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Abstract

Cocrystals are assemblies of more than one type of molecule stabilized through non-
covalent interactions. They are promising materials for improved drug formulation in
which the stability, solubility, or biocompatibility of the active pharmaceutical ingredi-
ent (API) is improved by including a coformer. In this work, a range of density func-
tional theory (DFT) and density functional tight binding (DFTB) models are
systematically compared for their ability to predict the lattice enthalpy of a broad range
of existing pharmaceutically relevant cocrystals. These range from cocrystals containing
model compounds 4,4'-bipyridine and oxalic acid to those with the well benchmarked
APIs of aspirin and paracetamol, all tested with a large set of alternative coformers. For
simple cocrystals, there is a general consensus in lattice enthalpy calculated by the dif-
ferent DFT models. For the cocrystals with API coformers the cocrystals, enthalpy pre-

dictions depend strongly on the DFT model. The significantly lighter DFTB models

1 | INTRODUCTION

Cocrystals are formed when two or more neutral molecules coassem-
ble in a single lattice.> Typically, a functional molecule and a second
nonsolvent molecule, termed the coformer, are crystallized in a
stoichiometric ratio, with ordered supramolecular packing of the two com-
ponents.>® Other separate classes of multicomponent solid forms include
hydrates with water, solvates with organic solvents, salts with charged
compounds,* and racemic mixtures of chiral enantiomers.> Originally dis-
covered by Wohler in 1844 when quinhydrone was crystallized with
quinone,® known cocrystals have experienced significant and rapid growth
over the last 30 years.® This growth in the number of cocrystals is due to
their ability to improve solubility, mechanical properties, density, and bio-
availability” by molecular and crystal engineering. Cocrystals have pro-
vided useful materials solutions in fields ranging from pharmaceuticals® to
semiconductors’ and other value-added chemicals.’® The potential to

improve the solubility of active pharmaceutical ingredients (APIs) using

predict unrealistic values of lattice enthalpy even for simple cocrystals.

cocrystals significantly impacts the pharmaceutical sector because 40% of
approved APIs and 90% of developmental drugs have poor solubility.*
Another important issue for the (bio)pharma sector is the poor permeabil-
ity of APIs.}2 For example, cocrystals formulated with permeation enhanc-
ing coformers enable the delivery of peptides and related small molecule
drugs.*®

Molecules in a crystal structure can be arranged in multiple ways
within the lattice, creating polymorphism. Polymorphism complicates the
rational engineering of cocrystals, especially when polymorphs are near
iso-energetic but have different properties, meaning multiple polymorphs
can be produced under standard synthesis conditions. A well-known exam-
ple is the HIV drug ritonavir, marketed under the brand name Norvir®,
which morphed into a lower solubility structure over time. This was discov-
ered 2 years after its release to the market when Norvir® capsules started
failing dissolution tests, and the drug was removed from the market.*

Previous work has shown that cocrystals are thermodynamically

stable, with 95% of the cocrystals studied having favorable negative
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lattice enthalpy. This was established through dispersion-inclusive den-
sity functional theory (DFT-D) calculations incorporating a van der
Waals correction to the main exchange-correlation function to predict
the lattice enthalpy. Uncorrected DFT can accurately predict simple
salts, hydrates and solvates, and hydrogen-bonded assemblies but
becomes less useful for cocrystals and crystals with significant van der
Waals (vdW) contacts. Previous work predicted the mean absolute per-
centage error (MAPE) ranging from 97% presented by the B3LYP to
49% by the B971 exchange functional for crystals with significant vdW
contacts in contrast to the much lower values for hydrogen bonded sys-
tems ranging from 18% using the HCTH407 exchange functional to 3%
with B971.1° The difference between the measured and calculated lat-
tice energies emphasizes the importance of incorporating dispersion
corrections for more accurate description of the interactions between
nonpolar and weakly polar molecular groups.2® Another example of the
importance of dispersion corrections was the discovery of the previ-
ously unknown polymorph of aspirin, which was found using computa-
tional models with dispersion interactions and experiments.*’

