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Abstract

Morniflumate diniflumate, a molecular compound involving niflumic acid and its (-
morpholino ethyl ester (morniflumate) in the mole ratio 2:1, is found to crystallize in a triclinic
P—1 space group with a unit-cell volume of 2203.4(5) A3. It is a cocrystal between a morniflumate*
niflumate™ salt and a neutral niflumic acid molecule. The co-crystalline salt forms endothermically
with a positive excess volume and it melts incongruently at 382.3(8) K. Differential scanning
calorimetry executed at heating rates above 20 K-min™, leads to congruent melting at 387.8(9)K
with an enthalpy change of AqsH = 80(2) ] g1. The rare occurrence that incongruent and congruent
melting can be observed for the same cocrystal may be due to the conformational versatility of

the niflumic acid molecule and its slow conversion between the different conformations due to

weak intramolecular hydrogen bonding.
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1 Introduction

1.1 A cocrystal of niflumic acid and morniflumate

Niflumic acid with anti-inflammatory properties has a poor aqueous solubility; it falls in class
I of the biopharmaceutical classification system (2011). To improve solubility, an active
pharmaceutical ingredient (API) can be incorporated in a salt, because the ionic species of the API
will generally have a higher solubility than the neutral compound. In addition, the incorporation
of an APl in a cocrystal may increase its solubility, as the mixture of water and the constituents of

the cocrystal may alter the quantity of API that can be taken up in the solution.

The formation of a cocrystal with niflumic acid and morniflumate (the fmorpholino-
ethylester of niflumic acid) was first mentioned in US and EU patents obtained in the second half
of the eighties (Bru-Magniez et al., 1986, 1988). These patents describe the obtention of a
crystalline compound with analgesic and anti-inflammatory properties by evaporation of ethyl
ether, acetone, or methanol based solutions containing niflumic acid and morniflumate in a 2:1
molar ratio. The chemical composition of this compound is shown in Figure 1 and its crystal

structure and thermodynamic properties are described in this paper.

C?b*(;
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Figure 1. Morniflumate diniflumate chemical formula (left-hand side: niflumic acid, right-hand

side: morniflumate molecule), C4sH3gF9N707, M = 959.82 g-mol™!



1.2 Literature data of the components niflumic acid and morniflumate

The crystal structure of niflumic acid was solved by Krishna Murthy and Vijayan in 1979
(Krishna Murthy and Vijayan, 1979). The hydrogen-atom coordinates, missing in the
corresponding crystallographic information file (CIF) NIFLUM10 of the Cambridge Structural
Database (CSD), can be found in the Supplementary Information Table S1a. The CSD contains a
second CIF with the same structure, NIFLUM11, which is not linked to any publication (Surov and
Perlovich, 2016). The crystal structure of morniflumate was solved by Toffoli et al. (Toffoli et al.,
1988); it can be found in the CSD under the reference code GAKWIY. Furthermore,
thermodynamic properties of the two chemical substances such as temperatures and heats of
fusion, sublimation pressures, and density of the molten state, have been reported (Ambrus et al.,
2013; Barrio etal., 2017; Perlovich et al,, 2007; Pinvidic et al.,, 1989; Romero et al., 2004; Szunyogh
et al., 2013). Available temperatures and heats of fusion of morniflumate and niflumic acid,

together with new results, can be found in the Supplementary Information Table S1b.

2 Materials and methods

2.1 Obtention of crystalline morniflumate diniflumate

Niflumic acid and morniflumate samples from Archimica (France), purity >99.4 %, were
kindly provided by Solvay (France) and used as such after verification of purity by X-ray
diffraction and differential scanning calorimetry. The two compounds, mixed in a 2:1 molar ratio,
were dissolved in methanol at room temperature. While the solution was slowly being

evaporated, elongated platelike crystals appeared, which were dried and analysed (Figure 2).



