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Muscle relaxant and pain reliever metaxalone (MET) is a biopharmaceutical classification systems (BCS) class

II drug with poor aqueous solubility and high permeability. The presence of an aromatic skeleton and cyclic

carboxamate moiety are the probable reasons for the decreased aqueous solubility, which impacts on its

low bioavailability. A high dose (800 mg) of the drug often creates adverse side effects on the central

nervous system that needs urgent remedy. Cocrystallization of MET with nicotinamide (NAM),

salicylamide (SAM), and 4-hydroxybenzoic acid (HBA) resulted in multicomponent solids that were

characterized by PXRD, DSC and single crystal X-ray diffraction. Cocrystals with SAM and NAM form 2D

isostructural cocrystals, whereas with HBA the result is a differently packed cocrystal hydrate (or anisole

hemisolvate) depending upon the crystallization medium. Similar to the reported MET cocrystals, these

cocrystals also confirm the preference for an imide/imide homosynthon in the drug. The dominance of

the drug–drug homodimer over drug-coformer heterodimers was demonstrated based on binding

energy calculations. Further, powder dissolution experiments in pH 6.8 phosphate buffer indicate that

the cocrystals improved the apparent solubility compared to the native drug by 3–9 fold. The absence of

stronger heterosynthons between MET and the coformers, their lower melting points and the high

solubility of the coformers are the probable reasons for the enhanced solubility of the bioactive

component. The MET–NAM cocrystal exhibited the highest solubility/dissolution rate among the three

binary solid forms, which may offer improved bioavailability and a lower dose with minimal side effects.
Introduction

Pharmaceutical cocrystals involving an active ingredient with
a generally regarded as safe (GRAS) molecule offer tuning of
drug properties ranging from solubility, permeability and
bioavailability to clinical efficacy.1 Following the regulatory
approval from US-FDA (2013, 2018) and EMA (2015), four
pharmaceutical cocrystals (ipragliozin–L-proline, ertugli-
ozin–L-pyroglutamic acid, escitalopram–oxalate and chloral–
betaine) and four drug–drug cocrystals (valproic acid and val-
proate sodium, valsartan sodium and sacubitril sodium,
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diphenhydramine and 8-chlorotheophylline, and Antipyrin and
hypnotic chloral hydrate) have been commercialized till date.1d

Many more cocrystals are in the research and development
pipeline to enter into the market. Complying US-FDA guide-
lines, generic pharma industries need to ensure that the coc-
rystals must be dissociable and only the active ingredient needs
to reach the target site.2 Unlike suitability of salts to the ionized
species, cocrystals are applicable for both neutral and ionic
species.3 Oen cocrystals offer a dual advantage of solubility
and stability compared to the other solid forms.3a

Isostructurility indicates different components with similar
crystal packing. When closely related molecules like homologues
or phenylogues are introduced in the crystal lattice of a single
component, the corresponding binary system may exhibit close
packing.4 Isostructural cocrystals with similar structural blueprints
may exhibit modied pharmaceutically relevant properties due to
the presence of variable coformers and minor changes in their
conformations and packing features. Oen, isostructural cocrys-
tals have similar lattice parameters including space groups,
dened as isomorphs, which generally exhibit identical X-ray
diffraction pattern.4a,c These cocrystals can be exploited to posi-
tively modify drug properties by substituting a suitable coformer
without disturbing much of the crystal lattice similar to the
concept of drug-biomolecule (enzyme, receptor) binding.
RSC Adv., 2021, 11, 30689–30700 | 30689
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Fig. 1 Chemical diagrams of the native drug, metaxalone and
coformers discussed in this study.
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Metaxalone (chemical name: 5-[(3,5-dimethylphenoxy)
methyl]-2-oxazolidinone, MET hereaer Fig. 1), is a medica-
tion to relief moderate to strong muscle pain caused by strains,
sprains, and other musculoskeletal conditions.5a Its biological
action involves depression of central nervous system. Poor
solubility (91 mg L�1) and high intestinal permeability (log P
�2.3) of the drug falls in Biopharmaceutics Classication
System (BCS) class II category.5b Poor bioavailable drug, MET is
orally administered as 400 and 800 mg tablets under the brand
name Skelaxin. High dose (dose no, D0 35.2) of the drug
provokes side effects of potential central nervous system
particularly among the elder patients. MET tablets are generally
prescribed to be consumed along with food to enhance its
bioavailability. MET with non-ionizable functional groups like
carboxamate does not favour salt formation. Hence, cocrystal-
lization is one of the crystal engineering solution for the drug to
improve its solubility and pharmacokinetics.