Dispersion corrections can scale to progressively longer-range
and computationally more demanding calculations, with options to
calculate over pairwise, three-body or many-body interactions.?¢18-22
Here, we have assessed the predictive power of different DFT-based
methods to identify and quantify the stabilities of a broad range of
cocrystals spanning four different functional molecules, namely, oxalic
acid, 4,4'-bipyridine, aspirin and paracetamol, with multiple coformers.
Oxalic acid and 4,4'-bipyridine were selected due to the simplicity of
their molecular structures, with primarily hydrogen bonding or van der
Waals intermolecular interaction in their single crystal form, respec-
tively. The cocrystals containing the APIs,?® aspirin or paracetamol as
the functional molecule were selected to test the limits of the predic-
tive power of the various dispersion correction methods, including the
pairwise Tkatchenko-Scheffler (TS)?* dispersion correction and the
many-body dispersion (MBD) schemes.?>2¢

One way to reduce the computational cost of DFT calculations
and develop high throughput screens is to introduce approximations
to the Kohn-Sham DFT model, and one of these approximations is
density functional based tight binding (DFTB).2” In DFTB, a minimal
atomic basis set is used, and the exchange correlation energy
derived from the Kohn-Sham DFT is expanded to a third-order Tay-
lor series to calculate the total energy.?® This allows faster calcula-
tions on more complex crystals but comes with reduced accuracy
that may or may not significantly reduce the predictive power of the

calculations.

2 | METHODS

2.1 | Cocrystal selection

We systematically survey organic cocrystals of four selected mole-
cules (oxalic acid, 4,4'-bipyridine, paracetamol, and aspirin) of increas-
ing complexity to benchmark the computational methods, where

paracetamol and aspirin are two well-characterized single component

crystals. The cocrystal sets and their individual component crystals
were mined from the Cambridge structural database (CsD)? using
the ConQuest code, limiting the atom list to C, H, N, O, F, S, and
Cl. When duplicate structures were available, the lowest temperature
structure was selected to better complement the O K DFT calculation.
A limitation on the number of atoms in the unit cell was used to make
the calculations feasible for the PBEO hybrid exchange-correlation
functional®® that mixes the Perdew-Burke-Ernzerhof (PBE)3!
exchange energy and Hartree-Fock exchange energy in a set 3:1
ratio, along with the full PBE correlation energy. We investigate five
oxalic acid cocrystals, thirteen 4,4'-bipyridine cocrystals, six paraceta-
mol cocrystals, and four aspirin cocrystals, with a broad range of com-
monly used, readily available coformers (Tables 1 and 2) more

information on the conquest search on the Data S1.

2.2 | Computational methods
All the selected experimental cocrystal and single component crystal
structures were optimized using planewave DFT as implemented in the
CASTEP (CAmbridge Serial Total Energy Package) code.®2 The PBE
exchange-correlation functional®* was used for both standard DFT and
dispersion-inclusive DFT along with the PBEO variant, and we compared
the predictive power of DFT®? utilizing two different dispersion correc-
tions, the Tkatchenko-Scheffler (TS)?* and the MBD schemes.?>%¢ The
PBEO functional aims to offset the delocalization error seen in the PBE
functional 34

In general, the dispersion interactions are incorporated in a sec-
ond step following calculation of the base exchange-correlation func-
tional energy.!® The popular TS dispersion correction method uses a

simple pairwise summation of the dispersion energy (Equation 1)°:

1—C
Edisp :_Egﬁfdamp(rAB)v (1)

where rgg is the interatomic distance between atoms A and B, and
fdamp(rag) is the dampening function. With this method, the Ce¢ag uses
the relationship between polarizability and volume, allowing it to fac-
tor in the chemical environment.

The MBD method attempts to calculate the many-body effects
beyond two-body effects. This many-body energy is included within
the long-range correlation energy.'® This method has previously
reported an improvement in the MAPE from 9% with PBE-TS to 5%
with the PBE-MBD when using the 522 database.?’

