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Abstract

Accurate quantification of impurities existing as separate crystalline phases at trace levels in drug materials is an important issue
in the pharmaceutical industry. In the present study, a thermoanalytical approach previously developed for quantifying trace levels
of polymorphic impurity (form II metastable nuclei) in commercial salmeterol xinafoate powders has been successfully applied
with slight modifications to ribavirin, an antiviral drug exhibiting roughly similar polymorph-dependent crystallization kinetics in
melts to that of salmeterol xinafoate. Essentially, the approach involved modeling of the crystallization kinetics of both tested and
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reference drug materials in melts using the Avrami-Erofe’ev (AE) rate expression, derivation of a mathematical equation f
ing the AE kinetic constant to the composition of reference polymorph mixtures, and the use of this derived equation (in t
of a calibration curve) to calculate the impurity contents of the tested samples from their computed AE constants. For r
modification of the latter equation by incorporation of an empirical exponent was found necessary to account for the comp
dependent changes in crystallization kinetics of the reference mixtures. Such modification has made possible the determ
polymorphic impurity content of as low as 0.004% (w/w) in ribavirin samples induced by different forms of grinding treat
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1. Introduction

Polymorphism is an important solid-state pro
erty for consideration in the formulation developme
and large-scale production of solid dosage forms
the pharmaceutical industry. Since different crystalli
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polymorphs exhibit different physicochemical prop-
erties (e.g. melting point, density, hardness, stability
and dissolution rate) and possibly bioavailability, strin-
gent regulatory requirements have been imposed on
the identification and specification of polymorphs for
particular drug materials as part of the quality as-
surance process. For stability reason, the form that
is stable under ambient conditions is normally em-
ployed in drug formulation. Contamination of a drug
material with its alternative metastable polymorphic
form, which can occur during crystallization, grind-
ing/milling or any other form of mechanical treatment,
is of particular concern, since such polymorphic im-
purity could adversely compromise both the stability
and the performance of the final products. In order to
limit such undesirable physical impurity in pharma-
ceutical materials, accurate quantification of trace lev-
els of such impurities existing as separate crystalline
phases has become an important issue. However, the
most widely used methods for solid-phase characteri-
zation such as differential scanning calorimetry (DSC),
powder X-ray diffraction (PXRD), Fourier-transform
infrared (FTIR) spectroscopy and near-infrared (NIR)
spectroscopy, are normally not sufficiently sensitive for
detecting relatively low levels (<5%) of polymorphic
impurity.

In our previous study, a thermoanalytical approach
using a standard DSC instrument has been successfully
applied to quantify trace levels of polymorphic form
II impurity in form I samples of salmeterol xinafoate
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estimating the actual amount of form II present (as in
a standard DSC approach), but rather on how fast this
high-melting polymorph is being generated from the
form I melt. It has been demonstrated that quantifica-
tion of as low as 0.1% (w/w) of form II is feasible. It
has also been suggested that such a technique could
potentially be applied to other enantiotropic polymor-
phic pairs. In order to verify the general applicability
of the developed approach in other enantiotropic poly-
morph systems and to refine the approach for adap-
tation to other variants of crystallization kinetics, we
have extended the above work to ribavirin, an antiviral
drug displaying roughly similar polymorph-dependent
crystallization kinetics in melts to that of salmeterol
xinafoate.

Ribavirin has long been known to exist in two enan-
tiotropically related polymorphic forms (I and II) (see
Section 3.1) (Witkowski et al., 1972; Prusiner and
Sundaralingam, 1973). Form II is the stable form at
ambient temperature and melts at 166–168◦C while
form I, the metastable polymorph, melts at 174–176◦C
(Witkowski et al., 1972). The drug has been widely
used for several decades to treat viral infections such as
hepatitis C (Bacon, 2004). Recently, it has received re-
newed interest due to its emerging role in the treatment
of severe acute respiratory syndrome (SARS) (Tsang
et al., 2003; Lee et al., 2003; Hon et al., 2003).

