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The cocrystal formation of the anticonvulsant drug carbamazepine (CBZ) with para-aminosalicylic acid
(PASA, antituberculous drug) has been studied by varying the molar ratios of CBZ to PASA (1:1 and 2:1)
and using liquid-assisted grinding (LAG), slurrying and solution crystallization methods. Three novel
cocrystal forms of CBZ and PASA have been synthesized: [CBZ + PASA] (1:1), [CBZ + PASA + H,O] (2:1:1)
and [CBZ + PASA + MeOH] (2:1:1), and their crystal structures have been described. Conformational anal-
ysis of the CBZ molecule in its polymorphic forms, its cocrystals and solvates has been conducted. Calcu-
lations of intermolecular interaction energies using the PIXEL approach have been carried out for CBZ
cocrystals with 1:1 stoichiometry. The melting and desolvation processes of the [CBZ + PASA] (1:1), [CBZ
+ PASA + H,0] (2:1:1) and [CBZ + PASA + MeOH] (2:1:1) cocrystals have been studied. The temperature
dependence of the CBZ (form Ill) saturation vapor pressure has been studied, and the sublimation thermo-
dynamic functions have been calculated. Based on the sublimation thermodynamics database of molecular
crystals, the standard sublimation thermodynamic functions of PASA have been evaluated. The thermody-
namic functions of cocrystal formation based on CBZ have been calculated and analyzed. The dissolution
process of the [CBZ + PASA] cocrystal (1:1) in water (pH 7.4) has been studied. CBZ cocrystallization with
PASA has been shown to lead to a dramatic decrease of the CBZ rate of conversion from the anhydrous to
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Introduction

Today, the approach of combining several drugs to treat
many serious diseases (such as virulent diseases, HIV/AIDS,
cancer, diabetes, cardiovascular diseases) definitely forces
out monotherapy (aimed at a definite receptor)." The use
of cost-effective and multi-target fixed-dose drug combina-
tions (FDC) can help reduce the pill load without the ad-
ditional risk of adverse events or drug resistance, thereby
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the hydrate form, and as a consequence, to solubility improvement by approximately 1.5 times.

improving patient compliance by simplified disease man-
agement.” An alternative approach to using drug combina-
tions is the use of multi-component crystals such as salts,
complexes, and cocrystals containing more than one active
pharmaceutical ingredient.> Among all the mentioned
multi-component systems, cocrystals attract the biggest at-
tention of the pharmaceutical industry® due to the intro-
duction of regulatory guidelines by the US Food and Drug
Administration (FDA)> as a result of expanded patent port-
folios.”> Unfortunately, cocrystal studies mainly focus on
crystal engineering and supramolecular synthesis of API-
based cocrystals. For example, the pharmaceutical proper-
ties have not been evaluated for the [sulfadimidine + aspi-
rin] cocrystal® which can be regarded as an antibacterial
and an NSAID therapeutic drug. Another example is the
two-component crystal of piracetam (a nootropic agent)
with gentisic acid (NSAID),” for which no studies have
been conducted except those of the synthons' nature in
the cocrystal formation. The study of drug-drug cocrystals
in terms of their further use in the pharmaceutical indus-
try is much less intensive,>® though designing drug-drug
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cocrystals of marketed drugs may shorten the development
period (including clinical trials) compared to those of New
Chemical Entities, as cocrystals do not involve structural
modification of the APIs.'®

Carbamazepine (CBZ) is an anticonvulsant and a mood-
stabilizing drug used primarily to treat epilepsy, bipolar dis-
order and trigeminal neuralgia (Fig. 1). According to the bio-
pharmaceutical classification system, carbamazepine is clas-
sified as a class II drug'' having low water solubility which
limits its absorption. CBZ cocrystallization with more soluble
coformers is one of the solutions to this problem."” The Cam-
bridge Structural Database (CSD) so far contains over 50 crys-
talline forms of CBZ, most of which are cocrystals, including
drug-drug cocrystals, as well as their solvates/hydrates and
polymorphs.™?

The purpose of our research was to obtain and study
drug-drug carbamazepine cocrystals with antituberculosis
drugs. Recent studies have shown that pharmacological
stimulation of autophagy by carbamazepine avoids the im-
munosuppressive effects of mTOR inhibition seen with
rapamycin, promoting both innate and adaptive immune
responses to mycobacterial infection and proves the con-
cept for a novel therapeutic strategy unaffected by bacte-
rial resistance to conventional antibiotics.'* Earlier, Swart
A. and Harris V."” reported on the CBZ interaction with
first-line antituberculosis drugs: isoniazid and rifampicin.
According to this report, their simultaneous administration
leads to serious side effects. Therefore, para-aminosalicylic
acid (PASA), a second-line antituberculosis drug, was cho-
sen for cocrystallization with CBZ (Fig. 1).

In this context, we conducted cocrystal screening of
carbamazepine with para-aminosalicylic acid. The cocrystals
and their solvates were characterized by single -crystal
X-ray diffraction and differential scanning calorimetry. The
cocrystal aqueous dissolution and solution stability were
also investigated. In addition, analysis of the inter-
molecular interaction and crystal lattice energies of the
carbamazepine cocrystals was performed using the PIXEL
approach.

One of the most important fundamental problems of
cocrystallization studies is the prediction of the stability of
the new cocrystal . An approach is proposed for estimating
the thermodynamic parameters of the cocrystal formation
based on the thermodynamic functions of the components of
known CBZ cocrystals.
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10
(0) N

1
Carbamazepine (CBZ)

H, H,N OH
para-Aminosalicylic acid (PASA)

Fig. 1 Molecular structures of carbamazepine and para-aminosalicylic
acid. The flexible torsion angle in carbamazepine is numbered and is
indicated by 7.
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Materials and methods
Compounds and solvents

Carbamazepine was purchased from Acros Organics while
para-aminosalicylic acid was supplied by Sigma-Aldrich. All
the compounds were used without further purification. Ana-
Iytical grade solvents were used for the crystallization
experiments.

Cocrystal preparation

Synthesis via grinding. The grinding was performed using
a Fritsch planetary micro mill model Pulverisette 7 with 12
ml agate grinding jars and ten 5 mm agate balls at a rate of
500 rpm for 30 min. The experiments were carried out with
1:1 and 2:1 stoichiometries of CBZ and PASA (the total phys-
ical mixture weight was ca. 50 mg). Solvent-drop grinding ex-
periments were conducted prior to the grinding by adding ca.
0.05 ml of the solvent to the reactants using a micropipette.
The resulting powder samples were analyzed by PXRD for the
cocrystal formation.

Synthesis via slurrying. Approximately 50 mg of CBZ with
PASA in 1:1 and 2:1 stoichiometries were mixed in a 2 mL
test tube with the solvent amount sufficient to produce a wet
paste. The mixture was sonicated at room temperature for
15-20 min at maximum power.'® The resulting solids were
air-dried prior to subsequent analysis.

Solution crystallization

A slow evaporation method was used to grow single crystals.
Cocrystallization experiments were carried out by dissolving
80 mg of either a 1:1 or a 2:1 mixture of CBZ and PASA in a
minimum amount of the solvent selected from acetonitrile
(ACN), acetone (AO), ethanol (EtOH), methanol (MeOH), tet-
rahydrofuran (THF) and ethyl acetate (EtOCH;). The vials
containing the dissolved mixtures were covered with a para-
film, punctured with 3-5 holes and allowed to slowly evapo-
rate under ambient conditions. The crystallization experi-
ment results are given below (Table 1).

