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ABSTRACT: To continue the realization of new therapeutics, a
more diverse range of solid forms is being considered. Synthetic
modalities are broadening beyond simple organic molecules to
more complicated structures, including organic salts, cocrystals,
and solvates. As in all crystalline applications, engineering the
morphology of such systems remains an important consideration,
but traditional in silico approaches require further development to
become capable of accurately describing these systems. A
necessary, but not sufficient, condition to enact mechanistic crystal
growth models is to calculate and organize solid-state interactions
between growth units. The typical software framework for
acquiring this information is to apply crystallographic symmetry operations to generate a unit cell from the asymmetric unit.
While this approach is feasible for systems where the asymmetric unit corresponds to the growth unit itself, many systems do not
satisfy this criterion, particularly the emerging therapeutic solid forms. By redesigning the input preparation software framework, we
can build a description of the solid-state interactions that is independent of the asymmetric unit and applicable to any
crystallographic complexity. We demonstrate the application of this method to three organic molecular crystals with crystallography
of varying degrees of complexicty. The studied systems are naphthalene (Z′ = 0.5), benzoic acid (Z′ = 1), and tazofelone (Z′ = 2),
respectively (where Z′ is the number of molecules in the asymmetric unit). This new software framework lays the groundwork for
rapid in silico habit predictions of organic salts, cocrystals, and solvates.

■ INTRODUCTION

Engineering the shape of crystals is critical to achieve material
properties that confer optimal product functionality.1−5 In
silico methods that can predict crystal growth shapes are a
valuable tool for efficiently navigating the large design space of
growth conditions. Such tools can guide experiments and
enable cheaper and more effective screening. However,
industrially relevant compounds and complex solid forms
require accurate models to properly account for the underlying
chemistry and physics of crystal growth. To this end,
mechanistic models are particularly useful, because any
modeling assumptions that are inaccurate for such complex
compounds can be systematically addressed via new
procedures or equations that better capture the underlying
crystal growth process. Experiments have readily established
that crystal growth at low supersaturation, which is typical of
controlled pharmaceutical crystallization, typically leads to the
spiral mechanism of Frank and co-workers.6 Our group at the
University of California Santa Barbara (UCSB)7−9 and the
Koo group at Sogang University10−12 have been developing
and upgrading a mechanistic framework for modeling such
surface growth physics for general, non-centrosymmetric
compounds. A prerequisite of implementing such a mecha-

nistic framework is the ability to categorize the solid-state
interactions between growth units in the crystal.
An emerging aspect of the increasing complexity of

industrial crystalline products is the crystallography itself,
specifically the relation between the crystalline asymmetric unit
(the asymmetric unit is the smallest part of a crystal structure
to which symmetry operations can be applied to generate the
complete unit cell) and the physical growth unit. Complex
compounds may have more than one molecule within the
asymmetric unit;13 solid forms such as hydrates, solvates,
cocrystals, and organic salts must also have multiple molecules
or chemical entities within the asymmetric unit. Such complex
solid forms where Z′ (the number of molecules in the
asymmetric unit) does not equal unity are being more
commonly introduced as techniques to optimize material
properties and crystal shape.14−17 However, model compounds
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studied from the perspective of mechanistic morphology
predictions have typically been limited to a single molecule
in the asymmetric unit.18

As we describe in the next section, the traditional approach
of obtaining solid-state interactions between growth units relies
on determining the relationship between the crystal asym-
metric unit and physical growth unit, which is nontrivial for
more complex solid forms. In this article, we describe a new
front-end software framework for the mechanistic framework,
which is able to deal with any crystallographic complexity.
Importantly, this software framework can determine solid-state
interactions between all growth units in the lattice, regardless
of how many molecular entities exist and what their relation is
to the asymmetric unit (i.e., it is applicable to both Z′ = 1 and
Z′ ≠ 1). Furthermore, we also show how this approach can
describe dimeric growth units, where the total intergrowth-unit

interaction must include each pairing of molecules between
dimers.

