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ABSTRACT: Three polymorphic structures of mefenamic acid,
which is a very popular drug, have been studied using quantum
chemical methods. It has been shown that the centrosymmetric
dimer formed due to two O−H···O hydrogen bonds is a complex
building unit in all of the polymorphic structures under study. On
the basis of an analysis of the pairwise interaction energies between
molecules, the polymorphic forms I and II are classified as
columnar-layered while the polymorphic form III has a columnar
structure. The stabilities of the three polymorphic forms of
mefenamic acid under ambient conditions (I > II > III) correlate
with the degree of anisotropy of the interaction energies between
columns (primary basic structural motifs) formed due to stacking interactions. The shear deformation modeling of strongly bound
layers in all of the polymorphic structures has not revealed any possibility for deformation of the crystal structure. The construction
of the shift energy profiles and calculation of the energy barriers for the displacement along the (100) crystallographic plane in the
[100], [010], and [011] crystallographic directions make it possible to explain the experimental data obtained for commercially
available polymorphic structure I in a diamond anvil cell. The absence of any local minimum near the starting point on the shift
energy profile and the extremely high energy barrier can be considered as criteria for the impossibility of a crystal structure
deformation under pressure.

■ INTRODUCTION

Mefenamic acid (MA, 2-[(2,3-dimethylphenyl)amino]benzoic
acid) is a fenamate derivative used as a nonsteroidal anti-
inflammatory drug.1 The mefenamic acid molecule is
conformationally flexible and has been studied theoretically
by both molecular mechanics and semiempirical methods2,3 as
well as ab initio calculations.4 The ability to change its
conformation is caused by the rotation of a dimethylphenyl
group around the Car−N bond. It was shown that the relaxed
conformational scan for this process depends crucially on the
calculation method used.4 Mefenamic acid as a drug is
manufactured in a solid state. It possesses low solubility in
water, which restricts its utility in clinical practice. Con-
sequently, this problem needs to be tackled to improve the
bioavailability of mefenamic acid.
For a long time, only two polymorphic forms of MA were

known.5−7 These polymorphs can be obtained from different
solvents,8,9 and their solubility and dissolution rate were
studied thoroughly.10−12 Both polymorphic structures were
characterized by different physicochemical methods,13−17 and
the thermal conversion of mefenamic acid from its
polymorphic form I to polymorphic form II was revealed
and studied by IR spectroscopy.18 However, the polymorphic
form I of mefenamic acid proved to be more stable than form
II under ambient conditions, which causes a slow trans-
formation of polymorph II to polymorph I.19,20 The

mechanism of this thermally dependent reversible polymorphic
transition remains unclear due to the fact that the mefenamic
acid molecule is disordered in the polymorphic form II. The
intricate disorder of mefenamic acid was solved in a more
correct way later.21 The polymorphic form I is known to be
commercially available; thus, its behavior under pressure
influence was studied.22 The new polymorphic form III of
mefenamic acid was reported recently, and a comprehensive
study of the molecular and crystal structures of the three
polymorphic forms has been performed.23 In addition, the
thermal phase transitions of three polymorphic forms as well as
their relative stabilities at different temperatures were
reported.24 However, a geometrical characteristic analysis of
intermolecular interactions is insufficient in many cases and
cannot explain the properties of a solid form that correlate with
the anisotropy of a crystal structure.
An analysis of the pairwise interaction energies between

molecules turned out to be more efficient. This approach
makes it possible to take into account not only strong
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intermolecular interactions, such as hydrogen bonds, but also
weak interactions, such as X−H···Lp, X−H···π, and halogen
bonds, as well as nonspecific interactions.25,26 The study of an
“energetic” structure of molecular crystals also allows
discussing various properties of a crystal form, including the
relative stabilities of polymorphic structures. Moreover, the
results of such a study can be used for the further modeling of
a crystal structure deformation under the influence of
pressure.27,28

In the present study, we analyze three polymorphic
modifications of mefenamic acid from an energetic viewpoint
to explain their capability to be deformed.

