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bstract

Polymorphism is a frequently encountered phenomenon in organic materials and is particularly important for pharmaceuticals. For enantiotropi-
ally related polymorphs, one important property of the polymorphic pair is the thermodynamic transition temperature. The transition temperature
s sometimes difficult to determine experimentally due to the rapid transformation between the two polymorphic forms in solution. Due to its
elatively rapid spectral acquisition rate, as well as the possibility of in-line monitoring, Raman spectroscopy is ideally suited to monitoring the
inetics of transformation between different solid-state forms. In this study, it was demonstrated that the transition temperature could be estimated

rom polymorphic transformation profiles obtained from real-time in situ Raman data. Using this method, the estimated transition temperature
or flufenamic acid was in good agreement with the previously published value. These results suggest that Raman spectroscopy may be a useful
ethod to determine transition temperatures in systems not amenable to other methods.
2007 Elsevier B.V. All rights reserved.
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. Introduction

Polymorphism is a common phenomenon in organic com-
ounds and is of particular importance for pharmaceuticals.
olymorphism results from the different packing arrangement of
olecules in the crystal lattice leading to forms possessing dif-

erent Gibbs free energy. Polymorphs can either be monotropic
here one form has a lower Gibbs free energy than the other form

t all temperatures below the melting point or enantiotropic,
hereby at a certain temperature, called the transition tempera-

ure, the Gibbs free energy of the two solids is equal [1].
For enantiotropic polymorphs, the transition temperature is
f great importance since it defines the temperature at which the
tability relationship between the two forms becomes inverted.
here are several methods currently available to experimen-
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ally determine or estimate this value. The most commonly
sed method is the van’t Hoff plot [2–6]. The logarithmic sol-
bility of each polymorphic form at different temperatures is
lotted against the reciprocal of absolute temperature. The tran-
ition temperature is the temperature at which the two forms
ave the same solubility. Although this method works well
or some systems, it is often difficult to determine meaningful
olubility values for metastable forms due to rapid transfor-
ation to a more stable solid. In addition, if the temperature

ange used to determine the solubility is too wide, the linear-
ty of the plot can be compromised, as discussed by Grant et
l. [7]. Intrinsic dissolution rate measurements can also be used
n some instances to determine solubility ratios as a function
f temperature [8,9]. Additionally, combining solubility and
eat of solution measurements have been used to determine
he transition temperature of different polymorphic systems
10,11]. Finally, Yu described how the transition temperature

ould be determined from differential scanning calorimetry
ata [12].

Slurry transformation is a potentially practical way to deter-
ine the transition temperature. In this method, the two
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olymorphic forms are mixed and held at a range of tem-
eratures in a suitable solvent system. The metastable form
ill convert with time to the stable form via a solvent-
ediated transformation. By monitoring the solids composition

sing a suitable analytical technique, and gradually narrow-
ng the temperature range, the transition temperature can be
stimated.

Raman spectroscopy is a potentially useful technique for esti-
ation of the transition temperature by monitoring of the solids

omposition as a function of time. As a result of advances in
nstrumentation, Raman spectroscopy has been widely applied
ithin the pharmaceutical industry to provide information about

he chemistry and solid-state composition of various systems,
s well as for monitoring crystallization and solvent-mediated
hase transformations [13–16]. Recently, Hu et al. reported
he use of Raman spectroscopy for the real-time monitoring
f crystallization and polymorphic transformation of a model
ompound, flufenamic acid (FFA) [17]. FFA can exist as two
olymorphic forms (Forms I and III) at room temperature. The
wo forms are enantiotropically related with a reported tran-
ition temperature of 42 ◦C [18] and Form III is the stable
orm below this temperature. Although Forms I and III can
oth exist in the solid-state at room temperature, they can-
ot co-exist in a slurry for prolonged periods of time; this is
specially true at high temperatures. For example, at approx-
mately 53 ◦C, the transformation from Form III to Form I
ake approximately 15 min when seeds of Form I are present
17]. Although the relatively fast transformation in slurries
akes solubility determination challenging, it provides an excel-

ent opportunity to monitor transformation kinetics. This study
llustrates how the transition temperature can be determined
rom the kinetics of transformation as a function of tempera-
ure, using Raman spectroscopy to monitor the transformation
inetics.

