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ABSTRACT

Purpose Crystallization from solution involves nucleation and
growth; growth conditions greatly influence self-association
behaviors of solute molecules in these steps, affecting crystal
packing of organic molecules. We examined the role of pre-
nucleation association to provide insights into the mutual
influence between molecular conformation in solution and
packing in the solid state.

Methods Crystallization experiments of tolfenamic acid were
conducted in ethanol under different supersaturation condi-
tions. UV spectroscopy was performed to study self-association
of solute molecules in ethanol as a function of concentration.
Intermolecular interaction energies of tolfenamic acid dimers
were calculated with quantum mechanical methods.

Results As supersaturation increased, growth of the most
stable polymorph outpaced the metastable one, contradicting
Ostwald's Rule of Stages. UV spectroscopy measurement
suggests solute molecules exist as hydrogen-bonded dimers
and more dimers form as total concentration increases.
Hydrogen bonding in the most stable form is significantly
stronger than that in the metastable form.

Conclusions With the fact that molecular conformation is
different in the two polymorphs, as concentration increases,
solute molecules rearrange their conformations to form
stronger hydrogen-bonded dimers in solution, resulting in
nucleation of the most stable form.
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INTRODUCTION

Polymorphism of drug compounds plays a key role in
formulation and manufacturing design; screening of poly-
morphic structures is thereby one of the major undertakings
in pharmaceutical industry (1,2). On account of this,
prediction and precise control of a specific polymorph are
critical for achieving desired solubility and stability require-
ment. Recent efforts have been devoted to the development
of consistent and reliable crystallization processes for
producing desirable polymorphs, including on-line,
spectroscopy-based monitoring designs of crystal growth in
solution (3-5). Polymorphic formation is known to be
affected by a wide variety of growth conditions, such as
type of solvent (6-8), supersaturation (4,9), temperature
(10), and use of additives (11,12). Despite considerable
efforts studying crystallization mechanism, understanding of
kinetic factors that govern polymorphic formation in
solution largely remains limited (13).

Crystallization from solution generally involves nucleation
and growth. Nucleation starts from formation of small
embryos of a new crystalline phase in a supersaturated
solution. Because of the creation of the solid surface, a free
energy penalty is generally associated with the appearance of
the nuclei. Overcoming the nucleation energy barrier dynam-
ically depends on supersaturation as well as molecular packing
of nuclei. Early events of nucleation thus play a decisive role in
determining the resultant crystal structure (14,15). An active
viewpoint is that solute molecules may form supramolecular,
pre-nucleation species, which act as the precursors of crystal
growth (16). The underlying connection between the exis-
tence of pre-nucleation solute entities and final crystal
structures, which is focused by this report, further illustrates
the intricacy and importance of molecular interaction
throughout the embryonic process. Needless to say, nucle-
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ation has been recognized and described by various models,
but it 1s far from being clearly understood (17).

Classical nucleation theory (CNT) has been widely used
in explaining nucleation kinetics (18-20). The thermody-
namic approach characterizes crystal growth by macro-
scopic quantities of surface and bulk free energies, taking no
account of molecular features of a growing system. It
assumes that the molecular structure of a nucleus is the
same as that of the final crystal. However, recent studies
suggest that pre-nucleation aggregates or clusters exist in
solution and may be structurally different from individually
solvated solute molecules (15,21,22). Moreover, CNT
regards formation of a metastable polymorph as bearing a
smaller surface energy and subsequently overgrowing the
most stable form (i.e., Ostwald’s Rule of Stages) (23). Yet,
there are cases of crystallization where the most stable
forms always appear the first (11,24).

Recognition of the existence of pre-nucleation aggre-
gates as well as recent crystallization kinetic studies have set
the stage to move beyond CNT (25,26). Computational
simulations (27,28) and experimental studies of proteins
(25,29,30) imply the possibility that nucleation comprises at
least two stages, aggregation of solute molecules into a
disorderly packed ensemble and subsequent reorganization
of such a cluster from which crystals nucleate. Formation of
a transient phase prior to transforming to the packing
structure adopted by the bulk is shown to be a common
feature observed not only by macromolecular systems (31),
but also by relatively small molecules (32,33). A free energy
advantage may be gained by forming a transient cluster and
subsequent crystallizing, instead of following the classical
route directly from individual solute molecules to the
formation of structured crystalline nuclei (25,26). Corre-
spondingly, the nucleation rate is only determined by the
assembling kinetics of transient clusters (34). Such theorem
contradicts the paradigm of CNT (17,26).