■ RESULTS AND DISCUSSION
Conformational Analysis. It is well-known that mefe-

namic acid is a conformationally flexible molecule. Theoret-
ically, its flexibility can be caused by the rotation around three
single bonds, C6−C7, C1−N1, and N1−C8 (Figure 1).23

However, the rotation about the C6−C7 and C1−N1 bonds is
hindered due to the formation of a N1−H···O1 intramolecular
hydrogen bond. The only way to change the conformation of
mefenamic acid is rotation around the N1−C8 bond.
Previously, relaxed conformational scanning around the

N1−C8 bond was performed and it was shown that the energy
profile depends on the level of computation.4 The sole 0−150°
diapason of the Car−N−Car−Car torsion angle change was
discussed in previous works;4,29 thus, we revisited the energy
profile for full rotation (360°) around the N1−C8 bond to
study all possible conformations of mefenamic acid. As can be
seen from Figure 2, two pairs of symmetrical conformations
with C1−N1−C8−C13 torsion angle values of about ±60 and
±140° correspond to the minima on this energy profile. The
energy barriers for the rotation about the N1−C8 bond were
estimated to be 4.9 and 8.5 kcal/mol, respectively.
The energy profile for full rotation around the N1−C8 bond

proved to be slightly unexpected. Depending on the direction
of the Car−N−Car−Car torsion angle change (with a step size
of +10 or −10°), an abrupt change in energy was found
between −210 and −220° or between +210 and +220° (Figure
2). Since the transition state have to be about 180° in the
relaxed scan, such a peak appears as an artifact of the scanning
procedure. However, a detailed study of the molecular
geometry in the diapason of the Car−N−Car−Car torsion
angle changes from ±150 up to ±230° showed an extremely
strong steric repulsion within the molecule (Table S1). This
repulsion increases with the change of the torsion angle up to
±210° and decreases sharply in the area between ±210 and
±220°. It should also be noted that the decrease in short
noncovalent distances is monotonic in the area with a Car−N−
Car−Car torsion angle value from ±150 up to ±180°. The

change in the torsion angle from ±180 up to ±230° is
accompanied by an increase of one part of the short distances
and a decrease of another part and vice versa (Table S1). Such
an unusual nonmonotonic change of short noncovalent
distances leads to an increase in molecular energy and
indicates attempts of a molecule to compensate for the strong
steric repulsion, which acts like a switch in the conformational
transition. In addition, these results explane the small diapason
of the Car−N−Car−Car torsion angle change studied earlier.4,29

An analysis of the mefenamic acid molecular structure in the
three polymorphic forms showed that this molecule is found in
a nonequilibrium conformation in the crystal phase (Table 1).

This can be due to the influence of intermolecular interactions
and packing effects on the molecule. Moreover, the molecule
of mefenamic acid is disordered due to the rotation of a
dimethylphenyl fragment around the N1−C8 bond in the
polymorphic structure II.21 This means that two conformers
(A and B) of mefenamic acid are present in the crystal phase.

Crystal Structure Analysis of Mefenamic Acid
Polymorphic Structures. Mefenamic acid contains a
carboxylic group that can provide the formation of supra-
molecular synthons of two types: i.e., a centrosymmetric
synthon bound by two O−H···O hydrogen bonds or a linear
synthon bound by one O−H···O hydrogen bond.30,31 The
centrosymmetric dimer, in which molecules are bound by two
O−H···O′ intermolecular hydrogen bonds, is found in all three
polymorphic structures of mefenamic acid (Figure 3 and Table
2). The stacking interaction between benzoic acid fragments of

Figure 1. (left) Scheme of the mefenamic acid structure. (right)
Molecular structure of mefenamic acid according to X-ray diffraction
data with the numbering scheme.

Figure 2. Energy profiles of the rotation around the N1−C8 bond in
two opposite directions in mefenamic acid according to quantum
chemical calculations by the m06-2x/cc-pVTZ method. The
conformations of the mefenamic acid molecule in equilibrium and
transition states are presented.

