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Abstract: A mechanism for cocrystal synthesis is reported whereby nucleation and growth of
cocrystals are directed by the effect of the cocrystal components on reducing the solubility of
the molecular complex to be crystallized. The carbamazepine:nicotinamide cocrystal (CBZ:NCT)
was chosen as a model system to study the reaction cocrystallization pathways and kinetics in
aqueous and organic solvents. Fiber optic Raman spectroscopy and Raman microscopy were
used for in situ monitoring of the cocrystallization in macroscopic and microscopic scales in
solutions, suspensions, slurries, and wet solid phases of cocrystal components. This study
demonstrates the advantages of reaction cocrystallization methods to develop rational ap-
proaches for high-throughput screening of cocrystals that can be transferable to control batch
and continuous cocrystallization processes.
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Introduction single component crystal of a drug have been reported, such
Understanding how molecules assemble by noncovalent@S dissolution rate, solubility, chemical stability, and moisture
. . 7/—12
bonds to form multiple component crystalline complexes or uptake: o . o
cocrystals is important for the design and discovery of  'N€ key to designing these extended architectures lies in
pharmaceutical solids® The improved physicochemical and identifying intermolecular interactions that direct molecular

pharmaceutical properties of cocrystals compared to the SSembly®"*"Hydrogen bonds, because of their strength and
directionality, have been one of the most useful interactions
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in building these molecular networks. Many pharmaceutical metric compositiort.”-18192224 Solyothermal methods are
molecules are known to form hydrogen bonded assembliesalso reported in the literature, although less frequeit.

in solution and in the solid state and are therefore good These techniques, however, suffer from the risk of crystal-
reactants for supramolecular synthesis with other compo-lizing the single component phases, thereby reducing the
nents. In fact, hydrogen bonds have been employed in thepossibility of accessing the multicomponent crystalline phase.
formation of crystalline supramolecular assemblies of binary As a result of the empirical basis of the approaches used in
and ternary composition where at least one of the componentssearch of cocrystals, a very large number of experimental

is a drug’—%1823

conditions are often test&hnd transferability to larger scale

Cocrystallization is an essential step in the successful crystallization processes is limited.

synthesis of cocrystals. The most generally used solution-

In this brief article, we report a method for the rapid

based method to synthesize these materials is slow evaporageneration of cocrystals by reaction cocrystallization in

tion from solutions of cocrystal components with stoichio-
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microscopic and macroscopic scales under ambient condi-
tions, where nucleation and cocrystallization are initiated by
the effect of the cocrystal components on reducing the
solubility of the molecular complex to be crystallizetive

also discuss the importance of the cocrystal solubility product
in explaining the phase solubility diagram of cocrystals and
in identifying conditions to prepare cocrystals in solutions,
suspensions, slurries, or wet solid phases of cocrystal
components. This method offers significant improvements
over traditional cocrystallization methods in that it (1) is
applicable to develop rational in situ techniques for high-
throughput screening of cocrystals, (2) is transferable to
larger scale cocrystallization processes, and (3) is more
environmentally friendly.

The carbamazepine:nicotinamide cocrystal (CBZ:NCT)
was chosen as a model system to study the reaction
cocrystallization pathways and kinetics in aqueous and
organic solvents. The crystal structure of CBZ:NCT has been
reported® (refcode in the Cambridge Structural Database is
UNEZES’) and is characterized by-\H---O=C hydrogen
bonds between nicotinamide and carbamazepine molecules
as shown in Figure 1. Nicotinamide in this structure hydrogen
bonds with the carbamazepine carboxamide dimers forming
a hydrogen bonded tape down taerystallographic axis.

Experimental Section

Materials. Anhydrous monoclinic carbamazepine (CBZ-
(1), 5H-dibenzp,flazepine-5-carboxamide; Lot No. 093K1544
USP grade) was purchased from Sigma Chemical Company
(St. Louis, MO), stored at 83C over anhydrous calcium
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Figure 1. Crystal structure of CBZ:NCT viewed down the a INCT]
crystallographic axis showing the molecular assembly.
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total

Figure 2. Phase solubility diagram of carbamazepine:nico-
tinamide (1:1) cocrystal as a function of cocrystal component
sulfate, and used as received. Nicotinamide (NCT(l), pyri- concentration in ethanol at 25 °C. The solid line represents
dine-3-carboxylic acid amide; Lot No. 122K0077) was the predicted solubility according to eq 3 with a solubility
purchased from Sigma Chemical Company (St. Louis, MO) product Ks; = 0.0129 M2. The dashed line represents the
and used as received. Solid state forms were identified by solubility of CBZ(Ill) in ethanol, 0.108 M. The dotted arrows
X-ray powder diffraction. represent the cocrystallization conditions studied.
Ethyl acetate and 2-propanol were of HPLC grade and
were purchased from Fisher Scientific (Fair Lawn, NJ). . ] ] .
Anhydrous ethanol (200 proof) was USP grade and was Iecteq with a Spot Insight F'lreW|re 4 Megasam.ple Col.or
purchased from Pharmco (Brookfield, CT). Mosaic camera _controlled Wlth Spot software (D_|agnost|cs
Solubility of CBZ:NCT. The equilibrium solubility of Inc, Sterling Heights, MI). Solid phases crystallized were