Figure 2. Optical microscopy photograph of elongated platelike crystals of morniflumate

diniflumate grown from methanol at room temperature

2.2 Single-crystal X-ray diffraction

Single-crystal X-ray diffraction (SC-XRD) data were recorded on a Bruker Smart Apex
diffractometer. A molybdenum IuS microfocus X-ray source was used, running at 50 kV and 0.6
mA, emitting Mo-Ka radiation (A = 0.710731 A). A Charge-Coupled Device (CCD chip 4K, 62 mm)
area detector was positioned at 6.0 cm. The orientation matrix and unit cell were established using
the APEX2 (v2014.11-0) program suite (Bruker-AXS, 2014). The 3D reflection profile and the
integration of all reflections were processed with the SAINT (v8.34A) program (Bruker-AXS,
2014). The SADABS (v2014/5) program was used to correct for Lorentz and polarization effects
and for absorption due to the sample (Krause et al, 2015; Sheldrick, 2014). The SHELXTL
(v2014/7) program suite was used to solve the structure by the intrinsic phasing method and to
refine the solution by full-matrix least-squares calculations on F2 (Bruker-AXS, 2014). All
hydrogen atoms were located using a Fourier difference map and subsequently included in the
refinement with one overall isotropic thermal parameter. An Oxford Cryosystems nitrogen
cryostat (Cryostream Plus) was used to carry out X-ray single crystal diffraction experiments at

100 K and at 297 K.

2.3 High-Resolution Powder X-ray Diffraction



Powder X-ray diffraction (PXRD) was carried out on a transmission mode diffractometer using
Debye-Scherrer geometry equipped with cylindrical position sensitive detectors (CPS120) from
INEL (France) containing 4096 channels (0.029° 26-angular step) with monochromatic Cu Ka: (A
= 1.5406 A) radiation. Specimens were introduced in Lindemann capillaries (0.5 mm diameter)
rotating perpendicularly to the X-ray beam to improve the average over the crystallite
orientations. External calibration using the Na;CazAl;F14 cubic phase mixed with silver behenate
was performed by means of cubic spline fittings. Measurements as a function of temperature were

carried out using a liquid nitrogen 700 series Cryostream Cooler from Oxford Cryosystems.

2.4 Differential Scanning Calorimetry

Temperature (onset) and heat of transition were obtained with a Differential Scanning
Calorimeter (DSC) Q100 from TA Instruments at various heating rates. The DSC was calibrated
using the melting point of indium (Trs= 429.75 K and AssH = 28.45 ]-g'1). The specimens were

weighed using a microbalance sensitive to 0.01 mg and sealed in aluminium pans.

2.5 Thermogravimetry

Thermogravimetric measurements were performed with a Q50 system from TA Instruments
under nitrogen flux from room temperature to 550 K. Heating rates of 10 K-min™ and sample

masses of ca. 5 mg were used.

3 Results and Discussion

3.1 Crystal structure

Morniflumate diniflumate has been found to crystallize in the triclinic system,
centrosymmetric space group P-1 at room temperature. Single-crystal X-ray diffraction on these
crystals has been carried out at 297 K and at 100 K. Crystal and experimental data have been
compiled in Table 1. The CIFs can be obtained from the Cambridge Crystallographic Data Centre

(CCDC), deposit numbers 2098516 and 2098518, free of charge via



www.ccdc.cam.ac.uk/data request/cif. Atom coordinates and displacement parameters are listed

in Tables S2a and S2b in the supplementary materials. Bond lengths and bond angles can be

found in the CIFs.

Table 1. Crystal data and structure refinement for morniflumate diniflumate at 100 K and

297 Ka
Temperature T(o) /K 100(2) 297(2)
Crystal system triclinic triclinic
Space group P-1 P-1
a(o) /A 10.6111(10) 10.8037(13)
b(o) /A 13.1460(13) 13.1919(16)
c(o) /A 16.5222(16) 16.873(2)
o(o) /° 75.149(1) 76.281(1)
Blo) /° 72.155(1) 71.000(1)
ANo) /° 81.988(1) 81.859(2)
Cell Volume V(o) /A3 2115.9(4) 2203.4(5)
Z 2 2
M /g-mol-1 959.82 959.82
Dcaic /g-cm3 1.507 1.447
Veale /cm3-g-1 0.66378 0.69123
u (MoKa) /mm-! 0.129 0.124
F(000) 988 988
Crystal shape rod rod

Crystal size /mm

0.40x0.20x0.10

0.40x0.20x0.10

Radiation

MoKa (A =0.71073 A)

