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ABSTRACT: Co-crystals provide an opportunity to improve the properties of pharmaceuticals and other materials. We report a
method for determining the formation enthalpies of co-crystals in which enthalpies of melting are measured for a co-crystal and
the physical mixture of its component crystals. Because the two melting processes arrive at the same liquid, the difference of their
enthalpy changes is the co-crystal’s formation enthalpy. For the system of nicotinamide (NIC) and R-mandelic acid (RMA), the
formation enthalpy at 30 °C is —23 (3) J/g for polymorph 1 and —18 (3) J/g for polymorph 2. These values are comparable with
the enthalpy of mixing for NIC and RMA liquids [—49 (4) J/g at 160 °C], indicating the need for correcting for nonideal mixing
in calculating formation enthalpies of co-crystals via thermodynamic cycles. This correction is made automatically in our method
by performing measurements with physical mixtures of component crystals, as opposed to pure component crystals. One of the
NIC-RMA polymorphs (2) was discovered in this work, and its structure and thermodynamic relation to polymorph 1 are

reported.

B INTRODUCTION

A co-crystal is a solid phase that contains multiple chemical
components.' The existence of co-crystals has been known for
a long time, under the name “compound” for fixed
stoichiometry and “solid solution” for variable stoichiometry.
A racemic compound is a co-crystal of two opposite
enantiomers (resolvable chiral molecules).” Interest in co-
crystals has increased in recent years, driven in part by their
applications in improving the properties of pharmaceutical
solids,>™® including solubility,5 bioavailability,6 and mechanical
properties.8

Many studies have examined the discovery, structure, and
formation of co-crystals, while the work has been limited on the
thermodynamics of co-crystals. Little data exist, for example, on
the enthalpy and free energy of formation of co-crystals,”'
which are fundamental measures of their stability. The
formation properties are defined in reference to the following

reaction:
Cy +Cy = Cyp (1)
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where C,, Cp, and C,p are the crystal of component A, the
crystal of component B, and the co-crystal of A and B,
respectively. The enthalpy of formation AH; is the enthalpy (or
effectively energy at ambient pressure) of the co-crystal relative
to its component crystals; the free energy of formation AG
measures the thermodynamic stability of the co-crystal relative
to the component crystals, with the entropy effect included.
AH; and AG; are valuable data for understanding co-
crystallization. For example, the formation properties for a
series of co-crystals in which components are systematically
varied help understand the molecular factors that influence the
stability of co-crystals. One aim of this study was to test a
general method for measuring formation enthalpies of co-
crystals.

A question concerning co-crystallization is whether multi-
component crystals are less likely polymorphic than single-
component crystals."" Besides a fundamental interest in
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answering this %uestion, the fact that many co-crystals are
polymorphic'*™'® requires that the study of co-crystals takes
into account the discovery and control of co-crystal
polymorphs.

The co-crystallization of nicotinamide (NIC) and R-mandelic
acid (RMA) (Scheme 1) has been studied by Fris¢i¢ and

Scheme 1. Structures of Nicotinamide (NIC) and R-
Mandelic Acid (RMA)“

Nicotinamide (NIC) R-mandelic acid (RMA)

“0,, 0,, and 6, indicate angles of torsion.

Jones."” NIC (Vitamin B,) is a generally recognized as safe
(GRAS) substance useful as solubility enhancer'® and co-crystal
former.'>'71972! Besides RMA, NIC can co-crystallize with
many other carboxylic acids.'”'**°

We report here a new polymorph of the NIC-RMA co-
crystal, which is thermodynamically less stable than the known
structure.'” We also report the formation enthalpies for the two
polymorphs measured with a method implemented in this
work. For the NIC-RMA system, the enthalpy of mixing in the
liquid state is substantial and correction for this effect is needed
in calculating the co-crystals’ formation enthalpies via
thermodynamic cycles. Our method automatically makes this
correction, by making measurements with a physical mixture of
component crystals, as opposed to the pure component
crystals.

