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ABSTRACT: The transformation of a pharmaceutical solid from an anhydrous crystal into a hydrated form during drug
development represents a risk to a product’s safety and efficacy due to the potential impact on stability, bioavailability, and
manufacturability. In this work, we examine 10 classical free energy simulation protocols to evaluate the thermodynamic stability of
hydrated crystals relative to their anhydrous forms. Molecular dynamics simulations are used to compute the Gibbs free energies of
the crystals of three pharmaceutically relevant systems using two fixed-charge potentials, GAFF and OPLS, as well as the polarizable
AMOEBA model. In addition, we explore a variety of water models, including TIP3P, TIP4P, and AMOEBA, for both the interstitial
water and the effects of ambient humidity. The AMOEBA model predicts free energy values most consistent with experimental
measurements among the models examined. The benefits of a fully polarizable water model relative to fixed-charged models appear
to derive predominantly from a better treatment of water’s dipole moment in the crystalline phase. Despite this improved physical
treatment, we find that no single model produces reliable predictions of the phase boundary between hydrated and anhydrous
crystals from theory alone. However, we show that accurate phase diagrams can be constructed from the simulations by introducing
a single experimentally determined coexistence point. With this single experimental data point as input, the phase boundary is
correctly predicted within 10% relative humidity on the temperature range of 15 to 75 °C for all three systems examined.
Furthermore, we demonstrate that with this known coexistence point as an input, the differences between the various potentials and
the water models become insignificant, as all models yield accurate phase boundaries regardless of whether polarization is included
due to significant temperature-dependent error cancellation between models.

■ INTRODUCTION

A key milestone in the drug development pipeline is the solid
form selection of the Active Pharmaceutical Ingredient (API)
for preclinical, clinical, and commercial development. Appro-
priately selecting the optimal form for development is of
paramount importance because of its link to bioperformance,
stability, and manufacturability, among other key proper-
ties.1−8 Ideally, a thermodynamically stable solid form is
chosen so that it will not undergo a spontaneous form change
during manufacture, storage, and dosing. However, this is not
always possible, particularly when there is a thermodynamic
phase boundary close to ambient conditions.

Research into polymorphism and other solid form changes
increased significantly in the mid-1990s following the high-
profile late-stage polymorphic transition and subsequent recall
of ritonavir.9,10 However, despite this increased focus, a
number of notable unintended form changes have subse-
quently occurred both before and after commercializa-
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tion.11−16 These unintended form changes are a natural
consequence of the challenges in experimentally enumerating,
isolating, and rigorously evaluating the stability of all possible
crystal structures of a given API, especially if solid-state
transformation kinetics are slow. Appropriately formulated
computational approaches for crystal structure enumeration do
not suffer from these kinetic limitations and can act alongside
experimental techniques to aid in solid form selection. As a
result, physics-based computational models are regularly
applied by the pharmaceutical industry.17−19

One of the most prominent development opportunities for
computational crystallographic modeling efforts is the
inclusion of the effects of temperature and chemical potential
(i.e., humidity) on solid form stability. In the pharmaceutical
industry, a drug product can experience a wide range of
environmental conditions over the course of manufacturing,
transportation, and storage that can lead to unintended
physical and chemical changes to the drug substance. Thus,
accurate predictions of solid form phase diagrams as a function
of thermodynamic quantities such as temperature and
humidity are of immediate practical importance.
A significant amount of recent effort has focused on

incorporating the effects of temperature into solid form
stability, first to predict the melting point of anhydrous
solids20−25 and later extended to predict the enantiotropic
transition between two forms.19,26−47 Comparably fewer
molecular model development efforts have focused on
predicting the transition between a hydrate and an anhydrous
crystal form.48−56 This is despite the fact that transitions
between an anhydrous and hydrated form are especially
alarming in the context of drug product development, as they
can decrease aqueous dissolution and solubility by over an
order of magnitude1 and in some cases lead to clinical failures
and commercial drug product lot recalls.7,57−59 In addition to
the added risk factors of a change in hydration state, the
thermodynamic phase boundaries between hydrates and
anhydrous forms are also notoriously difficult to accurately
determine experimentally.60 These difficulties in characterizing
anhydrous−hydrate transitions, combined with the relatively
high risk associated with unintended transitions, make this an
ideal application for predictive modeling.7,57,61

Anhydrous−hydrate transitions between molecular crystals
have been previously modeled using a quantum quasi-
harmonic approximation (QHA).53,62,63 In these investiga-
tions, the authors found that with first-principles-based
molecular modeling, the transition temperature of hydrated
and anhydrous metal oxides could be predicted to within 20
°C of the experimental values in all three systems
examined.53,62,63

In crystals of pharmaceutically relevant small molecules, the
(quasi-)harmonic approximation can break down for numer-
ous reasons. First, the low-frequency vibrations in organic
small molecule crystals often come from weak intermolecular
forces such as dispersion or hydrogen bonding, which are
highly anharmonic. These anharmonic vibrations result in
nonlinear temperature-dependent free energies, particularly for
larger flexible molecules.19,27,36,47 The low-frequency modes
also can come from torsional rotations, which make explicit
sampling of the conformational space especially important.
Pharmaceutical small molecules also frequently crystallize into
solid forms with dynamic disorder, which has been previously
shown to cause deviations in the predicted chemical potentials
computed with the harmonic approximation.36 Finally, in the

case of hydrates, lattice water molecules undergo librational
motions (i.e., hindered translations and rotations) that are
fundamentally anharmonic in nature.64−68 For example, in the
extreme case of a channel hydrate, the water molecules have
translational freedom in at least one direction, making
decomposition of the motion into a set of harmonic vibrational
modes impossible.
In principle, molecular dynamics (MD) simulations can

overcome these difficulties by sampling phase space, capturing
both the harmonic and the anharmonic motions that
contribute to the overall stability. Therefore, in this work, we
explore the efficacy of using MD-based approaches to explore
the thermodynamics of anhydrous−hydrate transitions as a
function of ambient temperature and relative humidity. To the
best of our knowledge, no molecular-dynamics-based free
energy approaches incorporating both temperature and relative
humidity have been applied to predict anhydrous−hydrate
transitions in crystals of pharmaceutically relevant molecules.
For the reasons stated above, modeling hydrates with MD

presents some unique challenges relative to modeling
anhydrous structures. First, when modeling any organic crystal
with molecular dynamics, it is important to select a suitable
potential (i.e., force field) to represent the inter- and
intramolecular interactions of the organic compound of
interest. Often, bespoke point-charge potentials developed
from experimental and/or quantum mechanical data are used
in this area.17,19,69 More expensive multipole70−73 or polar-
izable72,74,75 models are also regularly used. However,
generalized point-charge models are more convenient,
especially if there is appropriate error cancellation.30,31,36

While the effect of applying more physically rigorous force
fields on anhydrous polymorphs has been explored pre-
viously,76 their efficacy in modeling hydrated crystals remains
an open question.
When modeling hydrates, there are additional consider-

ations, specifically the appropriate treatment of water
molecules within the hydrated crystal. TIP3P77 is a popular
water model used for a variety of solution-phase chemical and
biological systems. However, the TIP3P water model has the
well-known limitation of having isotropic point-charges, which
may not be suitable for modeling anisotropic systems with
long-range order, such as periodic crystals. More sophisticated
models, such as TIP4P or TIP5P,77 incorporate off-site
charges, which could potentially provide additional physical
accuracy when modeling organic crystals containing water.
However, any point-charge model inherently neglects electro-
static polarization, which may be a significant source of error
when modeling the anisotropic environment of organic
crystals. Finally, and perhaps most importantly, many
commonly used water models, such as TIP3P, are explicitly
parameterized to reproduce bulk aqueous phase properties, a
molecular environment that is fundamentally dissimilar to the
small molecule organic crystals under consideration in this
study. Therefore, we also explore models that account for
polarization effects, specifically AMOEBA.74,75,78−85

A final consideration when modeling the transition from a
hydrate to an anhydrous form is how to represent the humid
background environment. When considering the anhydrous
crystal, the excess water molecules appear in the form of a
thermodynamic reservoir of water with a corresponding
reference chemical potential. An illustration of this stoichio-
metric balance and the water reservoir is shown in Figure 1.
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There are multiple ways to simulate 100% ambient relative
humidity within the context of a molecular mechanics model,
and we consider two in the present study. The first approach
involves simulating a box of liquid water. The chemical
potential of water in the liquid box can be determined
numerically using standard solvation free energy perturbation
protocols at each temperature of interest.86−88 An alternate
approach is to analytically compute the chemical potential of a
gas-phase water molecule at the vapor pressure corresponding
to each temperature of interest.53 The saturated vapor pressure
of water can be taken from empirical steam tables or from
approximations such as the Antoine equation. In both the
liquid and vaporous reference states, the effect on the chemical
potential of shifting to a specific relative humidity is added
analytically.50,89,90 The competing approaches of vaporous and
liquid phase reservoirs are illustrated in Figure 1.
If the modeled vapor and liquid phase reservoirs were both

perfect representations of real saturated water, then their
chemical potentials would also be equal to each other, in
accordance with the zeroth law of thermodynamics, and thus,
there would be no difference in the model between these two
representations. In practice, the in silico boiling point of water
varies between the different approximate water models, as we
discuss later, and none perfectly match the experimental value
due to the simplifications inherent in the model para-
metrization. The consequence of this discrepancy is that the
vapor pressure returned by the Antoine equation does not
actually correspond with the (T,P) state at which the vaporous
and liquid phases are in thermodynamic equilibrium in a
specif ic water model.
Using an empirical value for the saturated vapor pressure

would initially appear to provide more accuracy and circum-
vent the limitations of the water model in capturing the boiling
point. However, the approximate water model is still needed to
treat the interstitial waters in the simulation of the hydrate
regardless of the representation of the saturated water.
Therefore, it is more theoretically rigorous to use the explicit
simulation of the liquid box with the same approximate water
model as this maximizes the self-consistency across phases and
benefits from the most cancellation of errors.

Nevertheless, the analytical vapor approach with the Antoine
equation has the advantage that it does not require any
molecular simulations. Therefore, this approach should be
thought of as a traditional ″engineering approximation″ that
attempts to capture the central essence of a chemical system at
a significantly reduced computational complexity. The impact
of this simplified approximation on computed anhydrous−
hydrate relative stability is demonstrated as part of this work.
Ultimately, the above considerations lead to a large

combinatorial ″model-space″ of anhydrous−hydrate transi-
tions with molecular mechanics that spans three dimensions:
API potential, water model, and reference water representa-
tion. In this work, we present a systematic comparison of these
10 modeling approaches (enumerated in Supporting Informa-
tion Table S3b) on real anhydrous−hydrate transitions, and we
seek to answer whether any choice yields a notably superior
prediction when compared with measured experimental
observables.
For the API potential, we explore two common point-charge

models: OPLS and GAFF, as well as the polarizable AMOEBA
model. For the lattice water in the hydrates, we use the TIP3P
point-charge model, the off-site point-charge TIP4Pew
model,91 and the polarizable AMOEBA water model. Finally,
for the humidity model, we employ both the numerical/liquid
chemical potential and the vaporous/empirical chemical
potential approaches described above.
The specific questions that we seek to answer in this study

are as follows:

1. How sensitive are computed transition enthalpy,
entropy, and free energy estimates to the choice of
API potential and interstitial water model?

2. How well does a box of liquid water with the various
water models mimic the chemical potential of an
analytical vapor water at empirically tabulated vapor
pressures?

3. Does any combination of models give good enough
agreement to be practically useful for modeling the
experimental phase transition of pharmaceutical hy-
drates?

