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Thermal Behavior of Cocrystal: A Case Study of Ketoprofen-Malonic Acid and

Ketoprofen-Nicotinamide Cocrystals
(Kelakuan Termal Kokristal: Kajian Kes Kokristal Ketoprofen-Asid Malonik dan Ketoprofen-Nikotinamida)
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ABSTRACT

Thermal properties are essential parameters in transformations of solid state. It is useful for estimating physical-
chemical interactions that occur specifically in a multicomponent system as cocrystal. However, there is still minimum
information about determining the thermal properties of cocrystal in literature. In this study, the investigation of
thermal behavior of cocrystal was determined in non-isothermal conditions based on the Kissinger method. The
ketoprofen-malonic acid (KMA) and ketoprofen-nicotinamide (KN) cocrystal used as model were prepared using solvent
evaporation method, while the characterization was performed by powder x-ray diffraction (PXRD), differential
scanning calorimetry (DSC), and Fourier-transform infrared (FTIR). From the experimental results, the activation
energy (E ) of pure ketoprofen, KMA cocrystal, and KN cocrystal are 264.38, 384.77, and 116.64 kJ mol’, while the
enthalpy of activation (AH*) are 261.31, 381.78, and 113.76 kJ mol”’, respectively. The calculated values of entropy
of activation (AS*) for pure ketoprofen, KMA cocrystal, and KN cocrystal are 465.22, 809.77, and 84.34 J K" mol”
and the free energy of activation (AG*) of pure ketoprofen, KMA cocrystal, and KN cocrystal obtained by general
thermodynamic equation are 89.53, 90.87, and 84.62 kJ mol”, respectively. Experimental results of the thermodynamic
parameters showed cocrystals to have a positive value of AS*, indicating the formation of cocrystals was a non-
spontaneous process. Also, the KMA cocrystal had greater free energy of activation (AG*) than the KN cocrystal which
indicated the formation of the crystal lattice involving greater binding energy than KN cocrystal.
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ABSTRAK

Sifat terma adalah parameter penting dalam transformasi keadaan pepejal. la berguna untuk menganggar interaksi
fizikal-kimia yang berlaku secara khusus dalam sistem multikomponen sebagai kokristal. Walau bagaimanapun,
maklumat berkenaan penentuan sifat terma kokristal dalam kajian kepustakaan masih kurang. Dalam penyelidikan
ini, kajian terhadap sifat terma kokristal ditentukan dalam keadaan bukan isotermal berdasarkan kaedah Kissinger.
Ketoprofen-asid malonik (KMA) dan ketoprofen-nikotinamida (KN) yang digunakan sebagai model disediakan
menggunakan kaedah penyejatan pelarut, sementara pencirian dilakukan dengan pembelauan sinar-x serbuk (PXRD),
kalorimetri pengimbasan pembezaan (DSC) dan transformasi Fourier inframerah (FTIR). Daripada keputusan kajian,
tenaga pengaktifan (E ) ketoprofen tulen, kokristal KMA, dan kokristal KN adalah 264.38, 384.77 dan 116.64 kJ mol”,
sementara entalpi pengaktifan (AH*) masing-masing adalah 261.31, 381.78 dan 113.76 kJ mol”. Nilai pengiraan
entropi pengaktifan (AS*) untuk ketoprofen tulen, kokristal KMA dan kokristal KN adalah 465.22, 809.77 dan 84.34
J K mol’ dan tenaga pengaktifan bebas (AG*) ketoprofen tulen, kokristal KMA dan kokristal KN yang diperoleh
oleh persamaan termodinamik am masing-masing adalah 89.53, 90.87 dan 84.62 kJ mol'. Hasil uji kaji parameter
termodinamik menunjukkan kokristal yang terbentuk mempunyai nilai AS * yang positif, menunjukkan pembentukan
kokristal tersebut adalah melalui proses yang tidak spontan. Selain itu, kokristal KMA juga mempunyai tenaga
pengaktifan bebas (AG*) yang lebih besar daripada kokristal KN yang menunjukkan pembentukan kisi kristal kokristal
KMA menggunakan tenaga pengikatan yang lebih besar daripada kokristal KN.