CBZNCT cocrystal was determined from undersaturation 'dentified by Raman microscopy. _
by adding excess cocrystal solid phase to pure ethanol and X-ray Powder Diffraction (XRPD). X-ray powder dif-
ethanol solutions of NCT ranging between 0.05 and 0.20 fraction patterns of solid phases were recorded with a Rigaku

M. The suspensions were stirred with magnetic stirrers in MiniFlex X-ray diffractometer (Danvers, MA) using CuoK
20 mL glass vials at constant temperature @%.5 °C) radiation ¢ = 1.54 A),_a tubt.-:‘.voltage of 30 kV, and a tube
maintained with a circulating temperature bath (Neslab RTE- current of 15 mA. The intensities were measurediat@ues
110, Portsmouth, NH). Samples were drawn at 48 h using affom 2° to 50 at a continuous scan rate of 2i%in. Solid
0.45um PTFE filter (Fisherbrand, Pittsburgh, PA) and were phases at equilibrium during _solub_lllty experiments were
diluted with ethanol. CBZ concentrations were calculated @nalyzed by X-ray powder diffraction, and results were
by measuring the absorbance of CBZdx = 284 nm) by compared to the d|ffract|on_ patterns caICL_JIated from the
UV/vis spectroscopy (Beckman DU-650, Fullerton, CA). The crystal structure _reported in- the _Cambrldge Structural
CBZ concentration corresponds to the CBZ:NCT solubility Databas&(Supporting Information Figures-5).
based on the 1:1 molar ratio cocrystal. Infrared (IR) Spectroscopy. FTIR spectra of solid phases
Raman SpectroscopyRaman spectra were collected with Were col_lected ona Bruker Vertex 70 FT-IR (Billerica, MA)
a Kaiser Optical Systems, Inc. (Ann Arbor, MI), RXN1 unit equipped with a DTGS detector. Samples were placed
Raman spectrometer equipped with a 785 nm laser dhda ©n a zinc selenide (ZnSe) attenuated total reflectance (ATR)
in. fiber optic immersion probe. Crystallization and dissolu- Ccrystal accessory, .and 64 scans were collected for. each
tion were monitored in situ in macrophases with the probe Sample at a resolution of 4 cthover a wavenumber region
and in microphases using a Leica DMLP (Wetzlar, Germany) ©f 4000-600 cnt.
Raman microscope. Acquisition conditions were optimized
so that the spectra collected had maximum intensity aboveRResults and Discussion
8 x 10° counts. The spectra collected had a spectral The phase solubility diagram for the carbamazepine:
resolution of 4 cm?! and were collected between 100 and nicotinamide cocrystal (CBZ:NCT) as a function of the
3200 cmt. Solid phases were characterized by Raman ligand or cocrystal component concentration (NCT) in
spectroscopy (Supporting Information Figure 1). ethanol solutions is shown in Figure 2. This solubility study
Polarized Optical Microscopy. Crystallization in micro- reveals that addition of cocrystal component to solutions in
phases was visually monitored with a Leica DMPL polarizing excess of the stoichiometric composition reduces the co-
optical microscope (Wetzlar, Germany). Images were col- crystal solubility and is explained by considering the equi-
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librium reaction for a binary cocrystal A:B dissociating in  gible in this solvent. The cocrystal solubility predicted by
solution to A and B according to the solubility product alone is shown in Figure 2 and is in
excellent agreement with the experimentally measured
solubility. These results demonstrate that there is a common
cocrystal component effect on cocrystal solubility, similar
to that of the common ion effect in the case of sparingly
soluble saltgé—31

On the basis of this solubility behavior, we developed
reaction cocrystallization methods under ambient conditions,