The unit cells were optimized with a cutoff energy of 900 eV,
using an electronic energy tolerance of 1 x 10~7 eV per atom and
geometry energy tolerance of 5 x 10~ eV per atom to generate final
structures with all forces below 5 x 103eV A% A tight k-point
spacing of 0.06 A~ was used together with ultra-soft pseudopoten-
tials (USP) to describe the electronic structure.3¢

To test the effect of the functional choice apart from the disper-
sion corrections, we performed some high-level single point energy
PBEO-MBD calculations on the optimized PBE-MBD structures.
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TABLE 1 The calculated cocrystal compositions.

CSD reference code

Composition A,,B,

CHEMISTRY

H-bonding in the cocrystal structure

Cocrystal Coformer A Coformer B m
GUDSUV OXALACO05 BACJUN 1
UMINAF OXALACO5 EVESIJO4 1
UROXAMO1 OXALACO5 UREAXX12 1
XAPMIK OXALACO5 PHENAZ11 1
XEJWUF OXALACO5 BAPLOTO4 1
GIPQEBO1 HIQWEJO3 FUMAACO1 1
GOKCEQ HIQWEJO3 FORMACO01 1
LOYRIC HIQWEJO3 BENZDC11 1
MEWNUA HIQWEJO3 ADOGUW 1
NUJFEF HIQWEJO3 HOPHAL11 1
PAVXAN HIQWEJO3 TEPHTH14 1
ROQYED HIQWEJO3 ROQXUS 1
RUXMAZ HIQWEJO3 ETYNBZO1 1
SITDU HIQWEJO3 ACETACO3 1
SOVFOY01 HIQWEJO3 TGLYCLO1 1
UCEXIJ HIQWEJO3 PAXNIL 1
VEXQOE HIQWEJO3 CYURAC14 1
XOWKEBO1 HIQWEJO3 XYANACO06 1
KIGLUIO1 HXACAN13 BAPLOTO4 1
LUJSOZ HXACAN13 PHENAZ11 1
CUQKAC HXACAN13 WEMWEQ15 1
LUJSIT HXACAN13 NAPHTA15 2
LUJTAM HXACAN13 OXALACO05 1
LUJTAM HXACAN13 OXALAC11 1
DIPJAQ ACSALAO5 BAPLOTO4 1
HUNJEH ACSALAO5 JAKGEH 1
SIBYUA ACSALAO5 HIQWEJO3 2
TAZRAO ACSALAO5 CBMZPN21 1

(A)

n (B) Inter- Intra-
1 Yes No
1 Yes No
1 Yes No
1 Yes No
2 Yes No
1 Yes No
2 Yes No
2 Yes No
2 Yes No
1 Yes No
1 Yes No
2 Yes No
1 No No
2 No No
1 Yes No
1 Yes No
2 Yes No
2 Yes Yes
1 Yes No
2 Yes No
1 Yes No
1 Yes No
1 Yes No
1 Yes No
1 Yes No
1 Yes Yes
1 Yes No
1 Yes No

Note: The hydrogen bonds were identified using the CSD mercury code from the experimental crystal structure with H-bonds defined as a distance and
angle within 0.05-0.95 quantiles with intramolecular hydrogen bonds separated by >3 bonds.

The crystal structures were also optimized using the DFTB3+ soft-
ware version 19.1 for all DFTB calculations?® method to gage the bal-
ance between model cost and accuracy. The DFTB calculations were
run with the Grimme D3 dispersion correction®” and three different
dampening methods, standard Becke-Johnson, the H5%8%? and Boese*®
models. The reduced computational cost of the DFTB method comes
with minimal basis sets?® that generally require corrections, such as the
H5 method that improves the description of hydrogen bonded sys-
tems.>®%? The DFTB method can also be improved by fitting the geom-
etries with the Boese method, aiming to capture dispersion effects.*°
These different methods of improving the predictive power of the
DFTB method can be incorporated along with the dispersion correc-
tions as described above (in this case, DFTB-D), while keeping the com-
putational overhead at a fraction of that of full DFT. Further details on

the DFT and DFTB optimization methods are provided in Data S1.

