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We report results of the relative stability between form I'and form II of tolfenamic acid. By performing systematic cluster calculations
at the B3LYP/6-31G™ level of theory and including the corrections to the dispersion and basis set superposition error, we found
that form II is energetically more stable than form I. Furthermore, we found that the formation of dimers has a stabilizing effect
compared to individual monomers in the clusters that we have considered.

1. Introduction

Polymorphs are compounds with the same chemical formula
but with different arrangements of the molecules in the solid
state. Due to the difference in the physical characteristics
between the polymorphs, an understanding of the poly-
morphs is of the utmost importance for the proper usage
of a compound. The studies of polymorphs involve diverse
fields, employing experimental and theoretical approaches.
However, even though studies are aplenty in this field, there
are still questions to be answered, as pointed out in a few
recent review articles on polymorphism [1, 2]. To elucidate
the stability between different polymorphs, the concept of rel-
ative energy is usually used. Apart from the molecular energy
or the lattice energy, the energy of molecular conformers and
the crystal lattice energies have also been put forward [3, 4].
Since there are interactions between molecules in the crystal,
by including the lattice energy, this approach takes into
consideration the interaction energy between the molecules
and avoids assessing the stability of the polymorphs based on
just the stability of the molecular conformer.

In this report, the focus is on a compound known as tolfe-
namic acid, a nonsteroidal anti-inflammatory drug. Tolfen-
amic acid was initially found in two forms, the white (form I)
and the yellow (form II) [5]. A decade later, this compound

was reported to exist in five polymorphic forms [6]. The two
most studied forms are shown in Figure 1. The comparison of
the stability of tolfenamic acid was first given by Andersen
et al., where it was reported that the yellow form is more
stable than the white form based on their analysis of the
crystal structures and their physical properties [5]. This is in
agreement with the results from the theoretical consideration
of the total energy, studied using the periodic calculations [7].
The same conclusion was obtained by Mattei and Li from the
calculations of molecules in the gas phase [8, 9]. In addition,
these results are in agreement when the density of the forms
is considered, where the yellow form is denser than the white
form [7]. However, disagreement arises when comparison
between the polymorphs is made using the lattice energy.
Using solution calorimetry, Surov et al. found that the yellow
form is more stable than the white form by 6.7 + 1.2 k] mol ™"
[7]. This result contradicted with the ones reported by Mattei
and Li [9] and Uzoh et al. [10], where the white form is more
stable than the yellow form by ~3k]J mol™! and 2kJmol ™},
respectively.

In this study, we embarked on the objective to clarify
the contradicting trend of the stability of form I and form
IT of tolfenamic acid. We will provide energetic perspective
from the cluster method. The cluster method is different from
other methods as it incorporates the molecules in an explicit
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FIGURE 1: Molecules of tolfenamic acid in polymorphic forms. (a) Form I and (b) form II. Chlorine is represented in green, carbon grey,
nitrogen blue, oxygen red, and hydrogen white. The diagrams were generated using Gauss View [16] using the X-ray data from [5].

way such that the total energy can include the intermolecular
interaction energy. Provided that the size of the cluster
is sufficiently large, the interaction energies between the
molecules will be mimicking the lattice energy. This method
corrects the deficiency of certain conformational analysis
which only considers the molecule in the gas phase and hence
the neglect of intermolecular energies and the crystal packing
effect. The details of the method will be discussed in the next
section.

