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a b s t r a c t

In the present study, a simple method, based on diffuse reflectance FTIR spectroscopy (DRIFTS) and
artificial neural network (ANN) modeling is developed for the simultaneous quantitative analysis of
mebendazole polymorphs A–C in powder mixtures. Spectral differences between the polymorphs are
elucidated by computationally assisted band assignments on the basis of quantum chemical calculations,
and subsequently, the spectra are preprocessed by calculation of 1st and 2nd derivatives. Then ANN mod-
els are fitted after PCA compression of the input space. Finally the predictive performance of the ANNs
TIR spectroscopy
ebendazole

rystal polymorphism
uantitative analysis
rtificial neural networks
artial least squares regression

is compared with that of PLS regression. It was found that simultaneous quantitative analysis of forms
A–C in powder mixtures is possible by fitting an ANN model to the 2nd derivative spectra even after PCA
compression of the data (RMSEP of 1.75% for form A, 1.85% for B, and 1.65% for C), while PLS regression,
applied for comparison purposes, results in acceptable predictions only within the 700–1750 cm−1 spec-
tral range and after direct orthogonal signal correction (DOSC), with RMSEP values of 2.69%, 2.68%, and
3.40% for forms A, B, and C, respectively. Application of the ANN to commercial samples of raw material

ion)
and formulation (suspens

. Introduction

Mebendazole (5-benzoyl-2-benzimidazolecarbamic acid
ethyl ester) is a commonly used broad spectrum anthelminthic

rug [1] with potential antitumor activity [2], administered
rally as a tablet formulation and suspension. The European
harmacopoeia [3] mentions its polymorphism without further
nformation on the number of the existing polymorphs and the
herapeutically preferred one.

It is known that mebendazole exists in three anhydrous crystal
orms, designated A–C [4], with very low water solubility, in the
rder: B > C > A [4,5]. According to several reports, form A has no
nthelminthic effect and renders the medication totally inactive
hen it exceeds 30% of mebendazole content in the formulation

6,7], while the use of form B has been associated with increased
oxicity [5,8]. Form C is the preferred polymorph in pharmaceutical
roducts, since it lacks the disadvantages of forms A and B, and it

s thermodynamically stable at temperatures up to 180 ◦C [4], but

resence of both polymorphs A and B has been reported in pharma-
eutical raw materials [9], commercial oral suspensions [10] and
ablet formulations as well [9,11]. Form A may occur either due
o the followed process of synthesis or due to prolonged thermal

∗ Corresponding author. Tel.: +30 2310 997666; fax: +30 2310 997652.
E-mail address: kgk@pharm.auth.gr (K. Kachrimanis).

731-7085/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpba.2009.09.001
proved its suitability for the prediction of polymorphic content.
© 2009 Elsevier B.V. All rights reserved.

exposure of raw pharmaceutical material or commercial product
because it is the stable modification at higher temperatures [4,12].
Therefore, several vibrational spectroscopic methods have been
proposed for the identification and quantitative analysis of forms
C and A in powders [10,13,14], tablets [15,16] or suspensions [10],
while the European Pharmacopoeia [3] recommends testing by FTIR
spectroscopy. However, none of the proposed methods includes
quantification of form B or deals with the simultaneous determi-
nation of all three known polymorphs. Considering the potential
toxicity of formulations containing form B [4,8], and the reported
presence in raw pharmaceutical materials or final formulations
[9,11], a simple method for the routine simultaneous quantita-
tive analysis of all three forms (A–C), in powder mixtures, could
be important.

Generally, the simultaneous spectroscopic determination of
polymorphs in multi-component powder mixtures is complicated
by the non-additive effects due to light scattering or differences
in path length and particle size or shape on the relation of spec-
tral features and concentration [17]. Even when the crystal size of
the mixture components is similar, the great differences in crys-
tal morphology give rise to nonlinearities between the spectra and
polymorphic content. Appropriate preprocessing and advanced

multivariate calibration algorithm allow improved predictions
when used in combination with spectroscopic techniques such
as FTIR or FT-Raman [18,19]. Therefore, in the present study, in
order to develop a simple method for the simultaneous quan-
titative analysis of mebendazole polymorphs in ternary powder

