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Abstract: A molecular mechanism for nucleation for the solid-state polymorph transformation of terephthalic
acid is presented. New methods recently developed in our group, aimless shooting and likelihood
maximization, are employed to construct a model for the reaction coordinate for the two system sizes
studied. The reaction coordinate approximation is validated using the committor probability analysis. The
transformation proceeds via a localized, elongated nucleus along the crystal edge formed by fluctuations
in the supramolecular synthons, suggesting a nucleation and growth mechanism in the macroscopic system.

Introduction

Polymorphism is the ability of a system to pack into different
crystal lattices while retaining the same chemical composition.1

It is a well-known phenomenon with important technical and
financial implications in a diverse range of areas in which
crystalline materials play a significant role, such as geophysics,2

energy storage,3 biominerals,4,5 nonlinear optical materials,6 and
pharmaceuticals.7-10 Polymorphs typically exhibit different
physical and chemical properties, thus representing an excellent
framework for the study of structure-property relationships.
The property differences between polymorphs can affect process
and product development. The transformation to an undesired
polymorph in the pharmaceutical industry, for instance, can lead
to different bioavailability in the target organism, which could
render the drug ineffective or increase its potency to a dangerous
limit.11 One prominent case is Abbott Laboratories’ AIDS drug,
Ritonavir: a more stable polymorph appeared after a manufac-

turing process was developed for its production, leading to
significant production setbacks.12

Polymorph transformations often occur in the solid state.8

Mnyukh states that, as of 1998, over 160 mechanisms are
reported for solid-state polymorph transitions.13 However,
presently there is no definitive, verified model of the molecular
mechanism of solid-state polymorph transformations in molec-
ular crystals. Two of the most common mechanisms proposed
in the literature are (1) nucleation and growth13-17 and (2)
concerted, or martensitic, transformations.18,19 As Tuble et al.
point out, however, there is increasing evidence that transforma-
tions thought to be martensitic in nature actually occur via a
nucleation and growth mechanism.13,18An accurate model which
describes this process on a molecular level would provide an
improved understanding of the localized mechanism of solid-
state polymorph transformations in molecular crystals, and could
ultimately provide the necessary knowledge for a priori selection
of processing parameters to promote or prevent transformation
from one polymorph to another.

A specific molecular crystal that exhibits transformations
between polymorphs is terephthalic acid, [p-C6H4-(COOH)2],
which has three known polymorphs, designated as forms
I-III. 21,22 This study focuses on the transformation between
forms I and II, both of which pack in triclinic lattices. In a paper
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that for the first time demonstrated structural polymorph
stabilization via twinning, Davey et al.23,24 experimentally
showed that form II is the more stable polymorph at room
temperature and pressure. They also found that the transforma-
tion from form I to form II occurs in a temperature range from
room temperature to 90°C. The same authors noted that the
transformation is often accompanied by a large release of
mechanical energy, sufficient to make the crystal jump during
the phase transition. In addition, from their microscopy studies,
Davey et al.23 conclude that the overall process appears
martensitic in nature. On the basis of an examination of the
crystal structures, the authors propose a chain slide and rotation
mechanism for the single-crystal transformation. It should be
stressed, however, that the intent of the two studies by Davey
et al. was not to determine the mechanism of transformation,
but rather to determine the most stable single-crystal form and
then to address the question of stabilization of the metastable
form in industrial crystals. This work forms the basis and
inspiration for this investigation.

Determining pathways of polymorph transformations at the
molecular level is difficult from an experimental standpoint,
because of the difficulty in characterizing localized fluctuations
in crystal structures. As a result, the majority of studies
concerned with molecular crystalline systems typically charac-
terize the equilibrium properties of polymorphs, rather than
definitively ascertaining the molecular level events leading to
transformations. Sophisticated molecular simulations, however,
provide approaches that could potentially address these pro-
cesses. These approaches have successfully addressed similar
problems. For example, nucleation has been studied for the
freezing of a Lennard-Jones fluid,25 NaCl nucleation from
solution,26 and the freezing of water.27 The present study focuses
on investigating the molecular level events leading to the
transformation in TPA from form I to form II.

Overview

To determine the transformation mechanism for any process,
it is necessary to determine the reaction coordinate, or the single
variable that describes the system along the reaction pathway.20

Knowledge of the reaction coordinate, and hence the mecha-
nism, can provide essential molecular level insight for judicious
engineering of complex systems.

To ascertain the reaction coordinate for a system, one must
perform three steps: (1) sample the configurations in the region
in which the transformation of interest occurs; (2) approximate
the reaction coordinate as a function of physically relevant
parameters, and (3) validate the reaction coordinate with
committor probability analysis.