Table 1. Selected Geometrical Parameters for the Molecular
Structures of Mefenamic Acid According to Experimental X-
ray Data

N1−H···O1
intramolecular
hydrogen bond

polymorphic form
C1−N1−C8−C13 torsion

angle, deg H···A, Å
D−H···A,

deg

I5 −119.99 1.89 137.3
II, conformer A21 −107.69 1.97 135.5
II, conformer B21 87.08 2.01 133.9
III23 −80.82 2.01 133.6
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neighboring molecules is also present in the polymorphic
structures under study. In contrast to polymorphs I and III, a
large number of C−H···π′ hydrogen bonds as well as stacking
interactions between dimethylphenyl fragments were revealed
in the polymorphic structure II (Figure 3 and Table 2).
It should be noted that an analysis of intermolecular

interactions in a traditional way did not make it possible to
discuss the crystal packing anisotropy in the polymorphic
structures under study. Therefore, we applied an approach to
the crystal structure analysis based on the study of the pairwise
interaction energies between molecules proposed previ-
ously.32−34 When the presence of two conformers in the

polymorphic form II was taken into account, the packing of
each conformer (A and B) was studied separately and
compared to check the applicability of the aforementioned
method to the disordered structures.
At the first stage of the present study a molecule was used as

a basic building unit (MBU0) for an analysis of pairwise
interaction energies. The first coordination sphere of the basic
MBU0 contains 14 neighboring molecules in structures I and
III, while the numbers of neighboring molecules are different
for conformers A (13) and B (16) in the structure II. The total
interaction energies of the basic MBU0 with its first
coordination sphere is −76.8 kcal/mol in structure I, −72.5
kcal/mol for conformer A and −72.9 kcal/mol for conformer B
in structure II, and −73.1 kcal/mol in the structure III. The
basic molecule forms the strongest interaction with only one
neighboring molecule in all of the structures under study
(Table 3). Hence, this centrosymmetric dimer should be
considered as a complex dimeric building unit (DBU).
All the procedures carried out for a molecule as a simple

building unit were repeated for a centrosymmetric dimer as a
complex building unit. The first coordination sphere of the
DBU0 contains 16 neighboring DBUis in structures I and III
and proved to be different for conformers A and B in structure
II (14 and 18 neighbors for conformers A and B, respectively).
The total interaction energies of the DBU0s with their first
coordination sphere are −118.5 kcal/mol in structure I,
−113.0 kcal/mol for conformer A and −115.6 kcal/mol for
conformer B in structure II, and −116.2 kcal/mol in structure
III.
The basic DBU0 forms two strongest interactions in

opposite directions in structure I (Table 4). Dimers are
bound by stacking interactions between benzoic acid fragments
in these directions. As a result, a column (Figure 4) should be
recognized as a primary basic structural motif (BSM1) in the
polymorphic form I. The interaction energy of the DBU0 with
its neighbors within such a column is −36.5 kcal/mol.
The interaction energies between neighboring columns are

not equal. The DBUs belonging to the basic column interact
more strongly with two neighboring columns lying within the
(100) crystallographic plane (Figure 4). The interaction
energy of the DBU0 within this layer is −89.8 kcal/mol,
while the interaction energy between adjacent layers is −28.7
kcal/mol. Consequently, a layer should be considered as a
secondary basic structural motif (BSM2) of structure I. Thus,
the results of pairwise interaction energy calculations showed
that the polymorphic structure I of mefenamic acid can be
classified as columnar-layered.

Figure 3. (left) Centrosymmetric dimer and (middle) stacked dimer (in the middle) for all three polymorphic structures as well as (right) another
stacked dimer found in the polymorphic form II.

Table 2. Intermolecular Interactions and Their Geometric
Characteristics in Mefenamic Acid Polymorphic Crystals of
I−III

geometrical
characteristics

interaction symmetry operation H···A, Å
D−H···A,

deg

Polymorph I
O1−H···O2′ −x, 1 − y, −z 1.69 174
stacking between benzoic
acid groups

−x, −y, −z distance between
mean planes

3.42 Å, plane to
plane shift 1.478 Å

Polymorph II, Conformer A
O1−H···O2′ −x, 2 − y, 1 − z 1.73 168
C3−H···C12′ (π) −x, 1 − y, 2 − z 2.78 149
C14−H···C3′ (π) 1 + x, y, z 2.89 133

Polymorph II, Conformer B
O1−H···O2′ −x, 2 − y, 1 − z 1.97 171
C3−H···C12′ (π) −x, 1 − y, 2 − z 2.88 134
C14−H···O1′ (π) −x, 2 − y, 2 − z 2.65 125
C10−H···C9′ (π) 1 + x, y, z 2.82 158
C10−H···C10 (π) 1 + x, y, z 2.85 158
stacking between benzoic
acid groups