2.3 | Estimation of cocrystal stability

Assuming that the entropic contribution to the free energy is negligi-
ble going from the single component crystals to the cocrystal, which is
reasonable for many sets of similarly sized, neutral molecules, the
driving force for the cocrystal formation can be approximated using
Equation (2)*:

AEcocryst (An Bm) = Etot (An Bm) - [mEtot (A) + nEtot(B)], (2)

here, Ei.t(A,B) is the calculated enthalpy of the cocrystal, and
Eiot(A) and Ei¢(B) are the enthalpies of the single-component crystal
structures of functional molecule A alone and coformer B alone,
respectively, with m and n defining the stoichiometric ratio of A and B

in the cocrystal. Table 1 shows the list of cocrystals used in this study,
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TABLE 2 The reference single component crystals.

H-bond?
CSD reference code Name Inter Intra Chemical structure
ACETACO3 Acetic acid Yes No o
)'LOH
ACSALAO5 Aspirin Yes Yes OOH
Oj(
[e]
ADOGUW O-isopropyl N-phenyl thiocarbamate No No @NH
o
BACJUN Pyrazine No No My
()
N
BAPLOTO4 Theophylline Yes No -
\N N
o)\)rwi"‘/>
|
BENZDC11 Isophthalic acid Yes No o o
Ho)b)LOH
CBMZPN21 Carbamazepine Yes No =
owe
O}\NHZ
CYURAC14 1,3,5-triazinane-2,4,6-trione Yes No o
HN-" SNH
07 N0
H
ETYNBZO1 1,4-diethynylbenzene No No = —
EVESIJO4 Azapyridine No No @
Ny
FORMACO1 Formic acid Yes No o
HJ\OH
FUMAACO1 Fumaric acid Yes No o
Ho\g/\)‘\
OH
HIQWEJO3 4,4'-bipyridine No No N —\
N 7\
HOPHAL11 2-(carboxymethyl) benzoic acid Yes No O OH
OH
[e]
HXACAN13 Paracetamol Yes No &
et
JAKGEH Pentoxifylline No No o
<L(
YT
NAPHTA15 Naphthalene No No
OXALACO5 Oxalic acid alpha polymorph Yes No o]
)H‘/OH
HO
0
OXALAC11 Oxalic acid beta polymorph Yes No o
)H(OH
HO
0
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TABLE 2 (Continued)
H-bond?
CSD reference code Name Inter Intra Chemical structure
PAXNIL Cyclo-diaspartic acid Yes Yes i
OH
ye:
NH
[0}
o
PHENAZ11 B-Phenazine No No N
0O
ROQXUS Succinamic acid Yes No Q
HO.
NH,
I(\)L
TEPHTH14 Terephthalic acid Yes No R 0
HO>_©—<OH
TGLYCLO1 Thiodiglycolic acid Yes No o
HOLS\AOH
UREAXX12 Urea Yes No o
HZNJJ\NHZ
WEMWEQ15 Betaine No No \’!“/
Kfo
I
XYANACO06 2-[(2,3-dimethylphenyl) amino] benzoic acid Yes Yes . OO
\ij/"‘\zg

@Presence of intermolecular and intramolecular H-bonds in the crystal structure as measured by the CSD mercury code.

including their CSD reference codes, molecular composition in the
cocrystal, and the indication of the presence or absence of H-bonds in
the cocrystal structure. Meanwhile, Table 2 has the complete list of
the single component crystals, which are included in Table 1 with their
CSD code, chemical name, chemical structure, and presence or
absence of both intermolecular and intramolecular H-bonds in the

crystal structure.