Standard molecular dynamics (MD) or Monte Carlo methods
can readily sample regions of stability. However, when studying
transitions of interest, standard methods are not widely ap-
plicable because the transition states are short-lived and
infrequently visited. Instead one must utilize techniques designed

to sample transition-state regions in a more efficient manner
(step 1). Transition path sampling, a trajectory space Monte
Carlo procedure, is a powerful method for sampling the
ensemble of transition pathways in complex systems.28-31 A
recent extension of transition path sampling, aimless shooting,20

is especially useful for obtaining reaction coordinates with
informatics approaches.

Once adequate sampling of the transition-state region is
completed, the reaction coordinate is approximated as a function
of physically relevant parameters (step 2). These parameters are
termed order parameters (OPs), which describe properties of
the system along reactive trajectories. Types of OPs range from
bond distances32 to parameters that measure the coordination
numbers and orientations.26,33,34For a given system, many OPs
will change “adiabatically” along the reactive trajectories. A
reaction coordinate is one or more OPs that completely quantify
the dynamical progress of the system along the reaction
pathway.28

The typical method to determine the most appropriate reaction
coordinate until recently was trial and error. Several recently
published methods now allow one to determine the reaction
coordinate in a more systematic manner.20,35-37 In this study,
likelihood maximization is applied to screen candidate OPs to
determine the OP or set of OPs that best approximates the
reaction coordinate.20

To validate the approximate reaction coordinate, one deter-
mines the average probability of reaching the product basin from
the transition-state region (step 3). This method is known as
committor probability analysis.28,38-40 If the true reaction
coordinate is known, then firing trajectories randomly from any
configuration on the transition-state isosurface should result in
an equal number of trajectories that reach the reactant and
product basins.

We apply this scheme to the solid-state polymorph transfor-
mation in terephthalic acid (TPA). The paper is organized into
three sections: first, the details of the methodology are
described. This includes the development and screening of the
potential, the molecular simulation details, and the construction
of the system sizes and shape. Details of the aimless shooting
and likelihood maximization algorithms are also provided. Next,
results are summarized for the harvesting of initial trajectories
for two system sizes and from the likelihood maximization
algorithm. Qualitative verification for the models obtained from
likelihood maximization is given. Finally, a discussion and
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conclusions are provided highlighting the physical insight gained
into the TPA polymorph transformation.

Methodology

System Description.Adjacent molecules in TPA are connected via
1-dimensional hydrogen-bonded carboxylic acid dimers, termed syn-
thons.41 These chains, or supramolecular synthons, pack in 2-dimen-
sional sheets. As discussed by Bailey and Brown,21 neighboring chains
in the form I crystal lie with benzene rings adjacent to the carboxylic
acid groups in the next chain; in form II, the carboxylic acid groups
from neighboring chains are adjacent to one another. The layers of
chains in form I, however, lie with the benzene rings in line, whereas
for form II, the benzene rings pack alternately with the carboxylic acid
groups.

Two system sizes are studied in full detail: a 6× 6 × 6 and a 7×
7 × 7 geometry. These sizes correspond to 216 and 343 molecules,
respectively. Figures 1 and 2 illustrate the crystal shapes for the 216
molecule system seen from theb anda axis views for forms I and II,
respectively. The crystal shapes and morphologies approximate the TPA
crystals studied by Davey et al.23 It should be noted that 6× 6 × 6 is
counted by the number of molecules in the supramolecular synthon,
not the crystal unit cells: for example, note that in Figure 1, the chains
for both forms are 6 molecules long and there are 6 sets of chains in
both chain-perpendicular dimensions. In addition, all molecules are
hydrogen bonded through the carboxylic acid group to at least one
neighbor. The experimental lattice parameters for the crystals are given
in Table 1. The lattice vectora is equivalent for the two structures as
it is the measure of the supramolecular chain length.

The crystal configurations are adopted from structures reported by
Bailey and Brown.21 In the original crystal structure determination, the
hydrogen positions are not reported for form II. Hydrogen atoms are
therefore added to the molecules with the corresponding bond lengths
and angles found in form I. As no constraints (such as SHAKE42) are

used either in minimization or molecular dynamics, any minor errors
in the hydrogen positions leading to unfavorable configurations are
eliminated.