To answer the above questions, we generate the temper-
ature-dependent Gibbs free energy curves for anhydrous and
hydrate crystals of three pharmaceutically relevant small
molecule systems and compare them at different relative
humidities. We then use these values to compute the following
observables: transition temperature, critical water activity,
enthalpy, entropy, and free energy of dehydration. The small
molecule systems examined in this work include two rigid
molecules: carbamazepine and theophylline, as well as
gandotinib, which contains multiple rotatable bonds (Figure
2). These systems were chosen because they all have

Figure 1. An illustration of the thermodynamic equilibrium between a
hydrated and an anhydrous crystal, including the effect of humidity.
Under humid conditions, the hydrated form is more favorable, while
under arid conditions, the anhydrous form is more favorable. To
balance the stoichiometry of the crystalline water in the hydrated
form, a water ″reservoir″ must be included on the same side of the
equation as the anhydrous crystal. These additional water molecules
can be represented either as liquid or vaporous water. Modeling these
two distinct water phases leads to two slightly different chemical
potentials in practice, and the effect of this difference is one of the
main focuses of this work.

Figure 2. The chemical structures of the three compounds examined
in this work.
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pharmaceutical relevance, the hydrates span multiple water
stoichiometries ranging from 1:1 to 4:1, and they are well
studied systems with a significant amount of published
experimental data.50,60,92−94 In all cases, we compare the
computed thermodynamic quantities to their experimentally
measured counterparts.
In addition to modeling the anhydrous−hydrate transitions

in these systems, we also evaluate the efficacy of the same
potentials to estimate the thermodynamics of enantiotropic
polymorph−polymorph transitions, as well as the conversion
from the crystal into the melted liquid state. Improvements in
the computed anhydrous−hydrate transitions with polarizable
potentials could come from either an improved treatment of
the API molecules or the water molecules in either the
interstitial or liquid state. The anhydrous−anhydrous and
solid−liquid transitions in these systems are a useful control,
allowing us to probe the effect of polarizable force fields on the
API molecules separately from the effect on the water
molecules.
Finally, in industrial modeling settings, it is common to

construct a model that combines both theoretical and
experimental data rather than relying on theory alone. Indeed,
preliminary experimental data are often available prior to
model building, and thus there is no additional cost to include
them. These hybrid models are typically used to interpolate or
even extrapolate from known conditions to other conditions,
where experimental measurements have not been conducted,
due to resource limitations.95 Therefore, we also explore the
applicability of combining the purely theoretical free energies

from molecular simulation with limited experimental data to
construct temperature−humidity phase diagrams over the
entire temperature range of interest.
In the following section, we provide a detailed explanation of

the method for computing the free energy of hydrated and
anhydrous crystals with molecular dynamics, including a review
of previous work and derivations of the underlying theory from
first principles. In the subsequent section, we present the
computed free energies of the hydrated and anhydrous crystals
of the three systems in this work, contrasting the computed
results among the various potentials and comparing them to
experimental measurements. Finally, we present a hybrid
approach that ″anchors″ the molecular simulation results using
a single experimental data point that produces highly accurate
phase diagrams. We then discuss the potential applications for
this technology and how it can support future drug product
development efforts.

■ METHODS
In this work, we compute Gibbs free energy values of all systems using
the Einstein crystal method (ECM) with atomistic molecular
dynamics simulations (Figures 3 and 4). The fundamentals of the
ECM methodology have been described in detail previ-
ously.32−34,40,96−99 The evaluation of hydrate stabilities relative to
anhydrous forms in this work requires several modifications to the
original ECM, most notably to account for a difference in
stoichiometry between the forms being compared. In addition, the
molecules in this work are treated as fully flexible, rather than the
more traditional rigid molecule treatment, to account for the
important role of conformational sampling to the crystal stability,

Figure 3. The Einstein crystal method (ECM) for computing the free energy of a molecule in a vacuum relative to the ideal Einstein crystal state.
On the left, a molecule of carbamazepine is shown in the vacuum state. On the right, the Einstein crystal state is shown where all atoms have been
restrained and all interatomic interactions have been removed. The ideal Einstein crystal state is a convenient reference state for crystalline phases
because the physical state can be connected to the reference state without passing through a first-order phase transition.

Figure 4. The Einstein crystal method (ECM) uses the above thermodynamic cycle to compute the relative free energy between two polymorphs.
With the ECM, the two structures both begin in an ideal Einstein crystal state, where all inter- and intramolecular interactions are removed and all
atoms are harmonically restrained. In the next step, the interactions in the crystal are gradually reintroduced followed by restraint removal. Finally,
the pressure−volume terms of each structure are added, yielding the Gibbs free energy difference between the structures.
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particularly for the dynamically disordered gandotinib crystals. Finally,
the humidity effects are treated using both a liquid and vapor phase
model, which ultimately involves connecting solid, liquid, and vapor
phase systems through the same ECM protocol. Previously, the fully
flexible ECM was used to compare anhydrous polymorphs,19,36,76 as
well as to compare solid and liquid phases.99,100 However, to the best
of our knowledge, this is the first study to apply the fully flexible ECM
to organic small molecule crystals of different stoichiometry, as well as
the first study connecting solid, liquid, and vapor phase systems.

Because of the significant technical complexities enumerated above,
we provide a full review of the ECM methodology, noting the
additions here to account for different phases, flexible molecules,
crystals with disorder, and crystals of different stoichiometries.
Emphasis is placed on defining the analytical thermodynamic
reference state because the analytical free energy values between
crystals of different stoichiometry do not trivially cancel in contrast to
previous work, which focused solely on anhydrous polymorphs. In the
following sections, we provide a rigorous definition of the
thermodynamic reference state followed by a detailed description of
how systems of different phases and molecular compositions can be
connected to this reference state within the ECM framework. An
extended discussion of the foundational statistical mechanics
underlying this method can be found in the Supporting Information.
Ideal Frozen Particle Reference State. The ECM involves a

series of simulations where a physical system is converted into an ideal
reference state of noninteracting stationary particles corresponding to
zero free energy (G ≡ 0). While there are numerous possible
thermodynamic reference states that can be used in molecular
simulations, such as ″all elements in their standard state at 298 K and
1 atm″ (STP) or the Ben-Naim reference with all molecules in
solution at 1 M concentration,101 the ″ideal frozen particle″ is a
natural choice for crystalline systems, as we will discuss later in this
section. Because this reference state is less common, we will briefly
define it from statistical mechanics first principles. An extended
discussion of the statistical mechanics is also presented in the
Supporting Information and in Vega and Noya.33

Consider an arbitrary system containing a series of translationally
fixed ideal gas particles. A visual depiction of this frozen particle state
is shown in Figures 3 and 4. The total partition function for this
system consists of a product of partition functions corresponding to
the nuclear, electronic, vibrational, rotational, and translational
contributions:

=Q Q Q Q Q Qtot nuc elec vib rot trans (1)

For classical simulations, no nuclear effects are included in the
Hamiltonian (Qnuc = 1). For ideal, noninteracting particles in a
vacuum with fixed positions, eq 1 reduces to unity since Qnuc = Qelec =
Qvib = Qrot = Qtrans = 1. This leads naturally to the defined ″ideal
frozen particle″ reference state used within this work:

= =G k T Qln 0B tot (2)

From the above equation, we observe that this relation holds
regardless of thermodynamic state parameters such as temperature,
pressure, volume, and number of particles. We show later that this
robust independence of the reference state, particularly to temper-
ature and number of particles, is quite useful, as it enables
comparisons between different phases and different stoichiometries.

The objective of the Einstein crystal method is to construct a
smooth thermodynamic pathway connecting the physical system of
interest with the frozen particle reference state. In practice, molecular
dynamics or Monte Carlo (MC) simulations are used to numerically
estimate the free energy difference between the physical systems and
the Einstein crystal, where all particles are noninteracting and
restrained within a harmonic potential. From this ideal Einstein crystal
state, the conversion to the frozen particle reference state is an
analytical expression, and therefore, it is a convenient reference state
for the ECM. The analytical expression to compute the free energy of
the Einstein crystal relative to the frozen particle reference state is
provided later in eq 3 and derived in more detail in Supporting

Information Section 4. In the following section, we describe in general
terms how solid, liquid, and vacuum phase systems of arbitrary size
and chemical composition can be transformed into the ideal Einstein
crystal state using the ECM. In the Simulation Details section, specific
implementation details are given for constructing the thermodynamic
pathway via alchemical simulation in GROMACS.102

Einstein Crystal Method for Vacuum Phase Compounds. As
an illustrative example of the Einstein crystal method for converting a
physical system into the ideal Einstein crystal state, consider a single
carbamazepine molecule in a vacuum. The process to connect this
compound to the ideal Einstein crystal is shown in Figure 3. On the
left pane of Figure 3, the atoms in the molecule are fully connected
through the usual valence bond potentials, and the molecule can
rotate freely. On the right pane, harmonic restraints have been added
to all atoms in the molecule. In addition, all interatomic interactions
have been alchemically removed from the system, resulting in a set of
noninteracting particles in a 3D harmonic potential. These two
transformations are performed numerically using standard alchemical
free energy perturbation techniques.103−105 The final step, to compute
the free energy of the set of noninteracting harmonic oscillators
relative to the translationally frozen particle state, is computed
analytically. The Helmholtz free energy of a vacuum molecule is:

= + =

=

=

=

A A A A k T Q

A k T
m k T

k h

ln
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2
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1

2
B
2 2

2
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where ΔAmol is the free energy of the molecule; ΔAECM is the free
energy to convert to the physical molecule from the Einstein crystal
state, which is the negative of the free energy that comes from
applying harmonic restraints and decoupling physical interactions
from the vacuum molecule; ΔAEC is the free energy of the Einstein
crystal relative to the frozen particle reference state; mi, ki, and QEC, i
are, respectively, the mass, harmonic spring constant, and partition
function of particle i in the resulting Einstein crystal; and the
summation runs over all particles in the molecule i = 1 ... N except for
a single reference atom at index j that has the trivial value QEC, j = 1
for reasons that we describe in the following paragraph.

A subtle, yet important, factor to consider in the above system is
how to define the all-atom harmonic restraints. Specifically, the
equilibrium positions of the harmonic restraints must be defined using
internal coordinates, rather than absolute coordinates, since the
molecule is in a vacuum and there is, by definition, nothing else in the
system upon which to tether the molecule. In the Einstein crystal
method, the harmonic restraints are defined relative to a single
reference atom in the molecule. As an implementation detail, this
internal-coordinate-harmonic-restraint is accomplished by holding a
single reference atom translationally fixed throughout the duration of
the simulation, at which point the ″system coordinates″ (sometimes
referred to as the ″lab frame″) become indistinguishable from the
coordinates relative to the reference atom (the ″molecular frame″).
Because the reference atom is translationally fixed, this atom is often
referred to as the ″frozen atom″.34

Translationally constraining a single atom in the system is
equivalent to defining this atom as the ″origin″ of the Cartesian
coordinate system. In all vacuum and periodic systems, the three
degrees of freedom corresponding with translations of the entire
system in all three spatial dimensions are extraneous. Indeed, the full-
system translations relative to the origin are typically explicitly
removed from the simulation to produce more numerically stable
trajectories (see Supporting Information Section 5). Because of this
translational invariance, any particle (or collection of particles) can be
used to define the origin of the coordinate system without influencing
the underlying phase space. The most widely used choice of origin for
molecular simulations is the center of mass of the system. For various
reasons that have been discussed previously, a more natural
formulation of the Einstein crystal method involves using a single
atom in the system as the origin rather than the center of mass.33
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The distinction between using the center of mass as the origin or
using a single atom close to the center of mass as the origin may
appear negligible (and in the absence of atomic restraints, it is
negligible); however, in free energy perturbation simulations where
atoms are being harmonically restrained to the absolute system
coordinates (i.e., lab frame), the difference in the computed free
energy can become significant, particularly for small systems with only
a few particles.40,97,106 See Supporting Information Section 5 for an
extended discussion of this difference. It is important to reiterate here
that in any simulation where an atom is translationally fixed, the
translational center of mass motion should not be removed, as is
otherwise common practice. If the center of mass of the system is also
held fixed, the translational constraints on the reference atom would
violate the equipartition theorem and lead to spurious simulations.34

In this work, a single frozen atom is used as the origin for all
simulations rather than using the center of mass. For vacuum phase
simulations, the carbon atom closest to the center of mass is used. For
periodic crystals, the carbon atom closest to the center of mass of the
first molecule in the system is used. Ultimately, the choice of reference
atom is arbitrary, and in Supporting Information Section 5, we show
this equivalence by computing the free energy of gas phase
carbamazepine with three different frozen reference atoms with the
results being statistically indistinguishable.
Einstein Crystal Method for Periodic Systems. The Einstein

crystal method to convert a periodic crystal or liquid phase into an
Einstein crystal follows a similar process to the one described above
for vacuum phase compounds. Figure 4 depicts this process for two
forms of carbamazepine. First, atomic restraints are applied to atoms
in the crystal. Next, the physical intermolecular and intramolecular
interactions in the system are removed from all atoms within the
restrained crystal, leaving a set of ideal particles within 3D harmonic
potentials. Finally, the particles in the harmonic potentials are
converted to the frozen reference state, where all particles are
translationally fixed. As with the vacuum ECM, the first two
transformations are performed numerically using alchemical free
energy perturbation, and the final transformation, from the harmonic
potentials to the frozen reference state, is performed analytically.