Racemic MET crystallized as dimorphic systems (Forms A
and B), which are enantiotropically related.6a The recemic (R/S)
Form A of MET is commercially available. Recently, Bredikhin
et al. reported the crystal structure of pure S-MET, which is close
to Rec-Form A.6b In addition, the drug is reported to constitute
binary (1 : 0.5) cocrystals with dicarboxylic acids like maleic
acid, fumaric acid, succinic acid, adipic acid and salicylic acid
(1 : 1) in a patent and publication.7 All these cocrystal structures
have common motif of imide/imide homosynthon of MET
that conrms quite strong homodimer of the native drug, which
is difficult to break. In addition, MET forms lower melting
cocrystals with salicylamide, nicotinamide, isonicotinamide,
meta/para-hydroxybenzoic acids, out of which only MET–SAM
cocrystal structure with MET–MET homodimer was reported by
us.8a Lately, Aziz et al. reported two cocrystals of the drug with
saccharin and lactic acid with improved dissolution rate.8b

Those cocrystals were characterized by XRD, FT-IR, DSC and
SEM images. To search for alternate solid forms with MET–
coformer heterosynthon in order to enhance dissolution rate,
the crystal structures of MET cocrystals with NAM andHBA were
determined. The crystal structure of MET–NAM cocrystal was
conrmed from high resolution XRD data, whereas MET–HBA
cocrystal was structurally characterized using single crystal X-
ray diffraction. In addition, dissolution experiments were
carried out in pH 6.8 phosphate buffer medium to nd out the
suitable solid form with optimum solubility. NAM is a form of
vitamin B that is used as a dietary supplement and also to treat
pellagra.9 SAM is oen combined with aspirin and caffeine to
30690 | RSC Adv., 2021, 11, 30689–30700
treat as a pain relief drug.10 Besides, anti-oxidant properties,
HBA is also used as preservatives in the form of parabenes in
cosmetics and in ophthalmic solution.11 Due to the medicinal
importance of the coformers, the corresponding cocrystals may
be treated as drug–drug cocrystals that are highly demanding
due to their synergistic effect in drug properties and clinical
efficacy.12

Materials and methods

MET was procured from Lupin, Mumbai. Solvents were
commercially available and used as received without further
purication.

Preparation of cocrystals

MET–NAM (1 : 1). 221 mgMET (1 mmol) and 122 mg NAM (1
mmol) were ground in a mortar and pestle for 20 minutes using
a few drops of acetone. The nal solid ground material (50 mg)
was dissolved in 2 ml acetone and le for slow evaporation.
Because of unsuitable single crystals harvested from crystalli-
zation methods, corresponding cocrystal structure was deter-
mined using high resolution PXRD data. Melting point: 105–
107 �C.

MET–HBA (1 : 1) hydrate/solvate. The binary cocrystal was
prepared by grinding equimolar mixture of 221 mg MET (1
mmol) and 138 mg HBA (1 mmol) in a mortar and pestle for 20
minutes using a few drops of acetone. The ground material (50
mg) was dissolved in 2 ml methanol and le for slow evapora-
tion. The very ne bre like crystals (of hydrate) were obtained
from acetone, which were not suitable for X-ray diffraction.8a

Comparatively, diffraction quality needle crystals were har-
vested from anisole. In addition, the cocrystal was reproduced
by anisole assisted grinding and slurry experiments of MET and
HBA (1 : 1). Melting point: 115–117 �C.

Powder X-ray diffraction

Powder X-ray diffraction pattern of MET, coformer and their
ground mixture were recorded on a PANalytical X'Pert Pro X-ray
powder diffractometer. MET–HBA (1 : 1) anisole solvate was
compared with the calculated X-ray patterns of its crystal
structure, see Fig. S1, ESI.† Data collection was carried out at
room temperature using Cu-Ka1 radiation (1.5418 Å; 40 kV, 30
mA) as X-ray source in 2q continuous scan mode (Bragg–Bren-
tano geometry) in the range of 5 to 50� at a scan rate of 1� min�1

and time per step 0.5 s.

Thermal analysis

DSC (differential scanning calorimetry) of ground sample
(cocrystal) and the drug were performed on a Diamond DSC
Perkin Elmer-10 module. 2–3 mg of each sample was placed in
a crimped and vented aluminium sample pan and run at a heating
rate of 10 �C min�1 under dry N2 atmosphere. Enthalpy of fusion
was calculated from the integration of the area of themelting peak
and the interpolated baseline between the beginning and end of
the endotherm. A PerkinElmer Pyris-1 TGA (Thermogravimetric
analysis) instrument was employed by heating 10 mg sample of
© 2021 The Author(s). Published by the Royal Society of Chemistry
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MET–HBA (anisole) solvate in an open aluminium crucible in the
temperature range of 30–300 �C at 10� min�1.
Crystal structure from PXRD data

The crystal structure of MET–NAM was determined from
powder X-ray diffraction data measured at room temperature on
the Guinier-Huber camera G670 with curved germanium
monochromator (Cu-Ka1 radiation, l ¼ 1.54059 Å). The powder
X-ray pattern was indexed in a triclinic unit cell. The crystal
structure was solved in the space group P�1 with the use of
simulated annealing technique and rened (Rietveld rene-
ment) with the program MRIA following the known procedure
described by us earlier.13 All non-H atoms were isotropically
rened. H atoms were placed in calculated positions and
rened accordingly. The experimental and calculated diffrac-
tion proles aer the nal bond-restrained Rietveld renement
are shown in Fig. S1, ESI.† The crystal data, data collection and
renement parameters are summarized in Table 1.
Single crystal X-ray diffraction

Good quality single crystals (acicular morphology) of MET–HBA
cocrystal were harvested in anisole. One of the best quality single
crystal was mounted on a Bruker APEX-II CCD with graphite
monochromated Mo-Ka radiation (l ¼ 0.71073 Å) and exposed to
liquid nitrogen source tomaintain the crystal environment close to
Table 1 Crystallographic details for the MET cocrystals

