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The purpose of the present study was to determine the thermodynamic stability orders of co-crystals
by co-crystal former (CCF) exchange reactions. Caffeine (CA) was employed as a model drug. The CCF ex-
change reaction was performed by liquid-assisted grinding using ethanol. When oxalic acid (OX) was added
to CA—citric acid co-crystal (CA—CI), CA-CI converted to CA—OX, suggesting that CA—OX is more stable
than CA-CI. The stability orders of other co-crystals were determined in the same manner. The stability
order of CA co-crystals was determined as CA—OX~CA—p-hydroxybenzoic acid (HY)>CA—-CI>CA-malonic
acid>CA-maleic acid. The stability order correlated with the difference in hydrogen bond energy estimated
in silico, except for CA—HY. The z—n stacking in CA-HY was suggested as a reason for this discrepancy. The
CCF exchange reaction was demonstrated as a useful method to determine the stability order of co-crystals,
which can be used for the validation of in silico parameters to predict co-crystal formation.
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Co-crystals have recently received much attention as a
means of improving physicochemical properties of active
pharmaceutical ingredients.'® The number of potential
co-crystal formers (CCFs) can reach up to several hundred,
therefore, an efficient strategy for CCF screening in drug
discovery and development is required. High throughput
screening (HTS) technologies have been employed for CCF
screening.!®'® However, CCF selection by HTS remains a
time- and resource-consuming task. Therefore, an effective
pre-screening method for CCF selection would be valuable for
drug discovery and development. In the case of salt selection,
the difference in pK, values between a drug and a counter-
ion (ApK,) has been used as a criterion for the selection of
potential counter-ion candidates.'® Similarly, some in silico
physicochemical parameters for CCF selection were proposed
by several research groups.””?% For example, the difference
in hydrogen bond energy between a co-crystal and each of
the sole components (AE) was proposed by Musumeci et al.,
based on the hypothesis that the formation of a co-crystal
becomes more probable as AE becomes larger.> > How-
ever, AE has not been rigorously validated due to the lack
of information about the stability order of co-crystals. The
stability order of co-crystals can be determined by CCF ex-
change reactions. In the literature, there were a few studies on
the CCF exchange reactions (a sulfonamide derivative’® and
carbamazepine®”). However, in these studies, only a few CCFs
were employed so that the data is insufficient for validating in
silico models.

The purpose of the present study was to determine the
stability orders of co-crystals by CCF exchange reaction.
Caffeine (CA) was employed as a model drug. The stability
order of five CA co-crystals was determined using the CCF
exchange reaction. The stability order was then compared with
the AE estimated in silico.

*To whom correspondence should be addressed.

co-crystal; co-crystal former; exchange reaction; caffeine; hydrogen bond energy

Experimental

Materials p-Hydroxybenzoic acid was purchased from
Tokyo Chemical Industry Co., Ltd. (Tokyo, Japan). Other
agents were purchased from Wako Pure Chemical Industries,
Ltd. (Osaka, Japan).

Preparation of CA Co-crystals CA-—p-hydroxybenzoic
acid co-crystal (CA-HY), CA—oxalic acid co-crystal (CA—
0X), CA-—citric acid co-crystal (CA—CI), CA—malonic acid
co-crystal (CA-MO), and CA-maleic acid co-crystal (CA—
MA) were prepared by liquid-assisted grinding. CA (25mg,
0.13mmol) was mixed with each CCF and chloroform (25 uL)
in a 1-mL glass vial with 2.4-mm tungsten balls. The mixture
was shaken in a BMS-TMS 200 shaker at 1800rpm at ambient
temperature. Chloroform was then evaporated under nitrogen
gas flow for more than 1h. The amount of CCF, the molar
ratio of the co-crystal components, and the shaking duration
are shown in Table 1.

CCF Exchange Reaction Equimolar amounts of CCF
(1-7mg) were added to each co-crystal in a 1-mL glass vial
with 2.4-mm tungsten balls. Ethanol (5xL) was then added
to the vial and the vial was shaken for 2—48h (in most cases
22h). Ethanol was then evaporated under nitrogen gas flow for
more than 1h.

