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ABSTRACT

Purpose The aim of this study was to perform a thermo-
dynamic and kinetic investigation on the crucial factors
affecting the cocrystallization between adefovir dipivoxil (AD)
and saccharin (SAC).

Methods Phase solubility diagrams and ternary phase diagrams
were constructed based on the solubility data of AD, SAC and
their cocrystals in ethanol, isopropanol and ethyl acetate at differ-
ent temperatures. The conductimetric method was used to
determine the induction time. A quantitative and intuitive tech-
nique modified from dissolution testing was employed to investi-
gate the cocrystallization kinetics.

Results AD-SAC cocrystals exhibited different crystal habits but
only one cocrystal polymorph was confirmed. The effects of
several crucial factors, including the input amounts of two com-
ponents, AD/SAC ratio, solvent and temperature, on the crystal-
lization of single-component alone, cocrystal formation, cocrystal
stability, supersaturation, nucleation, crystal growth and cocrystal
yield were determined. Thermodynamic and kinetic parameters
provided the rationale for this spontaneous cocrystallization
system without the need of solvent evaporation and tem-
perature change.

Conclusions This systemic investigation enriched the present
understanding of thermodynamics and kinetics of cocrystals and
built the groundwork for AD-SAC cocrystal scale-up.
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ABBREVIATIONS

AD Adefovir dipivoxil

AP Active pharmaceutical ingredient
CBZ  Carbamazepine

CCF  Cocrystal former

IND Indomethacin

K, Complexation constant
Ksp Solubility product
NCT  Nicotinamide

PSD Phase solubility diagram
PTFE  Polytetrafluoroethylene

SAC Saccharin
SEM Scanning electron microscopy

TPD  Ternary phase diagram
XRPD  X-ray powder diffraction
INTRODUCTION

Cocrystallization has been an efficient non-covalent approach
for the modification of some compounds without changing
their chemical structure (1). By the formation of cocrystal, the
solubility/dissolution (2), physical/chemical stability (3,4), me-
chanical properties (5), and bioavailability (6) can be enhanced.
Generally, a combination of several enhancements can be
simultaneously achieved (7). However, the preparation of
cocrystal by solution-mediated phase transformation and its
control face some difficulties due to the complex parameters
mvolved in the cocrystallization process (8). The relationship
between the equilibria among the three solid phases is compli-
cated (9). There are also the potential partial cocrystallization
and the undesired molecular interaction (10).

To achieve a robust cocrystallization process, it is prereq-
uisite to identify the key factors affecting cocrystallization
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between the active pharmaceutical ingredient (API) and its
cocrystal former (CCF) in the solvent. Phase solubility dia-
grams and triangular phase diagrams are helpful for the phase
composition of API-CCF-solvent combination, a three-
component/four-phase system (8,11). These diagrams are
dependent on the components and many experimental con-
ditions (4,12). Each set of API-CCF-solvent at a given condi-
tion has the specialized phase diagrams. In the literatures, the
thermodynamic parameters, such as solubility products ()
and complexation constants (K;), were generally obtained
based on the assumption that the CCF concentration was
far less than A kK, the product of Aj, and A7, So far, no
exception has been reported.

Kinetic study is essential for collecting information about
the intermediate process of cocrystallization and identifying
the optimal cocrystallization conditions. Few studies reported
the cocrystallization kinetics. /n-situ attenuated total reflec-
tance (ATR)—FTIR spectroscopy has been used to monitor
the kinetics of carbamazepine-nicotinamide-ethanol system
during cooling cocrystallization (13). However, this facility
is not readily available. Furthermore, it is hard to determine
the real amount of cocrystal and has large deviations of the
measured concentration (14). An #-situ video has also been
used to monitor the crystallization process in the reactor (15).
Solubility data and cocrystal amount were not available in this
study as well. For a system containing denser solid in suspen-
sion, visual problem will occur. Different technique has its
respective advantages and disadvantages. The combination of
various techniques may be encouraged to achieve better effi-
ciency and accuracy.

Previously, adefovir dipivoxil (AD)-saccharin (SAC)
cocrystal was prepared using an uesitu precipitation method
to simultaneously enhance the chemical stability and dissolu-
tion of AD, a bis(pivaloyloxymethyl) prodrug of the antiviral
nucleotide analogue, adefovir (3,16). Also, different coformers
resulted in different AD cocrystal which exhibited different
physico-chemical performance (17). During the preparation
of AD-SAC cocrystal, the general precipitation methods in-
cluding solvent evaporation (7) and cooling (18), are not
necessary. This makes AD-SAC a valuable and unique
cocrystal system to study cocrystal.

For solution-mediated phase transformation, solvents play
important roles and may responsible for the various charac-
teristics of the formed crystals (19). In our previous study, only
ethanol was used as the solvent to investigate the thermody-
namics of AD-SAC cocrystal (20). Some key parameters for
the formation of AD-SAC, the nucleation and growth of
cocrystal are missed. Here, the cocrystallization between AD
and SAC are further investigated to acquire the important
thermodynamic/kinetic parameters. Moreover, the interme-
diate process of cocrystallization is also studied using a con-
tinuous and intuitive technique with good operability and
applicability.