Kata kunci: Kaedah Kissinger, ketoprofen; kokristal; sifat terma

INTRODUCTION in which the studies aim to gain several improvements,
including better pharmaceutical, physiochemical, and
biological properties (Pindelska et al. 2017). Thermal
properties are parameters that is useful for estimating
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physical-chemical transformations of solid state such as
formation processes, polymorphic transformation, and
decomposition (Liu et al. 2013). It can also be used to
describe the strength of the interaction of components in the
crystal lattice, stability, and predict the relative solubility
(Tita et al. 2010). Thus, thermal properties are essential
information that can be used as a basis for improving the
physicochemical properties of the active pharmaceutical
ingredient (Tita et al. 2011).

Cocrystal is a multicomponent system of two or
more compounds in a stoichiometric form through non-
covalent interactions (Pindelska et al. 2017). It can improve
physicochemical characters of active pharmaceutical
ingredient (solubility, dissolution rate, bioavailability,
stability, hygroscopicity, and compressibility) without
molecular structure and pharmacological activity
alteration (Chadha et al. 2014; Chow et al. 2012; Diniz
et al. 2018; Evora et al. 2014; Goud et al. 2012; Liu et
al. 2012; Masuda et al. 2012; Sowa et al. 2014; Wang et
al. 2015; Yuliandra et al. 2018). In addition, cocrystal is
thermodynamically stable for subsequent processes and
a better strategy than solid dispersion for an effective
dissolution (Teoh et al. 2020). However, information
regarding its kinetic parameters related to the thermal
behavior of cocrystal is limited.

The purpose of this study was to evaluate thermal
behavior of cocrystal through ketoprofen-malonic acid
(KMA) and ketoprofen-nicotinamide (KN) cocrystal as the
model. Ketoprofen is a non-steroidal anti-inflammatory
drug to treat rheumatoid arthritis and osteoarthritis
(Shohin et al. 2012). Ketoprofen forms cocrystal with
various types of coformers which provide opportunities
for performance enhancement (Perpetuo et al. 2017;
Vaghela et al. 2014; Wicaksono et al. 2017). Preparation
of cocrystals was carried out using solvent evaporation
method (Wicaksono et al. 2018, 2017) and differential
scanning calorimetry (DSC) was employed to determine
kinetic parameters with the Kissinger method.

MATERIALS AND METHODS

SAMPLE PREPARATION

The KMA and KN cocrystals were prepared by the
solvent evaporation method using the procedure described
in the literature (Wicaksono et al. 2018, 2017).

CHARACTERIZATION OF COCRYSTAL
POWDER X-RAY DIFFRACTION

The PXRD of cocrystals was examined using a
PANalytical X’Pert PRO X-ray diffractometer (Philips)
using Cu Ka radiation at 1.5406 A. The samples were
analyzed at 5-50° in 20 with a step time of 10 s and a step

size of 0.017°. The divergence slit and anti-scattering slit
were set at 0.25° with diffraction experiment on the 10
mm sample size.

FOURIER-TRANSFORM INFRARED

The infrared spectra of samples were evaluated by an
FTIR spectrometer (Bruker Alpha FTIR spectrometer). The
measurements were performed over a range of 4000-400
cm ! with a resolution of 4 cm™.

DIFFERENTIAL SCANNING CALORIMETRY

The samples of pure ketoprofen, KMA cocrystal, and
KN cocrystal were examined with a differential scanning
calorimeter (Rigaku DSC 8230). The temperature and heat
flow accuracy of DSC was calibrated using high purity
indium standard. The samples (2.0 mg) were accurately
weighed in a hermetically aluminum pan and then
sealed. The DSC scanning was performed over the range
of 30-200 °C at a heating rate of 10 °C/min under a dry
nitrogen atmosphere (flow rate 50 mL/min).