−x, 1 − y, 1 − z distance between
mean planes

3.44 Å, plane to
plane shift 1.732 Å

stacking between
dimethylphenyl groups

1 − x, 2 − y, 2 − z distance between
mean planes

3.48 Å, plane to
plane shift 1.309 Å

Polymorph III
O1−H···O2′ 1 − x, 1 − y, −z 1.69 172
stacking between benzoic
acid groups

−x, 2 −y, −z distance between
mean planes

3.48 Å, plane to
plane shift 0.545 Å
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The molecule of mefenamic acid is disordered in structure
II; therefore, the study of pairwise interaction energies was
carried out for each conformer (A and B) separately. As was
mentioned above, these conformers are not equal in the
formation of intermolecular interactions with neighboring

molecules. However, the strongest interactions are the same;
only the weakest interactions differ. Each conformer forms the
two strongest interactions in opposite directions, forming a
column as the BSM1 in structure II (Table 5 and Figure 5).
The interaction energy of each conformer within the column is

Table 3. Symmetry Codes, Bonding Types, Interaction Energies of the Basic Molecular BU0s with Neighboring Ones (Eint,
kcal/mol) with the Highest Values (More Than 10% of the Total Interaction Energy) and the Contributions of These Energies
to the Total Interaction Energy (%) in the Polymorphic Structures I−III

dimer symmetry operation Eint, kcal/mol contribution to the total interaction energy, % interaction type

Polymorph I
I_d1 −x, 1 − y, −z −17.4 22.7 O−H···O
I_d2 1 − x, −y, −z −9.6 12.6 nonspecific
I_d3 −x, −y, −z −8.2 10.7 stacking between benzoic acid groups

Polymorph II, Conformer A
IIA_d1 −x, 2 − y, 1 − z −17.1 23.6 O−H···O
IIA_d2 1 − x, 2 − y, 2 − z −12.6 17.4 stacking between dimethylphenyl groups
IIA_d3 −x, 1 − y, 2 − z −8.6 11.9 C−H
IIA_d4 −x, 1 − y, 1 − z −8.4 11.6 stacking between benzoic acid groups

Polymorph II, Conformer B
IIB_d1 −x, 2 − y, 1 − z −16.0 21.9 O−H···π···O
IIB_d2 1 − x, 2 − y, 2 − z −12.3 16.9 stacking between dimethylphenyl groups
IIB_d3 −x, 1 − y, 1 − z −8.7 11.9 stacking between benzoic acid groups

Polymorph III
III_d1 1 − x, 1 − y, −z −17.7 24.3 O−H···O
III_d2 −x, 2 − y, −z −9.4 12.9 stacking between benzoic acid groups
III_d3 −1 − x, 2 − y, 1 − z −8.5 11.6 nonspecific
III_d4 −x, 1 − y, 1 − z −7.6 10.4 nonspecific

Table 4. Symmetry Codes, Bonding Types, Interaction Energies of the Basic Dimeric BU0s with Neighboring Ones (Eint, kcal/
mol) with the Highest Values (More Than 5% of the Total Interaction Energy) and the Contributions of These Energies to the
Total Interaction Energy (%) in the Polymorphic Structure I

dimer symmetry operation Eint, kcal/mol contribution to the total interaction energy, % interaction type

I_dd1 x, 1 + y, z −18.3 15.4
stacking between benzoic acid groups

I_dd2 x, −1 + y, z −18.3 15.4
I_dd3 x, y, 1 + z −13.4 11.3 nonspecific
I_dd4 x, y, −1 + z −13.4 11.3 nonspecific
I_dd5 x, 1 + y, 1 + z −11.2 9.4 nonspecific
I_dd6 x, −1 + y, −1 + z −11.2 9.4 nonspecific
I_dd7 1 + x, −1 + y, z −9.7 8.2 nonspecific
I_dd8 −1 + x, 1 + y, z −9.7 8.2 nonspecific

Figure 4. (left) Packing of the polymorphic structure I in terms of molecules, projection in the b crystallographic direction, and (right) energy-
vector diagrams constructed for DBU. Columns are highlighted in green, and layers are highlighted in yellow.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.1c06967
ACS Omega 2022, 7, 17544−17554