. Materials and methods

.1. Materials

FFA was purchased from Aldrich, Inc. (Milwaukee, WI). Pure
FA Form III was obtained by dissolving an appropriate amount
f FFA (as received) in toluene at about 80 ◦C and quench cool-
ng to 0 ◦C with vigorous stirring. FFA Form I crystals were
btained by the same method, the only difference was that Form
seeds (about 50 mg) were added to the clear solution before
orm III crystals were formed during the cooling stage. Sodium
odecyl sulfate (SDS 95%) was purchased from Mallinckrodt
hemical, Inc. (St. Louis, MO). Double deionised water was
sed for all experiments. Ethanol (200 proof) was purchased
rom Aaper Alcohol and Chemical Company (Shelbyville,
Y).
To control particle size while avoiding changes in morphol-

gy, particles were sieve separated into different particle size

ractions by gentle agitation. To facilitate the separation and
iminish friction between the particles, wet sieving was per-
ormed using a 0.25% aqueous solution of SDS (FFA has a
ery low aqueous solubility). The particles in the size range of

1
C
u
e
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5–106 �m were collected and dried under ambient condition
n a light protected environment.

.2. Solubility determination

The solubility of Forms I and III in pure water was determined
t three different temperatures by measuring the concentration
f FFA at λmax = 288 nm [19], with a UV–vis spectrophotome-
er (DU 7400, Beckman, Irvine, CA). Two analysis temperatures
ere chosen, one above and one below the transition tempera-

ure reported in literature [18]. Since the metastable form can
apidly convert to the stable form in the presence of seeds,
igorous steps were taken to eliminate seeds. These included
n extra purification step for each polymorph and the use of
losed containers for the solubility experiments. An excess
mount of solid was added to a 50 ml glass bottle with approx-
mately 25 ml of water. The sealed container was immersed
n water held at the temperature of interest and agitated for 3
ays. Triplicate samples were measured for each polymorphic
orm at each temperature. The samples were filtered using pre-
eated 0.45 �m filters (Alltech, Deerfield, IL). Aliquots of the
ltrate were diluted in 50:50 (v/v) ethanol/water with the dilu-

ion factor being determined gravimetrically. UV spectroscopy
as then used to determine the concentration of the diluted

amples.

.3. Preparation of samples for slurry transformation
xperiments

Different amounts of Forms I and III were accurately weighed
nd geometrically mixed to produce samples of different weight
atios. The purpose of mixing the two forms was to bypass
he nucleation stage of the solvent-mediated transformation. By
arying the weight ratio of each form, the kinetics of transfor-
ation could be manipulated based on how far the system was

rom the transition temperature. An appropriate amount of the
olid mixture was added to 80 ml of 70:30 EtOH/water (v/v) sat-
rated with respect to FFA, held at the temperature of interest.
mmediately after solids addition, the suspension was agitated
sing an overhead stirrer and spectral acquisition was initiated.
he overhead stirrer speed was set at 450 rpm, and the Raman
robe tip was submerged approximately 5 mm under the sur-
ace of the solution. These conditions were selected to provide
inimal variation in signal intensity.

.4. Raman spectroscopy

Raman spectra were collected using Raman Rxn1-785
pectrometer (Kaiser Optical Systems, Inc., Ann Arbor, MI),
quipped with a 1/4 inch diameter MultiRxn stainless steel
mmersion optic with a flat sapphire window attached to a MR
robe. A 400 mW diode laser at 784.8 nm was used for excita-

ion, and the power at the window was measured to be around

00 mW using a Coherent LaserCheck power meter (Auburn,
A). Spectral data between −100 and 3450 cm−1 were collected
sing a 5 s integration time with 10 accumulations summed for
ach spectrum. A spectral collection rate of one spectrum per
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Fig. 1. Raman spectra of the Forms I and III polymorphs of flufenamic acid.

inute was used for each experiment. The Raman spectra of the
wo polymorphic forms are shown in Fig. 1.

.5. Data analysis

Univariate analysis was used to assess polymorphic composi-
ion as described in detail previously [17]. This analysis enabled
he percentage of FFA Form I in the solid phase to be deter-

ined. Hence, the variation in polymorphic composition could
e monitored as a function of time. Using the percentage of FFA
orm I as a function of time, polymorphic form transformation
rofiles were constructed. The transformation profiles were then
tted to a sigmoidal equation (Eq. (1)).

= X0 + A

1 + e−(t−tm)/b (1)

here X is the percentage of Form III formed, X0 the initial
mount of Form III, A the difference between the maximum
ossible amount of Form III subtracted by the initial amount, tm
he time to 50% transformed, and t is the time. The rate of the
ransformation (b) can be empirically related to the transforma-
ion rate constant (k) of a first-order reaction according to the
ollowing equation:

= ln 2

b
(2)

The calculated transformation rate constants were then used
o find the transition temperature of this polymorphic pair.