MATERIALS AND METHODS
Materials

AD (form I, 99.8% purity) was purchased from Saifule
Pharmaceuticals Co., Ltd. (Leping, China). SAC (99.0% pu-
rity) was obtained from Sigma-Aldrich Inc. (Shanghai, China).
Methanol of HPLC grade was purchased from E. Merck
(Darmstadt, Germany). All other chemical reagents were pur-
chased from Sinopharm Chemical Reagent Co., Ltd.
(Shanghai, China).

Methods
Solubilities of AD and SAC in Three Solvents

The solubilities of AD in SAC solution, AD and SAC in pure
solvents were measured in ethanol, isopropanol and ethyl
acetate. The concentration ranges of SAC solution were
0.0120-0.1474 mol/L in ethanol, 0.0097-0.1092 mol/L in
isopropanol and 0.0091-0.1769 mol/L in ethyl acetate, re-
spectively. The glass vial containing excess solid and 2 ml of
pure solvent or SAC solution was placed in a water bath and
stirred with a magnetic bar. The water in this bath was
circulated into and out from a low temperature bath (temper-
ature range of —5~100°C, a precision of +0.01°, Nanjing
ShunMa Equipment Co., Ltd.) using two peristaltic pumps
(BT100-2 J, Baoding Longer Precision Pump Co., Ltd.) at a
flow rate of about 100 ml/min to keep the temperature
constant. The temperatures studied were 4, 20, 30 and
40°C. After stirring for 3 h, which was preliminarily demon-
strated to be enough for AD to reach the solubility equilibri-
um, the slurry was filtered with a 0.22 um nylon filter
(Millipore, Bedford, MA). The subsequent filtrate was appro-
priately diluted with methanol. Each experiment was repeated
in triplicates. The AD concentration was determined by a
Shimadzu 2010 AHT high performance liquid chromato-
gram system (Kyoto, Japan) as reported previously (3). The
simultaneous determination of AD and SAC was carried out
on a Shim-Pack VP-ODS column (4.6 mm*150 mm, 5 pm)
which was kept at 30°C. Isocratic mobile phase was a mixture
of methanol and 0.02 mol/L potassium dihydrogen phos-
phate (pH 6.0) (58:42 v/v) at a constant flow rate of 1.0 ml/
min. The detector was set at 260 nm and the injected volume
of sample solution was 20 pl (3).

Phase Solubility Diagrams and Ternary Phase Diagrams

Phase solubility diagrams were constructed to show the solu-
tion concentrations at equilibrium with solid phases and the
relative thermodynamic stability of cocrystal. The solubility
products (£, complexation constants (A7, between AD and
SAC in the solution, and the standard free energy change
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(AG®) were calculated based on the solubility data. Ternary
phase diagrams of the AD-SAC-solvent systems at four differ-
ent temperatures were also established to show the total
composition of solid phases and liquid phases at equilibrium
and the comparative region for effective cocrystallization.
For the AD-SAC cocrystal with a 1:1 stoichiometry (3), the
equilibrium reactions in the four-phase system are given by

(11,21,22)

AD—-54 C.volz'd (Ki} Aleuli(m + 84 Cm/ulion ( 1 )
AD.mlutz'on + SAleution & AD—-S54 leution (2)

K;; can be given as

 [AD-84C]  [AD-SAC]
Fu = [AD][sAC] — K, (3)

The cocrystal solubility can be expressed as (11),

K,

AD

total — [SAC] +1{11]{x[) (4‘)

total

According to Eq. (4), the values of £, and £;; in three
solvents at a certain temperature were obtained by a non-
linear regression using SPSS 10.0 (SPSS, Chicago, IL, USA).

Kinetics of Nucleation and Crystal Growth

To quantitatively determine the nucleation and dynamic
growth of AD-SAC cocrystal, a dissolution tester (ZRS-8G,
TDTF technology Co., Ltd., China) was creatively used for
this purpose. The formation kinetics of solid cocrystal as a
function of solvent and supersaturation was studied at 20+
0.2°C (n=3).

AD and SAC solutions (0.05-0.20 mol/L) in three solvents
were filtered through 0.22 pm membrane filters to avoid
impurities which may activate the heterogeneous nucleation.
100 ml of preheated AD solution (20°C) and 100 ml of
preheated SAC solution (20°C) prepared using the same
solvent (ethanol, isopropanol or ethyl acetate) were mixed in
one dissolution vessel (V=250 ml). The distance between the
bottom of the paddle blade and the bottom of the vessel was
15% 1 mm. The rotation speed was set at 100 rpm to maintain
a homogeneous crystallization process inside the vessel. The
solvent evaporation was controlled by a vessel cover specially
designed for this study. The mean solvent loss was determined
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to be 1.1% and 3.1% at 1 h and 3 h, respectively. The
determination for most of the cocrystallization kinetics was
completed in 30 min so the solvent evaporation in the vessels
was negligible.

