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ABSTRACT: Meloxicam is a nonsteroidal anti-inflammatory drug with low aqueous solubility and high permeability
prescribed for indications of arthritis, primary dysmenorrhea, fever, and pain. In this contribution, we apply crystal engineering
and the supramolecular synthon approach to prepare novel meloxicam cocrystal forms with various pharmaceutically
acceptable or toxicologically qualified carboxylic acids. As a result, 19 pharmaceutical cocrystals including one cocrystal of a
salt are synthesized by solid-state and solutionmethods. All resulting cocrystals are characterized byX-ray diffraction, infrared,
and thermal analyses. In particular, crystal structures of six meloxicam cocrystals are determined and reported, namely,
meloxicam 3 1-hydroxy-2-naphthoic acid cocrystal (1), meloxicam 3 glutaric acid cocrystal (2), meloxicam 3 L-malic acid cocrystal
of a salt (3), meloxicam 3 salicylic acid cocrystal form III (4), meloxicam 3 fumaric acid cocrystal (5), andmeloxicam 3 succinic acid
cocrystal (6). The supramolecular assembly of each cocrystal is analyzed and discussed. It is observed that the meloxicam dimer
is robust since this motif is observed in five out of six meloxicam cocrystal structures that have been determined. As part of the
continuous development, the resulting meloxicam cocrystal forms will be further investigated to explore improved physico-
chemical and pharmacological properties.

1. Introduction

Crystal form selection for oral delivery of active pharma-
ceutical ingredients (APIs) remains a high priority for the
pharmaceutical industry.1 In general, pharmaceutical crystal
forms are preferred by developers and regulatory authorities,
because crystallization tends to afford highly pure products
that are superiorwith respect to reproducibility and scalability.1

Moreover, a unique crystalline form may exhibit distinctive
physicochemical properties and could in turn affect the dis-
solution, manufacturing, physical stability, permeability, and
oral bioavailability of an API.2,3 Thus, it is apparent that
selection of an appropriate crystal form for downstream deve-
lopment and processing is of primary importance in pharma-
ceutical development.4

A typical crystal form selectionprocess comprises twostages
of development after a target API molecule has been selected:
discover as many pharmaceutical crystal forms as possible;
then examine the physicochemical properties of the newly
discovered crystal forms. At the stage of crystal form discov-
ery, two primary approaches are used. The more straightfor-
ward approach is largely based on trial-and-error (e.g., high-
throughput crystal form screening) and has been implemented
to discover crystal forms including, but not limited to, salts,3

hydrates,5 solvates,6 and, more recently, cocrystals.7,8 The
alternative approach for crystal form discovery is the supra-
molecular synthon approach,9 which recognizes supramole-
cular synthons10 as a design tool and can be more selective,
time-efficient, and cost-effective. The supramolecular synthon
approach uses crystal engineering11 to carefully analyze the
relevant supramolecular arrangements that an API might

exhibit by utilizing the Cambridge Structural Database
(CSD)12 and effectively prioritizes all possible guest molecules
for crystal form screening of drugs. Such an approach can be
generally effective11b,d-i but has found particular success in
generating pharmaceutical cocrystals.9,13

Pharmaceutical cocrystals are defined as multiple compo-
nent crystals inwhichat least one component ismolecular anda
solid at room temperature (the coformer) and forms a supra-
molecular synthon with a molecular or ionic API.14 A given
API may form cocrystals with numerous pharmaceutically
acceptable or toxicologically qualified materials, and these
cocrystals could exhibit enhanced solubility,9,15,16 stability to
hydration, or compressibility.17 Therefore, pharmaceutical
cocrystals represent an opportunity to diversify the number
of crystal forms of a given API and in turn fine-tune or even
customize its physicochemical properties without the need for
chemical (covalent) modification. In addition, the supramole-
cular synthon approach can be implemented by various co-
crystal preparative methods such as solution, slurry, grinding,
or melt.18,19 NumerousAPIs that exhibit undesirable solubility
or stability and possess multiple hydrogen-bonding sites have
been (or potentially can be) studied in the context of cocrystal-
lization.15,20 As one of these potential APIs, meloxicam is identi-
fied and is of interest for cocrystallization.

Meloxicam, 4-hydroxy-2-methyl-N-(5-methyl-2-thiazolyl)-
2H-1,2-benzothiazine-3-carboxamide-1,1-dioxide, is a non-
steroidal anti-inflammatorydrug (NSAID) andanantipyretic
drug used for indications of rheumatoid and osteoarthritis,21

postoperative pain,22 and fever.23 Meloxicam is effective in
relieving various types of pain and causes fewer side effects
thanotherNSAIDs.24Comparedwithother drugs in the same
class such as piroxicam, meloxicam is preferred due to its
ability to selectively inhibit cyclooxygenase-2 (COX-2).25

Originally developed by Boehringer Ingleheim, meloxicam is
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marketed in Europe under the brand namesMelox or Recoxa
and in the U.S. as Mobic. Meloxicam is available as an oral
tablet (7.5 or 15 mg dose) and as an oral suspension (7.5 mg/
5 mL dose).

Meloxicam is a yellow solid that is practically insoluble in
water (0.012mg/mL, 25 �C)26 and is considered aClass II drug
(i.e., a low-solubility and high-permeability drug) by the
Biopharmaceutics Classification System (BCS).27Meloxicam
is very slightly soluble in various organic solvents26 and has
variable aqueous solubility related to its pH-dependent ioniza-
tion states. Under acidic conditions, meloxicam is present in
solution in its cationic form, while in basic solutions it is present
in its anionic form. When the molecule is neutral in charge,
meloxicam will either be in its zwitterionic or enolic form,
depending on the polarity of the solvent.28,29 The different
ionization states of meloxicam are shown in Scheme 1.