B DETERMINATION OF FORMATION ENTHALPIES
OF CO-CRYSTALS

In this section, we describe a method for determining the
formation enthalpies of co-crystals and compare it with other
procedures for this purpose. This method relies on the fact that
the co-crystal C,p and the physical mixture of component
crystals (C, + Cg) (the two sides of eq 1) have the same liquid
upon melting or the same solution upon dissolution. Thus, the
formation enthalpy of C,p can be calculated from the relevant
enthalpies of melting or dissolution as follows:

AHp = AHm(A+B)(TS - T) — AH,\5(Ts — T,) (2)

()

In eq 2, T is a temperature at which C,j and (C, + Cg) are
solid and at which AH;is to be evaluated, T} is a temperature at
which Cup and (C, + Cp) are both melted, and AH, 4,3
(Ts—Ty) and AH, 5 (Tg—Ty) are the corresponding changes
in enthalpy, with (Ts—Ty) signifying that AH,, is measured
cumulatively from T to T;. In eq 3, AH,,; (Ts) and AH,a.p)
(Tg) are the enthalpies of solution for C, and (C, + Cp) in the
same solvent to the same concentration at T&.

The validity of eqs 2 and 3 is clear from the thermodynamic
principle that the enthalpy change of a given reaction can be
obtained by summing the enthalpy changes along different
paths that connect the initial to the final state. Equations 2 and
3 correspond to two different paths from (C, + Cg) to Cyp,
involving melting and dissolution, respectively. Still other paths

AHf = AHS(A+B)(TS) - AHsAB(TS)
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can be imagined that complete eq 1; for example, paths that
involve evaporation or combustion. In practice, temperature-
scanning calorimeters can yield the enthalpies of melting
needed in eq 2, as we demonstrate in this work, and isothermal
calorimeters the enthalpies of solution in eq 3.

The key point of our proposed method is not the possibility
to measure the formation enthalpies of co-crystals in different
ways, but the advantage of performing measurements on the
physical mixture (C, + Cg), as opposed to the pure component
crystals C, and Cg, in achieving this goal, which we now
explain. If the enthalpy of mixing for components A and B in
the liquid state is negligible, AH,,,5) and AH,,5) in egs 2
and 3 are the sums of the corresponding enthalpies for the pure
component crystals (properly weighted to ensure mass
balance), yielding

AHp = AH\(Ty > T,) + AH 5 (Ty — T) — AH (T — T,)

(4)

©)

Here AH, 5, AH, 5, and AH, 5 are the enthalpies of melting
of C,, Cp and C,.z; AH,,, AHg, and AH,y are the
corresponding heats of solution. Thus, instead of measuring
the physical mixture (C, + Cg), one can measure the pure
component crystals C, and Cjy separately and calculate AH; via
eqs 4 and S. This method has been used to calculate the
formation enthalpies of racemic compounds (special co-crystals
in which A and B are the opposite enantiomers)>>* and some
other co-crystals,'® but it is important to note the assumption
of ideal mixing that leads to eqs 4 and S.

For racemic compounds, the assumption of ideal mixing has
been justified on the ground that except for different
handedness, opposite enantiomers are chemically identical (if
one is an acid, for example, so is the other), such that their
mixing in the liquid state is similar to “mixing” the same
molecules with AH,; ~ 0.> In contrast, ideal mixing is not
justified for two arbitrary components that co-crystallize. It is
common that acid-like and base-like components combine to
form co-crystals, for which the heat of component mixing is
likely significant, and found to be so for the system
carbamazepine-saccharin.’

To account for nonideal mixing, Oliveira et al. measured the
dissolution of component crystals not in a pure solvent but one
containing the second component” such that the final solution
is the same as that formed by dissolving the co-crystal C,z.
Their procedure is thermodynamically equivalent to ours. In
their procedure, two measurements were performed to yield
the enthalpy of dissolving C, in a solvent that contains B,
AH, ), and the enthalpy of dissolving Cy in the solvent that
contains A, AHy), and the sum [AH,p) + AHgpy)] was
calculated. It is evident that the latter sum is the same as
AH,,,p) in eq 3, which in our proposal, would be measured in
a single dissolution experiment of the physical mixture (C, +
Cg) in the pure solvent. Thus, as long as the physical mixture is
stable against conversion to the co-crystal before testing, our
method would require one fewer measurement.