MoKa (A =0.71073 A)

O-range /° for data collection

2.021 to 29.040

1.593 to 29.033

Completeness

0.892

0.887

Reflections collected

21774

20485

Independent reflections

10084 [Rint = 0.0100]

10411 [Rine = 0.0126]

Reflections with I > 2o(1)

9435

8314

No. of parameters

809

849




Goodness-of-fit on F? 1.028 1.020
Final R indexes [c2> 206(])] R1=0.0398, wR; = R1=0.0456, wR; = 0.1332
0.1048
Final R indexes [all data] R1=0.0418, wR; =0.1067 | R1=0.0575 =, wR;
=0.1476
Largest diff. peak/hole /e-A3 | 0.787/-0.700 0.192/-0.230
CCDC 2098518 2098516

a Estimated standard deviation (esd) in parentheses

The asymmetric unit contains one morniflumate and two niflumic acid molecules (see atom
labels in Figure S1 in the supplementary materials). The three molecules are shown in Figure 3.
The hydrogen atom of the -COOH group of niflumic acid A has moved from 02A to N3C of the
morniflumate f-morpholinyl moiety. This has led to a morniflumate* niflumate™ salt that itself has
formed a cocrystal with the second, nonionized niflumic acid B. Intramolecular hydrogen bonds,
which form pseudorings, and disordered -CF3 groups can be observed too. They have been
previously reported in niflumic acid (Krishna Murthy and Vijayan, 1979) and in morniflumate
(Toffoli et al., 1988). Data on the hydrogen bonding at 297 K and at 100 K can be found in Table
S$3 of the supplementary materials. On cooling to 100 K, the disorder of the morniflumate -CF3
group was no longer observed (see fractional site occupancies for the F-atoms at 297 K and at 100
K in the supplementary materials Table S$4).

The crystal structure consists of a layer with two niflumic acid molecules, the neutral niflumic
acid and the niflumate cation that alternates with the negatively charged morniflumate layer. The

layers stack parallel to the bc plane and normal to the a axis.



Figure 3. The molecular configuration in the cocrystal morniflumate* niflumate —niflumic acid at
room temperature. Niflumic acid A is deprotonated and linked through a charge assisted
hydrogen bond (02A™---H—N*3C) with the morniflumate molecule (C). In addition, a second
hydrogen bond (01A::-H—O01B) links it to the neutral, nonionized niflumic acid molecule B. Other
hydrogen bonds, marked with dashed lines, form pseudorings virtually coplanar with the
heterocycles marked by A, B, and C. Only a single orientation of each -CF3 group is shown for

clarity.

3.2 Thermal behaviour of morniflumate diniflumate

On heating the morniflumate diniflumate at various rates in a differential scanning
calorimeter, unexpected thermal behaviour was recorded, as shown in Figure 4. At heating rates
from 0.5 to 20 K'‘min™ from room temperature, an endothermic peak is observed at onset
temperature T1 of 382.3(8) K accompanied with an enthalpy change of 77.6(7) ]J-g'! when
measured at rates that are larger than 0.5 K-min.. On further heating, the first peak is followed
by an exothermic effect (grey area in Figure 4) superimposed on an endothermic effect which has
a maximum at 436.6 K and is indicated by Tmax (see the supplementary materials Table S5 for the
values of the enthalpy changes). After cooling the molten molecular compound at a rate of -320
K-min-! to 100 K, a glass transition is observed at 301.5 K (midpoint) on reheating at a rate of 10

K-min-1, which may be related to the absence of disorder observed at 100 K for the morniflumate



CF3 moiety. The T; can be compared with the ones found for niflumic acid at 303 K and for

morniflumate at 247 K (Pinvidic et al., 1989; Romanini et al., 2019).

Thermogravimetric analysis results demonstrate no significant weight loss on heating the
compound up to 450 K (see Figure S2 in the Supplementary Materials) implying that after cooling,
the individual components are still present in the system even if the cocrystal itself may have

fallen apart.

heating rate (K min-1)

Heat flow /W g’

<—ENDO

360 380 400 420 440
T/K

Figure 4. Differential scanning calorimetry curves recorded on heating morniflumate diniflumate
cocrystals at various heating rates (see the supplementary materials Table S5(a and b) for
quantitative information). The areas in grey correspond to the exothermic event of
recrystallization of niflumic acid from the liquid of the peritectic equilibrium marked by the onset
temperature T1. Tmax corresponds to the maximum in the liquidus peak and T> corresponds to the

end of the entire transition sequence.