Force Field Development.Empirical force fields may not be directly
suitable for modeling molecular crystals, especially if the parameters
are fit using scenarios that are incongruous with crystal packing.18,43,44

A modified CHARMM potential45 is thus applied in the simulations.
Bond, angle, dihedral, and Lennard-Jones parameters (with the excep-
tion of one) are taken from the CHARMM 27 force field library. Since
original Lennard-Jones parameters for the phenyl hydrogens are fit to
hydration energy, which makes them unsuitable to model a packed
crystal, a range of phenyl hydrogen Lennard-Jones radii is tested. In
addition, partial atomic charges are extracted from single-point energy
calculations on a single gas-phase TPA molecule with Gaussian 03.46

The B3PW91 density functional47 with 6-311G++** basis set is
employed. Following the approach of Tuble et al.,18 partial atomic
charges are calculated with both the Merz-Singh-Kollman48,49(MSK)
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Figure 1. Form I of the 216 molecule (6× 6 × 6) TPA crystallite from theb-axis view (left) anda-axis views (right). Hydrogen bonds that form the
supramolecular synthons are shown in red-dotted lines between the carboxylic acid groups on each molecule.

Figure 2. Form II of the 216 molecule (6× 6 × 6) TPA crystallite from theb-axis view (left) anda-axis views (right). Hydrogen bonds that form the
supramolecular synthons are shown in red-dotted lines between the carboxylic acid groups on each molecule.

Table 1. Lattice Parameters from the Experimental Crystal
Structures

form I form II

a 9.54 9.54
b 3.19 5.02
c 6.44 5.34
R 87.25 86.95
â 126.27 104.9
γ 107.36 134.65

A R T I C L E S Beckham et al.
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and ChelpG50 schemes. Since the intramolecular geometry does not
differ significantly between forms I and II, there is little difference in
the partial charges calculated between molecules corresponding to the
two polymorphs.

As the simulations are performed in vacuum, the potential is screened
for the ability to reproduce the experimental form I and form II crystal
structures in vacuum, as measured by the root-mean-square deviation
(rmsd) of the minimized crystal from the experimental crystal structures.
Figure 3 shows the rmsd as a function of the phenyl hydrogen Lennard-
Jones radius for the MSK partial charge set. Although the Lennard-
Jones radius for the phenyl hydrogens does not significantly affect the
rmsd for form II up to 2.0 Å, a value of 1.0 Å is selected as it yields
the smallest rmsd for form I. The use of either MSK or ChelpG does
not result in significant differences in the rmsd at a fixed phenyl
hydrogen Lennard-Jones radius. The charges in the potential are those
from the MSK method.

Order Parameters. Over 100 OPs are tested with the likelihood
maximization algorithm The selection of trial OPs is typically an ad
hoc procedure for which there is no known systematic approach. For
a study of polymorph transformations, perhaps the most obvious set
of trial OPs is the lattice parameters, which warrant discussion here.

The lattice vectors,a, b, andc, are measured by averaging over the
distances of the molecules at the crystal edges. For instance, from Figure
2, one measures thec lattice parameter by measuring the distance from
the molecule at the top left to the top right. This is done for each
molecule pair down the length of the chain. Therefore, for each
horizontal layer (as shown in Figure 2), one can collect 6 distances for
the 216 molecule system and 7 for the 343 molecule system. This
procedure is repeated for the second layer and so on until the bottom
layer is reached. The value for each lattice parameter is the average
over the entire system. Using the measurement method employed in
this study, differences, if any exist, in the local lattice parameters
through the transformation will aid in the determination of the nature
of the transformation. For example, in the case of a nucleation
mechanism, a change on one side of the crystal will give rise to large
nonuniformities in the local lattice parameter values, say, for the
horizontal layers in Figure 2.

Other OPs are tested, such as the lattice angles, local twisting along
the length of the supramolecular chains, supramolecular chain twisting
relative to other chains in the crystal, and the variation in the directions
of the supramolecular chains.

Aimless Shooting.The aimless shooting algorithm, described by
Peters and Trout20

, is applied to harvest an ensemble of independent
reactive trajectories. As with the transition path sampling method,28-31

aimless shooting requires (1) accurate definitions of the basins of
stability and (2) an initial trajectory that connects the stable basins.

Quantitative definitions of the basins are constructed on the basis
of the fluctuations of lattice parameters taken from equilibrated MD
trajectories kinetically trapped in the respective basins. All basin
definitions are taken as the average value of theb andc lattice vectors
plus or minus three standard deviations. Thea lattice parameter is not
included as it does not change significantly between the two forms.