Table 1 Results of CBZ and PASA crystallization from different solvents

Molar  [CBZ + PASA] [CBZ + PASA+ [CBZ + PASA +
Solvent  ratio (1:1) H,0] (2:1:1)  MeOH] (2:1:1)
ACN 1:1 Yes —_ —
2:1 — Yes —
MeOH 1:1 — — Yes
2:1 — — _
EtOH 1:1 — —_ —_
2:1 — — _
THF 1:1 Yes — —
2:1 Yes — —
AO 1:1 — — —
2:1 —_ —_ —
EtOCH; 1:1 — Yes —
2:1 — —_ _

This journal is © The Royal Society of Chemistry 2017
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Single crystal X-ray diffraction

Single-crystal X-ray diffraction data were collected using a
Bruker SMART APEX II diffractometer with graphite-
monochromated Mo-Ko radiation (1 = 0.71073 A) in the
w-scan mode. Absorption corrections based on measure-
ments of equivalent reflections were applied.'” The structures
were solved by direct methods and refined by full matrix
least-squares on F> with anisotropic thermal parameters for
all the non-hydrogen atoms.'® All hydrogen atoms were found
from a difference Fourier map and refined with isotropic
thermal parameters.

Powder X-ray diffraction (PXRD)

X-ray powder diffraction data were recorded under ambient
conditions in Bragg-Brentano geometry on a Bruker D8 Ad-
vance diffractometer with Cu Ko radiation (1 = 1.5406 A) at
40 kv and 40 mA power. The X-ray diffraction patterns were
collected over the 26 range 5-30°, with a 0.03° step size.

Crystal lattice energy calculations

Intermolecular interaction energies were calculated using the
PIXEL approach developed by Gavezzotti.'”*° This method
provides quantitative determination of crystal lattice energies
and pairwise intermolecular interactions, with a breakdown
of these energies into Coulombic, polarization, dispersion
and repulsion terms. The molecular electron densities for the
cocrystals were calculated at the MP2/6-31G** level of theory
in the GAUSSIANO9 program. All the hydrogen atoms in the
structures were set to the standard neutron values according
to the default procedure in the PIXEL program.

Differential scanning calorimetry (DSC)

DSC was performed using a Perkin Elmer DSC 4000 differen-
tial scanning calorimeter with a refrigerated cooling system
(USA). The sample was heated in sealed aluminum sample
holders from 30 to 210 °C at a heating rate of 10 °C min™" in
a nitrogen atmosphere. The unit was calibrated with indium
and zinc standards. The accuracy of the weighing procedure
was £0.01 mg.

Thermogravimetric analysis (TGA)

TGA was performed using a TG 209 F1 Iris
thermomicrobalance (Netzsch, Germany). Approximately 10
mg of the sample was put in a platinum crucible. The sam-
ples were heated over the temperature range of 30 to 210 °C
at a heating rate of 10 °C min~". The samples were purged
with a stream of flowing dry Ar at 30 ml min~" throughout

the experiment.

Sublimation measurements

The sublimation experiments were carried out by the tran-
spiration method as described elsewhere.*"** In brief, a
stream of an inert gas passes above the sample at a con-
stant temperature and at a known slow constant flow rate

This journal is © The Royal Society of Chemistry 2017
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in order to achieve saturation of the carrier gas with the
vapor of the substance under investigation. The vapor is
condensed at some point downstream, and the mass of
the sublimate and its purity are determined by UV-Vis
spectrophotometry and DSC. The vapor pressure over the
sample at this temperature can be calculated by means of
the amount of the sublimated sample and the volume of
the inert gas used.

Aqueous dissolution experiment

The dissolution measurements were made by the shake-flask
method in phosphate buffer with pH 7.4 at 25.0 + 0.1 °C for
6 h. An excess amount of the sample was suspended in the
respective buffer solution in Pyrex glass tubes. The dissolved
drug amount was measured by taking aliquots of the media.
The suspension was filtered through a 0.2 pm PTEF syringe
filter (Rotilabo), and the concentration was determined by
high-performance liquid chromatography (HPLC). HPLC was
conducted on a Shimadzu Prominence model LC-20 AD
equipped with a PDA detector and a C-18 column (150 mm X
4.6 mm i.d., 5 um particle size and 100 A pore size). The elu-
tion was achieved by a mobile phase consisting of 50% phos-
phate buffer pH 3.5 (A) and 50% methanol, and the flow rate
was 0.5 mL min~". The concentration of the components was
measured at the wavelength of 284 (CBZ) and 266 and 298
nm (PASA).

Results and discussion
Cocrystal production and preliminary identification

The initial stage of our research was to identify the for-
mation of new crystalline species (cocrystal) between car-
bamazepine and para-aminosalicylic acid. The cocrystal for-
mation feasibility was verified by the DSC and XRPD
methods. At first the 1:1 molar ratio of the studied com-
pounds was tested. The DSC curves for the individual
components and the mixture after cogrinding are shown
in Fig. 2a. The CBZ DSC thermogram represents the char-
acteristic thermal events of CBZ form III (p-monoclinic):
two endotherms and one exotherm (Fig. 2a), as reported
by Grzesiak.>> The DSC thermogram of the 1:1 mixture
shows only one major endothermic event at 154.0 °C (on-
set), which differs from the melting points of both CBZ
(191 °C) and PASA (139.1 °C). This indicates that during
the cogrinding experiment, a new phase (cocrystal) was
formed between CBZ and PASA. The XRPD patterns for
CBZ, PASA and their 1:1 mixture are illustrated in
Fig. 2b. The diffraction pattern of the ground mixture was
found to be distinctly different (new peaks at 26 angles of
9.7°, 12.5°, 14.9°, 16.7°, 17.7°, 18.3°, 19.3°, 21.3° and
28.3°) as compared to the starting compounds, indicating
the formation of a new solid, i.e. a cocrystal.

There are known cases when some compounds (which in-
clude APIs) can form cocrystals in multiple stoichiometries
with the same coformer: [CBZ + para-aminobenzoic acid
(PABA)] (1:1, 2:1 and 4:1),>** [caffeine + maleic acid] (1:1

CrystEngComm, 2017, 19, 4273-4286 | 4275
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Fig. 2 (a) DSC heating curves and (b) experimental XRPD patterns of
pure carbamazepine (black), para-aminosalicylic acid (red), and 1:1
(blue) and 2:1 (purple) mixtures of compounds after cogrinding.

and 2:1),>**” [nicotinamide + (R)-mandelic acid] (1:1, 4:1
and 1:2)*® and others. Consequently, the 2:1 molar ratio
with an excess of CBZ was additionally tested. The DSC
curves and XRPD patterns of the 2:1 mixture prepared by
grinding are shown in Fig. 2 versus the starting components
and cocrystal in a 1:1 molar ratio. The DSC thermogram of
the 2:1 mixture shows a broad and low melting peak at
153.4 °C (onset) versus the sharp peak of the 1:1 cocrystal.
The XRPD pattern of the 2:1 mixture presents the peaks of
the 1:1 cocrystal, CBZ and the new double peak at 9° 20.
Thus, the carbamazepine cocrystal with para-aminosalicylic
acid can be produced by grinding the compounds in 1:1 or
2:1 stoichiometries. Moreover, the cocrystal formation leads
to a ca. 30 °C decrease in the melting point compared to the
pure CBZ.

Screening by slow crystallization from the solution was
the next stage of the investigation. The experiment was
carried out by using six different solvents. All the single
crystals of carbamazepine cocrystals with  para-
aminosalicylic acid were obtained by slow evaporation
(Table 1). Colorless crystalline materials were obtained
within 5 days. As a result, we produced single crystals of
[CBZ + PASA] (1:1), [CBZ + PASA + H,0] (2:1:1) and
[CBZ + PASA + MeOH] (2:1:1). Unfortunately, the pure
crystal form of the [CBZ + PASA] cocrystal (2:1) was not
obtained.
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Liquid-assisted grinding (LAG) and slurry experiments for
[CBZ + PASA] cocrystallization discovery

The screening of [CBZ + PASA] crystals by slow crystallization
from the solution has shown that there are at least 3 new
forms: cocrystal (1:1), cocrystal methanol solvate (2:1:1)
and cocrystal hydrate (2:1:1). Two methods were tested to
obtain the required quantity of new cocrystal forms:
cogrinding and slurrying.