Additional studies also speculate that pre-nucleation aggre-
gates may not necessarily be randomly packed; rather, they
may bear the resemblance of the structure adopted by the
subsequently crystallized solid phase. This has been reported in
the growth of 2,6-dihydroxybenzoic acid (35). It was found that
carboxylic acid dimers were present predominately in toluene
from which a dimer-based crystal form was produced, while
polymeric aggregates appeared to dominate in chloroform,
leading to a hydrogen-bonded catemer observed in the
harvested crystal structure. Similar behaviors were observed
for tetrolic acid (36). In chloroform, hydrogen-bonded dimers
were present giving rise to a dimeric polymorph; dimers were
nonetheless absent in ethanol, from which a catemer-based
crystal was obtained. Solution chemistry of glycine has been
also extensively studied (21,37,38). Based on observations by
atomic force microscopy and grazing incidence X-Ray
diffraction (15,39), it is suggested that glycine molecules in

neutral aqueous solutions behave primarily as hydrogen-
bonded dimers resulting in a crystal structure where the dimer
motif is retained. Note that the speculation, mainly based on
the measurement of the nucleation process at the crystal-
liquid interface, is recently questioned (40).

These efforts illustrate the complicated nature of nucle-
ation, and understanding of molecular mechanism during
nucleation largely remains speculative and scarce. In our
studies of crystal growth, there are several key questions to be
addressed, including (1) what role the solute association plays
on polymorphic formation, (2) whether molecular conforma-
tion influences the solute association, and (3) how intermolec-
ular interactions in the solute aggregates determine the
molecular packing in the final crystal structure. In this
particular study, the critical role of pre-nucleation association
1s examined by combining experimental study and quantum
mechanical calculation. The focus lies in the recognition of
intermolecular interactions that determine molecular confor-
mation and packing in solution and crystal. For this purpose,
tolfenamic acid (TFA, Fig. 1), a nonsteroidal anti-
inflammatory drug (NSAID), is selected as the model system.
Five structurally characterized polymorphs of TFA have
been reported in the literature, displaying conformational
polymorphism (41,42). The two mostly encountered struc-
tures, forms I (colorless form) and II (yellow form), are
studied in this work. The conformation of the molecules in
form I and form II differs mainly in the torsion angle T,
(—74.9° and —142.6° of forms I and II, respectively). Similar
hydrogen-bonded dimer motifs between neighboring car-
boxyl groups exist in the two forms (Fig. 2). The conforma-
tional polymorphism and intermolecular hydrogen-bonding
make TFA a proper case for studying the pre-nucleation
behavior and examining the influence of intermolecular
interactions on the crystallization outcome.

MATERIALS AND METHODS
Materials

Tolfenamic acid (MW=261.70, >97% purity) was pur-
chased from TCI America (Portland, OR) and was
recrystallized from ethanol to obtain pure form I. TFA

COOH

Fig. I Molecular structure of TFA,
defining the torsion angle T, differing
among the conformers.

NH
T

CH,

Cl
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Fig. 2 Hydrogen-bonded dimer motifs of TFA form | (@) and form Il (b)
(41). Hydrogen-bonding is denoted as dash line.

form II was crystallized by rapid cooling of an ethanol
solution to 25°C. The purity was verified (see below).
Ethanol (>99.9% purity) was obtained from Decon Labs,
Inc. (King of Prussia, PA) and was used as received.

Powder X-Ray Diffraction (PXRD)

The polymorphic purity and identification were assessed
using a powder X-ray diffractometer (Multiflex, Rigaku
Co., The Woodlands, TX) with Cu Ka radiation operating
at 40 kV and 44 mA. Samples were scanned over a 20
range of 5—40° at the rate of 2°/min. Reference powder
patterns of TFA crystals were calculated with Mercury 1.4
(The Cambridge Crystallographic Data Centre, Cambridge,
UK) based on respective single crystal structures (41) for
comparison with experimental data.

