
Q
v

Z
a

b

a

A
R
R
A
A

K
I
R
S
Q
C
C

1

m
[
d
p
p
p
a
s
b
d
s
b
s
a
t
e
t
a

0
d

Journal of Pharmaceutical and Biomedical Analysis 49 (2009) 32–41

Contents lists available at ScienceDirect

Journal of Pharmaceutical and Biomedical Analysis

journa l homepage: www.e lsev ier .com/ locate / jpba

uantifying low levels of polymorphic impurity in clopidogrel bisulphate by
ibrational spectroscopy and chemometrics

oltán Németa, Ádám Demetera,∗, György Pokolb

Drug Polymorphism Research Division, Gedeon Richter Plc, H-1475 Budapest, P.O. Box 27, Hungary
Department of Inorganic and Analytical Chemistry, Budapest University of Technology and Economics, H-1111 Budapest Szt. Gellért tér 4., Hungary

r t i c l e i n f o

rticle history:
eceived 7 July 2008
eceived in revised form 8 September 2008
ccepted 25 September 2008
vailable online 5 October 2008

a b s t r a c t

Vibrational spectroscopic methods were developed for quantitative analysis of Form II of clopidogrel bisul-
phate in Form I and Form II polymorphic mixtures. Results show that both IR and Raman spectroscopy
combined with chemometrics are suitable to quantify low levels of Form II in Form I, down to 2 and 3%,
respectively, with less than 1% limit of detection. Different preprocessing and multivariate methods were
applied for spectral processing and were compared to find the best chemometric model. Common prob-
eywords:
R
aman
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hemometrics

lems of quantitative vibrational spectroscopy in the solid phase are discussed; and procedures appropriate
to eliminate them are proposed.

© 2008 Elsevier B.V. All rights reserved.

n
p

v
[
t
o
i
[

(
o
c
q
a
p
e

lopidogrel bisulphate

. Introduction

It has long been known that polymorphic forms of active phar-
aceutical ingredients (APIs) may have different bioavailability

1]; the issue has, however, attracted particular attention in recent
ecades [2–4]. At the present time regulatory authorities require
harmaceutical companies to investigate and control polymor-
hism of drug substances to ensure product quality, safety and
erformance [5–7]. Manufacturers have to declare that their API
nd product does not suffer solid phase transformation within the
helf life, which could affect bioavailability. Stability relationships
etween different solid forms of the substance and storage con-
itions avoiding phase transitions have to be established. Gaining
uch information needs suitable solid state analytical methods to
e able to differentiate polymorphic forms and solvates of the sub-
tance and often, methods of quantifying these solid forms. Finding
new patentable solid form can prolong the duration of origina-
or’s patent protection or provide an opportunity for generics to
nter the market without infringement [8]. Since both the origina-
or and generic companies try to protect pure polymorphic forms
nd define limits to protect polymorphic mixtures, each contestant

∗ Corresponding author. Tel.: +36 1 431 5922.
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eeds to have reliable solid state analytical methods to prove the
olymorphic purity or composition of their product.

Techniques for differentiating polymorphic forms and sol-
ates of drug substances have been reviewed by several authors
3,4,9–11]. These techniques can also be used for quantification of
he different forms in their mixtures. The potential and limitations
f quantitative analysis are usually discussed in textbooks and there
s also a comprehensive review about pharmaceutical applications
12].

It is well-known that vibrational spectroscopy such as infrared
IR) and Raman spectroscopy is able to differentiate solid forms
f drug substances [10,13–15]. Textbook discussions are usually
onfined to liquid and gas phase analysis rather than solid state
uantitation. Although principles of the measurement are the same
nd the instrumental arrangements are sometimes identical, sam-
le preparation is rather different and has a more fundamental
ffect on quantitation. A comprehensive review was published
ecently on the quantitative aspects of Raman spectroscopy [16].
he classical univariate calibration, i.e. the use of areas or heights
f spectral bands unique for the components according to the
ambert–Beer equation, has long been used for quantification.

here are numerous IR [17–22] and Raman spectroscopic [23–25]
tudies of pharmaceutical applications, where satisfactorily accu-
ate and precise quantification were achieved with univariate
alibration. However, if the molecular conformation or different
ydrogen bonding pattern is similar in the different polymorphic

http://www.sciencedirect.com/science/journal/07317085
http://www.elsevier.com/locate/jpba
mailto:a.demeter@richter.hu
dx.doi.org/10.1016/j.jpba.2008.09.042
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orms, superficially similar vibrational spectra may be observed. In
hese cases the chemometric approach is inevitable for quantitative
nalysis.