The influence of liquid-assisted grinding and sonication
conditions on the outcome of CBZ cocrystal forms was inves-
tigated by adding the solvent to the physical mixtures in 1:1
and 2:1 stoichiometries. The results of the experiment are
summarized in Table 2.

The findings have revealed that the grinding of the 1:1
physical mixture with acetonitrile (ACN), acetone (AO), meth-
anol (MeOH), ethanol (EtOH), tetrahydrofuran (THF), chloro-
form (CHCl;) and water (H,O) leads to [CBZ + PASA] (1:1)
cocrystal formation. The neat grinding and grinding with
ethyl acetate have produced a [CBZ + PASA] (1:1) cocrystal
with a small amount of unconverted CBZ (Fig. 3).

A pure [CBZ + PASA + MeOH] (2:1:1) form was obtained
only by grinding the compounds with an excess amount of
CBZ with methanol. In the case of cogrinding of the 2:1 mix-
ture with water, the unreacted CBZ was partially converted to
the dihydrate form (Fig. 4).

It should be noted that no evidence of [CBZ + PASA +
H,0] (2:1:1) formation in any of the mechanochemical and
slurry experiments (Fig. S1 and S2, see the ESIf) has been
found. Moreover, in comparison with the grinding experi-
ments, CBZ and PASA slurrying in 1:1 and 2:1 stoichiome-
tries more often leads to CBZ hydration (Table 2).

Crystal structure analysis

Diffraction quality single crystals of [CBZ + PASA] (1:1) were
grown by slow evaporation of an acetonitrile or tetrahydrofu-
ran solution at room temperature.

The solution was prepared by dissolving a mixture of CBZ
and PASA in 1:1 and/or 2:1 molar ratios in the case of tetra-
hydrofuran. Single crystals of [CBZ + PASA] cocrystal mono-
hydrate (2:1) were grown from acetonitrile by dissolving CBZ
and PASA in a 2:1 molar ratio and from ethyl acetate in a 1:
1 molar ratio. We were also able to obtain single crystals of
the [CBZ + PASA] (2:1) methanol solvate which were crystal-
lized from the methanol solution of CBZ and PASA mixture
with 1:1 stoichiometry.

The crystallographic data for the cocrystals are summa-
rized in Table 3, whereas the hydrogen bonding geometries
are listed in Table S1 (see the ESI}).

Carbamazepine/para-aminosalicylic acid 1:1 cocrystal (1).
The colorless prism-shaped crystals grown from acetonitrile
and tetrahydrofuran (Table 1) were found to belong to the
monoclinic, C2/c space group (Table 3). The asymmetric unit
consists of one CBZ and one PASA molecule (Fig. 5a). The pri-
mary interaction that holds CBZ and PASA molecules is the
heterosynthon interaction (R3(8) ring motif) between the

This journal is © The Royal Society of Chemistry 2017
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Table 2 Results of LAG and slurry experiments with different pure solvents
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LAG Slurry technique
Solvent (1:1) (2:1) (1:1) (2:1)
Neat grinding ~ [CBZ + PASA] (1:1);  [CBZ + PASA] (1:1); CBZ — —
CBZ
Acetonitrile [CBZ + PASA] (1:1) [CBZ + PASA] (1:1); CBZ [CBZ + PASA] (1:1) [CBZ + PASA] (1:1); CBZ dihyd;
CBZ
Acetone [CBZ + PASA] (1:1) [CBZ + PASA] (1:1); CBZ [CBZ + PASA] (1:1); CBZ dihyd ~ [CBZ + PASA] (1:1); CBZ dihyd;
CBZ
Methanol [CBZ + PASA] (1:1)  [CBZ + PASA + MeOH] (2:1:1)  [CBZ + PASA] (1:1) [CBZ + PASA] (1:1); CBZ dihyd
Ethanol [CBZ + PASA] (1:1) [CBZ + PASA] (1:1); CBZ [CBZ + PASA] (1:1) [CBZ + PASA] (1:1); CBZ; PASA
Ethyl acetate [CBZ + PASA] (1:1);  [CBZ + PASA] (1:1); CBZ [CBZ + PASA] (1:1) [CBZ + PASA] (1:1); CBZ
CBZ
Tetrahydrofuran [CBZ + PASA] (1:1) [CBZ + PASA] (1:1); CBZ [CBZ + PASA] (1:1) [CBZ + PASA] (1:1); CBZ dihyd;
CBZ
Chloroform [CBZ + PASA] (1:1) [CBZ + PASA] (1:1); CBZ [CBZ + PASA] (1:1); CBZ dihyd;  [CBZ + PASA] (1:1); CBZ
CBZ
Water [CBZ + PASA] (1:1) [CBZ + PASA] (1:1); CBZ; CBZ  [CBZ + PASA] (1:1); CBZ dihyd; [CBZ + PASA] (1:1); CBZ
dihyd CBZ

CBZ dihyd - dihydrate form of carbamazepine (CSD refcode FEFNOT04).>

carboxamide group of CBZ and the acid group of PASA via N-
H---0 (2.01(2) A, 165(2)°) and O-H---O (1.60(2) A, 167(2)°) hy-
drogen bonds. The resulting two-component supramolecular
units then interact with each other via the N-H---O (2.22(2)
A, 163(2)°) hydrogen bond among PASA molecules to form a
zigzag chain along the b-axis with a C(6) graph set notation
(Fig. 5b).*>*' The anti-oriented NH amide H11 atom of CBZ
is not involved in any strong hydrogen bonding.

Interestingly, the crystal packing of [CBZ + PASA] (1:1) is
significantly different from the crystal packing of a known
CBZ cocrystal with PABA in a 1:1 molar ratio (CSD refcode
XOXHEY).>* This is due to the fact that the PASA molecule
has an additional -OH group functioning as an H-bond do-
nor (intramolecular hydrogen bond, 03-H3:--O1 (1.70(2) A,
152(2)°) and an acceptor (intermolecular hydrogen bond, N1-
H1--03 (2.22(2) A, 163(2)°) simultaneously in contrast with
the PABA molecule.

Carbamazepine/para-aminosalicylic acid 2:1 cocrystal hy-
drate (2). The colorless block-shaped crystals grown from

[7i-CBZ
water
B ”4«"_\»7“ - r\,,,‘\\,““‘, ) u'«v‘v[ \NAA____/ ‘,““»’», RN 7\77CHCIJ
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Fig. 3 XRPD patterns of the 1:1 CBZ and PASA mixtures obtained by
grinding with different solvents.