In the present study, ribavirin in pure forms II and I
(reference materials) were first prepared, respectively,
below and above the transition temperature by recrys-
t II)
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orm II from form I melt in DSC at varying scannin
peeds, and analysis of the data (expressed asα–time
urves) by non-linear iterative fitting to the Avram
rofe’ev (AE) equation for the tested SX samples
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cally to relate the AE rate constants determined
ng the physical mixtures of reference SX mater
o the corresponding crystal phase compositions
or construction of a calibration curve). This equat
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orphic form II impurity in each tested form I sa
le from the computed AE rate constant. It should
oted that the principle of this technique is based
n a direct measurement of the enthalpy of fusion
allization of pharmaceutical grade ribavirin (form
rom solution and melt. After confirming the ident
f the polymorphs by DSC, PXRD and FTIR sp

roscopy, the recrystallized (reference) and pharma
ical grade ribavirin samples were subjected to t
al analysis as reported for salmeterol xinafoate
rder to generate appropriate levels (i.e. below
/w) of form I metastable phase in pharmaceut
rade ribavirin for trial determination by the est

ished approach, the material was triturated manu
r ground using a self-fabricated ball mill system
arious time periods. It should be noted that while s
rinding treatments might also produce amorphous

erials, DSC analysis of the ground ribavirin samp
id not reveal any recrystallization exotherm bef

he melting of form II even at the slowest scanning
2 K min−1) and PXRD showed negligible changes
iffraction pattern (data not shown), suggesting
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amorphous ribavirin is either absent or present in trace
(non-detectable) quantities. Such low levels of amor-
phous microdomains in the samples are unlikely to have
any significant bearing on the polymorphic impurity
determination, as the approach measures the impurity
in terms of the recrystallization rate of form I from form
II melt, which is strictly dependent on the amount of
form I nuclei present (see Section3.2).

2. Materials and methods

2.1. Materials

Ribavirin raw material (R-RW) of USP grade was
purchased from International Laboratory Ltd., Las Ve-
gas, USA. Absolute ethanol was supplied by Merck,
Germany. Potassium dihydrogen phosphate (analyti-
cal grade) and methanol (HPLC grade) were obtained,
respectively, from Riedel-de Haen Co. Ltd., Germany
and Tedia Co. Inc., USA. All water used was deionized
and double distilled.

2.2. Preparation of polymorphically pure
ribavirin forms II and I ribavirin crystals

The crystal structure of R-RW is consistent with
that of form II reported in literature (Witkowski et al.,
1972; Prusiner and Sundaralingam, 1973). Pure
ribavirin form II (R-II) crystals were prepared by
r d
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same mixing treatment to check for possible induc-
tion of the metastable form I nuclei. No significant
changes in thermal behavior of the material were ob-
served.

2.4. Influence of trituration on R-RW

R-RW was placed in a porcelain mortar and trit-
urated manually using a pestle, as in extemporane-
ous compounding (Chan et al., 2004). Samples were
removed for DSC analysis at 0, 1, 3, 6, 10, 20, 30,
40 and 50 min. Since hand-triturated ribavirin sam-
ples are subject to variability associated with in-
consistency in the applied shear stress, another set
of data were obtained for parallel comparison us-
ing a self-fabricated ball mill system. Three lead
spheres of 2 cm diameter were placed inside a cylin-
drical metal container (i.d. = 4.2 cm, height = 10 cm).
The container was rotated on its longitudinal axis
at a constant speed of 120 rpm. Samples were then
withdrawn for analysis at various time intervals as
before.