Differential Scanning Calorimetry (DSC)

Thermograms of TFA forms I and II were recorded using a
Q20 DSC (TA Instruments, New Castle, DE). The
temperature scale and heat flow were calibrated by
measuring the onset temperature and the enthalpic re-
sponse of an Indium standard. Samples (3-5 mg) were
respectively placed in hermetically sealed aluminum pans

@ Springer

and heated from 40°C to 240°C at a heating rate of 20°C/min
under a helium purge. Data were analyzed with TA Universal
Analysis software v. 4.5A.

Attenuated Total Reflectance Fourier Transform
Infrared (ATR-FTIR) Spectroscopy

A Varian FTS-7000e FTIR spectrometer (Varian Inc., Palo
Alto, CA) equipped with a DTGS detector and a PIKE
MIRacle ATR ZnSe accessory was employed for all the
experiments. Each spectrum represented 32 co-added scans
measured at a spectral resolution of 8 cm™' over the
wavenumber range of 4,000-600 ¢cm™'. A background
spectrum (without the sample) was collected under the same
experimental conditions and was subtracted from each
sample spectrum. Spectral data were acquired with Varian
Resolutions Pro software.

Known ratios of TFA pure polymorphs were prepared
by gently mixing a total weight of 100 mg to obtain a set of
standards for the construction of a standard curve for
quantitative polymorph analysis. Each calibration sample
was analyzed in triplicate.

Solubility Determinations

The solubilities of forms I and II of TFA were measured in
ethanol at 37°C. An amount of the pure solid polymorphs
well in excess of their solubility was allowed to equilibrate
with approximately 3 mL of solvent in a 7-mL borosilicate
vial. The sealed vial was rotated in an incubator (VWR
Scientific Inc., San Francisco, CA) set at the desired
temperature for at least 72 h. An aliquot of the saturated
solution was then taken at various time intervals, filtered
through a Millipore filter (0.45 pm pore size), and diluted
to an appropriate concentration for spectrophotometric UV
analysis at 286 nm (Shimadzu 1800, Columbia, MD). The
maximum concentration of the dissolved metastable form,
before declining toward the corresponding plateau value of
the stable form, was assumed as its apparent solubility.
Equilibration was reached when the concentration of three
consecutive measurements differed less than 2%. Residual
solid phase after equilibration in ethanol solution for 72 h
was identified by PXRD analysis. The solubility of each
sample was measured in triplicate. Solubility data were
used to define the initial supersaturation (i.e., ratio between
concentration and solubility) with respect to form I in
ethanol.

Grinding and Slurry Crystallization Experiments
Solvent-drop grinding of pure forms I and II was carried

out using ethanol. In separate experiments, pure forms I
and II were taken in a mortar and pestle and subjected to
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grinding while a few droplets of ethanol were added
intermittently. Similarly, a 1:1 polymorphic mixture of the
two forms was subjected to ethanol-assisted grinding. The
ground samples were analyzed by PXRD.

Slurry-crystallization experiment was performed by
slowly stirring a slurry of TFA form II (30 mg) in a 7-mL
borosilicate vial with 1 mL of ethanol at room temperature.
The resultant sample was analyzed by PXRD.

Crystallization Experiments

Experiments were carried out using 100 mL three neck
flask with an impeller stirring at 100 rpm. Solutions were
prepared by dissolving the required amounts of TFA form I
in ethanol at about 60°C. Following complete dissolution,
the solutions at various concentrations (supersaturation)
were filtered through a warmed 0.2 um syringe filter,
transferred to the three neck flask, and then cooled rapidly
to 37°C by a temperature-controlled water bath. Liquid-
phase samples were removed through a 0.45 um syringe
filter at known time intervals, diluted, and analyzed by UV
spectroscopy for the solute concentration measurement.
Samples of the solid phase were also taken at predeter-
mined time intervals, air dried, and subjected to ATR-
FTIR spectroscopy for polymorphic composition analysis.
The solid isolated from the suspension was also analyzed
with PXRD to identify the form of the solid.

