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ABSTRACT: A workflow for the digital design of crystallization
processes starting from the chemical structure of the active
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pharmaceutical ingredient (API) is a multistep, multidisciplinary S —

process. A simple version would be to first predict the API crystal 1"\.\ -‘ Pdr:;e?]s
structure and, from it, the corresponding properties of solubility, iy T g
morphology, and growth rates, assuming that the nucleation would o

be controlled by seeding, and then use these parameters to design L

froq — 9

the crystallization process. This is usually an oversimplification as
most APIs are polymorphic, and the most stable crystal of the API
alone may not have the required properties for development into a
drug product. This perspective, from the experience of a Lilly
Digital Design project, considers the fundamental theoretical basis
of crystal structure prediction (CSP), free energy, solubility,
morphology, and growth rate prediction, and the current state of nucleation simulation. This is illustrated by applying the
modeling techniques to real examples, olanzapine and succinic acid. We demonstrate the promise of using ab initio computer
modeling for solid form selection and process design in pharmaceutical development. We also identify open problems in the
application of current computational modeling and achieving the accuracy required for immediate implementation that currently

limit the applicability of the approach.
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1. INTRODUCTION promising candidates and guide subsequent experimental
efforts.

Product and process development remains largely empiri-
cally and experimentally driven, though the utilization of
mechanistic models has been increasing. Pharmacokinetic and
pharmacodynamic (PK—PD) models are now widely used to

The development of a new pharmaceutical product begins with
the hypothesis that a new molecule will either promote or
interrupt a biochemical pathway to affect a disease state. The
target molecule is tested in clinical trials for safety (Phase I)

and both safety and efficacy (Phase II and III) and ultimately predict in vivo drug absorption,>”* and retrosynthetic

progresses to the commercialization of a new medicine if techniques assist with route selection.'™" Crystal structure

successful. The journey for a molecule to become a medicine is prediction (CSP) and solubility predictions are also increas-

long, usually fraught with many obstacles, and very expensive. ingly being adopted.”">

The average cost to develop a new drug has been estimated to The paths envisaged to digitally design a drug product are

be between $2.3 billion (reported in 2023)"* and $3 billion depicted in Figure 1. The difficulty lies in the interrelation of

(reported in 2013),” with the probability that a Phase I the many complex pathways, with the selection of the crystal

compound will successfully progress to product approval at just

under 12%.> Received: November 21, 2023 &{;gg@l&
Computational tools are regularly used by pharmaceutical Revised:  June 3, 2024

companies in the initial phase of drug discovery, e.g., to predict Accepted: June 4, 2024 —

medicinal chemistry targets and pathways," ° identify Published: June 24, 2024 “Z

candidate molecules and compute binding affinity,”® metab- ~

olism,” and toxicological issues.'”'" These efforts help identify
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Figure 1. Conceptual roadmap illustrating the complex network of major elements (in bold) and associated work streams necessary for developing
a new molecular entity into a solid oral drug product. The grading of the roads is an estimate of how well the two end points are connected (DS
stands for drug substance, the active pharmaceutical ingredient contained in the finished dosage form of the drug product).
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Figure 2. Schematic digital workflow to define a conceptual crystallization process, starting from a molecular structure on the left and proceeding to
the crystallizer on the right. Ab initio models discussed in this paper are depicted in blue; those for which first-principles models are not yet
sufficiently accurate (currently determined experimentally) are colored gray.

form in the solid oral dosage being the most critical — if this
changes, most of the process must be repeated, particularly
clinical trials which test whether the new form is equivalent to
any previously tested in humans.

A recent review’’
two decades™ ™’
of computer modeling to complement experimentation for the
design of solid forms and their crystallization processes.
Progress in many steps has been assessed, from the blind tests
of crystal structure prediction organized by the Cambridge
Crystallographic Data Centre (CCDC)’' and the aqueous
solubility prediction challenges,”® to Faraday Discussion
meetings on crystallization,”> as well as the output of the
crystallization working group of the Enabling Technologies
Consortium.****

This contribution evaluates how current computational tools
can be combined in a workflow to design crystallization
processes starting from the molecular structure of the APL It is
intended as a demonstration of the use of ab initio

summarized the emergence over the last
of the concept of digital design and the use
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computational tools in the development cycle of a
pharmaceutical product through the integration of the current
state of the art in selecting the desired solid-state form of the
API through calculation of the requisite physical properties
necessary for optimal bioavailability and downstream process-
ability. Inevitably, most computational models are more suited
to certain types of molecules, and the range of molecules to
which they have been successfully applied varies. This
integrated computational project leads to the identification of
the limitations of current physics-based ab initio methods as
well as the open problems, both for each step and overall,
toward developing a digital design strategy for a wide range of
pharmaceuticals.

We outline the fundamental physical basis of predicting each
property and illustrate these calculations for two systems,
olanzapine, an atypical antipsychotic agent originally marketed
by Lilly as Zyprexa,” and succinic acid. Both are small
molecules compared to current small molecule APIs under
development. Consideration is given to both pure computation

https://doi.org/10.1021/acs.cgd.3c01390
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of absolute or relative properties and where the input of some
experimental data into the simulation can provide a wide range
of data with the required accuracy.

2. THE VISION OF AB INITIO CRYSTALLIZATION
PROCESS DESIGN

Most drugs are developed as solid dosage forms, such as tablets
or capsules,”® due to patient preference. In silico modeling
should therefore assess the entire pathway of developing an
API into a new solid oral dosage form, while minimizing the
risk of downstream failures. The goal is to use the ab initio
results to direct the experimental effort to optimize the use of
materials and resources for successful drug development. In
this context, we use the term “ab initio” to mean that no
experimental information about the specific compound is used.

Drug development generally progresses along two streams:
the production of the drug substance and the production of the
final dosage form. They are not mutually exclusive, since the
drug product (containing a drug substance with the desired
attributes of size, shape, etc.) must accommodate the physical
properties (density, powder flowability, etc.) of the drug
substance. As a result, a coordinated effort is required to
achieve the best in vivo performance of the solid oral dosage
form. The choice of the crystalline form of the API must meet
the needs of both drug substance and drug product
development and should be decided prior to or in conjunction
with the synthetic route selection before other key activities
can commence. Thus, the proposed digital workflow depicted
in Figure 2 starts from the molecular structure with prediction
of the static crystal structure landscape (CSP_0) to identify
low-energy structures that are plausible polymorphs. These
structures are then refined through the determination of the
free energy at room temperature to allow prediction of phase
diagrams (as a function of temperature, relative humidity
(RH), and sometimes pressure) as well as modeling and
prediction of key properties (solubility, etc.) to support the
selection of the solid form.

With the desired crystal form selected, conceptual models
already exist to design crystallization processes, but all require
experimental data (solubility, growth rates, nucleation rates,
etc.) to be available. For example, one such model estimates
the fate and purge of impurities after crystallization.””*®

Our proposed digital workflow computes polymorph-specific
and facet-specific growth rates for putative polymorphs and
uses them to predict the crystal shape and provide insight into
the process design. We employ state-of-the-art multidimen-
sional population balance modeling to predict particle size and
shape distributions, but they can only be predicted for seeded
batch processes, where primary and secondary nucleation is
minimized. While reliable empirical models for secondary
nucleation exist, they require several material- and crystallizer-
specific parameters, which must be experimentally determined.
Thus, without a means to predict secondary nucleation kinetics
from a first-principles approach (see Section 6), the fully ab
initio conceptual design of a continuous crystallization
process” is not yet possible.

