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ABSTRACT: Predicting structures of organic molecular cocrystals is a challenging task when

considering the immense number of possible intermolecular orientations. Use of the Shannon ¢
information entropy, constructed from an intermolecular orientational spatial distribution B ﬁr‘ \
function, to drive a search for crystal structures via enhanced molecular dynamics can be an [| 1} < ;— St
efficient way to map out a landscape of putative polymorphs. Here, the Shannon entropy is \Y \ A

used to generate a set of collective variables for differentiating polymorphs of a 1:1 cocrystal of p ‘
resorcinol and urea. We show that driven adiabatic free energy dynamics, a particular m 5§, =-0,G(s)+heat bath(7))
enhanced-sampling approach, combined with these entropy variables, can transform the stable - = pp—
phase into alternate polymorphs. Density functional theory calculations confirm that a structure MRS < - fe=r
obtained from the enhanced molecular dynamics is stable at pressures above 1 GPa. We thus —{— " N 13
show that enhanced sampling should be considered an integral component of crystal structure ﬁi?“ 1/ co-crystal | B
searching protocols for systems with multiple independent molecules. Ly [ ooy =

he determination of polymorphs of organic molecular

crystals is an important component in the study of
pharmaceuticals, energetic materials, organic semiconductors,
and agrochemicals, as the performance of these materials can
be affected by the existence of multiple kinetically accessible
structures. In the area of organic molecular crystalline
materials, leveraging cocrystal formulations, in which multiple
components are crystallized together in a stoichiometric ratio,
can be a useful avenue for tuning certain desired properties
required by a particular target application. This is especially
true in the pharmaceutical industry, where cocrystallizing an
active pharmaceutical ingredient (API) with other molecules
can significantly affect physicochemical properties such as the
aqueous solubility, dissolution rate, and stability."* Although
cocrystallization can allow properties to be accessed that are
not available in single-component crystals, understanding the
interactions that favor cocrystallization over assembly of the
individual components into pure crystals remains an area of
active interest.” While generating a set of theoretical
polymorphs via crystal structure prediction (CSP) is becoming
routine for organic molecules, determining experimentally
relevant structures with more than one molecule in the
asymmetric unit cell remains challenging." By definition,
cocrystals have at least two independent molecules, making it
critical to find new methods to predict the crystalline forms of
these systems.

In this Letter, we demonstrate that the use of molecular
dynamics (MD)-based enhanced sampling is a promising
approach for cocrystal polymorph prediction. In this class of
MD simulations, a trajectory is guided by modifying the
original potential energy surface and corresponding forces, by
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varying the temperature of the system, or both, to facilitate
sampling of otherwise rare transitions between local minima.
Indeed, it is becoming increasingly recognized that such
molecular simulation %pproaches are an important component
of a CSP protocol," ® as they subject putative structures to
experimental conditions, can check their stability under these
conditions, and produce relevant thermal averages at
experimentally relevant temperatures and pressures. The
need for enhanced-sampling approaches arises from the fact
that polymorphs may be separated by high-energy barriers
even if the free energy differences between them are small.
One approach to enhancing sampling is the popular
metadynamics approach, in which a history-dependent bias
potential adds to the underlying potential of visited structures,
promoting exploration of new regions of the structural space.”
The biased potentials are built from one or more predefined
collective variables (CVs), which distinguish different local
minima and describe the transition path between them. Using
the elements of the simulation cell matrix as CVs, for example,
it has been possible to determine the solid forms of diamond
and silicon® and polymorphs of benzene.” An alternate
approach to the promotion of barrier crossings is to assign a
high temperature to the heat bath of the CVs, or indirectly to
the heat bath of auxiliary variables, known as coarse-grained
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variables (CGVs), coupled harmonically to the CVs. These
algorithms are known as temperature-accelerated or adiabatic
methods and include adiabatic free energy dynamics
(AFED),"" driven adiabatic free energy dynamics (d-
AFED),"" and temperature-accelerated molecule dynamics
(TAMD)."* Their advantage lies in the fact that they generate
quick sweeps over the configurational landscape, allowing new
structures to be discovered with greater efficiency than is
usually afforded by metadynamics. These methods, in their
constant-pressure f01'ms,13’14 were successfully used to generate
structural transitions in atomic crystals such as xenon'* and
molybdenum,15 to elucidate mechanisms of melting,16 and to
search and rank polymorphs and predict disordered motifs in
simple molecular crystals such as benzene™'” and naphthalene’
under high pressure. This approach was also employed to
confirm the thermodynamic stability of polymorphs of
benzamide'” and one of the targets in the sixth CCDC Blind
Test of Organic Crystal Structure Methods.*