This journal is © The Royal Society of Chemistry 2017

ethyl acetate and acetonitrile (Table 1) belong to the mono-
clinic, P2,/n space group (Table 3). The asymmetric unit con-
tains two CBZ molecules and one molecule each of PASA and
water (Fig. 6a). In this case, the crystal structure of [CBZ +
PASA + H,0] shows the same packing arrangement as that of
the carbamazepine cocrystal monohydrate with PABA in a 2:
1 molar ratio (CSD refcode XAQREN).** The crystal structure
of [CBZ + PASA + H,0] forms an 8-membered supramolecular
discrete unit consisting of four carbamazepine molecules,
two para-aminosalicylic acid molecules and two water mole-
cules (Fig. 6b). Carbamazepine does not form a carboxyl-
amide heterosynthon with PASA due to the incorporation of
water molecules in the crystal structure. Instead, the mole-
cules of 2 form two types of trimeric ring motifs with R3(10)
and R3(8) graph set notations. The fist trimer (R3(10)) is com-
posed of one molecule each of carbamazepine, para-
aminosalicylic acid and water, in which the strongest O2-
H2-05 (1.66(2) A, 174(2)°), between PASA and H,O mole-
cules) hydrogen bond in the structure (2) is realized. The

-CBZ
- CBZ dihydrate_

: E water

»\_/MJ\/\A/"\ /\J\,\AM\/\/\,NM\NM\,\___THF
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Fig. 4 XRPD patterns of the 2:1 CBZ and PASA mixtures obtained by
grinding with different solvents.
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Table 3 Crystallographic data for carbamazepine cocrystals with 4-aminosalicylic acid
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1 2 3
[CBZ + PASA] (1:1) [CBZ + PASA + H,0] (2:1:1) [CBZ + PASA + MeOH] (2:1:1)
CCDC no. 1544195 1544196 1544197
Chemical formula C;5H;,N,0-C,H,NO; 2(C45H;,N,0)-C,H,NO5-H,0 2(C45H;,N,0)-C,H,NO5-CH,0
Formula weight 389.40 643.68 657.71
Crystal structure Monoclinic Monoclinic Monoclinic
Space group C2/c P24/n P2,/c
Crystal size, mm 0.30 x 0.20 x 0.20 0.30 X 0.30 x 0.20 0.40 x 0.25 x 0.20
a, A 27.427(5) 13.6727(12) 12.6443(18)
b, A 7.6402(15) 17.6172(15) 7.5232(11)
¢, A 21.038(4) 14.836(13) 34.674(5)
B, ° 119.263(2) 116.334(1) 96.811(3)
Unit cell volume, A® 3845.8(13) 3202.8(5) 3275.1(8)
No. of formula units per unit cell, Z 8 4 4
Deate, g €M™ 1.345 1.335 1.334
T, K 150(2) 150(2) 183(2)
Absorption coefficient, 4, mm™ 0.094 0.092 0.092
Data collection
No. of reflections measured 20588 32373 24975
No. of independent reflections 5123 7715 6390
Reflections with I > 24(I) 4512 6313 5050
Rint 0.0199 0.0271 0.0379
Omaxs © 29.00 28.00 26.00
Refinement
No. of parameters 338 565 583
R, values (I > 20(I)) 0.0385 0.0382 0.0377
wR? values (all data) 0.1058 0.1026 0.0915
Goodness of fit on F> 1.054 1.026 1.012
Largest diff peak and hole, e A~ 0.342/-0.214 0.255/-0.255 0.191/-0.187

second trimer (R3(8)) is composed of two carbamazepine mol-
ecules and one methanol molecule. As in [CBZ + PASA], the

C(e)

Fig. 6 (a) Asymmetric unit in [CBZ + PASA + H,O] (2:1:1). The
Fig. 5 (a) Asymmetric unit in [CBZ + PASA] (1:1). The displacement displacement ellipsoids are shown at the 50% probability level. (b)
ellipsoids are shown at the 50% probability level. (b) Molecular packing Discrete hydrogen bonded packing unit in [CBZ + PASA + H,O] (2:1:
projection for [CBZ + PASA] (1:1). 1).
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anti-oriented NH amide H11 and H21 atoms are not involved
in any hydrogen bonding.

Carbamazepine/para-aminosalicylic acid 2:1 cocrystal
MeOH solvate (3). The colorless block-shaped crystals grown
from methanol in a 1:1 molar ratio (Table 1) belong to the
monoclinic, P2,/c space group (Table 3). The asymmetric unit
contains two CBZ molecules, one PASA molecule and one
methanol molecule (Fig. 7).

Analysis of the packing diagram of the [CBZ + PASA +
MeOH] cocrystal reveals that the structure is made up of hy-
drogen bonded tetramers (Fig. 8a). The hydrogen bonding
motif is described by a carboxamide dimer between crystallo-
graphically different molecules of carbamazepine with an ad-
ditional bent N11-H11 (anti-oriented)---02 (2.59(2) A,
126.4(1)°) hydrogen bond from CBZ to PASA and an O4-
H41---021 (1.78(2) A, 161(2)°) hydrogen bond from methanol
to CBZ. para-Aminosalicylic acid and methanol molecules are
connected to each other via the strongest O2-H2---O4
(1.66(2) A, 177(2)°) interaction in the structure (3). The hydro-
gen bonded tetramers form a layer along the a-axis via the
N1-H1---011 (2.17(2) A, 156(2)°) hydrogen bond between the
PASA and CBZ molecules. The neighboring layers are linked
by the weak N1-H10---03 (2.43(2) A, 166(2)°) interaction be-
tween the PASA molecules forming a 2D structure along the
b-axis (Fig. 8b).

Conformational analysis of polymorphs of CBZ and its
cocrystals

CBZ is an excellent example of crystal polymorphism,
wherein the conformation and the network of strong hydro-
gen bonds remain unchanged in all its forms. The differ-
ences between the crystal forms lie solely in the packing of
the carboxamide dimer units.>*> An exception is the fifth CBZ
polymorph for which the hydrogen bond network changes
from the dimer motif to the catemeric hydrogen bond.*
Moreover, the molecules in CBZ form III were found to exist
in two forms that differ only in the relative orientation of the
carboxamide moiety (Fig. S3, see the ESI}).>*

The molecule conformation of CBZ can be defined in
terms of the torsion angle 7 (£C21-N12-C10-011, Fig. 1) and
one dihedral angle 3 between the two rings (Fig. 9) which is

Fig. 7 Asymmetric unit in [CBZ + PASA + MeOH] (2:1:1). The
displacement ellipsoids are shown at the 50% probability level.

This journal is © The Royal Society of Chemistry 2017
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Fig. 8 (a) Layer formed by hydrogen bonded tetramers and (b)
packing diagram of [CBZ + PASA + MeOH] (2:1:1).

responsible for the mutual orientation of the different phenyl
rings R; and R,. The overlay of the CBZ molecular conforma-
tions in the polymorphic forms is shown in Fig. S4 (see the
ESI}), which confirms that CBZ is a conformationally rigid
molecule. And, in the case of polymorphic forms, the dihe-
dral and torsion angles remain practically the same.

In order to investigate the conformational preferences of
the CBZ molecule cocrystals, a search of the CSD (v 5.36, May
2015 update)®® for crystal structures of CBZ cocrystals was
performed. The search constraints were as follows: 3D coordi-
nates were determined; only organics; no powder structures;
not disordered; R < 0.1. As a result, 40 hits, including
cocrystals and their hydrates and solvates were retrieved and
analyzed. The distribution of the torsion angle and the dihe-
dral angle between the two rings from the retrieved CSD set
is presented in Fig. 10a and b. The values of the selected tor-
sion and dihedral angles for the CBZ molecule in all poly-
morphic forms and in all cocrystals are collected in Table S2
(see the ESIT).

As previously noted, CBZ is a rather rigid molecule. This
CBZ feature is also traced in its cocrystals. The torsion angle
value of the carboxamide moiety of the CBZ molecule most
often ranges from 175 to 179°, which is the closest to the tor-
sion angle value of CBZ form III. This immobility of the func-
tional group can be explained by the fact that it is stabilized
via the carboxamide homosynthon or the acid-amide hetero-
synthon in cocrystals. The torsion angle values decrease to
160-165° in cases where rather strong N-H:--O or O-H:--O

SO

) ¢

Fig. 9 Dihedral angle between the CBZ benzene rings (R1 and R»).
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Fig. 10 (a) Distribution of torsion, z, and (b) dihedral angle between

benzene rings, B, in CBZ polymorphs, cocrystals and cocrystal
solvates/hydrates retrieved from the CSD set (40 hits).

anti-oriented hydrogen bonds are formed (CBZ cocrystals
with saccharin,®® nicotinamide,*® para-aminobenzoic acid**
or adamantine-1,3,5,7-tetracarboxylic acid®®).