The thermodynamic pathway, to convert the physical crystal into
the Einstein crystal, is split into multiple independent steps and
multiple lambda windows within each step (more details are provided
later in the Simulation Details section). Importantly, the application
of harmonic restraints to all the atoms in the crystal is broken into two
steps, with some atoms being restrained before the decoupling of
nonbonded interactions and the other atoms being restrained after
nonbonded interactions have been removed. This two-step restraint
process is done so that hydrogens, disordered atoms, and symmetry-
related atoms can sample all equivalent positions before being
restrained. The initial restraints are applied on nondisordered heavy
atoms and act as the order parameters defining the polymorph.
Restraining the crystal atoms relative to these order parameters
prevents a first-order phase transition into a fluid phase during the
decoupling of intermolecular interactions. One can, in principle,
choose to apply biasing restraints on any number of alternative order
parameters, such as center-of-mass or orientation distribution
functions.107,108 Ultimately, the different simulations with varying
restraint schemes should converge to the same free energy estimate
given a sufficient sampling time. The efficiency of different order
parameter choices with respect to the convergence of the free energy
estimate is outside the scope of the present study. The intermolecular
interactions are removed from the partially restrained crystal, which
allow the remaining unrestrained atoms to sample all equivalent
positions that may have been kinetically hindered in the physical
crystal. Finally, the remaining hydrogen and disordered heavy atoms
are restrained. The effect on the free energy of neglecting this restraint
partitioning for disordered/symmetrical atoms is discussed in more
detail and demonstrated numerically for the disordered chlorofluor-
ophenyl ring of gandotinib in Supporting Information Section 6.

Finally, another type of system considered within this work, using
the ECM formalism, is isotropic liquids. It has been noted previously
that it can be challenging to directly convert a liquid into an Einstein

crystal because the alchemical perturbation passes through a first-
order phase transition from the disordered liquid state to the ordered
solid.109,110 One approach to avoid this first-order phase transition is
to artificially strengthen the intermolecular interactions in the liquid
to arrive at a translationally ordered glassy state, which can then be
converted into the Einstein crystal.110

An alternative approach to avoid the first-order phase transition,
adopted here, is to weaken the intermolecular interactions to pass
through the ideal gas state on the way to the Einstein crystal.
Specifically, the intermolecular interactions in the liquid system are
removed without adding any harmonic restraints. After this
perturbation is complete, the molecules no longer interact and
move independently throughout the simulation box effectively as an
ideal gas. Next, the translational motion of a single atom in each
molecule is (analytically) removed from the system (see Supporting
Information Sections 4 and 5 for more details). Finally, the
noninteracting and translationally fixed molecules are converted into
the ideal Einstein crystal state. This final step to convert the
translationally fixed molecules to the Einstein crystal is computed
numerically through simulation. However, this thermodynamic
transformation is identical to the one performed on a vacuum
compound. Therefore, in practice, this transformation only needs to
be performed once for each chemical compound in the vacuum state,
and then the value can be reused in all subsequent liquid ECM
computations where that compound is present.

Channel hydrates represent a ″hybrid″ case between the solid and
liquid ECM pathways described above. In the case of a channel
hydrate, the pharmaceutical compounds remain translationally fixed as
in a solid, while the water molecules in the crystal are translationally
free to move in at least one direction, causing them to resemble the
liquid state more closely than the solid state.111−113 In these
situations, it is formally incorrect to restrain the water molecules as
described in the solid phase pathway above. This is because the water
molecules visit multiple equivalent/disorder positions within the
channel during the simulation and adding all-atom harmonic
restraints artificially breaks this indistinguishability (see an extended
discussion of disorder and indistinguishability in Supporting
Information Section 6). Channel hydrate systems are connected to
the ideal Einstein crystal using a combination of the above ECM
pathways for solid and liquid systems. Namely, the primary
pharmaceutical compounds are atomically restrained and annihilated,
while the water molecules are decoupled without atomic restraints
followed by analytically removing translations and transforming the
resulting pinned ideal gas molecules into the ideal Einstein crystal.
Although this special treatment of co-formers is described in the
context of water in channel hydrates, this same treatment could also be
applied to other solvent molecules to compute the free energy of
solvates using the ECM.

The final free energy estimate for a given periodic system relative to
the translationally frozen ideal particle reference state is a summation
of the numerical perturbations to convert the physical system into the
ideal Einstein crystal as well as the analytical conversion to the ideal
frozen particle reference state. This process is shown earlier for a
vacuum molecule in eq 3. For a periodic system, the free energy
estimate is:
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where ΔAsystem is the free energy of the periodic system, ΔAECM is
the negative of the free energy to convert the physical system into the
decoupled and restrained Einstein crystal state through applying
harmonic restraints and decoupling interactions, Qtr is the transla-
tional partition function to integrate the frozen atom over the entire
system volume, and Nf is the number of molecules in the system
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indistinguishable from the one containing the frozen atom. The first
summation runs over all i = 1 ... N particles in the crystal that have
been converted into harmonic oscillators, and the second summation
runs over all m = 1 ... M molecules that have been decoupled without
adding harmonic restraints (liquid and channel hydrate molecules). In
the second summation, Qtr, m is the translational partition function to
integrate the ″pinned″ atom in molecule m over the entire system
volume, ΔAmol, m is the free energy of molecule m pinned at a single
atom as described in eq 3, and Nm is the total number of molecules in
the system indistinguishable from molecule m. For a more thorough
derivation and discussion of the above expressions, see Supporting
Information Sections 4−6, as well as previous publications involving
the ECM.33,34

It is worth emphasizing here that for anhydrous systems with the
same number of molecules, the same harmonic restraints, and
(essentially) the same volume, all the terms in eq 4 cancel except for
ΔAECM. For this reason, the additional terms pertaining to the
reference state did not need to be explicitly computed in previous
studies utilizing the ECM to compare exclusively forms of identical
size and stoichiometry. For the comparison of hydrates with
anhydrous crystals, the volumes are no longer equivalent, and the
numbers of particles in the system are different, which are the reasons
that we explicitly define and compute these terms in this work.
Furthermore, translationally free molecules in the liquid phase (or
channel-hydrate phase) must be treated differently in the ECM to
account for the molecular indistinguishability, in contrast to the
translationally confined molecules in the solid phase that are
inherently distinguishable. Equation 4 represents a universal
expression for self-consistently computing the free energy of a system
with the ECM regardless of the stoichiometry and regardless of
whether the molecules are free in the case of a liquid, confined in the
case of a solid, or a combination of the two in the case of a channel
hydrate.
Converting from Helmholtz to Gibbs Free Energy. The

alchemical perturbations in the Einstein crystal method for periodic
systems are generally performed in the canonical ensemble (NVT) to
avoid complications related to adding harmonic restraints with
pressure coupling. The ECM therefore computes the Helmholtz free
energy, A(V), of the system at a particular system volume V. To
compute the Gibbs free energy (within the NPT ensemble) of the
system at finite temperature and pressure, the volume-dependent
Helmholtz free energy must be integrated over all possible system
volumes:114
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where G(P, T) is the Gibbs free energy of the system at a particular
pressure, P, and temperature, T, and the integral is taken over the
space of all possible volumes with the normalization constant V0.
Conveniently, if the ECM calculation is performed at the equilibrium
volume V(P, T) at a particular temperature and pressure, the integral
above can be collapsed to:
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where A(V(P, T), T) is the Helmholtz free energy of the system at
a particular temperature and volume and σ(V, T) is the standard
deviation of the system volume at equilibrium. In the thermodynamic
limit, the final ″fluctuation″ term above vanishes to produce the
familiar macroscopic expression G = A + PV. In practice, this
fluctuation term is typically negligible even for system sizes used in
molecular simulations and is generally ignored in ECM calculations.
For a full derivation of the above equation and discussion of the
negligible contribution of the fluctuation term, see Supporting
Information Section 7.
Computing Free Energies across a Range of Temperatures.

The final eq 6 from the previous section yields the Gibbs free energy

of a system at a single temperature. Frequently, we are interested in
the free energy over a range of temperatures when running ECM
calculations (e.g., to compute the transition temperature between two
polymorphs or between a solid and liquid phase). To determine the
free energy across a range of temperatures, one could, in principle, run
separate ECM calculations for each temperature of interest. However,
a more computationally efficient approach is to run a series of NPT
simulations over the desired range of temperatures (referred to
subsequently as the ″temperature scan″) and then use these
simulations to compute the change in free energy as the system
moves away from the reference temperature of the ECM calculation
to other temperatures of interest.

The reduced free energy of a system across a set of temperatures
can be computed using a variety of standard free energy perturbation
techniques including Thermodynamic Integration (TI)100,109 or the
Multistate Bennett Acceptance Ratio (MBAR).19,36,76,115 The
dimensionalized Gibbs free energy is then recovered from the
reduced free energies according to the following equation:
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where TECM is the temperature at which the ECM calculation is
run, Δf(T) is the reduced free energy difference between the system
at temperatures T and TECM, and V(T) is the system volume. The
final two terms in the above expression are a small correction for
center of mass motion removal effects in the temperature scans (see
Supporting Information Section 8 for more details). It is important to
note here that when computing the stability of crystals of different
stoichiometry (or simply a different number of atoms), the Gibbs free
energies in eq 7 above must be evaluated in MBAR using the total
energy, rather than just the potential energy as in previous works,
because the contribution of kinetic energy to the total partition
function will not completely cancel.

In previous studies using the ECM for polymorph free energies, the
relative Gibbs free energies between two polymorphs across a range of
temperatures were estimated from the relative reduced free
energy.19,36,76 Here, we compute the absolute free energies of
individual solid and liquid phases. Absolute free energies in this
context refer to the fact that the free energy values are computed up
to a common analytical reference state rather than being computed up
to another physical polymorph. In this work, the analytical reference
state is the ideal translationally frozen particle state defined earlier. It
is important to stress that this ″absolute″ free energy of an individual
phase relative to the analytical frozen particle reference state does not
have any physical significance in isolation, and it does not correspond
to any experimental observable. Nevertheless, computing this absolute
Gibbs free energy of individual phases has numerous advantages. First,
the results no longer depend on an arbitrary choice of a reference
polymorph; therefore, the statistical uncertainty of each system can be
assessed individually without being correlated to an arbitrary reference
phase. Second, computing the absolute free energy of individual
phases allows us to simulate each phase independently without prior
knowledge of the other systems it will be later compared against. For
example, the phases can be driven to Einstein crystals at different
temperatures or with different harmonic restraint values because there
is no requirement that the analytical reference state of the forms
precisely cancels.