The methods described above require a choice for the CVs,
and for crystals, no universally applicable choice exists,
although important strides have been made.'® Our previous
studies of molecular crystals¥>'*'” employed the three
supercell vectors as CVs, which can drive orientational changes
indirectly through changes in the supercell shape. However, for
cocrystals, which is our focus here, use of the supercell vectors,
alone, as CVs may be insufficient, as they do not differentiate
between intermolecular orientations. Recently, the Shannon
information entropy and relative entropy [also known as
Kullback—Leibler divergence (KLD)] were introduced as CVs
in metadynamics studies of the nucleation and recrystallization
in atomic materials'’ and small-molecule organic crystals.”” It
was also shown that the information entropy built from the
intermolecular spatial distribution function, which includes the
relative orientation between neighboring molecules, could be
used to predict new metastable crystal golymorphs for rigid
molecules such as urea and naphthalene.”!

In this study, we demonstrate that the d-AFED scheme,'*
when used with two information entropy-based CVs, can be
used to predict new polymorphs of a 1:1 cocrystal of resorcinol
and urea. Resorcinol, in particular, is a major commodity
chemical that is used in the manufacturing of polymers,
agrochemicals, and pharmaceuticals. Its unusual crystal growth
patterns have remained a mystery for more than 100 years.”>>’
In individual monocrystals of resorcinol and of urea, resorcinol
has several different polymorphs corresponding to different
relative orientations of the hydroxyl groups (see refs 24—27),
and for urea, a number of polymorphs have also been reported
(see refs 28—30 for urea); however, only one structure is
reported for the cocrystal,””** and indeed, only one structure
was observed for the 1:1 cocrystal in our own experimental
crystallization attempts. Here, we show that a d-AFED
trajectory generates a new structure in <25 ps that is confirmed
as a low-energy polymorph in a standard (independent)
random-search CSP approach. Although the predicted
structure is metastable under ambient conditions, dispersion-
corrected density functional theory (DFT-D) calculations
predict that this new structure is more stable at pressures in the
range of 1-2 GPa.

In order to explore the cocrystal free energy landscape, we
employ CVs first introduced by Piaggi et al,”’ which measure
translational and orientational order based on a construction of
the Shannon information entropy. In this work, the
construction is performed using the following procedure: Let
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i and j index two molecules in a system of N, total molecules,
and let v (a = 1, .., n) denote one of n internal vectors in
molecule i. We then construct an approximate pair distribution
or spatial distribution function (SDF) g,(R, cos 0) via a sum of
Gaussians as

5 N-1 N )
g, (R, cos ) ¥ ———— Z Z —
47R°PNo1 21 j2it1 2ORGos 0

(R - Ri].)2 [cos @ — cos 6’,»1(”’)]2
2

exp

2
2O-R 26cos [

(1)
where p = N,,/V is the molecular number density, oy and
Ocos o are the Gaussian width parameters, R; = IR; — R}l is the
distance between centers of mass R, and R. of molecules i and
j, respectively, and cos Qi(j") = v,(“)-vj(“)/ IIV,(“)IIIIV}“)II is the
relative orientation between v(®) and vj("). These n distribution
functions are then used to construct n CVs given by

Y 1
qa(r) = —271]0/0‘ (]‘RRZ./_1 d(cos 9){ga(R, cos 0)

Ing (R, cos @) — [g (R, cos 0) — 1]} @)
where r = ry, ..., ry denotes the full set of N atomic coordinates
in the system. In practice, the integrals in eq 2 are evaluated
using a trapezoidal rule approximation and a distance cutoff of
R, on a uniform two-dimensional grid with all molecule pairs
whose center-of-mass distances are within R, + Soj
contributing as Gaussian centers in eq 1.