Most of the structures are located between 124° and 126°
dihedral angle values. The smallest dihedral angle for the
CBZ molecule (119.6°) is observed in the CBZ cocrystal with
isonicotinamide form I (refcode LOFKIB®’). Such a significant
alteration is explained by the formation of strong n-n interac-
tions between the CBZ benzene ring and the isonicotinamide
molecule, which are located approximately 3.8 A apart. More-
over, the PABA and PASA cocrystal hydrates are characterized
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by the minimum f values. The deviation from the optimal ge-
ometry of the CBZ molecule is explained by the influence of
the supramolecular environment. These cocrystal hydrates
are characterized by the same packing arrangement type: the
8-membered supramolecular discrete unit consists of four
carbamazepine molecules, two para-aminosalicylic acid mole-
cules and two water molecules. The different discrete units
“rest” on dibenzazepine fragments of CBZ, which leads to an
additional stress and the “unfolding” of two benzene rings.

Crystal lattice energy calculation

The intermolecular interaction energies in the studied CBZ
cocrystals with stoichiometry (1:1) were analyzed according
to the PIXEL approach developed by Gavezzotti.'> The calcu-
lation results are summarized in Table 4.

The calculations show that the total lattice energy for [CBZ
+ PASA] is ca. 11 k] mol™ less stabilizing than that for the
[CBZ + PABA] cocrystal. The stability decrease is most likely a
consequence of the presence of an intramolecular hydrogen
bond in the PASA molecule, which affects the structure-
forming intermolecular hydrogen bond energy in the acid-
amide heterosynthon between PASA and CBZ. The same is
observed for other benzoic acid derivatives. Comparing the
total lattice energy in the series benzoic acid, salicylic acid,
4-hydroxybenzoic acid, PABA and PASA coformers, we can see
that an increase in the number of hydrogen bond donors and
acceptors leads to an increase in the total crystal lattice en-
ergy. Cocrystals with PASA and salicylic acid are exceptions
due to the presence of an intramolecular hydrogen bond in
the coformer molecules. The total lattice energy for [CBZ +
salicylic acid] is lower than those of both the CBZ cocrystal
with the structural isomer [salicylic acid + 4-hydroxybenzoic
acid] (more than 20 kJ mol™") and the cocrystal [CBZ +
benzoic acid] (at 7.2 k] mol ™).

However, PIXEL gives an opportunity not only to estimate
the total lattice energy of the studied systems but also to par-
tition the total energy into electrostatic, polarization, disper-
sion and repulsion terms. Table 4 shows that the dispersion

Table 4 Results of PIXEL calculations (kJ mol™): lattice energies (E,w), Coulombic (Ecou), polarization (Epo). dispersion (Egisp) and repulsion (Eyp) terms

Ref. Ecou Epol Edisp Erep Ejae
[CBZ + PASA] [tw] -184.4 -83 227 217.4 277
[CBZ + HQ] 38 -175.6 -83.8 -226 216.4 -269
[CBZ + BA] 39 -123.6 -54.8 -217.6 151.6 -244.6
[CBZ + SA] 39 -137.4 -55.8 -210.8 166.6 -237.4
[CBZ + 4-OHBA] form A 39 -193 -89.2 -228.6 236.2 -274.8
[CBZ + 4-OHBA] form C 39 -191.6 -81 -226.4 217.6 -281.2
[CBZ + PABA] 24 -196.6 -89.8 —243.2 240.4 -289.2
[CBZ + NAM] 36 -131.2 -48.2 -222.8 135.4 -266.8
[CBZ + iNAM] form A 37 -148.8 -54.6 -233.4 168.6 ~268.2
[CBZ + iNAM] form B 40 -132.6 -51 -214.6 135.8 -262.4
[CBZ + Schr] form A 36 -136.2 -53.2 -248.8 151 -287.2
[CBZ + Schr] form B 41 -148.8 —61.2 -237 167.8 -279.4
[CBZ + GltAc] 39 -216.6 -97.8 -222.4 255.8 -281

HQ - Hydroquinone; BA - benzoic acid; SA - salicylic acid; 4-OHBA - 4hydroxybenzoic acid; NAM - nicotinamide; iNAM - isonicotinamide; Schr

- saccharin; GltAc - glutaric acid.
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interactions dominate the structures of the cocrystals, while
the Coulombic term also contributes significantly to the lat-
tice energies, particularly in [CBZ + PASA].

The maximum difference between the dispersion and Cou-
lombic terms is observed in the [CBZ + benzoic acid], [CBZ +
salicylic acid] and [CBZ + nicotinamide] cocrystals, which are
characterized by the formation of separate clusters of dimers
(discrete units) not bound by hydrogen bonds to the adjacent
rows of cocrystal molecules. The minimum difference be-
tween the dispersion and Coulombic terms and, as a conse-
quence, the maximum contribution of electrostatic interac-
tions are observed in the [CBZ + glutaric acid] cocrystal with
the biggest number of strong hydrogen bonds (5) attributable
to the molecules of coformers. In [CBZ + 4-hydroxybenzoic
acid] cocrystal form A, there are also 5 unique hydrogen
bonds on two coformer molecules, but there is no acid-amide
heterosynthon.

Table 5 shows the sums of the intermolecular interaction
energies between the different types of molecules. In most
cases, the CBZ-CF interactions make the largest contribution
to the lattice energy (more than 50%). The maximum contri-
bution of such interactions to the crystal lattice energy is
found for the CBZ cocrystals with benzoic acid derivatives.
The CBZ-CBZ interactions comprise approximately a third of
the total energy, while less than 20% is left for the interaction
between the CF molecules.

A similar relation between the CBZ-CBZ and CBZ-CF rela-
tive contributions to the total energy (ca. 35/55%) is observed
in the CBZ cocrystals with benzoic acid derivatives. It seems
that this fact can be attributed to the similarity of the pack-
ing arrangements of the considered cocrystals.

The contributions of CBZ-CBZ and CF-CF interactions are
enhanced, while the contribution from CBZ-CF interactions
is reduced to 40-45% for the systems where the acid-amide
heterosynthon between the coformers is not realized, as well
as for the systems with nicotinamide and isonicotinamide.

Thermal analysis

The DSC curves of [CBZ + PASA] (1:1), [CBZ + PASA + H,0]
(2:1:1) and [CBZ + PASA + MeOH] (2:1:1) are presented in
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Fig. 11. The melting points of the studied cocrystals and their
individual components are summarized in Table 6.

The DSC curves of CBZ, PASA and [CBZ + PASA] (1:1)
show one endotherm which corresponds to the melting pro-
cess, whereas no other phase transitions are observed. The
melting temperature of the [CBZ + PASA] cocrystal is found to
be ca. 15 °C higher than the PASA one. The melting tempera-
ture values of [CBZ + PASA] [1:1] and [CBZ + PASA] (2:1) af-
ter desolvation are equal within the experimental error.

For [CBZ + PASA + H,0] (2:1:1), the desolvation process
is registered by TG at the desolvation onset temperature
equaling 81.9 °C (Fig. S5, see the ESII).

The binding strength of the solvent in the cocrystal solvate
and hydrate can be estimated by calculating the vaporization
enthalpy (AHs) of the cocrystal-bound solvent using the fol-
lowing relationship:****

AHg = (Angsolv'loo/Ams)'Ms (1)

where AH%eso is the desolvation enthalpy determined from
the DSC data, Amsg is the mass loss percent measured in the
TGA experiment, and M is the solvent molecular weight. The
resulting AHg values are shown in Table 6.