MET–SAMa (1 : 1) MET–NAM (1 :

CCDC no. 1841404 2067490
Chemical formula C12H15NO3, C7H7NO2 C12H15NO3, C6H

Mr 358.39 343.38
Crystal system, space group Triclinic, P�1 Triclinic, P�1
T (K) 298(2) 295(2)
a (Å) 5.2373(5) 5.4865(7)
b (Å) 10.9485(11), 10.4664(12)
c (Å) 15.5370(16) 15.4477(15)
a, b, g (�) 83.000(6), 88.982(6),

81.834(6)
96.842(15), 90.3
97.911(14)

V (Å3) 875.29(15) 872.16(17)
Z 2 2
rcalc (g cm�3) 1.326 1.308
m (mm�1) 0.099 0.772
Radiation Mo Ka Cu Ka
Specimen shape, size (mm) 0.24 � 0.20 � 0.20 Flat sheet, 15 �
Data collection no. of
measured, independent and
observed reections

9342, 4010, 3442 —

q values (�) qmax ¼ 26.38, qmin ¼ 2.56, 2qmin ¼ 4.0, 2q
2qstep ¼ 0.01

Renement R factors, wR2,
goodness of t

0.0465, 0.1177, 1.045 Rp ¼ 0.0311, Rw
Rexp ¼ 0.0198, c

Method of structure
determination

SCXRD PXRD

a Note: lattice parameters of MET–SAMwas reported by us in ref. 8a. b In th
taken into account with the “SQUEEZE” procedure.

© 2021 The Author(s). Published by the Royal Society of Chemistry
100 K.14 The single crystal X-ray diffraction data were collected in
a full circle. Data reduction was performed using a Bruker SAINT
soware. Intensities for absorption were corrected using SADABS.
The crystal structure was solved by direct methods, and
SHELXS9715 and OLEX 2.0 (ref. 16) were utilized for structure
solution and least-squares renement. The non-hydrogen atoms
were rened anisotropically. Single crystal X-ray diffraction data,
data collection and structure renement details are summarized in
Table 1. The C–H atoms were xed at idealized positions and
rened with a riding-model approximation: C–H ¼ 0.95–1.00 Å
with Uiso(H) ¼ 1.5 Ueq (C-methyl) and 1.2 Ueq (C) for other H
atoms. The N–H and O–H hydrogens were located from the
difference Fourier map and rened further. Anisole solvent was
found to be highly disordered even at 100 K and SQUEEZE
procedure (using PLATON)17 was applied to obtain the most
accurate geometry of the cocrystal. A check of the nal CIF les
(CCDC no. 2067490, 2067491†) using PLATON did not show any
missed symmetry. Hydrogen bonding interactions were analysed
and nally calculated using the HTAB instruction in SHELXL18, see
Table 2. Mercury 3.9 soware was used to make molecular
graphics of the cocrystals.19
Computational details and methods

All the monomers and dimers of the complexes were optimized
using DFT-B3LYP with 6-311++G** basis set.20a Optimized
1)
MET–HBAb anisole
hemisolvate (1 : 1 : 0.5)

MET–HBA anisole
hemisolvate (1 : 1 : 0.5)
aer 3 months

2067491 —

6N2O C12H15NO3, C7H6O3, 0.5
(C7H8O)

C12H15NO3, C7H6O3, 0.5
(C7H8O)

413.44 413.44
Triclinic, P�1 Triclinic, P�1
100(2) 298(2)
5.1182(2) 5.1469(7)
13.3984(5) 13.5126(15)
14.4561(6) 14.6711(17)

03(11), 89.4000(10), 88.7370(10),
89.3480(10)

88.316(3), 87.943(4),
88.945(3)

990.98(7) 1019.1(2)
2 2
1.204 1.171
0.090 0.088
Mo Ka Mo Ka

1 0.30 � 0.20 � 0.16 0.30 � 0.20 � 0.16
32063, 6043, 5599 12037, 4388, 1924

max ¼ 80.0, qmax ¼ 30.5, qmin ¼ 2.82 qmax ¼ 30.2, qmin ¼ 2.93

p ¼ 0.0408,
2 ¼ 2.061

0.0539, 0.1733, 1.070 0.1895, 0.5647, 1.780

SCXRD SCXRD

e renement, scattering from the highly disordered anisolemolecule was

RSC Adv., 2021, 11, 30689–30700 | 30691
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Table 2 Normalized hydrogen bond parametersa

Cocrystals Hydrogen bonds D–H Å�1 D–H/A Å�1 < D–H/A/� Symmetry codes

MET–NAM N1–H1/O3 2.29 3.0707(4) 151 �x, 2 � y,1 � z
N2–H2A/O4 2.11 2.9670(4) 179 3 � x,1 � y,1 � z
N2–H2B/O3 2.20 3.0318(4) 161 1 + x, y, z

a Note: H bond parameters of MET–HBA (anisole) solvate are not summarized due to disordered solvent.
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geometries were used to study the strength of both homo and
hetero dimers at same level of theory. In addition, vibrational
harmonic frequency calculation was carried out to ensure the
minimum energy conformations of the all clusters. The binding
energy (BE) of the complexes are calculated using the supra-
molecular approach and corrected for basis set superposition
error (BSSE) employing the counterpoise (CP) procedure sug-
gested by Boys and Bernardi20b in eqn (1),

