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Abstract: Cocrystallization is one of the potent methods used to modify the
physicochemical properties of drugs. Cocrystal of nicotinamide (NIC):p-coumaric acid
(COU) was synthesized by a slow evaporation method using acetonitrile. The cocrystals
with different feed molar ratios (NIC:COU : 1:1, 1:2, and 2:1) were characterized using
DSC, PXRD, and FTIR, which revealed the formation of different polymorphs for each
feed molar ratio. A single crystal of the NIC:COU (1:1) cocrystal was analyzed using single
crystal X-ray diffraction (SCD), and 'H-NMR revealed a greater cocrystal structure
stability compared to the previously published cocrystal. The intermolecular hydrogen
bonds, N-H---O, and O-H---O interactions played a major role in stabilizing the cocrystal
structure. A molecular modeling technique was used for prediction, and surface chemistry
assessment of the morphology showed an elongated (along the y-axis) octagonal crystal
shape, which was in a reasonable agreement with the experimental crystal morphology.
The reduction in values of the cocrystal solubility in ethanol was supported by the DSC
data and simulation of crystal facets, where most of the crystal facets exposed to polar
functional groups. At the concentration of 31.3 uM, NIC:COU (1:1) cocrystal showed
more effective DPPH scavenging with 77.06% increased activity compared to NIC at the
same concentration.

Keywords: physicochemical properties; cocrystal; molecular interaction; single crystal
XRD; computational simulation

m INTRODUCTION

Pharmaceutical cocrystal is defined as multiple

component  crystals that

contains an

stability without affecting the intrinsic bioactivity [1-2].
The cocrystals can be prepared by using several methods
such as solution cooling, ambient co-milling, cryogenic

active o i
co-grinding, slurry, solvent evaporation, or melt [3-4].

pharmaceutical ingredient (API) and one or more
pharmaceutically acceptable coformers with a well-
defined stoichiometry through non-covalent interactions.
The molecules in the cocrystal lattice are usually linked by
hydrogen bonds, which tend to collapse once dissolved in
a solvent if the interactions are weak. The formation of
cocrystals is able to fine-tune or even customize the
physicochemical properties of APIs in terms of their
solubility, dissolution rate, moisture sorption, and

Nicotinamide (NIC) is an API, commercially
known as vitamin Bs, is a water-soluble vitamin which
able to form hydrogen bonds with other compounds
containing hydrogen bond donor and acceptor groups
[5]. There are four known polymorphs of NIC, the most
stable at 126-128 °C, followed by the metastables at 112-
117 °C, 107-111 °C, and 101-103 °C respectively [6].
NIC is widely used for acne vulgaris, anti-inflammatory,
and exhibits many potential promising applications
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such as improving the cognition in Alzheimer’s disease
transgenic mice, and able to reduce hyperpigmentation
for patients with melisma [7].

The nitrogen atom on the pyridine ring of NIC often
forms strong hydrogen bonds with the carboxylic acid
group in the cocrystal designs [8-14], which makes the
COU (p-coumaric acid) as the best compound to be used
as the cocrystal former. The successful carboxylic acids
used in the cocrystallization with NIC were ibuprofen
(both R/S and S forms), salicylic acid, fenbufen, and
flurbiprofen [15], fenamic acid [11], prulifloxacin [4], and
(R)-mandelic acid [16]. Other compounds used in the
cocrystallization with NIC were artesunate [17], baicalein
[2], carbamazepine [5,18], celecoxib [19], ethylparaben
[20], and simvastatin [21]. The single crystal of
NIC:theophylline cocrystal showed the participation of
the amide group forming the N-H--O, and O--H-N
hydrogen bonds [22-23].

Nicotinamide (NIC), Fig. 1(a) is used in many
cocrystallization experiments due to the presence of two
hydrogen bonding groups
intermolecular hydrogen bond. The amide group has two

ready to form the
proton donors and two lone pairs on the carbonyl group,
which act as hydrogen bond acceptors. Another hydrogen
bond acceptor group is the nitrogen atom on the pyridine
ring with a lone pair, which is reported as the best
hydrogen bonding acceptor [24]. Etter’s empirical rule
specified that the best proton donor and acceptor
remained after intramolecular hydrogen bond formation
will form the intermolecular hydrogen bonds [25]. The
carboxylic acid proton was reported as the best hydrogen
bond donor, which will interact with the nitrogen atom of
pyridine ring (best hydrogen bond acceptor) as observed
occurring in 10 out of 11 of the reported NIC-acid
cocrystals [24].

The donor/acceptor pair of amide syn-proton and
the carbonyl oxygen of the amide can form a homomeric
R3(8) hydrogen bond ring [26-27]. The hydrogen
bonding between the carboxylic acid group with the
amide of NIC forms the heteromeric R3(8) hydrogen
bonding dimer [28].

p-Coumaric acid (COU), Fig. 1(b) is one of the
hydrocinnamic acids which widely spread in the plant
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Fig 1. (a) Nicotinamide (NIC), (b) p-Coumaric acid
(COU)

kingdom with useful biological activities, such as

antioxidant, anti-inflammatory, antimicrobial,
anticancer, antiplatelet, anti-melanogenic, antidiabetic,
cardioprotective, suppression of tumor growth, and
anti-anxiety activities [29-30]. p-Coumaric acid can be
found abundantly as compared with the other two
isomers, ortho-, meta-coumaric acid [31-32]. COU has
been widely used in food, medicine, and cosmetic
industries, which able to treat cosmetic imperfection
[7,33-34].

