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The simultaneous quantitative analysis of sulfathiazole polymorphs (forms I, III and V) in ternary mixtures
by attenuated total reflectance-infrared (ATR-IR), near-infrared (NIR) and Raman spectroscopy combined
with multivariate analysis is reported. To reduce the effect of systematic variations, four different data
pre-processing methods; multiplicative scatter correction (MSC), standard normal variate (SNV), first
and second derivatives, were applied and their performance was evaluated using their prediction errors.
It was possible to derive a reliable calibration model for the three polymorphic forms, in powder ternary
olymorphism
ulfathiazole
IR spectroscopy
TR-IR spectroscopy
aman spectroscopy
artial least squares regression

mixtures, using a partial least squares (PLS) algorithm with SNV pre-processing, which predicted the
concentration of polymorphs I, III and V. Root mean square errors of prediction (RMSEP) for ATR-IR
spectra were 5.0%, 5.1% and 4.5% for polymorphs I, III and V, respectively, while NIR spectra had a RMSEP
of 2.0%, 2.9%, and 2.8% and Raman spectra had a RMSEP of 3.5%, 4.1%, and 3.6% for polymorphs I, III and
V, respectively. NIR spectroscopy exhibits the smallest analytical error, higher accuracy and robustness.
When these advantages are combined with the greater convenience of NIR’s “in glass bottle” sampling
method both ATR-IR and Raman methods appear less attractive.
. Introduction

Polymorphism is frequently defined as the ability of a sub-
tance to exist as two or more crystalline phases with different
rrangements and/or molecular conformations in the crystal lat-
ice [1]. It is widely observed in pharmaceutical compounds, and
oses a significant problem for the pharmaceutical industry. Differ-
nt polymorphs of a particular drug can exhibit different chemical
nd physical properties and thus show variation in solubility,
issolution rate, chemical reactivity, melting point, resistance to
egradation, density and bioavailability [2–5]. Changes in these
roperties can dramatically alter both the therapeutic effect and
rocessability of a drug. It is therefore important to establish reli-
ble methods for the characterization of the solid-state forms of
harmaceutical products.

A number of techniques are available for the analysis of solid-
tate forms of pharmaceutical compounds. Some of the methods

nding common use are X-ray powder diffraction (XRPD), differ-
ntial scanning calorimetry (DSC), optical and electron microscopy,
ibrational spectroscopy (including infrared (IR), near-infrared
NIR), and Raman methods) and more recently solid-state nuclear
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magnetic resonance (NMR) has also been advocated [5–10]. In any
specific case, the choice of technique depends on what is being
investigated. However it is generally advisable to use two or more
complementary methods to obtain a reliable knowledge of the solid
forms [5]. It is well known that XRPD, perhaps the classic tech-
nique for analysis of the solid state and for the characterization
of polymorphism, suffers from a range of problems including pre-
ferred crystal orientation, packing, and sample thickness [11–13].
These difficulties coupled with an ever-growing interest in fast,
simple and reliable analytical methods have boosted the interest
in vibrational spectroscopy.

Sulfathiazole (Fig. 1), a sulfa drug, is well known to exhibit at
least five polymorphic forms. CCDC refcodes of the 5 characterized
crystalline phases are suthaz01 (form I), suthaz (form II), suthaz02
(form III), suthaz04 (form IV) and suthaz05 (form V). The main dif-
ferences between the polymorphs of sulfathiazole lie in hydrogen
bonding and its effects on the arrangement of the molecules in the
crystal lattice [14]. Sulfathiazole has been a model system for poly-
morphism research, thus, a wide array of research work has been
reported [14–26]. The characterization and temperature-induced

phase transitions of the five polymorphic forms of sulfathiazole
have been studied in detail using magic-angle spinning NMR,
DSC, terahertz pulsed spectroscopy, IR, and Raman spectroscopy
[18–20]. It was also pointed out that the H bonding pattern in
polymorph III in effect combines the ring system of II and IV. Con-
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Fig. 1. Chemical structure of sulfathiazole.

equently, the three polymorphs are very similar in all spectral and
hysicochemical behaviour [18]. It was not possible to obtain pure
amples of forms II and IV as has already been reported by Apperley
t al. [18]. It is likely that the close similarity of their crystal lat-
ices is the reason, why they crystallize as mixtures. Pöllänen et al.
22,23] reported the use of in-line monitoring of the crystallization
rocess of sulfathiazole. They also examined the combined use of IR,
RPD and multivariate data analysis. The effect of processing (crys-

allization, milling, tableting) on the polymorphism of sulfathiazole
as also been investigated by NIR spectroscopy and thermal anal-
sis [24]. The quantification of binary mixtures of forms I and III of
ulfathiazole by NIR spectroscopy has also been reported [25,26].