Most importantly for this work, computing the absolute free energy
enables comparing phases of different size (i.e., number of particles)
and chemical composition (e.g., anhydrous polymorphs with
hydrates). This reference-phase-independent free energy across
temperature is ultimately made possible because the ideal frozen
particle reference state has no temperature or size dependence in the
classical limit. Therefore, there is no need to rely on the cancellation
of the temperature dependence of a physical target and reference
polymorph of equal size and stoichiometry, as was done in previous
work.19,36,76
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The above expression for the Gibbs free energy of a system is
computed using an ECM calculation at a single temperature, TECM, to
supply the reference free energy G(TECM). The final Gibbs free energy
across temperature should theoretically be independent of the choice
of this temperature if sufficient sampling has been achieved at each
simulated state. Therefore, running the ECM calculation multiple
times with different choices of TECM provides a straightforward
method to assess the convergence of the calculations through this
thermodynamic cycle closure. Specifically, the ECM calculation can
be run at any number of temperatures, and the final Gibbs free energy
and uncertainty can be estimated as the average and standard
deviation of the mean of the multiple calculations:
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where G(T) and δG(T) are the mean and uncertainty in the
computed free energy at temperature T, GT dECM, i

(T) is the Gibbs free
energy estimate using the ECM calculation at TECM, i, and the
summations run over all i = 1 ... N of the independent ECM
calculations. As a best practice, it is always recommended to run ECM
calculations of each system with at least two different values for TECM
so that this thermodynamic cycle closure and convergence can be
assessed.
Pressure and Humidity Effects. The previous sections and eq 3

describe how to compute the Helmholtz free energy of a
translationally constrained molecule in a vacuum at a particular
temperature. Equation 7 extends this Helmholtz free energy to other
temperatures of interest. However, in almost all situations of practical
interest, a ″gas phase″ molecule (e.g., in a stoichiometric equation)
corresponds with the chemical potential of a bath of molecules at
nonzero pressure and volume. The thermochemical properties of gas-
phase molecules are computed from the simulated vacuum phase (P =
0) in the following way:53
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where the quantities U, H, G, A, S, and V correspond with the
energy, enthalpy, Gibbs free energy, Helmholtz free energy, entropy,
and volume, respectively, and qt, v is the translational partition
function for the reference atom integrated over a volume
corresponding with the molar volume of an ideal gas at the given
temperature and pressure. The values of U(T,0) come directly from
each vacuum phase simulation, and A(T,0) comes from eq 7. In the
above equations, the term k T3

2 B added to the energy and enthalpy
corresponds with the additional kinetic energy from the three degrees
of freedom when transitioning from a translationally fixed vacuum
compound to a translationally free molecule in a box. The enthalpy is
additionally modulated by PV, which for an ideal gas is equivalent to
kBT. For the Gibbs free energy, this transition from a translationally
restrained state to a freely moving particle is equivalent to adding the

translational partition function as well as the PV term. The additional
factor of kBT comes from the transition from a system of size N=1
molecule to a system of N → ∞ indistinguishable molecules in a
macroscopically large thermodynamic bath (see Supporting Informa-
tion Section 6 for more details). The Gibbs free energies for the gas
phase molecules are only needed when computing transitions
between the gas phase and another condensed phase. The use of
the ECM for predicting boiling points or sublimation points for
pharmaceutical compounds is outside the scope of the present study.
However, chemical potential plots for the computed gas−liquid
transition of the three pharmaceutical compounds in this work are
provided in Supporting Information Section 9.

Rigid water molecules are treated separately from the above
formulation for flexible molecules because the free energy cannot be
computed using the ECM since the ″bonds″ in a rigid molecule
cannot be decoupled. Instead, the energy, enthalpy, and Helmholtz
free energy for rigid water molecules are computed analytically rather
than through numerical simulation.116,117 The expressions for this
analytical calculation are provided in Supporting Information Section
14.

The effect of water activity in the comparison of hydrates and
anhydrous forms is modeled in this work through both a vapor phase
and liquid phase reference state for the water. For the vapor phase
reference, the state corresponding with 100% humidity is modeled by
setting the water partial pressure equal to the vapor pressure at each
temperature. The vapor pressure of water is computed using the
Antoine equation:
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where P* is the saturated vapor pressure of water at temperature T.
For specific saturation levels (relative humidity) between 0 and 100%,
the pressure is modulated by the relative humidity, RH:
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and the water activity, humidity, and partial pressure are related
through:50,89,90,118
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The above estimates for the temperature and pressure dependent
chemical potential of water assume ideal gas behavior, which will
break down at sufficiently high pressures and low temperatures.
However, for the temperatures and pressures considered in this work
(i.e., ″ambient conditions″), this approximation is reasonable (see
Supporting Information Section 14 for an additional quantification of
this approximation).119

For the liquid phase water reference, the chemical potential of
water in the liquid system corresponds with 100% humidity (aw = 1)
at each temperature. The chemical potential and entropy for a given
water activity and temperature are computed by

= * +T T k T a( ) ( ) lnB w (18)

= * +S T S T k a( ) ( ) lnB w (19)

where μ*(T) and S*(T) are, respectively, the chemical potential
and entropy of the water computed from the liquid phase.

Computing Gibbs Free Energies in AMOEBA. The Gibbs free
energy of systems in the AMOEBA potential is computed by first
calculating the free energy in the OPLS potential and then adding on
a correction term to switch from OPLS to AMOEBA at the physical
end state (the so-called bookend correction).35,76,104,120 This final
switching term at the end state is shown as ΔAAMOEBA in Figure 4.

The Helmholtz free energy necessary to switch from OPLS to
AMOEBA is computed using the dual force field (DFF) approach as
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implemented in ForceFieldX version 1.0.0-beta (https://ffx.biochem.
uiowa.edu/). The theoretical details about this approach have been
described elsewhere.82,121 Briefly, the system is simulated with the
parameters from both potentials, along with a coupling parameter, λ,
that controls whether the forces acting on the particles in the system
at each time step come from AMOEBA (λ = 0.0), from OPLS (λ =
1.0), or from a weighted-average of the two Hamiltonians for λ ∈
(0.0,1.0). A two-dimensional Gaussian biasing potential is applied to
the λ and ( )U variables over time using the Orthogonal Space
Random Walk (OSRW) method122 until the entire λ-coordinate is
traversed. The dependence of the bias on ( )U encourages the
simulation to overcome hidden barriers orthogonal to the reaction
coordinate. Finally, the collection of biasing potentials is integrated to
compute the free energy difference between the states.

The DFF switching term is computed in the NVT ensemble using
the structure equilibrated in the AMOEBA potential. The system in
the OPLS potential is then converted into the Einstein crystal using
the ECM as described above. The sum of the ΔAAMOEBA term from
the DFF calculation and the ΔAsystem term from eq 4 for the OPLS
system yields the Helmholtz free energy difference between the
AMOEBA system and the ideal frozen particle reference state. The
temperature scans for each system are performed in the AMOEBA
potential, and the Gibbs free energies for the systems across
temperature are computed with eqs 6−7.
Stoichiometry Balancing, Normalizing, and Shifting Free

Energies. In all free energy-based stability comparisons, it is essential
to have an equal number of each compound on the left-hand and
right-hand side of the thermodynamic equation. Furthermore, free
energies are typically reported on a per-mole basis of a particular
compound (i.e., as chemical potentials) to produce more transferable
values between studies since free energy is extensive. However, the
actual systems that are simulated in the molecular simulations often
do not have an identical number of compounds. Therefore, satisfying
these two constraints and producing a sensible free energy difference
involve both a stoichiometric balancing and a normalization of the
raw free energies of each system before being combined.

Consider an equilibrium between carbamazepine dihydrate and an
anhydrous polymorph, both with 48 carbamazepine molecules, along
with a 500-molecule box of liquid water:

[ ] [ ] + [ ]x x xdihydrate anhydrous water1 (solid) 2 (solid) 3 (liquid)

(20)

The terms xi in the above expression are the coefficients for each
system i needed to balance the number of carbamazepine and water
on the left- and right-hand side and then normalize them per-mole of
carbamazepine. In the general case, the coefficients needed to satisfy
the constraints can be expressed as a linear series of equations in the
form Ax ⃗ = b where each element of the matrix Aij contains the total
number of compound j in system i:
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The final row of the matrix A contains the total number of the
designated ″normalization compound″ in each system on the left-
hand side of the expression, and the corresponding final element of
the b-vector is set equal to unity. In the above example, the resulting
coefficient vector is =

Ä
Ç
ÅÅÅÅÅÅ

É
Ö
ÑÑÑÑÑÑx , ,1

48
1

48
2

500
. The final balanced and

normalized free energy difference for the thermodynamic equilibrium,
ΔG, is then computed as the dot product of the vector of system
Gibbs free energies, G⃗, with the coefficient vector such that ΔG = G⃗ ·
x.⃗

In solid form stability comparisons like the ones presented in this
work, often some melting points or other transition temperatures are
already known from experiments. These measured transition
temperatures effectively designate points at which ΔG = 0, and

these points can be introduced to the model to give more accurate
relative free energies across temperature.

In previous work, we showed that the chemical potentials of crystal
structures computed with lower-level point-charge molecular
mechanics force fields can be made more accurate by applying a
constant ″enthalpic shift″ to the free energies (ΔG(T) ≈ ΔGMM(T) +
ΔHshift). This enthalpic shift effectively invokes a single approximation
that the molecular mechanics force field has complete cancellation of
errors when the entropies of the systems are referenced against those
of the chemical constituents in their standard state (see Supporting
Information Section 10 for more details).

In our previous work, the enthalpic shift for each structure was
computed using lattice energies derived from quantum mechanics in
the limit of zero Kelvin.19 However, the shift for each system can also
be computed using experimentally measured transition temperatures.
Consider the general case of N measured transition temperatures
along with the N corresponding thermodynamic equilibrium
expressions and the value of ΔGMM for each of those transitions
measured from the original molecular mechanics force field. The
enthalpic shift for each system, i, which is necessary to satisfy all
known transition points, can be computed as a system of linear
equations in the form Ax ⃗ = b:
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where each matrix element Aij is the coefficient xij for system j in
equilibrium expression i and the b-vector contains the values ΔGMM, i
for each transition expression computed in the unmodified molecular
mechanics potential. Coefficients for systems that are not present in
the equilibrium expression are set to 0. The resulting solution for x ⃗
contains the appropriate shift to apply to each system to minimize the
residual to the experimental measurements. Because the thermody-
namic equilibria produce relative free energies, there are numerous
equivalent solutions to the ΔH-vector. More generally, for a given set
of N measured transition temperatures, consisting of S systems, and
coefficient matrix A with rank R, there are (S − R) systems that have
an arbitrary shift, and these shifts are set to 0 by adding ΔGMM, i = 0
and a trivial row to the A matrix:

=
=l

moo
noo

x
i j

i j

1,

0,ij
(23)

Extracting Free Energy Curves from Experimental Data. The
computed relative enthalpy, entropy, and Gibbs free energy between
systems in this work are compared against the corresponding
experimental measurements. It is rare to directly measure the Gibbs
free energy of competing phases as a function of temperature.
However, the transition temperature (Ttrans) is frequently measured
experimentally, which corresponds with ΔG = 0. Additionally, when
the transition temperature is determined through differential scanning
calorimetry (DSC), the enthalpy of transition (ΔHtrans) can also be
estimated. The entropy of transition can then be computed using
ΔStrans = ΔHtrans/Ttrans. Finally, the relative free energy near the
transition temperature can be approximated using a Taylor series
approximation:

= + +i
k
jjj y

{
zzzG T G T d G

dT
T T O

G T S T T

( ) ( ) ( ) (3)...