Once the n CVs are defined, they are fed into the d-AFED
enhanced-sampling approach, whose equations of motion are

n aq
% =E - - ¢ 4 Bath(T
e Z’l Kalg, () = 5] o (T)
Kol = Ka[qa(r) —s,] + Bath(T) )

where F, is the force on atom i arising from the interatomic
interaction potential U(ry,...,ry), m; is the mass of atom i, s, is a
coarse-grained variable (CGV), pu, is a fictitious mass
associated with s, that determines the time scale on which it
moves, k, determines the strength of a harmonic coupling
introduced between the CVs and the CGVs, and T, > T is the
temperature used to accelerate sampling of the CGVs. Here,
“Bath(7)” generically refers to a thermostat coupling, such as a
Langevin bath or Nosé—Hoover chain,*® used to maintain the
associated variables at temperature 7. These equations provide
a sampling of the marginal distribution and free energy
landscape as a function of the CGVs, which is formally exact in
the limit that k, — co; typical values for practical applications
to molecular crystal systems are described in the Computa-
tional Methods section.

Figure 1 shows chemical diagrams of the two monomers,
resorcinol (a) and urea (b). Resorcinol is shown in the
conformation it adopts in the cocrystals with urea that are
studied here. All heavy atoms (hydrogen atoms excluded) are
used to calculate the center of mass of each molecule, but only
two or three atoms are required to define the internal vectors
v needed to specify the relative orientation between
neighboring molecules. Here we chose two such internal
vectors (n = 2): an out-of-plane vector and an in-plane vector.
The first is the normal (out-of-plane) vector of each molecule,

https://dx.doi.org/10.1021/acs.jpclett.0c02647
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Figure 1. Schematic representation of the two monomers: (a)
resorcinol and (b) urea in their 1:1 cocrystal conformations. The
selected heavy atoms (C atoms labeled as 1—4 for resorcinol, C, O,
and both N atoms for urea) are used to calculate the orientation of
each molecule.

ie, v = (1o, — 1) X (re3 — r¢y) for the ith resorcinol
molecule, and v{" = (ry, — 1c) X (ry, — 1) for the ith urea
molecule. The second vector is the symmetry axis (in-plane) of
the molecule (without hydrogen atoms considered), i.e., v{) =
rc, — Iy for the ith resorcinol molecule, and v = rg — rc for
the ith urea molecule. As mentioned above, the dot product

between the unit vectors corresponding to the vectors v(@="?

i

(a=1,2)

and v, gives the relative orientation cos 9,(].“:1’2) between
two neighboring molecules i and j, which then can be used to
build the spatial distribution functions g,., ,(R, cos 6) and their
corresponding CVs q,.;,(r) in the enhanced-sampling MD
simulations.

The simulations (see Computational Methods) start from
the reported orthorhombic structure (space group P2,2,2,)
shown in Figure 3a, which was previously determined
experimentally,”"* observed in our own crystallization experi-
ments (see Experimental Methods and the Supporting
Information), and confirmed by us as the lowest-energy
polymorph using standard zero-temperature crystal structure
prediction protocols. (See Computational Methods. Cocrystals
between urea and each of the two remaining conformers of
resorcinol were also considered, as discussed in the Supporting
Information, but they are not considered further here, as no
experimental evidence exists, as yet, for such structures.)
Figure 2 shows the evolution of the instantaneous potential
energy during a 50 ps long d-AFED run at 100 K and 1 bar.

The Gaussian broadening parameters are oz = 0.5 A and 6, ¢
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Figure 2. Evolution of (a) the instantaneous potential energy [per formula unit (fu.)] along a T = 100 K and P = 1 bar d-AFED simulation for a
1:1 cocrystal of resorcinol and urea. The initial structure (f = 0 ps) is the experimental structure in space group P2,2,2,. The vertical dashed lines
indicate the predicted P2,/c structure visited at both t = 10.59 ps and t = 23.64 ps. Snapshots for selected local (b) minima and (c) maxima are also
shown. The local minimum at t = 19.86 ps is also P2,/c-like, which is not shown here.
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Figure 3. Unit cell of (a) experimental P2,2,2, and (b) predicted P2,/c structures for the 1:1 cocrystal of resorcinol and urea.
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Figure 4. Potential energy vs density plots for the top 30 structures (empty black squares) from standard CSP. The potential energy (given per f.u.)
and the density are both averaged from flexible cell NPT MD at 300 K but at different pressures: (a) 1 bar, (b) 1 GPa, and (c) 2 GPa. The
experimental structure (filled red circle) and the metastable polymorphs predicted in the d-AFED trajectories (filled blue star and pentagon) are

also shown, including their space groups.