2.4 | Crystal structure similarity

To check the optimized crystal structures, the crystal packing similar-
ity** function, RMSDoo, of the CSD Mercury 4.0%? was used. This is
done by comparing 20 molecules from the starting molecule to the
calculated one. This was given a 30% distance tolerance and 30° toler-
ance, for all heavy, nonhydrogen atoms. These figures are included in

the supplemental material Tables S2-S5.

3 | RESULTS AND DISCUSSION

3.1 | DFTresults
We start our study with the alpha polymorph of oxalic acid
(OXALACO05) cocrystals, including five different common coformers

from small molecules of urea and pyrazine to larger molecules

|

(&}
|
I

L
o
|
1

L
(&
|
I

L
T

AE rystal (KJ/mol per molecule)

—20 +
T § PBE-TS
| PBE-MBD
—25 § PBEO-MBD
1 § PBE
%0 e T T
2\ A0 (e AN PO
Q“ alap‘ \_\‘\609‘(\\] Q‘(\eﬂ
Coformer
FIGURE 1 Predicted relative stabilities of five oxalic acid-based

cocrystals lattice enthalpy, AEcocrystal Calculated using three
dispersion-inclusive DFT models and one uncorrected DFT model.

including phenazine, theophylline, and azapyradine (Tables 1 and 2).
From Table 1, it can be noted that all oxalic acid cocrystals have
hydrogen bond interactions.

The predicted lattice enthalpies of the oxalic acid cocrystals are
presented in Figure 1. All four methods, PBE, PBE-TS, PBE-MBD, and
PBEO-MBD, rank the azapyridine cocrystal (UMINAF) as the most sta-
ble cocrystal with the pyrazine cocrystal (GUDSUV) being the 2nd

85U8017 SUOLIIOD BAE8.D 3|t jdde aup Aq peusenob afe seoile O ‘@SN JO S9N 10} AeiqiT8UljUO /8|1 UO (SUONIPUOD-PUB-SWLS) W00 A8 | IMAtelq 1 Ul |Uo//SdNY) SUORIPUOD Pue SWe 1 8y} 89S *[120z/20/TT] uo Akidiaulluo A8|im ‘Arigi uewsson|o O/ Aq ¥St22 90/200T 0T/I0p/Woo" A3 (1M Afelq1|puluoy//Sdny WwoJj pepeojumod ‘0 X/86960T



Journal of

FOX ET AL.

¢ | WILEY- CHEMISTRY

most stable and identify the cocrystal with theophylline (XEJWUF) as
the least stable. The stability rank of the remaining two oxalic acid
cocrystals, with phenazine (XAPMIK), and urea (UROXAMO1),
depends on the method implemented. All the DFT computational
methods used show negative values for the enthalpy of oxalic acid
cocrystal. As shown in Figure 1, the four different DFT computational
methods provide similar values for the enthalpy of cocrystal for each
oxalic acid cocrystal. A clear message from Figure 1 is the lack of
dependence on the dispersion method used on the AEcocryst(AnBm)
estimation for oxalic acid cocrystal. This lack of dependence on the
dispersion method is expected due to the presence of hydrogen bond
interactions in all the oxalic acid cocrystals (Table 1), as hydrogen
bond interactions are well described by the exchange correlation

functionals.*®

The next subset of cocrystals studied are for 4,4'-bipyridine. The
stability of the single component crystal of 4,4’-bipyridine (HIQWEJ03)
is primarily driven by dispersive interactions, as the molecule does not
have any H bond donor group, and two nitrogen atom H bond acceptor
groups (Table 2). These hydrogen bond acceptor nitrogen atoms have
potential for strong hydrogen bond interactions in cocrystals with cofor-
mers with hydrogen bond donor groups. Figure 2 shows the calculated
lattice enthalpy of the cocrystals for 4,4'-bipyridine.