Aa:Bb solid = aAsolution + stqution (1)

where A represents API or CBZ and B represents ligand or
cocrystal component or NCT. Subscripts refer to the
stoichiometric number of molecules of A or B in the

cocrystal. The equilibrium constant for this reaction is given

b X o
4 where nucleation and crystallization of the molecular com-
a,’ aBb plex are directed by decreasing the solubility of the molecular
Keg= 2 (2 complex to be crystallized. Supersaturation is the driving

force for crystallization and can be generated by adding
and is proportional to the thermodynamic activity product €XCess cocrystal component to a solution so that non-
of the cocrystal components. If the activity of the solid is Stoichiometric concentrations are achieved. As nicotinamide

described by a solubility product cocrystal decreases below the solubility of the pure anhydrous
CBZ(ll1) as shown in Figure 2. In pure ethanol the solubilities
Kep=2a" ag® ~ [A]Y[B]" (3) of CBZ:NCT cocrystal and CBZ(Ill) single component

crystal are similar, 0.116- 0.003 M and 0.108& 0.0001
where [A] and [B] are the molar concentrations of each M. However, the solubility ratio (cocrystal/CBZ(IIl)) is
cocrystal component at equilibrium, as long as the activity decreased from 1.07 in pure ethanol to 0.48 in 0.25 M NCT.
coefficients are unity. This equation predicts that addition  Wwith the purpose of investigating the rates of cocrystal-
of either cocrystal component in excess of its stoichiometric |ization under the conditions described by the solubility
composition will decrease the cocrystal solubility, in agree- product behavior, we studied the cocrystallization of CBZ:
ment with the observed trend in Figure 2. Mathematical NCT in organic solutions (ethanol, 2-propanol, or ethyl
models that consider solution complexation equilibria and acetate) and in aqueous solutions in micro- and macrophases.
solubility of solid state complex or cocrystal have been Reaction cocrystallizations were studied in suspensions of
derived and are presented elsewtfeltés important to note  reactant or reactants and in solutions of reactants as described
that the solubility predicted by the solubility product alone pelow.

is smaller than the solubility in the presence of solution  The cocrystallization of CBZ:NCT by dissolving anhy-

complexes, as shown by the equations that follow. drous CBZ(lIl) (385 mg) in ethanol solutions of NCT 0.16
In the case of 1.1 solution complexes the cocrystal M (10 m|_) was monitored by Raman spectroscopy as shown
solubility is given by in Figure 3. This amount of CBZ is higher than the solubility
K of CBZ(lll) in ethanol by 50.8%. The shift in the Raman
Al = s 4 KyiKsp (4) peak with respect to time, from 722 to 718 chnindicates
[Bl7 — KuKgp that pure CBZ(Ill) transformed to CBZ:NCT cocrystal within

3 h. These results suggest a solution-mediated transformation
where dissolution of pure CBZ creates supersaturated condi-
o tions with respect to cocrystal and leads to cocrystalli-
[Al+= Bl + KiKgp (5) zation of CBZ:NCT. When one of the reactants is in
T the solid state and in an amount greater than its solubility
This equation predicts that cocrystal solubility is higher than Value, it is consumed by the cocrystallization reaction, as
the value calculated in the absence of solution complexation Shown in this case, and the final product is the cocrystalline
by a constant value, the product of the complexation constantPhase.
and the solubility produck;;Ks, In the absence of solution Increasing the NCT concentration in the experiment above
complexationKy; = 0, the cocrystal solubility is predicted to 0.25 M resulted in faster conversion of pure anhydrous
by the solubility product alone. In the case of 1:1 and 1:2 CBZ(lll) to cocrystal, within 2-3 min. This time was shorter
solution complexes the cocrystal solubility initially decreases,
passes through a minimum at [B][1/(K11K12)]¥3, and then (28) Rodfguez-Clemente, R. Complexing and Growth Units in Crystal
increases. Growth from Solutions of Electrolytesl. Cryst. Growth1989
The solubility product of CBZ:NCT cocrystal in ethanol 98, 617-629. o
solutions was determined to Bg, = 0.0129 M: by plotting (29) Nielsen, A. E.; Toft, J. M. Electrolyte Crystal Growth Kinetics.

. . J. Cryst. Growth1984 67, 278-288.
[Alr versus 1/[B} according to eq 5, using the measured (30) Khankari, R. K.; Grant, D. J. W. Pharmaceutical Hydrates.

If Kllep < [B]T, then

cocrystal solubilities shown in Figure 2. Linear regression Thermochim. Actd995 248 61—79.
results showed that the intercept is not significantly different (31) Tomazic, B.; Nancollas, G. H. The Kinetics of Dissolution of
from zero and suggest that solution complexation is negli- Calcium Oxalate Hydrates. Cryst. GrowtrL979 46, 355-361.
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Figure 4. Raman peak position with respect to time showing
the slurry conversion or solution-mediated transformation of
anhydrous CBZ(Ill) to cocrystal CBZ:NCT in water saturated
with nicotinamide at 23 °C according to the following path-
way: CBZ(lll) — CBZ(D) — CBZ:NCT.

