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Mefenamic acid (MA) formed solvates with 2-picoline (2PIC), 3-picoline

(3PIC), 4-picoline (4PIC) and 3-chloropyridine (3CLPYR). The solvates

crystallized in the space group P�11 with the carboxylic acid of MA hydrogen-

bonded to the nitrogen of the substituted pyridine. Tolfenamic acid (TFA)

formed solvates with 2PIC and 3PIC, the crystal structures successfully solved in

the space groups P21/n and Pbca, respectively. The fenamate conformation

varied depending on the acid and the included solvent. Similarities were

observed in the structures involving MA. The two solvate structures of TFA had

different packing arrangements. Grinding and slurry experiments were also

successful for the preparation of all of the compounds except MA�2PIC.

Recrystallization, grinding and slurry investigations of MA and 2PIC yielded a

polymorph; the structure was successfully solved in P21/n. Additionally, the

thermal stability of the solvates was determined. Desolvation experiments were

also performed and the resultant powders were analysed using powder X-ray

diffraction.

1. Introduction

Solvates are formed when solvent molecules are incorporated

within a crystal lattice. The term solvatomorphism has also

been used to describe the phenomenon of a compound

forming solvates with different solvents (Brittain, 2012).

The inclusion of organic molecules is important in the

pharmaceutical industry as organic solvents are typically used

during the production of drug compounds and hence could be

included in the new composites (Griesser, 2006). It is possible

that the included solvent alters certain physical properties of

the drug material. These properties include solubility, density,

dissolution rate as well as bioavailability (Vishweshwar et al.,

2006; Chavez & Rousseau, 2010; Wei et al., 2013). Desolvation

studies are also important since they can result in the forma-

tion of a polymorph of the starting material (Aitipamula et al.,

2011, 2012; Byard et al., 2012; Vangala et al., 2013). Each

polymorphic form of an active pharmaceutical ingredient

(API) has specific characteristics, therefore knowledge of the

resulting product upon desolvation is important to prevent

undesirable physical properties of drugs (Minkov et al.,

2014).

Mefenamic (MA) and tolfenamic (TFA) acids are known

non-steroidal anti-inflammatory drugs which belong to a

group called fenamic acids. These molecules have both basic

and acidic properties and are thus able to donate (COOH

group) and accept protons (NH group). The CSD (Version

5.37, November 2015, May 2016 update; Groom et al., 2016)
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reports only one MA solvate crystal structure with N,N-

dimethylformamide (SeethaLekshmi & Row, 2012). Salts of

MA with alkanolamines (Fang et al., 2004; Fonari et al., 2010)

and cyclic amines (Fonari et al., 2010) are also known. A

complex was reported with cytosine (SeethaLekshmi & Row,

2012) and an inclusion compound formed with �-cyclodextrin

(Pop et al., 2002). Both MA and TFA formed co-crystals with

nicotinamide and their crystal structures were found to be

isostructural (Fábián et al., 2011). Salts of MA and TFA with

amantadine have also been reported (Roy et al., 2014).

Recently co-crystals with 4,40-bipyridine (Surov et al., 2015;

Wittering et al., 2015) were reported for these two APIs, but

no solvate crystal structures of tolfenamic acid were found in

the CSD (Version 5.37, November 2015, May 2016 update). In

this study we discuss solvates of MA and TFA with substituted

pyridines. The chemical structures of the acids and the guest

solvents are shown in Scheme 1. A total of seven crystal

structures of MA and TFA solvates are described, including a

polymorph of MA and 2PIC.

2. Experimental

The fenamic acids and the pyridine derivatives were

purchased from Sigma Aldrich and were not subjected to any

further purification.
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Table 1
Experimental details for mefenamic acid solvates.

Experiments were carried out at 173 K with Mo K� radiation. H atoms were treated by a mixture of independent and constrained refinement.

MA�2PIC [form (I)] MA�2PIC [form (II)] MA�3PIC MA�3CLPYR MA�4PIC

Crystal data
Chemical formula C15H15NO2�C6H7N C15H15NO2�C6H7N C15H15NO2�C6H7N C15H15NO2�C5H4NCl C15H15NO2�C6H7N
Mr 334.41 334.41 334.41 354.82 334.41
Crystal system, space

group
Triclinic, P�11 Monoclinic, P21/n Triclinic, P�11 Triclinic, P�11 Triclinic, P�11

a, b, c (Å) 7.6021 (15), 8.4538 (17),
15.375 (3)

7.7857 (16), 8.1859 (16),
27.953 (6)

7.6738 (6), 7.7598 (6),
16.2725 (12)