3. CRYSTAL POLYMORPH SELECTION

The expensive and very public recall of Norvir due to the
sudden appearance of a new, more stable polymorph of the
API""™" prompted many, if not all, large pharmaceutical
companies to make major investments in solid form and salt

5419

screening. Selection of the solid form starts with screening of
the parent compound and, if needed, is followed by identifying
and screening other viable solid compositions from potentially
many salts (if ionizable), cocrystals, or solvates. Hopefully, a
commercially viable crystal form will emerge among the
crystalline “hits”. In reality, the lack of supply of the drug
substance and time available for screening cause this process to
be carried out iteratively at different stages of development.
This creates the problem of having to repeat work if a new,
more desirable form is identified late in the process. As form
selection is often conducted before there is any certainty that
the compound will progress further than phase I clinical
trials,”* the need to get the crystal form right must be balanced
with the cost of exhaustively screening (if API supplies permit)
a possibly large portfolio of molecules in this stage of
development. It is thus imperative that industry-standard
screens at least find the thermodynamically stable form
early.***® Although the industry has adopted several “best
practices”, the path to a commercially viable crystal form
remains unpredictable and molecule-dependent; there is no
one-size-fits-all protocol for crystallizing a molecule for the first
time, let alone selecting a suitable solid form for a commercial
drug product. This is where the in silico design of solid forms,
starting with the prediction of the crystal structure, has the
potential to change the game for solid oral dosage form
development.

3.1. Crystal Structure Prediction. As a complement to
the experimental screening and characterization of solid
forms,”” a CSP study can provide confidence that the most
stable form is known, which gives assurance that a new, more
stable form will not appear and potentially lead to the
“disappearance”' of the form under development. CSP will
then allow experimentalists to right-size the search for possible
crystal forms (ie., the polymorphs of the neat API* and at
least its hydrates™).

The ideal CSP code would predict all polymorphs that could
be experimentally realized and give a recipe for obtaining each.
The blind tests of CSP organized by the CCDC* show that
this aspiration is not yet achieved. Currently, the first stage in
a typical CSP,* referred to as CSP_0, is the search for
structures that are the most stable minima in the lattice energy.
This is the energy required to separate a (hypothetical) static
infinite perfect crystal into infinitely separated molecules in
their lowest energy conformation, approximating the relative
stability at 0 K. However, the relative stability of polymorphs
often changes with temperature and pressure, so calculating a
crystal energy landscape under processing and storage
conditions (referred to as CSP_thd) is needed. Other factors
should also be considered, such as the particle size effect (a
balance of bulk and surface energies)®' which may lead to
different polymorphs in confined crystallization experiments,>”
or environmental factors, such as water activity (or relative
humidity), so that anhydrates and hydrates of different
stoichiometries can be compared on the same energy
landscape.” Furthermore, the CSP_0 landscape is dominated
by unobserved structures,’”>> which could be disorder
components of observed polymorphs, but are more likely
subject to facile transformations to other structures once
temperature effects are considered.

3.1.1. Lattice Energy CSP. CSP studies are generally limited
to a specified number of crystallographically independent
molecules (often just Z'=1 and 2) and range of space groups
(particularly restricted for a chiral compound). Molecular

https://doi.org/10.1021/acs.cgd.3c01390
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Figure 3. Left: the molecular diagram of succinic acid, middle: the molecular diagram of olanzapine, and right: the dispersion bound dimer
proposed as the growth unit of most olanzapine crystal structures. Hydrogen atoms are omitted for clarity.
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energy refinement,’” with each point representing the lattice energy and density of a mechanically stable CSP_0-generated structure. Right:
comparison of lattice energies obtained by using different energy models to optimize the structures. Conformers A and B and full references to the
different computational models are given in Figure S1 and Section S1.1.1.1.

connectivity is also fixed, although in some calculations it is
possible for proton transfer to occur, for example changing a
cocrystal to a salt.’® The stoichiometry of multicomponent
forms is fixed, although the relative energies of multiple studies
with variable composition can be compared. The CSP_0
method relies on cancellation of errors to find relative lattice
energies, and this means that direct comparison of different
compositions is more prone to error because of the different
types of molecules and intermolecular interactions.”

A CSP search must also consider the range of conformations
that could plausibly be of sufficiently low energy to appear in a
crystal structure. Many thousands, even millions, of structures
are generated for a pharmaceutical API with only one molecule
in the asymmetric unit cell (Z’'=1), and far more are required
for higher Z' or multicomponent systems. This necessitates a
hierarchical approach to evaluating the lattice energy, with a
reduction in the number of structures being evaluated using
more computationally demanding methods (Section S1). Even
then, many more structures will be predicted than ever realized
experimentally as polymorphs.

3.1.2. Pilot Compound Results — Succinic Acid and
Olanzapine. A workflow for reducing the lattice energy
landscape was developed” using a recent CSP on succinic acid
(Figure 3) ,°® which was carried out following the serendipitous
discovery of a new polymorph. With GAFF, over 100 CSP_0
structures were reduced to 27 low-energy, persistent crystal
structures. This work also helped to identify the types of
disorder and stacking faults that probably occur in real crystal
structures, particularly in the high-temperature o form.

5420

Olanzapine (Figure 3) is a good illustration of how CSP and
molecular modeling may be used as complementary techniques
in understanding the experimental solid-form landscape. The
marketed form, form I, is the most thermodynamically stable
form,” and forms II and III are only found concomitantly
(usually with form I) by desolvating solvates.”” There is as yet
no definitive structure for form III, and the proposed match
from the CSP is denoted as form III*. The recently discovered
form 1V, crystallized in a polymer dispersion, does not contain
the ubiquitous dispersion-bound dimer.*’

Figure 4 shows that the relative lattice energies of known
and CSP-generated structures of olanzapine are sensitive to the
computational model used. Only when the B86bPBE-XDM/
DZP optimized CSP_0 structures were reranked with
expensive single point plane-wave basis set ¥/ calculations,”’
did the four known polymorphs become the most stable
structures, all within 5 k] mol™ of the observed most stable
form I, and with form III* the least stable.

Reducing this lattice energy landscape using our workflow”’
(full details are given in Section S1.1.1) gives the landscapes
shown in Figure 5. This shows that the choice of force field is
important since form III* melts with GAFF, but OPLS
provides a better agreement of lattice energy with the more
accurate models in Figure 4. Nevertheless, most dimeric and
nondimeric structures are stable, and so the explanation for
form IV (which does not contain the dispersion-bound dimer)
being so elusive is presumably that dimers form early in the
crystallization process. Only recently, studies of the growth of
an olanzapine solvate from solution have shown why the

https://doi.org/10.1021/acs.cgd.3c01390
Cryst. Growth Des. 2024, 24, 5417—5438
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dimers appear to be the growth unit as often assumed,*”**

and this mechanism appears to be disrupted by the presence of
a polymer.

The reduction of the energy landscape for olanzapine is not
as extensive as for urea, succinic acid,”’ or ibuprofen.65 While
noting that the reduction extent can indeed be system-
dependent, we also note that in the case of olanzapine we had
preselected a subset of low-energy structures that seemed likely
to be long lived. The reduction of a CSP_0 landscape, using
the observation that the number of CSP structures is reduced
by an MD shakeup® and that hypothetical structures will
melt,"” is a major step forward to reduce the number of
structures that need to be considered for more accurate
calculations. Other methods are emerging that can use an
estimate of the energy barriers between the different forms.®®

3.2. Free Energies of Polymorphs. The relative stability
of many polymorphs can change with temperature, with as
many as 21% of polymorphic pairs exhibiting an enantiotropic
relationship.69 Hence, it is important to go beyond the 0 K
lattice energies and calculate relative free energies (CSD_thd).
Relative free energies of polymorphs differ from relative 0 K
lattice energies because of the variation in the vibrational
modes and frequencies between polymorphs. There is also a
mixing of the intermolecular and intramolecular modes for

5421

flexible molecules,”® and some motions are so anharmonic that
they can be observed as dynamic disorder.