2.5. Thermogravimetric analysis (TGA)

TGA was performed in an open pan using a Perkin-
Elmer Thermogravimetric Analyzer TGA 7 with Ther-
mal Analysis Controller TAC 7/DX. Approximately,
10 mg of sample (accurately weighed) was placed in
t
2
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ecrystallization of R-RW from water (Prusiner an
undaralingam, 1973). Slight excess of R-RW wa
issolved in water at 60◦C to form a supersaturat
olution. The solution was left to cool slowly at roo
emperature, and the resulting crystals (R-II) were
ested, and dried thoroughly in desiccators over p
horous pentoxide prior to use. Pure ribavirin form I

) crystals were prepared by recrystallization of R-R
rom melt at 169–170◦C on a hot-stage microsco
HSM), and the crystal form of the resulting mate
as confirmed by DSC, PXRD and FTIR spectrosc

.3. Preparation of physical mixtures of
-II and R-I

Physical mixtures of R-II and R-I were pr
ared by gentle blending using a geometric d

ion technique. R-II alone was also subjected to
he pan and scanned at 2 or 10◦C min−1 from 50 to
60◦C.

.6. Differential scanning calorimetry

DSC analysis was performed using a Per
lmer Pyris 1 differential scanning calorimeter (w
yris Manager software). Indium (Tm = 156.6◦C;
Hf = 28.45 J g−1) was used for calibration. Acc

ately weighed samples (1.5–2.0 mg) were place
ermetically sealed aluminum pans and scanne
–50◦C min−1 under nitrogen purge.

.7. Hot-stage microscopy

Samples were examined under a hot-stage m
cope (Leica Galen III) for both melting and recrys
ization events. Heating rate was set at 10◦C min−1.
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2.8. Fourier-transform infrared spectroscopy

Spectra were recorded from KBr disks using a
Perkin-Elmer Fourier-Transform Infrared Red System
(SpectrumBX) (Perkin-Elmer, Beaconsfield, Bucking-
hamshire, UK). Number of scan was 16 and resolu-
tion was 4 cm−1. Samples were scanned from 4000 to
400 cm−1 at an interval of 2 cm−1.

2.9. Powder X-ray diffraction

PXRD patterns of ribavirin (R-I and R-II) sam-
ples were recorded on a Philips Powder X-Ray
Diffraction System, Model PW 1830 3 kW using
Cu anode (λ = 1.540562Å) over the 2θ interval
2.0–40.0◦. Step size was 0.05◦ with a counting time of
2 s.

2.10. High performance liquid chromatography
(HPLC)

Ribavirin was assayed using a stability-indicating
HPLC method reported byShah et al. (1994)with
slight modifications (Chan et al., 2004). The analy-
sis employed a Hypersil C18 reversed phase column
(5�m, 250 mm× 4.6 mm i.d., Thermo Hypersil Ltd.,
Cheshire, UK) and a Waters 2695 LC system equipped
with a Waters 996 photodiode array detector and an
autosampler (Waters, MA, USA). The mobile phase,
composed of 0.01 M potassium dihydrogen phosphate
s iso-
c -
s a sin-
g min.
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3. Results and discussion

3.1. Identification of ribavirin polymorphic forms

Ribavirin form II crystals (R-RW and R-II) were
rod-shaped whereas the form I crystals (R-I) were dis-
tinctly different platelets, as examined by optical light
microscopy.Fig. 1 depicts the DSC and TGA curves
of R-RW obtained at 2◦C min−1 while Fig. 2 shows
the DSC profiles of R-RW, R-II and R-I generated at
2◦C min−1. As revealed inFig. 2, R-RW melted at
166.6◦C and partially recrystallized to form I, which
subsequently melted at 175.7◦C. This thermal behav-
ior is in close agreement with that reported in litera-
ture (Witkowski et al., 1972). No thermal degradation
was evident in TGA at 2 K min−1 until the temperature
reached 228.6◦C. As with R-RW, R-II melted at around
166.2◦C, but the melting endotherm of form I was

F able
f

olution and pure methanol (95:5, v/v), was eluted
ratically at a flow rate of 1 ml min−1. Detector re
ponse was set at 207 nm. Ribavirin was eluted as
le peak in the chromatogram at around 4.55–4.65
-RW, R-II and R-I samples were dissolved in w

er to yield a final concentration of 0.2 mg ml−1. Fifty
icrolitres of samples were injected onto the c
mn. A calibration curve constructed using stand
ibavirin solutions within the appropriate concen
ion range displayed excellent linearity with anR2

arger than 0.99. All measurements were perfor
n triplicate.