COU has a hydroxyl group at para position of the
aromatic ring and a carboxylic acid functional group,
which are the possible sites for the hydrogen bonding to
occur. A study between COU and quinine resulted in the
formation of hybrid salt-cocrystal solvate composed of a
quinine ion (Q'), a coumarate ion (COU"), water
molecule, and methanol molecule, where water and
methanol molecules acted as a bridge connecting Q* and
COU ions [35]. A study on a cocrystal between COU
and theophylline and caffeine showed the utilization of
both proton donor groups of COU, which built the
cocrystal structures [31]. The cocrystal of COU with
isoniazid showed that ~-OH phenol of COU prefers to
form a hydrogen bond with the best hydrogen bond
donor of the nitrogen atom of the pyridine ring of
isoniazid [25,32], which does not follow the hydrogen
bonding hierarchy. The same case has been observed in
cocrystal between caffeic acid and isoniazid [36]. These
occurrences show that the behavior of hydrogen
bonding interactions between molecules is still
specifically cannot be predicted.

Bevill et al. [7] had successfully synthesized and
characterized the NIC:COU cocrystal using methanol
with three polymorphic forms of 1:1 cocrystal, and one
1:2 cocrystal resulted from the induction in water.
However, the

study focused on the cocrystal

Mohamad Nor Amirul Azhar Kamis et al.



Indones. I. Chem., 2020, 20 (3), 661 - 679

characterization, relative solid-state stability, and
conversion to alternate stoichiometries of the polymorphic
forms [7].

The molecular modeling simulation method is a
widely used technique in crystal research [37], commonly
used to predict crystal morphology and examine the
growth mechanism at the atomistic/molecular level [38].
Validation of the predicted crystal morphology (commonly
carried out in a vacuum environment) is a complex and
challenging process in which in an actual situation, the
crystals are grown in an environment with the presence of
solvents and additives [39-40]. Molecular structure of a
crystal is packed in a unit cell as a building unit and
heavily depending on intermolecular interaction such as
hydrogen bond and van der Waals between the molecules
and are the important parameters, which affect the crystal
shape, and hence the degree of solubility [41]. The crystal
morphology also has a significant impact on processing
and product performances [42]. In most cases, the use of
different solvents results in different crystal morphology,
the polar solvent will form the elongated crystal
morphology, while high packing density will form the
needle-like and plate-like crystal [43-45].

The traditional method used to predict the crystal
morphology is via a periodic bond chain (PBC) by
Donnay Harker analysis, and the attachment energy
calculation, E.« (AE model) [44]. Hartman and Bennema
reported that the E.q is related to the growth rate of the
crystal [45]. Attachment energy is defined as the energy
released upon the attachment of a slice with a duq width of
a growing crystal facet [42].

Ejat = Eqq + Egii (1)

where Ei. is the lattice energy that is proportional to the

att

crystal growth rate, hence the larger attachment energy
will result in faster crystal facet growth, thus less
morphologically important [42,45-47]. Eg is the slice
energy, which is the energy of a growth slice with the
thickness dna surface of a growing crystal [45]. This
calculation has been successfully used in a diverse range
of contemporary applications such as the morphology
prediction of pharmaceuticals [48], explosives [49],
organic pigments [50], phases constituting kidney stones
[51], and interpretation of inverse gas chromatography
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data [52]. This method also has proven to be useful in
the prediction of the crystal morphology, which involves
the anisotropic energies in the crystal unit cell [39,53-
54].

The exposed groups on the crystal facets play an
important role when the crystal is in contact with
external material such as the solvent. Exposure of a polar
group will make the particular facet to be a polar facet,
and vice versa [39]. The use of a polar solvent (or
mixtures of them) on the polar crystal tends to shorten
the crystal habit [44], as the solvent stops the growth of
the fast-growing crystal.

In this study, NIC:COU cocrystal was synthesized
with different feed molar ratios of 1:1, 1:2, and 2:1 using
acetonitrile, and characterized. Acetonitrile is a common
solvent used in the cocrystallization such as nicotinamide:
3-hydroxybenzoic acid (1:1) and pyrazinamide:2,5-
dihydroxybenzoic acid (1:1) cocrystals [55]. The use of
in the
formation of enthenzamide:gentisic acid cocrystal

acetonitrile mixture solvent also resulted

polymorphs [56]. This study also suggested the effect of
combined molecular structures in the cocrystal on the
solubility in ethanol and the bioactivity by an
antioxidant study using DPPH assay. The solubility data
is vital as it is an important physicochemical property
that affects the bioavailability of the drug, while the
changes in antioxidant activity were studied at different
concentrations to determine the potential of the cocrystal
towards health promotion as rendered by many dietary
supplements. A molecular modeling technique was also
carried out in this study for the morphology prediction
of the NIC:COU (1:1) cocrystal and the examination of
its surface chemistry.

m EXPERIMENTAL SECTION
Materials

Nicotinamide (CsHeN,O, MW = 122.13 g/mol,
> 99.0% purity) was purchased from Across Organic,
Belgium. p-Coumaric acid (CoHsO3, MW = 164.05 g/mol,
98.0% purity) was purchased from Sigma Aldrich, UK.
2,2-diphenyl-1-picryl-hydrazyl-hydrate (DPPH) free
radical (CisHi2NsOs, MW = 394.32 g/mol) used in the
antioxidant test was purchased from Merck, Germany.
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The solvent, acetonitrile (99.9% purity), and ethanol
(HPLC purity > 99.9%) were purchased from RCI Labscan,
Thailand, and the DMSO-ds (= 99.8% deuteration degree)
used for the NMR analysis was purchased from Merck,
Germany. All chemicals and solvents were used as
received without further purification.

Procedure

Preparation of characterization
experiment

Cocrystals used in the characterization experiments

cocrystal for

were prepared using a rotary evaporation method (RTV)
(Rotavapor R-210, BUCHI, Switzerland), at 50 °C, 100 atm,
and 100 rpm speed. Three different feed molar ratios of
NIC:COU were used, 1:1, 1:2, and 2:1 in acetonitrile to
produce the NIC:COU cocrystal.