3.2.1. Ab Initio Free Energies in the Harmonic Approx-
imation and beyond. The harmonic approximation can be
used in periodic density functional codes with an increasing
range of density functionals and dispersion interactions’'
determine the phonons and hence lattice free energies. As
different polymorphs usually have very different unit cells, care
must be taken to use a sufficiently large supercell for
comparisons (ie., converge the Brillouin zone).

Free energies can also be calculated using biased molecular
dynamics,”>~"* which is discussed further in Section S2.1. The
use of a reference model system, namely the Einstein
crystal,”>™"” coupled with free energy perturbation (FEP) or
thermodynamic integration (TI),”® provides an alternative
method. These methods and some of their modifications have
been implemented in MD packages.””~**
in calculating relative free energies are removed by using the
Lattice Switch Monte Carlo (LSMC)* method, which has
mainly been used in atomic solids.**~*° A further enhancement
using the exact Zwanzig-Bennett relationship shows prom-
ise.**~°° Application to carbamazepine demonstrated precision
at a level of +0.01 kcal mol™ (40.04 k] mol™") in computed
free energy differences with just S ns of computing time per

to
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polymorph pair.”® All of these methods are described in greater
detail in Sections S2 and S3.

Directly calculating free energy differences between
polymorphs via MD by simulating phase transitions requires
augmentation by suitable enhanced sampling methods.”””*
Methods include static biasing approaches, such as umbrella
sampling (US),”"”* as well as history-dependent biasing
methods, such as metadynamics (MetaD).”>” " Both assume
the ability to sample reversibly a pathway between different
crystal forms and to represent such a pathway in a low-
dimensional set of collective variables (CVs). Static approaches
require some a priori knowledge of the transformation pathway
between crystal forms, and combining a series of simulations
connecting the metastable states (polymorphs) of interest
enables the calculation of global free energy surfaces and, in
turn, free energy differences.”"”>">"” History-dependent
methods can explore low-dimensional CV spaces to autono-
mously identify transition pathways. In MetaD, the bias
potential discourages the visitation of previously sampled
configurations, leading to exploration of unseen configurations
and the discovery of transition pathways connecting metastable
states. The adaptively constructed total bias can be rigorously
removed to give the unbiased probability and, hence, the free
energy of metastable states.”® ™'

Another approach via direct MD sampling builds on the
adiabatic free energy dynamics (AFED) methods developed by
Rosso and Tuckerman.'” Crystal-AFED'%* is a variant of the
driven-AFED algorithm,ms_m7 where CVs are adiabatically
decoupled from fast degrees of freedom and sampled at an
artificially high temperature.

3.2.2. Pilot Compound Results — Succinic Acid and
Olanzapine. For succinic acid, calculating the Helmholtz free
energy using harmonic phonons stabilizes # succinic acid such
that it is more stable than y succinic acid at ambient
temperatures, although the energy differences are minimal.*®
An alternative proposed framework for the thermodynamics of
polymorphs uses ab initio Gibbs free energy calculations based
on machine-learned potentials, including a path integral
quantum nuclei correction, and correctly predicts that a is
the high-temperature form.'*®

Recently, a limited CSP_thd study of olanzapine, using
embedded fragment quantum mechanical methods,'”” com-
pared the calculated frequencies of the two most stable
structures (forms I and II) with experiments and confirmed
that form I was monotropically more stable than form II. An
alternative method''” gave the same stability order for lattice
energies as the PBE-TS calculations shown in Figure 4, but
showed that forms IV and III swapped stability order at around
200 K.

3.3. Open Problems in CSP and Free Energy
Calculations. While our understanding of the relative
thermodynamic stability of polymorphs is improving, we are
a long way from understanding the kinetic competition
between polymorphs. Our original goal of ascertaining which
solid forms are predicted to be stable under manufacturing,
processing, and storage conditions remains an open question.
Modeling of nucleation and growth kinetics is advancing,111
but kinetics of transformation is limited by the available
experimental information against which modeling can be
benchmarked. Kinetic barriers inhibit direct observation of
phase transformations.''” The stability order of polymorphs
can change only when the lattice energy difference is
sufficiently small, comparable to the relative thermal or
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pressure contributions to free energy. Hence, our ability to
predict phase changes is limited by the error in the relative
lattice energies, which, as Figure 4 shows, is still substantial,
particularly with the potential energy surfaces (force fields)
that can be used to reduce the energy landscape by simulating
anharmonic effects, i.e., realistic molecular movement,
including thermal expansion.

CSP can play a significant role as a complement to solid
form screening.”” There are often “predicted” structures that
are competitive with or more stable than the known forms,""
raising the question of which unknown structures could be
observed as relevant polymorphs. Calculations of lattice
enthalpy as a function of pressure,'' ™' anisotropy of the
diamagnetic susceptibility tensor,''® and other physical
properties of the CSP-generated structure''”""® may suggest
nonstandard crystallization experiments to try. Comparison of
CSP-generated structures between landscapes of related
molecules can also suggest crystalline templates,ug which
have been successfully deployed in the search for catemeric
carbamazepine'** and tolfenamic acid forms VI and VIL'*'

The methods available for free energies require further
development. The harmonic approximation is limited and does
not model thermal expansion. Quasi-harmonic calculations on
the thermal expansion of carbamazepine form III'** show that
the harmonic approximation gave errors of 1—-2 kJ mol™" in
both the enthalpy and entropy, which largely cancel. Pragmatic
quasi-harmonic electronic structure approaches that may be
applied affordably to organic crystals have been explored.'”
There are cases where the lattice frequencies show an
instability, and the entropy from the highly anharmonic
motions stabilizes a high-temperature structure; methods of
modeling this have been developed on metals.'”*'**

Estimating free energy differences usually relies on the
identification and efficient computation of appropriate
CVs,'*™"% which is increasingly problematic with more
complex growth units.">® This currently impacts the
applicability to large-scale CSP_thd studies with hundreds of
radically different crystal forms.

4. SOLUBILITY DETERMINATION

The development of an industrial crystallization process
requires the determination of the solubility of the API in the
process solvent(s). Measuring this experimentally for the stable
polymorph may be straightforward, but metastable polymorphs
tend to transform into more stable forms during the
experiment.134

4.1. Methods Based on Coexistence. The solubility can
be determined by considering when the solute and solvent are
in equilibrium, and so direct coexistence simulations bypass
the need for free energy calculations. They involve an isobaric
isothermal simulation of the crystalline solid and solution in
contact. Errors can occur due to long time scale processes,
such as attachment and detachment at kinks,BS’136 1D
nucleation of kinks,"*’~"** and 2D island or pit nuclea-
tion."**~"* Special “everkinked” crystal orientations can
eliminate these nucleation phenomena,Hz‘146 and enhanced
sampling methods allow better estimation of the attachment
and detachment rates at kink sites, as recently demonstrated
for organic molecules'” and salts.'"*®* However, direct
coexistence only estimates equilibrium concentrations and
does not estimate the chemical potential differences at
nonequilibrium conditions, such as supersaturation, which
drives crystallization.
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4.2. Methods Based on Thermodynamic Integration.
Figure 6 shows an alternative route for calculating the
solubility via the thermodynamic cycle and thermodynamic
integration (TI). We have already seen (Section 3.2.1) how
Frenkel—Ladd methods (TI for solids) can compute the free
energies of solid phases."*”"*” An analogous TI method can
provide the free energy of molecules in solution using the
centroid reference of Khanna et al.'*’ This one extra step of
converting the centroid reference to the molecule provides the
absolute free energy for fully anharmonic and multiconformer
gas phase molecules.