Due to its low solubility under acidic and neutral conditions,
theTmax (time to reachmaximum concentration) of meloxicam
in thehumanbody is typically 4-6hours,while it can takemore
than 2 hours for the drug to reach its therapeutic concentration
in humans.30 The slow onset of meloxicam prevents meloxicam
from its potential application for the relief of mild or medium
level acute pain. To accelerate its onset of action, various
complexes of meloxicam have been prepared and evaluated
with respect to aqueous solubility, resulting in cyclodextrin
inclusion complexes,31 various solvates,26 ethanolamine,32 am-
monium, and sulfate salts,28 ormetal complexeswith potassium
and calcium.33 Preparation of polymorphic crystal forms of
meloxicam29 has also been attempted to improve its dissolution
profile.34 Five polymorphic forms of meloxicam have been
reported in the literature.29 The stability and potential for
solid-phase interconversion between various meloxicam poly-
morphic forms has not been investigated.35 Despite all the
efforts that have been taken, a faster onset dosage form for oral
administration of meloxicam remains unknown to date. Only
very recently did Myz et al.36 report the preparation of two
pharmaceutical cocrystals employing maleic acid and succinic

acid. Interestingly, pharmaceutical cocrystals of piroxicam,
an API with a similar molecular structure to meloxicam
(i.e., piroxicam possesses a pyridyl group rather than a thiazole
group), have been reported and are used as a reference for this
study.37Clearly, pharmaceutical cocrystallization ofmeloxicam
represents a promising approach to diversify the novel crystal
forms, which can then be used to improve the relevant aqueous
solubility and accelerate the onset of action for mild or medium
level pain relief. In this contribution, we use the supramolecular
synthon approach to effectively prioritize all available cofor-
mers and systematically prepare and characterize a variety of
meloxicam cocrystals with carboxylic acids.

2. Materials and Methods

2.1. Materials.Meloxicam was purchased from Jai Radhe Sales,
India, with a purity of 99.64% and was used without further
purification. All other chemicals were supplied by Sigma-Aldrich
and used without further purification.

2.2. Synthesis of Cocrystals 1-19.Meloxicamwas reactedwith 18
selected coformers: 1-hydroxy-2-naphthoic acid, glutaric acid,
L-malic acid, salicylic acid, fumaric acid, succinic acid, maleic acid,
malonic acid, gentisic acid, 4-hydroxybenzoic acid, adipic acid,
(þ)-camphoric acid, glycolic acid, benzoic acid, DL-malic acid, hydro-
cinnamic acid, ascorbic acid, and L-tartaric acid. All coformers
(Tables 1 and 2) except ascorbic acid and L-tartaric acid produced
at least onemeloxicam cocrystal form. The cocrystallization attempts
resulted in 19 crystal forms,manyofwhichwereprepared viamultiple
synthetic techniques including solvent-drop grinding18 and slurrying.
Single crystals suitable for X-ray diffraction were successfully pre-
pared for six of the 19 cocrystals (1-6).

Synthesis of Meloxicam 3 1-Hydroxy-2-naphthoic Acid (1:1)
Cocrystal (1). (a) Solvent-drop grinding: 0.176 g (0.501 mmol) of
meloxicam was ground with 0.0957 g (0.508 mmol) of 1-hydroxy-2-
naphthoic acid and 40 μL of tetrahydrofuran (THF) for 30 min in a
ball-mill. Cocrystal 1 was generated in ca. 100% yield. (b) Slurry:
0.700 g (1.99 mmol) of meloxicam and 0.391 g (2.07 mmol) of
1-hydroxy-2-naphthoic acid were slurried at ca. 250 rpm in 3 mL of
THF overnight sealed under ambient conditions. The resulting solid
was filtered and washed with THF. Cocrystal 1 was obtained in ca.
90% yield. (c) Solution Crystallization: 0.0176 g (0.0501 mmol) of

Scheme 1. Enolic, Anionic, Cationic, and Zwitterionic Forms of Meloxicam
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meloxicam and 0.0095 g (0.0505 mmol) of 1-hydroxy-2-naphthoic
acid were dissolved in 10 mL of ethyl acetate and left to slowly
evaporate. Cocrystal 1 was obtained in ca. 93% yield.

Synthesis of Meloxicam 3Glutaric Acid (1:1) Cocrystal (2). (a)
Solvent-drop grinding: 0.179 g (0.511mmol) ofmeloxicamwas ball-
milled with 0.0699 g (0.529 mmol) of glutaric acid and 40 μL of
chloroform for 30 min, producing 2 in ca. 100% yield. (b) Slurry:
0.892 g (2.54 mmol) of meloxicam and 0.351 g (2.66 mmol) of
glutaric acid were slurried at ca. 250 rpm in 3 mL of ethyl acetate
overnight sealed under ambient conditions. The resulting solid was
filtered and washed with ethyl acetate. Cocrystal 2 was made in
ca. 96%yield. (c) Solution crystallization: 0.0194 g (0.0552mmol) of
meloxicam and 0.159 g (1.20 mmol) of glutaric acid were dissolved
in 2mLof ethyl acetate and left to slowly evaporate. Cocrystal 2was
isolated in ca. 89% yield.

Synthesis of Meloxicam 3 L-Malic Acid (1:1:1) Cocrystal of a Salt

(3). (a) Solvent-drop grinding: 0.176 g (0.501 mmol) of meloxicam
was ground together with 0.0361 g (0.269mmol) of L-malic acid and
40 μL of THF for 30 min in a mechanical ball-mill. Cocrystal 3 was
generated in ca. 100% yield. (b) Slurry: 0.897 g (2.55 mmol) of
meloxicam and 0.182 g (1.36 mmol) of L-malic acid were slurried at
ca. 250 rpm in 3 mL of THF overnight sealed under ambient
conditions. The resulting solid was filtered and washed with THF
and afforded a ca. 92% yield of 3. (c) Solution crystallization:
0.0214 g (0.0609 mmol) of meloxicam and 0.0416 g (0.301 mmol) of
L-malic acid were dissolved in 2 mL of a 1:1 mix of 1,4-dioxane and
ethyl acetate and left to slowly evaporate. The resulting single
crystals of 3 were isolated in ca. 82% yield.

Synthesis of Meloxicam 3Salicylic Acid (1:1) Cocrystal Form III

(4). (a) Solvent-drop grinding: 0.174 g (0.495 mmol) of meloxicam
was ball-milled with 0.0724 g (0.524 mmol) of salicylic acid and
40 μL of ethyl acetate for 30 min. Cocrystal 4 was synthesized in
ca. 100%yield. (b) Slurry: 0.876 g (2.49mmol) ofmeloxicamand0.350 g
(2.53 mmol) of salicylic acid were slurried at ca. 250 rpm in 2 mL of

THFovernight sealed under ambient conditions. The resulting solid
was filtered and washed with THF. Cocrystal 4 was isolated in ca.
84% yield. (c) Solution crystallization: 0.0226 g (0.0643 mmol) of
meloxicam and 0.0787 g (0.570 mmol) of salicylic acid were dis-
solved in 8 mL of a 6:2 mixture of ethyl acetate and 1,4-dioxane and
left to slowly evaporate. Single crystals of 4 (ca. 33% yield) grew
concomitantly with meloxicam form I and salicylic acid.