Synthesis of NIC:COU (1:1) single crystal

The single crystal of NIC:COU (1:1) was synthesized
using slow evaporation method, in which an equimolar
mixture of NIC (122 mg, 1 mmol) and COU (164 mg,
1 mmol) was dissolved in acetonitrile (10 mL) at 50 °C in
a 20 mL vial. The solution was allowed to slowly evaporate
in the vial with a perforated cap for four days until the
crystal formed, harvested, and sent for crystal packing
analysis using a single crystal X-ray diffractometer.

Solid state characterization

The cocrystals were characterized using differential
scanning calorimeter (DSC), powder X-ray diffractometer
(PXRD), Fourier transform infrared (FTIR) with attenuated
total reflection (ATR) technique, and single crystal X-ray
diffractometer (SCD).

The thermal analyses of the cocrystals were carried
out using a Mettler Toledo differential scanning
calorimeter (DSC). The temperature and cell constants
were calibrated using indium. Samples (1-3 mg) were
crimped in a nonhermetic aluminium DSC pan, heated
from 30 °C to 300 °C, with a heating rate of 10 °C/min on
continuous nitrogen purge (40 mL/min).

Powder X-ray diffraction (PXRD) analyses were
performed at ambient temperature using a Rigaku powder
diffractometer with Cu-K, radiation (\ = 1.5406 A)
source. The tube voltage and amperage were set at 40 kV
and 40 mA, respectively. The samples were analyzed in
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the range of 20 from 5° to 55° with a scanning speed of
2°/min, and a step size of 0.02°. The diffraction patterns
of the cocrystals were compared to the patterns of the pure
compounds (controls).

A Perkin Elmer FTIR spectrophotometer using the
ATR technique with Omnic software version 5.2 was
used to determine the functional groups of NIC:COU
cocrystals with a spectral resolution of 1 ¢cm™. The
background spectrum composed of moisture and CO;
molecules was collected prior to the analyses, which will
be automatically subtracted from the sample spectrum.
The data were collected in the range of 4000-400 cm™.

Single crystal X-ray diffraction data were collected
using a Bruker D8 Quest diffractometer model using the
graphite monochromatized Mo-K. radiation (A = 0.7107
A) with APEX3 system. The crystal structure was refined
using DOS-SHELXTL software, where all non-hydrogen
atoms were refined anisotropically. The determination
of intra and intermolecular hydrogen bonding was done
using the PLATON software [57], and the preparation of
figures was done using the MERCURY 3.8 software.

Liquid state characterization

The 'H-NMR analysis was used to verify the
chemical structure of the NIC:COU (1:1) cocrystal, which
will support the SCD data. The spectrum was collected
using a Bruker NMR-600 MHz model. The analysis was
carried out using DMSO-ds solvent containing TMS.

The solubility of NIC, and NIC:COU (1:1) cocrystal
was measured using the gravimetric method in ethanol
from 10 °C to 60 °C. An excess amount of sample was
added to ethanol (10 mL) in a 50 mL jacketed glass
vessel. The flask was placed in a water bath with a
controlled temperature (+ 0.1 °C) and continuously stirred
for 24 h. The solution was allowed to settle for 12 h
before sampling. The supernatant was withdrawn using
a syringe (5 mL), filtered, and placed in an evaporating
dish (pre-weighed). The weight of the solution was
recorded before drying in an oven at 50 °C for 4 days.
The dried sample was then reweighed and recorded.

The antioxidant capacities of the samples were
determined using a DPPH free radical scavenging assay.
A fresh solution of DPPH (0.1 mM) was prepared in
ethanol. The samples were prepared in serial dilution
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from 1000 pM to 2 uM in ethanol. The DPPH solution
(10 puL) was added to the sample (1 uL) and the respective
blank (1 pL). The samples were incubated in the dark for
30 min. The absorbance of the samples after the
incubation period was measured usinga BMG LABTECH
microplate reader at 517 nm [58]. The DPPH radical
scavenging capacity was calculated using Eq. (2) [59-60].

A, —-A
DPPH radical scavenging capacity (%)= OA Lx100% (2)
0
Ay and A, correspond to the absorbance of antioxidant at

517 nm of the DPPH radical for the blank and the sample,
respectively.

Computational techniques

The modeling of NIC:COU (1:1) cocrystal
morphology was carried out using the Material Studio
(MS) package, from Accelrys Inc., using the embedded
modules and protocols in determining the atomic
charges, lattice energy, and the prediction of the crystal
growth morphology under vacuum environment. The
force fields applied were Compass, Dreiding, and
Universal. Compass is a force field with most of the
parameters was derived based on the derivation of ab
initio calculation, while other parameters were fitted
empirically. Dreiding force field with the application of
the general force constants and geometry parameters [61]
is widely applicable for simulation of biological, organic,
and main-group inorganic molecules to determine the
structures and dynamics. The dreiding force field is
believed to be the most relevant force field available in MS
for treating the organic molecules [47]. The Universal
force field is acknowledged as a moderately accurate
prediction for the geometries and conformational
energies of organic molecules, some inorganics, and metal
complexes [53].

Atomic charges determination

The atomic charges of the molecules of NIC:COU
(1:1) cocrystal were calculated using the density
functional theory (DFT) of the quantum mechanical code
in the MS. DFT quantum code is an ab initio method with
high accuracy in the estimation of the electronic
properties of the atoms. Three types of atomic charges
were used to determine the most suitable charges for the
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Mulliken, Hirshfeld, and electrostatic

potential fitting (ESP). This was done by applying the

cocrystal,

DFT quantum mechanical code with a PW91 gradient-
corrected functional correlation, an ‘all electrons’ core
treatment, and the DNP basis set [53]. The calculated
charges were then assigned to the molecules.

Lattice energy determination and morphology
prediction

MS software was used to calculate the lattice energy
and simulate the cocrystal morphology using the
attachment energy (AE) summation method.