( ) ( )
P

trans trans

trans trans trans (24)

For the anhydrous−hydrate systems, the transition temperature is
no longer a single value and is instead dependent on the ambient
water activity. For a given temperature, the water activity at which the
hydrate and anhydrous systems are equally stable is called the critical
water activity, aw. In the three systems in this work, the critical water
activity has been measured at multiple temperatures of interest. This
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function essentially corresponds with the water activity at a constant
free energy (ΔG = 0). The temperature-dependent Gibbs free energy
difference for a given constant water activity can be approximated
from the temperature-dependent critical water activity by123

= *G T nk T
a T

a
( ) ln

( )
B

w

w (25)

where aW(T) is the measured critical water activity, aw* is the
desired reference water activity, ΔG(T) is the molar Gibbs free energy
of the hydrate relative to the anhydrous form, and n is the
stoichiometric amount of water in the hydrate relative to the number
of the pharmaceutical compounds. The transition entropy and
enthalpy can then be computed from the free energy using

= ( )S d G
dT P

and ΔH = TΔS. The measured transition enthalpy,

entropy, and Gibbs free energy for the compounds in this work
computed in this manner are listed in Tables 1−4.

The predicted enthalpies, entropies, and Gibbs free energies for the
transitions in this work are compared against the experimental values
derived above. The actual predicted transition temperature from
simulation is highly sensitive to small changes in the enthalpy and free
energy.124 In some cases, the free energies derived from the
simulation are sufficiently erroneous that enantiotropically related
polymorphs are predicted to have a monotropic relationship and do
not have any predicted transition at any temperature. Therefore, to
facilitate a uniform comparison between theory and experiments for
all systems, we compare the predicted and measured Gibbs free

energy at the experimental transition temperature (ΔGpred(Ttrans, exp)
vs ΔGexp(Ttrans, exp) = 0) rather than directly comparing the predicted
and measured transition temperature.

The predicted relative Gibbs free energy at the experimental
transition temperature is composed of both an enthalpic and entropic
contribution, and it is useful to assess the accuracy of each of these
two terms individually to determine the more significant source of
error and variability across models. Therefore, we also compare the
predicted relative enthalpy and entropy at the experimental transition
temperature to the measured enthalpy and entropy of transition. The
enthalpy and free energy have the same units, and the model residuals
for these two terms can be plotted on the same scale. However, the
entropy and enthalpy have different units, and the magnitude of the
residuals for these two terms cannot be directly compared. Therefore,
we elect to compare the combined temperature-entropy term TΔS at
the transition temperature rather than ΔS for the purposes of a more
direct and meaningful comparison of residuals in the enthalpic and
entropic contributions in each model. For simplicity, all mentions of
relative entropy in the remainder of the study refer to the combined
term TΔS unless otherwise noted.

■ SIMULATION DETAILS
Initial Structures and Force-Field Parameters. Initial

structures for all simulations were obtained from the
Cambridge Structural Database (CSD). The crystal structure
unit cells were expanded into supercells so that all forms had
the same number of API molecules, and each principal axis was
greater than twice the nonbonded interaction cutoff of 0.8 nm.
CSD reference codes and supercell expansion ratios for all
systems are shown in Section 1 of the Supporting Information.
Force-field parameters for the general Amber force field

(GAFF) were generated with the Antechamber module of
Amber,125 with partial charges fit to the electrostatic potential
generated with HF/6-31G(d) by RESP.126 The charges were
calculated according to the Merz−Singh−Kollman scheme
using Gaussian 09.127 Parameters for all molecules in OPLS
were generated using LigParGen.128,129 AMOEBA parameters
for all molecules were generated using the procedure described
in a previous work.80 We used the TIP3P,77 TIP4Pew,91 and
AMOEBA78 water models.

Alchemical Conversion into an Einstein Crystal. The
free energy for all systems, relative to the analytical Einstein
crystal reference state, was computed using free energy
perturbation (FEP). Free energy estimates for all FEP steps
were computed from the simulation data using MBAR.115 The
alchemical conversion of physical systems into the Einstein
crystal was performed in GROMACS version 2020.4. A
detailed description of how to implement the ECM in
GROMACS, including treatment of the frozen reference
atom, can be found in Aragones et al.34 Additionally, example
input files necessary to run all steps of the ECM for the three
chemical systems in the vacuum, liquid, and crystal phases are
included in the Supporting Information.
The alchemical transformations for periodic crystals are split

into six steps, similar to the process described in Yang et al.19

In the first step, all nondisordered heavy atoms in the crystal
are harmonically restrained to their equilibrium lattice
positions with a force-constant k1 = 1000 kJ/mol-nm2. In the
second step, all nonbonded interactions in the crystal are
removed from the system, and the charges in the system are
fully decoupled prior to decoupling the van der Waals (vdW)
interactions. This nonbonded decoupling step is connected
through Hamiltonian replica exchange, with an exchange
attempt frequency of 5 ps−1, to facilitate the sampling of
symmetrical/disorder positions in all states. In the third step,

Table 1. Experimental Transition Thermodynamics for the
Crystal Structures of Carbamazepine

form III−form
I92

form I−
liquid93

dihydrate-form
III50

transition temperature
(°C)

81 194 27 at 64% RH

transition enthalpy (kcal/
mol)

0.70 6.10 3.34

transition entropy (cal/
mol-K)

1.98 13.08 11.22

Table 2. Experimental Transition Thermodynamics for the
Crystal Structures of Theophylline

form II−
form I94

form I−
liquid94

monohydrate-
form II50

transition temperature
(°C)

264 273 27 at 60% RH

transition enthalpy (kcal/
mol)

0.48 7.02 1.79

transition entropy (cal/
mol-K)

0.89 12.84 5.99

Table 3. Experimental Transition Thermodynamics for the
Crystal Structures of Gandotinib

form I−liquid60 tetrahydrate-form I60

transition temperature (°C) 235 27 at 48% RH
transition enthalpy (kcal/mol) 13.26 12.22
transition entropy (cal/mol-K) 26.12 41.02

Table 4. Experimental Transition Thermodynamics for
Water

ice Ih−liquid155 liquid−vapor155

transition temperature (°C) 0 100
transition enthalpy (kcal/mol) 1.44 9.72
transition entropy (cal/mol-K) 5.26 26.05
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all dihedral interactions are removed from the system. In the
fourth step, all remaining unrestrained atoms are restrained to
a restraint value of k1. In the fifth step, all atoms are further
restrained from k1 to k2 = 200,000 kJ/mol-nm2. In the sixth
step, all remaining bonded interactions are removed, yielding
an ideal Einstein crystal. The total Helmholtz free energy
associated with this transformation from the physical state to
the Einstein crystal state is computed as the sum of the
individual perturbations:

= + +

+ + +

A A A A

A A A
ECM restraint1 nonbonded dihedral

restraint2 restraint3 bonded (26)

For vacuum phase simulations, the nonbonded interactions
are removed in the first step without applying restraints. In the
second step, the dihedral interactions are removed. In the third
step, all atoms are harmonically restrained to k2. In the final
step, all remaining bonded interactions are removed to yield an
ideal Einstein crystal. For liquid phase systems, all nonbonded
interactions are removed without restraints, and then the
noninteracting (ideal gas) compounds are all converted into an
ideal Einstein crystal as described above for vacuum
compounds.
The lambda scheduling function employed for each of the

various perturbation types described above is summarized in
Table S11a of the Supporting Information. A full justification
for all scheduling functions, as well as the formula used to
determine the total number of lambda windows for a given
system and step, is provided in Supporting Information Section
11 for each perturbation type in Table S11a. The nonbonded
interactions are decoupled in this work using a soft-core
potential130 as implemented in GROMACS with αSC = 0.5 and
σSC = 0.3 and using a linear lambda-scheduling function with
the charges being completely removed prior to decoupling the
van der Waals interactions.
Because Coulombic and van der Waals interactions are

decoupled separately, an additional hyperparameter arises in
terms of the fraction of the lambda windows that are dedicated
to the decoupling of each of the two interaction types. The
optimal partition is system-dependent and difficult to set a
priori. Furthermore, in our experience, the soft-core decoupling
scheme with linear spacing experiences disproportionately
poor overlap in the first few windows near the fully decoupled
state. To alleviate the above issues, we dynamically adjust the
lambda spacing between the equilibration and production runs
to ensure an effective distribution of states to the decoupling of
both Coulombic and van der Waals interactions to maximize
the tri-diagonal of the overlap matrix. Complete details of this
dynamic optimization scheme are provided in Supporting
Information Section 11.
Briefly, normal distribution functions are fitted to each row

of the overlap matrix generated from MBAR during the
equilibration run. Then, the fitted standard deviations of the
overlap at each state are interpolated with a spline fit to
generate a single function characterizing the overlap between
any two hypothetical states along the alchemical coordinate
O(λ1, λ2). Finally, we self-consistently solve for a new lambda
vector λ⃗ = [λ0, λ1, ...λL] such that the vector contains exactly L
+1 points monotonically spanning the interval [0,1] where the
overlap between λ[i] and λ[i + 1] is constant for all i = 0...L −
1. This refinement procedure can, in principle, be applied
iteratively on another equilibration run and repeated until the
lambda vector converges within a sufficient tolerance.

However, in our experience, the scheme produces an
acceptable vector after a single iteration. As a proof of concept,
overlap matrices are provided in Supporting Information
Section 11 for decoupling the interactions in a box of liquid
carbamazepine for both the default linear spacing and the
adjusted spacing after a single iteration of optimization. A
Python script for performing this lambda schedule optimiza-
tion is also included in the Supporting Information.

Physical Sampling across a Range of Temperatures.
The NPT simulations across the temperature range of interest
were run for 1 ns of equilibration followed by 1 ns of
equilibration with replica exchange and 5 ns of production
simulation. The nonbonded cutoff distance was set to 0.8 nm.
Long-range Coulombic and dispersion interactions were
calculated using particle mesh Ewald summation.131,132

Temperature coupling was achieved via the stochastic
integrator133 (Langevin dynamics) as implemented in
GROMACS with a time constant τt = 0.2 ps−1. Pressure
coupling in NPT simulations was achieved using the isotropic
Parrinello−Rahman barostat134 with τp = 1 ps−1 for liquid
simulations and the anisotropic Parrinello−Rahman barostat
with τp = 100 ps−1 for anisotropic crystalline simulations. The
temperature scans were connected through temperature replica
exchange with an exchange frequency of 5 ps−1 between
neighboring states. The simulations were also annealed during
equilibration, from the maximum temperature sampled by the
system down to the target temperature, to ensure complete
equilibration.
Liquid phase and vacuum phase systems were simulated

from Tmin = 200 K to Tmax = 800 K, while solid phase systems
were simulated from 100 to 600 K, except hydrates and ice Ih,
which were simulated up to 400 and 300 K, respectively, due
to physical instability at higher temperatures. The total number
of temperature states, as well as their values along the interval
[Tmin, Tmax], was chosen to optimize the overlap and exchange
frequency between adjacent states (see Supporting Informa-
tion Section 12 for more details). Thermochemical properties,
for all systems at all other temperatures of interest within the
interval [Tmin, Tmax], were interpolated from the simulated
states using cubic splines as implemented in SciPy version
1.3.2.135 The free energies for systems across the temperature
range were computed with eq 7, using two independent ECM
calculations at two different temperatures to empirically
estimate the uncertainty in the free energies with eq 9. A
table of all systems, along with their simulated temperature
range and temperatures for the ECM calculation, is included in
Supporting Information Section 2.
The NPT AMOEBA simulations across the temperature

range were performed using ForceFieldX and were run for 0.1
ns of equilibration followed by 1 ns of production. Coulombic
interactions were treated with a 0.8 nm cutoff for real-space
Ewald interactions, and the particle mesh Ewald algorithm was
employed for periodic reciprocal-space interactions. Van der
Waals interactions were treated with a 1.5 nm cutoff.
Temperature coupling was achieved with a stochastic
integrator, and pressure coupling was achieved using a
Monte Carlo barostat.136 Dual force-field (DFF) calculations
for vacuum compounds were run with an initial histogram bias
height of 0.005 kcal/mol, and DFF calculations for crystals and
liquids were run with initial bias heights of 0.2 kcal/mol.
Biasing potential heights were tempered during simulation to
ensure smooth convergence using a tempering parameter ΔT =
8kBT as described in Dama et al.137
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A complete set of GROMACS and ForceFieldX simulation
input files is included in the Supporting Information for each
of the above steps described above for all three molecular
systems. The input files include starting structures, topologies,
and the MD simulation parameters necessary to facilitate all
the free energy perturbations described in this work. The total
computational expense necessary to generate a phase diagram

like the ones shown in this work will depend on numerous
factors including the size of the system, the short-range
interaction cutoff, and the simulation hardware among other
factors. Nevertheless, to provide a rough approximation of the
cost, we list the total computational expense of each
thermodynamic step of the workflow in Supporting Informa-
tion Section 11 using carbamazepine dihydrate as a

Figure 5. Computed relative chemical potentials for carbamazepine in all simulated potentials: (a) the enantiotropic transition of form I and form
III, (b) the melt transition of form I, and (c) the dehydration of carbamazepine dihydrate into form III at 64% relative humidity. The approximate
experimental curve in all transitions is shown as a dashed line. The relative hydrate free energy curves in all potentials are essentially parallel to each
other and to the experimental approximation, indicating a consistent estimation of the dehydration entropy.