BE ¼ �
 
Ecomplex �

Xn
i¼1

Ei

!
(1)

where, Ecomplex is the total energy of the dimer, Ei is energy of
the monomer (i.e. MET, NAM, HBA). In order to quantify the
role of dispersion energy of these dimers, dispersion correction
term BEs (DFT-D3) was also included.20c All the electronic
structure calculations were performed using GAUSSIAN 16 and
Chemcra soware's were used for visualization.20d

Powder dissolution

In order to access dissolution prole of MET cocrystals with
NAM, SAM and HBA compared to the native drug, United State
Pharmacopoeia (USP) dissolution apparatus II (paddle method)
was employed on an Agilent 708-DS dissolution tester.
Following sieving through standard mess sieves of 200 mm,
metaxalone (200 mg) and its cocrystals (200 mg equivalent)
added into the 500 ml pH 6.8 phosphate buffer medium at
37 �C. The dissolution experiment was continued till 16 h with
the paddle rotation speed of 100 rpm, although saturation of
solubility was observed within 4 h. The aqueous solution was
collected at a denite time interval of 5, 10, 20, 30, 45, 60, 90,
120, 150, 180, 210, 240, 960 min and ltered through 0.45 mm
nylon lter. Finally the absorbance's of the solution was
measured at 217 nm using UV-Vis spectrophotometer to avoid
interference from the coformers (lNAM ¼ 260 nm, lSAM ¼
300 nm, lHBA ¼ 254 nm). The absorption coefficients of MET
and its cocrystals were determined from the slope of absor-
bances of known concentration. Final concentration of the drug
was calculated using Lambert–Beer's law.

Results and discussion

Absence of ionizable group in the drug assure the possibility of
cocrystals during multicomponent solid form screening. MET is
reported to form cocrystals with SAM, NAM and HBA.8a In this
communication, the cocrystal structures of MET–NAM (1 : 1)
and MET–HBA (1 : 1) with 0.5 eq. of anisole solvate are
30692 | RSC Adv., 2021, 11, 30689–30700
discussed including isostructurility with the reported MET–
SAM cocrystal, followed by their solubility improvement.

MET–NAM (1 : 1) cocrystal

The crystal structure was solved in triclinic P�1 space group with
one molecule each of MET and NAM in the asymmetric unit.
Similar to reported MET cocrystals with carboxylic acids and
amides,7a,8a both the drug and NAM form N–H/O hydrogen
bonded imide–imide (N1–H1/O3: 2.29, 3.07 Å, 150.8�) and
amide–amide (N2–H2A/O4: 2.11, 2.96 Å, 179.4�) centrosym-
metric hydrogen bonded homodimers of R2

2(8) ring. The
hydrogen bonding parameters indicate the stronger hydrogen
bonded NAM dimer than the MET imide dimer. These two
homodimers are integrated by the anti-NH group of NAM,
which constitute intermolecular N–H/O hydrogen bond (N2–
H2B/O3: 2.20, 3.03 Å, 161.4�) with the bifurcated carbonyl
group of the drug that is extended parallel to the b-axis, see
Fig. 2a. The tetramer containing phenyl rings of the drug
molecules and NAM dimer are placed in an acute angle of 56.5�.
Surprisingly, pyridine nitrogen atom of NAM does not involve in
any kind of hydrogen bonding neither with the drug nor the
coformer, similar to reported lesinurad–nicotinamide cocrys-
tal.13c In addition, C–H/p interactions (between phenyl CH of
drug and aromatic ring of NAM) further stabilizes the cocrystal
assembly via tetramer formation; see Fig. 2b. 3D packing viewed
down the crystallographic a axis indicates similar to a host–
guest assembly, wherein NAM dimer (orange circle) is sur-
rounded by MET hexamer; see Fig. 2c, which is identical to the
reported MET–SAM (1 : 1) cocrystal8a (Fig. S2, ESI†).

MET–HBA cocrystal (anisole hemisolvate)

Harvesting good quality single crystals of MET–HBA cocrystal
from methanol or acetone afforded nonstoichiometric hydrate
of the binary system, for which we could not able to harvest
suitable single crystals.8a Rather, suitable needle crystals were
obtained from anisole solvent via slow evaporation. The corre-
sponding crystal structure was solved in triclinic P�1 space group
and the asymmetric unit contains one molecule each of MET
and HBA along with half equivalent anisole solvent in highly
disordered state even at 100 K. Following removal of the
disordered (anisole) fragments using SQUEEZE, the cocrystal
packing exhibits voids with the volume of 120 Å3, where no
more than 8 atoms can t (15 Å3 per atom), that suggests
a possibility of anisole molecule, not water in the crystal lattice.
Therefore, the stoichiometry of the cocrystal is MET : H-
BA : anisole ¼ 1 : 1 : 0.5. Following SQUEEZE procedure, the
© 2021 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ra05959a


Fig. 2 (a) Hydrogen bonded MET–NAM (1 : 1) cocrystal, wherein two
homosynthons are bound by intermolecular N–H/O interactions. (b)
Auxiliary C–H/O/p interactions between MET and NAM to form
tetramer motif. (c) Host (MET)–guest (NAM) assembly of the cocrystal.