AH; = AH,(Ty) + AHR(T;) — AH,,p(T5)

B METHODS

R-Mandelic acids (RMA) and nicotinamide (NIC, the stable
polymorph®®) were purchased from Sigma-Aldrich (St. Louis, MO,
USA) and used as received. Anhydrous acetonitrile (Fisher Scientific,
Pittsburgh, PA, USA) was of the HPLC grade.

Powder X-ray diffraction was performed with a Bruker D8 Advance
diffractometer (Cu Ka radiation, voltage 40 kV, and current 40 mA).
Approximately 5 mg of powder was sprinkled on the surface of a zero-
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background silicon (510) sample holder and scanned from 2° to 40°
20 at a speed of 1.2°/min and a step size of 0.02°. Hot-stage
microscopy was performed with a Linkam THMS 600 hot-stage and
an Olympus BH2-UMA light microscope equipped with a digital
camera. Raman microscopy was performed with a Thermo Scientific
DXR Raman microscope and a 10 mW 532 nm laser and was used to
distinguish crystal polymorphs.

Differential scanning calorimetry (DSC) was conducted in Tzero
aluminum pans using a TA Instruments Q2000 unit under 50 mL/min
N, purge. In a typical measurement, 5—10 mg of sample was heated at
20 °C/min to 160 °C to measure the temperature and heat of melting,
cooled at 20 °C/min, and heated again at 10 °C/min to record the
glass transition temperature of the melt.

Fri§¢i¢ and Jones prepared a co-crystal of NIC and RMA (hereafter
polymorph 1) by liquid-assisted grinding."” In this study, polymorph 1
was also obtained by crystallizing a supercooled liquid of NIC and
RMA in 1:1 molar ratio. In this preparation, a liquid film (3 mg) was
formed between two coverslips by melting at 100 °C and cooling to 25
°C. The liquid crystallized spontaneously at 25 °C in 4 days, and the
product was found to be polymorph 1 by X-ray diffraction. Polymorph
1 was also obtained by solution crystallization with seeding. For this
purpose, a 2 mL acetonitrile (ACN) solution of NIC and RMA (both
at 1 M) was prepared at 60 °C, filtered through a S ym syringe filter,
and seeded at room temperature. The resulting crystals were filtered,
washed with ACN, and dried in vacuum.

A second polymorph (polymorph 2) of the NIC-RMA co-crystal
was discovered by crystallizing an ACN solution of NIC and RMA at a
1:1 molar ratio. The solution was evaporated at 25 °C to form a thick
transparent liquid and evacuated to dryness. The resulting crystals
showed a different X-ray diffraction pattern from polymorph 1. Later,
higher-quality crystals of polymorph 2 were precipitated from solution
by seeding. For this purpose, the same procedure described above for
the seeded crystallization of polymorph 1 was employed, except with
seeds of polymorph 2.

To prepare a physical mixture of NIC and RMA crystals, each
material was passed through a sieve with 250 ym openings. The sieved
powders were mixed in 1:1 molar ratio with a vortex mixer (Vortex
Genie K-550-G Mixer) at the maximum speed for 1 min. The final
mixture was analyzed by X-ray diffraction to ensure that it contained
only component crystals and no co-crystals and used immediately for
subsequent DSC analysis.

Single-crystal X-ray diffraction evaluation and data collection were
performed at 100 K on a Bruker SMART APEXII diffractometer with
Cu Ka (4 = 1.54178 A) radiation, and the crystal structure was solved
using a standard procedure (see Supporting Information for details).

B RESULTS AND DISCUSSION
Polymorphs of NIC-RMA Co-Crystals. Our crystallization

experiments reproduced the co-crystal of Fri§¢ié and Jones'’
and found a new polymorph. The XRD pattern of the new
polymorph differs from that of the known polymorph (Figure
1) and those of the component crystals (not shown). Single
crystals of the new polymorph were grown from a seeded ACN
solution and used for structural solution by X-ray diffraction
(Table 1). The XRD pattern simulated from the single-crystal
structure matches well with the powder XRD pattern of the
new polymorph (Figure 1). Hereafter we refer to the new
polymorph as “polymorph 2” and the previous polymorph
“polymorph 17.