To test the validity of the crystallization method,
experiments were also conducted by dissolving TFA form
II in ethanol in order to verify whether the structure of the
starting, dissolved material would affect crystallization
kinetics. Moreover, to ensure that no (detectable) nucleation
occurred during the filtration step and that all particles
were dissolved, solutions were maintained at the heating
temperature for 2 h and subsequently cooled without
filtration. It was observed that neither the initial polymorph
of the drug nor the filtration played a noticeable role in the
crystallization process.

Seeding experiments were performed by adding 1 wt %
(based on the total mass of TTFA) of dried, ground seed
crystals of either form I or II to ethanol solutions at
different supersaturation ratios. Following seeding, the
solutions were crash cooled to 37°C and changes in solution
concentration as well as in solid composition were moni-
tored over time, as previously described for the unseeded
experiments.

Self-Association Measurements

The study of self-association was carried out by measure-
ments of UV spectroscopy over the concentration range
5.76x107°-2.30x 10~> M in ethanol at room temperature.
The method is based on the detection of deviation from the

Beer-Lambert law with increasing concentration (43,44).
Appropriate amounts of the drug were added to volumetric
flasks and diluted with absolute ethanol. Each sample was
prepared in triplicate. Absorbance spectra of the resultant
solutions were recorded in a spectrophotometer (Shimadzu
1800) with quartz cells of path length 10, 1, or 0.1 mm at
346 nm when appropriate. The band at 346 nm corre-
sponds to the n-n* electronic transition of TFA that is
suitable to study the mode of molecular assembly (44). The
path length of a cuvette was calibrated using potassium
chromate solution (45). From the absorbance of solutions,
apparent molar absorptivities were calculated as a function
of solute concentration. A mathematical model was applied
to fit the apparent molar absorptivity versus concentration
profiles. The curve fitting was performed by non-linear
least squares regression analysis (Scientist, Micromath
Scientific Software, St. Louis, MO).

Computational Methods

The major difference in the molecular conformation of
forms I and II stems from the torsion angle 7, (Fig. 1). In
order to calculate the difference in hydrogen-bonding
strength between the two forms, the two dimer config-
urations were taken directly from the respective crystal
structures of TFA polymorphs (41). Each dimer then
underwent constrained optimization with T, and the
intermolecular distances between oxygen atoms of the
hydrogen-bonded carboxyl groups held constant while all
bond distances, bond angles, and other torsion angles were
allowed to be optimized. The optimization was carried out
at the level of B3LYP/6-31G(d,p) using the Gaussian 03
package (46). Root-mean-square (RMS) values of Cartesian
coordinates of TFA dimers due to the optimization were
insignificant, 0.021 and 0.009A of form I and II dimers,
respectively, indicating that the optimization preserved the
dimer configurations, particularly the t; angle, from the
crystal structures. Intermolecular interaction 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 with diffuse orbitals was selected to
improve the description of hydrogen-bonding (47). The basis
set superposition error was corrected by the counterpoise
method when calculating the intermolecular energies (48).
Lattice energies of the two TFA polymorphs were
calculated with an empirically augmented density function-
al theory (DFT) method (49,50). It is well known that a
typical DFT cannot fully consider van der Waals inter-
actions (51-53), as in the program we used. To circumvent
the limitation, the crystal structures were firstly optimized
with the lattice parameters held constant while allowing
fractional coordinates of all atoms to adjust. This approach
proved fairly acceptable because of the long-range, weak,
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and un-directional nature of van der Waals forces that have
little impact on fractional coordinates when the lattice
parameters are kept fixed during optimization (49,50). The
basis set used was B3LYP/6-21G(d,p); no diffuse orbitals
were included due to potential instability introduced to
Bloch functions. RMS values of optimized Cartesian
coordinates were 0.011 and 0.026A for forms I and II,
respectively, demonstrating that the optimization corrected
minor structural uncertainties likely induced by hydrogen
positions that were assigned—a common practice in X-ray
structure determination. The single-point energy of opt-
mized crystal structures was then calculated and, according
to the optimized atomic coordinates, the van der Waals
energy component was included post priori. The van der
Waals energy was evaluated by a damped analytical model
that was based on interatomic distances and empirical
parameters (54,55). The lattice energy was derived as the
difference between the total corrected energy of a crystal
system and the lowest energy of a fully optimized single
molecule in vacuum. In addition, we calculated the
difference between the total corrected energy of a crystal
system and the gas-phase energy of a single molecule having the
same conformation as in the crystal; we called it crystallization
energy. A periodical quantum mechanical program, CRYS-
TALO6 (56), was used for the optimization and energy
calculations of TFA crystal structures. Energy convergence
for the calculations was set at 10~/ Hartree. Root-mean-
squares of the energy gradient and atomic displacement were
set at 0.0001 and 0.0003 atomic units, respectively.