As illustrated in Figure 4, the transition from the solid cocrystal to the homogeneous liquid
state starts at T: and ends at T»; according to the first principle of thermodynamics, it is
accompanied with an endothermic effect of 86.1 J-g™! obtained by integration over the entire

temperature range defined by the limits T: and T (see Table S5a for the values). Moreover, on
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heating at a rate of 50 K-min1, a single endothermic peak is observed with an onset temperature
Ts of 387.8(9) K and an enthalpy change AH of 80(2) J-g™! similar in value to the more extended

process below 50 K-min™.

The combination of the DSC results in Figure 4 (and S2) and powder X-ray diffraction
experiments in Figure 5 demonstrates that the phase changes evidenced by DSC correspond to
the following sequence at heating rates below 20 K-min™: (1) incongruent melting of
morniflumate diniflumate with an onset at T1, (2) an exothermic progressive recrystallization of
amorphous niflumic acid from the peritectic liquid and (3) endothermic progressive melting
completed at T,. At 50 K-min1, the onset of the melting of morniflumate diniflumate is observed
at T3, which is higher than Ty and no other effect is observed up to the final temperature of the

run.

Intensity (arbitrary units)

5 10 15 20 25 30
2-theta /°

Figure 5. X-ray diffraction patterns on heating of the cocrystal morniflumate diniflumate at (a)
300 K, (b) 381.7 K, and (c) 389 K, the temperature at which the cocrystal has transformed into a
mixture of solid niflumic acid and liquid, as indicated by the halo shape of the background. (d)
Pattern of niflumic acid calculated at room temperature with the data published by Krishna

Murthy and Vijayan (Krishna Murthy and Vijayan, 1979).
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3.3 Factors influencing the morniflumate diniflumate formation

According to the Le Chatelier’s principle, applying pressure favours the state of a system that
possesses the smaller volume and heating favours the state of a system with the larger enthalpy.
As far as the formation of the morniflumate diniflumate cocrystal is concerned, the Le Chatelier’s
principle can be used to evaluate the relative stability tendency of the cocrystal in relation to the

temperature and the pressure if its enthalpy of formation and its excess volume are known.

3.3.1 The excess volume

At room temperature, the volume of a niflumic acid molecule is 301.80 A3 or 301.84 A3
(Krishna Murthy and Vijayan, 1979; Surov and Perlovich, 2016), and the volume of a molecule of
morniflumate is 462.35 A3 (Toffoli et al., 1988). According to the additivity rule, the molecular
volume of the cocrystal morniflumate diniflumate should be 1066.00 A3 (two niflumic acid
molecules and one morniflumate molecule); however at 297 K, an experimental value of 1101.7
A3 was found (see Table 1). The difference corresponds to a positive excess volume AV of +35.7
A3 per formula unit. To confirm this result, the lattice parameters of morniflumate diniflumate at
300 K were refined using a high-resolution X-ray diffraction pattern (pattern a in Figure 5). The
unit cell parameters a = 10.834(4) A, b = 13.229(6) &, ¢ = 16.922(8) A, « = 76.175(22) °, =
71.014(26) °,y = 81.871(27) ° resulted in a unit-cell volume of 2221.7(1.6) A3, i.e. 1110.85 A3 per

formula unit, leading to an even larger excess volume of AV = +44.85 As.