Chemometrics is commonly used with near-infrared (NIR)
pectroscopy, because overtones and combinations of different
ibrational modes of the molecules appear as broad overlapping
ands. Several authors have published encouraging applications of
IR spectroscopy in quantitative polymorph analysis [26]. How-
ver, spectral variation is relatively small, thus generally large
raining and test sets are required. As stretching and deformation
requencies of polymorphs are usually distinctive in wavelength
r relative intensity, mid-IR spectroscopy is almost always able to
ifferentiate them. Diamond ATR and diffuse reflectance infrared
pectroscopy (DRIFTS) have been recommended over the KBr disc
echnique, because of the reduced possibility of polymorphic trans-
ormation during grinding and pressing [2,27,28]. However, ATR is
surface technique which can be affected by sample inhomogene-

ty in measuring polymorphic mixtures. More parameters influence
he intensities in DRIFTS [10], and need to be controlled; otherwise
ignificant analytical error will result [19]. For those cases for which
ransmission IR is applicable there is no advantage in using other

ethods which involve controlling additional parameters [29].
The advantage of Raman over IR spectroscopy has been empha-

ized by several authors [10,13,14]. The technique requires no
ample preparation; samples can be measured in sealed glass vials,
queous slurries, tablets in blisters, and the vibrational bands are
sually narrower, which improves the possibility of distinguishing
he solid forms. Quantification is based on the direct proportion-
lity of the intensity of the specific band of the component and its
oncentration in the mixture. Chemometrics is equally applicable
or the analysis of either Raman or IR spectral data when univariate
nalysis is inappropriate [30–36].

In our current study the combination of chemometrics with
ransmission FT-IR spectroscopy and FT-Raman spectroscopy
s compared for the quantification of polymorphic forms in
inary mixtures. Clopidogrel bisulphate was selected as a model
ompound, which is known to be effective in reduction of
therosclerotic myocardial infarction, stroke and death. Form II as
ell as several solvate forms and amorphous form of the substance

re patented [37], but Form I is now open for generic development.
s clopidogrel bisulphate polymorphs comprise an enantiotropic
ystem, and Form II is the thermodynamically more stable form at
oom temperature [38,22], there is a potential for the occurrence of
orm II in Form I both in the production steps and during the stor-
ge period. This fact requires a suitable analytical technique for the
etection and quantification of the stable form in the metastable
ne. A recent publication has reported on the quantitative analysis
f clopidogrel bisulphate polymorphs by X-ray powder diffraction
39]. The authors used whole powder pattern decomposition as
ell as classical direct methods for quantitation in the range of

0–80% Form I in Form II. The limit of detection using both methods
s in the range of 1–2% of phase content in the mixture. A previous
tudy utilized transmission FT-IR spectroscopy for the quantitative
easurement of clopidogrel bisulphate polymorphs [22], by using

nique peaks of the forms in the analytical range of 10–90% Form
in Form II. Low levels of Form II in Form I cannot be detected
ecause characteristic bands of Form II are not visible in the IR
pectra of mixture below 30%. The aim of our present study was
o develop methods for the quantification of low levels of Form II
n Form I by transmission FT-IR and FT-Raman spectroscopy. The

se of different multivariate methods and spectral processing pro-
edures were compared in the case of both techniques. Common
roblems of quantitative vibrational spectroscopy in solid phase
re discussed; and procedures appropriate to eliminate them are
roposed.
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. Materials and methods

.1. Materials

Clopidogrel base was obtained from the camphorsulphonate
alt of the compound. To produce the pure polymorphic Form I of
lopidogrel bisulphate, clopidogrel base was dissolved in 9 parts of
ethyl tert-butyl ether and added to a mixture of equimolecular

mount of conc. H2SO4 and two parts of n-decanol at 25 ◦C. Pure
orm II was precipitated by the addition of equimolecular amount
f conc. H2SO4 to the solution of clopidogrel base in 4.5 parts of
cetone at 25 ◦C.