Fig. 3 (a) Hydrogen bondedMET–HBA cocrystal (anisole hemisolvate)
wherein two individual homodimers are bound by intermolecular
O–H/O interactions. (b) Stacking between the tetramer units of MET
and HBA. (c) 3D packing view of the anisole solvate down the a axis.
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most accurate geometry of the cocrystal was obtained with
crystal void dedicated for anisole molecule.21 The cocrystal
structure consists of drug–drug and acid–acid homosynthons of
R2

2(8) ring via hydrogen bonded imide–imide (N1–H1/O1:
1.99, 2.85 Å, 160.5�) and acid–acid (O6–H61/O4: 1.67, 2.62 Å,
166.6�) centrosymmetric dimers; see Fig. 3a. The hydrogen
bond distances suggest that stronger imide homodimer in the
drug is observed here than in the MET–NAM cocrystal. These
© 2021 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2021, 11, 30689–30700 | 30693
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two homodimers are interlinked by the hydroxyl group of HBA,
which constitutes intermolecular O–H/O hydrogen bond (O5–
H21/O1: 1.87, 2.67 Å, 172.9�) with the bifurcated carbonyl
group of the MET and extended diagonal to the ab-plane. The
phenyl ring containing planes of the drug and HBA homo-
dimers are arranged in an almost perpendicular fashion (84.4�).
A stepwise layer structure is formed by off-stacked (cg:cg ¼ 4.36
Å) between benzene ring of HBA and oxazolidinone ring of the
drug. In addition, C–H/p stacking interactions (H:cg¼ 2.56 Å)
between two METmolecules are observed in between the layers;
see Fig. 3b. A clear void of anisole solvate exists when viewed the
3D packing down the crystallographic a axis (Fig. 3c). The single
crystal (of cocrystal solvate) was found to be stable in a glass vial
for more than three months at ambient conditions as evidenced
by its identical lattice parameters, see Table 1. This indicates
that the oxygen atom of the anisole may involve in several
auxiliary interactions with the drug or coformers that renders
it's excellent stability. Possibility of partial hydrate formation
might be ruled out by examining the volume of the void as both
are quite close and little differences (991 and 1019 Å3) are
observed due to temperature variation.
Fig. 4 (a) XPac plot of interplanar angular deviation (dp/�, x axis) vs.
angular deviation (da/�, y axis) of the MET–NAM and MET–SAM coc-
rystal pair illustrating their 2D structural similarity with layers of
molecules match. (b) Molecular overlay diagram of MET in MET–SAM
(red) and MET–NAM (blue trace) reinforces their isostructurility.
Isostructurility of MET–NAM/SAM cocrystals

The 2D/3D isostructural multicomponent solids like cocrystals,
salts, solvates with the exchange of functional groups or
elements like CH3/Cl, CH/N, NH/OH, Cl/Br are well-known in
the literature.22 Lattice parameters of MET–NAM and MET–SAM
cocrystals are similar that suggest their isostructural packing,
see lattice parameters in Table 1. Hydrogen bonded motifs
involving imide–imide (drug) and amide–amide (coformer)
homosynthons and their 3D view of both MET–NAM and MET–
SAM cocrystals retain similarity; see Fig. 2 and S2, ESI.† Their
unit cell similarity index (P ¼ 0.0102) is very close to zero that
indicates the two units cells exist in similar shape and volume.23

Using XPac soware,24 cocrystal structural comparison was
carried out by introducing a coordination sphere of 14 mole-
cules around a central molecule using symmetric operations
related to the space group (P�1) of both the crystal structures.
Based on the angular (a), planar (p) and distance (d) relation-
ships, a total of 196 parameters were introduced between the
central kernel molecule and a surrounding molecule in the
cluster. Xpac analysis of the two cocrystals suggests the nearer
placement of the (da, dp) points to the origin of the system,
which further conrm their isostructurility, see Fig. S3, ESI.†
Similarity of these sets of parameters connects in the position of
molecules in the cluster and nally dimensionality of the
similarity was derived. In these two cocrystals, 10 MET molecules
were matched out of 14 nearest neighbours in the cluster that
suggests layer of molecule similarity. The corresponding dissimi-
larity index (X ¼ 5.6) suggests a supramolecular construct with 2D
isostructurility (Fig. 4a). The amide coformers such as NAM and
SAM are structure wise very similar except additional ortho
hydroxyl group in the latter, which takes part in an intramolecular
hydrogen bonding with the amide carbonyl. Themolecular overlay
of the drug conformers inMET–NAM andMET–SAM cocrystal pair
further support their isostructurility, see Fig. 4b Hence, it was
30694 | RSC Adv., 2021, 11, 30689–30700
expected that the corresponding cocrystals may display iso-
structurility. On the other hand, HBA is quite different from the
amide coformers in terms of functional groups and their orienta-
tions that resulted different structural cocrystal.
Molecular conformations

Metaxalone crystallized as Form A (Z0 ¼ 2, two symmetry inde-
pendent molecules) and Form B (Z0 ¼ 1), in which oxazolidi-
none ring is highly exible compared to the planar 3,5-
dimethylphenoxymethyl fragment.6a In fact, one of the conforma-
tion of Form A (II) is very similar to that of Form B. The orientation
of the ve membered cyclic ring compared to the aryl moiety that
conrms slight change of torsion along the C–C bond connecting
those two terminal rings. This results several conformations of
MET, which are observed in its polymorphs and cocrystals7a,8a