For a more thorough investigation into the excess volume of the cocrystal’s specific volume,
the thermal expansion of pure morniflumate and of pure niflumic acid have been investigated
using the same powder X-ray diffractometer. The temperature dependence of the morniflumate

unit-cell volume had been determined previously on the same equipment (Barrio et al., 2017):

Veen(morniflumate) /A3 = 890.1(1.4) + 0.0773(13) T /K + 0.000227(27) (T /K)? 1),

with Z = 2, leading to a volume of 466.8 A3 per molecule of morniflumate at 300 K. The temperature

dependence of the niflumic acid unit-cell volume has been determined for this paper by collecting

12



high resolution X-ray diffraction patterns between 100 K and 450 K (see the supplementary
materials Table $6). Fitting the unit-cell volume (A3) as a function of the temperature (K) leads

to:

Veen(niflumic acid) /A3 = 1136.9(1.7) + 0.2678(48) T /K 2);

hence at 300 K, the volume of a niflumic acid molecule equals 304.31 A3. With these new values, a
positive excess volume of 1110.85 - ((2 x 304.31) + 466.8) = 35.4 A3 is obtained at 300 K, the same

value as the initial estimate based on the single crystal data.

The same calculation can be carried out with the crystal data obtained at 100 K. Using eqgs. 1
and 2, the molecular volume of niflumic acid at 100 K is 291 A3 per niflumic acid molecule and
450 A3 per morniflumate molecule. Following additivity, it leads to an expected volume of 1032
A3 per cocrystal formula-unit. Comparing this value to the experimental value of 1078.65 A3 in

Table 1, a positive excess volume AV= 46.8 A3 is obtained at 100 K.

Considering that the cocrystal possesses a positive excess volume over the entire tested
temperature range, it implies that an increase in pressure disfavours its formation from its

individual components.

3.3.2 The heat of formation

To calculate the enthalpy of formation of the cocrystal, heat capacities of the cocrystal and its
individual components are needed. The heat capacities of crystalline niflumic acid, of crystalline
morniflumate and of the liquid of morniflumate can be found in a previous article (Pinvidic et al.,
1989). For crystalline niflumic acid, in the temperature range from 140 K to 465 K, the heat

capacity was found to be:

Cpa /)-8 K1 =3.19 x 103 T /K + 0.07 (3).

For crystalline morniflumate, in the temperature range from 110 K up to 340 K, the heat capacity

was found to be:

13



Cpwmrs) /]-g +K1=3.09 x 103 T /K + 0.21 (4),

while for the morniflumate liquid, in the temperature range from 356 K up to 439 K, the heat

capacity is found to be:

Cpurgy /)-8 WK1 =3.5x103 T /K + 0.36 (5).

Moreover, for the present paper, the specific heat of morniflumate diniflumate (NA2MF) was
determined in the solid state (140 - 382 K) and in the molten state (382 - 455 K). The mean values

from three measurement series were found to be:

Cpnazvrgs) /)-8 1'K1=2.97 x 103 T /K + 0.15 (6),

Cpnazwry /]-g 1 K1=3.2%x 103 T /K + 0.34 (7).

With these data, in combination with the melting enthalpies of its components, the enthalpy of
formation of the morniflumate diniflumate cocrystal can be estimated as indicated by the

thermodynamic cycle drawn in Figure 6.

To determine the enthalpy of formation (in J-mol™1) of the morniflumate diniflumate cocrystal,
A¢H, the temperature of fusion of morniflumate MF is taken as the initial temperature (Ti = 348.1
K) and the melting temperature of niflumic acid NA is taken as the final temperature (Tr= 476.2
K). Path AH; includes the heating of solid NA;MF from T; to its melting temperature at 387.8 K, its
heat of fusion of 80 J-g™! and the heating of the melt from 387.8 K to T, which gives AH: = 281.6

J-g74,i.e., 270.3 k] per mol of NA;MF.

Path AH; includes the heating of solid niflumic acid over the entire temperature interval and
its melting enthalpy of 131 J-g™%, which leads to 309 J-g71, and the heat of fusion of morniflumate
of 90 J-g7! and heating of the melt from T; to Tt resulting in 321 J-g™L. Hence, AH, = 2 x (309 x

282.22) + (321 x 395.40) = 301.1 k] per mol of NA;MF.

14



Tinitial —_— Tfinal

NA2MF
solid AH1

2NA+MF
AfH liquid

2NA+MF -~ AH2
solids

Figure 6. The thermodynamic cycle for the estimation of the enthalpy of formation A¢H of the
morniflumate diniflumate cocrystal from its components niflumic acid (NAx2) and morniflumate
(MF). Two thermodynamic paths are used from Tinitia t0 Tfinal. (1) AH1: heat of fusion of NA;MF and
heating of the solid and the molten state. (2) AH>: heats of fusion of the individual components NA

and MF and heating of these solids and molten states in the same temperature interval.