Figure 6. Computed relative chemical potentials for theophylline in all simulated potentials for (a) the enantiotropic transition of form I and form
II, (b) the melt transition of form I, and (c) the dehydration of theophylline monohydrate into form II at 60% relative humidity. The approximate
experimental curve in all transitions is shown as a dashed line. The relative hydrate free energy curves in all potentials are essentially parallel to each
other and to the experimental approximation, indicating a consistent estimation of the dehydration entropy.
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prototypical system. In the point-charge potentials, computing
the temperature-dependent free energy of a single form
requires approximately 4,000 CPU-hours of simulation, and
in AMOEBA, it requires approximately 22,000 CPU-hours.
Thus, constructing a phase diagram consisting of two forms
would take approximately 8,000 and 44,000 CPU-hours for
GAFF/OPLS and AMOEBA, respectively.

■ RESULTS AND DISCUSSION
Computed Free Energies and the Relative Effect of

API Potential. The computed chemical potentials, as a
function of temperature, for the crystal structures and liquid
phases of carbamazepine, theophylline, and gandotinib, are
shown in Figures 5−7 for all simulation potentials examined.
In all plots, a single phase is chosen as the reference phase
(G(T) ≡ 0, ∀ T), and the predicted relative free energy of the
second phase is displayed for each of the different simulation
potentials. Positive values indicate that the reference phase is
predicted to be thermodynamically more stable at that

temperature, and negative values indicate that the reference
phase is predicted to be less stable. The temperature at which
two phases’ respective traces intersect indicates a predicted
transition temperature. The experimentally measured tran-
sition temperature and the approximate temperature-depend-
ent free energy near the transition, computed with eq 24 and
eq 25, is represented by a dashed line in each plot. The
reference phase for the plots of enantiotropic transition, melt
transition, and anhydrous−hydrate transition is taken to be the
experimentally stable form at low temperature, the solid phase,
and the anhydrous crystal, respectively.
In Figures 5−7, we observe that the three simulation

potentials, GAFF, OPLS, and AMOEBA, produce roughly
parallel free energy traces within each system and transition
type. The similar slopes in the free energy traces indicate that
the predicted temperature dependence of the relative free
energy (i.e., the relative entropy) is quite similar regardless of
the simulation potential. By contrast, the relative enthalpy has

Figure 7. Computed relative chemical potentials for gandotinib in all simulated potentials for (a) the melt transition of form I and (b) the
dehydration of gandotinib tetrahydrate into form I at 48% relative humidity. The approximate experimental curve in all transitions is shown as a
dashed line. The relative hydrate free energy curves in all potentials are essentially parallel to each other and to the experimental approximation,
indicating a consistent estimation of the dehydration entropy.

Figure 8. Standard deviations of the predicted transition enthalpy, entropy, and Gibbs free energy across all simulated potentials for (a)
enantiotropic transitions, (b) melt transitions, and (c) anhydrous−hydrate transitions. The variance in the entropy across potentials is smaller than
the variance in the enthalpy in all cases.
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a large variation across potentials leading to the observed
difference in the overall free energy.
To quantify the sensitivity of the simulation potential on the

various thermodynamic observables, the standard deviations in
the predicted relative enthalpy, entropy, and free energy across
all simulated potentials are shown in Figure 8 for each system
and transition type. In all cases, the standard deviation of the
relative entropy is lower than the standard deviation in the
relative enthalpy. These results are consistent with previous
results, where it was observed that the computed entropy in
crystalline systems is less sensitive to the choice of force field
than the corresponding enthalpy differences.36 In essence, this
would be consistent with the notion that the potentials have
more pronounced differences about the exact energetic
favorability of the phases near their local energy minima (the
depth of the minima). However, there is more unanimous
agreement across potentials on how much freedom the
particles in the system have to fluctuate away from their
most energetically favorable position (the breadth of the
minima). It is worth noting that the short 5 ns simulations in
this work do not provide an exhaustive search of the
crystallographic configuration space and only explore the
local basin around the starting structure. It is always possible
that longer simulations would find new areas of the minima
that have more pronounced differences between the potentials
and thus a greater difference in the entropy.
The computed free energy traces for each potential in

Figures 5−7 are generally parallel to the experimental lines in
addition to being parallel to each other. In Figure 9, the
residual between the computed and experimental values for the
transformation enthalpy, entropy, and free energy is given for
each potential and each transformation type. Overall, the
residuals for the anhydrous polymorph−polymorph trans-
formations are the lowest of the three transformation types.
This is likely because the cancellation of errors will be best in
this type of transformation, where both systems are in the solid

state and have identical stoichiometries. The standard
deviations of the predicted transition thermodynamics across
the various potentials (Figure 8) are also smaller for the purely
anhydrous polymorph transformations than for the hydrated
and liquid transitions, further supporting the error cancellation
hypothesis. The anhydrous−hydrate transitions have the
largest residuals to experiments, while the liquid trans-
formation residuals generally fall between those of the
anhydrous−hydrate and anhydrous polymorph−polymorph
transitions.
When comparing the performance of the different potentials,

we examine the predicted relative free energy at the
experimental transition temperature in each potential. At the
experimental transition temperature, the two phases are in
equilibrium (ΔG = 0), and thus, the absolute value of the
computed relative free energy at this temperature provides a
simple measure of the accuracy of the potential. The two
point-charge potentials, GAFF and OPLS, produce virtually
identical residuals with respect to the experimental values
(Figure 9) for all three transition types. Surprisingly, in the
anhydrous polymorph transitions, the polarizable AMOEBA
force field performs slightly worse than the general point-
charge GAFF and OPLS potentials (0.61 ± 0.12 kcal/mol
versus 0.16 ± 0.01 kcal/mol) based on the computed relative
free energy at the transition temperature. For the solid-to-
liquid melt transitions, the AMOEBA potential was found to
have the smallest average residual with respect to experiment
for the free energy (0.48 ± 0.28 kcal/mol versus 0.97 ± 0.05
kcal/mol for GAFF and OPLS), and therefore, AMOEBA
produces the closest predicted melting points among the three
potentials. However, the residuals for the enthalpy and entropy
of transition in AMOEBA are both significantly worse when
compared to the point-charge GAFF and OPLS force fields,
suggesting that the favorable melting point predictions in
AMOEBA may be a result of fortuitous enthalpy−entropy
compensation in these systems.

Figure 9. Residual of computed enthalpies, entropies, and Gibbs free energies of transition relative to experimental measurements for each potential
averaged across the three systems examined in this work for (a) enantiotropic transitions, (b) melt transitions, and (c) anhydrous−hydrate
transitions.
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In the anhydrous−hydrate transitions AMOEBA consis-
tently outperforms the point-charge GAFF and OPLS force
fields when predicting both the enthalpy and Gibbs free energy
of transformation (Figure 9). At room temperature and the
experimental transition humidity, the mean absolute AMOEBA
free energy is 1.85 ± 0.14 kcal/mol compared with 3.81 ± 0.03
kcal/mol for the point-charge potentials when averaged across
the four possible model combinations. In addition to having
lower residuals, the AMOEBA potential for anhydrous−
hydrate transitions also produces free energies more evenly
distributed around the experimental values, in contrast with the
point-charge potentials, which exhibit systematic bias. For the
anhydrous and melt transitions in Figures 5−7, the
experimental transition falls somewhere between the pre-
dictions of GAFF and OPLS in the majority of transitions. This
suggests that the residuals to experiments are a product of
standard numerical variations in the parametrization schemes
for these force fields rather than a systematic error of the
model itself. In contrast, the stabilities of the hydrated crystals
relative to the anhydrous forms are systematically under-
predicted by both GAFF and OPLS in all three systems
examined. With AMOEBA, not only are the predicted
stabilities of the hydrates closer to the true value in all three
systems, but also the residuals to experiments are more evenly
distributed around zero, with carbamazepine and gandotinib
hydrates having slight underpredictions and the theophylline
hydrate stability being overpredicted. This again suggests that
there is a more systematic effect in the anhydrous−hydrate
transitions that is better captured with AMOEBA than the
point-charge GAFF and OPLS force fields. However, more
studies should be performed on additional systems to probe
the generalizability of these observations.
The lower free energy residuals for AMOEBA in the

anhydrous−hydrate transitions occur even though AMOEBA
has noticeably higher residuals in the anhydrous polymorphic
transitions (Figure 9a). The lower residuals with AMOEBA for
the anhydrous−hydrate transitions combined with the
relatively higher residuals in the anhydrous polymorph
transitions for the same compounds suggest that the improved
accuracy of the former results specifically from the polarizable
treatment of the water molecules within the hydrated crystals.
When an anhydrous structure is converted into a hydrated
crystal, the water molecules are taken out of an aqueous liquid
environment and transferred to an environment of primarily
organic small molecules. In the point-charge potentials with
the fixed-charge water models, the water molecules are
constrained to adopt the same overpolarized charges in both
the liquid and crystalline state. By contrast, in AMOEBA, the
water is polarizable and can adapt to satisfy both the aqueous
and crystalline environments independently. The lower
enthalpy and free energy residuals in AMOEBA suggest that
the energy cost to repolarize the water molecules represents a
significant contribution to the overall anhydrous−hydrate
transition and the polarizable AMOEBA model is particularly
well suited to capture this change relative to the point-charge
models. At the same time, the predicted entropy of
dehydration is essentially equally accurate in all potentials
and water models (Figure 9c), implying that polarization does
not significantly change the temperature dependence of the
relative stability even though the predicted relative enthalpy
improves. This is in contrast with studies that evaluated the
performance of polarizable force fields when applied to
biological phenomena such as protein folding, where polar-

ization notably improved the accuracy of modeling temper-
ature-dependent effects.138−140

To further explore the polarization effects of the water
molecules in the hydrates, we computed the average dipole
moment of the water within each system over the full
trajectory at each simulated temperature (Figure 10a). The

corresponding standard deviation in the water dipole moment
for each system at each temperature is also reported in Figure
10b. The corresponding average and standard deviation of the
dipole moment for the API molecules in each system are
included in Supporting Information Section 13. The computed
dipole moment for water in AMOEBA is consistent with
previously reported values for the vacuum, liquid, and ice Ih
states.78 The average dipole for liquid water in AMOEBA at
300 K is also consistent with recent ab initio molecular
dynamics simulations that estimated the value of 2.91 ± 0.28
D.141