Identification of the forms was carried out by IR and Raman
pectroscopy, as well as X-ray powder diffraction. According to our
wn experiments, which agree with the published results [39],
-ray powder diffraction is able to detect 1% of each form as an

mpurity in the other one. The two starting samples proved to be
ure polymorphs and therefore were appropriate for the prepara-
ion of calibration mixtures.

.2. Preparation of polymorphic mixtures

Polymorphic mixtures containing 1, 2, 5, 8, 10 and 15% of Form
I, were prepared by geometric mixing of the pure forms in agate

ortar with a pestle. Although it has been reported [22] that grind-
ng does not induce polymorph transition of clopidogrel bisulphate
olymorphs, it was also verified by the above mentioned tech-
iques. Accurately weighted amount of previously ground pure

orms were mixed by stepwise addition of Form I to the minor
omponent.

Validation mixtures containing 3, 7 and 11% of Form II were
repared in the same way. These mixtures were not incorporated

nto calibration models, but were used for assessing the validity of
hem.

.3. FT-IR spectroscopy

Infrared spectra were measured by Thermo Nicolet 6700 FT-IR
pectrometer accumulating 100 scans at 4 cm−1 resolution. About
mg of sample was slightly ground with about 200 mg of KBr and
ressed to a pellet of 13 mm in diameter in hydraulic press at
bout 700 MPa for 20 s. Each sample was measured in triplicate,
.e. repeating the sample preparation three times.

.4. FT-Raman spectroscopy

Raman spectra were collected by Thermo Nicolet NXR-9650
T-Raman spectrometer equipped with Nd-YAG laser source at
064 nm wavelength and liquid nitrogen cooled Ge detector; 64
cans were co added at 750 mW exciting power and 4 cm−1 spec-
ral resolution. A special sample holder accessory (see below)
as used in the MicroStageTM with laser spot focused on
0 �m.

.5. X-ray powder diffraction

Diffractograms of pure clopidogrel bisulphate forms were mea-
ured on a PANalytical X’Pert PRO diffractometer using Cu K�
t a scanning rate of 0.031◦ 2� min−1 over the range of 2–40◦ 2�
ith 0.013◦ step size in reflection mode. Quantification of Form II

n samples of unknown composition was performed by the auto
cale routine of PANalytical X’Pert HighScore Plus 2.2b software
sing the diffractograms of pure forms.
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Fig. 1. Sampling accessory used for collecting Raman spe

.6. Multivariate analysis

Multivariate data analysis was carried out by Thermo Nicolet TQ
nalyst 7.2 software. Classical least squares (CLS), principal com-
onent regression (PCR) and partial least squares (PLS) methods
ere tested with different pathlength types and spectral pre-
rocessing steps over different spectral ranges. The results were
ompared using linear correlation coefficients, root-mean-squared
rrors of calibration (RMSEC), cross-validation (RMSECV) and pre-
iction (RMSEP) values, as well as the relative difference (Rel.Diff.)
etween the nominal concentration and the predicted one for the

ndication of model accuracy, and relative standard deviation (RSD)
f multiple measurements assessing model precision. The defini-
ions are the followings:

MSE =
√∑n

i=1(yi − Yi)
2

n

here yi, Yi and n are the calculated value, the nominal value and
he number of measurements, respectively, for calibration (RMSEC),
ross-validation (RMSECV) and prediction (RMSEP)

el.Diff. = 100

∣∣∣∣ ȳi − Ȳi

Ȳi

∣∣∣∣
here ȳi and Ȳi are the mean calculated and mean nominal value

or each concentration, respectively

SD = 100
ȳi

√√√√√
n∑

i=1

(yi − ȳi)
2

n − 1

. Results

.1. Preliminary examinations

It is pointed out by several authors [10,19,21,23] that the major
ource of error in solid state quantitative measurements is usu-
lly sample inhomogeneity. To prepare well homogenized mixtures
or calibration purposes is always a great challenge. Solid forms
ith considerably different habit and particle size, as in the case of

lopidogrel bisulphate polymorphs, can also be prone to segrega-

ion during mixing. In order to decrease the particle size difference
etween the samples, the pure forms were ground in a porcelain
ortar for 3 min. Then accurately weighted amounts of the two

orms were co-ground in agate mortar to give 200 mg of polymorph
ixtures with the desired composition. Form I was added to Form

t
w
c
d
b

on the left), and the tool for sample filling (on the right).