7.6718 (15), 7.7441 (15),
16.056 (3)

7.5271 (15), 7.5702 (15),
15.664 (3)

�, �, � (�) 88.99 (3), 84.05 (3),
64.75 (3)

90, 96.87 (3), 90 78.957 (1), 83.673 (2),
65.094 (1)

80.06 (3), 84.88 (3),
65.50 (3)

88.11 (3), 78.41 (3),
89.20 (3)

V (Å3) 888.5 (4) 1768.7 (6) 862.12 (11) 854.8 (4) 873.9 (3)
Z 2 4 2 2 2
F(000) 356 712 356 372 356
Dx (Mg cm�3) 1.250 1.256 1.288 1.379 1.271
� range (�) for cell

measurement
1.3–28.4 2.6–27.1 2.6–28.4 1.29–28.49 1.3–27.9

� (mm�1) 0.08 0.08 0.08 0.24 0.08
Crystal size (mm) 0.48 � 0.27 � 0.14 0.34 � 0.19 � 0.11 0.36 � 0.30 � 0.29 0.15 � 0.14 � 0.13 0.57 � 0.46 � 0.08

Data collection
Diffractometer Bruker Kappa Duo

Apex II
Nonius Kappa CCD

area detector
Bruker Kappa Duo

Apex II
Bruker Kappa Duo

Apex II
Bruker Kappa Duo

Apex II
Absorption correction Multi-scan SADABS – Multi-scan SADABS Multi-scan SADABS Multi-scan SADABS
Tmin, Tmax 0.933, 0.989 – 0.926, 0.976 0.891, 0.969 0.922, 0.993
No. of measured, inde-

pendent and observed
[I > 2�(I)] reflections

22 483, 4474, 3761 7453, 3879, 2906 20 017, 4332, 3671 13 863, 4290, 3370 8595, 4147, 3128

Rint 0.028 0.020 0.026 0.028 0.020
(sin �/�)max (Å�1) 0.670 0.641 0.670 0.671 0.659

Refinement
R[F2 > 2�(F2)], wR(F2),

S
0.043, 0.123, 1.05 0.045, 0.131, 1.04 0.041, 0.117, 1.05 0.040, 0.122, 1.05 0.046, 0.135, 1.07

No. of reflections 4474 3879 4332 4290 4147
No. of parameters 234 237 237 236 237
�	max, �	min (e Å�3) 0.29, �0.23 0.28, �0.35 0.34, �0.22 0.32, �0.23 0.27, �0.26
CCDC No. 1479756 1479757 1479758 1479759 1479760



2.1. Crystal growth

MA/TFA (30 mg) was dissolved in the substituted pyridine

(2 ml) with heating at 333 K. The clear solutions were left to

evaporate at room temperature until crystals were formed.

2.2. Structural analysis

X-ray intensity data were measured on a Nonius Kappa

CCD (COLLECT; Nonius, 1998) or a Bruker DUO APEX II

(APEX2; Bruker, 2005) diffractometer using graphite-mono-

chromated Mo K� radiation. The intensity data were collected

by the standard phi scan and omega scan techniques, scaled

and reduced using DENZO-SMN (Otwinowski & Minor,

1997) or SAINT-Plus (Bruker, 2004). Multi-scan absorption

corrections were performed using SADABS (Sheldrick, 1996).

Direct methods yielded all the non-H atoms. The structures

were refined by full-matrix least squares with SHELX97

(Sheldrick, 1997) refining on F2. The program X-Seed

(Barbour, 2001) was used as a graphical interface. All non-H

atoms were refined anisotropically. The N—H and COOH H

atoms were located in the difference electron-density map and

refined isotropically except for the COOH hydrogen in

MA�2PIC [form (I)] which was placed in a calculated position.

All of the other H atoms were placed with geometric

constraints. The crystal data is summarized in Tables 1 and 2.

2.3. Thermal analysis

Differential scanning calorimetry

(DSC) and thermogravimetry (TG)

were performed on a Perkin–Elmer 6

series system using a purge gas of

nitrogen at 20 ml min�1. Samples

were analysed within a temperature

range of 303–573 K at a heating rate

of 10 K min�1. For DSC, crushed

crystals were placed in crimped but

vented sample pans. For TG, crushed

crystals were analysed in an open

sample pan.

2.4. Powder X-ray diffraction (PXRD)

Powder X-ray diffraction patterns

were recorded on a D2 Phaser Bruker

diffractometer with Cu K� radiation

(� = 1.5418 Å). Samples were scanned

between 5 and 40� 2� and the voltage

tube and amperage were at 40 kV and

20 mA, respectively with an Xflash

detector and a scintillation counter,

one-dimensional LYNXEYE.
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Table 2
Experimental details for tolfenamic acid solvates.