The protocols adopted for the morphology
prediction of NIC:COU (1:1) cocrystal were as follows:
The NIC:COU (1:1) cocrystal structure with CCDC
deposition number of 1587901, the chemical name of 3-
(4-hydroxyphenyl)-prop-2-enoic  acid  pyridine-3-
carboxamide was obtained from the refined structure
using DOS-SHELXTL software. The atomic charges
were calculated using the methods described earlier,
which then assigned to the molecules. The molecules
were subjected to two stages of the minimization
process, (1) the molecules in the unit cell were
minimized while the conformations of the molecules
were kept fixed, but the molecules were allowed to move
within the crystal packing, and (2) the conformation of
the molecules were relaxed in the unit cell, and the
molecules were allowed to move during the minimization
process. The predicted morphology of the cocrystal was
calculated using the growth morphology module in the
MS software with assigned atomic charges/force fields
pairs. Each set of atomic charges/force field produced
different crystal morphology, which was then compared
with the experimental cocrystal morphology for
validation purposes.

m RESULTS AND DISCUSSION
Differential Scanning Calorimetry (DSC)

Fig. 2 shows the DSC thermogram of the NIC,
COU, and the NIC:COU mixtures with the feed molar
ratios of 1:1, 1:2, and 2:1. NIC showed a sharp endotherm
at 129.94 °C without any phase transformation, while
COU melted at a higher temperature of 221.62 °C with a
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Fig 2. DSC thermogram of NIC, COU, and NIC:COU cocrystals

single endotherm upon heating. The NIC:COU (1:1)
mixture melts at 159.07 °C, which is in between NIC and
COU melting temperatures. Another minor melting
event observed for 1:1 cocrystal is at 118.99 °C with very
low intensity. A cocrystal is commonly identified from a
DSC thermogram in which the melting temperature of the
cocrystal is usually located in between or below of the
parent compounds [5,22,62], which was observed in this
work. The melting temperature of the NIC:COU (1:1)
cocrystal produced in this work is in between the melting
temperatures of the polymorphic forms of the NIC:COU
(1:1) cocrystals, which were 158 °C (Form 2) and 160 °C
(Form 3) [7]. There was no melting event recorded in the
same research [7] for 118.99 °C, which perhaps indicating
the development of a new crystal phase of the NIC:COU
(1:1) cocrystal, discovered in this study. The other two
polymorphs of NIC:COU cocrystal were recorded by the
previous researcher [7] named Form 1, and Form 4 with
melting temperatures of 154 °C and 174 °C, respectively.
The NIC:COU (1:2) mixture shows a phase
transformation with two melting temperatures at 158.57 °C,
and 168.74 °C respectively. The first melting temperature
is in agreement with the Form 2 polymorph of the
NIC:COU cocrystal with a melting point of 158 °C [7].
The melting temperature at 168.74 °C is also suspected as

a new crystal phase of NIC:COU (1:2) cocrystal, since
there was no data recorded. There is no melting event of
Form 4 NIC:COU cocrystal at 174 °C [7], which has a
similar feed molar ratio, signifying that the use of a
different solvent is able to form different characteristics
of the crystal [43].

The NIC:COU (2:1) mixture shows a much similar
pattern as NIC:COU (1:1) cocrystal, with the obvious
difference, observed in the intensity of the minor
melting peak in NIC:COU (1:1) mixture at the
comparable melting temperature of 119.02 °C. This
confirmed the development of a new crystal phase of the
NIC:COU. The second melting temperature located at
151.93 °C, which likely to form Form 1 NIC:COU
cocrystal, with a melting temperature of 154 °C [7]. The
differences in melting temperatures of the synthesized
cocrystals as compared to the parent compounds reflect
the changes in the crystal lattice, intermolecular
interaction, molecular symmetry, or conformational
degree of freedom, which are responsible for the change
in physicochemical properties of the cocrystals [2].

Powder X-ray Diffraction (PXRD)

The PXRD patterns of NIC, COU, and the
NIC:COU cocrystals are presented in Fig. 3. The
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comparison between diffractograms of NIC:COU
cocrystals with NIC and COU revealed the feasible
interaction between NIC and COU, which anticipated the
formation of new crystalline phases due to the additional
peaks. The new major peaks observed in all feed molar
ratios of NIC:COU (1:1, 1:2, and 2:1) are at 20 of 15.62°,
16.66°. The development of a new diffraction peak in
NIC:COU (1:1) cocrystal at 20 of 24.66° confirmed the
formation of the pure cocrystal. On the other hand,
NIC:COU mixtures with 1:2 and 2:1 molar ratios revealed
the formation of the cocrystal with the mixture of the pure
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compounds since most of the diffraction peaks of the
pure compounds are observed.

Fourier Transform Infrared (FTIR)

The molecular interaction between NIC and COU
was analyzed using FTIR spectroscopy with the ATR
method. Fig. 4 shows the FTIR spectra of the NIC:COU
cocrystals stacked with the pure compounds, NIC, and
COU. The regions with potential functional groups
which are able to form the hydrogen bond are observed,
which are the pyridine ring and amide groups of NIC,

and carboxylic acid and phenol groups of COU.
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Fig 3. PXRD patterns of NIC, COU, and NIC:COU cocrystals
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Fig 4. FTIR spectra of NIC, COU, and NIC:COU cocrystals
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NIC:COU (1:1) cocrystal shows that the C=0O
stretching of NIC is shifted from 1674 cm™ to 1667 cm™
which demonstrates the formation of hydrogen bonding
on the oxygen which acts as hydrogen bond acceptor. The
stretching of asymmetrical and symmetrical -NH, amide
of NIC is shifted to higher wavenumber from 3354 cm™
and 3145 cm™ to 3355 cm™ and 3181 cm™ respectively.
The shifts of these bands show the formation of a new
phase due to the intermolecular hydrogen bonding from
the two proton donors of the -NH, group. This is
supported by the bending vibration of -NH band [4],
which also shifted from 1614 cm™ to 1607 cm™. The
stretching vibration of the nitrogen atom of the pyridine
ring of NIC at 1393 cm™ is shifted to 1404 cm™' confirmed
the utilization of the nitrogen as the best hydrogen
acceptor group [24]. The additional peak at 3425 cm™
shows the involvement of the acidic proton of COU in the
formation of hydrogen bonding with NIC. The band
observed at 1900 cm™ attributes to the additional O-H--N
hydrogen bonds [7] present in the cocrystal. The -OH
stretching vibration of phenol is shifted from 1378 cm™ to
1336 cm™' explains the participation of the -OH group in
the formation of hydrogen bonding.