■ OVERALL MECHANISTIC FRAMEWORK: ADDICT

Advanced Design and Development of Industrial Crystalliza-
tion Technology (ADDICT) is a computer program that
executes an automated implementation of mechanistic crystal
growth models to predict and engineer crystal growth shapes,
currently focusing on the layer-by-layer growth mechanisms of
spiral growth1 and two-dimensional (2D) nucleation and
growth.19 This provides a technology platform for transferring
high-fidelity mechanistic growth models to researchers in
industry, facilitating the adoption of these techniques.
The overall software framework and operation of ADDICT

has been described previously.1 Figure 1 provides an updated
overview of the overall software framework, which can be
divided into three primary functions:

Figure 1. Overall mechanistic modeling framework within ADDICT.1
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1. Interpret Crystallography. ADDICT generates
morphology predictions for a specific crystal polymorph, so
the crystallography is a required input for the program.
Crystals grow via incorporation of growth units into the lattice,
and the mechanistic implementation (section 3) depends on
the solid-state and interfacial interactions between growth
units. Before such energetics are calculated, the growth units
within the lattice must be systematically organized and
determined.
2. Organize Energetics. With each growth unit in the

crystal unit cell defined, solid-state interactions between
growth units can be calculated. We use the Generalized
Amber Force Field (GAFF 1.8) to calculate solid-state energy
interactions. Accounting for each type of solid-state interaction
enables calculation of the crystal lattice energy. Implementing
the mechanistic models in Section 3 further requires energetics
ordered around the relevant crystalline faces and favorable
step-edge directions. Thus, another function of Section 2 is to
develop a list of relevant crystal planes for the space group and
determine the strong periodic bond chains that exist in each
slice.
3. Implement Mechanistic Growth Model. With faces

determined and interactions organized around the strong solid-
state energetic directions, mechanistic energies (e.g., kink
energies, edge energies, etc.) can be established, including
solution-growth modification.20 Established mechanistic equa-
tions7,8,19,21 are applied to predict relative growth rates and
calculate crystal growth habits, under the specified growth
conditions.
The main focus of this article is a new procedure to

implement Section 1 of this framework, which requires

generalizing in order to handle more complex solid forms
(multiple molecules in asymmetric unit, cocrystals, hydrates,
etc.). The next sections describe the previous and refined
strategies for determining growth units and arriving at the
point where Section 2 can calculate intergrowth-unit solid-state
interactions and proceed with the remainder of the framework.

■ PREVIOUS SOFTWARE FRAMEWORK FOR
CRYSTALLOGRAPHY INTERPRETATION

The prior formulation for crystallography interpretation
operated under the implicit assumption that the physical
growth unit corresponded to either one or two asymmetric
units. The case of two asymmetric units representing the
growth unit corresponds to a centrosymmetric molecule for
which the asymmetric unit is half a molecule. In essence, the
framework required specific cases to be applicable.
Figure 2 indicates the previous software framework. If the

asymmetric unit does correspond to a single growth unit (Z′ =
1), all other growth units in the unit cell can be generated by
applying each symmetry operator (for the polymorph’s space
group) to the asymmetric unit. This produces each type of
lattice growth unit, and Section 2 of the overall framework in
Figure 1 can proceed with calculating solid-state interactions
(via cycling through unit cell translations and each type of
growth unit in both origin and destination unit cells).
If the asymmetric unit corresponds to half the molecule, to

produce a growth unit one has two options. First, one could
request a crystallography file (e.g., CIF file) containing the full
molecule and then apply half of the symmetry operators (being
careful that each symmetry operator applied actually does
produce a new growth unit rather than mapping to an existing

Figure 2. Traditional case-by-case software framework for determining physical growth units from input crystallography. *Note that CIF files do
not associate atoms with molecules. Thus, splitting the asymmetric unit into two molecules is complicated, as the CIF file does not require any
systematic ordering of atoms and does not contain any markers to facilitate this decomposition.
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one). Second, one could operate on the asymmetric unit (e.g.,
applying an inversion center for centrosymmetric molecules)
to first produce the growth unit, and then continue as usual in
applying only half of the relevant symmetry operators
remaining.
It should be apparent that the above tactics are not

satisfactory for an automated procedure, and it becomes even
more difficult for Z′ ≥ 2. This prior software framework
necessitates user expertise to appropriately format the supplied
crystallography and inform which symmetry operators are
relevant and how the asymmetric unit relates to the growth
unit. To implement such a software framework for more
complex systems without a significant burden on users would
require extensive redundancy built into the code to recognize
symmetry operators that map onto each other and where solid-
state distances are such that two asymmetric units must belong
to the same molecule.
Figure A1 in Appendix A in the Supporting Information

provides various crystallographic unit cell examples, and Table
A1 in Appendix A in the Supporting Information provides
connections between molecules, asymmetric units, symmetry
operators, and growth units for the crystallographic examples
in Figure A1.