= 0.25, respectively. We also provide snapshots visited at the
selected local minima and maxima in potential energy along
the trajectory (see panels b and c of Figure 2; full animations
and more snapshots can also be found in the Supporting
Information).

Figure 2a shows two local minima in potential energy (t =
10.59 ps, and t = 23.64 ps), which are somewhat similar to the
initial experimental structure. Therefore, we equilibrated the
corresponding structures using a standard MD simulation to
verify their stabilities and to characterize new features in their
intermolecular packing. The equilibrated structures at both t =
10.59 ps and t = 23.64 ps result in the same new polymorph
with space group P2,/c and Z' = 2. Similar transformations to
the P2,/c polymorph were also observed at 200 and 300 K.
Thus, although the d-AFED trajectory passes through
structures with potential energies of >150 kJ/mol per formula
unit (fu.) above the starting structure, it ultimately identifies
the P2,/c form within 25 ps, which is within 2 kJ/mol of the
experimental orthorhombic structure (see Figure 2a). The free
energy difference at 1 bar, as calculated using the Frenkel—
Ladd method®* with the classical force field, is only ~1 kJ/mol
in the temperature range of 50—300 K (see the Supporting
Information). Despite the relatively small energy difference, no
experimental work under atmospheric conditions to date has
identified this P2,/c polymorph. In Figure 3, we provide the
unit cell of both the experimental structure and the new
polymorph predicted in the d-AFED trajectory. Their packing
differences are provided in the Supporting Information.
Compared to the experimental structure, the predicted
monoclinic polymorph is slightly more dense. The MD-
averaged lattice parameters of the P2,/c polymorph at room
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temperature and ambient pressure (T = 300 K, and P = 1 bar)
are as follows: a = 7.9678 A, b = 14.8209 A, ¢ = 6.9249 A, and
p = 96.66°.

We note that running the d-AFED simulations using the
Gaussian kernel width o, g = 0.3 at 200 K reveals another new
polymorph in the P2, space group with Z' = 4, but this lower-
symmetry structure is much higher in energy than the
experimental structure (~14 kJ/mol). This structure is
discussed in more detail in the Supporting Information.

We also used a standard CSP-based random structure
search™ to validate the new polymorphs predicted by MD-
based enhanced sampling. Figure 4 shows the MD-averaged
energy—density plots for the top 30 structures. Both the
potential energy and the density for each structure are
averaged from standard isothermal—isobaric flexible cell
(NPT) MD at 300 K and different pressures (P = 1 bar, 1
GPa, and 2 GPa). As expected, the experimental polymorph in
space group P2,2,2, is ranked as the lowest-energy structure in
a Z' = 2 search (two independent monomers) under ambient
pressure. The density calculated by MD is ~1.34 g/cm?, which
is in good agreement with the experimental density (1.31—1.32
g/cm?®), and the predicted and experimental structures match
with a root-mean-square displacement of 20 molecules
(RMSD,,) of 0.34 A against the previously reported
structure’” and the better resolution structure determined in
this work. The predicted P2,/c polymorph is also confirmed to
be one of the low-energy forms found in the same search, as
shown in Figure 4a. The d-AFED-predicted P2, polymorph
was not observed in a separate Z' = 4 search, which generated
an additional 3000 random structures in the P2, space group.
This highlights the fact that an MD-based enhanced sampling

https://dx.doi.org/10.1021/acs.jpclett.0c02647
J. Phys. Chem. Lett. 2020, 11, 9751-9758
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approach can identify structures not readily observed in a
random CSP search.