For the 216 molecule system, trajectories initiated in the form I basin
are found to transform on the order of 1 ns either to form II or to an
intermediate basin “between” the two forms, as measured by the lattice
parameters. These trajectories are used for the selection of the initial
aimless shooting points. For the 343 molecule system, trajectories
initiated in the form I basin are not found to transform either to the
intermediate form or to the form II polymorph on the order of several
ns. Therefore, MD umbrella sampling is applied following the method
of Kottalam and Case51 to obtain a set of configurations connecting
the stable basins. The ratio of theb to c lattice vectors is selected as
the OP to sample from the form I basin (b/c ) 1.5-1.7) to the form
II basin (b/c ) 1.0-1.1). A harmonic umbrella potential with a spring
constant of 500 kcal/mol is applied with 8 windows along the OP,
starting with the form I polymorph. The sampling time for each window
is 1.05 ns starting from the endpoint of the previous window and
included 50 ps at the start of each new window prior to saving
configurations. As in the case of the 216 molecule system, the obtained
trajectory is used for the selection of the initial aimless shooting points.

Starting from the well characterized basins, the aimless shooting
method is applied. The algorithm contains only one adjustable param-
eter: time displacement,∆t, to shift along the initial trajectory to
generate the new shooting points. The time displacement is carefully
selected for optimal efficiency since, if∆t is chosen too high, the
algorithm will wander too far away from the transition-state region
leading to a low acceptance rate; if chosen too small, the aimless
shooting algorithm will search a smaller amount of shooting point
configuration space requiring more trajectories to obtain a good approx-
imation to the reaction coordinate. A time displacement of 1% of the
entire reactive trajectory length is found to be adequate to sample the
transition-state region, giving an acceptance rate in general between
40 and 60%.

Dynamic trajectories are collected in vacuum using the CHARMM
package45 at 300 K in the NVE ensemble. For a system this large,
temperature fluctuations in the NVE ensemble will be on the order of
1% (kinetic energy fluctuations are proportional to 1/root(N), whereN
) degrees of freedom) and will result in only a small perturbation from
the NVT ensemble. A time step of 1 fs is used with a cutoff for
nonbonded interactions of 14 Å. The aimless shooting algorithm
originally described in Peters and Trout is amended slightly for this
study. The selection of shooting points was originally from 3 points:
x-∆t, x0, x+∆t. We found selecting from two points,x-∆t, or x+∆t is
sufficient to sample the transition-state ensemble, and that is what we
did in this study.

Trajectories are initiated from points thought to be close to the
transition-state region based on the initial trajectories. In the interest
of efficiency, the trajectory length is set as short as possible. For both
the 216 and 343 molecule systems, a total length of 30 ps is sufficient
to maintain the level of inconclusive trajectories at or below 15%. A
time displacement,∆t, of 300 fs is selected to obtain the desired
acceptance rate. Approximately 4000 paths for the 216 molecule system
and 3500 paths for the 343 molecule system are collected.

Likelihood Maximization. As described in Peters and Trout,20 the
reaction coordinate,r, is modeled as a linear combination of candidate
OPs, denoted asq, with R0 throughRm as adjustable coefficients:
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Figure 3. The rmsd as a function of the Lennard-Jones phenyl hydrogen
radius for Form I (black square) and Form II (red circle), calculated with
the Merz-Singh-Kollman48,49 partial atomic charge set.
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The reaction coordinate is related to the probability of being on a
transition path at some value of the reaction coordinate,r, through the
following model:20

As pointed out by Peters and Trout,20 this model function exhibits
a maximum atr equals zero, which corresponds to the transition state,
and decays to zero on either side of the peak. Maximizing the likelihood
function,

over all coefficients and all combinations of OPs determines the best
reaction coordinate according to the models of eqs 1 and 2. For the
best approximate reaction coordinate, the approximate transition-state
isosurface can be obtained by maximizingp(TP|r). This occurs atr )
0, so settingr(q) ) 0 defines the approximate transition-state isosurface.

Reaction Coordinate Validation. As mentioned in the Overview
section, one must determine if the reaction coordinate approximation
is correct. This can be done by approximating the probability of reaching
the reactant (pA) or product (pB) state from the predicted transition-
state region. This technique is typically referred to in the literature as
a committor probability analysis.28 One can construct a committor
distribution of pB values (referred to as apB histogram) by firing
randomly seeded trajectories from the predicted reaction coordinate
isosurface, given by settingr(q) ) 0 in eq 1.20,28

Constructing apB histogram requires many configurations from
which to shoot. The generation of these configurations is inspired by
the BOLAS method.52 Several random, aimless shooting points are
selected close to the predicted transition-state region, as defined by
r(q) ) 0 in eq 1. Very short trajectories are fired randomly from each
initial configuration and the endpoints are evaluated to determine if
they are within a narrow window on the transition-state isosurface. If
so, this configuration is accepted and becomes the next shooting point.
This process is repeated until an adequate number of configurations is
generated from which to shoot reactive trajectories to build apB

histogram. A collection of points atr(q) ) 0 is thus generated and
these points are used to perform the committor probability analysis.28

It should be noted that BOLAS samples the equilibrium distribution
of trajectories within an OP window regardless of the accuracy of the
putative reaction coordinate obtained from likelihood maximization.