Table 1. Preparation Conditions for Each Co-crystal
Amount of CCF Molar ratio Reaction time
Co-crystal (mg) of the components (h)
& (CA:CCF)
CA-HY 35 1:2 44
CA-OX 6 2:1 22
CA-CI 25 1:1 22
CA-MO 7 2:1 6
CA-MA 15 1:1 26
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Powder X-Ray Diffraction (PXRD) PXRD patterns of
all samples were collected in the reflectance mode using a
Rigaku SmartLab diffractometer (CuKa radiation (40kV and
30mA), experimental 26 range (5° to 40°), scan rate (10°/min),
step size (0.02°), Rigaku D/teX ultra-high-speed position-sen-
sitive detector). All samples were prepared on silicon single
crystal sample holders.

Results and Discussion

Preparation of CA Co-crystals In this study, we focused
on the organic acids as CCFs. The five co-crystals, i.e., CA
co-crystals of p-hydroxybenzoic acid (HY), oxalic acid (OX),
citric acid (CI), malonic acid (MO), and maleic acid (MA)
were prepared by liquid-assisted grinding. These CCFs cover
a wide range of AE from —3 to —10kJmol '.*¥ The PXRD
patterns of CA, the CCFs, and the prepared co-crystals are
shown in Fig. 1. The PXRD patterns of the co-crystals ob-
tained in this study were identical to those reported previ-
ously.?*?® It was previously reported that CA-MA existed
as 1:1 and 2:1 co-crystallization systems.”®?” However, we
found that CA-MA (2:1) changed to CA—-MA (1:1) upon the
presence of equimolar MA, suggesting that CA-MA (1:1) is
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more stable than CA-MA (2:1). Therefore, CA-MA (1:1) was
used in this study. It was also known that CA—HY existed as
1:2 and 2:1 co-crystallization systems.? According to the
previous report, the lattice energy of CA-HY (1:2) was lower
than that of CA-HY (2:1),’” suggesting that CA-HY (1:2)
was more stable than CA-HY (2:1). Therefore, CA-HY (1:2)
was used in the following study.

Determination of the Stability Order among CA Co-
crystals Using the CCF Exchange Reaction The CCF
exchange reactions were performed to determine the stability
order among the five CA co-crystals studied herein. Instead of
chloroform, ethanol was used as a solvent since the solid mix-
ture aggregated when stirred with chloroform. The reaction
time was firstly set to 2h. However, some reactions did not
complete within 2h (data not shown). Therefore, the reaction
time was set to 22h (overnight) considering the convenience
of experimental operation. CCF exchange reactions almost
completed after 22h except for the reaction between CA-MA
and MO.

The PXRD patterns before and after CCF exchange reac-
tions are shown in Figs. 2—11 and Table 2, respectively. When
HY was added to CA—OX or when OX was added to CA-HY
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Fig. 1. PXRD Patterns of Caffeine, CCFs, and Co-crystals

From top to bottom: (1) caffeine (CA), (2) p-hydroxybenzoic acid (HY), (3) oxalic acid (0OX), (4) citric acid (CI), (5) malonic acid (MO), (6) maleic acid (MA), (7) caf-
feine—p-hydroxybenzoic acid co-crystal (CA-HY) (1:2), (8) caffeine—p-hydroxybenzoic acid co-crystal (CA-HY) (2:1), (9) caffeine—oxalic acid co-crystal (CA—0X), (10)
caffeine—citric acid co-crystal (CA—CI), (11) caffeine—malonic acid co-crystal (CA-MO), (12) caffeine—maleic acid co-crystal (CA-MA) (1:1), and (13) caffeine—maleic