The present study describes the simultaneous quantitative anal-
sis of sulfathiazole polymorphs in ternary mixtures containing
ulfathiazole forms I, III and V using ATR-IR, NIR and Raman spec-
roscopy. The experimental techniques used were evaluated for
uantitation accuracy using partial least squares (PLS) analysis. The
im of this work was to determine which of the spectroscopic meth-
ds is the most accurate for the analysis of the solid-state forms of
ulfathiazole. Density functional theory (DFT) B3LYP calculations
nd IR spectral simulation have been used to assign the vibra-
ional modes. To reduce the effect of systematic variations, several
pectral pre-processing methods, including standard normal vari-
te (SNV), multiplicative scatter correction (MSC), first and second
erivatives were applied to the data and their influences on the
rediction errors were compared.

. Material and methods

.1. Materials

Sulfathiazole was purchased from Sigma–Aldrich with a purity
f 98%, and was used as received. The commercial sulfathiazole was
etermined to be form III.

.2. Methods

.2.1. Sample preparation of the three polymorphic forms of
ulfathiazole

Following the literature [17,25], form I was prepared by heat-
ng a commercial sulfathiazole sample in an oven for 30 min at
80 ◦C. Crystals of form V were obtained by evaporating a boiling
queous solution of sulfathiazole to dryness, followed by drying at
05 ◦C [16]. Identification of polymorphs I and V and confirmation
f their stability at ambient temperature were carried out by XRPD,
s well as NIR spectroscopy. To minimize the particle size effect,
he bulk samples of each form were milled using a planetary Micro

ill (Pulverisette 7, Fritsch GmbH, Idar-Oberstein, Germany). XRPD
as used to confirm that no polymorphic transformations occurred
uring milling.
.2.2. Preparation of mixtures
Ternary polymorphic mixtures were prepared following a

reviously described procedure, Fig. 2 [27,28]. The mass ratios of
olymorphs I, III and V were: (1:0:0), (0:1:0), (0:0:1), (2/3:1/3:0),
Fig. 2. Ternary diagram showing the composition of the 13 ternary mixtures con-
sisting of different sulfathiazole polymorphs.

(2/3:0:1/3), (0:2/3:1/3), (0:1/3:2/3), (1/3:0:2/3), (1/3:2/3:0),
(1/3:1/3:1/3), (2/3:1/6:1/6), (1/6:2/3:1/6), (1/6:1/6:2/3) (w/w/w).
Physical mixtures (600 mg total for each mixture) were prepared
and mixed uniformly for 3 min using a vortex mixer (Type 37600).
All of the pure components and mixtures were sealed with Teflon-
lined caps and kept in a desiccator at ambient temperature. XRPD
was used to check their stability. The results showed that all
samples were stable over the course of this work. Mixtures were
prepared and analyzed in duplicate. In order to avoid possible
systematic changes caused by instrumental and/or environmen-
tal fluctuations, samples were analyzed in a random manner
immediately after preparation.

2.3. Analytical techniques

2.3.1. X-ray powder diffractometry
X-ray powder diffraction data were collected on a Siemens D500

powder diffractometer which was fitted with a diffracted beam
monochromator. Diffraction patterns were recorded between 5◦

and 40◦ (2�) using CuK� radiation with steps of 0.05◦ with 2 s count-
ing time per step. The Oscail software package was used to generate
theoretical XRPD patterns of sulfathiazole polymorphs [29,30].