THERMAL PROPERTIES ANALY SIS

The thermal properties of samples were analyzed by DSC.
Temperature and heat flow of the DSC instrument was
calibrated using high purity indium standard prior used to
measurement. The weight of the sample is around 2.0
mg inserted in a hermetically aluminum pan. The DSC
curves were collected by scanning at different heating rates
of 15, 20, and 25°C min'. Measurements were performed
in the temperature range of 30-150 °C under a dry nitrogen
atmosphere with a flow rate of 50 mL/min.

ANALYSIS OF KINETIC PARAMETERS OF THERMAL
PROPERTIES

The DSC curves from multiple scanning at the different
heating rate were used to analyze kinetic parameters.
The study was carried out in non-isothermal conditions
with the Kissinger method using equation (Boonchom &
Danvirutai 2009; Ma et al. 2012; Srivastava et al. 2017,
Yang et al. 2016):

In (i) = ln("!R) E,
T’ E, RTy

where B and 7 are the heating rate (Kelvin degrees
per minute) and peak temperature (Kelvin degrees),
respectively. 4 is a pre-exponential factor; R is gas
constant; and £ is the apparent activation energy.
Plotting In (B/sz) against 1/ T, is obtained a straight line,
and the activation energy (£ ) is calculated from the
slopes of the linear fits as —£ /R.
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CALCULATION OF THERMODYNAMIC PARAMETERS

The general expression of activated complex theory
(transition state) is expressed as (Boonchom & Danvirutai

2009):
vkpT, AS*
A= (222 en(F)

where A4 is a pre-exponential factor of the Kissinger
method, e = 2.7183 is the Neper number; y transition
factor (unity for monomolecular reactions); k, Boltzmann
constant; & = Planck constant; T, the peak temperature
of DSC curve; R= gas constant, and AS* is the change of
the entropy. Thus, the change of the entropy (AS*) can be
calculated by equation (Boonchom & Danvirutai 2009;
Qi et al. 2014):

AS*=R (In (4) + In WkTp) - 1)
while

AH*=E;—RT

where AH* is the enthalpy activation and E_ is the
apparent activation energy, then the free energy of
activation (AG*) can be determined by the general
thermodynamic equation:

AG*= AH* - TAS*
RESULTS AND DISCUSSION

THE FORMATION OF COCRYSTAL

The PXRD diffractogram, DSC curve, and FTIR spectra of
pure ketoprofen, KMA cocrystal, and KN cocrystal were
described in Figures 1-3, respectively. The KMA cocrystal
has a PXRD diffractogram with specific peaks of 20 at
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6.3, 13.0, 14.2, and 22.6°, while the KN cocrystal has
specific peaks of 20 at 6.4, 14.5, 18.5,23.0, and 27.3°. The
pure ketoprofen has a DSC curve with an endothermic
peak at 96.2 °C (AH=100.9 J/g). DSC curves of KMA and
KN cocrystals each have endothermic peaks at 86.1 °C
(AH = 89.2 J/g) and 72.4 °C (AH = 27.6 J/g). The two
cocrystals showed DSC curves with endothermic peaks
which were different from pure ketoprofen and showed
similarities with previous study (Wicaksono et al. 2018,
2017).

The FTIR spectra of ketoprofen showed the broad
absorption peak at 3300-2400 cm™ (—OH stretching),
1696 cm™! (-C=0 stretching), 1654 cm™ (-C=0 ketone
stretching), and 1599 and 1451 c¢cm™ (aromatic ring
-C=C- stretching). The malonic acid showed the FTIR
spectra with the broad absorption peak at 3400-2400 cm!
(-OH stretching), and 1700 cm™ (-C=0O stretching). The
FTIR spectra of the nicotinamide showed the absorption
peaks at 3363 cm™  (-NH, stretching), 1676 cm™ (-C=0O
stretching), 1617 cm™ (-NH, deformation), 1573 and 1421
cm! (aromatic ring -C=C- stretching), and 1397 cm™ (-CN-
stretching). The FTIR spectra of the ketoprofen, malonic
acid, and nicotinamide have similarities with the previous
study (Wicaksono et al. 2018, 2017). The FTIR spectra
of KMA and KNA cocrystals have absorption peaks that
showed shifting compared to the absorption peaks of the
pure components. The shifting of the absorption peaks
in the FTIR spectra indicated intermolecular interactions
in the KMA and KNA cocrystals. In the FTIR spectra,
the functional groups that participate in the formation of
intermolecular interactions identified by changes in their
vibrational modes (Chadha et al. 2014; Diniz et al. 2018).
Thus, based on the FTIR spectra, the possibility of the
supramolecular interactions that occur in KMA and KNA
cocrystals can be estimated.