acid co-crystal (CA-MA) (2:1).
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Fig. 2. PXRD Patterns Obtained for the CCF Exchange Reaction of CA-HY (1:2) and CA-OX
From top to bottom: (1) CA, (2) HY, (3) OX, (4) CA-HY (1:2), (5) CA-HY (2:1), (6) CA-OX, (7) CA-HY (1:2) mixed with OX, and (8) CA—OX mixed with HY.
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Fig. 3. PXRD Patterns Obtained for the CCF Exchange Reaction of CA-HY (1:2) and CA-CI
From top to bottom: (1) CA, (2) HY, (3) CI, (4) CA-HY (1:2), (5) CA-HY (2:1), (6) CA-CI, (7) CA-HY (1:2) mixed with CI, and (8) CA—CI mixed with HY.
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Fig. 4. PXRD Patterns Obtained for the CCF Exchange Reaction of CA-HY (1:2) and CA-MO
From top to bottom: (1) CA, (2) HY, (3) MO, (4) CA-HY (1:2), (5) CA-HY (2:1), (6) CA-MO, (7) CA-HY (1:2) mixed with MO, and (8) CA-MO mixed with HY.
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Fig. 5. PXRD Patterns Obtained for the CCF Exchange Reaction of CA-HY (1:2) and CA-MA (1:1)

From top to bottom: (1) CA, (2) HY, (3) MA, (4) CA-HY (1:2), (5) CA—HY (2:1), (6) CA-MA (1:1), (7) CA-MA (2:1), (8) CA-HY (1:2) mixed with MA, and (9)
CA-MA (1:1) mixed with HY.
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Fig. 6. PXRD Patterns Obtained for the CCF Exchange Reaction of CA-OX and CA-CI
From top to bottom: (1) CA, (2) OX, (3) CI, (4) CA-OX, (5) CA-CI, (6) CA—OX mixed with CI, and (7) CA—CI mixed with OX.
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Fig. 7. PXRD Patterns Obtained for the CCF Exchange Reaction of CA—OX and CA-MO
From top to bottom: (1) CA, (2) OX, (3) MO, (4) CA-OX, (5) CA-MO, (6) CA-OX mixed with MO, and (7) CA-MO mixed with OX.
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Fig. 8. PXRD Patterns Obtained for the CCF Exchange Reaction of CA-OX and CA-MA (1:1)
From top to bottom: (1) CA, (2) OX, (3) MA, (4) CA-OX, (5) CA-MA (1:1), (6) CA-MA (2:1), (7) CA—OX mixed with MA, and (8) CA-MA (1 : 1) mixed with OX.
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Fig. 9. PXRD Patterns Obtained for the CCF Exchange Reaction of CA-CI and CA-MO

From top to bottom: (1) CA, (2) CI, (3) MO, (4) CA-CI, (5) CA-MO, (6) CA—CI mixed with MO, and (7) CA-MO mixed with CI.
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Fig. 10. PXRD Patterns Obtained for the CCF Exchange Reaction of CA—CI and CA-MA (1:1)
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From top to bottom: (1) CA, (2) CI, (3) MA, (4) CA—CI, (5) CA-MA (1:1), (6) CA-MA (2:1), (7) CA-CI mixed with MA, and (8) CA-MA (1 : 1) mixed with CI.
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Fig. 11. PXRD Patterns Obtained for the CCF Exchange Reaction of CA-MO and CA-MA (1:1)
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From top to bottom: (1) CA, (2) MO, (3) MA, (4) CA-MO, (5) CA-MA (1:1), (6) CA-MA (2:1) (7) CA-MO mixed with MA, and (8) CA-MA (1 : 1) mixed with MO.
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Table 2. Summary of CCF Exchange Reactions Using Five CA Co-crystals
CCF added
Original co-crystal —AEY —Epy”
- - -1 -1
P Hyfiroxy Oxalic acid Citric acid Malonic acid Maleic acid (kJmol™)  (kJmol ™)
benzoic acid
CA-HY — CA-OX and CA-HY? N.R? N.R? N.R.? 6 353.19
CA-OX CA-OX and CA-HY? — N.R.Y N.R.% N.RY 10 340.14
CA-CI CA-HY CA-OX N.R? N.R? 8 —
CA-MO CA-HY CA-OX CA-CI — NR.? 8 324.66
CA-MA CA-HY CA-0OX CA-CI CA-MO? — 3 202.81

a) Previously reported values.”> b) Previously reported values.'”*? ¢) Mixture of CA-OX and CA-HY. d) N.R.: No reaction occurred. e¢) The reaction was not completed

within 22h.

