purely structural standpoint.
MD simulations were employed to further investigate the
solvent interactions and energy contributions to the crystallization of the probucol Form II polymorph. An initial 10 ns
MD simulation of the Form II·MeOH system was performed,
and the center-of-mass motion for probucol and methanol
molecules was evaluated. Figure 5 shows the rms ﬂuctuation
(rmsf) of each molecule contained in the simulation cell. It is
evident from the simulation that the relative motion of the
methanol molecules is notably greater than that of probucol,
with rmsfs of 0.572 (±0.037) and 0.429 (±0.048) Å,
respectively. This is to be expected given the disparity in
molecular weight between the two molecule types. The
simulation also shows that although the methanol molecules
are conﬁned to a single void space within the lattice structure,
they are able to ﬂip orientation by 180°, which would lead to

solvent disorder or noncrystallinity of methanol molecules
within the solvated crystal. The estimation from MD
simulations of the rate at which methanol molecules are able
to ﬂip orientation is approximately 1.5 ﬂips/ns per methanol
molecule (Figure S2, Supporting Information). The large
ﬂuctuations in position also increase the probability of solvent
migration through the network of crystal voids shown in Figure
4B. Solvent migration would lead to the rapid conversion of
the Form II·MeOH solvate to the pure Form II polymorph.
Applying the MD free-energy perturbation simulations to
the Form II·MeOH solvate system, the ΔG value for inclusion
of methanol in the crystal structure was calculated to be −2.74
kJ/mol (Figure 6). A favorable ΔG suggests a net increase in

Figure 6. Free-energy changes over MD perturbative decoupling of
methanol from the Form II·MeOH solvate crystal structure, yielding a
ΔG value of 2.74 ± 0.16 kJ mol−1.

crystal stability with methanol incorporated into the crystal
structure despite the more substantial molecular motion
observed of the methanol molecules. The value of −2.74
(±0.16) kJ/mol (the reverse process yielding a positive ΔG for
decoupling shown in Figure 6) is unexpectedly low considering
the magnitude of change in lattice energy observed from the

Table 5. Calculated Energies (kJ mol−1) for Form I, Form II, and Form II·MeOH Solvate
Form I
Form II
Form II·MeOH