17547

https://pubs.acs.org/doi/10.1021/acsomega.1c06967?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c06967?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c06967?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c06967?fig=fig4&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.1c06967?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Table 5. Symmetry Codes, Bonding Types, Interaction Energies of the Basic dimeric BU0s with Neighboring ones (Eint, kcal/
mol) with the Highest Values (More Than 5% of the Total Interaction Energy) and the Contributions of These Energies to the
Total Interaction Energy (%) in the Polymorphic Structure II

dimer symmetry operation Eint, kcal/mol contribution to the total interaction energy, % interaction type

Conformer A
IIA_dd1 1 + x, y, 1 + z −14.3 12.7

stacking between dimethylphenyl groups
IIA_dd2 −1 + x, y, −1 + z −14.3 12.7
IIA_dd3 x, 1 + y, z −10.0 8.8

stacking between benzoic acid groups
IIA_dd4 x, −1 + y, z −10.0 8.8
IIA_dd5 1 + x, y, z −9.2 8.1

stacking between benzoic acid groups
IIA_dd6 −1 + x, y, z −9.2 8.1
IIA_dd7 x, y, 1 + z −8.7 7.7 nonspecific
IIA_dd8 x, y, −1 + z −8.7 7.7 nonspecific
IIA_dd9 x, 1 + y, −1 + z −8.6 7.6 C−H···π
IIA_dd10 x, −1 + y, 1 + z −8.6 7.6 C−H···π

Conformer B
IIB_dd1 1 + x, y, 1 + z −13.1 11.3

stacking between dimethylphenyl groups
IIB_dd2 −1 + x, y, 1 + z −13.1 11.3
IIB_dd3 x, 1 + y, z −10.0 8.7

stacking between benzoic acid groups
IIB_dd4 x, −1 + y, z −10.0 8.7
IIB_dd5 x, y, 1 + z −9.3 8.0 nonspecific
IIB_dd6 x, y, −1 + z −9.3 8.0 nonspecific
IIB_dd7 1 + x, y, z −9.2 8.0 nonspecific
IIB_dd8 −1 + x, y,z −9.2 8.0 nonspecific
IIB_dd9 x, 1 + y, −1 + z −7.0 6.1 nonspecific
IIB_dd10 x, −1 + y, 1 + z −7.0 6.1 nonspecific

Figure 5. (left) Packing of the polymorphic structure II in terms of molecules, projection in the b crystallographic direction, and (right) energy-
vector diagrams constructed for DBU. Columns are highlighted in green, and layers are highlighted in yellow.

Table 6. Symmetry Codes, Bonding Types, Interaction Energies of the Basic dimeric BU0s with Neighboring Ones (Eint, kcal/
mol) with the Highest Values (More Than 5% of the Total Interaction Energy) and the Contributions of These Energies to the
Total Interaction Energy (%) in the Polymorphic Structure III

dimer symmetry operation Eint, kcal/mol contribution to the total interaction energy, % i0nteraction type

III_dd1 1 + x, −1 + y, z −11.2 9.6
stacking between benzoic acid groups

III_dd2 −1 + x, 1 + y, z −11.2 9.6
III_dd3 1 + x, y, z −9.8 8.4 nonspecific
III_dd4 −1 + x, y, z −9.8 8.4 nonspecific
III_dd5 1 + x, y, −1 + z −9.0 7.7 nonspecific
III_dd6 −1 + x, y, 1 + z −9.0 7.7 nonspecific
III_dd7 x, 1 + y, z −8.7 7.5 nonspecific
III_dd8 x, −1 + y, z −8.7 7.5 nonspecific
III_dd9 2 + x, −1 + y, −1 + z −8.5 7.3 nonspecific
III_dd10 −2 + x, 1 + y, 1 + z −8.5 7.3 nonspecific
III_dd11 1 + x, −1 + y, −1 + z −6.5 5.6 nonspecific
III_dd12 −1 + x, 1 + y, 1 + z −6.5 5.6 nonspecific
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−28.6 kcal/mol (conformer A) or −26.2 kcal/mol (conformer
B).
Dimeric building units interact with molecules belonging to