RESULTS AND DISCUSSION
Characterization of Tolfenamic Acid Polymorphs

Tolfenamic acid samples prepared in our laboratory show
similar morphology of both forms I and II (Fig. 3).
Solubility profiles of TFA forms I and II were measured
in ethanol (Fig. 4). The solution concentration, when form

Fig. 3 Optical micrographs of
TFA form | (a) and form Il (b).
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Fig. 4 Solubility profiles of forms | and Il of TFA in ethanol at 37°C,
determined using UV spectroscopy (n=3).

IT was used as the starting material, increased untl it
reached a maximum around the solubility of the metastable
polymorph, which should be regarded as an “apparent”
value because thermodynamic equilibrium could not be
reached when measuring the metastable form. Then, the
concentration declined toward the corresponding plateau
value of the stable form I and remained at that concentra-
tion thereafter for 72 h, showing a typical solvent-mediated
phase transition (1,57). The residual solid samples were
verified to be form I regardless of the starting materials.
The thermodynamic solubility in ethanol is then estimated
to be 8.61x107% M (22.54 mg/mL) at 37°C, while the
apparent value of form IT is 9.56 X 107> M (25.01 mg/mL).

The relative stability of forms I and II was inferred by
the solvent-mediated phase transition as well as experiments
of solvent-drop grinding, slurry crystallization, and thermal
analysis. When form II was subjected to ethanol-assisted
grinding in a mortar and pestle, conversion to form I
occurred after 1 h, as monitored by PXRD (Fig. 5). No
phase conversion was observed for the pure form I. When a
polymorphic mixture of the two forms was subjected to
ethanol-assisted grinding, phase transformation occurred
readily to give form I within 20 min. In addition, slurry of
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Fig. 5 X-ray powder patterns of TFA form Il subjected to ethanol-
assisted grinding.

pure form II converted to form I in a few hours at 25°C.
DSC thermogram (Fig. 6) of form I shows melting of the
crystal at the onset temperature of 212.5°C; the enthalpy of
melting was 157.1 J/g. Form II shows two endothermic
peaks. The first one with an enthalpy of 4.3 J/g and the onset
temperature of 141.8°C appears to be a solid-solid phase
transition to form I (inset of Fig. 6) and the second one at the
onset temperature of 212.7°C is the melting of the trans-
formed form I. These experiments indicate in cohort that
form I of TFA is the thermodynamically stable polymorph.

Effect of Supersaturation on Crystal Growth
of Tolfenamic Acid

Crystallization of TFA by crash cooling was conducted in
ethanol. TFA concentration profiles were obtained at

Fig. 6 DSC thermograms of
pure TFA forms | and Il. The inset
shows the small endotherm due
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to phase transition of form II.
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supersaturation ratios of S=1.55, 1.70, and 1.95, respec-
tively (Fig. 7). The solute concentration, detected by UV
absorption, decreased with time, indicative of nucleation
and growth of crystals. The process was monitored until the
concentration reached progressively stable values. The final
solute concentration values are in agreement with solubility
of form I measured at 37°C. The figure also marks the
apparent solubility of form II.