Table 1 compares the structures of the two polymorphs of
NIC-RMA co-crystals. Polymorph 1 is monoclinic (space group
C2) with two symmetry-independent RMA molecules and two
symmetry-independent NIC molecules."” Polymorph 2 is
monoclinic (space group P2;) with one each symmetry-
independent molecule of NIC and RMA. Polymorph 1 is
slightly denser than polymorph 2, even at a higher temperature.
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Polymorph 2
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Polymorph 2
calculated
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Polymorph 1
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Figure 1. XRD patterns of NIC-RMA co-crystals. Bottom: Polymorph
1 (CSD: JILZOU)."” Top: Polymorph 2 (this work). Middle:
Simulated pattern from the crystal structure of polymorph 2 (Table 1).

Table 1. Crystal Structures of NIC-RMA Co-Crystals®

polymorph

1 (JiLzou)"’ 2
T, K 150(2) 100(1)
wavelength, A 0.71073 1.54178
crystal system monoclinic monoclinic
space group C2 P2,
description needle plate
crystal size, mm® 0.46 X 0.07 X 0.07 0.28 X 0.18 X 0.16
a, A 32.6557(9) 5.2406(3)
b, A 5.475(1) 10.0477(6)
o A 14.9264(5) 12.6006(7)
f, deg 99.400(1) 95.678(4)
volume, A3 2632.9(5) 660.24(7)
V4 8 2
pygem™ 1.384 1.380
4, mm™" 0.103 0.857
F(000) 1152 288
0 range, deg 3.77-27.43 3.52—-67.60
data/restraints/parameters 5§773/1/361 1235/1/183
S 1.12 1.011
R, 0.05S 0.0430
WR, for [I > 26(I)] 0.128 0.1138
R, 0.070 0.0472
wR, for all data 0.138 0.1174
A, e A3 min, max —0.295, 0.293 —0.248, 0.306

“Molecular formula: C;,H;,N,0,. Molecular weight: 274.27 g/mol.

To evaluate their structural difference, we calculated the
radial distribution functions (RDF) of molecular centers of
mass for both polymorphs (Figure 2). The RDF is one
descriptor of the local molecular environment in a crystal. The
RDF is to be calculated for each symmetry-independent
molecule and each chemical component in a co-crystal. Thus,
NIC-RMA polymorph 2 has three distinct RDFs (Figure 2):
NIC-NIC, which reports the distribution of NIC molecules
around an NIC molecule; RMA-RMA, the distribution of RMA
molecules around an RMA molecule; and NIC-RMA, the
distribution of RMA molecules around an NIC molecule (or
equivalently, NIC molecules around an RMA molecule). For
polymorph 1, there are more unique RDFs owing to its
symmetry-independent molecules. For simplicity, Figure 2
displays only the average RDFs for the NIC and RMA
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Figure 2. Radial distribution functions (RDF) of molecular centers of
mass in polymorphs 1 and 2 of NIC-RMA co-crystals.

Number of molecules
O =N W N

[ NN N

10

1

molecules in polymorph 1; the individual RDFs are reasonably
similar for the symmetry-independent molecules of NIC and
RMA.

The RDF analysis shows that for every molecule in an NIC-
RMA co-crystal, the nearest molecular neighbor is approx-
imately S A away. The spatial distributions of molecules in the
two polymorphs are significantly different. Within the first 10 A,
the NIC—NIC and RMA—RMA distances are more clustered in
polymorph 2 than in polymorph 1.

Another way to assess the structural difference between these
polymorphs is to compare their morphologies predicted by the
BFDH model. This model predicts the anisotropic growth of
crystals on the basis of the spacing between lattice planes.
According to this model, the crystals of polymorph 1 grow
more elongated than those of polymorph 2. This predicted
difference is consistent with our limited observations that
polymorph 1 forms needle-like crystals and polymorph 2 plate-
like ones. By this comparison, the structure of polymorph 1 is
more anisotropic than that of polymorph 2.