2.3.2. Attenuated total reflectance-infrared spectroscopy
ATR-IR spectra were recorded from 4000 to 650 cm−1 using

a PerkinElmer Spectrum 400 (FT-IR/FT-NIR Spectrometer) with
32 accumulations at a resolution of 4 cm−1. This instrument was
equipped with a DATR 1 bounce Diamond/ZnSe Universal ATR sam-
pling accessory. Every sample was measured in triplicate and for
each of the three measurements a fresh aliquot of sample was used.

2.3.3. Near-infrared spectroscopy
NIR spectra were collected in glass vials (15 mm × 45 mm)

on a PerkinElmer Spectrum One fitted with an NIR reflectance
attachment. Spectra were collected with interleaved scans in the
10,000–4000 cm−1 range with a resolution of 8 cm−1, using 32 co-
added scans. Sample vials were shaken and repositioned between

triplicate measurements of each sample.

2.3.4. Raman spectroscopy
Raman spectra were recorded at room temperature using a

Raman spectrometer (AVALON Instruments Ltd, UK) equipped with
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the three polymorphs show clear differences and that these tech-
niques are suitable for qualitative and quantitative analysis.
14 Y. Hu et al. / Journal of Pharmaceutical

85 nm laser diode excitation and a cooled (−85 ◦C) CCD detec-
or. The system was fitted with a motorised XYZ sample stage. The
amples were packed in disposable aluminum crucibles (Thorn Sci-
ntific Services Ltd, UK) of 2 mm depth and 5 mm diameter and
easured with a laser power of 80 mW. An exposure time of 2 s × 5

cans was used for each measurement and spectra were collected
ver the Raman shift range of 250–3310 cm−1 with 4 cm−1 res-
lution. Each sample was analyzed on a 3 × 3 grid with 0.5 mm
pacing. An average spectrum was calculated from the 9 points. For
ach mixture, three individual fresh samples were used in triplicate
aman measurements.

.3.5. DSC measurement
DSC experiments were performed on a STA625 thermal analyzer

rom Rheometric Scientific. The heating rate was kept constant at
0 ◦C min−1 and all runs were carried out from 25 ◦C to 250 ◦C. The
easurements were made in open aluminum crucibles, nitrogen
as used as the purge gas in ambient mode, and calibration was
erformed using an indium standard.

.3.6. Data analysis
Multivariate data analysis was carried out using the multivari-

te data analysis software The Unscrambler v.9.8 (Camo, Norway),
LS Toolbox 4.0 (Eigenvector Research, Inc., US) and in-house-
ritten Matlab routines. The calculations were performed using the
ATLAB platform (The MathWorks, Inc., US) version 7.4 on a stan-

ard PC (2.8 GHz Pentium D Dell Optiplex PC, 1.0 GB RAM, Microsoft
indows XP OS). The Savitzky-Golay first and second derivatives
ere performed with a window size of 11 points and second order
olynomial.

The preparation of each mixture in duplicate generated a total
f 78 spectroscopic measurements for each spectroscopic method.
hen according to the mass ratios of the polymorphs in the mixtures
hese measurements were sorted in one matrix. To avoid bias every
et of measurements was split into a calibration set and a prediction
et. Thus, the range of concentrations of polymorphic form I, III
nd V in calibration set covered the range in the prediction set and
he distribution of the samples was appropriate in both calibration
nd prediction sets. The spectroscopic data were subjected to mean
entering prior to PLS analysis. The optimal number of PLS factors
or latent variables, LVs) was determined by using a leave-one-out
ross validation procedure. One single model was developed for
ach calibration set of the three polymorphs. The performance of
he model provided by the different pre-processing methods was
valuated by using the correlation coefficient (R2) and root mean
quare error (RMSE) of the residuals obtained with the PLS model,
efined as

MSE =
√∑n

i=1(yi − ŷi)
2

n

here yi is the reference value, ŷi the calculated value and n is
he number of samples. RMSE is termed root mean square error of
alibration (RMSEC) for the calibration set, and root mean square
rror of prediction (RMSEP) for the prediction set.