Although the experimental structure is confirmed to be the
lowest-energy structure in the random search at ambient
pressure, there are several other polymorphs that are
energetically comparable. For example, the d-AFED-predicted
P2,/c polymorph and two other P1 random structures are
within 2 kJ/mol of the experimental structure, as shown in
Figure 4a. More importantly, the experimental structure has
the lowest density among the top 30 structures, which means it
might not be preferable at higher pressures. Therefore, we also
minimized the top structures at higher pressures (P = 1 and 2
GPa) and then compared their MD-averaged energy and
density in panels b and ¢ of Figure 4. We note that at 1 GPa,
the two low-energy P1 random structures generated at 1 bar
merge to the same P1 structure (see the Supporting
Information). With increasing pressure, the PV contribution
begins to dominate the relative enthalpy (far larger than
entropic contributions to the Gibbs free energy), making the
crystal density an important factor in ranking possible
polymorphs. Enthalpy—density plots can be found in the
Supporting Information. While the experimentally reported
structure still has the lowest energy at 1 GPa, other predicted
structures have lower enthalpies. At 2 GPa, the P2,2,2,
structure is higher in both energy and enthalpy than the two
other candidates, P2,/c and PI.

The P2,/c structure was found in a d-AFED trajectory
starting from the experimentally known form of the cocrystal.
These simulations can also be run using other structures, e.g.,
from a standard Z’' = 2 CSP search as the starting point. Using
this approach, the d-AFED simulations find the low-energy P1
polymorph with the highest density as well as two other
variants for this packing (see the Supporting Information for
more details and the structure files). One form is ~4.7 kJ/mol
higher in potential energy in the P1 space group. The other is
only 2 kJ/mol higher in energy with double the number of
molecules in the asymmetric unit cell (Z' = 4) in the P1 space
group. The P1 variant with Z’ = 2 is found in the standard CSP
search, while the P1 variant with Z’ = 4 was not found in an
additional CSP search of 3000 structures having the same Z'’
value in the P1 space group.

As all of the MD simulations and the standard CSP are
based on a classical force field, we turn to DFT-D calculations
to confirm the stability of the predicted low-energy polymorph
at various pressures. In the DFT-D calculations, we also
include the representative P1 form identified in the random
CSP search (see the Supporting Information for a more
detailed description of the structure). The relative energy and
enthalpy differences are shown in Figure 5. The P2,/c form is
predicted to be the most stable at pressures between 1.02 and
2.07 GPa. The relative stabilities of the three selected
structures are primarily due to the interplay of total energy
and the PV contribution (see the Supporting Information for
more details). To consider finite temperatures, the vibrational
energy and the entropic contributions to the Gibbs free energy
could be evaluated using the harmonic approximation, which is
computationally expensive and beyond the scope of this work.
In any case, the PV contribution would eventually dominate
any entropic differences with an increase in pressure. Although
the experimental structure is predicted to be most stable at low
pressure, the denser structures are predicted to become
enthalpically favored at high pressures. The d-AFED-predicted
P2,/c structure is enthalpically preferred between 1.02 and
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Figure S. Relative total energy vs cell volume from DFT-D
calculations (see Computational Methods) for three low-energy
structures. The E—V curves are fitted to the Murnaghan equation of
state model, which is then used to calculate the enthalpy (per fu.) as a
function of pressure (see the inset). The P2,/c structure is predicted
to become more stable than the experimentally observed P2,2,2;
polymorph (zero reference of energy and enthalpy) at pressures
between 1.02 and 2.07 GPa.

2.07 GPa. This behavior suggests that the predicted
monoclinic structure, which is metastable at ambient pressure,
could be more thermodynamically accessible if future experi-
ments are conducted at moderate pressures.