I in three steps, so that in each step roughly equal amount of pow-
ers were mixed; and each addition was followed by about 1 min
f gentle grinding.

Since each mixture was measured in triplicate, each sample
as sub-sampled three times. In IR measurements the observed

bsorbance varied not only with the exact amount of polymorph
ixture in the matrix material (KBr), but also with the time and

ntensity of grinding the sample with the matrix; moreover it was
lso dependent on the actual pressure and dwell-time of the com-
ression. This variation greatly exceeded the absolute intensity
hange originating from instrument instability, and that caused
y variation in composition. Therefore, weighing the sample and
atrix material seemed to be unnecessary. KBr discs were prepared

n such a way as to approximate the absorbance of the strongest
and to unity (the actual values varied from 0.63 to 1.56).

Raman measurements were carried out on the MicroStageTM

f Thermo Nicolet instrument in a special stainless-steel sample
older designed for this purpose. A high power laser beam focused

n very small volume can damage the sample, and can also lead
o significant sub-sampling in quantitative analysis. To overcome
ub-sampling problems of inhomogeneous samples a rotating sam-
le holder, originally developed to avoid sample heating problems
40], was improved to increase the sampled volume for quantitative
nalysis [25]. In our experimental setting relatively high excita-
ion power was used on 50 �m spot size to acquire the highest
uality data possible. This power, applied for much more time
han used for the actual measurements, led to no sample degra-
ation. Defocusing the laser beam greatly decreased the measured

ntensity and hence the signal-to-noise. To investigate sample inho-
ogeneity and possible sub-sampling each mixture was measured

n three independent samples and nine measurements were per-
ormed on each sample. A similar procedure is used in dispersive
aman microscopy to get representative distribution of different
omponents in tablets [41]. Holes, 5 mm in diameter, were filled
ith about 20 mg of sample on a home-made sample holder plate,

nd this was placed in the stage of the spectrometer. Nine spectra
64 co-added scans for each) were measured from different points
f the holes in a predefined 1.5 mm × 1.5 mm grid. Fig. 1 shows the
ampling accessory. The plate with the holes fits into a rimmed
uter plate which fastens it into the stage of the spectrometer.
sing a simple filling accessory, the holes in the plate can easily
e filled from the back: while the plate is held on an even surface,
ample powder is fed into the opening and then compacted into

he hole by hand using the rod, so obtaining a smooth surface. It
as not possible to obtain such a smooth and compact surface in

ommercially available well plates. The accessory also facilitates
ata accumulation from predefined positions of multiple samples
y moving the MicroStage controlled through the Omnic software.
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Fig. 2. IR spectra (top) and their 1st derivative (bottom) of polymorphic mixtures. From bottom to top, in both figures: pure Form I, 1%, 2%, 5%, 8%, 10%, 15% of Form II and pure Form II.
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Table 1
Characteristics of various chemometric models built on IR data.

1st derivative IR spectra Full rangea Meaningful rangeb Selected rangesc

CLS PCR PLS CLS PCR PLS CLS PCR PLS

r 0.9952 0.9970 0.9997 0.9967 0.9989 0.9995 0.9979 0.9974 0.9976
RMSEC 0.497 0.394 0.126 0.411 0.241 0.154 0.328 0.363 0.354
RMSECV 0.679 0.795 0.562 0.562 0.661 0.541 0.537 0.553 0.553
RMSEP 0.416 0.335 0.247 0.278 0.172 0.174 0.205 0.134 0.124
CV residualsd − − − − − − − + + +
No. of factors 4 4 3 3 1 1
% PC 1e 60.6 60.6 60.6 69.62 69.62 69.62 95.88 95.88 95.88

a Spectral range of 4000–400 cm−1.
b Spectral ranges of 3150–2700 and 1550–405 cm−1.
c −1
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Spectral ranges of 1440–1430, 1063–1029, 904–870, 780–767, 575–565 cm .
d Symbols (−) and (− −) marks mean that the distribution of the residuals is n

bserved); (+) means random distribution.
e The percentage contribution of fist principal component to the spectral variatio

he measurements therefore may be automated, so utilizing the
quipment maximally, and enabling data to be collected for the
hole calibration series in one night.