.4. Theoretical infrared analysis

Theoretical infrared analysis calculations were carried out in
rder to more fully understand the spectroscopic differences that
rise in the ATR-IR spectra of the pure polymorphs and to enable

ibrational assignment of these differences. All calculations were
erformed using the PC GAMESS/Firefly package [31] which is par-
ially based on the GAMESS (US) source code [32]. The density
unctional theory method B3LYP was used with a 6-31G* basis
et. The PC GAMESS program was driven by the molecular mod-
Fig. 3. Theoretical (suthaz01, suthaz02 and suthaz05) and experimental XRPD pat-
terns of the three polymorphic forms (I, III and V) of sulfathiazole.

elling functionality (Moilin) within the Oscail software package
[29]. Moilin was also used to animate the vibrational modes.

3. Results and discussion

3.1. Characterization of the three polymorphs of sulfathiazole

The polymorphic forms (I, III, and V) of sulfathiazole were char-
acterized by XRPD (Fig. 3), ATR-IR (Fig. 4), NIR and Raman (Fig. 5)
spectroscopy. It is clear that the XRPD patterns and the spectra of
Fig. 4. ATR-IR spectra of the three polymorphic forms (I, III and V) of sulfathiazole
and a ternary mixture consisting of equal amounts of the three single components.
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ig. 5. (a) NIR and (b) Raman spectra of the three polymorphic forms of sulfathiazo

.1.1. XRPD
The crystal structures of the sulfathiazole polymorphs (forms I,

II and V) were verified by comparing observed XRPD patterns with
hose calculated using the structures available on the Cambridge
rystallographic Data Centre (CCDC), Fig. 3. For example, the XRPD
attern of form I is distinguished by a 2� peak at 10.9◦, together
ith peaks at 16.0◦, 17.7◦, 18.8◦, 20.9◦ and 21.9◦. The peaks at 20.3◦

nd 23.3◦ are specific for form V [16,26]. In contrast, in the XRPD
attern of sulfathiazole form III significant intensity differences are
bserved between the calculated and experimental pattern due to
referred crystal orientation effects. This makes the spectroscopic
ethods more appropriate for quantitative purposes than XRPD.
SC experiments (data not presented) further confirmed the iden-

ity of the polymorphs. Thus the thermogram of form I does not
how any transformation prior to melting around 202 ◦C, and that of
orm III shows transformation into form I at a temperature around
66 ◦C prior to melting as transformed I. Form V displays two over-

apping melting peaks around 200 ◦C.
It was also essential to establish that the preparative methods

sed gave pure samples of each polymorph. It was possible to repeat
nd confirm some of the methods reported in the literature. Pure
orm I could be easily made in a reliable and reproducible way by
eating commercial sulfathiazole samples at 180 ◦C for 30 min in
n oven [18]. Pure form V can be obtained by boiling an aqueous
ulfathiazole solution to dryness. However, it is essential that form
be held at 100 ◦C until dry as if the temperature drops before the

ample is dry residual water appears to catalyse the transformation
f form V to form I, to form III or to mixtures of forms III and IV
16,17,19]. Form V prepared as described here was stable over the
ourse of this study (cf experimental section).
.1.2. ATR-FTIR spectroscopy
In contrast to X-ray diffraction IR cannot provide any direct

tructural information. However, spectroscopic variations asso-
iated with each polymorph, which arise from changes in
ntramolecular hydrogen bonding, are observed. The ATR-IR spec-
a ternary mixture consisting of equal amounts of the three single components.

tra of the three polymorphic forms of sulfathiazole are shown in
Fig. 4. Furthermore, spectra obtained by mathematical addition of
pure polymorph spectra closely matched those observed for mix-
tures [33]. In the IR spectra of sulfathiazole polymorphs, the first
interesting region is 3500–3200 cm−1, as it is here that any differ-
ences in H-bonding will have greatest effect. Each phase has specific
bands in the NH stretching vibration region (Fig. 4). The spectra
were assigned using a theoretical spectrum calculated for sulfathi-
azole in the gas phase using PC GAMESS. The vibrational modes
were assigned using vibrational animation (Table 1). A scale factor
of 0.96 was used as the calculated vibrational frequencies may be
expected to differ from experimental values due to the neglect of
anharmonicity.