Anharmonic
multiconformer gas

(GCentroid)
AGgeniel-Ladd F‘(_‘B’—“

'
22320 ]
A o

e et

Molecular crystal

Einstein solid Centroid ref.

ref. (Geinstein)

-
AW(T, x) <

‘ APl in solution

GCentroid + AGT.I. + AGSO\V,
Figure 6. Thermodynamic integration starting from two reference
models is used to obtain the free energy of the crystal and that of the
molecules in solution. These solubility calculations are illustrated for
the 8 form of succinic acid.*®

GEI nstein + AG Frenkel-Ladd

The solubility can be computed by equating the chemical
potential of the compound in the crystal phase with that in the
solution phase, i.e., feysal(T) = Hsolution(T, %) Where x is the
mole fraction of solute in solution. The equality of chemical
potentials is satisfied for the particular composition x,, i.e., the
solubility. Shown in Figure 7 is the chemical potential

soln,SPCE

Hsolute
solid,p

Hsotute

-145

solidy
Hsotute

kziT™%)

phace
(Hsoiute

-148 8
sat (SPCE) =227 16 g L™

xP (SPCE) = 0.039 + 0.003; C.

xP . (expt.) = 0.013; ¢ (expt.) =82 gL

X0y (SPCE) = 0.0263 + 0.002; C),,(SPCE) =159 + 11 g L™!
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Dimensionless chemical potential of succinic acid

0.01 0.02 0.03 0.04

Mole fraction succinic acid (x)
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Figure 7. Chemical potential as a function of solubility mole fraction
in aqueous solution at 300 K and 1 atm pressure (adapted from
Figure 9 in Khanna et al.,"* reprinted by permission of the publisher
(Taylor and Francis Ltd., http://www.tandfonline.com.), along with
computed chemical potentials of the S and y succinic acid
polymorphs. The force field model used for succinic acid is GAFF,
and that used for water is SPCE."”' The computed saturation
SOIU'bilitYI Xsav Of each polymorph, lies at /’lcrystal(T) = /"solution(T) x)/
where the chemical potential of the compound in the crystal phase
and that in the solution phase intersect. The width of the curve
represents plus and minus one standard deviation in the predicted
chemical potential, ie., the “error bar” from the precision of the
calculations and not the force field inaccuracy.
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computed for succinic acid as a function of solution phase
mole fraction at 300 K, along with the computed chemical
potentials for the B and y polymorphs. Repeating these
calculations at various temperatures provides the information
needed to create the van’t Hoff solubility plot shown in Figure
8.

4.2.1. Heat of Sublimation. The thermodynamic cycle
shown in Figure 6 can be used to calculate solubility by using
other, often simpler models for the heat of sublimation and the
solvation energy and combining them. The heat of
sublimation, the energy difference between the crystal and
gas phases, is usually the best experimental test of the energy
scale of the intermolecular interactions within the crystal and,
hence, the lattice energy (i.e., ignoring various contributions
that are of the order of 2RT for small rigid molecules).
Computationally, we can better estimate the heat of
sublimation from the slope of Clausius—Clapeyron plots,"*’
constructed from vapor pressures calculated at each temper-
ature by equating the chemical potential of the crystal phase
with that of the gas phase,"*" as described in Section S4.

4.2.2. Solvation Energies. Calculating the solvation free
energy, ie, the work required to insert one solute molecule
into the given solvent, may be problematic. Direct insertion of
solute molecules into a dense solvent phase (Widom’s
method)"*? will be difficult, and so new strategies have been
developed, such as Configuration Bias Monte Carlo'”’
(CBMC) and Continuous Fractional Monte Carlo'*
(CEMC) methods.

Other methods use an external repulsive potential (Weeks—
Chandler—Anderson (WCA) potential >> or Born potential)
to create a cavity for solute insertion and have been used to
calculate absolute solvation free energies of small neutral
molecules in various solvents.'*® Mobley and Guthrie
computed the free energy of hydration using explicit and
implicit solvent models for nearly 650 molecules.">” Solvation
free energies of sparinglz soluble solutes in different solvents
have also been reported.”” Recently, Khanna et al. proposed a
decoupling approach, combining a shorter thermodynamic
cycle without solute—solvent interactions and the subsequent
introduction of the Lennard-Jones and Coulombic interactions
separately to compute the solvation free energy in each
solvent."”® These last two methods are compatible with
popular open-source MD engines, such as LAMMPS and
GROMACS.

4.2.3. Pilot Compound Results — Succinic Acid. The
approach outlined in Figure 6 and in the literature'*’ *'*% has
been used to predict the solid—vapor and solid—solution
equilibria of B- and y-succinic acid at various temperatures,
along with the chemical potential difference in the solution and
crystalline phases. This gives the solubility plot shown in
Figure 8 (the complete derivation is included in Section S4).
All of the simulation points on the Clausius—Clapeyron plot
(Figure S5) lie almost perfectly on a straight line, the slope of
which gives the sublimation enthalpy, which is in reasonable
agreement with the range of experimental values.

Polymorph stability is demonstrated in Figure 7, where the
chemical potential of the y crystalline form of succinic acid is
lower (more negative) than that for the f form, indicating a
more stable, less soluble y solid form at 300 K and 1 atm.
However, the two forms differ in their chemical potential by
only ~0.4 kyT molecule™, which is small compared to the
absolute scale of ~ —145 kyT molecule™ . We conclude that
the two forms are so close in stability that it may be
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challenging to rank order them, as also shown by the relative
lattice (Section 3.1.2) and free energies (Section 322).%¢
However, verifying this experimentally will first require an
experimental protocol for producing and isolating the elusive y
form, which has only been observed once in the lab as a
concomitant solid with the commonly observed f form.>®

Harmonic phonons have also been used within the
thermodynamic cycle to calculate the solubility. Using the
Wi estimate of lattice energies (Section 3.1.1) with the
harmonic phonons (Section 3.2.1) for the heat of sublimation
and a well calculated hydration energy can rival the accuracy of
informatics models for calculating absolute solubility.'®® This
study showed that using atomistic MD simulations and FEP
methods with GAFF for succinic acid and SPCE for water gave
a hydration energy of —57.47 kJ mol™!, in somewhat better
agreement with experiment (—61.08 k] mol™)"°" than various
implicit solvation models. A ,,, estimate of the lattice
energies and thermal corrections from Y, harmonic phonon
calculations'*’ gave a heat of sublimation of 121.04 kJ mol™
(c£'* of 123.2 kJ mol™ which can be compared with the
Clausius—Clapeyron plot in Figure SS), and aqueous solubility
of 0.447 mol L™" (equivalent to 52.75 g L™"), more accurate
than the best machine learning estimate (c.f. experimental: 70
to 82 g L™1).'%

The solubility for olanzapine was not calculated using the
Einstein crystal method because the force fields were shown to
inadequately represent the known polymorphs (Figure 5 shows
that GAFF gives an incorrect stability order and form III*
melts).

4.3. Open Problems in the Calculation of Solubility.
Solubility prediction is an ongoing challenge for “first-
principles” methods that do not require any experimental
input. The simplest strategy accounts for solvation through an
implicit model, often based on Poisson—Boltzmann equa-
tions'®® or polarizable continuous medium models'®* in
combination with density functional theory calculations. A
related strategy used extensively in pharmaceutical crystal-
lization is the conductor-like screening model for realistic

solvents (COSMO-RS). This uses ab initio calculations to
obtain “sigma profiles” (surface charge density profiles) specific
to each solute and solvent molecule. Solvation free energies are
estimated via a thermodynamic cycle of melting and mixing
with the solvent sigma profiles. This method is based on
solvation thermodynamics and can benefit from the growing
open-source database of “sigma profiles” for different
solvents.'®  Although the COSMO-RS approach offers a
route to exploring both single solvents and mixed solvents
(especially solvent—antisolvent mixtures) into crystal growth
and morphology modeling, there is a limitation of the
requirement of experimental melting data for the drug crystals
that may not be obtainable when there is thermal degradation.
The method is also not congruent with fully ab initio
predictions of solubility. However, the COSMO-RS predic-
tions could be refined using more reliable solubility data
generated through molecular dynamic simulations, either as
solubility or as the enthalpy of dissolution.