For all but two of the 13 cocrystals (Table 3), the four DFT computa-
tional methods agree on large negative values for the cocrystals forma-
tion energy (Figure 2). The two cocrystals where the cocrystal enthalpy
is dependent upon the computational DFT method are O-Isopropyl
N-phenylthiocarbamate (no. 4, MEWNUA) and 2-[(2,3-dimethylphenyl)
amino]benzoic acid (no. 13, XOWKEBO1). The discrepancy between the

AE_ . - a(kJ/mol per molecule)
[
o
|
[

T FIGURE 2 Predicted relative stability
—20 - I PBE-TS for thirteen 4,4’-bipyridine-based
I PBE-MBD cocrystals lattice enthalpy, AEcocrystals
T : ESEO‘MBD calculated using three DFT-D models and
_o5 | l | | | l | l l | T . T uncorrected DFT model. Coformers
| 2 3 4 5 6 7 8 9 10 11 12 18 1-13 on the horizontal axis are identified
coformer in Table 3.
Coformer CSD Cocrystal CSD TABLE 3 List of 4,4'-bipyridine
Coformer name reference code reference code coformers.

1 1,3,5-triazinane-2,4,6-trione CYURAC14 VEXQOE
2 Fumaric acid FUMAACO1 GIPQEBO1
3 Thiodiglycolic acid TGLYCLO1 SOVFOY01
4 O-isopropyl N-phenylthiocarbamate ADOGUW MEWNUA
5 1,4-diethynylbenzene ETYNBZO1 RUXMAZ
6 Acetic acid ACETACO3 SITDU
7 Isophthalic acid BENZDC11 LOYRIC
8 Terephthalic acid TEPHTH14 PAVXAN
9 2-(carboxymethyl)benzoic acid HOPHAL11 NUJFEF
10 Formic acid FORMACO01 GOKCEQ
11 Cyclo-diaspartic acid PAXNIL UCEXIJ
12 Succinamic acid ROQXUS ROQYED
13 2-[(2,3-dimethylphenyl)amino]benzoic XYANACO06 XOWKEBO1

acid
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small negative values with uncorrected PBE and PBE-TS and the small
positive values with PBE-MBD and PBEO-MBD in the case of MEW-
NUA may be numerical noise but nevertheless this cocrystal is predicted
to be weak. For no. 13, the near-zero prediction for uncorrected PBE
and PBEO-MBD but modest negative values for PBE-TS and PBE-MBD
is difficult to rationalize, though we note that PBE-MBD predicts the
largest negative enthalpy for eight of the cocrystals, consistent with
more complete treatment of dispersive interactions by MBD.** The
cocrystal with 1,4-diethnylbenzene (no. 5, RUXMAZ) is the only cocrystal
where there are no hydrogen bond interactions in the cocrystal nor in
their single component crystals, as reflected in the most significant and
consistent percentage increase in magnitude of negative lattice enthalpy

CHEMISTRY

on switching from uncorrected PBE to the three dispersion-inclusive
models.

The degree of dependence of results on the choice of model is
increased as the complexity of the functional molecule is increased, as
demonstrated by the calculated stabilities of cocrystals for aspirin or para-
cetamol. Both APIs engage in both hydrogen bonding and m-nt stacking
with van der Waals stabilization. Previous calculations on aspirin have
shown that the crystal packing relies heavily on dispersive interactions.*®
The paracetamol results, in general, show favorable, negative values
for the formation of the six available cocrystals (Table 1 and Figure 3).
Only the naphthalene (LUJSIT) and phenazine (LUJSOZ) cocrystals are
predicted as unfavorable in some cases by two out of four models.

25 +—
2 +—
1.5 —+—

0.5 —

PBE-TS
PBE-MBD
PBEO-MBD
PBE

L B N |

—-0.5 H

JEC [
—1.5 1+
I, S
25—
-3
-3.5 +—
—4 ——
—45 1
-5 1
FIGURE 3 Predicted relative -55 ——

AE et (KI/mol per molecule)

| | | | |

stabilities for six paracetamol-based —6
cocrystals lattice enthalpy, AEocrystals

calculated using three DFT-D models and

uncorrected DFT model.