■ NEW SOFTWARE FRAMEWORK FOR
CRYSTALLOGRAPHY INTERPRETATION

The fundamental change in the new proposed software
framework is to start with the entire unit cell, rather than
the asymmetric unit, and to utilize the MOL2 file format. The
MOL2 file labels each atom according to which chemical entity
within the unit cell contains it (i.e., which organic molecule,
which salt ion, etc.). Thus, by reading in this information, each
type of monomeric crystal growth unit within the lattice can be
readily identified, along with all atoms contained and their
individual atom types and spatial coordinates. Furthermore,
this preparation step is easy to implement using Mercury,22 so
it does not require specialized expertise in crystallography to
produce. The CIF file becomes an additional input, but instead
of reading atomic positions, the CIF file is merely used to
obtain the crystallographic dimensions, symmetry operators,
and space group.
The number of molecules in the unit cell (Z) can be counted

directly using the unit cell MOL2 file. However, care must be
taken to define a unique unit cell and remove molecules that
are repeated in the a,b,c directions (such molecules have a
center of mass exactly on the unit cell surface). The number of
molecules in the asymmetric unit (Z′) can be calculated by
dividing Z by the number of symmetry operators. Note that
the CIF file contains no natural identification of Z′, which is
why the previous case-by-case interpretation introduced
significant difficulties for more complex crystallography.
As described previously,1 partial charges are required for all

atoms to calculate solid-state interactions; we use ANTE-
CHAMBER23 on top of a Gaussian24 calculation to determine
these partial charges. A Gaussian calculation is required for
each distinct molecule in the lattice. Since this new software
framework readily identifies each molecule within the unit cell,
Gaussian input files can be generated for each type of molecule
(this is a critical generalization for cases when more than one
type of molecule exists, e.g., for cocrystals or solvates).
Figure 3 illustrates this new software framework for

crystallography interpretation, which facilitates determination
of solid-state intergrowth-unit interactions (the downstream

mechanistic framework in Figure 1 remains essentially
unmodified).
If the crystal grows as a dimer, further steps are required to

produce the dimeric growth unit from the monomers that have
been identified thus far. The first step involves selecting the
pair of molecules to form the dimer. Either the largest solid-
state intermolecular interaction strength, or the shortest
intermolecular interaction distance, represent potential techni-
ques to determine the most probable dimer. Experimental
evidence may also be used to select the molecular pair that
corresponds to the dimer (see Appendix B in Supporting
Information).
Once the dimer growth unit has been identified, inter-

growth-unit interactions (i.e., between dimers) can then be
produced by summing all interatomic interactions between
each atom of dimer No. 1 and each atom of dimer No. 2. The
intradimer intermolecular interaction is no longer included as
part of the solid-state lattice energy, since dimers remain intact
in the growth medium.

■ RESULTS: CASE STUDY
We chose three systems, which have Z′ = 0.5, Z′ = 1, and Z′ =
2, respectively, to demonstrate application of mechanistic
crystal growth models to cases with crystallography of varying
degrees of complexicty. The studied systems are naphthalene
(Z′ = 0.5), benzoic acid (Z′ = 1), and tazofelone (Z′ = 2). In
this study, only the molecule−molecule bonds for which |E| ≥
0.3 kcal/mol (∼0.5 kT at room temperature) are included; for
organic molecules this energy threshold is sufficient to reflect
the dominant interactions between different growth units
within the supercell.

Figure 3. New general software framework for crystallography
interpretation.
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Naphthalene (Cambridge Structural Database (CSD) CIF
code NAPHTA1025) is a simple centrosymmetric crystal and
crystallizes in the monoclinic P21/a space group with half a
molecule in the asymmetric unit and two molecules in the unit
cell (Z′ = 0.5, Z = 2). The cell parameters of naphthalene are a
= 8.2128 Å; b = 5.9727 Å; c = 8.6745 Å; α = γ = 90°; and β =
123.388°. The growth unit that incorporates into kink sites is
the monomer molecule.
After appropriately interpreting the crystallography for

naphthalene according to the flow in Figure 3 (see Appendix
C in Supporting Information for the step-by-step implementa-
tion), interactions were calculated using the Generalized
Amber Force Field26 and RESP charges following an
Antechamber23 calculation. Accounting for the molecular
interaction energetics is critical to the mechanistic model,
and the presence of a solvent alters the relevant surface
interactions due to solvation of the crystal surface.20 Therefore,
different solvents can have different effects on the crystal
surface, resulting in different crystal facets having different
growth rates. The specific details of how the solvent affects the
interfacial interactions and the calculation of solute−solvent
interfacial energies can be found in the Supporting
Information. As shown in Figure 4, the predicted crystal