At room temperature, the average dipole moment for
crystalline water molecules is roughly 10% higher with
AMOEBA (2.65−2.75 D) than with the fixed-charge TIP3P
(2.35 D) and TIP4Pew (2.32 D) water models (Figure 10a).
However, a somewhat surprising result is that the average
dipole moment of the water molecules inside liquid water at
room temperature (2.75 D) is roughly equivalent to that of the
water in the hydrates, suggesting that there may be significant
cancellation of errors when using the nonpolarizable water
models to predict hydrate stability. The fluctuation in the
dipole moment with liquid water in AMOEBA shows a more
pronounced difference to the fluctuation of water in the three
hydrates (Figure 11b), which seems more likely to account for
some of the observed improvement in the predicted free

Figure 10. (a) Average and (b) standard deviation in the dipole
moment for water within the solid, liquid, and vacuum systems in this
work simulated with the AMOEBA potential. The static dipole
moments for the TIP3P and TIP4Pew water models are also shown.
The effects of temperature on the average polarity and fluctuation in
the polarity of water in the three hydrated crystals are nearly identical
to the effects in liquid water.
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energy difference when comparing hydrates to anhydrous
crystals using AMOEBA rather than nonpolarizable point-
charge potentials (Figure 9).
Another clear result from Figure 10 is the remarkable

similarity in the temperature dependence of the mean and
standard deviation of the water dipoles across all the various
systems. Specifically, as temperature increases, the average
dipole moment of water decreases and the variance in the
dipole moment increases, and the rate of change of both is
nearly identical regardless of whether the water molecules are
in the liquid state, in the solid ice Ih state, or contained within
one of the hydrates. The result of this similar temperature
dependence in the dipoles is that the effect of polarization will
almost entirely cancel when comparing the stability of hydrates
to anhydrous crystals, which at least partially explains why the
predicted entropy of dehydration is similar regardless of
whether a polarizable or nonpolarizable water model is being
used (Figure 10).
Finally, we observe that for these anhydrous−hydrate pairs,

the entropic contribution to the relative free energy (TΔStrans
≈ 5.8 kcal/mol) is at least an order of magnitude larger than
that of the average anhydrous polymorph pair (TΔStrans ≈ 0.1
− 0.5 kcal/mol).43 Indeed, this entropic contribution is similar
in magnitude to the three solid−liquid melt transitions in this
work (4.8 kcal/mol), which is intuitively consistent with the
theoretical picture that the water molecules in the hydrate are
transferred from a solid-like state into a liquid state upon
dehydration.142,143 This large entropy change upon dehydra-
tion also underscores the fact that temperature and entropy are
not negligible when comparing hydrated crystals to anhydrous
forms, in contrast to comparisons of purely anhydrous
polymorphs where thermal corrections are frequently small
enough that zero Kelvin lattice energies are a sufficient

surrogate for the true ambient temperature stability.
Furthermore, the results of this work suggest that molecular
dynamics simulations are well suited to capture this large
entropy difference between hydrated and anhydrous forms
based on the low residuals to experiments for the dehydration
entropy (Figure 9c). It remains an interesting open research
question whether harmonic vibration approximations for
hydrated crystals would also accurately capture this entropy
difference. However, this question is outside the scope of the
present study.
Given the residuals with respect to the experimentally

measured enthalpy, entropy, and free energy of transition
shown in Figure 9, it is natural to ask whether the actual
transition temperature is predictable with these molecular
mechanics models. Unfortunately, in all systems examined in
this work, the answer appears to be ″no″. This is due to the
high sensitivity of the predicted transition temperature to both
the entropy and enthalpy difference of the phases.124 For
example, in the case of the anhydrous polymorphic transition
of carbamazepine form III to form I (Figure 5), the predicted
ΔS in GAFF and OPLS at the experimental transition
temperature are 2.2 ± 0.1 and 2.3 ± 0.1 cal mol−1 K−1,
respectively, which are both within 15% of the experimentally
measured value of 1.98 cal mol−1 K−1 and arguably as good as
could be expected from generalized force fields. However, the
predicted transition temperature for this set of polymorphs in
GAFF and OPLS is nevertheless starkly different at 155 and
385 K, respectively, due to the sensitivity of the transition
temperature to the enthalpy and free energy difference.
For similar reasons, predicted values of melt transition and

dehydration transition temperatures are also highly sensitive
and difficult to predict. In the melt transition of carbamaze-
pine, the estimated melting point differs by roughly 100 K

Figure 11. Computed chemical potentials for liquid water with different water models relative to an analytical vapor phase water at (a) 1 atm of
pressure and (b) the saturated vapor pressure according to the Antoine equation. The approximate experimental chemical potential curve is shown
as a dashed line using the measured boiling point and enthalpy of vaporization. The computed (c) standard deviation and (d) residuals to
experiments across potentials for the enthalpy, entropy, and free energy of vaporization of water are also shown for the various water models
examined in this work.
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between OPLS and GAFF (Figure 5b). The predicted
dehydration temperature of carbamazepine dihydrate to form
III also varies widely between the different force-field models.
These results demonstrate that generalized molecular
mechanics models are unlikely to be able to produce useful,
fully theoretical predictions of a dehydration temperature
between a specific hydrate and anhydrous form. Nevertheless,
we observed that these generalized models perform quite well
in estimating the entropy of dehydration when compared with
experimental measurements (Figure 9c). Furthermore, the
predicted dehydration entropy is not sensitive to the choice of
potential (Figure 8c). Together, these two insights enable the
opportunity to derive highly accurate anhydrous−hydrate
phase diagrams when the molecular modeling results are
combined with a single experimental data point, an idea that
we will explore further later in this work.
Effect of Water Model and Water Reference State.

The computed free energies for the hydrated crystals relative to
the anhydrous forms are impacted by the choice of model for
the interstitial water molecules in addition to the choice of
force field for the parent API, as described above. From Figures
5−7 we observe that the different water models TIP3P,
TIP4Pew, and AMOEBA produce noticeably different
(although roughly parallel) free energy curves. The residuals
shown in Figure 9c indicate that the choice of TIP3P and
TIP4P has a relatively small impact on the accuracy of the
computed dehydration free energy. The AMOEBA model
produces the lowest residuals among the three water models
examined, although this potential also necessarily affects the
parent API molecules in addition to the interstitial water, and
this effect cannot be separated. The improved residuals with
AMOEBA relative to the fixed-charge TIP3P and TIP4P
models come from the enthalpic contributions, with relatively

less change in the predicted entropy, as mentioned previously
(Figure 9c).

The reference state for excess water upon dehydration can
be approximated using either a liquid box of water or saturated
vapor water, and this choice has a downstream effect on the
predicted stability of a hydrated and anhydrous crystal. Figure
11b shows the computed relative free energy difference
between liquid water and vapor water set to a pressure equal
to the vapor pressure of water at that temperature, as
computed by the Antoine equation. This plot delineates the
exact difference in free energy (per stoichiometric water) that
will occur on the predicted anhydrous−hydrate free energy
depending on whether the empirical/vapor water or liquid
water is used as the reference. The impact that this difference
of reference state water has on the overall predicted
anhydrous−hydrate free energy curve is demonstrated in

Figure 12. Computed (a) chemical potentials for ice Ih relative to liquid water for different water models. The approximate experimental chemical
potential curve is shown as a dashed line using the measured melting point and enthalpy of fusion. The computed (b) residuals to experiments and
(c) standard deviation for the enthalpy, entropy, and free energy of vaporization of water are also shown for TIP4P and AMOEBA.

Figure 13. Computed chemical potentials for theophylline mono-
hydrate relative to anhydrous form II in various potentials using a
reference water chemical potential derived numerically from a liquid
box (solid line) and derived empirically/analytically from water vapor
and the Antoine equation (dashed line).

Crystal Growth & Design pubs.acs.org/crystal Article

https://doi.org/10.1021/acs.cgd.2c00832
Cryst. Growth Des. 2023, 23, 142−167

158

https://pubs.acs.org/doi/10.1021/acs.cgd.2c00832?fig=fig12&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.cgd.2c00832?fig=fig12&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.cgd.2c00832?fig=fig12&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.cgd.2c00832?fig=fig12&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.cgd.2c00832?fig=fig13&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.cgd.2c00832?fig=fig13&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.cgd.2c00832?fig=fig13&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.cgd.2c00832?fig=fig13&ref=pdf
pubs.acs.org/crystal?ref=pdf
https://doi.org/10.1021/acs.cgd.2c00832?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Figure 14 for theophylline monohydrate relative to anhydrous
form II for the various potentials and water models. Similar

plots for all systems and all potentials are included in
Supporting Information Section 14, though it is useful to
highlight that the (per water) numerical effect on the free
energy of this reference state change from liquid to saturated
vapor is a fixed quantity, which depends only on the water
model and does not depend on the API or crystal structure.
In the previous section, we noted that the choice of API

potential has a significantly smaller effect on the computed
entropy of transition than on the enthalpy of transition. We
observe here that this same trend occurs for water, where the
water model and the choice of water reference state have a less
pronounced impact on the relative entropy than on the relative
enthalpy. Figure 12a shows the computed free energy
difference between liquid water and water vapor held at 1
atm of pressure for the various water models used in this study.
For the water melt transition, a rigorous assessment of the
solid−liquid transition thermodynamics for the myriad of ice
polymorphs in various different force fields is outside the scope
of the present study and has been explored previously by other
investigators.22,81,144−147 However, we show in Figure 12a the
computed transition between ice Ih and liquid water for the
three water models studied in this work. In both water
transitions, the variation across potentials and the average
residual to experiments are lower for the computed entropy of
transition as compared to the computed enthalpy of transition.
A similar effect is also observed for the choice of liquid versus
saturated vapor for the excess water reference state (Figure
11b). At 300 K, the free energy penalty to add or remove water
from a hydrate will depend on whether a liquid or saturated
vapor reference state is being used, and the difference varies
between −0.69 and 0.52 kcal/mol depending on the water
model used. In contrast, the entropy penalty for the two
reference states varies on the narrower range of −0.47 to 0.16
kcal/mol.
In summary, we find that the most significant factor

influencing the predicted anhydrous−hydrate relative free
energy curve is the choice of API potential. The choice of
water model and the choice of liquid or vapor reference state
have relatively minor effects. Figure 15 shows the change in the

predicted relative Gibbs free energy and relative entropy of
transition when moving from GAFF and TIP3P and a liquid
water reference state to various other possible models averaged
across the three systems investigated. The impact of the API
potential has the most significant effect, accounting for a
roughly 1.5 kcal/mol change on average in the predicted free
energy of the hydrate relative to the anhydrous form. Changing
the water model from TIP3P to TIP4P and changing from a
liquid to a vapor reference state both have a smaller average
impact at roughly 0.5 kcal/mol. Although this effect of water
treatment on the free energy is smaller, it is worth reiterating
that a change of this size still has a significant impact on the
predicted dehydration temperature because of the sharp
sensitivity as can be seen in Figures 5−Figure 7 as well as
Figure 13. However, we again note that the predicted entropy
of dehydration is insensitive to all model combinations.

Predicted Phase Diagrams Using Room Temperature
Critical Water Activity. The accurate prediction of the
entropy difference between hydrated and anhydrous crystals
opens the possibility for useful models of dehydration when
combined with some experimental data. In Figures 5−7, we
show that the exact Gibbs free energy differences between the
hydrated and anhydrous crystals in this work vary significantly
between the different possible potentials and water representa-
tions. This varying Gibbs free energy, in turn, translates into
wildly different predictions for the dehydration temperature
from the pure-theory chemical potential curves.
This large variation in the free energy and predicted

dehydration temperature can be eliminated if the dehydration
temperature from experiments is provided as an input to the
model (or equivalently, if a measured critical water activity at a
single temperature is provided). With this single experimental
coexistence point as an input, the relative Gibbs free energy
curves from our fully theoretical molecular dynamics
simulations can be shifted by a constant value such that the
free energy is exactly zero at the coexistence point regardless of
the size of the initial residual from the model. An example of
this constant ″enthalpic shift″ applied to a free energy curve is
shown pictorially in Figure 16, and the procedure for
computing the appropriate enthalpic shift is shown in eq 22.