Each hole was filled with particular care; thereby samples were
qually compacted and they have smooth and even surface. In addi-
ion, measurements at each point were preceded by auto focusing,
.e. finding the interferogram maximum. Nevertheless, probably
ecause of refraction and polarization effects at the microscopically
nevenly oriented crystal surfaces, the absolute spectral intensities
aried significantly point by point (in certain cases by 30%). This
ntensity variation, however, does not inevitably affect the quanti-
ative analysis, because normalization generates spectra practically
dentical with those of samples of the same composition.

In a quantitative Raman spectroscopic assay another important
spect can be the variation of particle size in mixtures of different
ompositions. There is no full agreement in the literature about the
ffect of particle size on the measured Raman intensity, because
ome experimental observations [42] seem to contradict theory
43]. Recent investigations support the recommendation that care

ust be taken to achieve particle size uniformity [44]. To assess
his effect, clopidogrel bisulphate Form II was measured both as
eceived and after the above described grinding procedure. The ini-
ial substance has large crystals with irregular shape; most of the
articles were greater than 100 �m. Grinding decreased the particle
ize significantly; most of the particles become smaller than 10 �m
nd the relative amount of fines (particles smaller than 1 �m) also
ncreased. Actually, it was difficult to form a smooth surface in the

ample holder from the crude initial material as opposed to the
round sample that was a very fine powder. The measured spec-
ra of both samples were identical; the absolute intensity of the

ost intense band at 1029 cm−1 was 97.4 (8.6) and 95.6 (10.0) for
he initial and ground sample, respectively. The values in parenthe-

o
a
t
p
c

Fig. 3. Relative estimated error (left) and relative standard deviation (ri
d expressly not random around zero, respectively (curvature and/or drift can be

e selected spectral range.

is are the standard deviations from 9 consecutive measurements.
his is in accord with our previous findings with other pharmaceu-
ical materials. It may be assumed that our compaction procedure

inimises the effect of particle size on Raman signal intensity. This
s in agreement with the observations discussed in a recent thor-
ugh study [45], where the Raman intensity was also independent
f particle size if a large spot size Raman probe was used.

.2. FT-IR examinations

It has been noted previously that the presence of less than 30%
f Form II in Form I of clopidogrel bisulphate has no visible spectral
ignature [22]. In our opinion this statement is rather pessimistic.
he visual detection limit of Form II based on the peak shift of the
035 cm−1 band characteristic of Form I toward 1029 cm−1 charac-
eristic of form II is around 15%. A lower percentage of Form II in
orm I remains invisible. Characteristic vibrational bands at 1439,
058, 1029, 883, 867, 773 and 568 cm−1 appear as shoulders on
ncreasing the amount of Form II in the mixture. This relative change
s unequivocally observable in certain spectral ranges, especially on
he derivative spectra (Fig. 2).

Multivariate calibrations were applied to raw data as well as
st or 2nd derivatives, either using the whole spectrum or select-

ng specific regions, among which 1st derivative spectra gave
ignificantly better models. Table 1 summarizes the results of
hemometric models built from 1st derivative spectral data. Mean
entering and variance scaling proved to be useful preprocessing

perations, as well as multiplicative scatter correction (MSC) to
ccount for pathlength differences. However, normalizing spec-
ra for the net intensity of 1753 cm−1 band, common for both
olymorphic forms, and standard normal variate (SNV) pathlength
orrection did not give significantly different results.

ght) as the function of concentration in IR chemometric method.
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Fig. 4. Raman spectra (top) and their 1st derivative (bottom) of polymorphic mixtures. From bottom to top, in both figures: pure Form I, 1%, 2%, 5%, 8%, 10%, 15% of Form II and pure Form II.
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ig. 5. Calculated vs. actual concentration (left) and the distribution of residuals (r
bottom).