http://www.sciencedirect.com/science/journal/07317085
http://www.elsevier.com/locate/jpba
mailto:kgk@pharm.auth.gr
dx.doi.org/10.1016/j.jpba.2009.09.001
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ixtures, diffuse reflectance FTIR spectroscopy (DRIFTS) and spec-
ral data preprocessing is combined with artificial neural network
ANN) modeling. The DRIFTS spectroscopy was preferred over the
onventional KBr disk technique because it requires minimal sam-
le preparation that avoids vigorous grinding or compression of
he powder that could induce a polymorphic transition, while
n comparison to other spectroscopic techniques that require no
ample preparation, such as FT-Raman and NIR, it has the addi-
ional advantage of being more widely available due to affordable
nstrumentation, and less sensitive to particle size effects, respec-
ively [20]. For the PLS regression the spectral differences between
olymorphs are discussed after computationally assisted band
ssignment on the basis of quantum chemical calculations. This
and assignment, although not directly related to the quantitative
nalysis of the polymorphs, enhances understanding of spectral
ifferences and rationalizes the selection of suitable spectral win-
ows. Furthermore, the spectra are preprocessed prior to ANN
odel fitting, and the predictive performance of the ANNs is com-

ared with that of PLS regression on the basis of the root mean
quared error of prediction (RMSEP), as well as by linear regression
f observed versus predicted concentrations of mixtures contain-
ng each polymorph as impurity in equimolar mixture of the other
wo. Finally, the developed method is applied in the determination
f polymorphic purity of mebendazole for commercially available
aw material and formulation (suspension).

. Materials and methods

.1. Materials

Mebendazole powder (raw material) was kindly donated by
anssen-Cilag (Athens, Greece). Distilled water and chloroform,
ormic acid and acetic acid of analytical purity purchased from

erck (Darmstadt, Germany) were used as crystallization solvents.
otassium Bromide (KBr) of spectroscopy grade, obtained from Pike
Pike Technologies, WI, USA) was used for the preparation of sam-
les for DRIFTS spectroscopy.

Pure polymorphs A–C were experimentally prepared by using
he commercial (Janssen-Cilag) mebendazole powder and apply-
ng suitable crystallization methods. They were characterized by
-ray powder diffraction methods and used as standards for the
uantitative determination.

Two 30 ml vials of commercially available mebendazole suspen-
ion were purchased from a community pharmacy store (Vermox®,
00 mg/30 ml, Janssen-Cilag, vial 1 Lot No. 0709132 and 2 Lot No.
902028, with expiry dates 09-2012 and 01-2014, respectively).

.2. Methods

.2.1. Crystallization of pure polymorphs A–C
Form A was obtained applying the solvent drop grinding method

21]. An amount of 0.5 g of commercial (Janssen-Cilag) mebenda-
ole powder was manually ground using mortar and pestle, with
he simultaneous addition of warm acetic acid droplets. The paste
ormed was dried in a conventional laboratory oven at 60 ◦C for 24 h
efore storage in air-tight jars.

Form B was crystallized from chloroform solutions by solvent
vaporation. 100 mg of commercial mebendazole powder were dis-
olved in 200 ml of chloroform at 70 ◦C, and crystals of form B
ere produced by evaporating the solvent at low pressure, using
rotary evaporator (Rotavapor, Büchi, Switzerland). Five batches

ere combined in order to obtain a sufficient amount.

Form C was crystallized by the solvent exchange method, using
ormic acid as the good solvent, and water as the anti-solvent. A
uantity of 1 g of commercial mebendazole powder was dissolved

n 50 ml of formic acid at ambient temperature and 200 ml of water
Fig. 1. Ternary plots showing the partitioning of input data into training (empty
symbols) and test (full symbols) subsets.

were added under stirring. The crystals were collected by vacuum
filtration.

2.2.2. Powder X-ray diffraction (PXRD)
PXRD patterns were recorded on a Siemens D-5000 diffractome-

ter (Siemens AG, Karlsruhe, Germany) equipped with a theta/theta
goniometer, a Goebel mirror (Bruker AXS, Karlsruhe, Germany), a
0.15◦ soller slit collimator and a scintillation counter. The patterns
were recorded at a tube voltage of 40 kV and a current of 35 mA
applying a scan rate of 0.005◦ 2�/s in the angular range of 2–40◦ 2�.