It is clear from Table 1 that the characteristic fundamental
bands of form I corresponding to the N–H stretching vibrations
at 3464 and 3358 cm−1 are shifted to lower wavenumber (3320
and 3280 cm−1) in form III due to the increased intermolecular
hydrogen bonding present [25,26]. For form V, the peak at high-
est wavenumber is divided into two overlapping bands at 3443
and 3418 cm−1. Each polymorph also exhibits a characteristic spec-
trum in the IR fingerprint region (1800–650 cm−1). Generally, the
bands corresponding to the ıNH2 vibration can be observed at
1650–1590 cm−1. Polymorphs III and V have ıNH2 vibrations at
1628, 1594 and 1644, 1596 cm−1, respectively. On the other hand,
polymorph I has ıNH2 vibrations at 1634, 1627 and 1592 cm−1. The
wagging NH2 mode for the three polymorphs is observed around
730 cm−1. The bands around 1323 and 1128 cm−1 are assigned
to asymmetric and symmetric stretching vibrations of SO2. In
addition, the IR spectra show a strong band around 1530 cm−1,
attributed to the stretching vibration of C N of the thiazole ring.

It is clear from this discussion that there are spectral fea-

tures associated with each polymorph. However, the characteristic
absorption bands are widely distributed in the IR spectra and
therefore a multivariate calibration approach for the quantitative
analysis of mixtures of the three polymorphs is likely to be more
successful.



416 Y. Hu et al. / Journal of Pharmaceutical and Biomedical Analysis 53 (2010) 412–420

Table 1
Observed and calculated frequencies for sulfathiazole polymorphs I, III, V between 3700 and 650 cm−1.

Calculated (cm−1) Band assignment Polymorph I observed (cm−1) Polymorph III observed (cm−1) Polymorph V observed (cm−1)

3550 �as (NH2) 3464 3320 3443, 3418
3442 �s (NH2) 3358 3280 3348
3319 � (NH)
3164 � (CH) 3136 3136 3140
3131 � (CH) 3116 3116 3117
3105 � (CH) 3094 3093 3096
3073 � (CH) 3072 3074
3064 � (CH) 3058 3058 3064
3031 � (CH) 3014 3024 3041
1607 ı (NH2) 1634, 1627 1628 1644
1586 ı (NH2) + �ring (phenyl) 1592 1594 1596

1574 1573 1566
1577 � (C = N) (thiazole) 1534 1530 1526
1567 � (CC) (thiazole) 1499 1495 1500
1481 ı (CH) (phenyl) + � (C-NH2) 1417 1424 1407
1224 �as (SO2) 1334 1323 1324
1174 ı(CH) + ı (CNC) 1290 1280 1299
1159 ı (CH) (phenyl) 1279 1268 1259
1107 ı (CH) (phenyl) 1184 1179 1184
1011 �s (SO2) 1128 1133 1125
1087 � (C-S) + ı (CH) 1086 1088 1084
1081 ı (CH) + ı (NH) + � (C-S) 1073 1072 1069
1049 ı (CH) + ı (NH) 1007 1013 1004

916 � (CH) (phenyl) 929 927 939
816 � (CC) 857 853 856
800 � (CH) 829 833 834
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700 ω (NH) 734
694 � (CC) (phenyl) 684

ibrational modes—�: stretching; ı: in-plane deformation; �: out-of-plane deform

.1.3. NIR spectroscopy
NIR spectroscopy has extensive applications in the characteri-

ation of the physical state and quantitative analysis of polymorph
ixtures. Indeed NIR spectroscopy has important advantages over

raditional IR spectroscopy, such as simpler sample preparation,
ack of a concentration limit and more accurate intensity mea-
urements. The bands observed in NIR spectra have their origin
n vibrational overtone and combination modes and are thus less
uitable for direct identification purposes than IR spectra. Fig. 5a
hows NIR spectra of the three crystal forms of sulfathiazole in
he 7100–4000 cm−1 region. Clear spectral differences are appar-
nt, especially between 7050–5820 and 5150–4850 cm−1 [24]. The
argest differences are observed in the 7050–5820 cm−1 region,

