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ABSTRACT

Tolfenamic acid exhibits conformational polymorphism. The molecules in its two commonly occurred
crystal structures form similar hydrogen-bonded dimers but differ in conformation. The conformational
variance was analyzed by electronic calculation methods with the aim to unravel intrinsic connection
between the conformational flexibility and intermolecular interactions in the polymorphs. The study
was conducted mainly by conceptual density functional theory (DFT) and natural bond orbital (NBO)
analysis. It is found that the conformational polymorphism is resulted from the energy competition
between intramolecular 1-conjugation and intermolecular hydrogen bonding. By adapting conforma-
tion that departs from being the most energetically stable, tolfenamic acid molecules can strengthen the
intermolecular hydrogen-bonding interactions in the crystals. The study illustrates how the molecule’s
electronic properties are influenced by conformational variation and, inherently, how the intermolecu-
lar interactions become regulated. Moreover, understanding molecular interaction and crystal packing
necessitates electronic structure calculation and analysis, which can be further facilitated by utilizing

DFT and NBO concepts.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Organic molecules, including most of drug substances, are
inclined to polymorphic formation in the solid state (Byrn et al.,
1999). Polymorph screening is increasingly assisted by compu-
tational techniques to identify all possible physical forms and
further to select the most suitable polymorph for drug development
(Brittain, 2009; Price, 2009). It is well known that formation of dis-
tinct crystal structures of the same molecule is greatly influenced
by thermodynamic and kinetic factors, including type of solvents
(Threlfall, 2000; Parmar et al., 2007; Long et al., 2008) and use of
additives (Addadi et al., 1985; Davey et al., 1997; Weissbuch et al.,
2003; Lee et al., 2008). Little is known, nonetheless, regarding the
fundamental mechanism of the self-assembling process of crystal-
lization under various growth conditions. Still, high-performance
computation has and will play an important role in advancing the
field of organic crystals to permit examination of molecular events
and interactions of crystal packing.
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In conformational polymorphs of organic molecules, molecu-
lar conformation and intermolecular interaction are energetically
intertwined. A specific crystal structure reflects a delicate energy
balance or compromise between intermolecular forces that are
responsible for the structural arrangements and molecular confor-
mations that are adopted by molecules in the crystal (Etter, 1990).
It is known that the energy difference among possible polymorphs
of an organic molecule can be as low as 2 k]/mol, or even lower
(Hollingsworth, 2002; Nangia, 2008; Yu, 2010). Thus, a small con-
formational energy change can result in a totally different crystal
packing motif (Long and Li, 2009). Conversely, a particular inter-
molecular interaction arrangement, for instance, imposed by some
specific solvent environment, may call for a unique conformation in
the resultant crystal. Hydrogen-bonding is undoubtedly the most
critical force in holding organic molecules in the solid state, not only
due to its strength but also to its highly directional nature (Steiner,
2002; Desiraju, 2007). Understanding of the energy relationship
between a molecule’s conformation and its intermolecular inter-
actions is imperative to the field of crystal growth and the utmost
aim of rationalizing polymorph formation and predicting crystal
structures.

Conceptual density functional theory (DFT) has been of con-
siderable interest for studying chemical reactivity and molecular
interaction (Parr and Yang, 1989; Ayers and Levy, 2000; Geerlings
et al,, 2003). By calculating and examining how the electronic
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Fig. 1. Molecular structure of TFA (A) and overlay of the two conformers from form
I, green; form II, blue (B). Torsion angles, 71 and 13, are denoted.

structure of a molecular system responds to electronic perturba-
tion (e.g., change of the number of electrons in the system), the
intrinsic behavior of the molecule interacting with other systems,
physically and chemically, can be characterized. As it bridges the
gap between physicochemical properties and underlying structural
causes, the theory allows studies of chemical reactivity and molec-
ular interaction from the viewpoint of electron density and its
derivatives. The conceptual DFT is being actively developed and
embraced for studying chemical reactivity (Huang et al., 2008; Roy
and Chattaraj, 2008; Cardenas et al., 2009; Feng et al., 2009; Ugur
etal.,, 2009). A few attempts have been made by our group to char-
acterize intermolecular interactions of organic crystals (Li, 2007;
Aubrey-Medendorp etal.,2008; Li et al.,2009), demonstrating great
potentials for studying molecular packing.