.6. Software
HoloGRAM software (version 4.0, Kaiser Optical Systems,
nc., Ann Arbor, MI) was used to control the Raman spectrom-
ter. Origin (version 7, OriginLab Co., Northampton, MA) was
sed for fitting the Raman peaks. Sigma Plot (version 8.02,
SPS, Inc., Chicago, IL, USA) was used for curve fitting and
raph plotting.

c
t
t
s
e
i

Fig. 2. van’t Hoff plot of flufenamic acid Forms I and III.

. Results and discussion

.1. van’t Hoff plot of solubility data

The solubility data collected for each polymorph at two tem-
eratures are plotted as a van’t Hoff type plot in Fig. 2. This
xperiment was carried out to confirm the approximate tem-
erature of the transition point, and to select the appropriate
xperimental conditions for the transformation rate experiments,
ence only very limited solubility measurements were made.

common problem with this approach for determining the
ransition temperature is that the metastable form may trans-
orm during the experiment. For that reason, the remaining
olids at the end of the experiment were examined using Raman
pectroscopy to verify that no transformation had occurred
hroughout the experiment. It can be seen from the plot that the
olubilities of the two forms intersect at approximately 39 ◦C,
lose to the literature value of 42 ◦C reported for the transition
emperature of flufenamic acid [18].

.2. Deducing kinetic and thermodynamic information

Fig. 3 shows how the spectra change as a function of time as
he relative proportion of each polymorphic form varies. It can
e seen from Fig. 3a that, at 25 ◦C, the peaks characteristic of
orm I are decreasing in intensity, while those arising from Form
II become more prominent. At 49 ◦C, shown in Fig. 3b, the con-
erse is seen, and with time, the spectra become dominated by
orm I peaks. These results are consistent with the Form I poly-
orph being the metastable form at 25 ◦C and hence converting

o Form III, while at 49 ◦C, Form III is metastable and converts
o Form I.

Following application of the calibration curve to find the per-
entage of Form I in the total solid mass as a function of time, a
ransformation profile showing conversion from the metastable

o the stable form at a particular temperature can be generated as
hown in Fig. 4. The initial ratios of the stable form were differ-
nt for different temperatures to compensate for the differences
n transformation rates. The transformation profiles provide a
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Fig. 3. Raman spectra of showing the solvent-mediated polymorphic transfor-
mation of flufenamic acid during slurry experiments. (A) Transformation at
24.7 ◦C showing the transformation of the Form I polymorph to the Form III
polymorph. (B) Transformation at 49.1 ◦C showing the transformation of the
Form III polymorph to the Form I polymorph.

Fig. 4. Transformation profiles obtained at different temperatures showing the
conversion of Form III to Form I (percentage of Form I increases towards
100%) above the transition temperature and the transformation of Form I to
Form III (percentage of Form I decreases towards 0%) below the transformation
temperature.

Table 1
The transformation rate of Form I to Form III at different temperatures (n = 3)

Temperature (◦C) 1000/T (K−1) First-order rate constant (k) (%/min)a

Average S.D. ln(|k|)
24.7 3.357 0.0541 0.0061 −2.925
33.7 3.259 0.0315 0.0008 −3.458
36.7 3.227 0.0221 0.0011 −3.812
45.2 3.141 −0.0037 0.0023 −5.924
49.1 3.103 −0.0922 0.0215 −2.420
53.5 3.061 −0.3061 0.0568 −1.210
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a The first-order order rate constant is shown as negative when the transfor-
ation is from Form III to Form I, i.e. when the transformation occurs above

he transition temperature.

lear indication of which form is the stable form at a given tem-
erature, since the amount of the stable form will increase with
ime, with a concurrent decrease in the quantity of the metastable
orm. Hence, below the transition temperature (experiments per-
ormed at 25, 34 and 37 ◦C), the amount of Form I, which is
he metastable form, decreased towards zero with time, while
t higher temperatures (experiments performed at 45, 49 and
4 ◦C) the quantity of Form I increased towards 100% (Fig. 4).
n addition, it can be qualitatively noted that the transforma-
ion rates of the experiments run at 25, 34 and 37 ◦C decrease
ith an increase in temperature, while the transformation rates
f the experiments run at 45, 48 and 54 ◦C increase with tem-
erature. Based on these observations, the spectroscopic data
ndicate that the transition temperature for the transformation
etween Forms I and III of FFA must fall within the range from
7 to 45 ◦C, in excellent agreement with the literature value and
he results obtained from the van’t Hoff experiments.