(1:2), these co-crystals partially converted to CA-HY (1:2) or
CA-OX, respectively (Fig. 2). In both reactions, a mixture of
CA-HY (1:2) and CA-OX was obtained. The PXRD patterns
did not change after 22h and 44h. Therefore, a mixture of
CA-HY (1:2) and CA—-OX was probably existed in equilib-
rium. When HY or OX was added to CA-CI, CA-MO, and
CA-MA, these co-crystals converted to CA-HY or CA-OX,
respectively (Figs. 3—8). These results suggest that CA-HY
and CA—OX are more stable than the other three co-crystals.
When CI was added, CA-MO and CA-MA converted to CA—
CI whereas CA—HY and CA-OX did not (Figs. 3, 6, 9, 10).
When MO was added, only CA-MA converted to CA-MO
(Figs. 4, 7, 9, 11); however, the reaction between CA-MA and
MO was incomplete after 22h. When MA was added, no co-
crystal converted to CA-MA (Figs. 5, 8, 10, 11). Therefore,
the thermodynamic stability order of CA co-crystals was de-
termined as:

CA-OX=CA-HY >CA-CI>CA-MO>CA-MA

Validation of in Silico Prediction Methods In the pre-
vious literature, the validations of predictive parameters for
co-crystal formation were performed based on the probability
of finding a co-crystal in a database such as the Cambridge
Structural Database.'”*® However, there is potential risk of
error through using this validation method. As the existence
of co-crystals depends on the nucleation process as well as
the thermodynamic stability of the products, some co-crystals
may be incorrectly judged as unstable even though they may
form once nucleation has occurred. Furthermore, lack of data
in the crystallographic database may be a consequence of a
particular co-crystal synthesis having not yet been attempted
or reported. For example, CA-adipic acid co-crystal had been
explored over the years and finally crystallized (nucleated) in
20072V This type of error can be avoided by using the stabil-
ity order of co-crystals determined by the CCF exchange reac-
tion for validating in silico predictions.

As shown in Table 2, the stability order of CA co-crys-
tals correlated with the AE for these systems except for
HY. The 7—x stacking in the CA-HY co-crystal system,’”
which is not accounted in AE, could be a possible reason
for this discrepancy. Previously, Moribe et al. reported the
stability order of carbamazepine co-crystals as glutaric
acid>succinic acid>malonic acid,”® whereas the order of
the AE is opposite, i.e., malonic acid (—12kJmol )>succinic
acid (—11kJmol Y>glutaric acid (—7kJmol ).> The z—x
stacking mode in each of these carbamazepine co-crystals are
also different.®® These results would suggest that the stabil-

ity order of co-crystals does not simply correlate with AE. In
the literature, based on the ab initio lattice energy calculation
with the 6-31G basis set (Table 2), CA-HY was calculated
to be more stable than CA-MO,"*? suggesting that the ener-
gies of molecular interactions other than the hydrogen bonds
also contribute to the stability of co-crystals. To achieve more
concrete conclusion, expansion of the model co-crystals to the
other type of CCF is currently under investigation.

In conclusion, the CCF exchange reaction can be a useful
method for determining the stability order among co-crystals,
which can then be used for validation of in silico predictions.
However, this method has some drawbacks. For example, a
pairwise comparison of the stability order consumes lots of
time and resources for experiment. In addition, the increase
of the number of CCFs also requires much more time and
resources for data analysis. These problems would be solved
by a better algorithm for sorting the stability order. Further
investigation into the correlation between co-crystal stability
and an in silico prediction parameter such as AE is under way
for other model drugs.

Conflict of Interest The authors declare no conflict of
interest.

References
1) __Almarsson O., Zaworotko M. J., Chem. Commun., 2004, 18891896

(2004).

2) Blagden N., de Matas M.. Gavan P. T.. York P.. 4dv. Drug Deliy.
Rev., 59, 617-630 (2007).