Herein, we report a study of electronic calculations and DFT
analyses of the conformational polymorphism of tolfenamic acid
(TFA, Fig. 1A), a nonsteroidal anti-inflammatory drug (NSAID). Two
major polymorphs (forms I and II) are routinely encountered, while
three new ones were discovered recently by crystallization from
polymeric environment (Andersen et al., 1989; Lopez-Mejias et al.,
2009). The main difference in the molecular conformation in forms
I and II stems from the torsion angle 71 (—74.9° and —142.6° in
formsIandII, respectively). Similar hydrogen-bonded dimer motifs
between neighboring carboxyl groups exist in all of the crystal
structures. Previous experimental studies in our group showed that
crystallization of form I or Il from ethanol depends on the solute
concentration (published elsewhere). In brief, it was found that at
low supersaturation the metastable form II was obtained, while
at high supersaturation form I started to appear. UV absorptivity

measurement of the drug in ethanol solutions of various concentra-
tions indicated that solute molecules form more hydrogen-bonded
dimers when the concentration increases. Additionally, the inter-
molecular hydrogen-bonding strength of the two dimer motifs
resembled in forms I and II was calculated. The geometry of each
dimer was taken directly from the respective crystal structure,
underwent constrained optimization with t; and the intermolec-
ular distances between oxygen atoms of the hydrogen-bonded
carboxyl groups held constant. The root-mean-square values of
atomic coordinates due to the dimer optimization were 0.021
and 0.009 A of forms I and II, respectively. Intermolecular interac-
tion energies of the optimized cyclic dimers were then calculated
in gas phase at two different levels of B3LYP/6-31+G(d,p) and
MP2/6-31+G(d,p); the basis set superposition error (BSSE) was also
considered by the counterpoise method (Boys and Bernardi, 1970).
It was found that the hydrogen-bonding strength of the form I
dimer was 3 kJ/mol stronger than that of the form Il dimer, while the
potential energy of the form I conformer was 3-4 kJ/mol less stable,
calculated by DFT and MP2, respectively. Thereby, our hypothe-
sis about the concentration effect on the polymorphic formation
is constructed based on the fundamental relationship between
molecular conformation and intermolecular interaction. It seems
plausible that, during the crystallization process, solute molecules
bear a conformation similar to that found in the consequent crystal
structure. When the monomer is the predominant solute species,
the molecule takes its most stable conformation, which resembles
that found in form II. As the concentration increases, hydrogen-
bonded dimers become the major species and the molecules have
to adjust to a less-energy favorable conformation similar to that
in form I but form stronger intermolecular hydrogen bonds. As
a result, nucleation of the most stable polymorph (i.e., form I) is
warranted. The study in this report provides further support to
our hypothesis by utilizing DFT-based concepts and natural bond
orbital (NBO) analysis to characterize electronic structures of the
molecule and examine how the conformational flexibility impacts
the polymorphic formation. In all, our studies point to a critical role
by solution conformation that is affected by growth conditions in
nucleation and polymorphic formation of organic molecules.

2. Theory and methods
2.1. Theoretical background

Within the framework of conceptual DFT, several electronic con-
cepts have been developed for defining a molecule’s interacting
capabilities with other molecules (Yang and Parr, 1985; Parr et al.,
1999; Geerlings et al., 2003; Morell et al., 2005). Two pertinent
functions that are utilized in this work are Fukui function and dual
descriptor (the calculation details are given in the next section). The
electronic Fukui function, f(r), is defined as the change in electron
density, p(r), upon the change in the total number of electrons, N,
at constant external potential, v(r) (Ayers and Levy, 2000; Parr and
Yang, 1984):

A= (%,{,”) M
u(r)

The external potential is defined by nuclei of a given molecular
system (both nuclear charges and their positions). Because of the
discontinuity of the number of electrons being integers (Ayers,
2008; Perdew et al., 1982), nucleophilic Fukui function, f*(r), and
the electrophilic Fukui function, f~(r), are introduced as:

fH(r) = p*(r) = p°(r) ~ prumo(r)

(2)
f=(r)= p°(r) — p=(r) ~ promo(r)
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Fig. 2. Highest occupied molecular orbital (A and G), lowest occupied molecular orbital (B and H), electrophilic Fukui function (C and I), nucleophilic Fukui function (D and
]), dual descriptor (E and K), and electron density (F and L) isosurfaces of the single molecule taken from forms I and II. The values of isosurfaces are 0.02 a.u. for the frontier
orbitals and electron density and 0.002 a.u. for the Fukui functions and dual descriptor, respectively.