hich encompasses the region where the first overtones of the N–H
tretching vibrations are expected. The bands in this region for form
II are shifted to lower wavenumber compared to those of forms I
nd V which reflects the changes in hydrogen bonding observed in
he IR. In forms I and V one of the NH2 hydrogens is not involved
n hydrogen bonding whereas in form III both amino hydrogens
re involved in hydrogen bonding. The same phenomenon can
e observed in the 5150–4850 cm−1 region, which corresponds
o the combination of the N–H stretching and bending vibrations.
hese NIR band assignments are in general agreement with those
eported in the literature [25,34]. When compared to IR spectra
he NIR spectra are much more sensitive to polymorph differ-
nces. This is in line with results for other systems where NIR gave
ower RMSEP values than IR spectroscopy [35]. It is thus possible to
chieve accurate low content quantification of sulfathiazole form
(0–5%) in binary mixtures with form III using NIR spectroscopy

26].

.1.4. Raman spectroscopy

Raman spectroscopy has distinct advantages in the analysis

f solid materials because of the minimal sample preparation
equired and the non-contact, non-destructive nature of the mea-
urement. Like IR and NIR spectroscopy, Raman spectroscopy gives
ifferent physical forms their unique spectral features due to differ-
730 732
678 683

ω: wagging. Subscripts: s: symmetric; as: asymmetric.

ences in vibrational energy and changes in molecular polarizability.
Raman spectroscopy shows stronger spectral intensity for aromatic
molecules and molecules containing polarizable atoms. It is also
less sensitive to the presence of water. Furthermore, particle size
effects can be counteracted by the use of special sampling tech-
niques [27,36]. Lee et al. have successfully used Raman microscopy
to identify the polymorphs of sulfathiazole that nucleated on pat-
terned substrates [37].

The Raman spectra of forms I, III, and V are shown in Fig. 5b.
There are clear differences especially at 1600 cm−1 and between
1000–800 cm−1. For example while all the three forms have differ-
ences close to 1600 cm−1, polymorph I has two overlapping bands
around 1630 cm−1, polymorph V has a single band at 1645 cm−1

and polymorph III has no band in this region. The strongest Raman
bands of the three forms are due to the SO2 stretching vibrations
and the ring deformation modes at 1132 and 632, 1128 and 631,
1122 and 635 cm−1 for polymorph forms I, III and V, respectively.
Recently an assignment of the Raman bands of forms I and III has
been reported [34].

3.2. Quantification by ATR-FTIR, NIR and Raman spectroscopy

While as described above, the IR, NIR and Raman spectra of
the three sulfathiazole polymorphs are different, the aim here was
to determine which technique gave the most accurate quantita-
tion of the three polymorphs (I, III, V). Since the spectra do not
show a single relatively intense peak that is characteristic of each
polymorph the chemometric method is likely be more success-
ful than univariate techniques. Partial least squares analysis (PLS)
was applied to the following spectral regions: for IR spectra from
1700 to 650 cm−1, for NIR spectra from 7050 to 5820 and 5150 to
4000 cm−1, and for Raman spectra the 1698 to 602 cm−1 region was

used.

For solid samples the systematic variation is due to, among oth-
ers, light scattering and differences in pathlength, and may often
constitute the major part of the variation of the sample spectra.
Thus, pre-processing the data before spectral calibration is often
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ig. 6. Score plots generated by PLS models with different pre-processing method
150–4000 cm−1). �, �,� represent three different measurements of each individua

mployed in order to reduce the effect of systematic variations,
hich are not related to the measured parameters [38]. In this

tudy, four different pre-processing methods, including multiplica-
ive scatter correction (MSC), standard normal variate (SNV), first
erivative, and second derivative were applied. These methods are
ften used to remove unimportant baseline (offset) interferences
rom samples or correct scatter effects and accentuate spectral
ignals of interest. Fig. 6 shows the score plots generated by PLS
ith the different pre-processing methods from NIR data. Over-

ll, the triangular shape of the experimental design (Fig. 2) could
e observed in these score plots. The score plots obtained follow-
ng MSC and SNV pre-treatment show the best clustering. On the
ther hand, three different measurements of each individual sam-
le mixture cluster tightly to each other, which indicates that the
ariations between the NIR spectra subjected to both the SNV and
SC procedures are smaller than those derived from first and sec-

able 2
erformance of PLS quantification results for ATR-IR (1700–650 cm−1), NIR (7050–5820 c
rocessing methods.