Synthesis of Meloxicam 3Fumaric Acid (2:1) Cocrystal (5). (a)
Solvent-drop grinding: 0.088 g (0.250mmol) ofmeloxicamwas ball-
milled with 0.015 g (0.129 mmol) of fumaric acid and 50 μL of THF
for 30 min, generating 5 in ca. 100% yield. (b) Slurry: 0.880 g (2.50
mmol) of meloxicam and 0.150 g (1.29 mmol) of fumaric acid were
slurried at ca. 250 rpm in 3 mL of THF overnight sealed under
ambient conditions. The resulting solid was filtered and washed
with THF. Cocrystal 5 was isolated in ca. 81% yield. (c) Solution
crystallization: 0.100 g (0.284 mmol) of meloxicam and 0.330 g
(0.284 mmol) of fumaric acid were dissolved in 9 mL of a THF and
left to slowly evaporate resulting in single crystals of 5 (ca. 31%
yield).

Synthesis of Meloxicam 3Succinic Acid (2:1) Cocrystal (6). (a)
Solvent-drop grinding: 0.088 g (0.250mmol) ofmeloxicamwas ball-
milled with 0.015 g (0.127 mmol) of succinic acid and 50 μL of THF
for 30min, generating6 in ca. 100%yield. (b) Slurry: 0.880g (2.50mmol)
ofmeloxicamand0.150g (1.27mmol) of succinicacidwere slurriedat ca.
250 rpm in 3 mL of THF overnight sealed under ambient conditions.
The resulting solidwas filteredandwashedwithTHF.Cocrystal 6was
isolated in ca. 78% yield. (c) Solution crystallization: 0.100 g (0.284
mmol) of meloxicam and 0.017 g (0.142 mmol) of succinic acid was
dissolved in 10 mL of 1:1 THF and left to slowly evaporate. Single
crystals of 6 (ca. 55%yield) grew concomitantlywithmeloxicam form
I and succinic acid.

Synthesis ofMeloxicam 3Salicylic Acid (1:1)Cocrystal Form I (7).
(a) Solvent-drop grinding: 0.177 g (0.504 mmol) of meloxicam was
ball-milled with 0.0675 g (0.489 mmol) of salicylic acid and 40 μL of

Table 1. Molecular Structure, pKa,
49,50 ΔpKa, and Melting Point Values for Meloxicam and Coformers That Form Cocrystals 1-6
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THF for 30min.Cocrystal 7was isolated in ca. 100%yield. (b) Slurry:
0.871 g (2.47mmol) ofmeloxicamand 0.352 g (2.55mmol) of salicylic
acidwere slurried at ca. 250 rpm in 2mLofmethanol overnight sealed
under ambient conditions. The resulting solid was filtered andwashed
with methanol. Cocrystal 7 was obtained in ca. 91% yield.

Synthesis of Meloxicam 3Salicylic Acid (1:1) Cocrystal Form II

(8). (a) Solvent-drop grinding: 0.175 g (0.498 mmol) of meloxicam
was ball-milled with 0.0705 g (0.510 mmol) of salicylic acid and
40 μL of chloroform for 30 min, generating 8 in ca. 100% yield. (b)
Slurry: 0.869 g (2.47mmol) ofmeloxicamand 0.356 g (2.58mmol) of
salicylic acid were slurried at ca. 250 rpm in 2 mL of chloroform
overnight sealed under ambient conditions. The resulting solid was
filtered and washed with chloroform. Cocrystal 8 was isolated in
ca. 89% yield.

Synthesis of Meloxicam 3Maleic Acid (1:1) Cocrystal (9). (a)
Solvent-drop grinding: 0.175 g (0.498 mmol) meloxicam was ball-
milled with 0.058 g (0.498 mmol) of maleic acid and 40 μL of THF
for 30 min, generating 9 in ca. 100% yield. (b) Slurry: 0.750 g (2.13
mmol) of meloxicam and 0.248 g (2.13 mmol) of maleic acid were
slurried at ca. 250 rpm in 2 mL of THF overnight sealed under
ambient conditions. The resulting solid was filtered and washed
with the same solvent employed for the slurry. Cocrystal 9 was
isolated in ca. 92% yield. Cocrystal 9 can also be synthesized via
ethyl acetate slurry.

Synthesis of Meloxicam 3Malonic Acid (1:1) Cocrystal (10). (a)
Solvent-drop grinding: 0.175 g (0.498mmol) ofmeloxicamwas ball-
milled with 0.052 g (0.498 mmol) of malonic acid and 40 μL of THF
for 30 min, generating 10 in ca. 100% yield. (b) Slurry: 0.900 g

Table 2. Molecular Structures, pKa,
49,51 ΔpKa, and Melting Point Values for Coformers That Form Cocrystals 7-19
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(2.56 mmol) of meloxicam and 0.266 g (2.56 mmol) of malonic acid
were slurried at ca. 250 rpm in 2 mL of THF overnight sealed under
ambient conditions. The resulting solid was filtered and washed
with THF. Cocrystal 10 was isolated in ca. 88% yield.

Synthesis of Meloxicam 3Gentisic Acid (1:1) Cocrystal (11). (a)
Solvent-drop grinding: 0.175 g (0.498mmol) ofmeloxicamwas ball-
milled with 0.077 g (0.498 mmol) of gentisic acid and 40 μL of
chloroform or THF for 30 min, generating 11 in ca. 100% yield. (b)
Slurry: 0.850 g (2.41mmol) ofmeloxicamand 0.373 g (2.41mmol) of
gentisic acid were slurried at ca. 250 rpm in 2 mL of chloroform
overnight sealed under ambient conditions. The resulting solid was
filtered and washed with the same solvent employed for the slurry.
Cocrystal 11 was isolated in ca. 85% yield. Cocrystal 11 can also be
synthesized via slurry in ethyl acetate.

Synthesis of Meloxicam 3 4-Hydroxybenzoic Acid (1:1) Cocrystal
(12). Solvent-drop grinding: 0.175 g (0.498mmol) ofmeloxicamwas
ball-milled with 0.069 g (0.498 mmol) of 4-hydroxybenzoic acid and
40 μL of THF for 30 min, generating 12 in ca. 100% yield.