.11. Statistical analysis

Sigmastat® V.3.1, Systat Software Inc., SPSS (Ho
ong) Ltd. was employed for all non-linear regress
nalysis in this study.
Fig. 1. DSC and TGA curves of R-RW obtained at 2 K min−1.

ig. 2. DSC curves of R-RW, R-II (stable form) and R-I (metast
orm) obtained at 2 K min−1.



H.H.Y. Tong et al. / International Journal of Pharmaceutics 295 (2005) 191–199 195

Fig. 3. FTIR spectra of R-RW, R-II and R-I.

virtually not discernable (Fig. 2). Comparison of the
fusion thermodynamic properties between R-I (form
I) and R-II (form II) showed that form I has a lower
enthalpy of fusion (�Hf ) than form II (144.5 J g−1

versus 170.7 J g−1) but a higher melting point than
form II (174.7◦C versus 166.2◦C), consistent with
enantiotropic polymorphism (Burger and Ramberger,
1979a,b). The DSC profiles of individual R-I and R-
II samples are devoid of the melting endotherms of
the alternative polymorphic forms, reflecting a very
high level of polymorphic purity for these recrystal-
lized samples (Fig. 2).

The polymorphic identity of the various ribavirin
samples was further confirmed by FTIR spectroscopy
(Fig. 3) and PXRD (Fig. 4). As suggested by the dif-
ferences/similarities in FTIR spectra and PXRD pat-
terns among the samples, R-II and R-I are distinctly
different polymorphs while R-RW and R-II are of es-
sentially the same form. Careful examination of the

wave-numbers of selected bands in the spectra re-
vealed significant differences in intermolecular and in-
tramolecular hydrogen bonding network between R-II
and R-I (Table 1), consistent with the structural dif-
ferences expected of the two polymorphs. Comparison
of the observed PXRD patterns with simulated crystal
structure data (Allen, 2002; Bruno et al., 2002) also
confirmed R-II and R-I to be the stable form II and
metastable form I, respectively, as reported in litera-
ture (Prusiner and Sundaralingam, 1973). Interestingly,
the reported crystal density of form II (1.584 g cm−3)
is lower than that of form I (1.654 g cm−3) (Prusiner
and Sundaralingam, 1973), which appears to violate the
density rule (Burger and Ramberger, 1979a). Nonethe-
less, there are a few pharmaceutical examples where
the density rule does not hold, such as chloroprocaine
(Schmidt and Griesser, 2003), hydroquinone (Naoki
et al., 1999), neotame (Dong et al., 2002) and resorci-
nol (Yoshino et al., 1999).

The ribavirin contents of R-RW, R-II and R-I, as
determined by HPLC, were 98.7± 1.8, 99.1± 0.4 and
102.8± 0.5%, respectively, attesting to the high chem-
ical purity/integrity of these samples. Furthermore, no
additional peaks due to potential degradation products
could be observed in the HPLC chromatograms of all
ribavirin samples. Taking all the DSC, FTIR, PXRD
and HPLC data together into consideration, it is appar-
ent that the R-II and R-I samples are chemically and
polymorphically pure, and can, therefore, be used as
reference standards for subsequent quantitative analy-
s

3
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�
Fig. 4. PXRD patterns of R-RW, R-II and R-I.
is.

.2. Construction ofα–time curves by DSC at
arying scanning speeds

For all DSC scans, including those of physical m
ures (R-II and R-I) and R-RW samples triturated
arious time periods, recrystallization into form I w
ssumed to occur only between the onsets of me
f form II and form I. No polymorphic conversion b

ow the melting point of form I was observable eve
he lowest scanning speed used, i.e. 2◦C min−1, proba-
ly because of the presence of a high activation en
arrier against the solid–solid polymorphic convers
hus, the time allowed for the recrystallization,t, can
e calculated from:

T = β × t (1)
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Table 1
Wavenumbers (cm−1) of selected bands in FTIR spectra of ribavirin samples

Functional groups R-RW (form II; stable form) R-II (form II; stable form) R-I (form I; metastable form)