Explicit solute—solvent simulation methods also have their
own challenges. Direct coexistence simulations are susceptible
to undetected errors and cannot provide thermodynamic
driving forces beyond the solubility limit. Methods based on
thermodynamic cycles require precise free energy calculations
for the crystal phase, gas phase, and solvation free energies. All
three free energy calculations can now be done precisely, but
accuracy remains limited, even for the best available force
fields. Given the difficulty in experimentally determining the
thermodynamic differences between polymorphs or even their
melting points and heats of fusion, further progress in
calculating solubilities is necessary and expected. Efforts to
predict solubility from first principles have a significant
advantage over machine learning methods, which require
large, high-quality experimental data sets for training.'*’ An
open challenge in solubility prediction is to combine machine
learning with physical principles in ways that can guide the
rational selection of solvents.'*®
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5. CRYSTAL GROWTH AND MORPHOLOGY
PREDICTION

Crystal morphology plays a significant role in pharmaceutical
manufacturing due to the difficulties in processing needle-like
and plate-like crystals. Hence, the industrial goal is to produce
well-faceted prism-like crystals in the size range of 30—80
4o, 167

Crystals are usually grown in the layer-by-layer regime in
order to reject impurities and obtain well-formed particles. The
growth mechanism includes many steps, such as solute
transport in the solution, surface adsorption, surface diffusion,
and incorporation into kink sites.'®'®” Mechanistic models
are often based on the assumption that the slowest process is
solute incorporation'”~"7* at the kink sites on step edges
formed by spiral growth from screw dislocations,'”" or 2D
nuclei forming on the crystal surface.'””'”*™'7® For spiral
growth, to calculate growth rates (typically S—100 nm s~ for
API molecules) of each face, the step height and step velocity
are required as well as the critical length of each side of the
spiral. The critical length can be calculated using the Gibbs—
Thomson equation, /’ but the step velocity is more
challenging and relies on the assumption that it is constant
once the critical length is reached.'””"” Ideal growth units and
centrosymmetric growth units allow the calculation of the step
velocity from the kink density, which in turn is calculated from
the kink energy. The kink energy for the vapor phase may be
calculated using an atom—atom force field, such as GAFF, and
can be solvent-modified using solubility parameters or other
approaches.'””™'%

For centrosymmetric growth units, the attachment rate
constant is assumed to be site-independent, and the detach-
ment rate constant depends on the bonding structure of the
site. These assumptions give a linear step velocity relationship,
which has been validated experimentally.'**~"*> The concept
of periodic bond chains (PBCs)'*~'* describes the strongly
bonded directions in the crystal, and faces that have two or
more PBCs grow slowly relative to the faces with one or zero
PBCs, and tend to dominate the surface structure.'®’

The steady-state growth shape of the crystal is determined
from the Frank-Chernov construction'”'”" which states that
the ratio of the face velocity to its perpendicular distance from
an origin inside the crystal is the same for every face. Section
SS includes a fuller description of the overall mechanistic
approach, depicted schematically in Figure 9, which has been
applied to several molecular crystals and shows good
agreement with experimental morphologies.l76’182’192_195

5.1. Pilot Compound Results — Succinic Acid and
Olanzapine. Succinic acid is a centrosymmetric molecule, and
it has been established that the growth unit in olanzapine is the
centrosymmetric dimer (Figure 3),°*'*°7'%? and so these cases
can both be treated as centrosymmetric growth units. Figure
10 shows the predicted morphologies of succinic acid grown
from water and olanzapine grown from ethyl acetate.

5.2. Growth and Morphology for High Supersatura-
tions and Noncentrosymmetric Molecules. Kinetic
Monte Carlo (kMC) simulations show that the kink density
increases rapidly with supersaturation. Therefore, the equili-
brium Boltzmann treatment becomes invalid at high super-
saturations”*>** even for centrosymmetric molecules, which is
especially relevant for antisolvent crystallization. Models for
the growth and morphology of noncentrosymmetric growth
units have been developed for two growth units*** and for any
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Figure 9. Schematic representation of the mechanistic growth model
for calculating absolute growth rates of crystal faces. The red arrows
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the arrangement of growth units differs in different growth
directions. The concept of kink cycles has been developed, but
the link between step velocity and kink rate/kink cycle is still
not agreed upon, with many proposed relationships.””> =%’
Good results have been produced by some expert
groups,””* ™' and the two most advanced digital mo?hology
aids at present are ADDICT*'" and CrystalGrower.”'

5.3. Absolute Growth Rates. Molecular simulations are
used to generate the free energy landscape at a given
temperature and pressure for the undocked and docked
growth units in the kink site. The transition path through this
surface is determined to calculate the activation energy barrier,
and transition state theory used to obtain a value for k¥, the
attachment rate constant for growth units into kink sites. This
has been used successfully for barite grown from water”"* and
sodium chloride grown from water."*® The simplicity of the
sodium chloride system (all major faces are identical)
permitted a prediction of absolute crystal growth rate as a
function of supersaturation,”* with the predictions being in
good agreement with experiments.

The complete set of absolute growth rates can be derived
from the prediction of relative growth rates coupled to one
absolute growth rate, significantly reducing the computational
cost. The resulting growth rates can then be used, for example,
in multidimensional population balance models.”"®

5.4. Open Problems for Morphology and Growth
Rate. Despite these successes, modeling methods are not quite
ready for application to the everyday workflow in API research
and development (but they are much closer than they were ten
years ago). Open problems include:

e developing nonequilibrium kink density models (as a
function of supersaturation) for crystals with many (>2)
noncentrosymmetric growth units in the unit cell.

o developing step velocity models for such systems.

e improving methods for estimating solvent-modified
bond energies, particularly for solvent mixtures, and
especially mixtures of solvent and antisolvent.

e prediction methods for attachment rate constants for
API-like solutes with multiple “floppy” functional
groups. It has been shown that conformational
equilibria, as well as conformational transition mecha-
nisms, can become the kinetic bottleneck in crystal
growth®'® and that the presence of slow conformational
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(a)
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&
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Figure 10. (a) Succinic acid crystals (ff form) grown from water; left — predicted morphology, right — experimental shape, adapted from Figure 7
in Snyder et al.,*%° with permission from Wiley, Copyright © 2007 American Institute of Chemical Engineers (AIChE), and (b) olanzapine crystals
(Form I) grown from ethyl acetate; left — predicted morphology (yellow = (100), blue = (11—1), magenta = (011)), right — experimental shape,

adapted from Figure 7 in Sun et al.**!

equilibria can affect overall crystal growth rates at the
process scale.””’ How to identify molecular systems
subject to these conformational limitations and how to
generalize growth rate estimates in such cases remain
open challenges.

6. NUCLEATION

Nucleation is the initial irreversible step in the formation of a
new crystal. However, at industrially relevant supersaturations,
nucleation is an extremely rare event and direct atomistic
simulations cannot access realistic nucleation rates. One
important reason for interest in nucleation is in polymorph
discovery. Late-appearing polymorphs are those whose
nucleation has usually been kinetically outcompeted by other
polymorphs. The cases of disappearing polymorphs are likely
to arise when the more stable form has a very slow nucleation
rate but a fast growth rate (Table 1). In this context, atomistic
simulations, while unable to provide estimates of absolute
nucleation rates, could help in ranking the relative nucleation
kinetics of different forms, at least in the absence of impurities,
and thus provide approaches beyond thermodynamics to refine
CSP-generated crystal energy landscapes and identify long-
lived putative polymorphs. Thus, an ability to model
nucleation could allow the assessment that there is little risk
of a computationally more stable crystal structure that has not
been observed in extensive screening disrupting the
manufacture of a metastable but kinetically favored form.