Synthesis of Meloxicam 3Adipic Acid (2:1) Cocrystal (13). (a)
Solvent-drop grinding: 0.088 g (0.250 mmol) of meloxicam was
ball-milled with 0.018 g (0.123 mmol) of adipic acid and 50 μL of
THF for 30 min, generating 13 in ca. 100% yield. (b) Slurry: 0.880 g
(2.50 mmol) of meloxicam and 0.180 g (1.23 mmol) of adipic acid
were slurried at ca. 250 rpm in 3 mL of THF overnight sealed under
ambient conditions. The resulting solid was filtered and washed
with THF. Cocrystal 13 was isolated in ca. 80% yield.

Synthesis of Meloxicam 3 (þ)-Camphoric Acid (1:1) Cocrystal

(14). Solvent-drop grinding: 0.175 g (0.498 mmol) of meloxicam
was ball-milled with 0.100 g (0.498 mmol) of (þ)-camphoric acid
and 40 μL of THF for 30 min, generating 14 in ca. 100% yield.

Synthesis of Meloxicam 3 (þ)-Camphoric Acid (3:2) Cocrystal

(15). Slurry: 0.700 g (1.99 mmol) of meloxicam and 0.266 g (1.33
mmol) of (þ)-camphoric acidwere slurried at ca. 250 rpm in 4mLof
chloroform overnight sealed under ambient conditions. The result-
ing solid was filtered andwashedwith chloroform. Cocrystal 15was
isolated in ca. 91% yield.

Synthesis of Meloxicam 3Glycolic Acid (1:1) Cocrystal (16). (a)
Solvent-drop grinding: 0.175 g (0.498mmol) ofmeloxicamwas ball-
milled with 0.038 g (0.498 mmol) of glycolic acid and 40 μL of
chloroform for 30 min, generating 16 in ca. 100% yield. (b) Slurry:
0.950 g (2.70 mmol) of meloxicam and 0.206 g (2.70 mmol) of
glycolic acid were slurried at ca. 250 rpm in 2 mL of ethyl acetate
overnight sealed under ambient conditions. The resulting solid was
filtered and washed with ethyl acetate. Cocrystal 16 was isolated in
ca. 92% yield.

Synthesis of Meloxicam 3Benzoic Acid (1:1) Cocrystal (17). (a)
Solvent-drop grinding: 0.176 g (0.501 mmol) of meloxicam was ball-
milled with 0.061 g (0.500mmol) of benzoic acid and 50 μLof THF for
30min, generating17 in ca. 100%yield. (b) Slurry: 0.176g (0.501mmol)

ofmeloxicam and 0.061 g (0.500mmol) of benzoic acidwere slurried at
ca. 250 rpm in 3 mL of ethyl acetate overnight sealed under ambient
conditions. The resulting solid was filtered and washed with ethyl
acetate. Cocrystal 17 was isolated in ca. 81% yield.

Synthesis of Meloxicam 3 DL-Malic Acid (2:1) Cocrystal (18). (a)
Solvent-drop grinding: 0.088 g (0.250mmol) ofmeloxicamwas ball-
milled with 0.017 g (0.127mmol) of DL-malic acid and 50 μLof THF
for 30 min, generating 18 in ca. 100% yield. (b) Slurry: 0.880 g (2.50
mmol) of meloxicam and 0.170 g (1.27 mmol) of DL-malic acid were
slurried at ca. 250 rpm in 3 mL of THF overnight sealed under
ambient conditions. The resulting solid was filtered and washed
with THF. Cocrystal 18 was isolated in ca. 79% yield.

Synthesis of Meloxicam 3Hydrocinnamic Acid (1:1) Cocrystal

(19). (a) Solvent-drop grinding: 0.176 g (0.501 mmol) of meloxicam
was ball-milled with 0.075 g (0.499 mmol) of hydrocinnamic acid
and 50 μL of THF for 30 min, generating 19 in ca. 100% yield. (b)
Slurry: 0.702 g (2.00mmol) ofmeloxicamand 0.300 g (1.99mmol) of
hydrocinnamic acid were slurried at ca. 250 rpm in 3 mL of ethyl
acetate overnight sealed under ambient conditions. The resulting
solid was filtered and washed with ethyl acetate. Cocrystal 19 was
isolated in ca. 78% yield.

2.3. Crystal Form Characterization. Single-Crystal X-ray Dif-

fraction. Quality single crystals for X-ray diffraction were obtained
for six compounds. Attempts to crystallize 7-19 did not afford
crystals suitable for single-crystal X-ray crystallographic analysis.
Single crystal analysis for 1-3 was performed on a Bruker-AXS
SMART APEX CCD diffractometer with monochromatized Mo
KR radiation (λ = 0.710 73 Å) connected to a KRYO-FLEX low-
temperature device, while data for 4-6 were collected using Cu KR
radiation (λ= 1.54178 Å). Data for 1, 2, 5, and 6 were collected at
100 K. Data for 3 and 4 were collected at 293 K (Table 3). Lattice
parameters were determined from least-squares analysis, and reflec-
tion data were integrated using SAINT.38 Structures were solved by
direct methods and refined by full matrix least-squares based on F2

using the SHELXTL package.39 All non-hydrogen atoms were
refined with anisotropic displacement parameters. All hydrogen
atoms bonded to carbon, nitrogen, and oxygen atoms were placed
geometrically and refined with an isotropic displacement parameter
fixed at 1.2Uq of the atoms to which they were attached. Hydrogen
atoms bonded to methyl groups were placed geometrically and
refined with an isotropic displacement parameter fixed at 1.5Uq of
the carbon atoms.

Powder X-ray Diffraction (PXRD). Cocrystals 1-19 were char-
acterized using aD-8 Bruker X-ray powder diffractometer using Cu
KR radiation (λ = 1.54178 Å), 40 kV, 40 mA. Data were collected
over an angular range of 3�-40� 2θ value in continuous scan mode
using a step size of 0.05� 2θ value and a scan rate of 5�/min.