Due to the fact of different crystal phases produced
as discussed in the previous sections, the shifting of
vibration peaks for NIC:COU cocrystals with 1:2 and 2:1
feed molar ratios were also analyzed successfully. In
NIC:COU (1:2) cocrystal, the stretching vibrations of
C=0 amide and pyridine of NIC are shifted to the same
wavenumber as NIC:COU (1:1) cocrystal at 1667 cm™,
and 1404 cm™ respectively. This confirmed that the same
hydrogen bonding interaction pattern occurs in the
NIC:COU (1:2) cocrystal. For -NHj stretching vibration,
only the symmetrical band is observed at 3178 cm™, and
the bending vibration of -NH is shifted to 1627 cm™'. An
additional peak at 3426 cm™ is due to the formation of
hydrogen bonding from the acidic proton of COU, and
the peak at 1895 cm™ corresponds to the formation of the
O-H--N hydrogen bond. The stretching vibration peak of
-OH phenol is also diminished which is another
characteristic of the hydrogen bonding behavior of the
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NIC:COU (1:2) cocrystal.

The 2:1 feed molar ratio of NIC:COU cocrystal also
shows the C=0 amide stretching vibration at the same
wavenumber as NIC:COU cocrystal with 1:1 and 1:2 feed
molar ratios at 1667 cm™'. The asymmetric and symmetric
stretching of -NH, bands are shifted to 3356 cm™ and
3177 cm™! respectively, while no -NH bending vibration
observed in the spectrum. The pyridine stretching
vibration is shifted to 1394 cm™, and no peak observed
for the O-H--N hydrogen bond formation. The acidic
proton stretching vibration is shifted to 3426 cm™, and
—OH phenol stretching vibration is shifted to 1340 cm™".
These differences in the FTIR spectrum again confirmed
the formation of different crystal phases with different
hydrogen-bonding interactions. The summary of the
differences in the vibration bands observed in the
NIC:COU cocrystals can be found in Supplementary
Material, section S1.

Nuclear Magnetic Resonance (NMR)

"H-NMR was carried out to confirm the chemical
structure of the synthesized cocrystal supporting the
data from single crystal X-ray diffraction (SCD) analysis.
The chemical structures of NIC and COU were
confirmed by comparing the 'H-NMR signals with
previous researchers [63-64]. The "H-NMR signals of the
NIC:COU (1:1) cocrystal are consistent with the signals
of NIC and COU with a slight difference or no difference
in terms of the chemical shift. The integration of NMR
signals of the cocrystals reveals the same number of
protons with the results from SCD analysis, which will
be discussed in the next section. Table 1 shows the
chemical shifts with the multiplicity of the NIC:COU
(1:1) cocrystal in comparison with NIC and COU. The
signal from NIC at 7.48 ppm (m, 1H) overlaps with a
signal from COU at 7.49 ppm (m, 3H) results in a
multiplet signal with four protons. The use of DMSO-ds
as the NMR solvent was able to reveal the proton signal
of the —-OH (carboxylic acid and phenol) of COU, which
is observed downfield, at 9.96 pm, and 12.12 ppm due to
the high polarity of the -OH groups.

Mohamad Nor Amirul Azhar Kamis et al.



Indones. . Chem., 2020, 20 (3), 661 - 679 669

Table 1. The comparison of chemical shifts between NIC:COU (1:1) cocrystal with NIC and COU

Nicotinamide (NIC)

p-Coumaric acid (COU)

NIC:COU (1:1)

Chemical shift, ppm (8)  Multiplicity =~ Chemical shift, ppm (§)  Multiplicity =~ Chemical shift, ppm (5)  Multiplicity

6.26 d 6.26 d

6.77 d 6.77 d

7.48 m 7.47 m
7.49 m 7.47 m

7.59 s 7.59 s
8.15 S 8.15 S
8.18 d 8.18 d
8.68 d 8.68 d
9.01 s 9.01 s
9.96 s 9.96 s

12.12 S 12.14 S

s: singlet, d: doublet, m: multiplet

Fig 5. ORTEP drawing of NIC:COU (1:1) cocrystal with
the atom labeling in the asymmetric unit

Crystallography Analysis of NIC:COU (1:1) Cocrystal

Fig. 5 and Table 2 show the ORTEP drawing of the
asymmetric unit of NIC:COU (1:1) cocrystal and the
crystallographic data of the cocrystal, respectively.

The NIC:COU (1:1) cocrystal was synthesized using
the slow evaporation method with acetonitrile. The
interaction is expected to occur between the nitrogen
atom on the pyridine ring of NIC and acid group of COU,
amide-amide, and amide-acid [11], and phenol-pyridine
[32,36] hydrogen bonding linkages. The assessment of the
asymmetric unit of the cocrystal shows that the 1:1 molecule
crystallizes in a monoclinic crystal lattice with P 2,/c space
group, similar to the published Form 1 NIC:COU (1:1)
cocrystal structure [7]. The synthesized cocrystal revealed
greater stability with a higher melting temperature
compared to the published cocrystal. All bond lengths and
angles for both independent molecules are within the
expected values, tabulated in the Supplementary Material,
section S1, S2, and S3, respectively. The crystal structure

data comparison between the synthesized cocrystal with
the published cocrystal are presented in Table 4.