Results show that similarly high correlation coefficient and low
MSEC values can be obtained either on the whole spectral data
r on those selected ranges more indicative of concentration vari-
tion. Using the full spectral range or meaningful spectral ranges
where vibrational bands of the substance are located, in the case
f clopidogrel bisulphate 3150–2700 and 1550–405 cm−1) the PLS
odel gives better results than CLS or PCR. In these cases, how-

ver, low RMSECV and RMSEP values are obtained only by using 3
r 4 factors. In addition, residuals, i.e. the difference between the-
retical composition and calculated one based on cross-validation
quation, are not randomly distributed around zero. This can be a
ign of over-fitting. On the contrary, using only spectral data from
arefully selected ranges, CLS, PCR and PLS models give equally high
orrelation coefficient and low RMSEC, randomly distributed cross-
alidation residuals, and RMSEP around 0.1–0.2. In addition, the
ptimal number of factors is 1 as determined by finding the min-
mum of RMSECV. This indicates that spectral variation used for
onstructing the chemometric model originates only from concen-
ration changes. The first step in selection of the most appropriate
pectral ranges was to identify the regions showing the most sub-
tantial differences between Form I and Form II. Then the derivative
pectra of calibration mixtures were inspected to find the limits for
he regions where the variation of band shape with concentration
as most pronounced. Finally the performance characteristics of
odels built on different combination of ranges were compared

o find the best. Including more or less regions than this resulted
n weaker model characteristics; smoothing the data proved to be
ittle disadvantageous.

As the indicators of model accuracy and precision, Fig. 3 shows
he relative error of estimation (Rel.Diff.) and relative standard

eviation (RSD) from the best model found (typed bold in Table 1)
s a function of actual concentration. Because absolute error and
tandard deviation are relatively constant in the whole concentra-
ion range, the RSD decreases more or less regularly as a reciprocal
unction. Both Rel.Diff. and RSD are smaller than 5% above a 3 wt%

r
b
s
R
m

from the model using all measured Raman spectra (top) and composition spectra

oncentration of Form II, except for the 10% calibration mixture.
he estimation of limit of detection (LOD) and limit of quantitation
LOQ) was carried out by multiplying the standard deviation of the
lank value by 3.3 and 10 and dividing it by the slope of calibration
urve [46]. With the slope not significantly different than 1, and 0.2%
tandard deviation determined for the pure Form I this resulted
OD = 0.7% and LOQ = 2.0%. Regression was applied by Mathemat-
ca 7.0 for least-squares fit of one parameter reciprocal function to
he RSD vs. concentration data set. From the high correlation coef-
cient it may be assumed that the equation obtained accurately
escribes the concentration dependence of relative standard devi-
tion. Using the fitted RSD curve the measured RSD value for every
ixture can be used for the estimation of LOD and LOQ. Solving

he equation, shown in Fig. 3, for RSD = 33% and 10% resulted in
OD = 0.5% and LOQ = 1.7%, respectively. Considering that the mea-
ured RSD for the validation mixture containing 3 wt% of Form II
as 3.8%, well below the 10% which is usually considered as satis-

actory in similar assays, the above estimation for LOQ seems to be
orrect, or even precautious.

.3. FT-Raman examinations

Increasing concentrations of Form II resulted in changes of band
hape in the Raman spectra. Characteristic vibrations appeared as
houlders, for example, at 3122, 3027, 1029, 972, 965, 820, 647 and
06 cm−1. However, unique bands, the intensity of which could be
ppropriate for quantification, are not present. As in the case of IR
pectroscopy, the variation is distinctly visible on the 1st derivative
pectra (Fig. 4).

The use of 1st derivative spectral data as input in chemomet-

ic models provided better results than spectra or 2nd derivatives,
ut the difference was not so outstanding than in the case of IR
pectroscopy. Mean centering was necessary to obtain low RMSEC,
MSECV and RMSEP; variance scaling, however, decreased the
erit of fit. MSC proved to be the best pathlength correction
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Table 2
Characteristics of various chemometric models built on averaged Raman data.