�OH 3450.74, sharp; strong 3450.47, sharp; strong 3475.16, sharp; strong
�OH and 1◦ amide 3346.77, 3254.56, broad; strong 3346.39, 3254.33, broad; strong 3410.69, 3325.30, broad; strong
1◦ amide 1656.76, 1623.99, sharp; strong 1656.79, 1624.00, sharp; strong 1705.24, 1672.65, sharp; strong
Alphatic ether 1066.52, 1034.91, sharp; strong 1066.21, 1035.05, sharp; strong 1099.41, 1074.43, sharp; strong

whereβ is the scanning speed and�T is the tempera-
ture difference between the onsets of first and second
melting endotherms.

The �Hf of the second peak (melting endotherm
of form I) obtained at each scanning speed for all rib-
avirin samples was normalized by that of the reference
R-I sample measured at the same scanning speed to
yield the fraction of material recrystallized,α. It was
observed that the�Hf of the second melting endotherm
increased with increasing time of trituration (Fig. 5).
The α–time curves of polymorphic mixtures of rib-
avirin containing different weight percentages of R-I
crystals are presented inFig. 6.

3.3. Construction of a calibration curve from
physical mixtures of the two pure polymorphs

Theα–time curves of polymorphic mixtures (i.e. R-
II mixed with varying weight percentages of R-I crys-
tals) and the R-RW samples triturated manually or us-
ing the self-fabricated ball mill for different time pe-
riods were fitted to the Avrami equation (Michaelsen
and Dahms, 1996). This model considers crystalliza-
tion reactions to occur via a process of nucleation and

F W
o

growth:

− ln(1 − α) = Ktn (2)

wheret is the crystallization time,α the fraction of re-
crystallized material,K the crystallization rate constant
andn is the model exponent, typically an integer be-
tween 0 and 3, representing the dimensional order of
the nucleation and growth process.

It should be noted that the Avrami equation dif-
fers from the Avrami-Erofe’ev equation only in the
inclusion of an exponential term in the rate constant,
i.e. K=kn, where k is the rate constant in the AE
equation. Previous studies employing the AE model
for polymorphic purity determination of salmeterol xi-
nafoate showed that the exponent,n, can assume a value
of 2, corresponding to the observed two-dimensional
platelet morphology of the crystals (Tong et al., 2003).
Similarly, for ribavirin that recrystallizes as platelets
from melt, the data fitting could also be performed with
thenvalue fixed at 2, as shown inTables 2 and 3. Good
fit (as revealed by a highR2) was observed for all the
data except for the samples containing higher concen-
trations of the metastable form produced by the ball
milling technique. The reason for the poor fit of data

F in-
i

ig. 5. Effect of manual trituration on the DSC profiles of R-R
btained at 10 K min−1.
ig. 6. α–Time curves of polymorphic mixtures of ribavirin conta
ng different weight percentages of R-I crystals.
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Table 2
Parameters of theα–time curves fitted by Avrami equation for dif-
ferent ribavirin polymorphic mixtures withn fixed at 2

Percentage of ribavirin
metastable form

nValue fixed at 2

K R2

0.000 0.001 (0.000) 0.867
0.015 0.015 (0.001) 0.973
0.038 0.034 (0.006) 0.762
0.078 0.111 (0.016) 0.951
0.505 0.121 (0.017) 0.861
2.048 0.263 (0.049) 0.745

with the latter samples remains obscure, but may be
due to a change in nucleation mechanism with milling
time. As with salmeterol xinafoate, the recrystalliza-
tion of ribavirin from melt could be assumed to follow
the instantaneous nucleation model (Kashchiev, 2000),
leading to the following derived equation (Tong et al.,
2003):

K = C1(1 − x) + C2x (3)

wherex is the weight fraction of metastable nuclei in the
material matrix, andC1 andC2 are the constants related
to the homogeneous and heterogeneous nucleation in
melt, respectively,C2 being typically much larger than
C1 (i.e. heterogeneous nucleation dominates). It has
been shown that in the case of salmeterol xinafoate,
Equation(3) holds with anR2 of 0.967 (Tong et al.,
2003). However, for ribavirin, the relationship is ap-
parently not a linear function according to Equation(3)
(Fig. 7). This highlights the complexity and potential
limitations in making prior assumptions on the recrys-