meop“y\\'\\‘\e phe“az'\ne

a) . Ahetaln® \ene
i 860 (’oggg\.\g L0 bebed™®  na
0

Coformer

B PBE-TS

i PBE-MBD
B PBEO-MBD
l PBE

5
4 —r
3 |
R
3 2+
Q9
S A
E g
P
) ol
Q
5 0
g al
2 1
= .
52
3 o
< -3-—1
. . -4 ——
FIGURE 4 Predicted relative ol
stabilities for four aspirin-based cocrystals B
lattice enthalpy, AE ocrystal, Calculated

| | |

using three DFT-D models and
uncorrected DFT model.

theophylline

pentoxifylline  4,4'-bipyridine carbamazepine
Coformer

85UB017 SUOWILIOD BAIFER1D) 3|l dde auj Aq peusenob ae ssjoe YO ‘Bsn JO S3IN 10y Afeiq1T 8UIUO /8|1 UO (SUOHIPUCD-PUR-SLUBY /WD A3 IMAfe.q 1 )BU1 UO//SANY) SUORIPUOD pUe SWi 1 8L} 88S *[202/L0/TT] uo Ariqiauliuo A8 (1M ‘Al vewsson|o O/0 Ad Siz22'90(/200T 0T/10p/woo A im Areiq 1 putjuo// ARy WOy papeojumoq ‘0 ‘X286960T



Journal of

8 |WILEY— OMPUTATIONAL

FOX ET AL.

HEMISTRY

Paracetamol oxalic acid (LUJTAM) is the most stable cocrystal, reflecting
the strong hydrogen bonding character of the coformer, which may also
influence its compressibility in paracetamol tabletting.*

The final cocrystal dataset studied using the full DFT methodol-
ogy are the aspirin cocrystals. The predicted enthalpy of formation for
the aspirin cocrystals using uncorrected and dispersion-inclusive DFT
is presented in Figure 4. Aspirin cocrystals are clearly challenging to
predict, with some enthalpies of cocrystals predicted as positive, some
negative and some close to zero. Uncorrected PBE performs best and
only fails for the cocrystal with theophylline. This result highlights the
challenge of predicting the stability using DFT models for these com-
plex cocrystals with mixed hydrogen bonding and van der Waals con-
tacts, with dispersion corrections likely overestimated and leading to

unphysical cocrystal structures.

Overall, the DFT results show that the enthalpy of cocrystallization is
negative and so thermodynamically favorable for the majority of the
cocrystals. The PBE-TS method predicts 93% of cocrystals with negative
enthalpy. When PBE-MBD and PBEO-MBD methods are used, negative
enthalpy is predicted for 83% of the cocrystals. It is important to highlight
that the entropy contribution to the free energy was not calculated in our
study, therefore cocrystals structures with positive values of enthalpy of

formation may be stabilized through entropic contributions.

3.2 | DFTB results

Full DFT calculations represent a medium to low throughput method

of predicting cocrystal stability for assemblies of low to moderate
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complexity in terms of crystal size and molecular weights. Faster high-
throughput methods more suitable for large datasets and/or large
crystals, may be in principle obtained using DFTB methods. Here, to
directly compare with full DFT, we test the predictive power of DFTB
methods for the same set of cocrystals. We compared the effective-
ness of three methods of DFTB-D, one with standard Becke-Johnson
(BJ) dampening and two using the Boese method and H5
parametrisation.

Compared with DFT, the computationally more expedient but
approximate DFTB-D method showed significantly less predictive
power. For cocrystals with oxalic acid (Figure 5), the assemblies formed

CHEMISTRY

with pyrazine or urea are predicted to be stable. Note the very large
absolute values of the energies in some cases, reflecting numerical
instability and poor quantitative power of DFTB-D to predict energies.
Of the three DFTB methods tested, H5 parameterization performed
best, predicting stable cocrystals for all but the with cocrystal phena-
zine, reflecting its ability to model hydrogen bonding more effectively
than the alternative schemes.