In the FTIR spectra of KMA cocrystal, the absorption
peak of the -C=C- stretching of the ketoprofen showed

Intensity (Counts.s™!)

26(°)

FIGURE 1. PXRD diffractograms of (a) pure ketoprofen, (b) malonic acid, (c)
nicotinamide, (d) KMA cocrystal, and (e) KN cocrystal
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shifting from 1451 to 1441 cm', while the absorption peak
of -C=0 stretching of the malonic acid showed shifting
from 1700 to 1696 cm™. From the FTIR spectra indicating
that the intermolecular interaction in the KMA cocrystal
formed from -C=C- of ketoprofen with -C=0 group of
malonic acid to create the supramolecular heterosynthon
C=0 --- n (Diniz et al. 2018; Zhang et al. 2019). The FTIR
spectra of KNA indicated shifting of the absorption peak
of the -C=C- group of ketoprofen from 1451 to 1444 cm™,
also the -C=0 and —C=C- groups of nicotinamide from
1676 to 1695 cm™ and 1573 to 1576 cm™, respectively.

The shiftings of the absorption peaks of the groups of
ketoprofen and nicotinamide indicated that the KNA
cocrystal created from intermolecular interactions of
-C=C- of the ketoprofen with the -C=0 and —C=C- of the
nicotinamide. The -C=C- of the ketoprofen and the -C=0
of the nicotinamide in KNA formed the supramolecular
heterosynthons C=0 --- , while the -C=C- of the ketoprofen
and—C=C- of the nicotinamide created the intermolecular
stacking interaction to formed the supramolecular
homosynthons n --- 7 (Diniz et al. 2018; Zhang et al. 2019).

Heat Flow (mW/mg)
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FIGURE 2. DSC curves of (a) pure ketoprofen, (b) malonic acid, (c)
nicotinamide, (d) KMA cocrystal, and (¢) KN cocrystal
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FIGURE 3. FTIR spectra of (a) pure ketoprofen, (b) malonic acid, (c)
nicotinamide, (d) KMA cocrystal, and (e) KN cocrystal
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KINETICS PARAMETERS OF THERMAL PROPERTIES

In the present study, the kinetic parameters ((apparent
activation energy (£) and pre-exponential factor (A))
are determined by non-isothermal conditions with multi-
heating rates. The DSC curves at the different heating rate
of pure ketoprofen, KMA cocrystal, and KN cocrystal
were shown in Figure 4. The DSC curves showed a shift
of peaks temperature at different heating rates. The peak
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temperatures (7)) of DSC curves corresponding to the
melting point at different heating rate were illustrated in
Table 1. Based on the Kissinger equation, the result of
the plots of In (B/T pz) against 1/T ) is shown in Figure 5.
Plotting of the Kissinger analysis gives a straight line, and
the activation energies E_ can be calculated from the slopes
(=E,/R) (Yan et al. 2013). The result of the calculation of
kinetic parameters is summarized in Table 2.
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FIGURE 4. DSC curves of (A) pure ketoprofen, (B) KMA cocrystal, and (C) KN cocrystal
at a heating rate (a) 15, (b) 20, and (c) 25 °C/min spectra of (a) pure ketoprofen, (b)
malonic acid, (¢) nicotinamide, (d) KMA cocrystal, and (e) KN cocrystal

TABLE 1. The peak temperatures (7 p) of DSC curves at a different heating rate ()

Samples B/(°C min) T/C

15 99.2

Pure ketoprofen 20 100.7
25 101.3

15 92.8

KMA cocrystal 20 93.0
25 95.7

15 75.9

KN cocrystal 20 78.6

25 80.1
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TABLE 2. The result of the calculation of kinetic parameters