The induction period is defined as the time lag for a solution
to reach supersaturation where an experimentally accessible
quantity of new phase is detectable. Fluorescence (23), electron-
ic microscopy (24), intensity of transmitted light (25), turbidity
(26) and conductivity (27) have been reported for the determi-
nation of the induction period. In this study, the order of the
appearance of nuclei and nucleation induction period was
assessed by the conductimetric method which has been dem-
onstrated to be reliable (28). The induction time was deter-
mined from recording the time evolution of the solution con-
ductivity, which is verified to be unambiguously related to the
amount of the precipitates (27). A conductivity meter (DDSJ-
308F, Shanghai Precision & Scientific Instrument Co., Ltd.)
with a measuring range of 0.000 uS/cm~199.9 mS/cm, a
resolution of 0.001 uS/cm and a precision of+0.5% was
employed. The distance between the bottom of the electrode
and the bottom of the vessel was set at 20+ 1 mm. REXDC 2.0
software was used to record the conductivity data. The con-
ductivity was plotted against time. The transition point with an
obvious decline in conductivity curve was taken as the induction
period. The good repeatability of the method was confirmed
using AD/SAC (0.1:0.1 mol/L:mol/L) at 20°C. The RSD of
solution conductivity before induction time was 0.96% and
1.23% 1n ethanol and ethyl acetate, respectively. The RSD of
mduction time was 6.27% and 8.73% in ethanol and ethyl
acetate, respectively. For AD/SAC (0.05:0.07 mol/L:mol/L) in
ethanol, the RSD of induction time was 5.66%o.

Sampling was performed at intervals. After the solid on the
pre-weighed polytetrafluoroethylene (PTFE) filter membrane
(0.22 pm pore size) for suction filtration was transferred into a
pre-weighed flat-base glass vial, all the membranes and vials
were dried under vacuum at 25°C and accurately weighed
after 2 h. It was verified that no weight change occurred to the
filter membrane after the filtration of three pure solvent and
the subsequent vacuum drying. The weight of obtained
cocrystal at a given time was the sum of the weight gain of
the dried vial and the filter membrane. Appropriate amount
of cocrystal in the vial was dissolved and diluted in methanol
to a certain concentration prior to HPLC analysis.

After the experiment, the cocrystal was collected by filter-
ing the slurry in the vessels and vacuum dried at 25°C for 6 h
prior to further characterization.

Polymorph and Crystal Habit of the Cocrystal in Three Solvents

XRPD patterns of the dried cocrystal were recorded using a
Bruker D8 Advance powder diffractometer (Karlsruhe,
Germany) with Cu-Ka radiation (1.5406 A). The samples
were gently consolidated in an aluminium holder and scanned
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at 40 kV and 40 mA from 5 to 45° 20 using a scanning speed
of 2°/min and a step size of 0.02°.

The morphologies of the final products were examined
under SEM (Hitachi S3400, Tokyo, Japan) at 20 kV. All
samples were attached on a brass stub using carbon double-
sided tape. Fractured samples were glued and mounted on
metal sample plates. The samples were coated with gold using
a sputter coater (Fison Instruments, UK) at 2.0 kV and 25 mA
for 10 min.

RESULTS AND DISCUSSION
Crystal Form and Crystal Habit

For each cocrystal, its stoichiometry at different sampling time
was determined by assaying AD and SAC using HPLC. The
weight percentages of AD and SAC in the dried solid were
determined to be 73.01-75.32% and 25.68-27.86%, respec-
tively. This agrees well with the 1:1 stoichiometry of cocrystal,
since the theoretical percentages of two components in AD-
SAC cocrystal are 73.25% and 26.75%. This result demon-
strates that the stoichiometry is constant at 1:1 since the
cocrystal precipitation starts from the solution, regardless of
the AD/SAC ratio and amount. As shown in Table I, in three
solvents, both AD and SAC have much higher solubility in
three solvents than the cocrystal. There is no change in the
amount of solvent and temperature, so the crystallization of
individual AD or SAC will hardly occur. In this respect, this
cocrystallization appears to be more favored than the crystal-
lization of single-component, over the solvent evaporation or
cooling method, because in some cases the components in
those systems will precipitate individually by decreasing the
solvent amount or temperature, the two vital parameters for
the solubility of the compounds.

The XRPD patterns of AD-SAC cocrystals prepared from
ethanol, 1sopropanol and ethyl acetate are presented in Fig. 1
(only final products shown). The cocrystals formed in ethanol
(Fig. 1a) and isopropanol (Fig. 1b) have the similar patterns.
Cocrystal formed in ethyl acetate (Fig. 1c) has a new weak
peak at 20 of 9.38 and a weakened peak at 20 of 18.66. The
other diffraction peaks of b and c are similar. The XRPD
results suggest the three cocrystals are most possibly the same
polymorph. The XRPD of the samples at the first sampling
point was similar to that of the final products, which indicates
that the 1:1 cocrystal is formed simultaneously when the
precipitation happened in the three organic solvents.

Figure 2 shows the SEM images of AD-SAC cocrystals
from ethanol (Fig. 2a), isopropanol (Fig. 2b) and ethyl acetate
(Fig. 2¢). AD-SAC cocrystal produced in ethanol is plate-
shaped, whereas the crystals obtained from ethyl acetate and
isopropanol are needle-shaped. This has also been confirmed
by observing the morphology of these cocrystals under a Leica

DM LM/P microscope (Leica,Germany) (data not shown).
The crystal habit change may affect their mechanical proper-
ties, which 1s worthy of further studies.