3) Fleischman S. G., Kuduva S. S.. McMahon J. A., Moulton B., Bai-
ley _Walsh R. D.. Rodriguez-Hornedo N.. Zaworotko M. J.. Cryst,
Growth Des.. 3, 909-919 (2003).

5) Qiao N.. Li M., Schlindwein W., Malek N., Davies A., Trappitt G.,
Int.J. _Pharm. 419, 1-11 (2011).

6)_Schultheiss N.. Newman A.. Cryst. Growth Des.. 9, 29502967
(2009).

7)_Shan N., Zaworotko M. J.. Drug Discov. Today, 13, 440-446
(2008).

8) Vishweshwar P, McMahon J. A Bis J. A
Pharm. Sci., 95, 499516 (2006).

9) Walsh R. D. B., Bradner M. W., Fleischman S.. Morales L. A,
Moulton B.. Rodriguez-Hornedo N.. Zaworotko M. J.. Chem. Com-
mun., 2003, 186187 (2003).

10) Remenar J. F.. Morissette S. L., Peterson M. L.. Moulton B.
MacPhee J. M., Guzman H. R.. Almarsson O.. J. 4m. Chem. Soc.,
125, 84568457 (2003).

1D __Bysouth S. R.. Bis J. A Tgo D, Int. J Pharm. 411, 169171 (2011).

12) Kojima T., Tsutsumi S., Yamamoto K., Ikeda Y., Moriwaki T., /nt.
J. Pharm.., 399, 52-59 (2010).

Zaworotko M. J.. J.



http://dx.doi.org/10.1039/b402150a
http://dx.doi.org/10.1039/b402150a
http://dx.doi.org/10.1016/j.addr.2007.05.011
http://dx.doi.org/10.1016/j.addr.2007.05.011
http://dx.doi.org/10.1021/cg034035x
http://dx.doi.org/10.1021/cg034035x
http://dx.doi.org/10.1021/cg034035x
http://dx.doi.org/10.1111/j.2042-7158.2010.01133.x
http://dx.doi.org/10.1016/j.ijpharm.2011.07.037
http://dx.doi.org/10.1016/j.ijpharm.2011.07.037
http://dx.doi.org/10.1021/cg900129f
http://dx.doi.org/10.1021/cg900129f
http://dx.doi.org/10.1016/j.drudis.2008.03.004
http://dx.doi.org/10.1016/j.drudis.2008.03.004
http://dx.doi.org/10.1002/jps.20578
http://dx.doi.org/10.1002/jps.20578
http://dx.doi.org/10.1039/b208574g
http://dx.doi.org/10.1039/b208574g
http://dx.doi.org/10.1039/b208574g
http://dx.doi.org/10.1021/ja035776p
http://dx.doi.org/10.1021/ja035776p
http://dx.doi.org/10.1021/ja035776p
http://dx.doi.org/10.1016/j.ijpharm.2011.03.037
http://dx.doi.org/10.1016/j.ijpharm.2010.07.055
http://dx.doi.org/10.1016/j.ijpharm.2010.07.055

24 Chem. Pharm. Bull.

13) Leung D. H., Lohani S.. Ball R. G.. Canfield N., Wang Y., Rhodes

Vol. 63, No. 1 (2015)

Des., 14, 165171 (2014).

T, Bak A.. Cryst. Growth Des., 12, 12541262 (2012). 23)  Musumeci D., Hunter C. A., Prohens R., Scuderi S., McCabe J. F.,
14) _Yamamoto K. Tsutsumi S, Ikeda Y. Int. J. Pharm. 437, 162171 Chem. Sci., 2. 883-890 (2011).

(2012). 24) Caira M. R., Nassimbeni L. R.. Wildervanck A. F.. J. Chem. Soc.,
15) Yamashita H., Hirakura Y., Yuda M., Teramura T. Terada K., Perkin Trans. 2, 1995, 22132216 (1995).

Pharm._Res., 30, 7080 (2013). 25) Moribe K., Nagai A. Hagiwara Y., Limwikrant W., Higashi K.,
16) Stahl P. H., Wermuth C. G., “Handbook of Pharmaceutical Salts: Yamamoto K., .J. Soc. Powder Technol., Japan, 49, 184190 (2012).