It follows that the heat of formation, AtH = AH,—AHj, is found to be +30.8 k] per mol of NA;MF
and it means that the formation of the cocrystal morniflumate diniflumate is endothermic, i.e.,
favoured by an increase in temperature. If the contributions of the specific heats are ignored and
only the melting enthalpies are taken into account, a value AH = +32.9 k] per mol of NA;MF is

found, which is a difference of about 7%.

3.4 Niflumic acid-morniflumate binary system: Temperature-mol fraction (T-

x) phase diagram

To verify whether binary compounds with other stoichiometries may exist in the niflumic acid
-morniflumate system, samples were prepared by evaporating solutions of mixtures of the
components in various ratios in ethyl ether at room temperature. After complete evaporation the
resulting powders were examined by X-ray diffraction and differential scanning calorimetry. No

other combination of the components has been found and the phase diagram in Figure 7,

15



constructed using the DSC results (see typical DSC curves in the supplementary materials Figure
$3, the Tammann plots in Figure S4, and the data in Table S7) and the X-ray diffraction patterns

of the samples, represents all phase behaviour of the morniflumate - niflumic acid system.
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Figure 7. Morniflumate - Niflumic acid binary phase diagram. Phase regions: (1) liquid, (2) liquid
+ solid niflumic acid, (3) solid niflumic acid + morniflumate diniflumate, (4) liquid + morniflumate
diniflumate, (5) solid morniflumate + morniflumate diniflumate, (6) liquid + solid morniflumate.
Iz = peritectic liquid, I = eutectic liquid. Liquidus of niflumic acid: red solid circles with fitted line
(eq 8), metastable extension: solid black diamonds, ideal liquidus: solid green circles. Liquidus of
morniflumate: black line and metastable extension with open circles. Eutectic between
morniflumate and morniflumate diniflumate: red solid diamonds with solid black line. Peritectic
of morniflumate diniflumate: solid blue circles and solid black line. Liquidus of morniflumate
diniflumate (eq. 9): stable part: violet solid circles and black solid line, metastable extensions:

solid black triangles, metastable congruent melting point: open cross.

The eutectic equilibrium between morniflumate and the binary compound is found at Te =

346.14(73) K, and the composition of the eutectic liquid, x(/&) = 0.025 (niflumic acid mol fraction),
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has been estimated using the fitted liquidus lines of morniflumate and the cocrystal based on the
Schroeder equation and an equation describing the thermal behaviour of compounds derived by
Kuznetsov et al. (see eq. 9 below) (Kuznetsov et al, 1975; Redlich and Kister, 1948). It
demonstrates that the eutectic equilibrium is nearly degenerate with the melting temperature of

pure morniflumate.

The experimental niflumic acid liquidus curve (right-hand side) does not follow ideal
behaviour. The dependence of its temperature, T, on the niflumic acid mol fraction x has been

fitted to the equation:

Tliquidus niflumic acid /K = ([-ﬂi(l_x)Z = AfusS Tfus)/('Rln[X) + AfusS + SE(l'X)Z) (8)

based on the Redlich-Kister equation for the excess Gibbs energy in the system (Redlich and
Kister, 1948). HE is the excess enthalpy of the system in J-mol-1, AnsS, 77.3 J-K-1-mol-, is the entropy
of fusion of pure niflumic acid and Trs, 476 K, is its melting temperature, R is the gas constant
(8.31447 ]-K-:‘mol-1) and SE is the excess entropy of the system in J-mol-1-K-1. The fitting

parameters HE and SE were found to be -36154 J-mol-! and -58.6 ]-K-1-mol-., respectively.

The temperature of the peritectic equilibrium is found to be 382.3(8) K, which is the mean
onset temperature Ti of the related endothermic peaks (see Table S5). The composition of the
peritectic liquid, x(I7), is found to be about 0.40 (niflumic acid mole fraction) using eq. 8 and the

temperature of the peritectic equilibrium (see also the Tammann plots in Figure S4).