1st derivative Raman spectra Full rangea Meaningful rangeb Selected rangesc

CLS PCR PLS CLS PCR PLS CLS PCR PLS

r 0.9962 0.9887 0.9934 0.9962 0.9894 0.9937 0.9979 0.9983 0.9984
RMSEC 0.440 0.758 0.581 0.444 0.733 0.565 0.331 0.291 0.290
RMSECV 0.585 1.130 0.814 0.556 1.070 0.764 0.347 0.315 0.314
RMSEP 0.502 0.753 0.683 0.512 0.750 0.684 0.682 0.569 0.570
CV residualsd + − − + + − + + + +
No. of factors 1 1 1 1 1 1
% PC 1e 61.12 61.12 61.12 64.02 64.02 64.02 96.37 96.37 96.37

a Spectral range of 3500–200 cm−1.
b Spectral ranges of 3200–2900 and 1800–225 cm−1.
c 41, 31 −1
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Spectral ranges of 3135–3117, 3050–3021, 1033–1024, 823–810, 705–692, 651–6
d Symbols (−) and (− −) mean that the distribution of the residuals is not, and ex

+) means random distribution.
e The percentage contribution of fist principal component to the spectral variatio

rocedure; applying SNV or normalization gave a bit worse results.
sing all the collected spectra (9 per samples, each re-packed 3

imes), i.e. 189 calibration and 81 validation spectra, relatively large
ariation was found within the spectra of a given composition. This
ould be caused by the inhomogeneous distribution of two forms in
he mixtures on the 50 �m scale of laser spot size. The problem was
olved by averaging the nine spectra collected from different sam-
le positions of one sample. These averaged 9 spectra are referred
o as the composition spectrum for each mixture. This spatial aver-
ging significantly improved the model characteristics as shown in
ig. 5. The linear fit is very good using only one factor and the residu-
ls are evenly distributed around zero in both cases. After averaging
creating composition spectra), however, significantly higher cor-
elation coefficient as well as lower RMSEC, RMSECV and RMSEP
alues were obtained.

Table 2 shows the comparison of chemometric models built on
ifferent ranges of averaged Raman spectra. Unlike IR data, using
ull spectral range or with spectral data from a meaningful range
in this case 3200–2900 and 1800–225 cm−1) every method gives
atisfactory results with only one factor. However, the most appro-
riate spectral ranges, which were selected in the same way as in
he case of IR spectral data, assure the lowest error values and high-
st contribution of the 1st factor (or principal component) to the
pectral variation. CLS, PCR and PLS models give similar results, sug-
esting that the merit of calibration is independent of the model
sed.
Fig. 6 shows the relative error of estimation (Rel.Diff.) and
elative standard deviation (RSD) as the function of actual con-
entration from the best model (PLS on 1st derivative of selected
pectral ranges, typed bold in Table 2). Rel.Diff. is smaller than 15%
n the whole concentration range, and drops to about 5% above

c
r
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Fig. 6. Relative estimated error (left) and relative standard deviation (righ
9–299 cm .
ly not random around zero, respectively (curvature and/or drift can be observed);

e selected spectral range.

wt% of Form II. RSD is changing approximately by reciprocal func-
ion and become smaller than 10% above 5 wt% concentration of
orm II. With the same estimation as in the case of IR data, using
.3% standard deviation measured for pure Form I, LOD = 1.0%, and
OQ = 3.0% were obtained. The fitted equation of Fig. 6 resulted in
OD = 0.9% and LOQ = 3.1%.

. Discussion

The above results clearly show that quantification of low lev-
ls of Form II of clopidogrel bisulphate in polymorphic mixtures is
ossible by both IR and Raman spectroscopy through chemomet-
ic data analysis. Correlation coefficients and error values in the
ables indicate that both perform equally well. This is also con-
rmed by similar relative estimated error and relative standard
eviation seen in Figs. 3 and 6.

In order to analyse the data for chemometric model building
ne useful approach can be to use different processing methods
n the same data set [16]. In our case CLS, PCR and PLS algorithms
ive similarly good models both utilizing the full measured Raman
pectral data and only selected spectral ranges. This is more or less
lso true for the models built from IR spectral data, but there is bor-
erline significant effect of changing the structure of the input: by
sing more spectral information unrelated to concentration vari-
tion, additional factors enter into the model, and the statistics
f residuals become poorer. The relative ratio of the 1st principal

omponent (% PC 1) in explaining the spectral variation in selected
anges significantly increases by applying more adequate data pro-
essing (careful range selection): from about 61 to 96% in both IR
nd Raman methods (cf. Table 1 and 2). 83.5% of Raman spectral
ariation is explained by PC 1 on the full spectrum and its loading

t) as the function of concentration in Raman chemometric method.
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Fig. 7. Comparison of average spectra and 1st principal comp