Phase Solubility Diagrams (PSDs)

The PSDs show the solubility of AD, SAC, and AD-SAC as a
function of SAC concentration, expressed in molarity. PSDs
are useful for studying the dependence of cocrystal formation
on the solution composition and complexation. They are
commonly used to evaluate the complexation constants of
APIs and solubility product constants (29).

The previous thermodynamics study of AD-SAC cocrystal
in ethanol has two drawbacks (20). First, the gas-bath thermo-
static oscillator used for the conventional oscillation solubility
test had a higher temperature fluctuation (+ 4°C). Second,
72 his needed to reach the solubility equilibrium. During this
period, the degradation occurred to AD. Both of them could
affect the accuracy of the measured solubility data and the
calculated Ay, and A, data. So in this work, we re-measured
the solubility in ethanol with improved experimental setup
which has precise temperature control and reduced required
time (less than 3 h) to reach solubility equilibrium by intro-
ducing magnetic stirring. These improvements have been
verified by the relatively small SD values of solubility data
shown in Table I. Thus, the solubility, A}, and £7; determined
in this study is much more accurate.

AD solubility 1s dependent on SAC concentration, solvent
type and temperature. It is clearly indicated that existence of
SAC 1n solution decreases the solubility of AD in three solvents.
This suggests the existence of distinct solution complexation. As
shown in Fig. 3, the cocrystal solubility decreases nonlinearly
with increasing SAC concentration in the solvents. The data
fitted with non-linear regression equations are presented in
Table II. The predicted curves are in very good agreement with
(R?>0.99) the experimental solubility values in three solvents.

As listed in Table II, £, and &7, arc affected by temperature
and solvent. £, is proportional to the solubility of cocrystal in
cach given solvent and increases significantly with increasing
temperature in three solvents. At the same temperature, the
order of magnitude for £, values is ethanol >isopropanol >ethyl
acetate.

As an indicator of solution complexation, &;; decreases with
increasing temperature, which is opposite to Ay At a given
temperature, it is obvious that &7 1s higher in ethyl acetate and
isopropanol than that in ethanol. It was concluded that higher
solubility of a single solute in the solvent is driven by their
higher solute-solvent interactions, and lower solubility in a
solvent would therefore favor the solute-solute interactions
and facilitate the complex formation in the solvent (30,31).
However, for cocrystallization system, the three solutes may
have different or inverse affinity with the same solvent. It may
be unsubstantial to evaluate the complexation in the four-phase
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Table I Solubilities of AD, SAC
and AD-SAC Cocrystal and the Solvent TK AD(mol/L) SAC(mol/L) AD-SAC(mol/L) AG(K/mol)
Thermodynamic Parameters in
Three Solvents at Different Ethanol 277 0.301 =0.0078 0.0893+0.0025 0.0196+0.0012 —139
Temperatures 293 0.796+0.0102 0.129+£0.0052 0.046+0.0024 —12.1
303 0.902+0.0113 0.146 £0.0041 0.054+0.0026 —12.1
313 1.24+0013 0.167+0.0036 0.1020.0032 =991
Isopropanol 277 0.265+0.013 0.0672+0.0014 0.0159 +0.0009 —138
293 0.489+0.014 0.086 +0.0032 0.0405+0.0033 —128
303 0.561x=0.017 0.105+0.0019 0.0456 +0.0042 =127
313 1.12+0.012 0.143+0.0023 0.0830+0.0056 —102
Ethyl acetate 277 0.166 +0.0063 0.1334%0.003 | 0.0151 +0.0092 —14.4
293 0.344+0.0095 0.189+0.0047 0.0516+0.0038 —13.9
303 0.382+0.0024 0.211+0.0053 0.0763 +0.0047 —13.6
313 0.564+0.0068 0.306 +0.0029 0.137+0.0093 —10.4

system only according to the solubilities of components. For
example, as shown in Table I, AD has the least solubility and
SAC has the highest solubility in ethyl acetate (Table I). This
makes it more complicated and difficult to assess the inter-
solute interaction in a certain solvent using solubility data. In
these situations, such as multi-components system, other ther-
modynamic parameters including A7; may serve well to evalu-
ate the solute-solute interactions. The higher £;; at lower
temperature in ethyl acetate and isopropanol indicates the
stronger interaction between solutes AD and SAC which there-
fore leads to greater tendency for complex formation.

The carbamazepine-nicotinamide cocrystal (CBZ-NC'T)
(11) and the indomethacin-saccharin cocrystal (IND-SAC)
(30) in organic solvents had the similar patterns of variation
of Ay, and &7 ;. However, in the present study, £, values of AD-
SAC are much smaller and the &;; values were much bigger

18.38

20(°) K ¥y ¢

Fig.2 The SEM pictures of AD-SAC cocrystals from ethanol (a), isopropancl
(b), and ethy! acetate (c).