In these equations, p*(r), p=(r), and p°(r) represent the elec-
tron densities of anionic, cationic, and neutral species of a given
molecular system, respectively (Ayers and Levy, 2000). The Fukui
functions can be approximated as the electron densities of the fron-
tier orbitals (LUMO, the lowest unoccupied molecular orbital, and
HOMO, the highest occupied molecular orbital), because the deple-
tion of electrons generally occurs at the HOMO while the addition
of electrons occurs at the LUMO. Examples of these functions of TFA
single molecule clearly illustrate the similarity between the HOMO
(Fig. 2A and G of forms I and II conformers) and f~(r) (Fig. 2C and
I) and between the LUMO (Fig. 2B and H) and f*(r) (Fig. 2D and J),
while the electron density (Fig. 2F and L) seems to be just indicative
of the shape of the molecule.

Another DFT concept is dual descriptor or second-order Fukui
function, f2)(r) (Morell et al., 2005), which is defined as the second
derivative of the electronic density with respect to the number of

electrons:

3% p(r)
@) —
f (r)-( o )Um 3)

The physical meaning of £2)(r) is made clear by considering the
finite difference approximation (Ayers and Levy, 2000; Ayers et al.,
2007):

FAr) =) - f~(r) = prumo(r) — promo(T) (4)

It is shown that f2)(r) is positive at local regions that prefer to
accept electrons or be electrophilic and negative at local regions
that prefer to donate electrons or be nucleophilic. Fig. 2E and K
depict dual descriptor isosurfaces, illustrating both electrophilic
and nucleophilic regions of the conformers in forms I and II, respec-
tively. Because these are local functions, it is chemically more
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Fig.3. Conformational energy of TFA single molecule as a function of 77 in gas phase,
ethanol, and tetrachloromethane solvent media. The torsion angles of forms I and II
are marked along the X-axis.

convenient to examine nucleophilic or electrophilic centers asso-
ciated with individual atoms. For this purpose, condensed Fukui
functions have been proposed (Yang and Mortier, 1986; Ayers et al.,
2002), in an analogy to using atomic charges for partitioning the
electron density. The condensed Fukui functions can be calculated
as:

+_q0 _ ot + _ 10
fa =qg —qq =Ny — Ny

fo =aq—qb=nd —ng (5)

2 _
o(c ) =ft;r 7fo:

Here g, q5, and ¢2 and ng, ny, and nY denote the atomic charges
and atomic populations on the anionic, cationic, and neutral
molecular systems, respectively (Ayers et al., 2002).

A B

500 150
3 140
g 450 N
=
= 130
2 400
5 120
&
: 350 o
3
S 300 100
5
& 250 2
S
(=]
=1 )
& 200
9
< 70
]

150
5 60
a

100 50

480 -120  -60 0 -180  -120

2.2. Computational methodology

The conformational flexibility of tolfenamic acid was studied
by performing a potential energy scan in gas phase as a function
of the torsion angle, 7. Single molecules of TFA forms I and II,
extracted from their respective crystal structures (Andersen et al.,
1989; R indices of the respective crystal structures are 5.2% and
2.9%), were fully optimized in order to identify the most stable con-
formation. The globally energy minimum conformer subsequently
was used for scanning 7; from —180° to +180° with a step size
of 2.5°. At each step, all bond lengths, bond angles, and other
torsion angles were allowed to be fully optimized. Energy, elec-
tronic structure, and properties of each 71 -fixed and otherwise fully
optimized conformer were then calculated. These quantities were
computed in gas phase as well as in solvent media of ethanol and
tetrachloromethane, which were modeled using the polarizable
continuum model (PCM) within the self-consistent reaction field
theory (Barone et al., 1997; Amovilli et al., 1999).