neighboring columns with different energies. The strongest
interactions between the columns are revealed within the
(010) crystallographic plane. The total interaction energy of
the DBU0 with all neighbors within this plane is −66.2 kcal/
mol for conformer A and −63.2 kcal/mol for conformer B,
while the interaction energies between adjacent layers are
−46.8 and −52.4 kcal/mol for conformers A and B,
respectively. In the case of the other layer parallel to the
(−101) crystallographic plane, the interaction energies within
the layer and between the neighboring layers are almost equal.
Therefore, the layer parallel to the (010) crystallographic plane
should be recognized as a BSM2 in structure II. Similarly to
structure I, the polymorphic form II should be classified as
columnar-layered. However, the interaction energies between
adjacent layers are much stronger in the structure II than in the
structure I.
In the polymorphic structure III, the interactions of DBU0

are stronger in two opposite directions (Table 6), leading to
the formation of a column as a BSM1 (Figure 6). The
molecules belonging to neighboring DBUs within this column
are bound by the stacking interactions between benzoic acid
groups. The interaction energy of the DBU0 with two
neighbors within this column is −22.4 kcal/mol. Interactions
of DBU0 with molecules belonging to neighboring columns are
very close in various directions (Table 6). This makes it
possible to classify the polymorphic structure III as almost
isotropic packing of columns (Figure 6).
The results of the study of interaction energies between

molecules in the three polymorphic forms of mefenamic acid
have been compared with the data about their stabilityies
under ambient conditions (I > II > III).23 The least stable
polymorphic form proved to be the most isotropic from the
viewpoint of interaction energies (Table 7). The polymorphic
forms I and II have the same packing type (columnar-layered),
and the packing of DBUs is more anisotropic in the most
stable polymorph I. The obtained regularities between crystal
structure stability and the degree of its packing anisotropy
correlate with previously published data.35,36

It should be also noted that the main difference of the
polymorphic structure I in comparison to structure II is the

absence or presence of stacking interactions between
dimethylphenyl groups (Figure 7). The relative positions of
the dimeric building units are very similar in these structures.
This similarity makes it possible to assume that the reversible
thermal polymorphic transition between these polymorphic
structures can be caused by the shift of the DBUs due to a soft
enough mild interaction between dimethylphenyl fragments.

Study of Possible Deformation of Mefenamic Acid
Crystals. The existence of a reversible transition between the
polymorphic forms I and II at different temperatures raises the
question about the stability of mefenamic acid crystals under
pressure. Only polymorphic form I, as a commercially available
compound, has been studied in a DAC at various pressures up
to 2.5 GPa.22 Unfortunately, full data about the crystal
structures obtained at these pressures were not reported. Only
the changes in unit cell parameters and volumes were
discussed.22 However, that study revealed there is no
polymorphic transition for the polymorphic form I of
mefenamic acid under pressure. Moreover, structure I
disintegrates under a pressure of 3.0 GPa.
Previously, we have proposed an approach to determine if a

crystal structure can be deformed using quantum chemical
modeling.27,28 Our results of an “energetic” structure of the
mefenamic acid polymorphic forms can be used for further
modeling. First of all, a preliminary evaluation connected to
the possible directions of the shift of strongly bound layers to
each other should be carried out. For this purpose, a model
system containing one dimeric building unit as a mobile part

Figure 6. Packing of the polymorphic structure III: (left) column as a BSM1 in terms of molecules and energy-vector diagrams and (right) packing
of columns in terms of energy-vector diagrams constructed for the DBU with the interaction energies (in kcal/mol) between the adjacent columns.

Table 7. Comparison of the BU Interactions in the
Polymorphic Modifications I−III

param polymorph I polymorph II, A/B polymorph III

Eint within the DBU0,
kcal/mol

−17.4 −17.1/−16.0 −17.7

total Eint of DBU0,
kcal/mol

−118.5 −113.0/−115.6 −116.2

Eint within BSM1,
kcal/mol

−36.5 −28.6/−26.2 −22.4

Eint within BSM2,
kcal/mol

−89.8 −66.2/−63.2 −61.4

BSM2/BSM2,
kcal/mol

−28.7 −46.8/−52.4 −54.8

packing type columnar-
layered

columnar-layered columnar
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and a fragment of its neighboring layer as a fixed part was
extracted from the crystal structure. The mobile part (DBU)
was shifted in relation to the fixed part, and the shortest
distances between them were measured at each point. To take
into account the nature of the closest atoms, not the shortest
distances between atoms but rather the parameter δ was used
to construct 2D maps (Figure 8). This parameter shows the
difference between the distance and the corresponding van der
Waals radii sum.
Since an evaluation of the distances and their comparison

with the sum of van der Waals radii does not require
complicated calculations and, accordingly, significant computer
resources, it seems possible to carry out the preliminary
evaluation for all polymorphic forms of mefenamic acid
(Figure 8 and Figures S5 and S6).