Calculated PXRD. Calculated PXRD diffractograms were gen-
erated from the single-crystal structures of 1-6 using Mercury

Table 3. Crystal Structure Parameters for Cocrystals 1-6

1 2 3 4 5 6

chemical formula C14H13N3O4S2 3
C11H8O3

C14H13N3O4S2 3
C5H8O4

C14H14N3O4S2 3
C14H13N3O4-
S2 3C4H5O5

C14H13N3O4S2 3
C7H6O3

C14H13N3O4S2 3
C14H13N3O4-
S2 3C4H4O4

(C14H13N3O4S2)2 3
C4H6O4

formula weight 539.57 483.51 836.88 489.51 818.86 820.88
cryst syst triclinic triclinic triclinic monoclinic triclinic triclinic
space group P1 P1 P1 P21/c P1 P1
a (Å) 6.938(3) 7.181(2) 7.278(2) 11.0844(5) 7.145(5) 7.2315(4)
b (Å) 11.997(5) 8.439(3) 8.550(2) 11.8433(5) 8.475(5) 8.4994(5)
c (Å) 15.107(6) 18.364(6) 15.150(4) 16.4532(7) 15.088(9) 14.9383(8)
R (deg) 112.838(5) 80.737(4) 84.115(3) 90 82.250(9) 82.741(4)
β (deg) 92.889(6) 85.464(4) 81.617(4) 97.386(3) 81.368(9) 80.061(3)
γ (deg) 95.816(6) 70.865(4) 70.489(3) 90 70.519(9) 70.313(4)

vol (Å3) 1147.4(8) 1037.2(6) 877.6(4) 2141.99(16) 848.1(7) 849.21(8)
Dcalcd (g cm-3) 1.562 1.548 1.583 1.518 1.603 1.605
Z 2 2 1 4 1 1
reflns collected 5872 5390 4334 11932 4399 5052
independent reflns 4079 3688 3037 3532 3031 2719
obsd reflns 3249 3298 1620 2659 2298 1871
T (K) 100 100 293 293 100 100
R1 0.0511 0.0338 0.0663 0.0433 0.0451 0.0463
wR2 0.1200 0.0894 0.1138 0.1103 0.1067 0.0845
GOF 1.058 1.049 0.986 1.010 0.995 0.995
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2.2 (Cambridge Crystallographic Data Centre, UK) for the follow-
ing complexes and compared with the pattern obtained for the
corresponding bulk sample.

Differential Scanning Calorimetry (DSC). Differential scanning
calorimetry was performed on a Perkin-Elmer Diamond DSC with
a typical scan range of 25-280 �C, scan rate of 10 �C/min, and
nitrogen purge of ca. 30 psi.

Fourier Transform Infrared Spectroscopy (FT-IR). FT-IR analy-
sis was performed on a Perkin-Elmer Spectrum 100 FT-IR spectro-
meter equipped with a solid-state ATR accessory.

3. Results and Discussion

3.1. The Supramolecular Synthon Approach.As previously
mentioned, a key step in generating pharmaceutical cocrys-
tals is to analyze the target API from a crystal engineering
perspective, to evaluate how the target molecule would form
supramolecular synthons. This methodology partitions the
target molecule by its functional groups and statistically40

examines the percentage of occurrence of supramolecular
homo- and heterosynthons for these functional groups. The
targeted supramolecular synthons are typically sustained via
hydrogen bonds because they are strong and directional in
nature. This method is particularly beneficial because most
APIs tend to be rich in functional groups that are capable of
forming strong hydrogen bonds.

Polymorphic form I41 of meloxicam (refcode SEDZOQ)
indicates that meloxicam molecules form supramolecular
chains that are sustained by sulfonyl-amide and sulfathiazole-
alcohol supramolecular heterosynthons, as shown in Figure 1.
The chains are held together by various weak interactions,
stacking along the a-axis in a slipped fashion. Thus for melox-
icam cocrystallization, one or all of these supramolecular syn-
thon motifs must be interrupted.37

3.1.1. CSD Analysis. A CSD analysis42 was conducted to
examine the occurrence of supramolecular synthon forma-
tion of the amino-azole functionality (five-membered ring
containing a nitrogen and primary amine) with carboxylic
acid, primary amide, and alcohol moieties. It was noted that
many of the searches for the amino-azole moiety coupled
with an additional functional group consisted of a relatively
small number of entries. Any conclusions from the data
might therefore be statistically insignificant. Therefore
further CSD analysis was conducted employing a simple
azole (five-membered ring containing one nitrogen atom and
at least one additional heteroatom). The reliability of supra-
molecular heterosynthon versus homosynthon formation

between an azole and a carboxylic acid, primary amide,
and alcohol were examined using the CSD. Due to the
inability of the azole to form a supramolecular synthon with
itself, only the homosynthon formation of the carboxylic
acid, primary amide, and alcohol moieties in the presence of
an azole was examined. Meanwhile, it was noted that when
the pKa difference (ΔpKa, ΔpKa = pKa(base) - pKa(acid))
between meloxicam and a carboxylic acid coformer is sig-
nificant, the coformer could protonate meloxicam and form
a carboxylate salt. With this in mind, carboxylate-azole
interactions were also searched in the CSD. The analysis
showed that the azole-carboxylic acid and azole-alcohol
supramolecular heterosynthons are persistent (see Supporting
Information).

3.1.2. Selection of Meloxicam Coformers. Based on the
statistical success rate of supramolecular heterosynthon for-
mation between azoles and carboxylic acids, a meloxicam
cocrystal screen with acidic coformers that are pharmaceu-
tically acceptable or toxicologically qualified was conducted.
The focus of the studywas rather narrow in scope anddid not
include coformers that only possessed alcohol moieties
despite the potential for interaction based upon the CSD
statistics. Meloxicam was thereby reacted with 1-hydroxy-2-
naphthoic acid, glutaric acid, L-malic acid, salicylic acid,
fumaric acid, succinic acid, maleic acid, malonic acid, gen-
tisic acid, 4-hydroxybenzoic acid, adipic acid, (þ)-camphoric
acid, glycolic acid, benzoic acid, DL-malic acid, hydrocin-
namic acid, ascorbic acid, and L-tartaric acid. All coformers
except ascorbic acid and L-tartaric acid produced at least one
cocrystal. The cocrystallization attempts resulted in 19 crystal
forms; namely,meloxicam 3 1-hydroxy-2-naphthoic acid cocrys-
tal, meloxicam 3 glutaric acid cocrystal, meloxicam 3 L-malic acid
cocrystal of a salt,meloxicam 3 salicylic acid cocrystal forms I, II,
and III,meloxicam 3 fumaric acid cocrystal,meloxicam 3 succinic
acid cocrystal, meloxicam 3maleic acid cocrystal, meloxicam 3
malonic acid cocrystal, meloxicam 3 gentisic acid cocrystal,
meloxicam 3 4-hydroxybenzoic acid cocrystal, meloxicam 3 adipic
acid cocrystal, meloxicam 3 (þ)-camphoric acid cocrystal (1:1),
meloxicam 3 (þ)-camphoric acid cocrystal (3:2), meloxicam 3
glycolic acid cocrystal, meloxicam 3 benzoic acid cocrystal,
meloxicam 3DL-malic acid cocrystal, and meloxicam 3 hydrocin-
namic acid cocrystal.