2. Methodology

We performed systematic cluster calculations on the ener-
getic variations when the number of molecules was increased.
The coordinates of form I and form II molecules were
obtained from the Crystallography Information File associ-
ated with the paper by Andersen et al. [5]. To generate the
surrounding molecules of a central molecule, we used the
“Molecular Shell” feature in the Mercury program [11]. By
first selecting the nitrogen atom of the central molecule, we
generated its neighbor molecules by specifying the “contact
distance range” values, and the molecules that are within that
particular contact distance will be shown. By specifying larger
values, more molecules will be included. This should give
better representation of the intermolecular energy and hence
mimic the lattice energy. Starting from 4 A, we increased the
contact distance in steps of 1A until 10 A. By doing this, we
have nine clusters (including the one-molecule and dimer
cluster) for each of forms I and II. However, some of the clus-
ters generated from the Mercury program contain molecules
which are incomplete dimers. Therefore, extra molecules
were added manually to complete the incomplete dimers.
Hence, we have another set of clusters with complete dimers.
With this, we can compare the results between clusters that
contained molecules that are paired and unpaired as dimers.
The largest cluster in this study consists of 36 molecules,
which translates into 1080 atoms. It is generated in form
II, with contact distance of 8 A, and extra molecules were

added so as to form dimers. Figure 2 shows two of the many-
molecule clusters modeled.

Computations were performed using G09 suite of pro-
grams utilizing DFT at B3LYP level of theory with 6-31G™ as
the basis set [12]. Corrections to the basis set superposition
error (BSSE) were performed using the geometrical coun-
terpoise program (gCP) [13]. As for the improvement of the
B3LYP method to model the dispersion energy, the scheme
known as D3 by Grimme et al. [14, 15] was used.

The relative energy per molecule (E,.;) was used to
indicate the relative stability. The energies of the molecular
crystal were obtained by using a fragment of the crystal. This
quantity has the form similar to that used to find the lattice
energy:

E

E total _ E

rel — molecule>

@

Etotal = Escf + ED3 + EgCP’

where E,, is the total energy of the cluster (including the
corrective energies of dispersion (Ep;) and gCP (E,qp)), 1 is
the number of molecules in the cluster, E, ... is the energy
of the single molecule, and E is the SCF energy from GO09.

3. Results and Discussion

The results for the systematic cluster calculations are tabu-
lated in Tables 1 and 2 and displayed graphically in Figure 3.
It has to be pointed out that the inclusion of the gCP and D3
corrections (not shown in the tables) rendered the E, ., /n
more negative than those without (more negative E, ., /n
is more stable). As D3 are negative values, while gCP are
positive, the net result is the increased cohesiveness of the
molecules. Hence, the inclusion of the correction schemes
gave a more strongly bounded picture for the molecules.

The stability of the structures can be seen from the energy
per molecule (E,,;/n). By considering E, ., /n of the clusters
with completing dimers (the third column in Tables 1(b) and
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FIGURE 2: Many-molecule cluster of forms I and II. (a) Cluster of form I with 10 molecules and (b) cluster of form II with 9 molecules. For
clarity, the center molecules are displayed with ball-and-stick form, while the neighboring molecules are in wireframe form.
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(b) Relative energy versus number of molecules: form II

FIGURE 3: Changes of E,, as the clusters become larger for (a) form I and (b) form II. The lines are guidance to the changes in E, ;.

2(b)), form I has E,, /n that is always more positive than the
one in form II. This showed that form II is more stable than
form 1. This result agrees with the ones reported by Surov et
al. using the periodic code [7] and Mattei and Li’s gas phase
calculations [8, 9]. We anticipate that, with the inclusion of
more molecules in a cluster, E,.,;/n will eventually reach a
stable limit.

We can see that, in Tables 1 and 2 and Figure 3, as the
number of molecules is increased, the relative energy of the
molecules, E,, in larger clusters is decreasing (becoming
more negative). This is in line with the notion that as the
cluster becomes larger, there are more interactions between
the molecules. From Tables 1 and 2, we found that as extra

molecules were added to the existing clusters to create dimers
in the clusters, the relative energies are generally lower.
Without the completing molecules, there were fluctuations of
E.., with some E  in larger clusters having a more positive
value than those of smaller cluster (as seen in the blue
curves of Figures 3(a) and 3(b)), indicating that some of the
molecules in smaller cluster are more stable than those in
the larger clusters. This result may be due to the stabilizing
effect of the intermolecular interactions between the two
molecules that form the dimer. The existence of the molecules
as dimers, as in the solid state, has strengthened the overall
interactions in the cluster. This stabilizing effect is absent for
incomplete dimers. Thus, models with incomplete dimers will
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TaBLE 1: Energies of form I clusters. (a) Without complete dimers and (b) with complete dimers. * denotes cluster with complete dimers.