(Fig. 5). The molecular conformations of MET in MET–NAM and
MET–SAM cocrystals are identical, see Fig. 4b. Conformational
differences are quantitatively measured by the dihedral angle
between two planes containing aryl and oxazolidinone rings that
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 The molecular conformations of MET in its polymorphs and cocrystals. The dihedral angles (�) are originated by the planes of aryl and
oxazolidinone rings.
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conrms the similar MET conformation in MET–NAM and MET–
SAM cocrystals, which extends support of their isostructurility.
Among the six MET conformations, the drug with close to
perpendicular arrangement between the planes of aryl and oxa-
zolidinone rings is observed in MET–HBA (anisole) cocrystal. The
molecular conformation of the drug is very important as it may
have direct impact on the solubility behaviour of the cocrystals
(discussed at the end).
Binding energy and stability

The optimized geometries of all the homo and hetero-synthon
(i.e. MET, NAM and HBA) complexes are shown in Fig. 6. The
calculated hydrogen bonding (H-bonding) distances (in Å)
along with the respective BEs of the clusters (in kcal mol�1) are
provided. BE reveals that HBA dimer (II) complex is more stable
than the other homo dimers (i.e.MET and NAM). The enhanced
stability arises from the formation of perfect donor–acceptor H-
Bond pattern in HBA (carboxylic acid) dimer. The existence of
shorter O–H/O H-bonding (�1.66 Å) in HBA dimer (II) may
enhance the stability of the complexes. Although, other MET
and NAM homodimers form imide/amide H-bonds with the
much longer distance of �1.87 to 2.27 Å. This is signicantly
longer than the HBA dimer (II) complex. Hence, the stability
order of homo dimers is HBA (II) > MET > NAM (II). It is found
from our study, other possible less stable dimers of the
coformers also exist with comparatively lower BE. But, the mode
of interactions of these clusters are not observed exactly in the
crystal packing. During incorporation of MET in these clusters,
the energetics of the complexes varies from �17.5 to
19.5 kcal mol�1. The calculated BE value reveal that MET
homodimer (�17.9 kcal mol�1) is slightly more stable than
MET–NAM (�17.5 kcal mol�1) and at the same time, MET–HBA
complex (�19.5 kcal mol�1) is more stable than the other
complexes. The interaction strength of H-bonded MET–HBA
dimer energy is�1.6 kcal mol�1 higher than the respective MET
© 2021 The Author(s). Published by the Royal Society of Chemistry
homodimer. It is interesting to note that, the less stable MET–
HBA (I) isomer is very relevant to the experimental crystal
structure, which is stabilized by O–H/O H-bonded intermo-
lecular interaction between HBA (OH) and MET (C]O) func-
tional group (Fig. 3a). The calculated H-bond distance (�1.82 Å)
conrms the strength of hydrogen bond. Even though, this
mode of interaction inMET–HBA (I) is less stable, the molecular
arrangement of MET–HBA cocrystal structure conrms that this is
themost favourable cluster alongwith the individual homodimers.
The carboxylic acid dimer is more favourable mode of interaction
in the MET–HBA (II) complex. In the cocrystal structure, HBA
dimer (II) acts as a bridge between two MET homodimers. The BE
calculations of the MET–NAM/HBA heterodimers conrm that
along with the MET homodimer, MET–coformer heterodimers are
also possible specially in case of MET–HBA cocrystal. In case of
MET–SAM and MET–NAM (II) complexes, the corresponding BEs
are 1.0 and 0.4 kcal mol�1 lower than the MET homodimers that
support their experimental cocrystal structures with the individual
homodimers, see Fig. 2a and S1a.† The higher BE of MET–HBA (II)
heterodimer than MET homodimer suggests the possibility of
heterosynthon which can be obtained experimentally. In fact, we
suggested the possibility of imide (MET)/acid (HBA) hetero-
dimers in MET–HBA (hydrate) based on its vibrational frequency
data, for which we could not able to get the cocrystal structure.8a
Powder X-ray diffraction

X-ray diffraction is a non-destructive method to characterize
a solid form as every compound has its own characteristic nger
print region of X-ray patterns. The technique is mainly used for
phase identication of a crystalline phase like polymorph,
cocrystals, salts etc. During cocrystal screening, changes in XRD
pattern compared to the native drug and coformer conrm the
possibility of new solid form. The crystal structure of MET–NAM
was obtained from high resolution XRD data of which Rietveld
plot is displayed in Fig. S1, ESI.† On the other hand, XRD
RSC Adv., 2021, 11, 30689–30700 | 30695
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Fig. 6 DFT optimized geometries and calculated BEs of homo and heterodimers (distances and BEs are in Å and kcal mol�1, respectively).
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pattern of MET–HBA cocrystal obtained from slurry in anisole
broadly matches with its cocrystal structure that may be due to
the temperature difference between single crystal (100 K) and
powder X-ray diffraction data (298 K) collection and also
possibility of partial solvent (anisole) loss from the powdered
cocrystal at ambient conditions.