2.2.3. Preparation of polymorph mixtures
Each polymorph was successively treated as an impurity in

equimolar mixtures of the other two. Three groups of 12 samples
each (36 samples in total, Fig. 1) were prepared by geometrically
mixing one polymorph with 50:50 (w/w) mixtures of the other
two, using the following mass fraction range: 36:32:32, 52:24:24,
68:16:16, 76:12:12, 84:8:8, 88:6:6, 92:4:4, 96:2:2, 97:1.5:1.5,
98:1:1, 99:0.5:0.5, and 100:0:0 (w/w/w). This experimental setup
does not cover equally the complete composition range but
emphasizes in the low concentrations, since the “real world”
problem that this method is expected to deal with would be
the quantitation of form A and/or B impurities in form C bulk
material.

2.2.4. Diffuse reflectance FTIR spectroscopy (DRIFTS)
DRIFTS spectra were recorded using a Pike diffuse reflectance

accessory (Pike Technologies, WI, USA) mounted on a Perkin-Elmer
Spectrum GX FTIR spectrometer (Perkin Elmer Inc., USA). The pre-
pared mixtures were diluted to a 5% (w/w) concentration with dry
KBr, and spectra were recorded in the range 400–4000 cm−1 for a
total of 32 scans at a resolution of 4 cm−1. The spectral data from
each sample were exported in JCAMP format, and the Know-It-All
Informatics System v.5.0 Academic Edition (Bio-Rad Laboratories,
Inc.) was used to analyze the spectra.
2.2.5. Dataset partitioning – training and test subset selection
The raw spectral data were partitioned into uniform training

and test subsets following the Kennard–Stone design or “uniform
mapping algorithm” [22], which is considered to be one of the most
efficient methods of optimal data partitioning [23,24].
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be attributed to the low solubility of mebendazole in chloroform
(<1 mg/ml) [28], and the crystallization of form B at high supersat-
uration, leading to high nucleation and growth rates, which may be
responsible for the formation of many small crystals, and addition-
14 K. Kachrimanis et al. / Journal of Pharmaceu

.2.6. Data preprocessing
In order to eliminate the effects of noise and nonlinearities of

he spectra on the quantitative determination, the following two
ifferent preprocessing methods were applied to the spectra sep-
rately to the calibration and test subsets: direct orthogonal signal
orrection (DOSC) and calculation of first and second derivatives.
he DOSC algorithm [25] removes variation of the spectral data that
s orthogonal (uncorrelated) to the response variable(s). Deriva-
ives eliminate baseline drifts and enhance spectral differences,
nd for this reason they are commonly used to enhance the very
light differences (small band shifts, shoulders or changes in the
ultiplicity of peaks) in the otherwise similar FTIR spectra of poly-
orphs. Second derivative spectra are usually preferred because

hey have inverse peaks at the same wavenumbers with the orig-
nal peaks, and therefore they are directly comparable visually to
he original spectra. Calculation of second derivatives was applied
o the calibration and test subsets separately, after smoothing by
he Savitzky–Golay algorithm [26], in order to minimize the noise
ncrease induced by the derivative calculation.

.2.7. ANN model fitting
In order to reduce the training time of the neural network, the

imensionality of the input space was reduced by Principal Com-
onent Analysis (PCA) before ANN model fitting. A feed forward
ack-propagation artificial neural network with five inputs (cor-
esponding to the first five PCs), twenty hidden and three output
nits (each corresponding to an individual crystal form) was fit-
ed to the training subset. In all cases, the logistic sigmoid transfer
unction was used for the input to hidden layer connections, and
he linear function was used for the hidden to output layer con-
ections. The networks were trained for 10,000 cycles using the
caled conjugate gradient descent method. The number of train-
ng cycles was selected by the “early stopping” method in order
o avoid over-fitting, using the test set to monitor the prediction
rror. Training was repeated 5 times and the network’s predictions
ere averaged, since in ANNs convergence is influenced by initial
eight values. The Netlab toolbox for Matlab [27], freely available

t http://www.ncrg.aston.ac.uk/netlab/index.php, was used for the
pplication of the ANN models, and the Matlab v.7.0 R14 environ-
ent (Mathworks Inc.) was used for the calculations.

.2.8. PLS model fitting
PLS regression was applied (after direct orthogonal signal

orrection, DOSC, preprocessing) as a standard method for compar-
son, since it is a well documented one with excellent predictive
bility. The ChemoAC toolbox for Matlab (freely available at
ttp://www.vub.ac.be/fabi/publiek/index.html) was used for PLS
odel fitting and the optimum number of PLS components was

utomatically determined by a leave-one-out cross-validation pro-
edure.