Experiments were carried out at 173 K with Mo K� radiation. H atoms were treated by a mixture of
independent and constrained refinement.

TFA�2PIC TFA�3PIC

Crystal data
Chemical formula C14H12ClNO2�C6H7N C14H12ClNO2�C6H7N
Mr 354.82 354.82
Crystal system, space group Monoclinic, P21/n Orthorhombic, Pbca
a, b, c (Å) 7.7585 (16), 8.0699 (16), 28.056 (6) 7.8069 (16), 13.987 (3), 32.185 (6)
� (�) 97.29 (3) 90
V (Å3) 1742.4 (6) 3514.5 (12)
Z 4 8
F(000) 744 1488
Dx (Mg m�3) 1.353 1.341
� range (�) for cell measurement 2.6–28.4 1.3–28.4
� (mm�1) 0.24 0.23
Crystal size (mm) 0.24 � 0.23 � 0.22 0.24 � 0.12 � 0.08

Data collection
Diffractometer Bruker Kappa Duo Apex II Bruker Kappa Duo Apex II
Absorption correction Multi-scan SADABS Multi-scan SADABS
Tmin, Tmax 0.897, 0.950 0.898, 0.982
No. of measured, independent and

observed [I > 2�(I)] reflections
24 570, 4345, 3478 51 960, 4397, 3281

Rint 0.038 0.063
(sin �/�)max (Å�1) 0.669 0.669

Refinement
R[F2 > 2�(F2)], wR(F2), S 0.039, 0.105, 1.02 0.040, 0.108, 1.03
No. of reflections 4345 4397
No. of parameters 236 236
�	max, �	min (e Å�3) 0.30, �0.28 0.28, �0.30
CCDC No. 1479761 1479762

Figure 1
Hydrogen-bonded units in (a) MA�2PIC [form (I)], (b) MA�2PIC [form
(II)], (c) MA�3PIC, (d) MA�4PIC and (e) MA�3CLPYR.



3. Results and discussion

3.1. Crystal structure analysis

3.1.1. Mefenamic acid solvates. The structures of MA�2PIC

[form (I)], MA�3PIC, MA�3CLPYR and MA�4PIC were

solved in P�11 (Table 1) with one molecule of MA and one

molecule of the solvent in the asymmetric unit (Z = 2). In all

cases block-like crystals were formed by slow evaporation at

room temperature. For all the crystal structures the typical

N—H� � �O intramolecular interaction (Fig. 1) was found

between the amine and the carbonyl oxygen. This interaction

has been reported by Fang et al. (2004), Nawaz et al. (2007),

Fábián et al. (2011), SeethaLekshmi & Row (2012), Surov et al.

(2015) and Wittering et al. (2015). The heterosynthon

(COOH)� � �N linking the molecules of MA and the substituted

pyridines is present in all of the structures (Fig. 1). This

interaction resulted in heterotrimer units reported by Surov et

al. (2015), in the study of fenamic acid co-crystals with 4,40-

bipyridine. Furthermore, all of the solvate structures display

weak C—H� � �O hydrogen bonds (Desiraju & Steiner, 1999),

and a summary of the hydrogen-bond data is given in Table 3.

Recrystallization of the bulk material of MA and 2PIC

resulted in a polymorph, MA�2PIC [form (II)], which was

successfully solved in the monoclinic space group P21/n with

Z = 4. The packing diagrams for both polymorphs show a

wave-like two-dimensional layer arrangement of the mole-

cules along [010] (Figs. 2a and b). However, the packing of the

MA molecules is different as seen in Figs. 2(c) and (d). In both

polymorphs the guests occupy channels. The Crystal Packing

Similarity feature in Mercury (Macrae et al., 2008) gave a

match of 3 out of 20 molecules when both MA and 2PIC

molecules were included in the calculation, with an r.m.s. value

research papers

4 of 10 Jacky Bouanga Boudiombo et al. � Solvates of fenamic acids with pyridines Acta Cryst. (2016). B72

Table 3
Geometrical data (Å, �) for the hydrogen bonding in mefenamic acid
solvates.