Crystallized solid samples were collected and analyzed to
determine the polymorphic composition. PXRD analysis
verified the solid-phase identity of these samples (Fig. 8),
obtained at supersaturation ratio of S=1.55 and isolated
immediately after nucleation. The peak at 10.2° indicates
that form II was present in the sample. In later collected
samples, the peaks at 5.5° and 11.7° appeared, suggesting
that any crystal of form II had transformed to polymorph 1.
ATR-FTIR spectra of pure forms I and II were obtained
(Fig. 9a), as well as of known mixtures for quantifying the
ratio between the two forms. The polymorph II spectrum
that
clearly distinguishes it from form I. The peak at 1,327 cm™ !

exhibits a unique vibrational band at 1,521 cm™'

was chosen as the reference due to its insensitivity to the
phase composition. The standard curve (Fig. 9b, R® of
0.996) was generated by plotting the ratio of the band
intensities against the weight percentage of form II in the
known solid mixture samples. Accordingly, the solid
composition of collected solid samples at various time
points was determined by FTIR analysis (Fig. 7, super-
imposed with the solute concentration profiles). At a lower
supersaturation (S=1.55 or 1.70), the metastable form II
was initially obtained, followed by its transformation to the
most stable form I, likely via a dissolution-recrystallization
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Fig. 7 Time dependence of concentration measured at 37°C during b
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solubility of form I. As the supersaturation increased, a
mixture of both polymorphs was produced and, particularly
when S=1.95, form I became dominant and the solute
concentration dropped to its solubility line quickly at the
beginning of the experiment.

The results indicate a greater tendency to crystallize
form I by increasing the initial solute concentration. When
S=1.55 or 1.70, the solvent-mediated phase transition from
form II to form I may take dozens of minutes. Instead, the
appearance of form I took a few minutes when S=1.95,

Calculated Form |

Calculated Form Il

Intensity (a.u.)

Experimental Form |
A, P A

Experimental Form [l

Py s .

5 10 15 20 25 30 s 40
20 (degree)

Fig. 8 X-ray powder patterns of TFA forms | and Il obtained at S=1.55.

X-ray powder pattern of calculated forms | and Il are also shown for
comparison.
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TFA Form Il (%w/w)

Fig. 9 Infrared spectra of TFA polymorphs (a) and standard curve of the
relative concentration of form Il in a mixture of TFA polymorphs (b).
Measurement was done in triplicate to determine the standard curve.

indicating a result of not phase transformation from form II
but a consequence of direct nucleation. Thus, although the
final outcome of the crystallization experiments was the same
(production of form I), two distinct mechanisms of crystal
growth are plausible—depending on the supersaturation—
and nucleation of the most stable form at high supersaturation
apparently disobeys Ostwald’s Rule of Stages (23).

To further eclucidate the governing mechanism, seed
crystals of both polymorphs were respectively introduced
into solutions at the onset of cooling (Fig. 10). Addition of
form I seeds resulted in an abrupt decrease of solution
concentration, consistent with crystal growth of the seeds,
until the solute concentration eventually reached the
solubility of TFA form I (Fig. 10a). This was in agreement
with the solid-phase composition determined by FTIR
analysis (superimposed in Fig. 10a), where for all super-
saturations the solid-phase was entirely constituted by form
I. Following seeding with form II crystals (Fig. 10b), the
metastable polymorph initially predominated and then it
slowly converted into form I. During the polymorph
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Fig. 10 Time dependence of concentration measured at 37°C during
rapid cooling of TFA from seeded ethanolic solutions at different initial
supersaturations (S), .55, 1.70, and 1.95 with seeds of form | (a) and
seeds of form Il (b). The weight percentages of form | in the collected
crystal samples are plotted correspondingly as dash lines.

transformation, the solute concentration stayed at the
apparent solubility of form II until the metastable crystals
had completely dissolved and the concentration
approached the solubility of form I. Consequently, the
relative percentage of the solid form I increased during the
transformation. No significant difference was found be-
tween the phase turnover when S=1.55 or 1.70. When S=
1.95, a small amount of form I, about 9% relative to form
I, also crystallized upon seeding with form II, possibly due
to nucleation of form I despite the seeding. Overall, seeding
crystals are able to essentially inhibit the nucleation step,
particularly at low supersaturation. The experiments also
rule out the possibility of competitive growth of the two
polymorphs that may be affected by the solute concentra-
tion. If the two forms possess different concentration-
dependent growth rates, seeding or no seeding should not

affect the crystallization outcome. This is not what we
observed and the results further confirm that, in the
unseeded crystallization experiments, the nucleation mech-
anism is influenced by the supersaturation of solution.