3.2. Crystal Structure Descriptions. 3.2.1. Meloxicam 3
1-Hydroxy-2-naphthoic Acid (1:1) Cocrystal, 1. Meloxicam 3
1-hydroxy-2-naphthoic acid cocrystal (1) crystallizes in the

Figure 1. Meloxicam supramolecular chains sustained by sulfonyl-amide dimers and sulfathiazole-alcohol supramolecular synthons.
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space group P1. The asymmetric unit contains one meloxicam
and one 1-hydroxy-2-naphthoic acid molecule. The primary
supramolecular unit comprises two meloxicam molecules and
two 1-hydroxy-2-naphthoic acid molecules with the inversion
center located in the center of the meloxicam dimer (Figure 2).
Themeloxicamdimer is a commonmotif found in the structure
of variousmeloxicam cocrystals and is sustained by two planar
meloxicam molecules interacting via electrostatic interactions
between the alcohol, ketone, and sulfathiazole moieties. It is
observed that meloxicam sustains intramolecular alcohol-
ketone interactions and binds to the neighboring meloxicam
via an S 3 3 3OH interaction at a distance of 3.111 Å to form
the meloxicam dimer. The exterior of the meloxicam dimer
hydrogen bonds to two 1-hydroxy-2-naphthoic acid molecules
via two-point recognition carboxylic acid-thiazole/NH inter-
actions [forO2-H2 3 3 3N1,O 3 3 3N2.563(3) Å,H 3 3 3N1.728 Å,
O-H 3 3 3N 172.19�; for N2-H2N 3 3 3O1, N 3 3 3O 2.902(3) Å,
H 3 3 3O 2.026 Å, N-H 3 3 3O 166.48�]. This two-point supra-
molecular heterosynthonmotif is quite robust since it is found
in all crystallographically characterized cocrystal forms re-
ported herein. The hydroxyl group of 1-hydroxy-2-naphthoic
acid adjacent to the carboxylic acid moiety is involved in
intramolecular hydrogen bonding, which is expected based
uponEtter’s rules.43 The overall packing, illustrated inFigure 3,
is sustained by the primary supramolecular units of melox-
icam and 1-hydroxy-2-naphthoic acid that stack upon each
other along the a-axis in a slipped fashion with an inter-
planar spacing of 3.630 Å.

3.2.2. Meloxicam 3Glutaric Acid (1:1) Cocrystal, 2. The
asymmetric unit of the meloxicam 3 glutaric acid cocrystal (2)
comprises one meloxicam and one glutaric acid molecule
(Figure 4). Cocrystal 2 crystallizes in the space groupP1. The
meloxicam centrosymmetric dimer, which is again present in

2, is sustained by an S 3 3 3OH interaction between two planar
meloxicammolecules with a distance of 3.213 Å. In addition,
an intramolecular OH 3 3 3O hydrogen bond is also observed
on meloxicam. Interestingly, glutaric acid utilizes one of its
carboxylic acid moieties to form a centrosymmetric carboxylic
acid dimer [O4-H4 3 3 3O3:O 3 3 3O2.641(2) Å,H 3 3 3O1.801 Å,
O-H 3 3 3O 177.76�] with a neighboring glutaric acid. The other
carboxylic acid moiety of glutaric acid hydrogen bonds to the
adjacent meloxicam molecule, resulting in the unexpected 1:1
stoichiometry. The carboxylic acid-azole supramolecular het-
erosynthon dimer is sustained by hydrogen bond interactions
that afford the common two-point recognition motif. The
OH 3 3 3N and NH 3 3 3O interactions are shown in Figure 4 [for
O2-H2O 3 3 3N1, O 3 3 3N 2.6675(19) Å, H 3 3 3N 1.831 Å,
O-H 3 3 3N 173.96�; for N2-H2N 3 3 3O1, N 3 3 3O 2.838(2) Å,
H 3 3 3O 1.979 Å, N-H 3 3 3O 164.95�]. The supramolecular
homosynthon and heterosynthon dimers ultimately result in
the formationof a zigzag supramolecular chain that cuts through
the ac-plane. The chains, which stack along the a-axis, are
separated by a distance of 3.465 Å. Figure 5 highlights the close
packing of multiple chains with meloxicam dimers and glutaric
acid dimers disposed in a columnar arrangement. The
C1-C2-C3-C4 torsion angle of glutaric acid in 2 is atypical.
It is noted that the C1-C2-C3-C4 torsion angle in both
polymorphs of pure glutaric acid is ca. 170�, whereas in 2 this
torsion angle is 52.97�.ACSDsearch for additional glutaric acid
cocrystals afforded multiple hits. Among those, glutaric acid
with smaller torsion angles occurs in only two other cocrystals,
that is, caffeine 3 glutaric acid cocrystal (refcode EXUQUJ) and
theophylline 3 glutaric acid cocrystal (refcode XEJXIU), which
exhibit torsion angles of 79.34� and 65.18�, respectively.

3.2.3. Meloxicam 3 L-Malic Acid (1:1:1)Cocrystal of a Salt,
3. The asymmetric unit of the meloxicam 3 L-malic acid

Figure 2. A supramolecular unit formed by meloxicam and 1-hydroxy-2-naphthoic acid in 1.

Figure 3. Packing of four supramolecular layers in 1.
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cocrystal of a salt (3) contains one meloxicam cation, one
neutral meloxicam, and one L-malate anion. Cocrystal 3
could therefore be considered a cocrystal of a salt and

crystallizes in the space group P1. Based upon the value of
ΔpKa (Table 1), it was unexpected that L-malic acid
could protonate meloxicam. In 3, the meloxicam dimer is

Figure 5. Packing of supramolecular chains in 2.

Figure 6. Supramolecular synthons in 3 showing a neutral and cationic meloxicam and an anionic L-malate.