Rare event methods”"*'”*'® make it possible to compute
single-component nucleation rates under realistic conditions,
even for extremely slow nucleation processes.”'”~>** However,
formidable challenges remain, especially for solute precipitate
nucleation”** and heterogeneous nucleation.””* The challenges
originate from multiple factors.

e Unlike predictions of structure and stability, which only
require bulk solid properties, understanding nucleation
requires a ciuantitative understanding of the solvent

22

. —227 228,229
properties, interfaces,”™™ and perhaps also
interactions with other surfaces, impurities, surfactants,
et 230231

Nucleation rates are highly sensitive to supersaturation.
For quantitative comparisons and predictions, exper-
imental and simulated supersaturations should match.
Therefore, precise solubility and driving force calcu-
lations are important (and nontrivial) first
steps. 40232233

Nucleation is an intrinsically irreversible nonequilibrium
process, and (for solute precipitate nucleation) the solid
invariablg has a different composition from the starting
solution.””””** The transformation from a solution with
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one composition to a solid with another poses
tremendous difficulties for simulations.

Most theoretical analyses and simulations focus on well-
, . 235

defined homogeneous primary nucleation processes.

However, most nucleation processes occur by heteroge-

. 227,230,236,237
neous nucleation or secondary nuclea-
. 238239

tion.

6.1. Homogeneous Nucleation. Homogeneous nuclea-
tion, in the context of API crystallization, is the spontaneous
emergence of a stable (or metastable) crystalline or amorphous
phase from a pure metastable solution, with no assistance from
templating surfaces or particulates. In experiments, homoge-
neous nucleation tends to be the most difficult pathway to
observe because heterogeneous or secondary nucleation
pathways usually intercede. For simulations, understanding
homogeneous nucleation is often the first goal because it
occurs in a well-defined, pristine solution. Nevertheless, there
is a significant problem in controlling the supersaturation
during a simulation of solute precipitate nucleation because of
the difficulty of keeping the chemical potential difference
constant in a small box with a constant number of
molecules.”*’ Putting a small nucleus to seed the simulation
can estimate rates without artifacts from supersaturation
depletion, but this requires a priori assumptions about nucleus
structure.”*>>*>**1**> Osmotic ensemble methods can control
supersaturation with no assumptions about the nucleus
structure,”*’ which may prove particularly useful in studies of
two-step homogeneous nucleation,”*”**#*%*

6.2. Secondary Nucleation. Secondary nucleation, in
multiple ways, is the opposite of homogeneous nucleation.
While homogeneous nucleation involves molecular-scale
spontaneous assembly from solution with no crystals present,
secondary nucleation occurs by mechanical breakage of
existing macroscopic crystals into preformed viable crystal-
lites. 22546247 Homogeneous nucleation rarely (if ever) occurs
in an industrial crystallizer. In contrast, secondary nucleation is
considered to be the dominant mechanism.*****%72%¢
Quantitative models have been developed for secondary
nucleation, assuming that crystals can fracture on collision,
accounting for crystal—crystal collisions, impeller-crystal
collisions, and other mechanisms.??>*****7251" The solute
morphology and mechanical properties’” are important in
determining the ease of fracture, but this is not explicit in
current models, in which fracture enters through a parameter
that is experimentally determined. Secondary nucleation
models are extremely useful for industrial crystallization**®
but not for polymorph screening, where the main targets are
low-energy solid forms that are predicted to be kinetically
stable but are yet to be experimentally realized (Section 3.3).

https://doi.org/10.1021/acs.cgd.3c01390
Cryst. Growth Des. 2024, 24, 5417—5438


https://pubs.acs.org/doi/10.1021/acs.cgd.3c01390?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.cgd.3c01390?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.cgd.3c01390?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.cgd.3c01390?fig=fig10&ref=pdf
pubs.acs.org/crystal?ref=pdf
https://doi.org/10.1021/acs.cgd.3c01390?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Crystal Growth & Design

pubs.acs.org/crystal

6.3. Heterogeneous Nucleation. Heterogeneous nucle-
ation can occur where the solution contacts a bubble, an oil
droplet, or an atomically smooth solid surface.”*>**"*** Like
homogeneous nucleation, these special cases of heterogeneous
nucleation are amenable to theoretical modeling and molecular
simulations. We have gained tremendous insight from these
studies, e.g., how solid-crystal, solid-solution, and crystal-
solution interfaces modulate nucleation barriers,>****""**” and
how barriers for heterogeneous nucleation relate to barriers for
homogeneous nucleation.”””**> Theory and simulation have
also explained how barriers are influenced by additional factors
like line tension,>®*" lattice mismatch/elasticity,zsg’259
curvature,”*%¢! hydroéphobicity,262’263 electrostatics, >+
and adsorbates,**"/>6672%%

The role of heterogeneous nucleation in polymorph
discovery, where another organic impurity or template crystal
is involved, is discussed at greater length in Section S6.1.1.

6.4. Open Problems in Nucleation. We have already
identified many open problems in nucleation. In most batch
industrial crystallizers, nucleation can be practically avoided by
seeding but the collision-induced mechanism of secondary
nucleation is vital for continuous crystallizers. However, at the
polymorph screening and solid form discovery phases,
homogeneous and heterogeneous nucleation processes are
critical. A key issue will be how much the simulation methods
and analysis tools for simple systems translate to API
molecules. The dominant mechanisms for conformational
transformation can change significantly between the solution
phase and as the molecule becomes incorporated into the
crystal, even for molecules as small as ibuprofen.”'® An early
systematic study aimed at quantifying the impact of molecular
flexibility on the nucleation kinetics of four para-substituted
benzoic acids suggests that conformational change is only one
of the many activated processes that contribute to and control
the kinetics of crystallization. Its relative weight in the whole
process will change depending on the system.”®

7. PROCESS DESIGN

One can construct population balance models (PBMs), which
can be used to predict the particle size distribution (PSD),
particle shape distribution, and other important processing
parameters, from known (or predicted) growth rates, solubility
values, and nucleation rates (if available). The standard
universal PBM, applicable to batch, semi- or fed-batch, and
continuous processes, is given in Section S7.

Solubility predictions are needed to accomplish conceptual
process design to drive the PBM, to determine the processing
conditions, and to estimate the yield. COSMOtherm is widely
used to predict solubility in any solvent from only the SMILES
information. The solubility predictions are improved for a
range of pure solvents or solvent mixtures when using either an
experimentally measured enthalpy of fusion of the polymorph
or the experimentally measured solubility of the polymorph in
one or more solvents. In the absence of experimental values,
the enthalpy of fusion can be estimated using quantitative
structure—property relationship (QSPR) models, but this
approach does not distinguish between polymorphs. To
overcome this deficiency, the enthalpy of fusion can be
assumed to be equal to the enthalpy of dissolution, which is
estimated well by molecular simulation, as we have
demonstrated for succinic acid in aqueous solution.

7.1. Pilot Compound Results — Succinic Acid and
Olanzapine. We have performed a COSMOtherm solubility
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screen in 66 solvents for both succinic acid and olanzapine
(Section S7.1). The results for the  form of succinic acid were
slightly improved using the enthalpy of dissolution determined
from molecular simulation as an approximation for the
enthalpy of fusion (Section S7.1 and Table SS). The results
for olanzapine recommend just two candidate process solvents,
ethyl acetate and methyl ethyl ketone, with no clear advantage
of one over the other. Considering ethyl acetate, the
conceptual crystallization process design suggests a process
with 12 volumes of ethyl acetate (a ratio of 12 L of solvent to 1
kg of olanzapine) to give a dissolution temperature of 65 °C.
The mixture would be heated to 70 °C, transferred through a
polish filter to the crystallizer, cooled to 59 °C, to establish a
relative supersaturation of 20%, and seeded. The suspension
would be cooled slowly to 20 °C, filtered, washed, and dried
with an expected yield of 80%. Ethyl acetate was the chosen
solvent for the commercial manufacture of olanzapine. A
detailed description of the virtual solubility screen along with
further implications for a conceptual process is given in Section
§7.1.