Table 2. Crystal data and structure refinement
parameters of NIC:COU (1:1) cocrystal

Empirical formula CisHuuN,O,
Moiety formula CsHe:0, CoH305
Formula weight (g/mol) 286.28

Crystal system monoclinic
Space group P2/c

R1-value 0.0751

Crystal size (mm?) 0.40 x 0.50 x 0.50
a(A) 15.675(2)

b (A) 6.3538(8)

c(A) 14.433(2)

a(®) 90

B (°) 106.945(4)

Y (°) 90

V (A?) 1375.1(3)

Z 4

D. (g cm?) 1.3828(3)

g (mm™) 0.102

A (A) 0.7107

T (K) 273(2)

F(000) 600

20 range (°) 2.951-28.352
Reflection collected/unique 28920/3404 [R(int) = 0.0806]
Data/parameters/restraints  3404/195/1
Goodness of fit 1.086

Data collection Bruker APEX2
Data reduction Bruker SAINT

Structure solution
Structure refinement

SHELXS-97 (Sheldrick 2008)
SHELXL-2013 (Sheldrick 2013)
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The crystal structure shows no intramolecular
interaction, no m-T stacking interaction, and no proton
transfer from -COOH group of COU. The crystal
structure is stabilized by intermolecular hydrogen-
bonding interactions O1-H1A.-O4 (2.554 A), N2-
H2A--02 (2.922 A), N2-H2B--O1 (2.976 A), and O3-
H3---N1 (2.713 A). These intermolecular interactions are
in good agreement with the FTIR result, which
anticipated in the formation of the cocrystal. The
hydrogen bond geometries were summarized in Table 3.
Based on the hydrogen bonding interaction observed, the
homomeric R3 (8) ring is formed between a pair of -NH
amide hydrogen-bonded to the oxygen of carbonyl group
linking the tetrameric hydrogen-bonded rings into an
infinite ribbon.

The hydrogen bonding interaction pattern in
NIC:COU (1:1) cocrystal was consistent with Form 1

NIC:COU (1:1) cocrystal synthesized by the previous
researcher [7]. Although the hydrogen bonding
interaction patterns are similar, the hydrogen bonding
geometry of the synthesized cocrystal in this study are
off-plane for N2-H2B---O1, and O3-H3--N1 compared
to the reported data. Bevill et al. [7] revealed a more
planar geometry of N2-H2B--O1l, and 0O3-H3.--N1
hydrogen bonding interactions with 161.5°, and 164°,
compared to the synthesized NIC:COU (1:1) cocrystal in
this study with 153°, and 139° respectively. This supports
the difference in the melting point of the synthesized
cocrystal in this study with the cocrystals synthesized by
Bevill et al. [7], which reflects the different solvent used
for the cocrystal synthesis is able to change the
properties of the cocrystal. The change of the properties
of the cocrystal is crucial where it indicates the
bioavailability and the stability of the compound.

Table 3. Hydrogen bond geometry (A and °) in NIC:COU (1:1) cocrystal

D-H--A D(D-H) d(H--A) D(D--A) <4D-H--A
O1-H1A.-O4 0.82(3) 1.76(3) 2.554(3) 162(3)
N2-H2A---02 0.86 2.08 2.922(3) 167
N2-H2B---O1 0.86 2.18 2.976(3) 153
03-H3--N1 0.82 2.04 2.713(3) 139

Table 4. Comparison between the synthesized NIC:COU (1:1) cocrystal with reported data

Experiment, Literature [7]

NIC:COU (1:1) Form 1 Form 3
Melting temp (°C) 159.07 154 160
Empirical formula CisH1uN,O4 CisH1uN,O4 CisH1N,O4
Crystal habit gold, plate colorless, plate colorless, rod
Crystal system monoclinic monoclinic monoclinic
Space group, Z P2i/c, 4 P2i/c, 4 C2/c, 16
a(A) 15.675(2) 15.5106(10) 40.076(2)
b (A) 6.3538(8) 6.2871(4) 7.1979(12)
c(A) 14.433(2) 14.1238(10) 22.2876(12)
B () 106.945(4) 106.086(3) 122.479(2)
Volume (A% 1375.1(3) 1323.38(15) 5423.5(5)
D. (g/cm?) 1.3828(3) 1.437 1.402
T (K) 273(2) 120(2) 120(2)
g (mm™) 0.102 0.106 0.103
F (000) 600 600 2400
0 range (°) 2.951-28.352 2.73-32.58 1.83-31.00
R-int 0.0806 0.028 0.041
R, 0.0751 0.0461 0.0537
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X-axis

z-axis

Fig 6. The crystal packing of NIC:COU (1:1) cocrystal

The crystal packing of NIC:COU (1:1) cocrystal
from the x,y, and z views is illustrated in Fig. 6. The crystal
lattice of NIC:COU (1:1) cocrystal is composed of the NIC
and COU molecules alternately aligned with head to head
stacking motif in the crystal lattice, observed from the y-
axis. The differences in the molecular orientation are due
to the non-centrosymmetric properties, differences in the
hydrogen bonding patterns between the NIC and COU
molecules, and also between the asymmetric pairs in the
crystal lattice. The alignment of molecules and interaction
between molecules in the crystal packing have a significant
impact on the morphology of the crystal [41], which will
be discussed in the crystal morphology prediction section.