Figure 4. Supramolecular arrangements of meloxicam and glutaric acid dimers in 2.
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comprised of one cation and one neutral meloxicam and is
sustained by two S 3 3 3OH interactions with S 3 3 3O distances
of 3.231 and 3.294 Å (Figure 6). Cocrystal 3 is also sustained
by the L-malate anion acting as a bridge to connect the melox-
icam dimers, ultimately forming a supramolecular chain. The
L-malatebridgeprotonates the sulfathiazole ringviaO-

3 3 3HNþ

interactions [for O1 3 3 3H1N-N1, O-
3 3 3N 2.686(17) Å,

H 3 3 3O 1.831 Å, O 3 3 3H-N 173.33�; for O2 3 3 3H22N-N2,
O 3 3 3N 2.948(16) Å, H 3 3 3O 2.111 Å, O 3 3 3H-N 164.78�] and
hydrogenbonds to the sulfathiazoleof theneutralmeloxicamvia
OH 3 3 3N and NH 3 3 3O interactions [for O4-H4O 3 3 3N4,
O 3 3 3N 2.732(17) Å, H 3 3 3N 1.915 Å, O-H 3 3 3N 173.45�; for
O5 3 3 3H5A-N5, O 3 3 3N 2.831(17) Å, H 3 3 3O 1.989 Å,
O-H 3 3 3N 166.48�]. The supramolecular chains exhibited by 3
are reminiscentof those seen in2. L-Malateandmeloxicamadopt
a three-dimensional (3D) arrangement that comprises chains
stacking parallel along the a-axis with a separation distance of
3.562 Å (centroid to plane), as shown in Figure 7.

3.2.4. Meloxicam 3Salicylic Acid (1:1) Cocrystal Form III, 4.

The supramolecular unit of meloxicam 3 salicylic acid cocrystal
form III (4) comprises one molecular meloxicam and one
molecular salicylic acid, shown in Figure 8. Cocrystal 4 crystal-
lizes in the space groupP21/c. Salicylic acid andmeloxicam are
associated by a supramolecular heterosynthon between the
carboxylic acid and the sulfathiazole/NH moieties. The inter-
actions of carboxylic acid with sulfathiazole/NH moiety in-
clude the OH 3 3 3N hydrogen bond [O2-H2O 3 3 3N1, O 3 3 3N
2.619(3) Å, H 3 3 3N 1.807 Å, O-H 3 3 3N 170.36�] and the
NH 3 3 3O hydrogen bond [N2-H2N 3 3 3O1, N 3 3 3O 2.968(3)
Å, H 3 3 3O 2.133 Å, N-H 3 3 3O 163.78�]. This hydrogen bond-
ing motif generates a discrete unit containing one meloxicam
and one salicylic acid molecule. In addition, intramolecular
hydrogen bonding is observed on salicylic acid between theOH
moiety and the carboxylic acid. Supramolecular units compris-
ing meloxicam and salicylic acid in 4 translate along the 21
screw axis at a dihedral angle of 88.27� (Figure 9). Interestingly,
themeloxicamdimer does not exist in 4 because themeloxicam
molecules are perpendicular to adjacent meloxicam molecules.
Cocrystal 4 is the only cocrystal reported herein that does not
exhibit the meloxicam dimer. Two other meloxicam 3 salicylic
acid cocrystal polymorphs (form I and form II) were also
isolated, but single crystals suitable for single-crystal XRD
analysis were not obtained.

3.2.5. Meloxicam 3Fumaric Acid (2:1) Cocrystal, 5. The
asymmetric unit of the meloxicam 3 fumaric acid cocrystal
(5), which crystallizes in the space group P1, contains two

meloxicam molecules and one fumaric acid molecule. In 5,
themeloxicamdimer persists and links to adjacent dimers via
fumaric acid molecules, creating an infinite supramolecular
chain (Figure 10). The supramolecular heterosynthon compris-
ing carboxylic acid and sulfathiazole/NH moieties is observed
between fumaric acid and meloxicam. Both O-H 3 3 3N and
NH 3 3 3O hydrogen bonds are observed [O22-H22O 3 3 3N3,
O 3 3 3N 2.68(3) Å, H 3 3 3N 1.821 Å, O-H 3 3 3N 174.39�;
N2-H2N 3 3 3O21, N 3 3 3O 2.857(4) Å, H 3 3 3O 1.976 Å,
N-H 3 3 3O 160.49�]. The supramolecular chain of meloxicam
and fumaric acid exhibited in 5 is again similar to those
observed in 2 and 3. Clearly, the use of dicarboxylic acids with
similar molecular structure orients meloxicam and coformers
similarly in the crystal lattice (Figure 11).

3.2.6. Meloxicam 3Succinic Acid (2:1) Cocrystal, 6. Pre-
paration of the meloxicam 3 succinic acid cocrystal (6) by
solvent-drop grinding has been recently reported butwithout
determination of its crystal structure.36 The calculated
PXRD of 6 based upon our single-crystal structure data
matches that of the previously reported PXRD. Cocrystal 6
crystallizes in the space group P1 with the asymmetric unit
containing one meloxicam molecule and half a succinic acid
molecule. The crystal structure of 6 reveals that the melox-
icam dimers are associated with adjacent dimers by succinic
acid molecules forming infinite supramolecular chains
(Figure 12). Similar to previous meloxicam cocrystal struc-
tures, the primary intermolecular interactions of 6 are hydro-
gen bonds between meloxicam and succinic acid via the

Figure 7. Stacked layers of 3. L-Malate anions are highlighted in green.

Figure 8. Two-point recognition supramolecular synthon in 4.
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carboxylic acid to sulfathiazole/NH supramolecular hetero-
synthon. The OH 3 3 3N and NH 3 3 3OdC hydrogen bonds
are involved [O7-H7 3 3 3N3, O 3 3 3N 2.863(4) Å, H 3 3 3N
1.847 Å, O-H 3 3 3N 173.63�; N2-H2 3 3 3O6, N 3 3 3O
2.849(4) Å, H 3 3 3O 1.993 Å, N-H 3 3 3O 164.32�]. The supra-
molecular chains of meloxicam and succinic acid in 6 are
reminiscent of the supramolecular chains found in 2, 3, and 5
(Figure 12). As shown inFigure 13, supramolecular chains of
succinic acid and meloxicam stack with an interplanar spa-
cing of 3.386 Å. As a result of an overall packing comparison
betweenmeloxicam cocrystal structures, it is observed that 3,
5, and 6 are isostructural.