Solvate D—H (Å) H� � �A (Å) D� � �A (Å) /(DHA) (�)

MA�2PIC [form (I)]
O2—H2� � �N2 0.84 1.78 2.6142 (15) 173.5
N1—H7� � �O1 0.894 (17) 1.928 (17) 2.6661 (14) 138.7 (14)
C12—H12� � �O1i 0.95 2.60 3.480 (2) 155.0
C15—H15B� � �O1ii 0.98 2.62 3.329 (2) 129.0

MA�2PIC [form (II)]
O2—H2� � �N2 1.03 (2) 1.60 (2) 2.6265 (17) 174 (2)
N1—H7� � �O1 0.863 (17) 1.919 (17) 2.6421 (17) 140.4 (15)
C4—H4� � �O1iii 0.95 2.58 3.4341 (19) 149.6
C20—H20� � �O1 0.95 2.57 3.217 (2) 125.1
C21—H21B� � �O1iv 0.98 2.69 3.450 (2) 134.6

MA�3PIC
O2—H2� � �N2 1.03 (2) 1.57 (2) 2.6006 (12) 176.7 (18)
N1—H7� � �O1 0.918 (18) 1.892 (17) 2.6508 (12) 138.6 (15)
C16—H16� � �O1 0.95 2.54 3.2241 (14) 128.6
C21—H21B� � �O1v 0.98 2.69 3.4772 (15) 137.2

MA�3CLPYR
O2—H2� � �N2 0.84 (3) 1.81 (3) 2.6487 (19) 175 (3)
N1—H7� � �O1 0.89 (2) 1.93 (2) 2.6586 (19) 137.6 (17)
C16—H16� � �O1 0.95 2.52 3.194 (2) 128.0

MA�4PIC
O2—H2� � �N2 1.02 (2) 1.60 (2) 2.6132 (18) 175.0 (19)
N1—H7� � �O1 0.868 (19) 2.000 (19) 2.6793 (17) 134.4 (16)
C16—H16� � �O1 0.95 2.70 3.341 (2) 125.2

Symmetry codes: (i) x; y� 1; z; (ii) 2� x; 1� y;�z; (iii) 1þ x; y; z; (iv) 1� x; 1� y;�z;
(v) �x; 1� y;�z.

Figure 2
Crystal packing of (a) MA�2PIC [form (I)] along [010], (b) MA�2PIC
[form (II)] along [100], (c) MA�2PIC [form (I)] with guest molecules
removed, (d) MA�2PIC [form (II)] with guest molecules removed, (e)
MA�3PIC along [100] and (f) MA�4PIC along [010] (H atoms were
omitted).

Figure 3
Overlay of MA�3PIC (red) and MA�3CLPYR (green).



of 0.697. When the 2PIC molecules were omitted there was

still a match of 3 out of 20 molecules (r.m.s. = 1.84) which

further indicates the difference in the MA packing in the two

polymorphs.

The packing diagram for MA�3PIC is illustrated in Fig. 2(e)

and is similar to that of MA�3CLPYR. This was confirmed by

using the structural overlay feature in Mercury (Macrae et al.,

2008) which showed that these two crystal structures are

isostructural (Fig. 3). In MA�3CLPYR the distance between

the chlorine and the oxygen atom (O1) is approximately

3.23 Å. In the case of the 3PIC solvate, an identical interaction

was observed between the oxygen atom (O1) and the methyl

group at the meta-position. The distance between C21� � �O1

was found to be 3.4772 (15) Å with a C21—H21� � �O1 angle of

137.2� indicating a weak hydrogen bond. MA�4PIC (Fig. 2f)

showed a similar packing arrangement to MA�3PIC/

MA�3CLPYR.

3.1.2. Tolfenamic acid solvates. Tolfenamic acid (TFA) has

a molecular structure similar to that of MA, the difference

being the substitution of a methyl group by a Cl atom. Fábián

et al. (2011) showed that co-crystals of MA and TFA with

nicotinamide had similar hydrogen bonding and packing

arrangements.

Similar to the MA solvates, the TFA solvates with substi-

tuted pyridines showed the same N—H� � �O intramolecular

interaction and heterosynthon, (COOH)� � �N linking the

molecules of TFA to the guest (Fig. 4). As observed for the

MA solvate crystal structures there were also C—H� � �O

hydrogen bonds present (Table 4). Block-like crystals of

TFA�2PIC solved and refined in the monoclinic space group

P21/n with Z = 4. Overlay of TFA�2PIC and MA�2PIC [form

(II)] using the Crystal Packing Similarity feature in Mercury

revealed that these two structures are isostructural (Fig. 5a)

with the molecules forming a zigzag arrangement. TFA�3PIC

formed platelet-like crystals and was solved successfully in the

orthorhombic space group Pbca with Z = 8. The packing of

TFA�3PIC can be described as columnar with TFA molecules

distributed in a helical manner, Fig. 5(b). Unlike the previous

structures where the carboxylic acid groups are aligned in an

antiparallel mode, in the TFA�3PIC structure, adjacent

carboxylic acid groups are oriented in the same direction with

the columns alternating parallel to [010].