From a computational perspective, cocrystals are inherently
more complex than monocrystals owing to the richness of the
effective Z’' = 2 crystal structure landscape. In this study, we
demonstrated the value of enhanced-sampling techniques in
rapidly identifying polymorphs not easily found in a standard
CSP search and generating transitions between different
structures. The ability to generate structures readily with
higher Z’' values makes this method complementary to a
standard CSP search with the minimal number of molecules in
the asymmetric unit cell. A further advantage of MD-based
enhanced-sampling methods like d-AFED is that they return
structures that are equilibrated at experimentally relevant
temperatures and pressures, as opposed to returning zero-
temperature structures, as is the case in standard CSP
approaches. This is particularly relevant for cocrystals with
multiple molecular species in the asymmetric unit cell, where
entropic effects could play a role in stabilizing certain
polymorphs. Although this particular study employed en-
tropy-based CVs within the enhanced-sampling protocol, it
would be interesting to explore the use of recently introduced
environment variables’” within the d-AFED scheme as an
alternative approach to the exploration of the cocrystal free
energy landscape, and this will be the subject of future work.

B COMPUTATIONAL METHODS

For the classical force field molecular dynamics simulations,
the intramolecular (bond, bend, and torsion) interaction was
taken from the generalized AMBER force field (GAFF)
parametrization implemented in AMBER,***° while the
intermolecular interaction employed the standard Lennard-
Jones potential, parametrized in the optimized potentials for
liquid simulations (OPLS) force field.** Atomic charges for
resorcinol were assigned using the AmberTools package,”'
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with a Boltzmann-weighted RESP fit"”” to HF/6-31G*
calculations at the three local MP2/6-31G* minima, as
calculated in Gaussian09.* Charges for urea were taken
from the OPLS-AA force field.*’

All standard MD and crystal d-AFED simulations were
preformed in the fully flexible cell isothermal—isobaric (NPT)
ensemble, if not specified explicitly, as implemented in the
pINY_MD package.”* There were 128 resorcinol and the same
number of urea molecules (1:1 cocrystal) in the simulation box
with periodic boundary conditions. The basic time step for
integration was At = 0.25 fs, and the total time for each crystal
d-AFED simulation was SO ps at different temperatures (100,
200, and 300 K). In evaluating the longrange Coulomb
potential, we used an Ewald screening factor of @ = 0.35 A™!
and a real space cutoff . = 10 A for both resorcinol and urea.
The smooth particle mesh Ewald (SPME) summation™ was
also used with the interpolation order of 10. The massive
Nosé—Hoover chain (NHC) thermostat®****” was used for all
system variables; each NHC has a length of 4 with a
characteristic time scale of 7 = 20 fs. The factorization scheme
of the NHC integrator was the Suzuki—Yoshida***’ scheme up
to the sixth order or ny, = 7 with a multiple time step factor n,
= 4°° In the integration of the Martyna—Tobias—Klein
(MTK) equations in the flexible cell NPT ensemble,””*" a
characteristic time scale 7 = 1000 fs was used for both the
barostat and its NHC thermostat. For the thermostat of the
CGVs in crystal d-AFED, we used the generalized Gaussian
moment thermostat (GGMT)'"** up to the fourth moment
(M = 2), with the fourth-order Suzuki—Yoshida factorization,
or ny = 3, a multiple time step factor n. = 4, and a
characteristic time scale of 7 = 50 fs.

In the crystal d-AFED simulations, the mass (p,) and
temperature (T,) coupled to the CGVs were set to 3.4 X 10"
K fs* and 1 X 10° K, respectively. The harmonic coupling
constant between CGVs and CVs was taken to be x, = 2.8 X
10’ K. The cutoff distance was set to R, = 7.0 A in the
numerical integration to calculate the entropy CVs. The
Gaussian width was oz = 0.5 A and 6,y = 0.25—0.3 for the
distance and angle, respectively. The local minima visited in
the crystal d-AFED simulations were re-equilibrated in a 25 ps
standard NPT MD simulation. The supercell after the
equilibration was averaged and collapsed into a unit cell,
with symmetry information and lattice parameters determined
by praTON.”