The seeded batch crystallizer case is relevant for most drug
substance crystallization processes. As illustrated, it is possible
to consider the ab initio conceptual design of the batch
process, provided that the solubility can be reliably predicted.
Optimal cooling profiles for seeded batch crystallization were
ﬁrgt7 1czc;xgsidered by Mullin and Nyvlt>”® and later by Ward et
al.”’™”

PBMs for batch crystallizers have also been used by Mazzotti
and coworkers to explain the important yet mysterious
phenomenon of chiral deracemization in both nature and in
vitro,”” i.e., where all crystals in a racemic mixture evolve to
become either all R- or all S-enantiomers, known as Viedma
ripening.

PBMs have been used to explain the behavior and design of
continuous crystallizations, including crystallizer stability and
control,””* and especially polymorph control.””*~*"* Unfortu-
nately, the models for continuous crystallization all require
secondary nucleation rates to drive them, which at present
demand extensive experimental data and parameter estimation.
Currently, it is not possible to predict either primary or
secondary nucleation rates ab initio. As a result, the conceptual
process design for continuous crystallization cannot be
predicted without experimentally derived parameters.

7.2. Open Problems in Conceptual Process Design.
Until the current inability to predict secondary nucleation from
first principles is solved, there can be no further progress in the
ab initio design of continuous crystallization processes. Related
difficulties include the need for first-principles models for
agglomeration and attrition.

Multidimensional PBMs have the potential to predict not
only the particle size distribution but also the morphology
(habit) distribution. However, they are not used widely
because a separate growth rate model is needed for each
individual facet on the crystal surface. As noted earlier in
Section S5, one way to overcome these difficulties is to
reformulate the multidimensional PBM in terms of a single
absolute growth rate for one of the crystal faces and relative
growth rates for all others.”'> Ab initio growth models may
then be used to estimate all the growth terms in the PBM.
Such an approach has never been tested but is ripe for further
research.

Using COSMOtherm with QSPR to predict solubility and
thus identify possible process solvents neglects the knowledge
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Figure 11. Comparison of morphology predictions using the CSP-generated crystal structure and experimental crystal structure. The morphologies
were calculated with the CLP force field and vOCG solvent model and can be compared with other calculations and the experimental morphologies
shown in Figure 10. The packing energies (PEs) calculated with the CLP force field approximate the lattice energy if conformational changes are
neglected and can be compared with other estimates of the lattice energy for olanzapine shown in Figure 4 and with the heat of sublimation of -
succinic acid shown in Figure S2 if temperature effects are also neglected. The calculated relative growth rates of the crystal faces are reported in

Table S3.

of the crystal form. Molecular dynamics simulations can be
used to estimate solubility as a function of temperature in one
or more solvents, and from that the enthalpy of dissolution
may be determined. The enthalpy of dissolution can then be
used, replacing the QSPR estimation for the enthalpy of fusion
to improve the COSMOtherm predictions. The approach was
demonstrated for succinic acid in water with limited success
(see Table SS), thus the methodology needs further improve-
ment and testing to develop a robust workflow for this
concept.

As the conceptual design gets closer to industrial deploy-
ment, the influence of impurities in the solution cannot be
ignored. Indeed, crystallization is the preferred means of API
purification, with impurity rejection strongly impacting
commercial process designs. Some impurities are not
recognized by the crystal surfaces (ie. they do not adsorb)
and are inert to the growth mechanism(s). Impurities that do
adsorb on crystal surfaces can significantly affect growth even
at the ppm level.”’”” Impurities normally reduce the growth
rates of selected planes, thereby modifying the crystal
morphology in addition to slowing down the growth process,
although instances are known of impurities that accelerate
growth.”*™**” There is now a large literature on the effect of
impurities and additives on crystal growth; selected papers
include those reporting experimental methods and
data"®?%72% and molecular models.””**”7**° Impurities
may be structurally related to the API but with very different
biological effects, so it is imperative to avoid their
incorporation.”' ~*%?

Higher fidelity crystallizer models that account for imperfect
mixing and other transport effects via computational fluid
dynamics are available.””*~*"” However, they are subject to the
same limitations mentioned above with respect to secondary
nucleation and impurity effects.

8. DISCUSSION

We have shown how the components of a digital design
workflow, going from the molecular structure through to the
process design (Figure 2), are in an active state of development
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and produce worthwhile results. The time will come when this
workflow can be integrated into drug discovery, allowing the
discovery team to consider not only the medicinal chemistry in
selecting candidates to carry forward into in vivo studies but
also product and process design and the expected bioavail-
ability of the candidate. This integration will be a game
changer.

This study has illustrated that it is not fully possible for
quantitatively reliable simulations to be performed prior to the
synthesis and crystallization of the molecule. The main barrier
is the inability to use the same energy model (e.g., force field)
to predict the crystal structures and, subsequently, all the
relevant properties and get sufficiently reliable results.

However, aspects of ab initio process design can be realized
and useful results can be obtained for many properties. The
morphology of a predicted crystal form grown from solution
can be predicted, including the effect of the solvent on the
relative growth rates. For example, Figure 11 shows that the
predicted morphologies of succinic acid and olanzapine show
little qualitative difference whether the CSP-generated crystal
structure or an experimental crystal structure is used, thus
demonstrating that morphology can be successfully pre-
dicted from the chemical structure. Zhang et al. demon-
strated similar results for ibuprofen grown from several
solvents.””®

8.1. General Problems Identified. 8.7.1. Crystal Struc-
ture and Temperature Effects. The most direct consequence
of neglect of the temperature is neglect of thermal expansion.
This can be highly anisotropic if different crystallographic
directions have different strength intermolecular interactions
(hydrogen bonds vs dispersion). A review of over four
thousand organic crystals suggested that one-third may have
at least one direction with negative thermal expansion.”””

However, the exponential dependence of many properties
on the temperature is the most common limitation in the
accuracy of the predicted values. The exponential dependence
is a function of the ratio of the energy differences to
temperature and hence makes computer modeling very
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sensitive to the underlying potential energy surface (force
field).

8.1.2. Force Field Availability and Accuracy. A major
limitation of the digital design of pharmaceutical products is
the availability of sufficiently accurate force fields for
pharmaceutical molecules to enable the CSP landscape
reduction, free energies, morphologies, melting point, heat of
fusion, and other properties to all be calculated to the accuracy
required.

The sensitivity of the pharmaceutical solid state to the
underlying potential energy surfaces has given considerable
impetus in academia to develop more accurate energy models
for pharmaceutical crystals.”” There is a huge effort in the
theory, computer codes, and testing for both atomistic force
fields™"" (e.g, nonempirical anisotropic atom—atom intermo-
lecular potentials®®* combined with separated intramolecular
force fields),’” electronic structure calculations’****® and
fragment-based methods.’’° Many of these emerging methods
were benchmarked in the seventh blind test of crystal structure
prediction.’””*** However, there are many issues, ranging from
choice of functional form to selection of experimental or
theoretical data for validation, which means that choice of
force field will be a major factor in determining the accuracy of
the simulations.

8.2. Polymorphism and Multicomponent Systems.
The kinetic competition between polymorphs is highly
dependent on the molecule’s structure. What a medicinal
chemist might consider as minor differences in the molecular
structure, such as introducing a methyl group or changing a
hydrogen to a fluorine atom, will change the crystal structure
and the propensity for polymorphism. A recent survey of 232
simply substituted chalcones ((2E)-1,3-diphenylprop-2-en-1-
ones)”” had 170 different crystal packings, with the largest
isomorphous group containing 15 compounds. Nevertheless,
the digital design process could be used to foresee whether a
given API was likely to be problematic to develop and whether
a multicomponent form or medically similar API should be
considered.