.2.9. Algorithm performance comparison
The accuracy of predictions was assessed on the basis of the root

ean squared error of prediction (RMSEP), calculated by√∑n 2
MSEP = i=1(yi − ȳi)

n
(1)

s well as by linear regression of observed versus predicted con-
entration.

All calculations were performed on a PC running MS Windows
P, equipped with an Intel CoreDuo 1.66 GHz processor and 1 GB
f RAM.
nd Biomedical Analysis 51 (2010) 512–520

2.2.10. Application to commercial samples
In order to test the applicability of the ANN method to “real

world” problems, content of polymorphs was predicted by fitting
the ANN trained as described above to spectral data of the raw
material supplied by Janssen-Cilag, as well as of mebendazole pow-
der separated from the marketed suspensions.

For the separation of the powder samples from the suspensions
the excipients (water-soluble taste-masking and flavoring agents,
and water-insoluble cellulosic polymers used as thickening agents)
were removed by centrifugation. After 90 min centrifugation, at
4500 rpm, three zones were formed: a clear supernatant zone, an
intermediate opaque zone, and a sediment zone. The clear super-
natant liquid zone was removed and disposed. The opaque zone
was withdrawn and left to dry, and the sediment was repeatedly
washed (three times) by suspending in 30 ml of distilled water and
centrifuging at 4500 rpm for 15 min, resulting in the formation of
opaque supernatant liquid and a sediment zone. The supernatant
opaque liquids combined with the initial intermediate opaque
zone, was dried and the resulting solid content was identified as
a mixture of mebendazole with very high content of cellulosic gel-
forming polymers. The washed sediment was also left to dry before
mixing with KBr and used for DRIFTS spectroscopic determina-
tion.

3. Results and discussion

3.1. PXRD characterization

Fig. 2 shows the powder X-ray diffractograms of the commercial
mebendazole powder and the prepared polymorphs (A–C). Table 1
lists the corresponding peak positions and relative intensities for
the pure polymorphs. The diffractogram of commercial mebenda-
zole powder (raw material, Fig. 2) shows the presence of a small
amount of form A (indicated by a downward pointing arrow at
7.66◦ 2�), underlining the problem of contamination with unde-
sirable crystal forms [9,11]. Also, Fig. 2 shows that a characteristic
feature of the diffractogram of form B is the low intensity of the
peaks and the extensive line broadening, probably due to small
crystallite size and/or micro-strain in the crystal lattice. This may
Fig. 2. Powder X-ray diffractograms of mebendazole polymorphs A–C, and com-
mercial powder (raw material).

http://www.ncrg.aston.ac.uk/netlab/index.php
http://www.vub.ac.be/fabi/publiek/index.html
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Table 1
PXRD interplanar distances (d-spacings) and relative intensities of the prepared polymorphs (A–C) together with those reported in the literature [12].

Form A Form B Form C

Acetic acid de Villiers et al. Chloroform de Villiers et al. Formic acid-water de Villiers et al.

d (Å) I/I0 d (Å) I/I0 d (Å) I/I0 d (Å) I/I0 d (Å) I/I0 d (Å) I/I0

11.53 100.0 11.52 100 20.89 5.1 – – 18.01 100.0 17.91 72
9.74 5.2 – – 14.31 100.0 14.62 60 7.17 2.2 7.19 28
6.51 5.4 – – 11.56 4.4 – – 5.97 2.8 – –
6.12 16.7 6.13 25 9.34 14.1 9.34 85 5.44 8.9 5.45 51
5.11 77.5 5.13 70 9.00 6.5 – – 4.92 1.7 – –
4.86 12.7 4.87 19 7.07 18.6 7.09 49 4.87 1.7 4.89 30
4.47 10.8 4.49 13 6.59 3.6 – – 4.60 2.1 4.59 32
4.35 9.6 4.35 11 5.05 4.6 – – 4.48 28.4 4.48 100
4.03 6.1 – – 4.66 18.0 4.65 100 4.12 2.9 4.16 28
3.84 31.4 3.84 38 4.50 4.8 – – 3.58 7.7 3.60 56
3.77 43.5 3.78 47 4.22 6.7 4.22 47 3.52 1.7 – –
3.60 22.3 3.61 34 4.11 12.8 4.13 61 3.36 1.7 3.34 73
3.52 19.9 3.53 23 3.88 8.1 3.94 46 3.32 7.0 – –
3.47 14.9 – – 3.64 22.3 3.64 68 3.05 3.8 3.09 36
3.30 14.8 – – 3.51 12.4 3.54 51 2.98 1.7 – –
3.11 36.2 – – 3.41 3.9 – – 2.67 1.6 – –