3.2. Hirshfeld surface analysis

Hirshfeld surfaces were used to compare the intermolecular

interactions in the crystal structures (Spackman & Jayatilaka,

2009). Fingerprint plots (Spackman & McKinnon, 2002) were

obtained for MA and TFA in the various solvates. The
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Figure 4
Hydrogen-bonded units in (a) TFA�2PIC and (b) TFA�3PIC (some H
atoms were omitted).

Table 4
Geometrical data (Å, �) for the hydrogen bonding in tolfenamic acid
solvates.

Solvate D—H (Å) H� � �A (Å) D� � �A (Å) /(DHA) (�)

TFA�2PIC
N1—H7� � �O1 0.842 (17) 1.938 (17) 2.6370 (17) 139.6 (15)
O2—H2� � �N2 0.98 (3) 1.63 (3) 2.6088 (17) 177 (3)
C4—H4� � �O1i 0.95 2.57 3.4158 (2) 148.8
C19—H19� � �O1 0.95 2.57 3.218 (2) 125.3

TFA�3PIC
N1—H7� � �O1 0.889 (19) 1.933 (19) 2.6715 (19) 139.4 (16)
O2—H2� � �N2 0.98 (3) 1.62 (3) 2.5981 (18) 171 (2)
C12—H12� � �O1ii 0.95 2.53 3.285 (2) 137.1
C19—H19� � �O2iii 0.95 2.51 3.372 (2) 150.7

Symmetry codes: (i) x� 1; y; z; (ii) 1þ x; y; z; (iii) x� 1
2 ; y; 3

2� z.

Figure 5
Packing diagram of (a) MA�2PIC [form (II)] (above), TFA�2PIC (below)
and (b) TFA�3PIC viewed along [100].

Table 5
Contribution of the different interactions in the solvates of MA and TFA.

Interactions MA�2PIC [form (I)] MA�2PIC [form (II)] MA�3PIC MA�3CLPYR MA�4PIC TFA�2PIC TFA�3PIC

N� � �H (%) 3.4 2.6 2.5 2.7 2.3 2.9 4.1
O� � �H (%) 12.7 9.4 9.2 8.2 10.5 9.5 11.4
H� � �H (%) 55.2 58.5 60.0 57.0 60.6 42.8 44.3
C� � �H (%) 25.1 24.7 23.8 23.5 22.3 24.8 22.1
C� � �C (%) 2.7 2.7 3.0 3.3 3.1 3.0 3.3
Cl� � �H (%) – – – – – 12.8 11.0



different interactions depicted in Figs. 6 and 7 are represented

as: N� � �H (1), O� � �H (2), C� � �H (3), H� � �H (4) and H� � �Cl (5).

For the MA solvates (Table 5), the highest % N� � �H and

O� � �H interactions were observed in MA�2PIC [form (I)]. All

the solvates of MA show similar percentages for C� � �C and

C� � �H with the highest percentage for C� � �C found in

MA�3CLPYR while MA�2PIC [form (I)] had the highest

percentage for C� � �H. The % C� � �C and C� � �H contributions

for the two polymorphs of MA�2PIC were similar. The H� � �H

interactions dominate in all of the MA solvates. For MA�2PIC

[form (I)], the % H� � �H is 55.2% compared with form (II),

where the % H� � �H contribution is 58.5%. For MA�2PIC

[form (I)] the % N� � �H and O� � �H

contributions were 3.4 and 12.7%,

respectively. Form (II) showed lower

contributions with 2.6% for N� � �H

and 9.4% for O� � �H. MA�3CLPYR

and MA�3PIC are isostructural,

consequently, the distribution of the

different interactions is expected to

be similar and this was confirmed by

the closeness of the percentages for

each interaction in the two solvates.

The H� � �H interaction was the only

interaction where there was a differ-

ence with a percentage contribution of 60.0% in MA�3PIC

compared with the 57.0% in MA�3CLPYR. This can be

explained by the presence of the Cl atom instead of a methyl

group on the pyridine derivative. MA�4PIC had similar

contributions as found for MA�3PIC. Interestingly, for all the

structures the % O� � �H interactions is higher than the %

N� � �H which shows the important role of the weak C—H� � �O

interactions in stabilizing these structures. A similar trend was

observed for the tolfenamic acid solvates. Also for the TFA

solvates the H� � �H interactions dominate, although they are

also considerably lower than the percentages obtained in the

MA solvates. This is consistent with the replacement of one

methyl group (MA) with a Cl atom (TFA), which also results

in the Cl� � �H interactions of 12.8% for TFA�2PIC and 11.0%

for TFA�3PIC.