Properties, Selection, and Use,” John Wiley & Sons, 2002. 26) _Guo K., Sadig G., Seaton C., Davey R., Yin Q.. Cryst. Growth Des.
17) Abramov Y. A, Loschen C.. Klamt A.. J. Pharm. Sci., 101, 3687 10, 268273 (2010).

3697 (2012). 27) Karki S., Frisc¢i¢ T., Jones W., Motherwell W. S.. Mol. Pharm., 4,
18) Mohammad M. A Alhalaweh A, Velaga S. P.. Int. J. Pharm., 407. 347-354 (2007).

6371 (2011). 28) Trask A. V. Motherwell W. S.. Jones W., Cryst. Growth Des.. S,
19) Issa N., Karamertzanis P. G.. Welch G. W., Price S. L., Cryst. 10131021 (2005).

Growth Des., 9, 442—-453 (2009). 29) Bucar D-K., Henry R. F., Lou X., Duerst R. W., MacGillivray L.
20) Karamertzanis P. G., Kazantsev A. V., Issa N.. Welch G. W.. Adji- R, Zhang G. G, Cryst. Growth Des.. 9, 19321943 (2009).

man C. S. Pantelides C. C., Price S. L., J. Chem. Theory Comput. 30) Habgood M., Price S. L., Cryst. Growth Des., 10, 32633272 (2010).

5, 14321448 (2009). 31) Buéar D.-K., Henry R. F., Lou X., Borchardt T. B., Zhang G. G.,
21) Grecu T., Adams H., Hunter C. A., McCabe J. F., Portell A., Pro- Chem. Commun., 2007, 525-527 (2007).

hens R.. Cryst. Growth Des., 14, 17491755 (2014). 32) _Gelbrich T., Hursthouse M. B., CrystEngComm, 8, 448460 (2006).

22) Grecu T, Hunter C. A.. Gardiner E. J.. McCabe J. F.. Cryst. Growth



http://dx.doi.org/10.1021/cg201270s
http://dx.doi.org/10.1021/cg201270s
http://dx.doi.org/10.1016/j.ijpharm.2012.07.038
http://dx.doi.org/10.1016/j.ijpharm.2012.07.038
http://dx.doi.org/10.1007/s11095-012-0850-1
http://dx.doi.org/10.1007/s11095-012-0850-1
http://dx.doi.org/10.1002/jps.23227
http://dx.doi.org/10.1002/jps.23227
http://dx.doi.org/10.1016/j.ijpharm.2011.01.030
http://dx.doi.org/10.1016/j.ijpharm.2011.01.030
http://dx.doi.org/10.1021/cg800685z
http://dx.doi.org/10.1021/cg800685z
http://dx.doi.org/10.1021/ct8004326
http://dx.doi.org/10.1021/ct8004326
http://dx.doi.org/10.1021/ct8004326
http://dx.doi.org/10.1021/cg401889h
http://dx.doi.org/10.1021/cg401889h
http://dx.doi.org/10.1021/cg401339v
http://dx.doi.org/10.1021/cg401339v
http://dx.doi.org/10.1039/c0sc00555j
http://dx.doi.org/10.1039/c0sc00555j
http://dx.doi.org/10.1039/p29950002213
http://dx.doi.org/10.1039/p29950002213
http://dx.doi.org/10.4164/sptj.49.184
http://dx.doi.org/10.4164/sptj.49.184
http://dx.doi.org/10.1021/cg900885n
http://dx.doi.org/10.1021/cg900885n
http://dx.doi.org/10.1021/mp0700054
http://dx.doi.org/10.1021/mp0700054
http://dx.doi.org/10.1021/cg0496540
http://dx.doi.org/10.1021/cg0496540
http://dx.doi.org/10.1021/cg801178m
http://dx.doi.org/10.1021/cg801178m
http://dx.doi.org/10.1021/cg100405s
http://dx.doi.org/10.1039/b600753h