Samples E (k] mol") A

Pure ketoprofen 264.38 4.18520 x 1077
KMA cocrystal 384.77 4.05634 x 10%
KN cocrystal 116.64 4.97766 x 10"

The activation energy (£ ) of pure ketoprofen, KMA
cocrystal, and KN cocrystal was 264.38, 384.77, and
116.64 kJ mol™, respectively. These showed that KMA
cocrystal had the higher apparent activation energy
than pure ketoprofen and KN cocrystal. Conversely,
KN cocrystal has the lowest apparent activation energy
compared to the other samples. The sample with low
apparent activation energy indicates that its thermal

stability is relatively poor, so the sample is readily
decomposed by temperature (Qi et al. 2014). The results
of the determination of the apparent activation energy
indicated that KMA cocrystal had the highest thermal
stability compared to the pure ketoprofen and KN
cocrystal. These results concluded that the KMA cocrystal
is not easily decomposed by temperature treatment
compared to the pure ketoprofen and KNA cocrystal.
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FIGURE 5. FTIR spectra of (a) pure ketoprofen, (b) malonic acid, (c)
nicotinamide, (d) KMA cocrystal, and (¢) KN cocrystal
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THERMODYNAMIC PROPERTIES

Based on calculations with the Kessinger equation, the
kinetic parameters of thermal properties ((the apparent
activation energy (E) and the pre-exponential factor (A))
were obtained. The kinetic parameters are then used to
determine the enthalpy of activation (AH*), the entropy
of activation (AS*) and free energy of activation (AG*)
using Equations (2) - (5) (Boonchom & Danvirutai 2009;
Qi et al. 2014). The result of the calculation of AH*, AS*,
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and AG* of pure ketoprofen, KMA cocrystal, and KN
cocrystal were summarized in Table 3. The values of
AH*, AS*, and AG* of samples showed a positive value
of AS*. Based on the activated complex theory (transition
theory), the samples indicated a malleable activated
complex that leads to a large number of degrees of freedom
of rotation and vibration. The value of AH* and AG *are
positive, indicating that the formation process of the
cocrystals was a non-spontaneous process (Boonchom &
Danvirutai 2009).

TABLE 3. The result of the calculation of thermodynamic parameters

Samples AH*, ,AS* i AG*,

(kJ mol'") (JK-"mol") (kJ mol™)
Pure ketoprofen 261.31 465.22 89.53
KMA cocrystal 381.78 809.77 90.87
KN cocrystal 113.76 84.34 84.62

A solid form of material in the environment under
melting temperatures was the most thermodynamically
stable as it has lower free energy than the liquid form
(McClements 2012). Free energy of activation (AG*) was
associated with nuclei formation of crystal and must be
overcome before the transition process of liquid to solid
form. Based on this, the free energy of activation was
proportional to the crystal lattice energy, which was the
energy that binds the crystalline constituent components
of the crystalline solid (Kuleshova et al. 2013; McClements
2012). The results of the determination of free energy
of activation (AG*) showed that the free energy of
activation (AG*) of KMA cocrystal was greater than KN
cocrystal. These results indicated that the KMA cocrystal
was formed from the components by the energy of
crystal lattice which higher than the energy of crystal
lattice of KN cocrystal.

CONCLUSION

The Kissinger protocol successfully determined the
thermal behavior of KMA and KN cocrystals. The
thermodynamic parameters of cocrystals were determined
based on the kinetic parameters data using the general
thermodynamic equation. The KMA cocrystal had the
highest apparent activation energy compared to pure
ketoprofen and KN cocrystal indicating the highest

thermal stability. Thermodynamic parameters evaluation
found the ketoprofen cocrystals to possess a positive value
of AS* which represented a non-spontaneous process
formation of the cocrystals. The free energy of activation
(AG*) of KMA cocrystal showed a greater value than KN
cocrystal indicating the formation of the crystal lattice of
KMA cocrystal involved higher binding energy.
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