morphologies of naphthalene monomer growth from ethanol
(S = 1.04, T = 298 K) and from cyclohexane (S = 1.01, T =
298 K) using the van Oss, Chaudhury, & Good (vOCG)
solvent model20 (also see the Supporting Information) are in
good agreement with the experimental shapes.27 The periodic
bond chains (PBCs), spiral shapes, and detailed calculated
results of naphthalene can be found in the Supporting
Information. Dimer growth was also used to predict crystal
morphologies of naphthalene grown from ethanol and from
cyclohexane solvents at the same growth conditions as for
monomer growth. As shown in Figure 5, the predicted crystal
morphologies of naphthalene are inconsistent with the
experimental morphologies, indicating that the growth unit is
a monomer not a dimer. Therefore, it is very important to
correctly select the type of growth unit. Some of the rules and
details on how to select monomer or dimer crystal growth can
be found in Appendix B in the Supporting Information.

Using ADDICT we also calculated the change in shape with
increasing levels of supersaturation for naphthalene grown
from cyclohexane. These are reported in Figure 6. The shape

changes are due to a change in growth mechanism from spiral
growth to 2D birth and spread and 2D polynuclear as
supersaturation increases. The predicted shape changes are in
good agreement with experiment.19,27,28 Note that simpler
growth models such as the Bravais, Friedel, Donnay, and
Harker (BFDH)29−31 and attachment energy (AE)32 models
are incapable of predicting crystal shape changes that result
from changes in supersaturation.
Benzoic acid (C7H6O2, commonly used as a drug or

preservative) was modeled using CSD CIF code BEN-
ZAC02.33 Benzoic acid crystallizes in the monoclinic P21/c
space group with one (non-centrosymmetric) benzoic acid
molecule in the asymmetric unit and four benzoic acid
molecules in the unit cell (Z′ = 1, Z = 4). The cell parameters
of benzoic acid are a = 5.4996 Å; b = 5.1283 Å; c = 21.950 Å; α
= γ = 90°; and β = 97.37°.
According to Appendix B in the Supporting Information,

since the H atom in the hydroxyl group of one benzoic acid
molecule has a strong hydrogen bond with the oxygen atom of
another benzoic acid (and vice versa), dimer growth was used
to predict the crystal morphology of benzoic acid crystal grown
from the vapor phase. Organizing those interactions between
dimer growth units (centrosymmetric) revealed four relevant
families of F faces,24 namely, {1 0 −2}, {1 0 0}, and {0 1 1}.
Figure 7a illustrates the predicted vapor growth shape for

Figure 4. Predicted habits of naphthalene with monomer growth unit
grown from ethanol (a) and grown from cyclohexane (b) using the
vOCG solvent model; the experimental shapes of naphthalene grown
from ethanol (c) and grown from cyclohexane (d).

Figure 5. Predicted habits of naphthalene with dimer growth unit
grown from ethanol (a) and grown from cyclohexane (b) using the
vOCG solvent model.

Figure 6. Change in experimental (a)19,27,28 and predicted (b) shapes
with increasing levels of supersaturation for naphthalene grown from
cyclohexane using the vOCG solvent model.
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benzoic acid crystals that results from spiral growth on these F
faces. Figure 7b indicates the experimentally observed crystal
morphology as viewed along the a, b, and c axes.34 It can be
seen from Figure 7 that the Miller indices of the F faces we
predicted are exactly the same as those reported in the
literature.34 However, the predicted growth rate of the {0 1 1}
face family is much larger than the experimental value, so that
the shape of benzoic acid we predicted is a needle. By carefully
analyzing the PBCs of the {0 1 1} and {0 0 2} face families, we
can be sure that the growth rate of the former is ∼183 times
that of the latter (S = 1.04, T = 298 K), and the experimental
crystal shape of benzoic acid should be needlelike (see
Supporting Information). Since it is difficult to find
experimental results in the literature on benzoic acid
crystallization from the vapor, we searched for other sources.
We found a video on YouTube that confirms our predictions.35