8.3. Utilization in Process Design. Aspects of the digital
design vision of crystallization processes are currently being
used for drug development. CSP is used to understand the
potential form landscape and to inform and guide the
experimental form selection process. Morphology predictions
are used to understand and guide the effect that solvent
selection can have on the resultant crystal morphology, once a
crystal form has been selected.

The current state of the art of CSP, while limited by the
accuracy of the potential energy surface and modeling of
temperature effects, does usually identify the observed and
stable polymorphs among other energetically competitive
forms, as illustrated for both succinic acid™® and for olanzapine
(Figure S and refs 59 and 60). For olanzapine, as Figure 5
reveals, several forms that have not been observed
experimentally are calculated to be more stable under ambient
conditions than those observed experimentally. However,
Figure 4 shows that either force field used to model the
molecular motions gives a very different lattice energy from the
most advanced electronic structure methods, where the four
known forms are the most stable. The general observation that
CSP usually generates more thermodynamically plausible
polymorphs than are found, even in state-of-the-art industrial
screening (e.g., galunisertib)®'’ and after landscape reduction
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(see Section 3.1.2), exemplifies the need for better primary
nucleation models.

Table 1 illustrates the competition of nucleation and growth
kinetics versus thermodynamics in predicting the form most

Table 1. Experimentally Expected Form when the
Nucleation or Growth Rates of the Stable Form are Fast or
Slow Relative to the Unstable Forms

stable form nucleation stable form growth expected form

rate rate observed
fast slow unknown

slow slow unstable Form
fast fast stable Form
slow fast unknown

likely to be observed when the free energy differences between
competing forms are “small”. In those cases, when the more
stable form exhibits faster kinetics for both nucleation and
growth, it should be the form observed experimentally.
Similarly, when the nucleation and growth kinetics of the
thermodynamically stable form are much slower than those of
the unstable form, the unstable form is more likely to be
observed. Otherwise, it is unclear which form should be
expected. There are cases where the most stable form has
eventually been found despite being slower to nucleate and
grow than the apparently stable metastable form.*'"’'?
However, once the solid form has been selected on the basis
of experimental solid form screening with the aid of CSP, the
design of the crystallization process can proceed. Provided the
process is seeded to avoid primary nucleation, nucleation rates
can be assumed to be negligible and thus ignored in the
multidimensional PBM. This assumption enables the model to
be practically used to predict the crystal size and shape
distribution for a given solvent and temperature.

More reasonable expectations of state-of-the-art molecular
simulation at present or in the near future are to be able to

1 Approximate the stability order of a set of polymorphic
forms as a function of temperature.

2 Assess the risk of hydrate formation under real-world
temperature and relative humidity conditions.

3 Suggest the potential for further energetically compet-
itive polymorphs and provide their structures, which
may suggest an experimental route to their discovery.

4 Predict the relative solubility of a given solute in
different solvents.

S Predict the change in solubility with respect to
temperature of a given solute in a given solvent (i.e.,
the slope of the van’t Hoff plot (Figure 8)).

6 Predict the morphology and the growth rates of the
major facets for a set of polymorphic forms in a range of
solvents.

The inability to predict the most likely crystal form to appear
suggests an alternative workflow for how the current state of
the art in digital design can be used for conceptual
crystallization process design — to carry forward all putative
polymorphs within a reasonable free energy and hence
solubility range and assess the crystal morphology landscape
associated with each CSP-generated form. This workflow
allows for a prediction of all crystal shapes possible and allows
for a priori resource and risk estimations to be made based on
the complexity associated with the development of the
crystallization process. For example, if only equant crystal
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morphologies are predicted for all plausible polymorphs, then
it can be anticipated that a smaller effort would be required to
develop a crystallization process to provide a freely flowing
powder. Conversely, if only needle-like crystals are predicted
across all putative crystal forms, then it can be expected that
more resources will be required to develop the crystalline API
process to improve on the crystal morphology through the
application of particle engineering techniques such as in situ
milling followed by thermocycling.*"

While it is not currently possible to fully realize the ab initio
vision of digital design, it is possible to benefit from the
workflow provided that small amounts of experimental data are
available. For example, solubility in the full range of solvents
can be broadly predicted from a small set of solubility
measurements, and the absolute growth rate can be estimated
from knowledge of a single absolute growth rate for only one
face. Both examples represent an enormous reduction in effort
compared with the experimental determination of the absolute
growth rates of every face on the crystal surface or
measurement of solubility in thousands of solvents or solvent
mixtures.

9. CONCLUSIONS

An industrial persgective on the engineering of pharmaceutical
materials in 2007°° saw computational prediction as a future
step in the route from an active molecule to finished product.
We have demonstrated through examples the use of simulation
as part of the support to inform and guide experimental
techniques foreseen in a 2015 review of the future of
pharmaceutical manufacturing sciences,” and illustrated
much progress in some of the opportunities identified by the
crystallization working group of the Enabling Technologies
Consortium. ™

Computational methods are available to design a crystal-
lization process from the chemical diagram (i.e., a priori
without any experimental data) for all the main steps, apart
from primary nucleation rates, which are important for
polymorph discovery, and secondary nucleation rates,
important for continuous crystallization process design.
However, which type and level of theory are accurate enough
and practically affordable is dependent on the specific API
molecule, its size, conformational flexibility, functional groups,
and particularly the nature of the competing polymorphs and
solvates that can affect the manufacture and stability of the
product. Future efforts for utilizing CSP to aid polymorph
discovery and minimizing the risks of the late emergence of
more stable forms should focus on primary nucleation rates. A
key requirement to the implementation of the digital design
workflow from the molecular diagram (Figure 2) is a priori
solubility prediction, but the exponential dependence of
solubility on temperature and the free energy of solution
makes this a particularly challenging property to compute.
Morphologies can be computed, but absolute growth rates
involve challenges similar to those for absolute solubilities.

This paper shows that physics-based simulation methods are
being actively developed for pharmaceuticals and are
qualitatively and semiquantitatively realistic enough to be
useful. As illustrated for olanzapine, the crystal structure of
Form I, predicted by CSP and used to predict morphology,
agrees almost identically with the experimental results without
any information other than the molecular structure. Likewise,
from only the molecular structure, the in silico solubility screen
reduces the potential solvent systems for a thermal batch
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crystallization process to less than a dozen from a field of 66
(see Section S7.1). The temperature-dependent solubility
profile of the best of these, ethyl acetate (the commercially
used solvent; see Figure S3), is in surprisingly remarkable
agreement with experimental data of the lowest energy form.
However, COSMOtherm used with QSPR has no knowledge
of the crystalline form. From the temperature dependent
solubility profile, a target process solvent is suggested, and a
conceptual design of the crystallization process is defined.
The ideal of using the accurate potential energy surfaces for
CSP and all properties and a simulation method that is realistic
for the dynamics, nucleation, and growth of pharmaceutical
crystals, will eventually produce more reliable quantitative
multiscale modeling in the design of crystallization processes.
In the meantime, such methods can considerably aid the
design process by providing estimates of relative properties or
uncertain parameters in approximate models (e.g., solubility).
They may also be used to reduce the experimental design space
and identify a small number of key experiments to conduct. As
an example, once the predicted lowest energy form has been
experimentally verified, the experimental crystal lattice can
then be used to better predict particle morphology. Likewise,
after solubility has been measured experimentally in one or
more solvents, these data can be used to refine the solubility
model to give better predictions of solubility in other solvents.
We have demonstrated the ab initio prediction of the crystal
form landscape and solid state properties, and that process
design is achievable from only the chemical structure, as
exemplified for olanzapine. This workflow provides guidance of
the key experiments and efforts that are necessary to move
from the molecular structure to a conceptual process design,
derisking the development effort. The time is near when the
consideration of solid-state properties for new chemical
medicinal targets will be integrated into computational
chemistry approaches for the identification of new drugs.
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