To construct the histogram, trajectories are shot from each config-
uration with a length corresponding to half the length of a reactive
trajectory. The endpoints of the trajectories are evaluated and a
histogram is constructed of the probability of reaching basin B from
the predicted transition-state isosurface. The basin definitions for
constructing thepB histograms correspond to the same basin definitions
used for the reactant and product basins in the aimless shooting
simulations. An adequate approximation to the true reaction coordinate
will yield a histogram that is sharply peaked atpB ) 0.5.28 Additionally,
one can make a quantitative comparison of the histogram to the binomial
distribution, which will have a mean valueµ ) 0.50 with a standard
deviationσ ) 0.11.

The trajectories for the generation of new configurations are 100 fs
long and the endpoint window width atr ) 0 is constrained within a
range of(1% of the total configuration space sampled, as measured
by ∆r. For each histogram assembled in this study, approximately 250
shooting points are collected. From each configuration collected, 20

trajectories are shot, corresponding to approximately 5000 trajectories
for each histogram. The trajectory length for calculatingpB values is
15 ps, which is half the length of the reactive trajectories in the aimless
shooting simulations, again resulting in a low rate of inconclusive paths.

Results

Initial Trajectories. As mentioned previously, for the 216
molecule system, trajectories initiated in the form I basin
transform on the order of 1 ns either to form II or to an
intermediate basin as measured by the lattice parameters. Figure
4 shows the average lattice parameters for a trajectory of each
type: one of which becomes kinetically trapped in the inter-
mediate basin (Figure 4a) and one of which does not (Figure
4b). For reference, the average lattice parameters for a repre-
sentative trajectory initiated in the form II basin are also shown
in Figure 4. Snapshots at germane points during these trajectories
are shown in Figures 5 and 6, respectively. As seen in Figures
4b (for the lattice parameters) and 6 (for the molecular
configurations), excellent agreement is found between the end
state of the unbiased trajectory and the form II crystal structure.
The second and third snapshots of the kinetically trapped
trajectory, shown in Figure 5, exhibit characteristics of the form
I and form II crystal as most clearly seen in thea-axis view.
The top left corner of the crystal is the location in which
nucleation occurs and the bottom right corner retains the form
I orientation. The second snapshot (at 0.60 ns) in Figure 6 also
displays this type of interface between the polymorphs, but
quickly transforms completely to the form II polymorph.

To confirm the behavior seen in the initial trajectories as
illustrated by Figures 4-6, MD umbrella sampling is applied
to the transformation in the 216 molecule system. Theb lattice
parameter is selected as the OP over which to sample. Figure 7
shows the potential of mean force (PMF) curve for this
simulation. The free energy exhibits both a barrier to nucleation
and a barrier to growth, each approximately 4-5 kcal/mol, as
explained below.

As discussed in the Methodology section, MD umbrella
sampling is used to obtain initial configurations for the
transformation in the 343 molecule system. Figure 8 shows the
results for the potential of mean force (PMF). The PMF curve
confirms the behavior observed in the 216 molecule system with
a metastable intermediate between the two polymorphs. The
free energy barrier to nucleation is approximately 12-13 kcal/
mol and the barrier to growth is approximately 3 kcal/mol.
Figure 9 displays several snapshots of the system along theb/c
coordinate. Similar behavior is seen in the larger system: a
nucleation event occurs at a corner, an interface is formed
between sections that are characteristic of either polymorph,
and finally a growth phase occurs to complete the transforma-
tion. An examination of the final state obtained from MD
umbrella sampling exhibits excellent agreement with the form
II polymorph, as shown in the last snapshot in Figure 9.

Aimless Shooting. As previously stated, aimless shooting
requires accurate definitions of the basins of stability, or the
reactant and product. It should be noted that stable intermediates
along a proposed reaction coordinate can give rise to a large
amount of inconclusive trajectories,20 that is, trajectories that
reach neither basin in the prespecified trajectory length. In the
case of TPA, the harvesting of initial trajectories between the
basins confirms the existence of a metastable intermediate for
both system sizes studied. From an examination of the con-(52) Radhakrishnan, R.; Schlick, T.J. Chem. Phys.2004, 121, 2436-2444.
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figurations corresponding to the intermediate form, character-
istics of both crystal forms appear. Visualization of the
trajectories, as shown in Figures 5, 6, and 9, reveals that a

nucleation event occurs along the edge of the crystal. Trajec-
tories that become kinetically trapped in the intermediate basin
are those in which the nucleation event is not directly followed

Figure 4. Crystal lattice parameters along a 2 nstrajectory for forms I and II of the 216 molecule system. (a) The change in the lattice parameters at
approximately 1.0 ns corresponds to the unbiased nucleation event along the edge of the TPA crystal. The growth phase, however, is not seen in this
trajectory as the system becomes kinetically trapped between the nucleation and growth events. (b) The change in the lattice parameters at approximately
0.6 ns corresponds to the unbiased form I to form II polymorph transformation. Excellent agreement is seen between the original form II crystal and the
lattice vectors after 0.6 ns for the form I trajectory.