We next consider the differences in molecular conformation
between the co-crystal polymorphs. For NIC, conformational
flexibility is associated mainly with the torsion of the amide
group relative to the pyridine ring (6, in Scheme 1). In both
polymorphs, the amide group is rotated out of the pyridine
plane (6, # 0 or 180°) but in different directions (the signs of
0, are different; see Table 2). It is noteworthy that the NIC
conformations in NIC-RMA co-crystals differ from that in the
crystal of pure NIC, whose amide group is rotated nearly 180°
relative to the molecules in the NIC-RMA co-crystals.
According to Lemmerer et al,' the conformer in the pure
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Table 2. Torsional Angles of NIC-RMA Co-Crystals

NIC polymorph 1 polymorph 2 pure NIC*
0,, deg —143.0 (mol 1) 151.6 23.1
—167.5 (mol 2)
RMA polymorph 1 polymorph 2 pure RMA”
0,, deg —103.3 (mol 1) —106.0 —120.8 (mol 1)
—129.5 (mol 2) —122.5 (mol 2)
0y, deg 138.0 (mol 1) 104.8 149.2 (mol 1)
135.1 (mol 2) 98.2 (mol 2)

“Retrieved from CSD (NICOAMO2). 0, is defined in Scheme 1.
bCalculated from the crystal structure of S-mandelic acid (FEGHAA)
in CSD.** 6, and @, are defined in Scheme 1.

NIC crystal is close to the global minimum of the conforma-
tional energy curve relative to amide torsion, and those in the
NIC-RMA co-crystals are near a local minimum ca. 1 kcal/mol
higher in energy. Lemmerer et al. surveyed the changes of NIC
conformation as a result of co-crystallization with carboxylic
acids."

Conformational differences are also seen in the RMA
molecule between the NIC-RMA polymorphs. Table 2 shows
the relevant torsional angles 0, and 6; that define the RMA
conformations (see Scheme 1). The change of torsional angle is
especially pronounced in ;. Note, however, that similar
changes exist between the two symmetry-independent
molecules in the crystal of pure RMA. (We drew the last
conclusion from the structure of S-mandelic acid,** for the CSD
has no entry for RMA.)

The two polymorphs have different networks of hydrogen
bonds (Figure 3). In polymorph 1, two NIC molecules form an

Figure 3. Hydrogen bonds in NIC-RMA co-crystal polymorph 1 (top)
and polymorph 2 (bottom).

amide—amide R3(8) “homo-dimer”, and RMA molecules are
hydrogen-bonded to the NIC dimer through the carboxylic acid
group of RMA and the pyridine N of NIC. In polymorph 2,
NIC and RMA molecules hydrogen-bond to form R3(9)
“hetero-dimers” through the amide group of NIC and the a-
hydroxyl carbonyl group of RMA. These “hetero-dimers” are
further joined by hydrogen bonds (carboxylic acid H---pyridine
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N and hydroxyl O---amide anti-H; Figure 3, bottom) to form
infinite ribbons along b.

The hydrogen-bonded R3(9) “hetero-dimer” in polymorph 2
(Figure 3, bottom) is noteworthy in reference to the known
structures of the co-crystals containing NIC and carboxylic
acids. Of the 12 co-crystals formed by NIC and a
monocarboxylic acid in the CSD, 9 have the NIC-NIC R3(8)
“homo-dimer” (including polymorph 1'7), two have the R3(8)
“hetero-dimer” formed between the NIC amide group and the
carboxylic acid group, and one does not have any dimer
motif."”” To our knowledge, the R3(9) “hetero-dimer” in NIC-
RMA polymorph 2 is not present in other co-crystals
containing mandelic acid and an amide; for example, iso-
nicotinamide,” piracetam,*® (1R,3S)-camphoramic acid,*” and
NIC-RMA polymorph 1.