Condensed Fukui functions in gas phase and in solvent media
were calculated according to Eq. (5) based on partial atomic charges
by NBO analysis (Reed et al., 1988). The NBO charges prove to
be robust in electron population analysis (Frenking and Frohlich,
2000). NBO calculation was also used to obtain donor-acceptor sta-
bilization energies by the second-order perturbation theory (Reed
etal., 1988; Reed and Weinhold, 1983). The donor-acceptor energy
describes quantitatively the electronic bonding—antibonding inter-
action, providing further intuition about local bonding strengths
and intramolecular stability. The calculations were performed by
the B3LYP functional (Becke, 1988) with basis sets of 6-311G(d,p)
and 6-311++G(d,p) for the structural optimization and conforma-
tional analysis, respectively. All DFT calculations were carried out
using Gaussian 03 program package (Frisch et al., 2004), while iso-
surfaces were constructed with GaussView 4.0 (Dennington et al.,
2003).

It is worth pointing out that conventional DFT calculation meth-
ods cannot fully consider dispersion energy (Kohn et al., 1998;
Dobson et al., 2001), which may account for a considerable portion
of intermolecular interactions of organic molecules and crystals
(Dunitz and Gavezzotti, 2009; Li et al., 2009). Electronic concepts
by conceptual DFT, on the other hand, may be better suited for
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Fig. 4. Donor-acceptor stabilization or bonding-antibonding interaction energies as a function of 7; between the nitrogen lone pair and the carboxylated aromatic ring (A),
between the nitrogen lone pair and the chlorinated aromatic ring (B), and between the carbonyl oxygen lone pairs and the amino group (C), respectively.
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Fig. 5. 7, as a function of 7, in respective 7;-fixed conformers that are fully opti-
mized.
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Fig. 6. Condensed dual descriptors of the carbonyl oxygen (a) and hydroxyl oxygen
(b) of TFA single molecule as a function of 7;. The values of each conformation were
calculated in gas phase, ethanol, and tetrachloromethane solvent media, respec-
tively.

characterizing molecular interactions. In particular, Fukui function,
defined as a second-order derivative of electronic energy, is capa-
ble of revealing intermolecular, non-covalent interactions (Li et al.,
2009). It is directly related to local polarizability of a molecular
system (Ayers, 2007) and, more importantly, is associated with
interactions due to partially sharing of electrons (e.g., hydrogen-
bonding).

3. Results and discussion

The molecular conformation in the tolfenamic acid polymorphs
differs mainly in the torsion angle 7, at the chlorinated aromatic
ring portion, not in the anthranilic acid moiety (Fig. 1B). The con-
formational energy of TFA was plotted against t1 (Fig. 3). The global