One limitation of the DFTB-D method is the possibility of large
errors in the calculation of weak dispersive interactions, such as van
der Waals packing, as a result of the semi-local origins of the DFTB

approximation.?®
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The limitations of the approximations made in the DFTB-D
methods are clearly evident for the 4,4'-bipyridine cocrystal dataset
(Figure 6), for which DFTB-D fails. Note that when the DFTB-D3 H5
parameterization was used for the fumaric acid (no. 2, GIPQEBO1)
cocrystal and DFTB-D3 BJ for the formic acid cocrystal (and
no. 10, GOKCEQ), numerical instabilities prevented the successful
completion of the calculation.

Not surprisingly then, DFTB-D also fails for the more complex
cocrystals with APIs paracetamol or aspirin. For paracetamol cocrystals
(Figure 7), DFTB-D3 BJ performs better than the others but is still unre-
liable, erroneously predicting unstable structures for two out of the six
cocrystal lattices. Aspirin cocrystals, which also challenged DFT to some
extent (Figure 4) cannot be predicted by DFTB (Figure 8).

Overall, the DFTB-D method do not predict stable lattice energies
for these known, synthesized cocrystals, highlighting the poor predict-
ability of these putative high-throughput methods for cocrystal
design. This is consistent with the initial study of the Boese parame-
terization as this significantly improved the unit-cell volume mean
average error with a detriment to the mean average error of the lat-
tice enthalpy.“° This could be the reason for the poor prediction of

the oxalic acid and 4,4'-bipyridine cocrystals.

4 | CONCLUSIONS

Our results show that the prediction of cocrystal stability is heavily
dependent upon the computational model used. For simple cocrystals,
such as the oxalic acid and 4,4’-bipyridine datasets, the different DFT
models largely agreed. However, for more complex cocrystals, such as
the paracetamol and aspirin datasets with more diverse interactions,
the enthalpy of formation depends on the DFT model, as seen most
dramatically in the case of aspirin-based cocrystals.

Implementation of the computationally more demanding
PBEO-MBD calculations did not significantly change the predicted lat-
tice enthalpy of formation of the chosen cocrystals, relative to the less
computationally demanding PBE functional. The dispersion correc-
tions TS and MBD performed similarly well overall.

Our dataset confirms previous findings that cocrystallization is a
thermodynamically favorable process, with the PBE-TS method pre-
dicting favorable assemblies for 93% of cocrystals. The alternative
PBE-MBD and PBEO-MBD methods predict 83% to be favorable.
Structures with predicted positive values of enthalpy of formation
may be stabilized through entropic contributions in crystallization
experiments.

Within this cocrystal dataset, the vibrational energy was not
included, which could be reflected in some cocrystal structures being
predicted to have marginally positive relative stability when applying
the O K DFT methodology, with previous work indicating that molecu-
lar crystals have on average 1 kJ/mol vibrational energy contribu-
tion.*” With continuing improvements in hardware and software, and
increasing access to high-performance computing, computation of the
vibrational contribution and corresponding entropic contribution to

the predicted formation free energies is becoming more feasible for

large datasets of cocrystals with diverse functional and coformer
molecules.

By contrast, the computationally lighter DFTB-D method predicts
a high population of unstable cocrystals with large positive and values
of enthalpy. This failure of prediction is particularly prominent for the
more complex systems, such as the aspirin cocrystals. The difficulty in
predicting these systems could be due to the semi-local origins of this
method, resulting in the lack of dispersion forces,®? which are only
marginally compensated by dampening corrections. Hence, using
DFTB-D for cocrystal research at a significantly lower computational
cost, which would allow for the study of larger crystal structures,
requires careful preparametrization and testing. Any such preparame-
trization will need benchmarking against full DFT to ensure that the
DFTB-D model is used only in cases where it can overcome, or be
improved to overcome, the semi-local approximation. Perhaps the
development of more advanced dispersion/dampening schemes that
do not carry prohibitive computational overhead could achieve the
required balance between accuracy and computational cost, with inte-
gration of Al methods also promising high predictive power for large,

complex datasets.*®-51
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