Relative Stability of the Polymorphs of NIC-RMA Co-
Crystals. Figure 4a shows the typical DSC traces of the two
polymorphs of NIC-RMA co-crystals (Cyp; and C,p,). Table 3
summarizes the relevant data from DSC measurements.
Thermogravimetric analysis shows no significant weight loss
for either polymorph up to 140 °C, indicating that the melting

Heat flow, W/g

(o

-100

1
-
(4]
o
T
1

-200

-250 -

Relative enthalpy, J/g

(:AB2
-300 |

100 120 140

Figure 4. (a) DSC melting endotherms of the NIC-RMA co-crystals
(Cagy and Cyp,, for the two polymorphs) and a physical mixture of the
crystals of NIC and RMA at 1:1 molar ratio (C, + Cg). A and B refer
to NIC and RMA, respectively. (b) Relative enthalpies of Cag;, Capy,
and (C, + Cy) obtained by integrating the heat-flow data in (a) from
the common liquid state of the three materials (starting from 140 °C).
The enthalpy of a co-crystal relative to the physical mixture is its
formation enthalpy AH;
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Table 3. Thermal Properties of NIC-RMA Polymorphs

phase T,, °C AH,,]J/g AH; J/g T, °C
polymorph 1 89.1 (02)* 1408 (04)  —23 (3) —3.1 (0.1)
polymorph 2 852 (0.2) 1284 (19)  —18 (3) —42(02)
C, (NIC) 1283 (0.1) 1970 (0.6) 0 b
Cy (RMA) 1317 (0.1) 1769 (0.6) 0 b
Ch+ Cy 0 27 (0.1)

“Reference 17 reports 89 °C. ng could not be measured due to
crystallization.

data are uncorrupted by thermal decomposition. The T, values
in Table 3 are the glass transition temperatures observed during
the second heating of the liquids produced by melting crystals.
The similar T, values indicate similar chemical compositions of
the crystalline samples before melting.

Polymorph 1 is higher melting and has higher enthalpy of
fusion than polymorph 2 (Table 3). The lower enthalpy of
polymorph 1 is consistent with its higher density, a correlation
observed for many polymorphic pairs.”® According to the heat
of fusion rule®® and thermodynamic calculations,” the two
polymorphs are monotropic, with polymorph 1 being more
stable than polymorph 2 at any temperature. We tested this
conclusion via polymorphic conversions. In the first experi-
ment, a liquid of NIC and RMA at 1:1 molar ratio was formed
between two coverslips and seeded with polymorphs 1 and 2 at
opposite sides by contact with seed crystals. Both polymorphs
grew into the liquid over time at room temperature. Viewed
between crossed polarizers, crystals of polymorph 1 were gray
and those of polymorph 2 were brighter and more colorful. The
polymorphs were also distinguishable by X-ray diffraction and
Raman microscopy. Polymorph 2 grew faster than polymorph
1; in some samples, polymorph 2 could be observed to grow
along the interface between the melt and polymorph 1 (Figure
Sa—c). This peculiar mode of crystal growth yielded samples
useful for determining the relative stability of polymorphs 1 and
2. It is significant that after polymorph 2 covered the growth
front of polymorph 1, the latter continued to grow in a different
fiber-like morphology (Figure 5d). The fibers were confirmed
to be polymorph 1 by Raman microscopy, and the surrounding
crystals polymorph 2. Although the faster-growing polymorph 2
consumed most of the liquid, the subsequent conversion
eventually transformed the sample to polymorph 1 in two
months at 23 °C. This conversion indicates that polymorph 1 is
more stable than polymorph 2.

In a second experiment to test the relative stability of
polymorphs 1 and 2, solvent-mediated conversion was
performed. Seeds of polymorph 1 (<1 mg) were added to a
suspension of polymorph 2 (40 mg) in 0.2 mL of ACN. At 23
°C, polymorph 2 converted to polymorph 1 over time. Thus,
observations of polymorphic conversion in both the solid state
and in liquid suspension indicate that polymorph 1 is more
stable than polymorph 2 near the ambient temperature. This
finding and the higher melting point and higher heat of fusion
of polymorph 1 are consistent with the prediction that the two
polymorphs are monotropic.

Formation Enthalpies of NIC-RMA Co-Crystals. To
obtain the formation enthalpies of NIC-RMA co-crystals, we
measured the enthalpy changes for melting the co-crystals and
the physical mixture of the component crystals (eq 2). For this
purpose, the heat-flow data in Figure 4a were integrated from a
common liquid-state temperature (140 °C) down to a common
solid-state temperature (20 °C). The results are shown in
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Figure S. (a—c) Simultaneous growth and transformation of NIC-
RMA co-crystal polymorphs 1 (1) and 2 (2). The same scale bar
applies to (a—c). (d) Enlarged view of the box in (c).