Fig. 7. Relationship between weight percentages of R-I (ribavirin
metastable form) and crystallization rate constant,K, based on the
Avrami’s equation.

tallization kinetics of different melts analyzed by DSC.
The apparent non-linearity would imply a change in
two-dimensional crystallization kinetics for R-II sam-
ples mixed with increasing proportion of R-I crystals.
The fundamental reasons for such variation are outside
the scope of this work. To account for the observed
non-linearity/kinetic changes, Equation(3) can be em-
pirically modified by inclusion of an exponent,a, as
follows:

K = [C1(1 − x) + C2x]1/a (4)

The calibration curve of best fit for ribavirin
(R2 = 0.935) was obtained withC1 = 4.74× 10−8,
C2 = 1.969 anda= 2.369.

Table 3
Parameters of theα–time curves fitted by Avrami equation (withn fixed at 2) together with the estimated weight percentages of metastable
polymorph generated in hand-triturated and ball-milled R-RW samples at different time intervals

Time (min) Manual trituration Ball milling

K R2 % (w/w) K R2 % (w/w)

0 0.003 (0.000) 0.997 0.000 (0.000) 0.003 (0.000) 0.907 0.000 (0.000)
1 0.019 (0.002) 0.949 0.004 (0.001) 0.005 (0.001) 0.905 0.000 (0.000)
3 0.027 (0.003) 0.921 0.010 (0.001) 0.012 (0.003) 0.742 0.001 (0.000)
6 22 (0.004) 0.018 (0.006) 0.618 0.004 (0.002)
1 064 (0.011) 0.041 (0.015) 0.722 0.026 (0.011)
2 532 (0.196) 0.067 (0.028) 0.624 0.084 (0.042)
3 851 (0.164) 0.058 (0.030) 0.429 0.059 (0.037)
4 643 (0.296) 0.151 (0.087) 0.444 0.576 (0.400)
5 025 (0.516) 0.158 (0.086) 0.437 0.642 (0.420)
0.038 (0.006) 0.914 0.0
0 0.060 (0.008) 0.952 0.
0 0.146 (0.045) 0.878 0.
0 0.178 (0.029) 0.968 0.
0 0.235 (0.035) 0.969 1.
0 0.304 (0.043) 0.973 3.
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Fig. 8. Effect of trituration on the amount of metastable nuclei gen-
erated in R-RW.

3.4. Polymorphic impurity assessment using
quantitative phase analysis

By constructing a calibration curve based on Equa-
tion (4), the quantity of ribavirin metastable form I nu-
clei (%, w/w) generated by grinding of the R-RW sam-
ple for various time periods can be quantified.Fig. 8
shows the effects of manual trituration and ball milling
on the amount of metastable polymorph produced as a
function of time. Both grinding techniques afforded an
increased amount of metastable form with increasing
grinding time. It can be seen fromTable 3that trace
quantities of metastable phase of as low as 0.004%
(w/w) generated in ribavirin (R-RW) samples by man-
ual trituration and ball milling can be readily deter-
mined.

4. Conclusion

The thermoanalytical approach previously estab-
lished for quantifying trace levels of polymorphic im-
purity in commercial salmeterol xinafoate samples has
been successfully applied with slight modifications to
the enantiotropic polymorphic pair of ribavirin in the
present study. The modification involved the incorpo-
ration of an empirical exponent into the derived cali-
bration equation (Equation(4)) to account for the ob-
served composition-dependent changes in crystalliza-
t uch
m n of

as low as 0.004% (w/w) metastable polymorph in rib-
avirin form II samples induced by different forms of
grinding treatment. Being relatively insensitive to the
prior assumptions made on the crystallization kinetics
of the materials studied, the modified approach may
find wide application in the quality control of enan-
tiotropically related drug polymorphs.
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