The AHg value for [CBZ + PASA + H,O0] indicates 45% (59.3
kJ mol™) stronger interactions of water with the host struc-
ture than pure water (40.66 k] mol ™). The enthalpy of pure
methanol vaporization (35.21 kJ mol™) is found to be ca.
18.5 k] mol' lower than the AHg value in the solvate
cocrystal. The binding strength of the solvent molecules de-
pends on different factors, such as the packing arrangement
of the host structure, the solvent accommodation, etc. In the
case of the hydrate under investigation, the differences in
AHg values correlate well with the hydrate crystal structure
features. The water molecules in the cocrystal hydrate inter-
act with three neighboring coformer molecules forming the
three strongest hydrogen bonds of the system: O2-H2---O5
(1.66 A), 05-H52---021 (1.78 A) and 05-H51---O11 (1.91 A).
Similarly, the methanol molecules in [CBZ + PASA + MeOH]
are bound to the coformers by strong hydrogen bonds, but
there are only two such bonds: 02-H2---04 (1.66 A) and 04~
H41---021 (1.78 A) (Table S1, see the ESI}).

Table 5 Sums of intermolecular interaction energies (kJ mol™) between different types of molecules calculated using the PIXEL method

CBZ-CBZ CBZ-CF CF-CF Total
+ =79. 9% - . 2% —49. (J -
CBZ + PASA 79.9 (28.9% 147.3 (53.2% 49.8 (18% 277
+ - . .6% - . 5% -23. 9% -
CBZ + H 103.8 (38.6% 141.3 (52.5% 23.9 (8.9% 269
+ —o4. 4% - . A% —20. 270 - .
CBZ + BA 84.1 (34.4% 139.7 (57.1% 20.8 (8.5% 244.6
+ -83. 2% - . 5% -17. 3% = .
CBZ + SA 83.5 (35.2% 136.6 (57.5% 17.3 (7.3% 237.4
+ 4- orm - . 7.8% -155.7 (56.7% -15.1 (5.5% -274.
CBZ + 4-OHBA] f A 103.9 (37.8% 1 6.7% 15.1 % 274.8
[CBZ + 4-OHBA] form C -112.7 (40.1%) -142.4 (50.6%) -26.0 (9.2%) -281.2
[CBZ + PABA] -119.0 (41.2%) -153.0 (52.9%) -17.1 (5.9%) -289.2
[CBZ + NAM] -98.9 (37.1%) -116.5 (43.7%) -51.4 (19.3%) —266.8
[CBZ + iNAM] form A -87.5 (32.6%] -146.7 (54.7%) -34.0 (12.7%) -268.2
[CBZ + iNAM] form B -103.1 (39.3%) -113.0 (43.0%) -46.3 (17.6%) -262.4
[CBZ + Schr] form A -82.8 (28.9%] -174.3 (60.7%) -30.1 (10.5%) —287.2
[CBZ +Schr] form B -97.9 (35.0%) -118.7 (42.5%) -62.8 (22.5%) -279.4
[CBZ + GltAC] -119.4 (42.5%) -111.4 (39.7%) -50.3 (17.9%) —-281.0

This journal is © The Royal Society of Chemistry 2017
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Fig. 11 DSC curves of CBZ, PASA, [CBZ + PASA] (1:1), [CBZ + PASA +
H,0] (2:1:1) and [CBZ + PASA + MeOH] (2:1:1) recorded at 10 °C
min~! heating rate.

Cocrystal formation thermodynamics

The approach to prediction of the thermodynamic functions
of cocrystal formation (AG>°%(CC), AH**%(CC)) based on the
knowledge of the melting temperatures of active pharmaceu-
tical ingredients (API) (T.,(API)), coformers (CF) (T,(CF)),
cocrystals (T,(CC)) and also on the sublimation Gibbs ener-
gies and enthalpies of the individual components included in
the cocrystal (AGYLP(API), AGYL¥(CF), 28 (API),

% %(CF)) has been developed by us earlier.** Literature
data analysis of the sublimation thermodynamics of the indi-
vidual compounds has shown that there are no sublimation
data for either CBZ or PASA. If we keep in mind that CBZ is
quite a common compound with a great number of cocrystals
with different coformers, the study of its sublimation seems
timely and relevant.

Study of CBZ sublimation. The CBZ saturation vapor pres-
sure at different temperatures was measured by the transpira-
2122 The temperature de-
pendence of the saturation vapor pressure and the calculated

tion method as described elsewhere.

thermodynamic characteristics of the sublimation process
are presented in Table 7. It should be noted that in the stud-
ied temperature range a thermodynamically stable modifica-
tion of CBZ is form III (P2,/c).>*

Estimation of sublimation thermodynamic functions of
PASA. Our sublimation experiments with PASA have failed be-
cause the substance decomposes at the experimental temper-
atures. Nevertheless, we tried to estimate the standard ther-
modynamic functions of sublimation (Gibbs energy and
enthalpy) using the following approach partially described by
us in 2010.*® We have formed a database including the subli-
mation Gibbs energy and enthalpy of molecular crystals pub-
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Table 7 Temperature dependence of saturation vapor pressure and sub-
limation thermodynamic characteristics of carbamazepine (P2;/c)*

T, °C P, Pa T, °C P, Pa
80.0 6.10 x 10° 108.0 8.89 x 1072
81.0 6.87 x 107 110.0 1.09 x 107"
82.0 7.45x107° 115.0 1.76 x 10"
83.0 8.31x107° 118.0 2.35x 107"
85.0 1.02 x 102 120.0 2.87x10"
90.0 1.83 x 1072 123.0 3.79x 107"
95.0 2.93 x 1072 125.0 4.40x 107"
100.0 4.24 x 1072 127.0 5.33x 10"
105.0 6.72 X 1072 130.0 6.84 x 107!
AGZE, k] mol ™ 58.5 ASZE JTmol 'K 187 + 3
AHZp,, k] mol™ 110.9 + 0.8 Cry %° 67.2
AHZE k] mol ™ 1142 £ 0.8 s, %° 32.8

ces, Jmol K 277.3 Ty, K 190.1
T-AS23%, kJ mol 55.7 AH}, k] mol™* 28.8

“ In(P[Pa]) = (32.7 + 0.3) — (13343 + 97)/T; o = 3.97 x 10°% r = 0.9991;
F = 19078; n = 18. b Cf,,gcgr has been calculated using Chickos's
additive scheme;*® the calculation procedure error corresponds to a
significant digit. © = (AFZSS/(AFZSS + T-AS208))100%; Grs = (T-ASZE)/
(AHZS + T-ASZ08))-100%.

lished up to 2016 inclusive. Moreover, the database included
the melting temperatures of individual compounds. As a re-
sult, the database included 1515 molecular crystals. As we
showed earlier,*® if from the available database we select
structurally related compounds based on Tanimoto similarity
indices (T.), the experimental values can be described by the
correlation equation within the given group/cluster:

AGURE = A+ BTy, (2)

where the Tanimoto similarity indices (7.) have been
obtained by means of the program MOLDIVS (MOLecular DI-
Versity & Similarity).”

T. = N(A & B)/[N(A) + N(B) - N(A & B)] (3)

where N(A) is the number of fragments in molecule A, N(B) is
the number of fragments in molecule B, and N(A & B) is the
number of common fragments in molecules A and B.