than that required to collect the Raman spectra, and the time
course for this transformation is not shown. Increasing NCT
concentration in the dissolution/cocrystallization medium
increased the initial supersaturation with respect to cocrystal
and significantly increased the cocrystallization rate as shown
by the shorter times for transformation to cocrystal from 3
h to 3 min. The supersaturatiom, for a cocrystal is derived
from the difference in chemical potential between the
supersaturated solution state and the saturated solutiof? state

and is given by
( Civi)llv
O‘ =
Ksp

where[]c" is the product of the concentration of cocrystal

Figure 3. Raman peak position with respect to time showing
the slurry conversion or transformation of solid phase
CBZ(Ill) to cocrystal CBZ:NCT at 25 °C after adding 0.16 M
solution of nicotinamide in ethanol to CBZ(ll).

be prepared in water by suspending anhydrous CBZ(IIl) in
saturated solutions of nicotinamide at room temperature. It
is interesting to note that anhydrous CBZ(lIl) transforms to
dihydrate CBZ, CBZ(D), and then cocrystal in this aqueous
suspension, and suggests that the order of the solubility is
CBz(lll) > CBZ(D) > CBZ:NCT. This is an important
finding since in pure water at room temperature the solubility
of CBZ:NCT is greater than that of CBZ(D), and cocrystal
transforms to CBZ(D}%!? The reason for this reversal in
transformations is the reduced solubility of cocrystal by
addition of cocrystal component, nicotinamide, to solution
in excess of the cocrystal stoichiometry.

CBZ:NCT cocrystal was also prepared in situ in covered
depression slides on the polarizing optical light and Raman

components in the supersaturated solution when the activitym'hcrt)scc’peS by zdd't'on of Ia Smﬁ” drol% of solvent (?Q;rﬁl'
coefficients are unityy is the stoichiometric coefficient in ethyl acetate, or 2-propanol) to the solid reactants, (i

the chemical equation or stoichiometric number of cocrystal and NCT(I)' Photographs ffom the ethyl acetate experiment
componentsi, in the cocrystal chemical formula= S, obtained through the polarized light microscope are shown
I - Iy

and K is the solubility product. The supersaturation with in Figure 5. These images show cocrystal formation in less

respect to a (1:1) cocrystal, such as CBZ:NCT, is expressedtha” 3 min after ethyl_acetate addition. The solid phase of
by the product was confirmed to be CBZ:NCT cocrystal by

Raman microscopy. Similar behavior was observed by using
microphases of ethanol or 2-propanol. In this case the
cocrystallization reaction proceeds by a pathway similar to
those of macrophase suspensions described above. In
Equation 7 shows that supersaturation and crystallization ratemicrophases the solvent added must allow for dissolution
can be increased by increasing the concentration of individualof both reactants so that nonstoichiometric concentrations
components. generate the supersaturation required for crystallization of

A priori knowledge of the solubility of cocrystal in pure the complex, as shown in Figure 6. For instance, Figure 5b
solvent is useful to predict the cocrystal phase solubility shows unreacted CBZ(lll) in an isolated drop where co-
diagram as a function of ligand concentration and to crystallization had not occurred in the time course of the
determine conditions under which cocrystals dissolve or experiment due to lower concentrations of NCT than in other
precipitate® Figure 4 shows that CBZ:NCT cocrystal can regions of the sample.

(6)

o ([CBZ][NCT])UZ

Kep

@)
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(a) ' (b)

Figure 5. Photomicrographs of CBZ(Ill) and NCT(I) (a) before addition of ethyl acetate and (b) 3 min after addition of a small
drop of ethyl acetate. Needles were confirmed to be cocrystal CBZ:NCT by Raman microscopy.

Conclusions

O The results presented here demonstrate that reaction
/ cocrystallization allows for the effective and rapid formation
of cocrystals under ambient conditions, in micro- and
l macrophases of aqueous and organic solvents or solutions.

This research also identifies the mechanism for cocrystal

& o formation from solutions or solidliquid systems (slurries
& ABsoid or wet solid phases), where cocrystallization is initiated by
@® the effect of nonstoichiometric concentrations of cocrystal

® components on reducing the solubility of the molecular
complex to be crystallized. These findings provide a powerful
Figure 6. Cocrystallization of molecular complex A:B from approach to develop rational screening methods for cocrystal
the supersaturation generated by the dissolution of solid discovery, and in situ cocrystallization techniques, as well
reactants, A and B, in a microphase of solvent. as to develop batch and continuous cocrystallization pro-
cesses. The solubility product behavior indicates that a wider
range of solvents can be used for cocrystallization, with the
advantage over traditional methods that cocrystallization is
no longer limited by the different solubilities of the com-
ponents, and will lead to environmentally friendly methods
for cocrystal synthesis.

Precipitation or reaction cocrystallization was also achieved
by mixing solutions of reactants or cocrystal components in
nonstoichiometric concentrations according to the solubility
product behavior. CBZ:NCT cocrystal was prepared by
mixing solutions of CBZ and NCT in the same solvent.
Solvents studied included ethanol, 2-propanol, and ethyl
acetate. Cocrystals were observed within—28 min )
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