Fig. I XRPD patterns of AD-SAC cocrystal from ethanol (a), isopropanol
(b), and ethy! acetate (c).
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than CBZ-NCT and IND-SAC cocrystals. This implies that
AD and SAC has higher interaction and make the formation
of AD-SAC cocrystal easier. This is intuitively confirmed by
the un-situ precipitation of AD-SAC without the need of solvent
evaporation (3). To our knowledge, AD-SAC cocrystal is so
far the only cocrystal that can be produced via w-situ precip-
itation without the necessity of solvent evaporation or cooling.

As listed in Table II, the product of £, and £;; in ethanol
(0.0115-0.0335 mol/L) is very close to the SAC concentration
studied (0.0120 to 0.1474 mol/L). It’s similar in isopropanol
or cthyl acetate. Thus, it is not suitable to neglect &7 A, from
the denominator in Eq. (4). If & &, were neglected from the
denominator when it was regarded as far less than the con-
centration of SAC, as reported by Nehm e al(11) and

Table Il Solubility Product Constant (K,) and Complexation Constant (K ) of AD-SAC Cocrystal in Three Solvents at Different Temperatures Calculated by

Non-Linear Regression Analysis

Solvents TK Fitted curves Kp(mol’/L%) Ki (L/mol)
Ethanol 277 [AD]=6.51 X 10 >/[SAC]—1.15X 1073+ 1.I15X 10 2 R*=0.999 (6.52+023)x 10 176.3+2.10
293 [AD]=7.05x 10~ /[SAC]—1.97 X 1073+ 1.97 x 1072 R*=0.998 (7.05+0.17)x 107" 27.99+0.63
303 [AD]=1.10x 10 >/[SAC]—2.08 X 107%)+2.08x 10”2 R*=0.993 (1.10=0.013)x 1073 18.96 +0.37
313 [AD]=4.62x 10 3([SAC]—3.35% 10 %)+3.35x 102 R*=0.998 (4.62+0.13)x 1073 7.27+0.26
Isopropanol 277 [AD]=4.56 X 107 >([SAC]—9.17 X 1073)+9.17x 107> R*=0.998 (456+033)x 107> 200.9+ 1,49
293 [AD]=2.24x 10" /([SAC]—2.55 X 107%)+2.55x 102 R*=0.995 (224+022)x107* [143+1.12
303 [AD]=3.83 % 10™*/[SAC]—2.60 % 107%)+2.60x 1072 R*=0.998 (3.83=0.13)x 107* 68.01 +0.51
313 [AD]=3.21 X 10 /[SAC]—2.63 X 1075 +2.63x 1072 R*=0.9% (3.21+022)x 1073 8.18+0.012
Ethyl acetate 277 [AD]=4.32x 10 °A[SAC]—8.54 X 107 +8.54 x |07> R?=0.998 (4.32+031)x107° 1978+ 1.6
293 [AD]=220x 10" *A[SAC]—3.68 X 10 2)+3.68 x 102 R2=0.998 (220=020)x 10~* 167.5+1.00
303 [AD]=3.65x 10 *A[SAC]—5.72 % 1072)+5.72x 1072 R?=0.998 (.65=0.1)x 107" 156.8+0.97
313 [AD]=3.15x 10 3/[SAC]—8.05 X 107 %)+8.05x 102 R*=0.992 (3.15+0.099)x 1073 25.66+0.0023
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Alhalaweh et al(30), the cocrystal solubility would be expressed
by the following Eq. (11)

K
AD|,  =—2L 1+ KK, 9]
[ }tam/ [ SA C] i + 4 p ( )

This equation predicts that the solubility of AD-SAC
cocrystal at the existence of solution complexation will be
greater by a constant value (the product of £, and £7;) than
the situation when there is no solution complexation (30). For
this case of AD-SAC, A7k, of AD-SAC is not far less than
[SAC]. So using Eq. (5) will remarkably underestimate the
cocrystal solubility. This thermodynamics for AD-SAC
cocrystal is distinctive from the existing cocrystal systems.

Ternary Phase Diagrams (TPDs)

TPDs for the three-component system at different tempera-
tures were constructed using the solubilities of AD in SAC
solutions and the solubilities of AD and SAC in pure solvents
(Figs. 4, 5, and 6). The concentrations of AD and SAC were
converted to the percentage in the system. TPDs can show the
total composition of the solid and liquid phases of the cocrystal
system, and demonstrate the impact of solvent and tempera-
ture on AD-SAC cocrystal formation.

Each TPD can be divided into six regions. For example,
regions 1, 2, and 3 shown in Fig. 6b represent that the solution
was in equilibrium with the solid phases of AD-SAC cocrystal,
AD, and SAC, respectively. In region 4 and 5, cocrystal
coexists with AD and SAC, respectively. Region 6 represents
an under-saturated solution condition which is bounded by
the solubility curves of AD (ab), cocrystal (bc), and SAC (cd).
Points a and d are the solubilities of AD and SAC, respective-
ly. Point b and point ¢ are two ternary-phase points. The arc
lines between b and c are the cocrystal solubility curve corre-
sponding to the parabolas in Fig. 3.