As can be seen from the 2D map corresponding to the shift
of the layers parallel to the (100) crystallographic plane
(Figure 8), no region with the parameter δ ≥ 0 can be found in
structure I. This means that any shift of two neighboring layers
to each other leads to an approach of molecules and a
significant increase in interaction energies between them up to
positive values. The same results were obtained for the
polymorphic forms II and III (Figures S5 and S6).
A modeling of the shear deformation and calculations of the

interaction energies between the mobile and fixed parts of the
model system was performed for the displacement on one
crystallographic translation in the [010], [001], and [011]
crystallographic directions within the layer parallel to the (100)
crystallographic plane in structure I, which is commercially
available. These calculations revealed extremely high energy
barriers (more than 400 kcal/mol) for the displacements in the
[010] and [001] directions (Figure 9). Moreover, our attempts
to calculate interaction energies for several points in a region of
an expected energy maximum have failed due to very short
distances between the molecules of the mobile and fixed parts.
The displacement of the mobile part in the [011] diagonal

crystallographic direction along the (100) crystallographic
plane looks to be more probable (Figure 10). The full energy
profile for this displacement was constructed using the results
of interaction energy calculations. The detailed analysis of this
energy profile has not revealed any local minimum in the
region of a starting point that was declared as a precondition,
indicating the possibility of a polymorphic transition in
piracetam crystals.28 The energy barrier for the displacement
in the [011] direction was estimated to be 164.1 kcal/mol,
which is also very high.
Thus, quantum chemical modeling of the shear deformation

in the polymorphic structure I of mefenamic acid has not
revealed structural features that can be considered as
preconditions for a polymorphic transition under pressure.

■ CONCLUSIONS
The application of modern quantum chemical methods to an
analysis of the crystal structures of three mefenamic acid
polymorphic modifications allows obtaining much more
information in comparison to the usual experimental data. It
was revealed that two O−H···O hydrogen bonds between

Figure 7. Relative positions of the dimeric building units in the polymorphic structures (left) I (on the left) and (right) II leading to the absence of
a stacking interaction between dimethylphenyl groups (polymorph I) and its presence (polymorph II).

Figure 8. Map of δ (Å) occurring during the shear of the dimeric
mobile part in relation to the fixed part in the (100) plane (directions
of shift are shown by axes) in the crystal of mefenamic acid
polymorphic form I. A dashed contour surrounds the zones without
the shortening of interatomic distances below the corresponding sum
of van der Waals radii (δ). A bold contour surrounds zones with δ
values smaller than −0.25 Å.
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carboxylic groups form a centrosymmetric dimer as a complex
building unit in all of these structures but do not give any
information about a crystal packing type. The study of the
pairwise interaction energies between molecules showed that
polymorphic forms I and II have a columnar-layered structure
while that of polymorphic form III is columnar. Columns as a
BSM1 are formed due to the stacking interactions between
benzoic acid fragments in all of the structures under study. In
structures I and II, the columns are bound more strongly in
two opposite directions, forming a layer parallel to the
crystallographic plane (100) in I or (010) in II as a BSM2.
The interactions between dimeric building units within the
layer are stronger and those between neighboring layers are
weaker in the most stable polymorphic form I.
Shear deformation modeling of the strongly bound layers

has been performed using an approach proposed recently.27,28

A preliminary assessment of the shear deformation using the
parameter δ, which shows how the distance between the
closest atoms of the mobile and fixed parts of the model system
differs from the corresponding van der Waals radii sum, was
made for all the polymorphic structures of mefenamic acid.
This assessment revealed that a deformation of these structures
is hardly possible.

A detailed study of the displacement of the mobile part in
relation to the fixed part along the (100) crystallographic layer
recognized as BSM2 was performed for the commercially
available polymorphic form I, for which the experimental data
were obtained using a diamond anvil cell (DAC).22 Quantum
chemical calculations did not reveal any prerequisites
indicating the possibility of a polymorphic transition under
pressure that were found in piracetam crystals. In the
polymorphic structure I, there is no local minimum near the
starting point and a shift in the energy barrier is extremely
high.