Figure 4b. The enthalpies of the co-crystals relative to the
physical mixture are their formation enthalpies. NIC being
polymorphic,” the physical mixture of NIC and RMA was
prepared to contain the stable NIC polymorph (CSD:
NICOAMO2), in accord with the thermodynamic convention
for evaluating formation enthalpies. Both co-crystal polymorphs
have lower enthalpies than the physical mixture of component
crystals: AH; = —23 (3) J/g for polymorph 1 and —18 (3) J/g
for polymorph 2. These values are consistent with those
reported for several co-crystals that contain saccharin.”

Figure 4a shows that upon heating, the physical mixture (C,
+ Cg) undergoes several thermal events en route to the liquid
state. These events could involve formation of co-crystals,
eutectic melting, and dissolution. It is noteworthy, however,
that the exact sequence of events is immaterial for our purpose
of determining the enthalpy of melting the physical mixture, so
long as the heat flow is integrated from the initial temperature
at which (C, + Cg) is solid (Ts) to the final temperature at
which the mixture is liquid (Ty). This conclusion follows the
path independence in calculating enthalpy changes. While
calorimetric error can increase when integrating over a wide
temperature range, such concerns diminish with the improved
baseline stability and precision of modern DSCs and can be
assessed objectively from the reproducibility of data.

The slopes of the liquid and solid portions in Figure 4b are
the respective heat capacities reported by the DSC instrument
(TA Instruments Q2000) operating in the standard mode. The
instrument is capable of more accurate determination of heat
capacities, but we made no effort to do so because for the
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purpose of determining AHj, a constant shift of heat capacity
only rotates the set of curves in Figure 4b and does not change
the AHg values.

For our method to be valid, the physical mixture of
component crystals must not react to form co-crystals before
DSC analysis. Such stability was confirmed for all the physical
mixtures by XRD prior to DSC. The significantly different DSC
traces of the physical mixtures from those of the co-crystals
(Figure 4a) also indicate no substantial transformation to co-
crystals. Finally, consecutive measurements of the same physical
mixture showed no significant changes of melting enthalpies,
again suggesting the mixture was stable.

DSC measurements were performed to measure the enthalpy
of mixing the liquids of NIC and RMA, AH_;,. We did so to
assess whether it is necessary to correct for nonideal mixing in
calculating formation enthalpies of co-crystals via thermody-
namic cycles and, in particular, whether measurements are
needed with the physical mixture of component crystals as
opposed to the pure component crystals. Figure 6a shows the

-2

-4

(o]

Heat flow, W/g

Cs
-8

80 100 120 140 160

-
(4, o
o o

o

L L ,
o o o
=) S o

-200

Relative enthalpy, J/g

N
a
<)

80 100 140 160

T,°C

Figure 6. (a) DSC melting endotherms of NIC crystals (C,), RMA
crystals (Cy), and their physical mixture at 1:1 molar ratio. (b) Relative
enthalpies of liquid NIC (L,), liquid RMA (Lg), and their solution L,g
obtained by integrating the heat-flow data in (a) from 20 °C. The
enthalpy of mixing NIC and RMA liquids is the enthalpy of L,y
relative to the average enthalpy of the component liquids (L, and Ly)
weighted according to the 1:1 molar ratio.
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melting endotherms of the crystals of NIC, the crystals of
RMA, and their physical mixture at 1:1 molar ratio. Because
physically mixing NIC and RMA crystals is expected to have
negligible change in enthalpy, the enthalpy of mixing for NIC
and RMA liquids can be obtained by integrating the three
endotherms in Figure 6a from a common solid-state temper-
ature (20 °C) to a common liquid-state temperature (160 °C).
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If AH,,;, = 0, the enthalpy of the NIC-RMA solution (L, in
Figure 6b) would lie between those of the pure liquids (L, and
Lg). In contrast, L,y is substantially below L, and Lg. Our data
yield AH,;, = —49 (4) J/g for mixing liquid NIC and RMA at
160 °C at 1:1 molar ratio.

