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Abstract
The unprecedented polymorphism of the non-steroidal anti-inflammatory drug (NSAID)
flufenamic acid (FFA) is described here. Nine polymorphs were accessed through the use of
polymer-induced heteronucleation (PIHn) and solid-solid transformation at low temperature.
Structural elucidation of six of these forms, in addition to the two previously known forms, makes
FFA indisputably octamorphic. Although the structure of at least one other form of FFA remains
elusive, the occurrence of most of these polymorphs under one crystallization condition through
PIHn illustrates that a fine interplay exists among the kinetic factors that lead to phase selection in
this NSAID.

It has been suggested that all compounds can present polymorphism, multiple arrangements
of a molecule within a crystal, and that experimental observation of this phenomena in some
cases and not in others is mainly a consequence of the time and money invested in their
investigation.1 Although this sentiment resonates with the experience of many researchers in
the field, there are compounds2 and molecular classes3 more prone to give rise to
polymorphism. Moreover, there are legendary compounds purported to give rise to more
than 104 or even more than 505 polymorphs at atmospheric pressure. It is therefore sobering
that when it comes to the most reliable standard for polymorph characterization, single
crystal X-ray diffraction, only one molecule in the Cambridge Structural Database (CSD) is
recognized as the most polymorphic compound and has since 2005 been considered the
molecule with the most structurally characterized polymorphs; 5-methyl-2-[(2-
nitrophenyl)amino]-3-thiophenecarbonitrile (ROY),2 a pharmaceutical intermediate, has
seven structurally characterized forms (Figure 1). In 2009 triacetone-triperoxide (TATP), an
explosive, was claimed to possess six structurally characterized forms (Figure 1).6

Additionally, eleven different compounds have given rise to five polymorphs7 (Figure 1)
according to a recent search of the CSD. Here, we report structural studies on the
conformational polymorphism of the non-steroidal anti-inflammatory drug (NSAID)
flufenamic acid (FFA), and demonstrate that this pharmaceutical compound possesses at
least nine polymorphs. Crystal structure determination of six of these forms, in addition to
the two previously known forms, sets a new record for structurally characterized materials
presenting polymorphism.

For more than forty years the existence of polymorphism in FFA has been known. During
that time numerous investigations concerning the spectroscopic, conformational, and
thermodynamic relationships among the proposed FFA poly-morphs have emerged.8
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Elucidation of the first crystal structure (form III) occurred in 1973,9 and nearly ten years
later the structure of a second form (form I) was reported.10 The existence of polymorphism
in this compound has offered a challenge for methodologies developed for polymorph
discovery and control from the use of soluble additives11 to epitaxy12 and now polymer-
induced heteronucleation (PIHn).13 Furthermore, outside the potential significance of
polymorphism for influencing the bioavailability of this drug, its supramolecular chemistry
is of considerable interest to test within the fenamic acid series the concept of the
polymorphophore: a structural element that when incorporated into a compound favors the
formation of polymorphic crystals.14 FFA is a member of a large class of NSAIDs that
contain a monocarboxylated diphenyl amine nucleus; several of these analogues display
polymorphism (Figure 2) and in particular tolfenamic acid (TA) at five structurally
characterized forms is one of the most polymorphic drugs known.15 Here, we report on the
polymorphism of FFA by elucidating the crystal structure of six additional forms for the first
time. The fact that eight unique crystal structures for polymorphs co-existing at room
temperature and atmospheric pressure has only now been achieved for any compound, much
less such a well-studied compound, certainly makes a strong case that kinetic access to new
polymorphs remains an unmet challenge for experiment.

Eight crystalline phases of FFA were grown from ethanol solution using polymers as
heteronuclei (Supporting Information). Optical examination revealed noticeable differences
in the morphology of the crystals. The previously reported colorless and yellow needles
(forms I and III) were observed as well as colorless plates (forms II and VIII), colorless
prisms (forms IV and V) and colorless needles (forms VII and IX). Furthermore, in the case
of form IV, a low temperature transformation (∼—130°C) allowed access to a new
polymorph (form VI) which is quite stable at room temperature (Supporting information).
Bulk form VI was accessed by submerging a 4 mL vial containing crystals (∼5.0 mg) of
form IV into a Dewar flask containing N2(l) for 10-15 minutes. The vial was warmed to
room temperature prior to powder X-ray diffraction analysis which confirmed the
transformation of form IV to form VI had occurred. Forms I-V and VII could be accessed
through conventional solvent based methods while these attempts were unsuccessful in
producing forms VIII and IX (Supporting Information). When the samples were examined
by Raman vibrational spectroscopy, four main regions (700-810, 1000-1250, 1320-1630,
and 3000-3400cm−1) aided in the identification of each polymorph (Supporting
Information).