Intermolecular Assessment
Modelling Technique

using Molecular

Table 5 shows the calculated lattice energy
corresponds to the charge sets and force fields applied.
The lattice energy was observed to be highly reliant on the
charge set/force field applied. The lattice energy varies from
-110.874 kcal/mol (Hirshfeld/Compass) to -292.740
kcal/mol (ESP/Compass). The -NH, and ~-COOH groups
undoubtedly contribute to the lattice energy value due to
their participation in the hydrogen bonding formation

within the crystal lattice [47]. The use of ESP charge
results in the strong electrostatic interaction between the
positive oxygen atom of OH in COU and the negative
regions of the NIC. Similar trend was observed between
2,4,5,8,10,12-hexanitro-2,4,6,8,10,12-hexaazaisowurtzitane
(CL-20) and trinitrotoluene (TNT) [65]. Thus, it can be
concluded that ESP/Compass pair forms the strongest
while  the
Hirshfeld/Compass pair forms the weakest hydrogen
bonding interaction between the NIC and COU
molecules in the crystal lattice.

hydrogen  bonding  interaction,

Morphological Prediction of NIC:COU (1:1) Cocrystal

Fig. 7(a) shows the crystal shape of NIC:COU (1:1)
cocrystal grown from acetonitrile, and Fig. 7(b) shows the

Table 5. Lattice energies (kcal/mol) of NIC:COU (1:1)
cocrystal computed using different charge sets and force
fields

Force field Type of charge Eiax (kcal/mol)
Compass Mulliken -247.403
Hirshfeld -110.874
ESP -292.740
Universal Mulliken -210.824
Hirshfeld -146.484
ESP -226.753
Dreiding Mulliken -282.145
Hirshfeld -194.309
ESP -271.440
(B (b}
BT
{-2m
EETH) %
- 10 =1-1}

Fig 7. (a) NIC:COU (1:1) cocrystal grown in acetonitrile
and (b) simulated NIC:COU (1:1) crystal morphology,
predicted using Dreiding force field and ESP charge set
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predicted NIC:COU (1:1) cocrystal morphology using MS
with AE method. The most acceptable morphology was
accomplished using ESP charge set with Dreiding force
field (Eie = -271.440 kcal/mol) with similar predicted
crystal shape with the experimental morphology. The
predicted crystal morphology produces 18 crystal facets
with elongated (along the y-axis) octagonal shape with the
dominant facets of (100) and (-100). The long and thin
sides comprise of (10-2), (20-2), (-102), and (-202) facets,
while the top and bottom sides of the crystal composed of
(110), (-110), (1-10), and (-1-10) facets. The edges of the
crystal are bounded with (11-1), (-111), (-1-11), (1-1-1),
(011), (01-1), (0-11), and (0-1-1). The published
NIC:COU (1:1) cocrystal [7] simulated with similar force
field/charge set pair (Dreiding/ESP) resulted in lower
lattice energy of -270.739 kcal/mol, indicating the similar
crystal structure with the same lattice energy.

The distribution of lattice energy was calculated
using Eq. (1) is presented in Table 6. The dominant facet
of (100), with its symmetry (-100) facet has the minimum
attachment energy of -22.020 kcal/mol (8.112%), the
largest digo of 15.915 A, and the largest total facet area of
66.942%, thus being the slowest growing rate face with
high stability (Fig. 8(a)). The (100) facets were
constructed with the COU,
alternatingly positioned, making every layer downward

and NIC molecules

from the surface. The small crystal facet results with a
higher growth rate, thus small slice energy, which makes
(11-1) facet to be the least morphologically important
crystal facet [47,53].

The molecular packing of each NIC:COU (1:1)
cocrystal facets are presented in Fig. 8(a—j). The molecular
packing of NIC:COU (1:1) cocrystal facets reveal the
hydrogen bonding interactions mainly occur at the amide

Indones. I. Chem., 2020, 20 (3), 661 - 679

group of NIC and the carboxylic acid group of COU.
Most of the crystal facets show the open and rough
surface topographies with large voids [39], except for the
(20-2) facet, which forms a flat and smooth surface. In
most cases, the crystal facet with flat and smooth surface
results in a slow growth rate compared to the rough
surface [66]. The slow growth rate crystal facet may also
be due to the preferential adsorption of solvent
molecules, as the growth kinetics is transferred to the
polar surface [53,66].

It was observed that NH,, -COOH, and -OH
(phenol) groups are exposed on most of the crystal
facets. The exposed group may affect the polarities of the
crystal facet, which then affects the interaction with the
solvent [39-40]. The crystal facet with exposed oxygen
atoms (high polarity) will contribute to the high
electrostatic energy for the particular facets [53]. The
assessment of (20-2) facet with its symmetry (Fig. 8(c)
and (d)) also
difference [53] (shown in red circle), which results in

shows significant conformational
polar crystal facets.

Since the acidic proton is the best hydrogen bond
donor, while the nitrogen atom of the pyridine ring is
the best hydrogen bond acceptor, it was suggested that
the facets exposed with these groups are ready to interact
first with the solvent. Since the acetonitrile is a polar
aprotic solvent, the (100) facet with exposed polar —-OH
groups hinders the growth of the facet resulting in larger
a surface area. The (100), (1-10), (11-1), (1-1-1), (011),
and (01-1) facets with exposed best hydrogen bond
donor groups are expected to form the strongest
hydrogen bond with the external compounds. It was also
that the non-aggregated molecular
arrangement patterns as (100) and (202) facets result with

observed

Table 6. The distribution of attachment and slice energies for the NIC:COU (1:1) cocrystal facets, calculated using Eq. (1)

Facet Multiplicity ~ d-spacing Attachment energy Slice energy Total facet
(kcal/mol) (%) (kcal/mol) (%) area (%)
(100) 2 15.915 -22.020 8.112 -249.420 91.888 66.942
(20-2) 2 7.654 -65.950 24.296 -205.490 75.704 18.227
(10-2) 2 7.615 -72.416 26.678 -199.024 73.322 3.891
(110) 4 5.881 -148.176 54.589 -123.264 45411 6.222
(011) 4 5.653 -156.696 57.728 -114.744 42.272 1.154
(11-1) 4 5.849 -158.195 58.280 -113.245 41.720 3.565
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X
(a) (100)
veJ

L

w02’ ]

Fig 8. Molecular packing diagram of NIC:COU (1:1) cocrystal illustrating the surface chemistry of crystal facets,

determined using the routine available in the Material Studio program package; forcefield used was Dreiding with ESP

charge set

higher slice energy, compared to the aggregated
molecular arrangements in other facets with lower slice
energy. This shows that the molecular arrangement
behavior within the crystal lattice has a compelling impact
on the slice energy of the growing crystal.