Eunit cell

Esingle moleculea

Elatticeb

Erelc

−2.2636206 × 107
−2.2636107 × 107
−2.3850533 × 107

−5.6587613 × 106
−5.6587549 × 106
−5.9623187 × 106

−1.1603814 × 103
−1.0877576 × 103
−1.2583209 × 103

97.9
170.6
0.0

a

Energy of a single probucol molecule in the unit cells of Forms I and II and the sum of the individual probucol and methanol molecules in Form
II·MeOH. bDiﬀerence between Eunit cell and Esingle molecule. cEnergies relative to minimum value.
G
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DFT calculations with the inclusion of methanol. This
diﬀerence is attributed to the thermal and kinetic energy
contributions, and these ﬁndings do support the enhanced
energetic stability of the Form II·MeOH system. However, the
low relative free-energy contribution along with the large
center-of-mass motion would suggest a metastable crystal
phase, resulting in the probable loss of methanol from the
crystal lattice, yielding the Form II structure.
Subsequent MD simulations were performed on a single
probucol molecule contained within a solvation box of either
pure methanol or ethanol. Over the simulation time, the
preferred molecular conformation of the probucol molecule
about the central S−C−S−C dihedral angle was monitored.
Prior to the simulations, the torsion energy was parameterized
to provide an accurate representation of the true torsion
potential. A potential energy scan of the dihedral was
performed using DFT/PBE/6-31G(d,p) (Figure 7A). The
resulting potential energy curve was ﬁt to the Ryckaert−
Bellemans potential, and the resulting coeﬃcients were applied
to the OPLS-AA force ﬁeld and the probucol topology
describing bonding potentials. A simulation box was
constructed around a single probucol molecule with
dimensions of 35.8 Å × 35.8 Å × 25.3 Å, which should be
large enough to allow the molecule to move freely without
interaction with the molecules in a neighboring cell (as
simulations are performed in periodic boundary conditions).
The void space was ﬁlled with methanol or ethanol molecules
by random insertion as to not overlap the van der Waals radii
of the central probucol molecule. For the methanol system, the
number of solvent molecules added was 571, and for the
ethanol system, this number was 308. Figure 7B shows the S−
C−S−C dihedral angle distributions for the methanol and
ethanol systems for the initial simulation time period of 0−100
ps from an initial molecular conformation having a 0° dihedral
angle, such as that found in the Form II crystal structure
(subsequently referred to as conformer II). During this time
frame, the probucol molecule in both solvent systems
maintained its starting conformation. Figure 7C shows the
S−C−S−C dihedral angle distribution over the last 1 ns of the
10 ns MD simulations. The probucol molecule in ethanol
solution adopted the stable conformation expected from the
curvature of the torsional potential energy surface, which is the
molecular conformation of the probucol molecule in the Form
I crystal (referred to as conformer I). However, the molecule in
methanol solution showed a bimodal dihedral angle distribution of both the conformer II and I at an approximate average
ratio of 2:1. This ratio was found to be consistent in
subsequent MD simulations, regardless of the initial conformation of the probucol molecule in solution. Figure S3
provides a graphical representation of the dihedral angle
distribution frequency at time points along a 10 ns MD
simulation.
The conformational preference of the probucol molecule
between solvents is likely because of the combination of the
solvent molecule size, the amphiphilic nature of both methanol
and ethanol, and the solvent-accessible surface area (SASA) of
each probucol conformer. The SASA of both conformers
extracted from the DFT-optimized crystal structures was
measured using the double cubic lattice method with the
solvent probe radii of 1.84 and 2.14 Å, representing the hardsphere radii for methanol and ethanol, respectively. The
measured SASA was 89.52 Å2 for conformer I and 94.66 Å2 for
conformer II, using the methanol probe, and 95.60 and 101.20

Figure 7. Parameterization of the S−C−S−C torsion potential and
dihedral angle distributions of the probucol molecules in solution
from MD simulations. (A) Parameterization of the S−C−S−C
torsion potential for MD simulations. (B) Calculated S−C−S−C
dihedral angle distribution over MD simulation times of 0−0.1 ns for
a probucol molecule solvated in pure methanol and pure ethanol. (C)
Calculated S−C−S−C dihedral angle distribution over MD
simulation times of 9−10 ns for a probucol molecule solvated in
pure methanol and pure ethanol.

Å2, respectively, using the ethanol probe.70,71 Comparison of
the SASA surfaces mapped with electrostatic potentials,
computed at the PBE/6-31G(d,p) level, for the two conformers shows that conformer II has a considerably larger
solvent accessibility in regions of high electrostatic potential
(Figure 8).72 This conformation would lend itself to increased
favorable interactions with smaller, higher polarity molecules,
such as methanol. Electrostatic interactions between methanol
and the probucol sulfur atoms could overcome the 8.2 kJ
mol−1 diﬀerence between the energetically favored conformer I
H
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molecular-level view of complex interactions leading to
polymorphism using a combination of computational methods
and THz spectral data. Understanding the complexity of the
crystallization process of pharmaceutical compounds and how
speciﬁc solvent interactions yield various crystal forms will aid
in the design and creation of eﬀective polymorphs,
solvatomorphs, and cocrystals with enhanced physical properties with respect to therapeutic performance.

Figure 8. Solvent-accessible and electrostatic potential surfaces for
probucol conformers. SASA map of probucol generated using a 1.84 Å
probe sphere for (A) conformer I and (B) conformer II. Blue surface
indicates the surface inaccessible to the solvent, and red indicates high
solvent accessibility. Electrostatic potential mapped on the SASA of
probucol in (C) conformer I and (D) conformer II.