energy minimum of the single molecule is located at —142°, which
corresponds to the conformer in form II. A shallow minimum at
—75° contains the conformer in form I. As the molecules of TFA
polymorphs reside closely to the energy minimum regions (within
2kJ/mol in gas phase as well as in solvent media), the polymor-
phism of TFA apparently stems from the conformational variance
of the molecule itself. In addition, the bonding-antibonding inter-
action energies were calculated between the lone pair of the amino
group and the carboxylated aromatic ring as well as between
the lone pair and the chlorinated aromatic ring. Because of the
molecule’s symmetry around 74, only the energies correspond-
ing to negative values of torsion angle, 77, are shown in Fig. 4.
Of any conformation, the bonding-antibonding interaction ener-
gies between the lone pair and the carboxylated aromatic ring
(Fig.4A) are significantly stronger than those between the lone pair
and the chlorinated aromatic ring (Fig. 4B). This indicates that the
nitrogen atom has a greater tendency to donate electrons to the
carboxylated aromatic ring, thus forming a m-conjugated system
in the anthranilic portion. Indeed, the chemical bonds calculated
by NBO are sp24® and sp279 for the N-C in the anthranilic and
N-Cin the chlorinated phenyl moieties, respectively. Moreover, the
form Il conformer exhibits higher bonding-antibonding interaction
energy values between the nitrogen lone pair and chlorinated aro-
matic ring than form I (i.e.,, 117.07 and 79.96 k]J/mol for forms II
and [, respectively). As such, the molecular conformation of form
Il is overall flatter or more conjugated by the two aromatic rings
bridged by the amino group (7t =-142.6° and 7, =15.4° in form
Il vs. T1=-74.9° and 7, =5.4° in form I). A closer examination of
the energy contribution from the m-conjugation as defined by T,
(Fig. 4A) reveals that this stabilizing orbital interaction is deter-
minant in conformations when 7, is between —142° and —55°,
suggesting that the torsion angle, 71, must be in this range for the
Tr-conjugation to be retained. The main factor responsible for this
behavior is the steric hindrance between the hydrogen at the meta
position of the carboxylated aromatic ring and the hydrogen or the
methyl group at the ortho positions of the chlorinated aromatic ring.
The steric factor prevents the anthranilic moiety from remaining
planar and the extent of non-planarity is illustrated by a systematic
variation of 7, values as t; changes (Fig. 5). Significant depar-
ture from planarity of the anthranilic moiety occurs with 7 lying
beyond —142° and -55°, in line with the bonding-antibonding
interaction energy (Fig. 4). Thus, although 77 mainly determines
the TFA conformational flexibility, strong cooperativity is observed
between neighboring torsion angles, 71 and t,. More importantly,
the nitrogen lone pair delocalization toward the two aromatic rings
accounts for the molecule’s conformational distribution.

TFA molecule also bears an intramolecular hydrogen bond
between the hydrogen-bonding donor amino group and the
acceptor carbonyl oxygen. To examine how this feature influ-
ences molecular conformation and structural stability, the
bonding-antibonding interaction energies between the carbonyl
oxygen lone pairs and the amino group are shown as a function
of 71 (Fig. 4C). The values are 45.77 and 52.80k]J/mol for forms I
and II, respectively. The larger intramolecular hydrogen-bonding
contribution in the form II conformer indicates that its anthranilic
acid portion is more constrained by the intramolecular hydrogen-
bonding, contributing to the coplanarity of the whole molecule.
This further implies that TFA molecule is more inclined to adopt
a planar conformation; such preference arises primarily from the
conjugation or delocalization of the lone pair on the amino group
to bridge the two aromatic rings and, in turn, forms a stronger
intramolecular hydrogen-bonding.

Intermolecular interaction competes with intramolecular
hydrogen-bonding, resulting in variation in conformation. To study
the deterministic effect by the molecule’s conformation on the
intermolecular interaction strength, condensed Fukui functions
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Fig. 7. Dual descriptor isosurfaces (0.001 a.u.) of fully optimized conformers when t; is kept at —142.6° (A), —90° (B), —74.9° (C), or —10° (D). Electrophilic regions are shown

in pink and the nucleophilic regions in brown.

were calculated. Dual descriptor magnitudes as a function of the
torsion angle, T, were obtained for the carbonyl oxygen and the
hydroxyl oxygen atoms (Fig. 6). In gas phase the dual descriptors
of the carbonyl oxygen are 0.060 in form I and 0.078 in form II,
meaning that the atom in form I is less electrophilic and offers a
greater capacity to donate electrons to an electron-deprived hydro-
gen forming a stronger hydrogen bond (Fig. 6A). Conversely, being
part of a m-conjugated system and being further stabilized by an
intramolecular hydrogen-bonding, the carbonyl group in form II
becomes a relatively poor hydrogen-bonding acceptor. In addition,
the carbonyl oxygen has the lowest dual descriptor value (i.e., high-
est capability to donate its valence electrons) when 71 =490°, a
position that completely disrupts the -conjugation between the
amino group and the chlorinated aromatic ring. Dual descriptoriso-
surfaces further clarify the assessment (Fig. 7). In agreement with
the condensed values, a more pronounced nucleophilic region is
shown around the carbonyl oxygen of the molecular conformation
when 71 =-90° (Fig. 7B). This region thereby contributes consid-
erably to the intermolecular interactions. In comparison, a larger
distribution of the electrophilic nature of dual descriptor encloses
the hydrogen-bonding moiety of the conformation when t; = -10°,

showing the lowest susceptibility to electron donation (Fig. 7D).
The two conformers in forms I and II display dual descriptors in-
between (71 =-142.6° or —74.9°; Fig. 7A and C). Therefore, the
conformational flexibility around 74, the 7-conjugation defined by
T, (i.e., the planarity of the anthranilic moiety), and the electronic
distribution determines in cohort the most favorable conformers
in order to strengthen intermolecular contacts.