Spectroscopy Pre-processing method PLS factors Form I

RMSEC %

ATR-IR

MSC 2 4.4
SNV 2 4.4
1st derivative 3 5.2
2nd derivative 3 5.2

NIR

MSC 2 2.0
SNV 2 2.0
1st derivative 2 3.6
2nd derivative 2 4.1

Raman

MSC 2 2.5
SNV 2 2.8
1st derivative 3 4.2
2nd derivative 3 4.1
SNV, (b) MSC, (c) 1st derivative, (d) 2nd derivative from NIR data (7050–5820 and
ple mixture.

ond derivatives. For the latter, a slight spreading of the scores within
clusters can be observed on the score plots (Fig. 6c and d). The pre-
diction results of PLS models developed from the pre-processed
data are listed in Table 2. It can be observed that both the SNV
and MSC led to simpler PLS models (less PLS factors) with rather
smaller RMSEC and RMSEP values in all cases. The relative success
of the MSC and SNV performance is due to their ability to min-
imize light scattering effects by removal of offsets and slopes in
the spectra caused by the light scattering intrinsic to solid samples
[39]. In contrast first and second derivative pre-treatments which
are often effective in the amplification of weak sharp peaks at the

expense of broad peaks or changes in the baseline in this study
appear to do little more than enhance noise. Therefore, while using
first and second derivatives for pre-processing does accentuate sig-
nals of interest due to their inherent higher rates of change, it does
not deal with scattering effects. Consequently, scattering effects

m−1 and 5150–4000 cm−1) and Raman (1698–602 cm−1) data using different pre-

Form III Form V

RMSEP % RMSEC % RMSEP % RMSEC % RMSEP %

5.0 5.5 5.0 5.1 4.6
5.0 5.5 5.1 4.8 4.5
6.8 5.1 5.7 5.8 5.8
6.7 5.0 5.5 6.0 6.1

2.0 3.1 2.8 3.1 2.9
2.0 3.2 2.9 3.0 2.8
4.6 5.1 5.2 5.1 6.1
5.1 4.6 4.5 4.9 6.2

3.4 3.5 4.0 2.9 3.5
3.5 3.3 4.1 3.0 3.6
5.5 4.2 5.9 3.8 4.9
5.5 4.3 6.0 3.8 4.9
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ig. 7. Predicted vs. actual percentage by weight and the distribution of residuals f
150–4000 cm−1) and (e, f) Raman (1698–602 cm−1) data.

ppear as an additional PLS factor. The equations for the SNV and
SC transformations have the same form and, in many cases, the

wo approaches produce very similar results so that they are widely
egarded as exchangeable [40,41]. However, the advantage of SNV
ver MSC is that SNV is applied to an individual spectrum, whereas
SC uses a reference spectrum.
Fig. 7 shows the multivariate calibration curves and the relative

rrors calculated for the IR, NIR and Raman measurements using

he SNV and PLS algorithms with two latent variables. A good lin-
ar relationship was observed between the actual and predicted
oncentrations for calibration standards for all three polymorphs
n these three measurements. The correlation coefficients (R2) of
R, NIR and Raman measurements are respectively: 0.9799, 0.9691
e model based on (a, b) ATR-IR (1700–650 cm−1), (c, d) NIR (7050–5820 cm−1 and

and 0.9769 for polymorph I, 0.9959, 0.9898 and 0.9906 for poly-
morph III and 0.9923, 0.9886 and 0.9910 for polymorph V. The root
mean square errors of calibration (RMSEC), Table 2, calculated for
the IR, NIR and Raman spectra with SNV pre-treatment were: 4.4,
5.5 and 4.8; 2.0, 3.2 and 3.0; and 2.8, 3.3, 3.0%, respectively for forms
I, III and V. The PLS prediction errors (RMSEP) showed small val-
ues of: 5.0, 5.1 and 4.5; 2.0, 2.9 and 2.8; and 3.5, 4.1, and 3.6% for
forms I, III and V respectively. The results indicated that NIR shows

slightly smaller RMSECs and RMSEPs than Raman and ATR-IR. It is
also clear that the relative errors calculated from ATR-IR data are
higher values than those from NIR and Raman measurements.