In order to extract quantitative information about the trans-
ormation kinetics as a function of temperature from the
xperimental data, the transformation profiles were fitted to a

igmoidal equation (Eq. (1)) in order to determine the first-
rder rate constant k (Eq. (2)). The rate constants are shown
n Table 1 and are plotted as a function of temperature in Fig. 5.
s can be seen from Table 1, the transformation rate above the

ig. 5. Transformation rates of Form I to Form III as a function of temperature.
ositive rate constants indicate that Form I is transforming to Form III, while
egative rate constants indicate the Form III is transforming to Form I.
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Fig. 6. The transition temperature could be estimated using the transformation
rate of Form I to Form III at the temperature region below the transition tem-
perature. It also demonstrated that when close to the transition temperature, in
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he temperature region above the transition temperature, the transformation rate
till followed the same linear relationship.

ransition temperature, from polymorphic Form III to Form I,
ncreased steeply with temperature. For the temperature range
rom 34 to 45 ◦C the rate constant displayed a linear relation-
hip with respect to temperature changes, as shown in Fig. 6. At
he transition temperature, the two polymorphs have the same
ree energy and thus there is no thermodynamic driving force
or conversion between the two forms. Hence, at the transition
emperature, a rate constant of zero is theoretically predicted. A
inear regression of the data points plotted in Fig. 6 showed that
he polymorphic transformation rate constant would be zero at
4.0 ± 0.6 ◦C, which infers that at this temperature, the two poly-
orphic forms are in equilibrium. Four individual experiments
ere carried out at 45.2 ◦C, and in each of these experiments, any
orm III present transformed completely to Form I, confirming

hat the transition temperature is below 45 ◦C. This result is close
o the reported transition temperature of 42.0 ◦C [18]. The dif-
erence between the value derived from the spectroscopic data
nd the literature value may be related to the slight deviation
rom linearity over the 25–45 ◦C temperature range and a more
ccurate value may be obtained if more experiments closer to
he transition temperature were carried out.

.3. Relationship between polymorphic transformation rate
nd temperature

As shown in Fig. 5, the rate of the solvent-mediated trans-
ormation passes through zero at the transition temperature and
ncreases with either an increase or decrease in temperature.

rate constant of zero at the transition temperature is consis-
ent with each polymorphic form having the same free energy
nd therefore existing in equilibrium Accordingly, changing the
emperature above or below the transition temperature, should

esult in the conversion of one polymorph to the other since
ne polymorph is now metastable and it would thus be expected
hat the rate of the transformation would no longer be zero,
s is observed experimentally. It can be observed from Fig. 5
iomedical Analysis 45 (2007) 546–551

hat the rate increases very steeply with an increase in temper-
ture, whereas decreasing the temperature below the transition
emperature results in a more moderate increase in the transfor-

ation rate. The relationship between transformation rate and
emperature has been discussed theoretically by Giron [20]. In
heir review, the author highlighted that once the temperature
ncreases or decreases from the transition temperature, the Gibbs
ree energies for the two forms begin to differ, and hence there is
tendency for the metastable form to convert to the stable form.
he energy difference increases as the temperature differential
etween the experimental temperature and the transition tem-
erature widens. However, while the difference in Gibbs free
nergy increases as the temperature is lowered, the solubility of
he two forms decreases, which can negatively impact the trans-
ormation process. This may explain the decreasing change in
he rate constant as the temperature is lowered, which is evident
n Fig. 6.

. Conclusions

The utility of Raman spectroscopy for in-line monitoring
f a solvent-mediated polymorphic transformation has been
emonstrated. By monitoring the polymorphic transformation
n solution at different temperatures, the transformation profile
s a function of temperature was obtained and from these pro-
les, rate constant information could be extracted. The transition

emperature, estimated from the rate constant data as a function
f temperature, was found to be in good agreement both with
he value obtained using the conventional van’t Hoff approach
nd the value reported in literature [18]. Spectroscopic monitor-
ng of solvent-mediated polymorphic conversions may provide a
onvenient method to assess the thermodynamic transition tem-
erature, in particular for rapidly converting systems where it is
ot possible to measure equilibrium solubility of the metastable
orm.
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