pectrum is identical with the average spectrum of the calibration
ixtures (Fig. 7). Furthermore the loading spectrum of the 2nd

actor (PC 2), describing 10.0% of variation, is very similar to the
ifference spectrum of Form I and Form II. These characteristics
lso point to the fact that the most significant factor in the model
s concentration dependence. PC 1 in IR methods is even more sig-
ificant; it describes 95.7% of full spectral variation and is also a
erfect match for the average spectrum (see Fig. 7). In spite of the

act that in our study the highest percentage of Form II is only 15% in
he mixtures, the pure IR and Raman spectra calculated by TQ Ana-
yst for Form II are almost identical with the corresponding Form II
pectra of clopidogrel bisulphate.

It is well-known in industrial practice and usually stressed by
xperts [10,12,18] that models without proved real-life applicabil-
ty have minute value. Using validation samples can assure that
he models obtained will be free from over-fitting. The question
emains open as to whether these models will accurately quan-
ify the polymorph composition of samples of different physical
roperties (particle size, habit, etc.), originating from different
anufacturing batches and/or synthetic routes. In order to test

he applicability of the developed quantitative models on general
amples, clopidogrel bisulphate polymorphic mixtures of unknown
omposition, crystallized under different conditions, were mea-
ured. For comparison, the polymorph composition was also
ssessed by X-ray powder diffraction. Least-squares full pattern fit-
ing was performed by X’Pert HighScore Plus software, auto scaling
he diffractograms of pure forms to the pattern of the unknown
amples after baseline adjustment. As can be seen in Table 3, there
s a good agreement between IR and Raman results; and the deter-

ined Form II percentages are close to the values estimated by
RPD. Since from other considerations it is very likely that sample

contains about 1% of Form II, it seems that the detection limit of

R and Raman methods are rather higher than 1 wt%, which was
alculated from the calibration and validation results. The accuracy
bove 5%, however, can be considered satisfactory.

able 3
omposition of unknown samples measured by different analytical methods.

Form II XRPD IR Raman

ample 1 1.0 −1.0 0.3
ample 2 11.0 12.9 11.4
ample 3 7.0 6.5 5.6

s
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spectra calculated for IR (top) and Raman method (bottom).

. Conclusions

IR and Raman spectroscopy alone are unsuitable for the detec-
ion of low levels of clopidogrel bisulphate Form II in polymorphic

ixtures with Form I. However, with proper chemometric data pro-
essing and model building quantification is possible down to 3 wt%
y both IR and Raman methods. The accuracy is better than 1 wt%
nd RSD is smaller than 10% in the analysis range, i.e. 3–15 wt%. The
est chemometric model utilizes PLS analysis of selected ranges of
he first derivative spectrum after preprocessing operations (mean
entering and multiplicative scatter correction). The first princi-
al component covers 96% of the spectral variation of selected
anges, which indicates that the variation is predominantly due
o the change in analyte concentration. The models obtained lead
o correct measurements of the polymorph composition of API
amples completely independent of those used for model construc-
ion.

Clopidogrel bisulphate model system allowed quantitative
ethods to be developed by using transmission infrared spec-

roscopy in potassium bromide matrices, which provides a simple
ethod for the measurement of calibration and unknown spectra
ith easy sample preparation. Neither accurately measuring the
eight of samples and matrix material nor any special mixing and
ellet preparation protocol was necessary. The only prerequisite
or constructing adequate chemometric model was to collect good
uality spectra.

Raman spectroscopy requires minimal sample preparation.
espite sub-sampling due to the small laser spot size even in
arefully homogenized calibration samples, an adequate descrip-
ion of the bulk sample analyte concentration can be assured by
ollecting and averaging spectra from different positions of the
ample in an appropriate sample holder. It was proved that a
elatively good calibration model can be constructed by chemo-
etric evaluation either using the whole measured spectra or

heir derivatives, either by normalizing for intensity variation or
y correcting the pathlength with MSC and SNV, providing the
uality of the data set is high. The latter requirement implies the
ollection of high quality spectra from calibration samples with

ccurate and statistically representative composition within the
nalysis scale. Furthermore, by careful selection of the analytically
eaningful spectral ranges which vary most significantly with con-

entration, better accuracy and precision as well as robustness can
e obtained.
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