()

Molecule in cluster, n E, /1 (au) E,. (au) E,y (kcal mol ™)
1 -1205.8408931 0.0000000 0.0000000

2 —-1205.8551323 —-0.0142392 —8.9351323

5 -1205.8587378 —-0.0178447 -11.1975784
6 —-1205.8648680 -0.0239749 -15.0442962
10 —-1205.8625549 —-0.0216618 —13.5928331
17 -1205.8695943 —-0.0287012 —18.0101120
21 —-1205.8715498 —-0.0306567 -19.2371569
28 —1205.8755554 —-0.0346623 -21.7507209
31 —-1205.8779238 -0.0370307 —23.2369032

(b)

Molecule in cluster, n E, /7 (an) E.. (au) E, (kcalmol™)
1 —-1205.8408931 0.0000000 0.0000000

2 —-1205.8551323 —-0.0142392 —8.9351323
8" —-1205.8697762 —0.0288831 —18.1242362
16" -1205.8705116 —0.0296185 -18.5857075
28" —-1205.8785210 —-0.0376279 —23.6116018
34" —1205.8806005 —-0.0397074 —24.9165293

TaBLE 2: Form II. (a) Without complete dimers and (b) with complete dimers. * denotes cluster with complete dimers.

(a)

Molecule in cluster, n E, o (A1) E, /1 (an) E. (au) E,y (kcal mol ™)
1 —1205.9611637 —1205.9611637 0.0000000 0.0000000

2 —2411.9480238 —-1205.9740119 —0.0128482 —-8.0623068
3 —3617.9289916 —-1205.9763305 —0.0151668 -9.5172409

5 —6029.9308966 —-1205.9861793 —-0.0250156 -15.6973945
9 -10853.8745303 -1205.9860589 —0.0248952 -15.6218424
17 —-20501.8317720 -1205.9901042 -0.0289406 -18.1602843
24 —28943.8715796 —1205.9946492 —0.0334855 —-21.0122328
27 —32561.9074876 -1205.9965736 —-0.0354099 —22.2198412
33 —39797.9062256 —-1205.9971584 —0.0359947 —22.5867651

()

Molecule in cluster, n E, o (a0) E, a1 /n (au) E,, (au) E, (kcal mol™)
1 —1205.9611637 —1205.9611637 0.0000000 0.0000000

2 —2411.9480238 -1205.9740119 —-0.0128482 —-8.0623068
6" ~7235.9407396 -1205.9901233 -0.0289596 -18.1722298
14" -16883.8977160 -1205.9926940 -0.0315303 -19.7853708
26" —31355.8884529 -1205.9957097 —-0.0345460 —21.6777488
36" —43415.9991369 —-1205.9999760 —-0.0388123 —24.3548628

give the incorrect pictures of the stability of the clusters. This
is especially true when the number of molecules in the cluster
is low.

Asthe size of the clusters increases, generally, the decrease
of the relative energy is smaller. The trend can be seen from
the last points of the graphs in Figures 3(a) and 3(b), where
the gradient of the curve is decreasing compared to the initial
increase from the 1-molecule cluster. However, calculations

involving larger clusters are out of reach of our current
computing capability.

4. Conclusion

We have performed calculations involving forms I and II of
tolfenamic acid. By systematic calculations using B3LYP/6-
31G™ with correctional schemes, it was found that form 1I is
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more stable than form I. We also found that, for the molecules
of forms I and II of tolfenamic acid, the relative energies
were influenced by the formation of complete dimers. For
clusters with complete dimers, E,; is lower compared to
clusters of similar size but with incomplete dimers. We
attribute this to the fact that intermolecular interactions
between molecules in a complete dimer are energetically
more favorable compared to a molecule in an incomplete
dimer.
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