In this program, molecular fragments are defined as
atom-centered concentric environments. The fragments con-
sist of a central atom and neighboring atoms connected to it
within a predefined sphere size (the number of the bonds be-
tween the central and edge atoms). For each atom in a frag-
ment, information on the atom and bond type, charge,
valency, cycle type and size is coded into fixed-length vari-
ables which are subsequently used to define a pseudo-

Table 6 Melting (Tt,s) and desolvation (Tyeson) temperatures of the CBZ cocrystal and its hydrate and solvate

Tdesolv’ °C (Onset] AI_ItTi‘esolvy J g_l AmSy % Tfusy °C (Onset) AHfJ;!Sr kJ mOl_l AHSy k.] mOI_l
[CBZ + PASA] (1:1) — — — 154.0 + 2.1 77.8 —
[CBZ + PASA + H,0] (2:1:1) 81.9 72.4 2.20 154.5+0.8 136.7 59.3
[CBZ + PASA + MeOH] (2:1:1) 74.7 76.5 4.56 150.8 + 3.0 103.5 53.7
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Table 8 Cocrystals selected for estimation of formation thermodynamics and their some characteristics”

Tm (API), Tp, (CF), Twm(CC), AGYE®(API), WHAPD),  AGXYY(CF), QD8 (CR),
N API  Coformer (CF) Ref Stoich °C °C °C kJ mol * k] mol * kJ mol™* kJ mol
1 CBZ  4,4-Bipyridine 32 2:1 190.1 111.8 159.0 58.5 114.20 33.6 106.3
2 CBZ Hydroquinone 38 1:1 190.1 173.5 168.1 58.5 114.20 43.8 103.9
3 CBZ Benzoic acid 13 1:1 190.1 122.0 112.5 58.5 114.20 34.4 90.5
4 CBZ  Malonic acid 13 1:1 190.1 136.0 143.4 58.5 114.20 46.7 111.4
5 CBZ Malonic acid 48 2:1 190.1 134.0 142.0 58.5 114.20 46.7 111.4
6 CBZ  Adipic acid 13 1:1 190.1 152.0 136.8 58.5 114.20 57.5 129.3
7 CBZ 4-OHBA (form A) 13 1:1 190.1 213.0 171.5 58.5 114.20 55.0 113.3
8 CBZ 4-OHBA (form C) 13 1:1 190.1 213.0 170.0 58.5 114.20 55.0 113.3
9 CBZ  Fumaric acid 13 1:1 190.1 287.0 188.7 58.5 114.20 26.1 123.9
10 CBZ Trimesic acid 36 1:1 190.1 375.0 278.0 58.5 114.20 100.2 159.4
11 CBZ Glutaric acid 48 1:1 190.1 97.7 125.9 58.5 114.20 49.1 119.8
12 CBZ Glutaric acid 49 2:1 190.1 98.0 125.0 58.5 114.20 49.1 119.8
13 CBZ Succinic acid 48 2:1 190.1 188.1 188.9 58.5 114.20 58.0 123.2
14 CBZ Salicylic acid 48 1:1 190.1 160.9 160.1 58.5 114.20 38.5 96.6
15 CBZ Nicotinamide 49 1:1 190.1 130.6 160.0 58.5 114.20 49.0 111.8
16 CBZ Urea 49 1:1 190.1 133.0 169.0 58.5 114.20 44.5 89.0
17 CBZ Cinnamic acid 50 1:1 190.1 133.5 144.0 58.5 114.20 43.8 107.1
18 CBZ PASA tw 1:1 190.1 139.1 154.0 58.5 114.20 48.7 113.6
19 CBZ PASA tw 2:1 190.1 139.1 154.5 58.5 114.20 48.7 113.6

“ T (API), T, (CF), Ty, (CC) are the melting temperatures of the active pharmaceutical ingredient, coformer and cocrystal, respectively;
AGY¥(APY), AHY(APT), AGHE®(CF), AH%®(CF) are the sublimation Gibbs energies and enthalpies of the active pharmaceutical ingredient
and coformer; the bold values correspond to the sublimation Gibbs energy and enthalpy predicted by the clusterization approach (see text).

random hash value for this fragment. The program permits
an estimation of the similarity of each molecule in the data-
base to all the other molecules by sorting them according to
the value of similarity to the initial molecule.

We have formed a cluster for PASA including the structur-
ally related compounds selected by the criterion 0.4 < T.. Fig.
S6 (see the ESI}) illustrates the experimental values AGZp for
cluster elements versus T, described by the correlation

equation:

AGYE® = ~(23.4 + 5.5) + (0.175 + 0.012)- Ty,
R =0.9119; ¢ = 4.08; n = 44 4

On the other hand, we can estimate AH 3, *(PASA) using
the equation relating the sublimation enthalpies and Gibbs
energies of molecular crystals in a cluster (the so-called “com-
pensation” effect). Fig. S7 (see the ESI) illustrates this de-
pendence for the PASA cluster, which can be described by the
equation:

0298 = (52.2 + 3.7) + (1.26 + 0.07)-AGLZ®
R =0.9469; 0 = 4.25; n = 44 (5)

It is easy to estimate the thermodynamic functions of the
PASA sublimation: AGY;S(PASA) = 48.7 k] mol™ and

% 8(PASA) = 113.6 k] mol™, using eqn (4) and (5) and
knowing the melting point (7},(PASA) = 412.2 K).

Formation thermodynamics of CBZ-based cocrystals. We
have analyzed literature data (up to 2016) describing/
confirming the crystal structures of CBZ cocrystals (single
crystal X-ray or XRPD) and the cocrystal melting points. At
the next stage, we used our database including the literature

This journal is © The Royal Society of Chemistry 2017

data on Gibbs energies and sublimation enthalpies of molec-
ular crystals of individual compounds in order to select CBZ
cocrystals with known sublimation thermodynamic functions
for coformers. Table 8 lists the selected CBZ cocrystals to-
gether with the data on melting points and thermodynamic
functions of the sublimation processes. Moreover, Table 8
contains the estimated values of the thermodynamic subli-
mation functions for PASA.
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Fig. 12 Thermodynamic functions of cocrystal formation processes in
coordinates of entropy term vs. enthalpy. The isoenergetic curves of
the AG? function are marked by dotted lines. The numbering of the
cocrystals corresponds to that in Table 8. The red points correspond
to the cocrystals with the same composition but different
stoichiometry (see text).
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Table 9 Results of dissolution studies of pure CBZ and its cocrystal in pH 7.4 media at 25 + 0.1 °C

Crnax,” mol 17

Equilibrium solubility,” mol I™*

Solid phase recovered after solubility experiment*

9.94x10* +5.79 x 10 °
7.68x10* +4.75x107°

CBZ
[CBZ + PASA] (1:1)

477 x10* £2.23 x 1077
6.69 X107 +1.08 x 10°

CBZ dihyd
CBZ + CBZ dihyd + cocrystal

“ Is the maximum concentration of CBZ in solution. ” Is the equilibrium solubility after 6 hours of the experiment. ¢ The residual materials

were identified by XRPD analysis (Fig. S8, see the ESI).

Based on the approach developed by us,** we calculated
the thermodynamic functions of the cocrystal formation. The
results of the calculations are presented in Fig. 11 as a dia-
gram, where the abscissa corresponds to the formation en-
thalpy (AH{*?®), and the ordinate corresponds to the entropic
term (TAS{*°%). The dotted lines correspond to the iso-
energetic cocrystal formation Gibbs energy values AGP>*%.
The diagram is divided into eight sectors, each correspond-
ing to a different ratio of the enthalpy and entropy contribu-
tions to the Gibbs energy. Each sector is formed by two
lines: on one side - the line corresponding to the zero
AHP*?® or TASP**®value; on the other side - the bisector of
the angles formed at the intersection of the coordinates
(AHP>®®; TASP?®®). The isoenergetic curves of Gibbs energy
are marked by dotted lines. Thus, the diagram can be di-
vided into the following areas: (TAS{?*® > AHP?® > 0) =
sector A, (AHP?® < 0; TASP™® > 0; |TASP™| > |AHP™®|)
= sector B, (TASP®® < AHP®® < 0) = sector E, and
(AHP*® > 0; TASP?® < 0; |TASP*®| > |AHP*®®|) = sector F
belonging to the entropy determined processes. The seg-
ments of the diagram where (AHP?*® < 0; TASP*® > o;
|AHP®®| > |TASP™®|) = sector C, (AH{?*® < 0; TASP?® <
0; |AHP*®| > |TASP*®®|) = sector D, (AHP**® > TASP*® >
0) = sector H and ((AH{™® > 0; TASP®® < 0; |AHP™®| > |
TAS$*®|) = sector G correspond to the enthalpy determined
processes (Fig. 12).