Figure 14. Computed chemical potential for theophylline mono-
hydrate relative to anhydrous form II at T = 360 K as a function of the
reference water activity in AMOEBA using a reference water chemical
potential derived numerically from a liquid box and derived
empirically/analytically with the Antoine equation. The monohydrate
form becomes more stable relative to the anhydrous form as the water
activity increases. The effect of water activity on the relative free
energy of the hydrate is computed using eq 18 and is identical with
both the numerical and empirical reference states.

Figure 15. Relative effect of potential, water model, and water
reference treatment on the predicted free energy and entropy of
transition averaged across the three systems examined in this work. In
all cases, the predicted transition values with the various models are
shown relative to the predictions with GAFF and TIP3P to indicate
the (unsigned) magnitude of the change for each model design
choice. The choice of API potential has the largest overall effect on
the predicted free energy of transition. The effect of API potential is
smaller for the predicted relative entropy than for the predicted free
energy.
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With the empirical enthalpic shift, the free energy at the
coexistence temperature will be correct by construction.
However, relative free energies at temperatures near this

coexistence point will also be reasonably accurate because they
are determined by the relative entropy, as shown in the Taylor
approximation in eq 24. The entropy of transition is observed
to be both consistently less variable across potentials (Figure
8) and closer to the true experimental values (Figure 9) than
the predicted Gibbs free energy of transition.
One potential application for these hybrid experimental−

theoretical free energy curves is to construct temperature−
humidity phase diagrams for hydrated and anhydrous crystals.
The computed phase diagrams for the hydrated and anhydrous
crystals of the compounds in this work are shown in Figure 17
using the experimentally measured critical water activity at
room temperature to apply an enthalpic shift. At low
temperatures and high humidities, the hydrated forms are
favored, whereas at high temperatures and low humidities, the
anhydrous forms are predicted to be more stable, consistent
with experimental observations. In Figure 17a, the exper-
imentally measured critical water activities at all measured
temperatures are superimposed onto the phase diagrams

Figure 16. Illustration of applying an enthalpic shift to the predicted
chemical potentials for carbamazepine dihydrate relative to form III to
match experimental data at room temperature.

Figure 17. Computed phase diagrams for hydrated and anhydrous forms of carbamazepine (top), theophylline (middle), and gandotinib (bottom)
over a range of temperatures and humidities using the GAFF potential and the TIP3P water model fitted to the experimentally measured
coexistence point at room temperature. Data points are included on the phase diagram representing the coexistence points derived from (left)
experimental measurements and (right) various other potentials and water models. Models with ″(Vap)″ indicate that the coexistence points were
determined using water chemical potentials derived analytically in the vapor phase with the Antoine equation rather than numerically from a liquid
box. In all systems, the predicted coexistence points (critical water activities) in the temperature range of −25 to 75 °C are within 10% regardless of
the choice of potential, water model, or reference water treatment.
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computed with GAFF and TIP3P. In all three systems, the
predicted phase diagram has remarkable agreement with the
experimental data points at all temperatures. The largest
deviation between the experimental measurements and the
model occurs for the tetrahydrated crystal of gandotinib
relative to anhydrous form I at 75 °C, with a roughly 10%
humidity deviation between the prediction (80%) and the
experiments (90 ± 5%).
An important result that emerges from Figure 17 is that the

predicted temperature−humidity phase diagrams are ultimately
quite similar regardless of the choice of API potential, the
water model, or the reference water treatment once the fit to
the room temperature coexistence point has been applied. In
Figure 17b, the phase boundaries predicted using various
potentials and water treatments are superimposed onto the
phase diagrams generated with GAFF and TIP3P. The
computed boundaries are essentially equivalent over a wide
range of temperatures, with all predicted coexistence points
between −25 and 75 °C being within 10% humidity of each
other. The similarity in this predicted phase boundary across
different models is a direct result of the relatively small
variation in the predicted entropy of transformation (Figure 8).
This insensitivity of the phase diagram with respect to
including or excluding polarization is likely due to the
cancellation of errors in the temperature dependence of the
average water dipole and fluctuation in the water dipole
between water molecules in the hydrates and water molecules
in the liquid phase (Figure 10). Overall, the results shown in
Figure 17 indicate that the choice of potential and/or water
representation is not especially significant when constructing
accurate in silico phase diagrams if a single experimental
coexistence point is known.
It is worth noting that this experimental coexistence

correction is not limited to the comparison of only two
phases. As an example of this, the quadruple phase diagram for
carbamazepine form I, form III, dihydrate, and liquid is shown
in Figure 18 using the room temperature critical water activity
between form III and the dihydrate as well as the melting
points of form I and form III.
One application for this type of diagram is in predicting the

boundary between a hydrate and an anhydrous form at
temperatures where the form is not the globally stable

anhydrous structure. In Figure 18, a dashed line is included
to indicate the computed boundary between carbamazepine
form I and the dihydrate at temperatures where form III is
more stable than form I. No critical water activity data from
form I are used in Figure 18, so this is effectively generating the
phase boundary between a hydrated and metastable anhydrous
form using only water activity data measured with the globally
stable anhydrous polymorph. Indeed, experimentally determin-
ing the critical water activity of a metastable form can be quite
difficult in practice if the metastable form rapidly converts to
the globally stable anhydrous polymorph in the water−solvent
slurries used for these measurements.148 This challenge is
particularly noteworthy for systems with enantiotropically
related polymorphs, such as the example of carbamazepine
shown here, where both polymorphs will be metastable in at
least some of the temperature range where the critical water
activity measurements are performed. In such cases, theoretical
models like the ones shown in this work can aid in
constructing the complete phase boundaries for all forms
over all temperatures even when the forms are metastable.
Figure 18 also highlights another application for computed

multiphase diagrams in providing an indication of the
transition temperature between two enantiotropically related
polymorphs when only melt transition data are available.
Numerous experimental techniques exist to rigorously
determine enantiotropic transition points, such as solubility
extrapolation11,90,149,150 and competitive cascade slurries at
different temperatures.19,151 However, the melting points of
anhydrous polymorphs are more easily accessible quantities
with minimal material requirements. We demonstrate here that
these measured quantities could be combined with simulation
data to give a preliminary assessment of the solid form
crossover region that could be used to guide the future
experimental search for the transition temperature.
Finally, although the focus of this work is exclusively on

known crystal structures with previously measured coexistence
data, there are numerous ways in which these same molecular
models can assist with prospective crystal structure prediction
as well. CSP methods have been previously applied to hydrates
to predict the most stable hydrated form.48,152−154 However,
this stability ranking is rarely combined with the corresponding
anhydrous CSP (or hydrated CSPs of higher stoichiometry) to
determine the globally stable form at a given temperature and
humidity among a plethora of possible hydration states. The
molecular simulations described in this work could be used to
answer this important question.
In truly prospective CSP studies, where no hydrated forms

have yet been observed and the risk of a late-stage hydrate is
being actively evaluated, there will not be measured
coexistence points to fit against. However, CSPs are generally
performed with highly accurate QM evaluations of the lattice
energy at 0 K. Assuming that the stability at 0 K is well
approximated by these QM methods, an accurate prediction of
the relative stability at ambient conditions between theoretical
anhydrous and hydrated structures would almost entirely
depend on whether the classical molecular dynamics model
can accurately capture the relative effects of temperature and
humidity. The reasonably accurate representation of temper-
ature and humidity effects in the three pharmaceutically
relevant systems in this work is a preliminary validation that
these effects can be captured by classical molecular simulations,
at least in some cases, and gives reason for optimism that the

Figure 18. Computed phase diagram for carbamazepine dihydrate,
form I, form III, and liquid using simulation results from OPLS
+TIP3P along with the experimentally determined critical water
activity of dihydrate−form III at room temperature and the melting
points of form I and form III. The dashed line indicates the predicted
phase boundary between the metastable form I and the dihydrate.
The enantiotropic transition between form I and form III is also
shown.
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same temperature and humidity effects can be predicted on
theoretical CSP structures in the future.

■ CONCLUSIONS
A series of classical free energy simulations were performed to
systematically examine their ability to predict the transition
thermodynamics of hydrated crystals relative to anhydrous
forms in three pharmaceutically relevant small molecule
systems. The simulations used two generic fixed-charge
potentials, GAFF and OPLS, as well as the polarizable
AMOEBA force field. Additionally, the TIP3P, TIP4Pew,
and AMOEBA potentials described interstitial hydrate water.
To model the chemical potential of water under various
relative humidity conditions, we considered two different
thermodynamic water baths: a simulated liquid system and an
empirically derived vaporous phase. As a control, the nonwater
transitions between anhydrous polymorphs and melting
transitions for these three compounds were also computed.
In all cases, the temperature-dependent free energies of all
phases were computed with molecular dynamics, and the
predicted enthalpy, entropy, and Gibbs free energy of
transition were compared against the corresponding exper-
imental coexistence point measurements.50,60,92−94

Overall, the predicted anhydrous−hydrate transition temper-
atures are very sensitive to the force field, and realistically, no
current molecular mechanics model can predict reliably
accurate coexistence points to serve as a suitable experimental
replacement. However, when the purely in silico results are
anchored to a single experimental coexistence point, the
computed free energies of the hydrated and anhydrous crystals
are quite accurate. The resulting predictions can be used to
construct phase diagrams that predict the coexistence line to
within 10% relative humidity of experimental measurements
across the range of 15 to 75 °C for the three systems in this
work.
Additionally, this hybrid theoretical−experimental phase

boundary is insensitive to the choice of force field, water
model, or reference humidity representation, with all models
agreeing on the boundary to within 10% relative humidity on
the range of −25 to 75 °C for all three molecular systems. The
ability to predict accurate phase diagrams regardless of the
model appears to result from the cancellation of errors in the
entropy of transition. A systematic comparison of the predicted
transition entropy and enthalpy estimates revealed that the
variation in the entropy term (TΔS) between potentials is
indeed smaller than the corresponding variation in the
predicted enthalpy in all cases. An analysis of the calculated
water dipole moments with AMOEBA revealed that the water
molecules in the hydrates have roughly the same dipole
moment and temperature dependence as those in liquid water,
leading to the fortuitous cancellation of errors when using a
fixed-charge water model to estimate the entropy of hydrates.
When no experimental coexistence point is used to anchor

the results, the most significant factor influencing the predicted
anhydrous−hydrate free energy is the API potential, where the
computed stability spans roughly 3 kcal/mol on average
depending on the potential used. The choices for water
representation between TIP3P and TIP4P as well as the
representation of ambient water have comparatively smaller
impact on the predicted free energy.
When these pure-theory results are compared to exper-

imental measurements, the AMOEBA force field predicts
relative Gibbs free energies with the lowest mean absolute

residuals to experiments for the three anhydrous−hydrate pairs
examined in this work (∼2 kcal/mol). This improved accuracy
comes almost entirely from the predicted enthalpy of
transition, whereas the residuals for the relative entropy are
essentially the same across all the three potentials. The average
dipole moment of water in the hydrates in AMOEBA is similar
to liquid water, as mentioned earlier. However, the dipole
fluctuation in liquid water is slightly higher than in the organic
hydrates, which could account for some of the improvement
when using AMOEBA to predict relative hydrate stability from
pure theory. Despite this improvement, the results with
AMOEBA must still be anchored to an experimental
coexistence point to produce useful anhydrous−hydrate
phase diagrams.
The anchored phase diagrams presented in this work can be

extended to a comparison of more than two phases of interest.
Several practical applications for these multiphase diagrams
have been demonstrated, including generating anhydrous−
hydrate phase boundaries for metastable anhydrous forms, as
well as estimating the transition temperature for enantiotropi-
cally related polymorphs. The ability to capture relative
temperature and humidity effects with molecular simulation,
as shown in this work, opens potential new avenues for
prospective structure prediction, such as combining theoretical
structures of different hydration states together into a unified
solid form landscape across temperature and humidity.
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