The randomly packed structures were generated by the
upack package® for 13 space groups, which include the most
common space groups for molecular crystals: C2, C2/¢, Cc,
P2,2,2,, Pbca, Pbcn, P2,, P2,/c, Pca2,, Pc, Pna2,, P1, and P1.
For each space group, more than 3000 random structures are
generated with ngr = 1 or Z’ = 2 (number of the two coformer
molecules in the asymmetric primitive cell). We also ran
another search for space group P2, with ngr =2 or Z' = 4 to
check the higher-energy metastable polymorph predicted by d-
AFED, but no match was found. The rigid molecule packing
step was followed by a minimization of the potential energy
with the OPLS force field in the same package. These random
structures were then ranked according to their energy; the top
30 structures were then expanded to a supercell, reminimized,
and equilibrated (one NVT MD run followed by two other
flexible cell NPT MD runs) to the target pressure and
temperature.

The DFT-D total energy calculations were performed using
the Quantum ESPRESSO package’* within the framework
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of the generalized gradient approximation (GGA) para-
metrized by the Perdew—Burke—Ernzerhof (PBE) func-
tional.’® The dispersion-correction energy term was described
by the Grimme DFT-D3 method®” with Becke—Jonson (BJ)
damping.’® The projector-augmented wave (PAW) pseudopo-
tential®” was employed with a plane wave basis set cutoff of 80
Ry and the Monkhorst—Pack k-point mesh.” The con-
vergence of the kinetic energy cutoff and the k-point grid
were carefully tested to ensure that the change in the total
energy was <5 X 107> Ry per atom. All force components were
<1 X 107% Ry/bohr in the optimized structure.

B EXPERIMENTAL METHODS

Single crystals of the urea/resorcinol cocrystal were grown by
liquid-assisted grinding using acetonitrile with a 1:1 molar ratio
of urea and resorcinol. The compounds were ground together
at room temperature for 15 min using only enough acetonitrile
to wet the solids. Single-crystal X-ray diffraction data were
collected using a Rigaku XtaLAB Synergy-S X-ray diffrac-
tometer configured in a k goniometer geometry. The
diffractometer is equipped with a low-temperature device and
a PhotonJet-S microfocus Cu source (1 = 1.54187 A) and
operated at 50 kV and 1 mA. X-ray intensities were measured
under ambient conditions with the HyPix-6000HE detector
placed 32.01 mm from the sample. The data were processed
with CrysAlisPro version 38.46 (Rigaku Oxford Diffraction)
and corrected for absorption. The structures were determined
in OLEX2°' using SHELXT®” and refined using SHELXL.*®
All non-hydrogen atoms were refined anisotropically with
hydrogen atoms placed at idealized positions. Single crystals
were mounted on a 150 ym MiTeGen MicroMount using
mineral oil.

B ASSOCIATED CONTENT

@ Supporting Information

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.jpclett.0c02647.

Selected snapshots of the structural transitions observed
in the crystal d-AFED simulation, MD-averaged
enthalpy—density plot for the predicted polymorphs
and the top 30 random structures, simulated powder X-
ray diffraction (PXRD) of the P2,2,2, and P2,/c phases
under ambient conditions, DFT-D-calculated pressure
dependence of the lattice parameters for the P2,2,2,
P2,/c, and P1 polymorphs, a table of experimental
crystallographic parameters, and an ORTEP figure
(PDF)

Crystallographic information of the predicted P2,/c
structure and another P2, structure (much higher in
energy), the low-energy Pl polymorph, and its two
variants (P1 and P1) in the crystal d-AFED simulations
(labeled “dAFED”), crystallographic information of the
experimental P2,2,2, structure, the metastable P2,/c
form, and the P1 family from the standard structure
prediction (labeled “CSP”), minimized and at various
temperatures and pressures (among the selected CSP
structures are those that were also discovered in crystal
d-AFED simulations), and crystallographic information
of the P2,2,2,, P2,/c, and P1 structures at selected
pressures determined by DFT-D optimization (labeled
“DFT-D”) (CIF)
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Movie showing the transition from the P2,2,2, to P2,/c
polymorph over the d-AFED simulation viewed along
the z axis (MPG)

Movie showing the transition from the P2,2,2; to P2,/c
polymorph over the d-AFED simulation viewed along
the x axis (MPG)

Movie showing the transition from the high-energy P2,
to the low-energy P1 polymorph over the d-AFED
simulation viewed along the x axis (MPG)

Movie showing the transition from the high-energy P2,
to the low-energy P1 polymorph over the d-AFED
simulation viewed along the z axis (MPG)
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