In our previous work,** we justified the selection criterion
for thermodynamically stable cocrystals. This criterion claims
that AGP**® < 5 kJ mol™, which can be explained by the pos-
sible existence of polymorphic modifications both for individ-
ual compounds and for cocrystals. Based on this criterion,
eighteen out of the nineteen cocrystals selected in the litera-
ture were predicted correctly (95% correct coincidences). It
should be noted that the formation of most cocrystals is an
entropically controlled process: 14 cocrystals out of 19 exam-
ined. For these, the Gibbs energies of formation, as a rule, do
not exceed (in modulus) the value -8 kJ mol™". In contrast,
the Gibbs energies of formation are higher (in modulus) than
the value -8 kJ mol ™" for cocrystals with entropically con-
trolled formation (2, 3, 14).

It is interesting to compare cocrystals with identical com-
positions but with different stoichiometry: [CBZ + Malonic
acid] (1:1) - (4) and (2:1) - (5); [CBZ + Glutaric acid] (1:1) -
(11) and (2:1) - (12); [CBZ + PASA] (1:1) - (18) and (2:1) -
(19). It is evident that the cocrystals with 2:1 stoichiometry
are slightly thermodynamically more stable than similar
cocrystals with 1:1 stoichiometry.

4284 | CrysttngComm, 2017, 19, 4273-4286

Dissolution experiments and stability studies

Carbamazepine is a poorly soluble drug that transforms into
its dihydrate form in aqueous media, whose solubility is even
worse.”’ Moreover, CBZ solubility does not depend on the
change in the medium pH, since this compound is not capa-
ble of ionization. It was proved earlier that CBZ solubility can
be enhanced by CBZ cocrystallization with ionizable
coformers: PABA, saccharin, salicylic acid.>®>® We used PASA
as the coformer - a drug whose solubility increases with ris-
ing pH.>* The measurements were carried out in a pH 7.4
phosphate buffer as PASA dissolves almost 9 times better
than CBZ. Table 9 shows the results of the solubility experi-
ment for both pure CBZ and its cocrystal in pH 7.4 buffer me-
dium at 25 °C. According to the obtained data, the CBZ
cocrystallization with PASA reduces the maximum CBZ con-
centration in the first 20 minutes but increases its equilib-
rium concentration, which is reached 2 hours after the start
of the experiment.

Besides measuring the CBZ solubility, it was also impor-
tant to check how cocrystallization affected the CBZ stability
(process of hydration) in an aqueous medium. Fig. 13 illus-
trates that CBZ in pH 7.4 phosphate buffer begins to quickly
convert into its dihydrate form after remaining in the aque-
ous medium for 20 minutes. This results in a sharp drop in
CBZ solubility. This CBZ transformation is also confirmed by
the analysis of the solid phase after the experiment (Fig. S8,
see the ESI}); its XRPD pattern coincides with the XRPD pat-
tern of the dihydrate CBZ. In turn, cocrystallization leads to a
significant deceleration of CBZ hydration, which is reflected
by the absence of a characteristic peak during pure CBZ
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Fig. 13 Dissolution profiles of pure CBZ (@) and CBZ cocrystal (m).
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dissolution. The cocrystal solid phase analysis after the exper-
iment also confirms that after 6 hours in water, CBZ is only
partly transformed into its dihydrate form. In the XRPD pat-
tern, there are peaks related to both the dihydrate CBZ form
and the unhydrated CBZ. Thus, CBZ cocrystallization with
PASA leads to a significant decrease (up to several hours) of
the CBZ rate of conversion from the anhydrous to the hydrate
form, and as a consequence, a solubility increase of approxi-
mately 1.5 times.

Conclusions

Three new CBZ cocrystals with para-aminosalicylic acid, a
second-line antituberculosis drug, have been prepared by
both solvent-drop grinding and solution techniques. The
pure [CBZ + PASA + MeOH] (2:1:1) form was obtained only
by grinding of CBZ and PASA in (2:1) stoichiometry with the
addition of methanol. [CBZ + PASA + H,0] (2:1:1) was pro-
duced only by solution crystallization from acetonitrile and
ethyl acetate.

The crystal structures of [CBZ + PASA] (1:1), [PASA + CBZ
+ H,0] (2:1:1) and [PASA + CBZ + MeOH] (2:1:1) have been
analyzed. Comparative analysis of the molecular packing in
the obtained cocrystal and in a structurally related [CBZ +
PABA] cocrystal has been conducted . It has been found that
the presence of an additional donor and an additional accep-
tor of the hydrogen bond in the PASA molecule leads to the
formation of an acid-amide heterosynthon with CBZ versus
PABA. This difference significantly affects the molecular
packing in the cocrystals.

We have conducted a conformational analysis of the CBZ
molecule in the crystals obtained by us in this work in com-
parison with polymorphs of CBZ, its cocrystals and solvates
described in the CSD. It has been shown that the torsion an-
gle value of the carboxamide moiety varies between 175° and
179°, which is the closest to the torsion angle value of CBZ
form III. The position of the functional group is stabilized by
the carboxamide homosynthon or acid-amide heterosynthon
in the cocrystals. The torsion angle value decreases to 160-
165° in cases where there are strong N-H:--O or O-H---O
anti-oriented hydrogen bonds. Most of the structures are lo-
cated between 124° and 126° dihedral angle values between
the two rings.

The intermolecular interaction energies in the studied
CBZ cocrystals with (1:1) stoichiometry were analyzed
according to the PIXEL approach. The analysis of the total
lattice energy values in the series of CBZ cocrystals with
benzoic acid derivatives has shown that a bigger number of
hydrogen bond donors and acceptors leads to an increase in
the total crystal lattice energy except in compounds with an
intramolecular hydrogen bond. The results of PIXEL calcula-
tions show that the dispersion interactions dominate the
structures of the cocrystals, while the Coulombic term also
contributes significantly to the lattice energies. The largest
difference between the dispersion and Coulombic terms was
observed in cocrystals characterized by the formation of sepa-
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rate dimer clusters not connected by hydrogen bonds with
the neighboring rows of cocrystal molecules. The CBZ-CF in-
teractions provide the largest contribution to the lattice en-
ergy (more than 50%). The contributions of CBZ-CBZ and
CF-CF interactions increase, while the contribution of the
CBZ-CF interactions decreases to 40-45% for systems in
which the acid-amide heterosynthon is not realized.

The thermodynamic parameters of the sublimation pro-
cess of carbamazepine form III were obtained for the predic-
tion of the thermodynamic functions of cocrystal formation
based on the knowledge of the melting temperatures of active
pharmaceutical ingredients, coformers, and cocrystals and
also on the sublimation Gibbs energies and enthalpies of in-
dividual components included in the cocrystals. The thermo-
dynamic functions of the CBZ cocrystal formation with a
number of known cocrystals were calculated. Based on the
conducted calculations, eighteen out of the nineteen
cocrystals selected in the analyzed literature were predicted
correctly (95% correct coincidences). It has been shown that
the formation of most cocrystals is an entropically controlled
process (14 cocrystals out of 19 examined).

The dissolution process of the [CBZ + PASA] cocrystal (1:
1) in pH 7.4 phosphate buffer has been studied. The
cocrystallization of CBZ with PASA leads to a significant de-
crease (up to several hours) of the CBZ rate of conversion
from the anhydrous to the hydrate form, and as a result, a
CBZ solubility increase by approximately 1.5 times.
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