Powder X-ray diffraction (PXRD) established that a unique structural fingerprint exists for
all nine polymorphs of FFA (Supporting Information). Comparing the PXRD patterns
obtained in this investigation with those found previously for forms 1-III,16 confirms that the
undisclosed structure in this set corresponds to FFA form II, whereas diffraction patterns for
forms IV-IX are reported here for the first time. Structure determination of forms II, IV, V,
VI, VII, and VIII revealed that, as in the case of other highly polymorphic compounds
(Figure 1) and each of the structural analogues of FFA presenting multiple packing modes
(Figure 2), each FFA polymorph contains different conformers. All structurally
characterized forms of FFA present marked conformational changes between the torsion
angles (τ1 and τ2) defined by the planes connected by the biphenyl amine functionality,
whereas a nearly coplanar arrangement between the carboxyl group and the phenyl ring
bearing it (τ3) is observed possibly due to the intramolecular hydrogen bonding occurring
between the amino group and the carboxylic acid oxygen in all conformers (Supporting
Information).

In contrast to ROY, several structures of FFA vary in the number of inequivalent molecules
in the asymmetric unit. FFA is known to crystallize in two monoclinic forms, both
containing one molecule in the asymmetric unit. The now accessible forms II, V, and VII
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crystallize in the same space group (P21/c) with Z′= 1, Z′= 4, and Z′= 2, respectively. Form
IV crystallizes in the space group P1| with Z′= 3, whereas form VI and VIII crystallize in
the same triclinic space group but possess 6 and 9.5 molecules in the asymmetric unit, an
exceedingly rare occurrence in the CSD with less than 200 examples for structures with Z′=
6 and no precedent for structures with Z′= 9.5 (Supporting Information). There is an area of
severe disorder in the lattice of form VIII at the inversion center which is modeled as a void
(Figure 3h). The volume is sufficiently large to accommodate an additional FFA molecule
which is required to be disordered about the inversion center; this half molecule yields Z′=
9.5. The calculated contribution of 126 electrons due to diffuse scattering is in good
agreement with the 136 electrons expected for the missing molecule. Thermogravimetric
analysis (TGA) of FFA form VIII showed no solvent loss upon heating of the sample,
confirming that this form is in fact a true polymorph and not a solvated form (Supporting
Information); this fact is further confirmed by clean thermal conversion of form VIII to form
III upon heating or by mechanical contact. The packing modes present in each of the FFA
polymorphs are illustrated in Figure 3. Although the packing modes in forms IV and VI are
very similar, both forms present different conformations in each of the molecules of the
asymmetric unit and have been demonstrated to coexist at room temperature which supports
the notion that form VI is not a superstructure or modulation of form IV occurring at low
temperature (Supporting Information) and provides additional evidence of the
distinctiveness of each of these forms.

To assess the effect of these conformational and structural differences on the energies of
FFA polymorphs, relative stabilities were determined experimentally. The optical
absorbance of FFA polymorphs I-IV, VI and VII contacted with water was monitored in situ
over time to determine the absorbance at equilibrium at 27°C. Polymorphs I and II slowly
transformed during the experimental time frame to form III; therefore the relative free
energies presented for these forms are slight underestimations. This study establishes that
form III is the thermodynamically most stable form by at least 0.3 kcal/mol among all forms
examined (Supporting Information). Enthalpies for FFA polymorphs were determined by
experiment and theory. FFA forms I-III melt without transformation prior to melting,
whereas for forms IV-VII, additional events were observed in each of the respective
thermograms (Supporting Information). According to the lattice energy calculations for
forms I-VII, form III has the most negative enthalpy (Supporting Information) which is in
accordance with the experimental enthalpies determined among the FFA polymorphs
examined. Transformation of forms V, VIII and IX to form III during sample preparation
precluded determination of the free energies and/or enthalpies for these forms.

PIHn has allowed access to eight polymorphs of FFA, and an additional form was
discovered through solid-solid transformation at low temperature. Six of these forms have
been structurally characterized which, in addition to the two previously reported forms,
represents a new level of accomplishment in polymorphic compounds. Although the crystal
structure of at least one other form remains elusive, the presence of this form has been
confirmed through Raman spectroscopy and PXRD. The appearance of a high degree of
polymorphism present in FFA and TA, and the occurrence of polymorphism in many of
their structurally related analogues supports the notion that certain structural motifs are in
fact privileged with regard to polymorphic propensity. Furthermore, this compound is of
particular importance to assess the quality of polymorph prediction methods as well as offers
a challenge to newly introduced polymorph discovery methods.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Molecular structures of highly polymorphic compounds in the CSD, illustrating the torsion
angles (τ, bonds in blue) differing among the conformers. In parentheses is the number of
structurally characterized polymorphs for each molecule. In some instances the number of
polymorphs experimentally observed is greater than the values reported here reflecting
additional forms lacking structural characterization.
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Figure 2.
Molecular structures of NSAIDs flufenamic acid (FFA), tolfenamic acid (TA), mefenamic
acid (MA), and other structural analogues illustrating torsion angles (τ1 and τ2 in blue)
differing among the forms. In parentheses is the number of structurally characterized
polymorphs for each molecule. In some instances the number of polymorphs experimentally
observed is greater than the values reported here reflecting additional forms lacking
structural characterization.
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Figure 3.
Molecular packing and hydrogen bonding motifs of FFA polymorphs. (a) form I viewed
along the a-axis, (b) form II viewed along the a-axis, (c) form III viewed along the a-axis,
(d) form IV viewed along the a-axis, (e) form V viewed along the b-axis, (f) form VI viewed
along the a-axis, (g) form VII viewed along the b-axis, and (h) form VIII, ordered molecules
only, viewed perpendicular to the bc-plane.
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