In each TPD, the cocrystal solubility curve (bc) crosses the
1:1 stoichiometric ratio line (Ae) to create an intersection point
(f). This demonstrates the possibility of cocrystallization from a
stoichiometric solution in all solvents and all temperatures
studied (277-313 K). These cocrystals are congruently satu-
rating systems which have a tendency to form AD-SAC
cocrystal in the stable cocrystal region 1 (21).

The temperature has an obvious effect on TPDs and the
cocrystallization behaviors in three solvents. The lower the
temperature, the shorter the distance (Af) between the triangle
vertex and the intersection point. This indicates that lower
temperature accelerates the cocrystallization process. At the
same time, the under-saturated solution region 6 has the
smallest area.

The stable cocrystal region (region 1) in ethyl acetate is
distinctly more symmetric than those in ethanol and isopropanol
(Fig. 6). This is due to the very similar solubilities of AD and
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SAC in ethyl acetate. That means that cocrystal regions are
symmetrically presented at both left and right sides of the
stoichiometric ratio line. It will be easier to isolate the cocrystal
from the solvent using stoichiometric ratio of API and co-
former. However, in ethanol and isopropanol, significantly
higher solubility of AD than SAC makes the cocrystal regions
shrink to the left side (Figs. 4 and 5). Although the solubility
curve of cocrystal can still intersect with the 1:1 stoichiometric
ratio line and the cocrystal can be isolated from the solvent, an
excess amount of AD should be used. This may cause the waste
of AD and increase the costs for cocrystal production.
Meanwhile, the solubility ratio of AD and SAC! in ethanol and
1sopropanol is increased from about 3.5 fold at 277 K to nearly
8 fold at 313 K. Only a small cocrystal region is on the right side
at 313 K (Figs. 4d and 5d). More AD in the system is necessary
to make cocrystallization occur under this condition. These
systems suffer from the risk of crystallizing the single component.
Therefore, for AD-SAC cocrystal, these TPDs provide the
important information to identify the optimizing crystallization
condition, such as a suitable solvent type and temperature. Ethyl
acetate can be used as the optimum solvent for AD-SAC
cocrystal production, especially at lower temperature.

Thermodynamic Parameters

If 1:1 AD-SAC cocrystal dissolves into its individual compo-
nents, the solubility of cocrystal (Sap_sac) equals to the con-
centration of AD ([AD]) and SAC ([SAC]). Substituting this
equivalent relationship into Eq. (4) will give:

Sap-sac = /Ky + K11K (6)

According to the calculated £, and A7; estimated from AD-
SAC cocrystal solubility in different solvents, the solubilities of
cocrystal in three solvents at different temperatures are listed
in Table I. The solubility of cocrystal is significantly lower than
those of AD and SAC, suggesting the greater interaction
between AD and SAC than that between each component
and the solvent.

For 1:1 AD-SAC cocrystal, the cocrystal reaction between
AD and SAC is given by

ADyyjiq + SAC ig—AD—SAC s34 (7)

Incorporating the balance in solution system shown in
Eq. (1), the standard free energy change (AG®) is generally

approximated by
SunScie
AG = —RTIn>A22%¢ (8)
ksp

Where Spp and Sgac represent the solubility of pure AD
and SAC, respectively.
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Fig. 4 Ternary phase diagrams
of AD-SAC- ethanol system

at 277 K (a), 293 K (b), 303 K (¢),
and 313 K(d).
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1.00 0.00 0.25 0.50 0.75 1.00
SAC*100

0.00 0.25 0.50 0.75
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Each sct of solubility data in Table I and £, data in
Table II were entered into Eq. (8) to generate the free energy
change associated with formation of the cocrystal. The results
are listed in Table I. At each temperature, AG® is negative
which indicates the formation of cocrystal is spontaneous even
at high temperature of 40°C. The absolute amount of AG°
gradually decreases with increasing temperature, implying the
relative lower ability to form cocrystals at high temperature.
However, the free energy changes are similar in three solvents,
because of the inexistence of solvent when calculating the AG®
for the formation of AD-SAC cocrystal using reaction 7 (22).

Compared to CBZ-NCT system (22), the absolute values of
negative AG® of AD-SAC system is much smaller, indicating the
more spontaneous process of AD-SAC cocrystal formation. This
is also supported by the rapid precipitation of AD-SAC cocrystal
in several minutes without solvent and temperature changes (3).
However, solvent reduction or solution cooling was indispens-
able for the formation of CBZ-NCT cocrystal (4,32,33).

Supersaturation

Supersaturation is critical in driving the nucleation of crystal
and affecting its growth in solution (34). For the 1:1 AD-SAC

1.00 0.00 0.25 0.50 0.75 1.00
SAC*100

cocrystal, supersaturation ratio (Sg) is dependent on the solu-
tion composition of the three-component system and can be
expressed by (35)

[AD][SAC]

Sp = I (9)

It’s conventional that supersaturation increases with in-
creasing concentrations of AD and SAC in each solvent. At
a given AD/SAC ratio, Sgs in isopropanol and ethyl acetate
are comparable but much higher than that in ethanol. For
example, at AD/SAC ratio of 0.1:0.1, the supersaturation
ratio is 3.77 in ethanol, which is only about half of those in
1sopropanol and ethyl acetate.