To further evaluate these techniques, we also carried out error
analysis on each technique by calculating the relative standard
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Table 3
Assessment of influence of potential sources of error on ATR-IR, NIR and Raman spectroscopy.

Source of error IR spectroscopy R.S.D. (%)a NIR spectroscopy R.S.D. (%)a Raman spectroscopy R.S.D. (%)a

F I F III F V F I F III F V F I F III F V

Instrument reproducibility 0.3 0.3 0.2 0.3 0.2 0.6 1.3 0.2 1.0
0
1
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[
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[

[

Intra-day variability 0.8 0.7 0.5
Inter-day variability 3.5 3.0 1.9

a PLS models using SNV pre-processing.

eviation (RSD) when the PLS models based on SNV pre-processing
ere applied, as shown in Table 3. On the whole, the RSD values for

nstrument reproducibility, intra-day variability and inter-day vari-
bility of IR and NIR are slightly better than for Raman spectroscopy.
enerally, parameters involving the response of the instrument
ith no sample disturbance (instrument reproducibility and intra-
ay variability) gave relatively small RSD values (around 2%)

ndicating good reproducibility of the technique [42]. A possible
xplanation for the higher inter-day variability of Raman and IR
pectroscopies is the lack of control over laboratory temperature
nd/or humidity. NIR is less susceptible to environmental changes,
s the samples were kept in closed vials.

Sample homogeneity is very important in the quantification of
olid mixtures and while control of sample mixing will always be
problem it does appear from this work that NIR spectra are less

usceptible to mixing problems than IR and Raman methods. It has
een pointed out that the major source of quantification error in
TR-IR and Raman methods comes from the small sampling size

43]. In an attempt to reduce these problems Raman measurements
ere made on three independent samples and nine measurements
ere performed on each sample to reduce small sampling size

rrors. The IR sampling area was 1 mm in diameter and special care
as taken to reproduce the applied sample pressure. NIR spectra
ere collected in glass sample vials and the spectra were recorded

rom a sample area which was 15 mm in diameter. Measuring each
ample in triplicate also contributed to the reduction of sampling
rrors arising from inhomogeneity.

In summary, for the quantification of sulfathiazole polymorphs
, III and V in ternary mixture NIR spectroscopy is the most reli-
ble method. To further assess the usefulness of NIR spectroscopy
or the analysis of ternary sulfathiazole mixtures the limits of
etection (LOD) and limits of quantification (LOQ) have been cal-
ulated. LOD and LOQ were determined using blank samples and
OD = 3.3 × �/s (� = standard deviation; s = slope of the calibration
lot) [44] and LOQ = 10 × �/s [45]. The standard deviations for the
NV pre-treatment model were 1.09, 1.74 and 1.90% for forms I, III
nd V, respectively. Thus the LOD and LOQ values for the NIR anal-
ses were 3.6 and 10.9% for form I, 5.8 and 17.6% for form III and 6.3
nd 19.0% for form V. These results are in the same range as those
eported for other ternary polymorph analyses [46].

. Conclusions

In this study, vibrational spectroscopy (ATR-IR, NIR and Raman
pectroscopy) in conjunction with partial least squares (PLS) has
een successfully applied to the simultaneous quantitation of sul-
athiazole polymorphic forms (I, III and V) in ternary mixtures.
hese techniques are fast and non-destructive, and relatively easy
o use. The performance of models developed using four spectral
re-treatment methods, SNV, MSC, first and second derivatives was
ompared. From a comparison of the predictive performance of

ach measurement and error analysis it was found that NIR spec-
roscopy exhibits higher accuracy, robustness and ease of use over
aman and ATR-IR methods. To reduce the effect of the small laser
pot size in the Raman measurements and to improve the quantifi-
ation results it was necessary to collect and average spectra from

[

.9 0.3 0.5 1.1 1.2 2.7

.7 1.3 0.6 7.6 3.1 4.1

different positions within the sample. The present results may pro-
vide a useful insight into the effectiveness of spectroscopic methods
for polymorph analysis.
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