Thermal analysis

The novel binary solid form can be additionally characterized by
its distinguished melting endotherm that needs to be different
from either that of the drug or coformer. All the MET–NAM/
30696 | RSC Adv., 2021, 11, 30689–30700
SAM/HBA cocrystals exhibited lower melting endotherms
compared to the native drug and coformer, which is common
among 29% of the reported cocrystals.8a,25 Commercial MET
Form A (black trace) exhibited single melting endotherm peak
at 126.2 �C, whereas MET–NAM (red trace), MET–SAM (blue
trace) melted at 107.4 and 119.5 �C respectively. Surprisingly,
both MET–NAM and MET–SAM showed similar enthalpy of
fusion (125.7; 126.4 J g�1) and entropy of fusion (0.33; 0.32 J g�1

K�1) that further support their isostructural packing. MET–HBA
0.3 hydrate (magenta trace) exhibited 1st endotherm at 104.4 �C
(due to dehydration), followed by melting endotherm at
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 DSC endotherms of (a) MET (Form A) and its cocrystals, (b)
MET–HBA (hydrate) and MET–HBA (anisole). (c) DSC and TGA
comparison of MET–HBA (anisole).

© 2021 The Author(s). Published by the Royal Society of Chemistry
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116.5 �C, see Fig. 7a. Interestingly, MET–HBA (anisole solvate,
dark yellow trace) showed a minor endotherm at 106.1 �C, fol-
lowed by sharp melting at 115.1 �C. Desolvation of anisole (bp
154 �C) at�106 �C conrms its weak interactions with the drug/
coformer. In addition, both the MET–HBA cocrystal hydrate/
anisole solvate melted at similar temperature aer water/
solvent loss, see Fig. 7b. Thermogravimetric analysis (TGA) of
MET–HBA cocrystal (anisole solvate) indicated only 1.7%weight
loss, which is much lower than the calculated one (11.5%)
corresponds to 0.5 equivalent of anisole (Fig. 7c). TGA data
suggests only 0.07 equivalent of anisole is present in the crystal
lattice of MET–HBA cocrystal that is much lower than its coc-
rystal structure with the suggested 0.5 equivalent of anisole.
This indicates loosely bound anisole with the host (cocrystal)
and the possibility of partial solvent loss from the cavity of the
cocrystal at ambient conditions. It is anticipated that the
a small fraction of the anisole solvent slowly disappeared from
the cocrystal lattice during three months storage at ambient
conditions that was conrmed by the small desolvation endo-
therm at 100.8 �C, followed by melting endotherm (117.8 �C) in
a DSC of the corresponding single crystals. Although, the same
crystals exhibited little lower weight loss of 1.4% in a TGA
analysis, see Fig. S4, ESI.† Lower melting endotherms of MET
cocrystals are supposed to improve the solubility/dissolution
prole of the native drug.26
Dissolution experiment

Solubility of a solid form depends upon particle size,
morphology, lattice energy, solvation energy, pH and tempera-
ture of the medium. MET is a poor aqueous soluble drug due to
presence of hydrophobic aromatic skeleton and cyclic carbox-
amate ring. Improving solubility of MET is an utmost important
in order to enhance its bioavailability and also decrease the
toxic side effect. Powder dissolution of MET and its cocrystals
including MET–HBA (hydrate) in pH 6.8 phosphate buffer
medium suggests that MET–NAM cocrystal enhanced the
aqueous solubility (8.6 fold) of the native drug within 4 h,
Fig. 8 Powder dissolution of MET and its cocrystals in pH 6.8 phos-
phate buffer at 37 �C.

RSC Adv., 2021, 11, 30689–30700 | 30697

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ra05959a


Table 3 Solubility of MET and its cocrystals in pH 6.8 phosphate buffer at 37 �C

API/cocrystals
Apparent solubility
(mg ml�1) at 4 h

Aqueous solubility
(g L�1) of the
coformers

mp (Tpeak/�C)
of the drug/cocrystals

Nature of the powder
samples during
dissolution

Solid phase transformation
aer dissolution experiment

MET (Form A) 0.30 — 126.2 Sticky MET (Form A)
MET–NAM 2.58 (�8.6) 500 107.4 Initially sticky for short time,

followed by free ow
MET (Form A)

MET–SAM 1.35 (�4.5) 2.1 119.5 Initially sticky, followed
by free ow

MET–SAM + MET (Form A)

MET–HBA (hydrate) 1.01 (�3.4) 5.0 116.5 Free ow MET–HBA + MET (Form A)
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followed by MET–SAM and MET–HBA (hydrate), see Fig. 8.
Apparent solubility of the cocrystals are summarized in Table 3.
As expected, MET cocrystals exhibited higher aqueous solubility
than the native drug due to presence of high soluble coformers.
Except, MET–SAM cocrystals, others got saturation in solubility
within 4 h of the dissolution experiment. Higher solubility of
the cocrystals can be explained based on the solubility and
melting point of the coformer, see Table 3. Higher solubility of
NAM and lower melting point of MET–NAM played an important
role in enhancing aqueous solubility of the native drug. More
solubility of HBA than SAM and slightly lower melting point of the
corresponding cocrystal did not guarantee higher solubility of the
drug due to presence of 0.3 equivalent watermolecule in the crystal
lattice of MET–HBA. Hydrates are generally less soluble than their
anhydrous counterparts due to higher lattice energy.27 In addition,
all the cocrystals melted lower than the native drug that qualify the
thumb rule of inverse correlation between solubility and melting
point.26 Hence the aqueous solubility order is justied as MET–
NAM > MET–SAM > MET–HBA (hydrate)> MET.