This video shows a laboratory demonstration of the
purification of benzoic acid by sublimation, which clearly
shows that needle-shaped crystals of benzoic acid are obtained
by sublimation growth. Since the needle-shaped crystal is very
fragile, we hypothesize that, perhaps in the literature,34 only a
part of the sample that has been broken was used for
characterization, thereby obtaining a non-needle crystal shape.
The PBCs, spiral shapes, and detailed calculated results of
benzoic acid can be found in the Supporting Information.
The final system we report is tazofelone form III (CSD CIF

code WIMBAV1336), grown from toluene. Tazofelone is a
potent antioxidant and 5-lipoxygenase inhibitor, which was
originally investigated at Eli Lilly two decades ago as a novel
therapy for inflammatory bowel diseases.36 Tazofelone form III
crystallizes in the space group P1̅ with the following cell
parameters: a = 11.2917 Å; b = 11.9167 Å; c = 14.9597 Å; and
α = 77.827°; β = 75.208°; γ = 71.585°. There are two
molecules in the asymmetric unit and four molecules in the
unit cell (Z′ = 2, Z = 4). According to Appendix B in the
Supporting Information, due to the formation of two strong
N−H···O hydrogen bonds between two tazofelone molecules
(−19.16 kcal/mol, calculated using the GAFF force field in
ADDICT), a dimer growth unit was used to predict the crystal
morphology of tazofelone crystals grown from toluene solvent.
The original unit cell (monomer growth) and the new unit cell
formed based on the dimer growth unit can be found in the
Supporting Information. Figure 8a indicates the predicted

crystal shapes of tazofelone (S = 1.04, T = 298 K) grown from
toluene using the vOCG solvent model.20 The experimental
shape of tazofelone form III grown from toluene has been
reported,36 producing crystals with shapes shown in Figure 8b;
while the Miller index faces of the experimental crystals are
unknown, our theoretical morphologies do indicate similar
parallelogram shapes. The PBCs, spiral shapes, and calculation
results of tazofelone can be found in the Supporting
Information. In addition, note that, as far as we are aware,
this is the first time that the crystal morphology for a Z′ = 2
crystal was successfully predicted using the mechanistic growth
model. To further prove the reliability of our new software
framework, we also predicted the morphology of 4-
hydroxyacetophenone crystal with Z′ = 2. The specific results
are shown in the Supporting Information.

■ CONCLUSIONS
When the crystallographic asymmetric unit is not equal to a
single growth unit, it is more challenging to implement
mechanistic models of crystal growth. Furthermore, the
relationship between the asymmetric unit and the growth
unit requires a case-by-case treatment that makes an
automated model implementation especially challenging. To
resolve this disconnect, we propose adjusting the input
crystallographic information for mechanistic models to be
the full unit cell, stored in an MOL2 file format. This has the
significant advantage of identifying which molecule or chemical
entity each atom belongs to, automatically producing all types
of monomeric crystal growth unit for a given system. Thus, the
growth algorithms can interpret the crystallographic informa-
tion and lay the foundation for calculating solid-state
intergrowth unit energetics that are a prerequisite for
mechanistic models. We also demonstrate how dimeric growth
units can be produced, starting from this same strategy. We
tested this approach on three molecular crystals with
crystallography of varying degrees of complexicty (Z′ = 0.5,
1, and 2, respectively) to demonstrate interpretation of
crystallography. Our predicted crystal habits agreed favorably
with experimental reports, where available, but more generally
demonstrate the feasibility of this approach.
Ultimately, this software framework helps broaden the

applicability of mechanistic modeling frameworks to more
complex crystallography. Each type of chemical entity can be
identified, regardless of whether these merely correspond to
different spatial positions or are also chemically distinct; our
ability to handle the latter enables interpretation of growth
units for cocrystals, solvates, and organic salts, which would be
even more prohibitive to describe via a case-by-case treatment
related to the asymmetric unit. To implement mechanistic

Figure 7. Views of the predicted habit of benzoic acid grown from
vapor (a) and the experimental vapor morphology as viewed along the
a, b, and c axes (from top to bottom, respectively) (b)34

Figure 8. Views of the predicted shape of tazofelone grown from
toluene using the vOCG solvent model (a) and the experimental
shape grown from toluene (b)36
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models for cocrystals, solvates, and salts, appropriate
mechanistic expressions must also account for multiple species
in solution and distinct attachment rates for each species.
However, modeling strategies for ionic crystal systems37,38

have demonstrated the feasibility of such generalizations;
coupled with a robust interpretation of the crystallography,
application of mechanistic crystal growth models to such
systems can now be considered.
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