To further understand solvent effect on the intermolecular
hydrogen-bonding, condensed Fukui functions were calculated in
two solvent media of different polarity, namely, ethanol and tetra-
chloromethane. As expected, the dual descriptor values of the
carbonyl oxygen increase in the solution phase as compared with
the gas phase (Fig. 6A), indicating that its electron-donating capa-
bility becomes weakened upon solvation, specifically in a polar
medium. Similarly, the dual descriptors of the hydroxyl oxygen in
gas phase are 0.017 in form [ and 0.021 in form II and increase by
0.5% and 1% when computed in tetrachloromethane and in ethanol,
respectively (Fig. 6B). Note that the solvent effect was evaluated
implicitly. Nonetheless, the general conclusion is held regarding
the intrinsic connection between the molecule’s conformation and
intermolecular hydrogen-bonding strength.
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The interplay between intra- and intermolecular interactions
may play the crucial role in the concentration effect on the
polymorphic formation, as observed in ethanol. At low solution
concentration, the monomer is the predominant solute species
and takes a conformation that leans toward being planar, leading
to the occurrence of form II. Upon concentration increase, solute
contacts get strengthened and hydrogen-bonded dimers become
dominant as main solute species. The need for stronger intermolec-
ular interactions (because of chemical potential) likely induces a
torsional strain in the molecule and favors a conformation where
the delocalization of electrons is reduced. When considering the
conformational variation from the flatter conformer in form Il to the
twisted conformer in form I, the torsional strain raises the energy
barrier to about 2 kJ/mol (Fig. 3 as T = —74.9° in form I and —142.6°
in form II). The energy penalty for the rearrangement of molecu-
lar conformation and for the consequent loss of m-conjugation is
recovered from gaining a stronger hydrogen-bonding (ca. 3 kJ/mol
calculated by quantum mechanics). This justifies the resultant crys-
tallization of form I. It is thereby reasonable to believe that a unique
molecular conformation is a compromise in energy between -
conjugation and intermolecular interaction strength regulated by
growth conditions.

It is worth mentioning that the conformational analysis reveals
avery low energy distribution (Fig. 3); thus, the three new, recently
found polymorphs (Lopez-Mejias et al., 2009) should not represent
a surprise and possibility of further polymorphs cannot be ruled
out. In fact, the torsion angles, 74, of the conformers in these crys-
talsare —138.4°and 126.8° in form Il (Z' =2), —115.8°, —125.9°,and
—134.1° in form IV (Z'=3), and —125.1° in form V; the conforma-
tional energy difference among these conformers is again within a
few kJ/mol (Fig. 3). That is supportive of the often quoted McCrone’s
argument that the number of forms discovered is up to the time and
effort spent for them (McCrone, 1965).

4. Conclusions

The conformational polymorphism of TFA is likely caused by
the energy competition between delocalization of intramolecular
7 systems and enforcement of intermolecular hydrogen-bonding.
From an energetic standpoint, TFA molecule prefers to remain rel-
atively flat so as to maximize the molecular stability. On the other
hand, due to its flexibility and low conformational energy barrier,
TFA molecule can assume a different conformation augmented by
crystal growth conditions. As the solute concentration increases,
the conformational re-arrangement is favored kinetically by the
low energy barrier and is driven thermodynamically by formation
of stronger hydrogen bonding upon dimerization. The impact of
the conformational flexibility on modulating intermolecular inter-
actions is ultimately reflected in its crystal structures. By addressing
the molecular and mechanistic aspects underlying the interplay
between molecular conformation and intermolecular interaction,
DFT concepts can yield considerable insight into the polymorphic
behaviors of this system and, likely, many more to be investigated.
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