3.3. Comparison of torsion angles

The conformational behaviour of MA and TFA is based

upon the torsion angles of the twisting of the carboxylic acid

group (O2—C1—C2—C7), rota-

tion of the phenyl ring (C2—C7—

N1—C8) and the twisting of the

2,3-dimethylphenyl moiety (C7—

N1—C8—C9; Tables 6 and 7) as

described by SeethaLekshmi &

Row (2012). It should also be noted

that the positive and negative signs

used to denote the measured angles

were not considered during the

analysis. The torsion angles for the

rotation of the phenyl ring (C2—

C7—N1—C8) are comparable for

all the structures (Table 6) with the

highest value observed in

MA�2PIC [form (II)]. The dihedral

angle between the phenyl rings

increased as the methyl substituent

moved from the ortho position

[56.49 (5)�, MA�2PIC form (I);

49.60 (6)�, MA�2PIC form (II)] to

the meta [62.59 (4)�, MA�3PIC;

63.48 (7)�, MA�3CLPYR] and para
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Table 6
Torsion and dihedral angles (�) for MA�2PIC [form (I) and form (II)], MA�3PIC, MA�3CLPYR and
MA�4PIC.

MA�2PIC
[form (I)]

MA�2PIC
[form (II)] MA�3PIC MA�3CLPYR MA�4PIC

Torsion angles
O2—C1—C2—C7 �176.82 (11) 176.79 (12) �178.62 (9) �176.57 (13) 176.87 (12)
C2—C7—N1—C8 167.88 (11) �176.69 (14) �169.75 (10) �171.39 (14) 172.05 (13)
C7—N1—C8—C9 136.35 (12) �134.76 (15) �71.89 (15) �70.9 (2) 78.66 (18)
Dihedral angle 56.49 (5) 49.60 (6) 62.59 (4) 63.48 (7) 75.00 (5)

Table 7
Torsion and dihedral angles (�) of TFA�2PIC and TFA�3PIC.

TFA�2PIC TFA�3PIC

Torsion angles
O2—C1—C2—C7 176.86 (12) 173.14 (14)
C2—C7—N1_C8 �176.98 (14) �158.62 (15)
C7—N1—C8—C9 �135.99 (15) �156.88 (15)
Dihedral angle 48.51 (7) 43.26 (5)

Figure 6
Fingerprint plots with the interactions in the different solvates of MA.



positions [75.00 (5)�, MA�4PIC] of the pyridine derivative.

The twisting of the carboxylic acid group was consistent for

all the structures. The most significant difference observed was

the twisting of the 2,3-dimethylphenyl rings, with a variation

between the values found in the 2PIC polymorphs (Fig. 8a)

relative to the other three structures of approximately 60�

(Fig. 8b). The molecules in the individual structures were

overlaid using the molecule overlay tool in Mercury (Macrae

et al., 2008); the direct overlay feature was used. The

carboxylic acids of MA molecules in both MA�2PIC poly-

morphs are in a cis-conformation relative to the two methyl

substituents. Conversely, in MA�3PIC, MA�3CLPYR and

MA�4PIC the COOH groups are in a trans-conformation

relative to the two methyl substituents.

The C7—N1—C8—C9 torsion angles in MA�2PIC [form

(I): 136.35 (12)� and form (II): 134.76 (15)�] are similar to that

noted in the mefenamic acid nicotinamide co-crystal (137.1�;

Fábián et al., 2011). The same torsion angle in MA�4PIC

[78.66 (18)�] is similar to the 77.2� observed in the co-crystal of

mefenamic acid and 4,40-bipyridine (Surov et al., 2015). The

dihedral angles were also in the range found for MA mole-

cules in previous structures which varied between 50.04 (2)�

(MA nicotinamide co-crystal; Fábián et al., 2011) and 80� [MA

form (III); SeethaLekshmi & Row, 2012]. The dihedral angle

in the MA solvate with N,N-dimethylformamide (Seetha-

Lekshmi & Row, 2012) of 75.3� was found to be close in value

to that recorded for MA�4PIC (75.0�).