Based on the structural point of view, N–H/O (D/A) bond
distances of MET polymorphs and cocrystals decrease in the
order of Form A (2.84 Å, 160.4�), MET–HBA (2.85 Å, 160.5�),
Form B (2.87 Å, 161.3�), MET–SAM (2.89 Å, 168.0�) and MET–
NAM (3.03 Å, 161.5�). This data indicates that MET dimer
becomesmuchweaker inMET–NAMcocrystal thanMET–HBA and
Form A; whereas MET–SAM has intermediate bond strength. In
addition, intermolecular N–H/O hydrogen bonding between the
drug and coformer becomes weaker in MET–NAM (3.03 Å, 161.5�)
than MET–SAM (2.99 Å, 166.3�). In MET–HBA cocrystal, intermo-
lecular O–H/O hydrogen bonding between MET and HBA is
equally strong (2.67 Å, 172.9�) compared to HBA dimer (2.62 Å,
166.6�). These structural features indicate that MET–NAM is easy
to dissociate compared to other two cocrystals during dissolution
experiment that helps the drug to obtain its high energy meta-
stable phases via parachute effect28 and enhance the solubility of
the bioactive substance.

Following powder dissolution experiment aer 16 h, the
residues were characterized by XRD to conrm whether coc-
rystals retained or transformed to the native drug. According to
US-FDA guidelines (2013, 2018), the pharmaceutical cocrystals
need to dissociate before reaching the target site of biological
action. MET–NAM cocrystal completely transformed to MET
(Form A), whereas MET–SAM/HBA cocrystals partially converted
to the native drug, see Fig. S5, ESI.† This may be explained due
30698 | RSC Adv., 2021, 11, 30689–30700
to much higher solubility of NAM compared to the native drug,
which forms a non-congruent system that dissociated much
faster.29 Comparatively, SAM and HBA are low aqueous soluble
coformers that form congruent binary system with the drug and
hence partially dissociated over the time period. Although
MET–HBA (hydrate) was free ow in nature throughout the
dissolution experiment, but not suitable because of its lower
solubility. On the other hand, MET–NAM cocrystals were
initially sticky for a shorter time, followed by free ow during
dissolution experiment. To summarize, MET–NAM cocrystal
may be promising solid form in improving bioavailability of the
drug and decreasing its side effects.
Conclusions

Metaxalone, a muscle relaxant and pain killer drug exhibits
poor aqueous solubility and bioavailability due to absence of
polar functional groups. The drug was cocrystallized with NAM
and HBA in order to improve its aqueous solubility. MET coc-
rystal with NAM is an anhydrous one, whereas with HBA it
crystallized as either hydrate or anisole solvate. Both the coc-
rystals maintain the presence of imide/imide (drug) and
amide/amide/acid/acid (coformer) homosynthons, that is
similar to the reported ones. Lower binding energy of MET
heterodimer supports the preference of the drug homodimer in
the cocrystals. MET cocrystals with NAM and SAM exhibit 2D
isostructural packing conrmed by unit cell similarity index,
and dissimilarity index (XPac analysis). Even similar enthalpy
and entropy of fusion of the cocrystals support their iso-
structurility. Dissolution experiments of MET cocrystals indi-
cated the superior solubility of MET–NAM than other cocrystals
and the native drug that was correlated based on its lower
melting point, higher solubility of NAM and weaker intermo-
lecular interaction between MET and NAM. In addition, MET–
NAM cocrystal dissociated and transformed to MET (Form A)
during dissolution experiment, which offer advantage of higher
solubility. Improved solubility of MET–NAM is anticipated to
enhance the drug's bioavailability and decrease side effect.
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23 (a) A. Kálmán and L. Párkányi, Isostructurality of Organic
Crystals in Advances in Molecular Structure Research, ed. M.
Hargittai and I. Hargittai, JAI Press Inc, Greenwich, CT,
USA, 1997, vol. 3, pp. 189–226; (b) K. K. Sarmah, K. Boro,
M. Arhangelskis and R. Thakuria, CrystEngComm, 2017, 19,
826–833.

24 (a) T. Gelbrich and M. B. Hursthouse, CrystEngComm, 2005,
7, 324–336; (b) T. Gelbrich, T. L. Threlfall and
M. B. Hursthouse, CrystEngComm, 2012, 14, 5454–5464.

25 N. Schultheiss and A. Newman, Cryst. Growth Des., 2009, 9,
2950–2967.
RSC Adv., 2021, 11, 30689–30700 | 30699

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ra05959a


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

5 
Se

pt
em

be
r 

20
21

. D
ow

nl
oa

de
d 

on
 1

2/
4/

20
25

 1
:0

3:
03

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
26 (a) M. K. Mishra, P. Sanphui, U. Ramamurty and
G. R. Desiraju, Cryst. Growth Des., 2014, 14, 3054–3061; (b)
P. Sanphui, N. R. Goud, U. B. R. Khandavilli and
A. Nangia, Cryst. Growth Des., 2011, 11, 4135–4145.

27 E. Jurczak, A. H. Mazurek, Ł. Szeleszczuk, D. M. Pisklak and
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