The liquidus of the cocrystalline salt has been fitted using an expression with variable
constituents A,B,, with in the present case m = 1, and n = 2, leading to the following expression

(Kuznetsov et al., 1975):

AtusS Trus (T/Trus- 1) -RTIn(((1-x) (m+n) / m)m (x (m+n) / m)m) = (HE-T SE) (mx2 +n (1 - x)?

-mn /(m+n)) )
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Ttus is the congruent melting point of the compound, Trs = 387.8 K, whereas AsS, the entropy of
melting of the compound can be derived from the melting enthalpy of 80 J-g1 (76.8 kJ-mol™)
leading to 198 ]J-mol™1-K™L. Both values were obtained from experiment (Table S5b). The fitting
parameters for the excess contribution HE for the enthalpy and SE for the entropy, were as found

to be HE = 49.899 k] mol-1 and SE=126.6 ]-mol™1-K™1,

3.5 The conformations of niflumic acid and the effect on the phase behaviour

In the crystal structure of niflumic acid, two niflumic acid molecules form a hydrogen-bonded
dimer, shown in the supplementary materials Figure S5, in which the two C=0 groups are
acceptors in bifurcated hydrogen bonds forming pseudo-cycles (Krishna Murthy and Vijayan,
1979). In the morniflumate diniflumate compound, one niflumic acid strongly interacts with the
f-morpholino-ethyl ester (morniflumate) forming a cocrystal involving the morniflumate*
niflumate- salt moiety and an additional niflumic acid molecule. This has resulted in the removal
of one of the hydrogen bonds involved in the dimer and in a proton exchange with the

morniflumate in addition to a number of conformational changes illustrated in Figure 8.

The main change in conformation of the morniflumate molecule compared to the pure
compound consists in the altered orientation of the morpholinyl group with respect to the
niflumic part. Moreover, the conformation of the deprotonated niflumate cation (green, Figure 8)
is very similar to the original conformation of niflumic acid in the pure crystal (yellow), unlike
what is observed for the neutral molecule in the cocrystalline salt in magenta (Figure 8). The
conformational change in the neutral molecule (magenta) involves the -CF; and -COOH groups
that are found at the same side of the molecule, while in the deprotonated molecule (green), they
point in the opposite direction, similar to the conformation found in the pure acid and in the
hydrated complex between niflumic acid and ethanolamine (see the supplementary materials

Figures S5 and S6) (Dhanaraj and Vijayan, 1983; Krishna Murthy and Vijayan, 1979).
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Figure 8. Conformational changes in the morniflumate diniflumate cocrystal with respect to its
components. (a) Niflumic acid (view perpendicular to the pyridyl plane), yellow: original
conformation (Krishna Murthy and Vijayan, 1979), green and magenta: conformations in the
cocrystal, green (deprotonated) and magenta (neutral). (b) Morniflumate (view perpendicular to
the phenyl ring), blue: original conformation (Toffoli et al., 1988) and red: protonated cation

conformation in the cocrystal.

The experimental results demonstrate that the morniflumate diniflumate cocrystal melts

incongruently at 382.3 K corresponding to a right shift in the following peritectic equilibrium:

Morniflumate diniflumate (s) <> niflumic acid (s) + peritectic liquid I (1) (10)

It was observed that niflumic acid did not crystallize immediately during the shift of the
equilibrium; however, it recrystallized exothermically from the peritectic liquid, depending on the

heating rate (grey areas in Figure 4), while redissolving on further heating until a single liquid

19



mixture had formed at 436.8 K (i.e. the temperature of the liquidus curve ata 2:1 mole ratio of the
binary phase diagram involving niflumic acid and morniflumate). Moreover, it was observed that
morniflumate diniflumate melts congruently at 388 K on heating at rates above 20 K-min?, i.e.

without transitory recrystallization of niflumic acid.