The significant enthalpy of mixing for liquid NIC and RMA
makes it necessary to account for this effect in calculating their
co-crystals’ formation enthalpies via thermodynamic cycles. In
other words, eqs 2 and 3 are preferred over eqs 4 and 5, unless
the latter are modified as by Oliveira et al. to account for
nonideal mixing.9 Without correction for nonideal mixing, our
data in Figures S and 6 would lead to positive formation
enthalpies for the NIC-RMA co-crystals.

It is of interest to compare the enthalpy of formation for a
co-crystal AH; and the enthalpy of mixing for the liquid
components AH_ ;. AH; is the enthalpy change for the solid-
state reaction C, + C = C,p (eq 1); AH,,, is the enthalpy
change for the liquid-state reaction L, + Ly = L. For the NIC-
RMA system, AH; and AH,;, are both negative (reactions are
exothermic), indicating the mixed state has lower energy than
the separated state. For this system, AH; is approximately half
AH,;, although we note that the two values were measured at
different temperatures (30 and 160 °C). Work is in progress to
measure liquid heat capacities to obtain AH,; at the same
temperature at which AH; is measured. It might be instructive
to systematically compare AH; and AH,;, for co-crystallizing
systems to learn the extent to which the stability of a co-crystal
is ascribable to favorable enthalpy of mixing in the liquid state.
To this end, the method described here may prove useful for
collecting data on both AH; and AH_;,.

B CONCLUSION

Co-crystals provide an opportunity to improve solid-state
properties for pharmaceuticals and other materials. We have
studied the co-crystallization of nicotinamide (NIC) and R-
mandelic acid (RMA), a member of the class of co-crystals
containing NIC and carboxylic acids. We report a new
polymorph of the NIC-RMA co-crystal and propose a
procedure for determining the formation enthalpies of co-
crystals. In this procedure, enthalpy changes are measured for
the melting (or dissolution) of a co-crystal and the physical
mixture of its component crystals. Because the two processes
arrive at the same liquid, the difference of their enthalpy
changes is the co-crystal’s formation enthalpy. For NIC-RMA
co-crystals, the error in calculated formation enthalpies is
substantial from neglecting nonideal mixing in the liquid state,
and the error is likely significant for other co-crystal systems
and must be taken into account in calculating their formation
enthalpies via thermodynamic cycles.

In our calorimetric method, the enthalpy changes are
measured for the transformation of a co-crystal and a physical
mixture of component crystals to the same physical state. The
use of a physical mixture of component crystals, as opposed to
the pure component crystals, automatically corrects for
nonideal mixing in the liquid state in calculating the co-crystal’s
formation enthalpy. While we have implemented the method
with a temperature-scanning calorimeter to measure heats of
melting (eq 2), one can do so with an isothermal calorimeter to
acquire heats of solution (eq 3). Regardless of its
implementation, this method has the potential of providing
thermodynamic data for understanding the stability and
prediction of co-crystals. For example, the data can be used
to validate computer models for calculating the formation
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energies of co-crystals and to extract empirical structure—
energy relations.

In future studies, it would be of interest to apply the
calorimetry method to series of co-crystals in which the
components are systematically varied. By doing so, one can
probe the molecular factors that influence the formation and
stability of co-crystals. Also valuable would be a systematic
comparison of the enthalpies of co-crystal formation and the
enthalpies of liquid-state mixing, both quantities readily
obtained using our method, to learn whether the thermody-
namics of liquid mixing can help understand the stability of co-
crystals. Finally, it is desirable to determine the free energies of
formation of co-crystals, which requires that the entropy effect
be included: G = H — TS. Such efforts would extend to general
co-crystal systems the methods for measuring free-energy
differences between racemic compounds and conglomerates of
resolvable enantiomers.*®*' The free energies of formation
define the thermodynamic stability of co-crystals relative to
their component crystals and manufacturing conditions under
which co-crystals are favored. In advancing the science of co-
crystals, thermodynamic studies are a valuable complement to
structural and kinetic investigations.
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