Figure 5. Snapshots from theb-axis anda-axis view along the initial trajectory for the 216 molecule system. These configurations correspond to the lattice
parameters shown in Figure 4a, which becomes kinetically trapped after the nucleation event. From top to bottom, the configurations are taken at 0.17ns
(pretransformation), 0.96 ns (during nucleation), and 1.8 ns (postnucleation, when the crystal is kinetically trapped). Note that the nucleation event takes
place at the top left corner (as seen from thea-axis view) and the molecules in the bottom right corner (again, on thea-axis view) retain their original
orientation characteristic of form I.
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by propagation throughout the remainder of the crystal, but
rather those in which there exists an interface between the two
forms. Since the primary interest for this study is to determine
the mechanism for nucleation, the intermediate basin is treated
as the “product” state. Aimless shooting is therefore conducted
between the form I basin and the intermediate state, with the
form II basin lumped into the intermediate state. The selected
aimless shooting points from the initial trajectories are those
that are at a configuration with ab/c axis ratio of approximately
1.4. This value corresponds to the first peak in the free energy
barrier from the umbrella sampling simulations, which is most

likely near the transition-state region (in 1 dimension only) for
the nucleation event.

Likelihood Maximization. Over 100 OPs are screened to
determine the best fit to the reaction coordinate. As mentioned
previously, the reaction coordinate is approximated using eq 1.
The likelihood maximization results for the 216 and 343 mole-
cule systems are summarized in Table 2 for a 1-dimensional
model.

From Table 2, one can see that the averageb lattice vector
is the most important parameter in the reaction coordinate
approximation for the 216 molecule system. For the larger

Figure 6. Snapshots from theb-axis anda-axis views along the initial trajectory for the 216 molecule system. These configurations correspond to the lattice
parameters shown in Figure 4b, which undergoes both nucleation and growth. From top to bottom, the configurations are taken at 0.17 ns (pretransformation),
0.60 ns (at the onset of nucleation and growth), and at 1.8 ns (in the form II basin). Note that the nucleation event takes place at the top left corner (as seen
from thea-axis view) and propagates to the bottom right corner (again, on thea-axis view).

Figure 7. Potential of mean force for the 216 molecule TPA system
calculated from 8 windows of MD umbrella sampling along theb lattice
parameter.

Figure 8. Potential of mean force for the 343 molecule TPA system
calculated from 8 windows of MD umbrella sampling along theb/c axis
ratio.
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system size studied, however, the ratio of the relevant lattice
vectors receives the highest likelihood score. It should be noted
that the two average lattice vectors,b andc, and theb/c ratio
are the best three single variable approximations to the reaction
coordinate for both system sizes.

Reaction Coordinate Validation. For the 216 molecule
system, a histogram is constructed from the predicted transition-
state region for 1 OP:bq ) 30.195 ( 0.014 Å, which
corresponds to apB window centered at 0.5 with a total width
of 0.01. Figure 10a shows thepB histogram for this system.

This histogram indicates that theb lattice parameter is a good
approximation of the reaction coordinate. However, since the
histogram is peaked at 0.629, the system is more likely to go
to the product basin at this value ofbq denoting an error in the
prediction of the transition-state isosurface, possibly arising from
an inadequate amount of statistics. The value forbq is therefore
shifted to 30.400 Å to generate a second histogram with an
equivalent number of trajectories, shown in Figure 10b. This
histogram is sharply peaked nearpB ) 0.5, which denotes that
it is a good approximation to the reaction coordinate and that

Figure 9. Snapshots from theb-axis anda-axis views along the initial trajectory for the 343 molecule system obtained from MD umbrella sampling. These
configurations correspond to the PMF curve shown in Figure 8. From top to bottom, the configurations are taken atb/c ) 1.60 (pretransformation),b/c )
1.40 (at the onset of nucleation),b/c ) 1.40 (as nucleation is occurring at the peak of the PMF curve),b/c ) 1.20 (as growth is occurring), and atb/c )
1.00 (in the form II basin). Note that the nucleation event takes place at the top left corner (as seen from thec-axis view) and propagates to the bottom right
corner (again, on thec-axis view).
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the value of the transition-state isosurface is correct, as desired.
The mean value for this histogram isµ ) 0.490 with a standard
deviationσ ) 0.144.