Solution Chemistry

To understand the solution chemistry of the system, UV
spectroscopy was performed to identify the likeliness and
extent of aggregation of TFA solute molecules in ethanol as
a function of concentration (below the solubility). The
rationale lies in the fact that, prior to the crash cooling of
crystallization, the TFA ethanol solutions were undersatu-
rated but of different concentrations. The variation in
concentration may affect how solute molecules behave in
solution and consequently result in nucleation of the distinct
species. By measuring UV absorbance at different concen-
trations, the molar absorptivity was calculated and plotted
as a function of concentration (Fig. 11). Hypochromic
deviation from the Beer-Lambert law is evident, suggesting
self-association of solute molecules (43,60). The total
absorbance may be regarded as a sum of individual species
in the solution:

é‘CT =E&n Cm"’gn nl{lm(cm)n (1)

where ¢ is the apparent molar absorptivity determined from
the experimental absorbance; ¢, and ¢, are the molar
absorption coefficients of monomers and n-mer aggregates
of solute molecules, respectively. In addition, 7 is the size of
n-mer aggregates (i.c., 2 for dimer) and &, is the self-
association equilibrium constant of the aggregation; Cr is
the overall solute concentration and (,, the monomer
concentration. The best fit of the experimental data based

on Eq. 1 could then be obtained with a correlation
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Fig. 11 Concentration dependence of the apparent molar absorptivity of

TFA at A e =346 nm. The solid line is a fit of the data according to Eq. |;
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coefficient of 0.98 (solid line in Fig. 11). The calculated
value (+ standard deviation) of £7 , is found to be 138.49+
34.25 M and the corresponding 7 equals 2. Consequent-
ly, the dimer formation was derived (dash line in Fig. 11),
indicating the trend of dimer association as the solute
concentration increases. Thus, it is reasonable to speculate
that when a solution of low concentration of TFA molecules
is rapidly cooled (to become supersaturated), the dominant
growth units are (solvated) monomers and, at high
concentration, the units are mostly dimers. Although the
dimer fraction was obtained at room temperature (Fig. 11)
whereas the solutions in the crystallization experiments
were cooled from 60°C, no significant variation in the
association mode and the relative composition of various
species is expected at modestly higher temperature (61).
Note that the derived model assumes that dimers are the
only species in equilibrium with monomer over the
concentration range employed. Higher-order association
species may be mathematically plausible (based on the data
fitting), but to form them in solution seems unlikely or
negligible. As pointed out by our computational analysis,
intermolecular hydrogen-bonding of the dimers is much
significant and hydrogen-bonded dimers should be dominant
over other types of solute aggregates—if there are any—
bonded by van der Waals force or even m-m stacking
interactions. Still, further experimental evidence is needed
and has been actively sought in our laboratory to support the
concentration-dependent dimer formation.

Intermolecular Interactions

Both crystal structures of the TFA polymorphs consist of
cyclic, hydrogen-bonded dimers (Fig. 2). The hydrogen-
bonding energy of the form I dimer calculated by B3LYP is
—37.65 kJ/mol per hydrogen bond (or —75.31 kJ/mol for
two hydrogen bonds in a dimer) while that of the form II
dimer 1s —34.60 kJ/mol. The energy values calculated by
MP2 are —33.72 kJ/mol and —31.08 kJ/mol of the form I
and form II dimer, respectively. Both methods indicate that
the dimer of form I is stronger, by about 3 kJ/mol, than
that of form II. As monomer, the form II conformer is more
stable by 3—4 kJ/mol, calculated by DFT and MP2,
respectively. In addition, the lattice energies of forms I
and II' are computed to be —137.50 and —135.72 kJ/mol,
respectively, supporting the fact that form I is more stable
than form II. The calculated lattice energy of form I is very
close to a reported experimental value of the sublimation
enthalpy of form I, 128.4 kJ/mol at 298 K (62), which
yields a derived lattice energy value of —133.4 kJ/mol (see
reference 49 for the derivation). Note that lattice energy is
the energy difference between the energy of a crystal system
and the lowest energy of a fully optimized single molecule
in the gas phase. As such, the computed lattice energy
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values are evaluated based on the same molecular
conformation. If the solute molecule already adjusts its
conformation prior to nucleation and has the same
conformation as that in the crystal, the energy change—
more suitably, this may be called crystallization energy
(63)—can be recalculated as the difference between
energy of a crystal and its single molecule of the same
conformation, yielding values of —249.17 and —241.38 kJ/mol
for forms I and 11, respectively. As no conformational change is
considered, crystallization energy may better characterize the
mtermolecular interaction involved in the self-assembly process
of crystallization in solution. Thus, if the dimers are considered
as the growth units, it is argued that the hydrogen-bonding
strength differentiates the formation of the two polymorphs
from solution, as crystallization energy difference is on par with
that of hydrogen-bonding between the two dimer motifs (about
6 kJ/mol if considering two hydrogen bonds in a dimer). The
solvation energy is nonetheless overlooked in this discussion,
but studies are underway to evaluate the solvent effect.