3.2.7. Meloxicam Cocrystals 7-19. Cocrystals 7-19 were
prepared from solution or solid-state grinding methods.
However, the absence of structural data for 7-19 is the
result of unsuccessful solution-based growth of single crys-
tals. Nevertheless, polycrystalline powders of 7-19 were

characterized by PXRD, FT-IR, and thermal techniques.
Even without the single-crystal XRD data, the stoichiome-
tries of 7-19 were determined as exemplified by 9.

The PXRD and FT-IR profiles of 9 were provided in the
literature, but the stoichiometry of meloxicam and maleic
acid in 9 was not disclosed. Based on the potential supra-
molecular interactions of meloxicam, the most likely stoi-
chiometry ofmeloxicamand coformer in 9 is either 1:1 or 1:2.

In order to determine the stoichiometry of 9, THF slurries
of physical mixtures of meloxicam and maleic acid in molar
ratios of 2:1, 1:1, and 1:2 were performed at room tempera-
ture overnight. From each slurry experiment, the solid
crystalline powder was separated, washed with THF and
dried for characterization. The absence of pure maleic acid,
water, or THF was confirmed based on the DSC analysis
upon all three solid powders from slurries. PXRDcharacteri-
zation indicated that the solids generated from the 1:1 and

Figure 10. Supramolecular synthons observed in 5.

Figure 9. Supramolecular units comprising meloxicam and salicylic acid translating along the 21 screw axis.
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1:2 slurries were identical to the cocrystal form reported by
Myz et al.36 In contrast, the 2:1 slurry produced a physical
mixture of meloxicam form I and the cocrystal. Further 1H
NMR analysis (400MHz, d6-DMSO) on solids from 1:1 and
1:2 slurries confirmed that the stoichiometry of meloxicam
and maleic acid in 9 is 1:1 (see Supporting Information).

3.2.8. Meloxicam Crystal Forms: Cocrystals or Salts? Phar-
maceutical cocrystals and salts are well-defined and are typi-
cally classified as distinct subsets of crystal forms. Whether
novelmeloxicamcrystal formsgeneratedby the17 coformers in
this study are cocrystals or salts has also been investigated. For
crystal forms with single-crystal XRD data (i.e., 1-6), the
conclusion that 1-6 are cocrystals was drawn in a relatively
simple and reliable manner. However, it was less straightfor-
ward to identify whether 7-19 are cocrystals or salts.

The pKa values for meloxicam are 1.09 and 4.18.44 The
value of 1.09 is associated with the enolic OH group, while
the value of 4.18 is linked to the nitrogen atom on the
sulfathiazole ring. The enolic OH is much less accessible
from a crystal engineering perspective because it is involved
in intramolecular hydrogen bonding to the neighboring
ketone or NH moieties. In contrast, the nitrogen atom on
the sulfathiazole ring is the primary target for cocrystal or
salt formation, because it could potentially sustain a supra-
molecular synthon with various hydrogen bond donors.

ΔpKa is widely accepted as the key to predicting whether a
salt or cocrystal formwill form.45,46 It is generally considered
that, ifΔpKa<0, the resulting compoundwill be a cocrystal,
whereas the result is typically a salt if ΔpKa >3. For
the region of ΔpKa between 0 < ΔpKa < 3, our ability to

Figure 12. Supramolecular synthons observed in 6.

Figure 13. Supramolecular layers stacking in 6.

Figure 11. Supramolecular layers stacking in 5.
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predict whether the resulting complex will be neutral or
charged is limited.46 Indeed, half of the ΔpKa values re-
ported herein fall into the range of 0 < ΔpKa < 3. How
canone identifywhether7-19are cocrystals or salts, especially
where the FT-IR spectra may not provide adequate
information?

TheΔpKa values of cocrystals 1-6were used as a reference
to determine whether 7-19 are cocrystals or salts. As shown
in Table 1, 4 possesses the largest value of ΔpKa at 1.21, and
proton transfer was not observed between meloxicam and
salicylic acid. Although the molecular arrangement of various
coformers may have an influence to the electron distribution
and protonation of meloxicam, with the single-crystal XRD
data of 1-6, it is reasonable to assert that all coformers
involved in this study with ΔpKa close to or less than 1.21
would potentially produce a cocrystal rather than a salt with
meloxicam.47 Based on this, with the exception of 9, all crystal
forms prepared in this study can be identified as meloxicam
cocrystals (Table 2). However, 9 remained questionable, be-
causemaleic acid exhibits aΔpKa of 2.25. Further investigation
into the FT-IR spectrum of 9 was performed to identify the
position of the proton. The carbonyl group of maleic acid in 9

exhibits a distinct peak at 1716 cm-1, indicating that the
carboxylic acid group is neutral rather than negatively
charged.48 Therefore, proton transfer does not occur between
meloxicam and maleic acid, and 9 is a cocrystal of meloxicam
and maleic acid.

4. Conclusions

Considering the enormous impact of pharmaceutical co-
crystals upon crystal form diversity and the resulting oppor-
tunity to customize the physicochemical properties of APIs, it
is unlikely that the relevance of crystal forms to drug delivery,
intellectual property, and regulatory control will diminish in
the near future. The science of crystal form selection will
continue to evolve. In this context, meloxicamwas selected as a
case study to demonstrate how coformers can generate phar-
maceutical cocrystals with the potential to improve the phar-
macokinetic properties and the onset-of-action of the API.
The supramolecular synthon approach afforded 19 cocrystals
with pharmaceutically acceptable or toxicologically qualified
carboxylic acids.

The use of multiple preparative techniques for almost all
meloxicam cocrystals in this study would indicate that large-
scale manufacturing of those cocrystals would be feasible
shouldone of these cocrystals exhibit desiredpharmacological
properties. Among the 19 cocrystals reported herein, crystal
structures of six (1-6) were determined. A salient feature in
1-6 is the two-point recognition carboxylic acid-azole/NH
supramolecular heterosynthon.Aprominent aspect of 1-3, 5,
and 6 is the presence of the meloxicam dimer. The meloxicam
molecules in 4, however, are juxtaposed such that the melox-
icam dimer is absent. As part of the continuous crystal form
selection process, all meloxicam cocrystals obtained in this
study will be tested further via dissolution studies and in vivo
pharmacokinetic studies.
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