For the 343 molecule system, a histogram is also constructed
from the 1-dimensional reaction coordinate approximation:b/cq

) 1.4327( 0.0006, as shown in Figure 11. This histogram is
broader than the histogram compiled for the smaller system,
but nonetheless is peaked atpB ) 0.5, indicating that the

1-dimensional model is qualitatively a valid approximation to
the reaction coordinate for this system size. The mean value
for this histogram isµ ) 0.520 with a standard deviationσ )
0.208.

Discussion

The unbiased trajectory, as shown in Figures 4b and 6,
simulated with the adapted force field, connects forms I and II
for the 216 molecule system with excellent agreement in the
lattice parameters. The trajectory that becomes kinetically
trapped, as highlighted in Figures 4a and 5 however, offers the
desired snapshot solely of the edgewise nucleation event in the
TPA crystal. The fluctuations in the chains at the edge of the
crystal, which have the greatest freedom to move, drive the
nucleation event for both system sizes studied. This behavior
is verified with thepB histograms shown in Figures 10 and 11
for both system sizes studied. The second histogram for the
216 molecule system, shown in Figure 10b, is constructed on
the basis of shifting the value of the transition-state isosurface
from the original value of 30.195 Å, predicted by likelihood
maximization. The inaccuracy in the predicted value may arise
from an inadequate number of trajectories sampled with aimless
shooting.

It should be noted that all the trajectories from aimless
shooting exhibit a similar transformation mechanism along the
same crystal edge, which indicates that the ensemble of trajec-
tories is seemingly equilibrated. In a related matter, as the
crystals are symmetric, there is an equivalent crystal edge along
which nucleation may occur. However, it was observed from
the aimless shooting trials that nucleation only occurs on the
edge where nucleation occurred in the initial trajectory. There-
fore, the mechanisms, which are most likely identical, are
seemingly separated by severalkT, making nucleation on the
opposite crystal edge not accessible during aimless shooting.

In the Methodology section it is shown how the OP for the
lattice parameters is condensed into a single, average lattice
parameter. Although the reaction coordinate is captured with
the single, average lattice parameter (or the ratio of the average
lattice parameters), in the case of a nucleation mechanism,
nonuniformity should be apparent in the local lattice parameters
measured on each supramolecular synthon layer. For example,
Figure 12 shows this behavior for thec lattice vector for the

Table 2. Likelihood Maximization Results for 4000 Aimless
Shooting Paths for the 216 Molecule TPA System and 3500
Aimless Shooting Paths for the 343 Molecule TPA Systema

system
size OPs p0 R0 R1

transition-state
isosurface

(r ) 0)

216 b 0.57 -0.99 2.06 bq ) 30.195 Å
343 b/c 0.73 -1.43 2.83 b/cq ) 1.433

a The p(TP|r) model given in eq 2 is used to calculate the likelihood
function as shown in eq 3. The corresponding models for the 1-dimensional
reaction coordinate approximations are shown for both systems. The OPs
in the expression forr are provided on a normalized basis such thatqi ∈
[0, 1].

Figure 10. (a) Committor probability histogram for 216 molecule system
with bq ) 30.195 Å, as predicted from thep(TP|r) model with a 1-D reaction
coordinate model:µh ) 0.629, σh ) 0.182. (b) Committor probability
histogram for 216 molecule system withbq ) 30.400 Å: µh ) 0.490,σh )
0.144.

Figure 11. Committor probability histogram for 343 molecule system with
b/cq ) 1.4333, as predicted from thep(TP|r) model with a 1-D reaction
coordinate model:µh ) 0.520,σh ) 0.208.

Figure 12. Change in the localc lattice parameter for each layer in the
polymorph transformation of TPA. The differences in the local OP denote
that there is a localized event occurring during the transition, namely
edgewise nucleation. This corresponds to the transformation seen in Figure
4b, in which both the nucleation and growth events occur. The inset shows
the local lattice parameter measurements from layer 1 to layer 6 along the
crystal.
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216 molecule system. Figure 12 corresponds to the trajectory
that undergoes the full polymorph transformation as shown in
Figures 5 and 7. The outside layers (1 and 6) exhibit significant
nonuniformity as do the next two layers (2 and 5), but to a
lesser extent. This provides quantitative evidence that the
mechanism in the TPA system is nucleation and growth. It
should be noted that if the crystal were significantly larger, a
single, average lattice parameter that spans the entire crystal
may not be the best approximation to the reaction coordinate.
This is because the nucleation, even as seen in these system
sizes, is a localized event in that it occurs along a specific edge
of the crystal. Because of the sizes used in this study, the single
lattice parameter is still able to capture the local changes on a
single edge. However, the aimless shooting and likelihood
maximization technique can be applied to study the polymorph
transformations for any system size using any OP, as desired
and deemed computationally feasible.