For TFA, the torsion angle for the twisting of the carboxylic

acid (O2—C1—C2—C7) is comparable to the values observed

in the MA solvates. However, more variation was observed for

the rotation of the phenyl ring, which decreased when the

methyl group on the pyridine ring was displaced from the

ortho position in 2PIC to the meta position in 3PIC. The

opposite trend was found for the twisting of the 2,3-dime-

thylphenyl rings. Moreover, the C7—N1—C8—C9 torsion

angle for the TFA�3PIC solvate does not fall within the range

for known TFA polymorphs and co-crystals (75–138�; Surov et

al., 2015). The dihedral angle also showed smaller deviations

in the two TFA solvates and are similar to those reported

(Andersen et al., 1989; López-Mejı́as et al., 2009). TFA mole-

cules in both solvates showed the Cl atom oriented cis to the

carboxylic acid groups (Fig. 9).
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Figure 9
Overlay of TFA molecules of TFA�2PIC (by element) and TFA�3PIC
(blue).

Table 8
Thermal analysis data for the different solvates.

Solvates MA�2PIC [form (I)] MA�2PIC [form (II)] MA�3PIC MA�3CLPYR MA�4PIC TFA�2PIC TFA�3PIC

Host:guest ratio 1:1 1:1 1:1 1:1 1:1 1:1 1:1
TGA calc. % mass loss 27.8 27.8 27.8 32.0 27.8 26.2 26.2
Exp. % mass loss – 23.2 26.1 30.3 25.6 25.0 25.7
DSC endotherm (Ton, K) 334 332 336 336 348 359 348
DSC endotherm (Ton, K) 503 502 503 503 502 486 489
Solvent normal b.p. (K) 401 401 417 421 418 401 417

Figure 8
Overlay of MA molecules in (a) MA�2PIC [form (I)] (yellow) and [form
(II)] (black) and (b) in MA�3PIC (red) and MA�4PIC (green).

Figure 7
Hirshfeld fingerprint plots and contribution of interactions in the
different solvates of TFA.



3.4. Thermal analysis

TGA and DSC experiments were performed to observe the

thermal stability of the different solvates. The results obtained

from these experiments are presented in Table 8. The DSC

and TGA curves have been deposited in the supporting

information.

The TGA traces of the different solvates of MA showed %

mass losses of 23.2% for MA�2PIC [form (II)], 26.1% for

MA�3PIC, 30.3% for MA�3CLPYR and 25.6% for MA�4PIC.

The calculated % mass loss for a 1:1 stoichiometry was 27.8%

for the picoline solvates and 32.0% for the 3-chloropyridine

solvate. The experimental mass loss for MA�2PIC [form (II)]

was much less than the expected value, thus the crystals tend

to desolvate rapidly once removed from the mother liquor.

The DSC curves show two endotherms for the solvates; one

for the loss of solvent and the other for the melt of the

desolvated mefenamic acid. MA�4PIC gave the highest Ton

value for release of the solvent compared with the other MA

solvates. The Ton for the melt of MA was found to be similar

for all the solvates screened with an approximate value of

503 K. The experimental % mass losses recorded for

TFA�2PIC and TFA�3PIC were within 1% of the calculated

values. Both DSC curves exhibit two endotherms for the

release of the solvent and the melting of the TFA. The thermal

stability trend was TFA�2PIC > TFA�3PIC. In all cases the

guests were released before the respective boiling point of the

pure solvents (Table 8).

3.5. Desolvation studies

The desolvation studies were performed using two different

methods. For the first method the solvate (100 mg) was placed

in an open vessel at room temperature (approximately 298 K)

for a period of 1 month. In the second method, samples were

heated at 363 K for 24 h (Aitipamula et al., 2011). The samples

were then tested using TGA to confirm that no solvent was

present in the powders. Thereafter, all samples were analysed

using powder X-ray diffraction (PXRD) and compared with

PXRD patterns obtained for the known polymorphs of the

fenamic acid (Mercury; Macrae et al., 2008). The PXRD

patterns for the desolvation experiments have been deposited

in the supporting information. In the case of MA, the PXRDs

of the desolvated powders corresponded to the calculated

PXRD pattern of MA form (I) (corresponding to the starting

material), code XYANAC (McConnell & Company, 1976) in

the CSD. MA form (I) has been reported as the more ther-

modynamically stable form compared with MA form (II)

based on lattice energy (Surov et al., 2009). No obvious

correlation could be found between the crystal structures of

the solvates and that of (MA) form (I), thus the results suggest

that all of the solvates studied revert to the more stable form

upon desolvation. For TFA, the PXRD patterns of the

desolvated TFA�2PIC and TFA�3PIC gave the best match with

the PXRD pattern of TFA form (I) (corresponding to the

starting material) found in the CSD code KAXXAI01

(Andersen et al., 1989). Similar to the MA solvate desolvation

studies there was no apparent relationship between the crystal

structures of the TFA solvates and that of TFA form (I).