Solubility Determination

Fig. 9 illustrates the experimental solubility-
temperature profile of NIC:COU (1:1) cocrystal
compared to NIC from 10 °C to 60 °C. The experimental
solubility of NIC is within reasonable agreement with the
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Fig 9. Solubility-temperature dependence of NIC and NIC:COU (1:1) cocrystal

result obtained by the previous researcher [67]. The
solubility of NIC:COU (1:1) cocrystal significantly reduced
in ethanol compared to NIC. The reduced cocrystal
solubility may be due to the changes in the solvating
interaction between the molecules and the solvent (varying
from van der Waals to hydrogen bonding) [5,68].

The solvent used in the solubility determination
affects the most to the solubility result, which generally
follows the solubility of solute principle, ‘like dissolves
like’ [68]. The solubility drop may also be due to the
different solvent used during the crystallization process
and the solubility analysis. Acetonitrile (polarity = 46,
dielectric constant = 37.5) is a polar aprotic solvent, while
ethanol (polarity = 65.4, dielectric constant = 24.3) is a
polar protic solvent [67]. The simulation of cocrystal
facets also shows the polar functional group exposed on
most of the crystal facets, which makes the crystal as a
polar compound. The assessment of structural
conformation between (20-2) facet with its symmetry also
shows the polar facet characteristic, explaining the
reduced solubility of cocrystal in ethanol.

Higher melting temperature and heat content of
NIC:COU (1:1) cocrystal (159.07 °C) compared to the
compound with higher solubility, NIC (129.94 °C) also

being one of the factors of low solubility [21]. Although

the decrease in solubility was not desired in the
pharmaceutical industry, it was preferred by some other
application of specialty chemicals [69].

Antioxidant Activity Determination

NIC and NIC:COU (1:1) cocrystal scavenging
activities were analyzed by the reduction of the stable
radical DPPH to non-radical stable diamagnetic
compound with the presence of hydrogen-donating
antioxidant [60,70]. The color change observed was
from purple to colorless solution, which signifies that the
DPPH radical has accepted the hydrogen donated from
the antioxidant sample. The results of the in vitro
antioxidant capability of NIC and NIC:COU (1:1)
cocrystal by DPPH radical scavenging activity assay are
tabulated in Table 7. The results show the increase in the
radical scavenging capability of the cocrystal at several
concentrations compared to NIC individually. This
confirms that the NIC:COU (1:1) cocrystal is a more
effective proton donor to the DPPH radical compared to
NIC. The scavenging capability increase varies from
2.23% to 77.06%. The highest increment recorded is
77.06% at a concentration of 31.3 pM. The reported
antioxidant activity of COU was 182.75 uM with 55.6%
inhibition [60], which is lower compared to the
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Table 7. Scavenging activity of NIC and NIC:COU (1:1) cocrystal

Concentration, % Scavenging activity % Increased
uM NIC NIC:COU (1:1) scavenging activity
2.0 8.97 7.94
3.9 8.57 12.34 43.99
7.8 11.01 8.36 -
15.6 8.68 9.56 10.14
31.3 8.02 14.20 77.06
62.5 9.43 9.64 2.23
125.0 9.53 8.86 -
250.0 8.61 13.84 60.74
500.0 9.93 6.48 -
1000.0 8.56 13.24 54.67
synthesized cocrystal. The increased antioxidant ethanol. This occurrence was assisted with the increased

capability of the cocrystal is due to the combined cocrystal
structure of NIC and COU, which summates the number
of hydrogen atom donors to react with the DPPH radical.

m CONCLUSION

The NIC:COU (1:1) cocrystal was successfully
synthesized using a slow evaporation method with
acetonitrile. The comparison of the crystal data between
the synthesized cocrystal with the published cocrystal data
revealed similar cocrystal of NIC:COU (1:1) was
produced, the synthesized cocrystal showed greater
stability where the melting temperature is higher than the
published cocrystal. The characterization data also
discovered new crystal phases for the NIC:COU cocrystals
with 1:2 and 2:1 feed molar ratios, which were not
successfully grown into a single crystal. The molecular
dynamics simulation work predicted the morphology of
the NIC:COU (1:1) cocrystal using ESP/Dreiding pair
resulted in lattice energy of -271.440 kcal/mol, which was
in reasonable agreement with the experimental cocrystal
morphology. The predicted cocrystal morphology was
characterized as elongated (along the y-axis) octagonal
shape with 18 total crystal facets, in which the
morphological importance (100) was the strongest and
the (11-1) facet was the weakest. The hydrogen-bonding
interactions simulated in the MS were also concurrent
with the result from SCD.

Nonetheless, the
significantly reduced as the temperature was increased in

solubility of the cocrystal

melting temperature of NIC:COU (1:1) cocrystal
compared to the NIC with the highest solubility
compound used in this study. The simulation of crystal
facets also showed the exposed polar functional groups,
which technically will have low solubility in less polar
solvent ethanol. The NIC:COU (1:1) cocrystal was found
to be an effective antioxidant in the DPPH radical assay
with the highest scavenging activity increase of 77.06%
compared to NIC individually at 31.3 uM. The improved
radical scavenging capacity of NIC:COU (1:1) cocrystal
offers the potential value to become a new oral or
transdermal formulation with better bioavailability.
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