Nucleation Mechanism

Given the results of the crystallization experiments, solute
species in solution, and intermolecular interaction calcu-
lations, the proposed mechanism implies that, when a
solution of low concentration gets cooled and becomes
supersaturated, the dominant solute monomers start to
form nuclei. As the concentration increases, more self-
association is warranted because of the thermodynamic
driving force (i.e., chemical potential), and more hydrogen-
bonded dimers form and dominate in solution. For the
same thermodynamic reason, the solute molecules need to
form dimers as strongly as possible and in the case of TTA,
the molecules have to adjust their monomer conformations
in order to form stronger hydrogen bonds (ca. 6 kJ/mol
increase). The energy penalty due to the conformational
change (ca. 3—4 kJ/mol) can be recovered from gaining a
stronger hydrogen-bonding. When the condition of nucle-
ation 1s met (l.e., an undersaturated solution is cooled),
molecular clusters (i.e., dimers) start to form nuclei and
initiate crystal growth. It is thus concluded that, when a
solution of low TFA concentration is crash cooled, because
the dominant solute species are (solvated) monomers,
precursors of form II are produced leading to the growth
of the yellow crystals. Conversely, when a solution of high
TFA concentration reaches the nucleation condition, the
strongly interacted hydrogen-bonded dimers act as building
blocks for the growth of the colorless form I crystals. The
key concept underpinning the argument is that, in order to
form hydrogen-bonded dimers, solute molecules need to
change their conformation from that in the monomer state.
Thus, the self-association state of the solute species in solution
determines the molecular conformation resembled in the final
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crystal structure. As a concentration increase warrants further
self-assembly of solute molecules, the effect of solute concen-
tration on promoting hydrogen-bonded dimer formation and
on polymorph selection is manifested by the conformational
change of the solute. In other words, when the (solvated)
monomers of TFA molecules start to be convened into dimers,
the molecular conformation needs to change in order to
facilitate the intermolecular hydrogen-bonding. More
importantly, the argument implies the utmost role of
solute species—monomers ovs. dimers in our case—in
governing the polymorphic formation from solution.

It is worth noting that the crash cooling condition in the
crystallization experiments is not meant to freeze or
maintain the relative ratios among various solute species
during cooling. In fact, the relative ratios are controlled by
molecular interactions and our cooling rate should not
affect the association and conformational change processes,
which should occur rapidly, based on the calculated values
of the association constant and the energy barrier between
the two conformers. The fast cooling rate is merely to
prevent or minimize the solvent-mediated phase transition
and timely probe the nucleation process.

CONCLUSIONS

Crystallization of a particular TFA polymorph in ethanol is
affected by the starting concentration of the solute molecule.
At low supersaturation, the metastable form was obtained
while at high supersaturation, the most stable one was
produced. As the concentration increases, hydrogen-bonded
dimers become predominant in solution and overtake mono-
mers as the nucleation unit. Thus, the self-assembly of solute
molecules plays a pivotal role in nucleation of a different
polymorphic structure and for this reason, the conformational
energies and intermolecular interactions are the underlying
factors determining pre-nucleation and nucleation processes.
Moreover, the concentration effect highlights the limitation of
CNT, which states that the supersaturation directly regulates
the growth rate of a crystal system but not the rate difference
among various polymorphs. Although further investigation is
needed to better support the intricacy between molecular
conformation in solution and packing in the solid state, the
study offers a critical proof that pre-nucleation association of
solute molecules, governed by molecular interactions and
growth conditions, must be considered as an important stage
of nucleation.
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