3.6. Kinetics of desolvation

The kinetics of desolvation of selected solvates were

determined using non-isothermal methods (Flynn & Wall,

1966; Ozawa, 1965). The activation energies were obtained

from plots of log (heating rate) versus 1/T. The TGA experi-

ments were carried out using different heating rates ranging

between 2 and 30 K min�1 and a typical plot is shown in Fig.

10, illustrating the kinetics study for MA�3CLPYR. For this

solvate, the activation energy varied between 96 and

119 kJ mol�1. The different decomposition stages corre-

sponding to these plots were 5, 10, 15 and 25%. Similar values

were obtained for the desolvation of MA�4PIC which gave

activation energies ranging between 111 and 120 kJ mol�1. In

the case of the TFA solvates, activation energies recorded for

TFA�2PIC varied between 79.4 and 85.6 kJ mol�1. For the

TFA�3PIC solvate, activation energies varied between 69 and

106 kJ mol�1.

3.7. Grinding and slurry experiments

Powder X-ray diffraction was used to compare the theore-

tical patterns of the single crystal with those obtained from the

grinding, slurry, bulk sample and the starting material. PXRD

patterns of the grinding and slurry experiments of MA and

TFA with the respective guests agreed with the experimental

PXRD patterns recorded for the bulk material and with the

calculated PXRD patterns obtained from LAZYPULVERIX

(Yvon et al., 1977), except for the case of MA and 2PIC. The

two different forms of the MA�2PIC solvate were identified by

PXRD. After analysis of the bulk, grinding and slurry

powders, it was found that the resulting patterns did not match

those obtained from the calculated single-crystal PXRD

pattern of MA�2PIC [form (I)]. Crystals from the bulk mate-

rial were analysed using single-crystal X-ray diffraction and it
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Figure 10
Plot of log (heating rate) versus 1

T for the desolvation of MA�3CLPYR.



was determined that a polymorph of the solvate had been

prepared [MA�2PIC form (II)]. The calculated PXRD pattern

obtained from LAZYPULVERIX of this polymorph was

similar to those associated with the bulk, grinding and slurry

samples, which also contained additional peaks attributed to

unreacted starting material. PXRD patterns have been

deposited in the supporting information.

3.8. Comparison between mefenamic and tolfenamic acid
solvates

The various structures obtained from the two compounds

showed similarities in their packing arrangement with the

molecules stacked in columns. These observations were also

made by Fábián et al. (2011) in their analysis of co-crystals of

mefenamic, tolfenamic, flufenamic and niflumic acid. Surov et

al. (2015) also reported a similar columnal arrangement of the

different 4,40-bipyridine co-crystal structures with selected

fenamates. It can be concluded that a columnal arrangement

of the fenamates is usually preferred and it does not depend

on the substituents present on the fenamic acid.

The conformations of TFA and MA were different with

regard to the orientation of the phenyl rings (Fig. 11). In the

case of TFA, the 3-chloro-2-methylphenyl ring was in a cis-

position relative to the carboxylic acid in both TFA�2PIC and

TFA�3PIC. However, for MA the 2,3-dimethylphenyl ring was

in a trans-position relative to the acidic part of the fenamic

acid for most of the solvates (MA�3PIC/MA�3CLPYR/

MA�4PIC). MA molecules in both MA�2PIC crystal structures

adopted a cis-conformation.

4. Conclusion

Both mefenamic acid and tolfenamic acid formed solvates

with substituted pyridines. The fenamic acids are able to adjust

to accommodate the interactions of the carboxylic acid and

the nitrogen of the pyridine derivative. Five solvate structures

were obtained for MA with pyridine derivatives and in general

they displayed similar features and structural packing

arrangements. A polymorph of MA with 2-picoline [MA�2PIC

form (II)] demonstrated a different packing which was found

to be isostructural to the TFA�2PIC structure. In comparison,

two solvate structures of TFA with the picolines were obtained

and they exhibited different packing arrangements. The

conformation of the backbone of the two acids varied

depending on the fenamic acid. MA most commonly showed a

trans-conformation of the methyl substituents to the acidic

moiety with the exception of the 2-picoline solvate structures,

whereas TFA revealed a cis-conformation of the chloro group

relative to the carboxylic acid. Desolvation analysis of the

solvates led to the same polymorphic form of the acid as the

respective starting material. Generally, comparison of these

structures showed that replacement of a methyl group by a

halogen affected both the packing arrangement of the parti-

cular compounds and the conformation of the acid.

5. Related literature

References cited in the supporting information include: Lee et

al. (2006).
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Figure 11
Difference between the 2,3-dimethyl and 3-chloro-2-methylphenyl
groups conformation (in MA�3PIC and TFA�3PIC).
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