However, it should be noted that supersaturation is an
integrated parameter in evaluating the crystal nucleation.
The solvent, the concentrations of components and their ratio,
as well as temperature should also be taken into consideration
when comparing the supersaturation. For example, the super-
saturation in ethyl acetate at AD/SAC ratio of 0.05:0.07 was
3.99; lower than the supersaturation value in ethanol at AD/

SAC ratio of 0.2:0.1(5.33).
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Fig. 5 Ternary phase diagrams
of AD-SAC- isopropanol
system at 277 K (a), 293 K (b),
303 K(e), and 313 K(d).
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Nucleation Parameters

AD-SAC system (0.1 mol/L:0.1 mol/L) at 293 K was used as
a model to investigate the cocrystallization kinetics in three
solvents. The correlation between induction period (1) and
supersaturation ratio (Sg) at a given temperature can be
established based on Nielsen theory, which was generally
given by (26,36):

B
.y (10)

logt = —F/———
s T3 (logSg)

Where A and B are constant. B is given by

B = LZ% (11)
(2.303k5T) 02

where 4 1s the Boltzmann constant (1.38 X 10723J/ K), T'is the
absolute temperature (K), v is the interfacial energy between
the crystal and the aqueous solution (J/m?), v is the molar
volume of AD-SAC: cocrystal (8.46% 10™2® m®, calculated by

@ Springer

1.00 0.00 0.25 0.50 0.75 1.00
SAC*100

Materials Studio 5.0), v is the mole number (v=2 for AD-SAC
cocrystal), and f is a structural factor (B=16m/3 for the spher-
ical nucleus and 4 for square nucleus).

For all solvent systems, log(t) and (logSg) > are fitted with
linear regression. All the r” are greater than 0.99 and this
indicates the good linearity. The slope the fitted line in ethanol
is significantly lower than those in isopropanol and ethyl
acetate. In specificity, the linear relationship between log(t)
and (logSg)™? in ethanol, and ethyl acetate are log(t)=0.4419/
(logSr)?+1.7727, log(t)=0.8522/(logSg)* +0.8818, and
log(t)=0.8437/(logSg)?+0.8402, respectively. For
1sopropanol and ethyl acetate, the slopes and intercepts are
comparable and therefore they may have the similar nucle-
ation process.

These regression curves can be used as indicators for
predicting the induction period and deciding Sg. For ethanol
and ethyl acetate, their regression lines are crossed at log Sg =
0.6564 (or Sg=4.533). Therefore, the comparison of induc-
tion period at the same supersaturation ratio or the supersat-
uration ratio at the same induction period depends on the
region of supersaturation. When Sg is lower than 4.533, the
induction period in ethanol will be shorter than that in
1sopropanol and ethyl acetate. To achieve the same induction
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Fig. 6 Ternary phase diagrams a b
of AD-SAC-ethyl acetate
system at 277 K (a), 293 K (b),
303 K(c), and 313 K(d). 0.25
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period, higher Sg is required for isopropanol and ethyl acetate
systems. However, Sk in 1sopropanol and ethyl acetate was
60-80% higher than that in ethanol. So the induction period
in ethanol was still longer at the same AD/SAC ratio in
1sopropanol and ethyl acetate, as confirmed by the measured
values.

Several parameters of AD-SAC cocrystal, including critical
free energy, surface energy, critical nucleus radius, and num-
bers of the particles in a nucleus, are important to be consid-
ered for evaluating the cocrystallization kinetics. However, it is
quite difficult to obtain these parameters because of the com-
plex intermolecular solute-solute and solute-solvent forces,
and the collisions with the impeller (paddle) and other parts
of the reaction containers (37). Although the complexity of the

0.75

0.25 0.50

SAC*100

1.00

view. In the beginning, the AD-SAC cocrystal molecules are
easily to be dissociated by the forces from diffusion, interfacial
effects, hydrodynamics, and collision. However, it is not
enough to induce nucleation, even the molecules can stay
together for a while. The proto-cocrystal possesses the com-
bined attractive forces between the cocrystal molecules which
are strong enough to resist other forces in the solution. At the
same time, the proto-cocrystal acts as the nucleation site to
allow the subsequent growth in the solution. The generated
sufficiently stable nuclei will gradually make the cocrystal
grow into crystals of visible size.

At the critical state for the formation of proto-cocrystal, the
energy change per unit volume (AG) is expressed as (38)

cocrystallization interaction in the solution is still not well AG. — kT InSg (12)

understood, the necessity of the proto-cocrystal is a common ! v

Table Il Nucleation Parameters B

of AD-SAC Cocrystal Solvents Interfacial tension Critical Critical AG(J/m7) Critical free

v (J/m?) radius r (m) number n* energy AG* (])

Ethanol 7.93E-03 2.50E-09 19 —634x10° 2.08 E-19
Isopropanol 6.12E-03 I .35E-09 13 —9.08x 10° 4.66 E-20
Ethyl acetate 6.10E-03 |.34E-09 12 9.13x 10° 4.57 E-20
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Fig. 7 The cocrystal growth curve at an AD/SAC ratio of 0.1:0.1 (mol/L:
mol/L) in ethanol (black square), isopropanol (black circle), and ethyl acetate
(black triangle).