■

CONCLUSIONS

■

ASSOCIATED CONTENT

The conformational polymorphs of probucol were studied by a
combinatorial approach using solid-state DFT, MD, and THz
spectroscopy, and the solvent inﬂuence on the selective
formation of the enantiotropically related Form I and Form
II polymorphs is presented.
The results of the solid-state DFT and MD calculations
support that the preferred molecular orientations of the
probucol molecule in solution and the possible inclusion of
methanol in the Form II crystal lattice during the
crystallization process provide the additional stabilization
energy required to reach the metastable Form II crystal state
over the thermodynamically favored Form I polymorph. This
molecular-level study of pharmaceutical crystal formation
demonstrates that the nucleation and growth of metastable
polymorphs are aided signiﬁcantly through subtle diﬀerences
in solvent−molecule interactions and not a result of crystal
packing forces. This is particularly noteworthy in that the
probucol crystal structures are held only by weak dispersion
interactions where solvent selection based on distinct electrostatic forces is not achievable.
Solvent crystallization of pharmaceutical compounds for
which clear intermolecular interactions are absent makes the
question of polymorph selection quite diﬃcult to address. As
such, most screening procedures in search of pharmaceutical
polymorphs rely on a trial-and-error approach. Gaining better
understanding on the complexity of such crystallization
processes will guide the discovery of new and more eﬀective
pharmaceutical formulations with enhanced therapeutic
eﬃcacy.

and conformer II in stabilizing probucol in the higher energy
molecular conformation (Figure 7A). In addition, the smaller
size of methanol, as compared to ethanol, allows for a greater
contact between the extended conformer II because of the
increased SASA.
Evaluating short-range Coulomb and Lennard-Jones energies between probucol and the solvent from MD simulations
showed conformer II to have an average Coulombic
contribution of −65.1 (±3.5) kJ mol−1 in methanol compared
to −48.6 (±3.8) kJ mol−1 in ethanol solution. This interaction
energy decreased considerably more with conformer I in
ethanol, which was determined to be −36.4 (±4.0) kJ mol−1.
This supports that the increased stabilization of conformer II is
achieved because of the greater accessibility of methanol to
regions of higher electrostatic potential. In ethanol solution,
the Lennard-Jones interactions between probucol and the
solvent were dominant because of the signiﬁcant relative
increase in solvent hydrophobicity of ethanol as compared to
methanol. Simulations in ethanol exhibited a −136.9 (±2.9) kJ
mol−1 contribution from the probucol/solvent Lennard-Jones
interactions, whereas this value was only −71.0 (±2.4) kJ
mol−1 in methanol solution.
The ﬁndings from both solid-state DFT and MD
calculations suggest that this preferred molecular orientation
of the probucol molecule in methanol solution, combined with
the likely nonperiodic methanol inclusion stabilizing the crystal
lattice during the crystallization process, allows the Form II
polymorph to materialize under conditions that favor this
metastable crystal form over the thermodynamically stable
Form I. The preferred molecular conformation of probucol in
methanol supports energetically advantageous nucleation and
growth of the Form II system, even though this system consists
of both a higher energy molecular and crystalline conﬁguration.
Initial formation of the metastable Form II is aided by
additional stabilizing interactions as a disordered methanol
solvate. The collective set of weak dispersion interactions
holding the probucol and methanol molecules in the Form II·
MeOH crystal is not networked in such a manner to provide
stability to the solvated system; thus, the methanol molecules
are able to diﬀuse from the crystal system through the
signiﬁcant void spaces, yielding the experimentally observed
pure probucol Form II polymorph.
The results of this study shed light on the crystallization
process of probucol and the stabilization of higher energy
polymorphs and molecular conformations by the crystallization
solvent. We have demonstrated the inﬂuence of the solvent on
the formation of pharmaceutical polymorphs and provide a
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