The shape of the nucleus, formed by synthons along the edge
of the crystal for the TPA system, is starkly different from the
nucleus that behaves as a mean field as given by classical
nucleation theory.53 This prediction of elongated nuclei is
qualitatively reasonable as the hydrogen bonds formed in the
direction of the supramolecular synthons are much stronger than
the van der Waals interactions in the other two directions.

Comparison of Figures 7 and 8 reveals that the free energy
barrier depends on the length of the supramolecular synthon.
The 12-13 kcal/mol free energy barrier in the 343 molecule
system is an inaccessible barrier to surmount in a direct MD
simulation, as is demonstrated. The free energy barrier for this
type of nucleation mechanism is expected to scale for a perfect
crystal as the transformation for the 2 system sizes studied
requires the deformation of the entire edge of the crystal. If it
were computationally feasible to simulate much larger TPA
crystals at present, such that the surface area to volume ratio
more closely matches the experimental value, there will most
likely be a synthon length at which the hydrogen bonds would
be broken during the nucleation event. However, if this edgewise
nucleation occurs along a very long supramolecular chain and
the barrier to the growth process remains small (order of a few
kcal/mol, as seen in both Figures 7 and 8), the growth process
would result in a large, sudden energy change, which can explain
the “jumping” behavior seen in the experiments conducted by
Davey et al.23 An order of magnitude analysis from the present
simulations is possible to bolster this hypothesis. For example,
in the 216 molecule system, the major lattice parameter
expansion occurs over 0.5 nm in approximately 30 ps, which
corresponds to a transformation velocity of approximately 8 m/s.
The total possible kinetic energy for this system is therefore on
the order of 0.3 kcal/mol. As shown in Figure 7, the free energy
barrier is on the order of 4-5 kcal/mol, which is greater than
the estimated kinetic energy, so if only a small fraction of the
energy is released as kinetic energy, the jumping should be
observed. This order of magnitude estimate illustrates that the
nucleation mechanism along the predicted crystal edge with fast
growth kinetics is sufficient to explain the observed jumping
behavior of the crystal.

It is also evident from both trajectories that an interface forms
between the two polymorphs during the nucleation event. This
observation reaffirms that this transformation initiates via
localized, surface-mediated nucleation. As previously mentioned,

however, a distinct interface is not observed in the crystal during
the phase transition as reported by Davey et al.,23 even though
the simulations at this small scale clearly show a phase
boundary. This absence of a visible boundary between the two
polymorphs forms as reported by Davey et al.23,24 could be
explained by the extremely fast growth process, which is not
directly treated in this study. A plausible explanation for the
disparity between experiment and simulation is most likely that
this is a nucleation controlled process and the growth phase
follows the nucleation rapidly as confirmed by the free energy
barriers measured in this work.

Summary and Conclusions

In this study, the initiation event leading to the transformation
in the solid-state polymorph transformation of terephthalic acid
is shown to be nucleation. Specifically, the polymorph trans-
formation from form I to form II proceeds via a surface-mediated
nucleation mechanism owing to the freedom of movement of
the supramolecular chains on the surface. This mechanism is
confirmed for two system sizes: a 216 molecule system and a
343 molecule system.

The technique of likelihood maximization shows that the
average lattice parameters can be used to approximate the
reaction coordinate. This is qualitatively verified with committor
probability analyses. A trace of the localized lattice parameters
on each layer of the crystal along the transformation shows
significant nonuniformity, again, providing evidence for a
nucleation mechanism. Also, the free energy barrier is observed
to scale with the length of the edge of the crystal on which
nucleation occurs. It is proposed that in a nucleation-controlled
event, that this mechanism could still exhibit the “jumping”
behavior observed by Davey et al.23

To our knowledge, this study represents the first successful
mechanistic investigation of solid-state polymorph transforma-
tions in molecular crystals, leading to an enhanced understanding
of nucleation processes in complex systems at the molecular
level.54 Furthermore, the methods employed in this study allow
the unbiased distinction between transformation mechanisms in
molecular systems. This study also illustrates the applicability
of aimless shooting and likelihood maximization to efficiently
and systematically hone in on the most important collective
variables needed to approximate the reaction coordinate.
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