The critical nucleus radius (r*) of cocrystal can be calculat-
ed by (38)

2yv
=— 13
kpT InSp (13)

r¥

The critical Gibbs free energy barrier for the formation of
the critical nucleus in terms of the supersaturation is given as

(39,40):

- 167y®v?
3k2T? (InSg)*

sk

(14)

The numbers of the particles in a critical nucleus (N,,) can
be obtained by (40)

3,2
— 2'&’705 (15)
(/CBTIHSR)

m

After transformation of Eq. (11), interfacial energy (y) can
be calculated by

y = 2.303k; T | —

These important parameters for cocrystallization nucle-
ation are presented in Table III.

Interfacial energy plays an important role in the initial
formation of stable nuclei. Longer induction time will be
needed for higher interfacial tension. The clusters must reach
a critical nuclei size so as to proceed the crystallization (41).
The critical cocrystal nuclei size in ethanol is as twice big as
that in the other two solvents and more particles exist in the
critical nucleus. It can be inferred that proto-cocrystal in
ethanol is easy to be broken apart and more particles are
needed to construct the sufficiently stable nuclei. So the free
energy barrier in ethanol should be higher, as demonstrated
by AG¥ values in Table III. Critical free energy AG* works as
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Fig. 8 The cocrystal growth curves at different AD/SAC ratios in ethanol (a),
isopropanol (b) and ethyl acetate (c).
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an activation energy. This level must be overcome in order for
crystallization to continue (41). Thus, use of isopropanol and
ethyl acetate as the solvent reduces the energy barrier for
nucleation and increases nucleation rate.

Dynamic Cocrystallization

The amounts of the formed solid cocrystals in the three
solvents were plotted as a function of time. Figure 7 compares
the growth rate of AD:SAC (0.1 mol/L:0.1 mol/L) system in
three solvents. Obviously, each growth curve can be divided
into three phases: lag phase (induction period), massive in-
crease phase and steady growth phase. The induction period
of ethanol system is 15 min, which is about 5 times longer that
of isopropanol or ethyl acetate. After their respective induc-
tion period, massive growth of cocrystal begins, reflected by
the steep slopes in isopropanol and ethyl acetate. However,
another 8 min are necessary for this sharp cocrystallization to
occur in ethanol. About 10 min later, the cocrystallization in
1sopropanol and ethyl acetate reaches the relatively steady
phase and then slow growth starts. The rapid growth stage
in ethanol is also much slower. This is in consistent with the
comparative critical free energy (AG¥). Using isopropanol and
ethyl acetate as the cocrystallization solvent, significantly
greater amount of cocrystal can be harvested at the same
AD/SAC ratio and inputs. Specifically, the order of cocrystal
yield is ethyl acetate >isopropanol>ethanol.

Figure 8 shows the effect of AD/SAC ratios on the growth
profiles of cocrystal in three solvents. In each solvent, the
induction period increases and the amount of obtained
cocrystal decreases with decreasing amount of AD/SAC. At
an AD/SAC ratio of 0.1:0.05, the induction period in ethanol
1s even more than 4 h. The cocrystal amount in 6 h is<
15 mmol/L, which is only about 28% of that at AD/SAC
ratio of 0.2:0.1. Although the induction time curtails signifi-
cantly and the cocrystal yield is improved in isopropanol and
cthyl acetate, such trend maintains. This simple but efficient
technique achieved a continuous and dynamic measurement
of precipitated cocrystal about nucleation and growth rate, as
well as the actual amount of cocrystals measured. It will be
very conducive to the intuitive investigation and selection of
cocrystallization parameters, including composition parame-
ters such as the solvent, API/CCF ratio, the input amount of
API and CCF, the process parameters such as temperature
and/or cooling rate, stirring speed. All these parameters are
complicated but crucial for the scaling-up of cocrystallization
process which 1s still a difficult task at present (8). The scale-up
of crystallization process from lab to manufacturing plant is
usually challenging (42), which is batch-dependent and can be
affected by many factors, such as the change in crystallization
rate, stirring and many intricate operational aspects (43). This
situation may become more serious due to the more complex
nature of cocrystallization (30,31).

CONCLUSIONS

This study investigated the thermodynamic and kinetic pro-
files of AD-SAC cocrystal in terms of the spontaneous
cocrystallization in organic solvents, without the necessity of
the change in solvent amount and temperature. AD/SAC
system was demonstrated to be a good example for the signif-
icance of K,K;, (the product of A, and £}, to avoid the
underestimation of the cocrystal solubility. It provides a good
supplement to the present cocrystal research area. This
groundwork may be used to guide the scale-up of
cocrystallization, including supersaturation, nucleation, crys-
tal growth, and cocrystal yield. The simple, intuitive and
efficient technique used in this study may be conducive to
the investigation into dynamic cocrystallization and optimiza-
tion of the cocrystallization parameters. The results of the
present study made the subsequent scaling up of AD-SAC
cocrystal promising. In future work, some crystallizer param-
eters are to be covered to achieve the optimized batch product
of cocrystal.
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