The observation that an incongruent peritectic melting turns into a metastable congruent
melting with increasing heating rate can be explained by a kinetic energy barrier that interferes
with the instantaneous reconstruction of the crystalline niflumic acid dimer from the niflumic acid
molecules in the cocrystal. One of them is in need of a proton, while in the other molecule the
phenyl-CF3 group needs to rotate for 180° around the C7B-N2B bond, which is restricted by the
C6B-H3B:--N1B weak interaction (see Figure S1). It appears that niflumic acid is free to choose
either the trans or cis conformation for the orientation of the CF3; and COOH groups, while a weak
interaction locks in the chosen orientation in a given crystal structure, as can be seen in the
supplementary materials Table S8 for several other structures containing niflumic acid
(Bhattacharya et al., 2020; Dhanaraj and Vijayan, 1983; Fabian et al., 2011; Hu et al.,, 2010; Krishna
Murthy and Vijayan, 1979; Kumar et al., 2017; Mittapalli et al., 2019; Surov and Perlovich, 2016;

Surov et al,, 2018; Toffoli et al., 1988).

Weak hydrogen bonds involving carbon-bonded hydrogen atoms have been observed and
described in other structures, and their features match those reported in Table S8. For instance,
in 1982, Taylor and Kennard reported H---N distances in C-H--:N interactions ranging from 2.522
to 2.721 A, and they concluded than such “contacts are attractive interactions, which can
reasonably be described as hydrogen bonds“ (Taylor and Kennard, 1982). In 1984, Berkovitch-
Yellin and Leiserowitz reported C---N distances in C-H---N interactions that were shorter than 3.40
A (Berkovitch-Yellin and Leiserowitz, 1984). Similar geometries as those compiled in Table S8
were also reported by Bosh et al. with N-+-H and C-+-N distances ranging from 2.3 to 2.6 A and from
3.23 t0 3.50 A, respectively (Bosch et al,, 2015). Moreover, the distances found in the diniflumate

morniflumate cocrystal are even shorter than those found by Shivakumar et al. in aza-
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heterocycles ranging from 2.574 < d(H---N)/A < 3.050 (Shivakumar et al., 2012), and those found
by Osmialowski et al. in two 2-acylaminopyrimidines with distances in the order of 2.61 <

d(H---N)/A < 2.72 and 3.387 < (C---N) /A < 3.513 (O$miatowski et al., 2013).

4 Concluding remarks

The morniflumate diniflumate binary compound, formed endothermically by two niflumic
acid molecules and one morniflumate molecule, has been characterized. Its crystal structure,
found to be triclinic, demonstrates that it is a cocrystal between a neutral niflumic acid and a
morniflumate™ niflumate* salt. It melts incongruently at 382.3 K but it can undergo, when heated
at higher heating rates, a metastable congruent melting at a higher temperature (387.8 K). As a
result of its excess volume, the binary compound may fall apart under the effect of pressure. An
increase of temperature has a stabilizing effect as the formation of the binary compound is
endothermic; however, this stabilization is counteracted by the entropic contribution to the Gibbs
energy, which starts to outweigh the enthalpy at the incongruent melting point of 382.3 K, at

which temperature the binary compound ceases to be stable.

The formation of a salt combined with a neutral carboxylic acid has been observed before by
Aakerdy et al. and may be a typical behaviour of carboxylate salts (Aakerdy et al., 2007). Although
it may lead to unpredictability in the crystal structure as was argued in the cited article, the
combined cocrystal and salt formation may nonetheless improve the solubility of the active

components; thus most of these compounds should be individually investigated on their merit.

The expansivity o of niflumic acid, 2.36 x 104 K1 from eq. 2, is found to be very close to the
mean value of 2.21 x 10-4 K-! for active pharmaceutical ingredients and other organic molecular
solids (Céolin and Rietveld, 2015; Gavezzotti, 2013; Rietveld and Céolin, 2015). In contrast, using
the cell volumes at 100 K and 297 K, a solid expansivity of 1.1 x 104 K1 is found for the
morniflumate diniflumate, i.e. twice as small as the usual value for solids, even if the cocrystal

possesses a positive excess volume.
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The solid-state studies have led to a typical phase diagram for a 1:2 molecular compound with
incongruent melting or, in other words, a peritectic equilibrium. However, it is very uncommon to
observe in such diagrams the metastable congruent melting too, even if some cases have been
reported previously, in particular by Weinhold (Weinhold, 2009). Although kinetic factors have
been indicated to explain the slow recrystallisation of pure niflumic acid above the peritectic
melting transition, the observed metastability does suggest that metastable polymorphs of

niflumic acid may exist that have not been observed yet.
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