■ EXPERIMENTAL SECTION
Molecular Structure Study. The scanning of the torsion

angles was performed using density functional theory with the
m06-2x functional37 and standard cc-pVTZ basis set38 (m06-
2x/cc-pVTZ). The energy barriers for rotation around the
Car−N−Car−Car torsion angle were calculated as the difference
between the energies of the true minima and saddle point
geometrical structures. All calculations were performed using
the Gaussian09 program.39

Crystal Structure Analysis. The data on the crystal
structures of the mefenamic acid polymorphic forms I−III
(XYANAC,5 XYANAC05,21 XYANAC0323) studies were
extracted from the Cambridge Structural Database.40 These
structures were analyzed using quantum chemical calculations
of the pairwise interaction energies between molecules.32−34

According to this approach, the following operations have been
performed:

(1) The first coordination sphere of a basic molecular
building unit (MBU0) or dimeric building unit (DBU0)
has been determined using the “Molecular Shell
calculation” option within the Mercury program.41

(2) Positions of hydrogen atoms were shifted to their
standard neutron values.42

(3) The Ei energies of an intermolecular interaction of a BU0
with one of its nearest neighbors were calculated using
the B97-D3/def2-TZVP density functional method43−45

and corrected for basis set superposition error using the
counterpoise procedure.46

(4) The calculated interaction energies have been visualized
using energy vector diagrams.33 All of the calculations
were performed within the ORCA program.47 More

Figure 9. Profiles of interaction energy (green line) and the topological parameter δ (red line) occurring during the shear of the dimeric building
unit along the neighboring layer (100) (left) in the [010] crystallographic direction and (right) in the [001] crystallographic direction in the
crystals of the mefenamic acid polymorphic modification I under ambient pressure.

Figure 10. Profiles of interaction energy (green line) and the
topological parameter δ (red line) occurring during the shear of the
dimeric building unit along the neighboring layer (100) in the [011]
crystallographic direction in the crystals of the mefenamic acid
polymorphic modification I under ambient pressure.
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detailed descriptions of this approach can be found in
previous publications.27,28,48

Quantum Chemical Modeling of Shear Deformation.
To study the possibility of shear deformation, a model system
containing one building unit as a mobile part and a fragment of
a neighboring layer as a fixed part was extracted from the
experimental crystal structure. According to the method
proposed previously,27 shear deformation is possible due to
the displacement of strongly bound fragments of a crystal
packing to each other. Using an approximation of a rigid body,
it was assumed that these fragments have to be unchanged
during the displacement. The procedure had two steps.
Step 1: Preliminary Assessment of Shear Deformation

Possibility..28,48 A mobile part of the model system was shifted
in relation to the fixed part, and the minimum interatomic
distances between the closest atoms were determined. To take
into account the nature of atoms, the difference in interatomic
distances and corresponding van der Waals radii sum (the
parameter δ) was calculated at each point. The step size for the
translation at this studying step was picked up to reach a
resolution of 0.010 Å for every possible shift direction.
The maximum value of the parameter δ indicates the

absence of any steric repulsion between the mobile and fixed
parts of the model system and shows a possible direction for
shear deformation.
Step 2: Study of Energetic Characteristics of Shear

Deformation in the Most Probable Directions. The model
system used at the previous step was extended by one
additional translation in directions collinear and anticollinear
to the displacement vector to take into account an edge effect.
The mobile part of the model system was shifted along the
fixed part by one crystallographic translation, and the single-
point interaction energies between the mobile and fixed
fragments were calculated at each point along a translation
trajectory. The step size for this shift was set equal to 0.05 of a
translation for the directions [010] and [001] and 0.02 of a
translation for the direction [011]. These distances between
the computational points were chosen as the largest step size
with good reproducibility in comparison to that of 0.001 of a
translation (Table S8).
The interaction energies between the mobile and fixed parts

were calculated at each point using the B97-D3 method and
cc-PVDZ basis set.49,50 All calculations were performed using
the Gaussian09 software package.39 The shift energy profile
was constructed as a function of the calculated interaction
energy and the shift of the mobile part in relation to the initial
position. The shift energy barrier was calculated as the
difference between the highest and lowest interaction energies
between the mobile and fixed parts within a translation.
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