a
o
t
m

3

m
c
(
h
p
t
m
u
t
d
(

F
i

3.05 11.1 – – 3.09 11.2
– – – – 3.06 10.9
– – – – 2.94 3.0

lly, for increased presence of defects. In general, the PXRD patterns
f the three prepared forms (A–C) are in agreement with litera-
ure data [12], confirming the polymorphic purity of the standard

aterials.

.2. DRIFTS spectroscopy

Fig. 3 illustrates DRIFTS spectra of the three prepared poly-
orphs of mebendazole (A–C), together with the theoretically

alculated spectrum of mebendazole molecule in the gas phase
shown in absorbance mode). It is seen that the spectrum of form C
as a more pronounced fine structure with well resolved, sharper
eaks compared to the spectra of forms A and B. This is indica-
ive of higher vibrational liberty, and most probably existence of
ebendazole in more than a single molecule in the asymmetric
nit. The spectra of the three polymorphs differ significantly in
he fingerprint region (1500–400 cm−1), but the most characteristic
ifferences lie in the range of the N–H (3340–3400 cm−1) and C O
1700–1730 and 1635–1645 cm−1) stretching vibrations, suggest-

ig. 3. DRIFTS spectra of mebendazole polymorphs A–C (most important polymorph-spec
n absorbance mode).
3.09 43 2.56 2.6 – –
– – – – – –
– – – – – –

ing that those chemical groups form different hydrogen bonding
interactions and are responsible for the different packing in the
crystal lattice of the three polymorphs. Moreover, differences in the
spectra of polymorphs A and C have been attributed to tautomerism
[10].

For better understanding of the spectral differences between
the three polymorphs, computationally assisted assignment of
fundamental frequencies was performed by ab initio vibrational
normal mode analysis for the lowest energy tautomer of meben-
dazole [10]. The starting geometry was represented in delocalized
internal coordinate format [29], and was optimized by Density
Functional Theory (DFT) calculations using the Becke, Lee, Young,
and Parr (B3LYP) hybrid exchange-correlation functional [30] and
the 6-31G* basis set. The Hessian matrix was numerically calcu-

lated at the same level of theory and normal modes of vibration
were obtained within the harmonic approximation. Convergence
to geometry of minimum energy was verified by the absence
of imaginary vibrational modes (i.e. negative eigenvalues in the
Hessian matrix). The calculated frequencies were scaled by a

ific peaks are labeled), together with the theoretically calculated spectrum (shown
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Fig. 4. Optimized molecular structure of mebendazole used for the

actor of 0.9614 [31]. Normal coordinate analysis [32] was per-
ormed in order to calculate the potential energy distribution (PED)
nd use it for the assignment of the vibrational modes. The PC
AMESS/Firefly [33] was used for the electronic structure calcu-

ations and subsequent vibrational analysis (normal coordinate
nalysis and calculation of the PED). All calculations were per-
ormed on a PC running MS Windows XP, equipped with an Intel

oreDuo T2300E at 1.66 GHz processor and 1 GB of RAM.

The optimized molecular structure is given in Fig. 4, and in
able 2 are listed the polymorph-specific experimental peaks,
ogether with the computationally assisted band assignment of

able 2
elected experimental FTIR frequencies of mebendazole polymorphs and corresponding f
ost stable tautomer, together with the potential energy density distribution (PED %).

FTIR frequency (cm−1)

Crystal polymorph DFT/6-31G freq

A B C

– – – 3485.5
3366 3345 3402 3467.1
1730 1697 1715 1736.4
1634 1643 1643 1661.4
1528 1526 1520 1546.6

– – 1480 1546.6
1456 1456 1452 1460.1

– – – 1454.8
1447 1445 1445 1446.5

1433 1431 1435.3
1422 – 1422 1434.5

– 1379 1371 1406.6
1323 1317 1317 1313.0
1312 – 1308
1298 – 1296 1297.8
1258 1269 1273 1267.1
1229 1232 1224 1212.9
1192 1194 1200 1180.2
1180 – 1186 1175.9

– 1177 1174 1164.2
978 978 980 965.1

– – 966 959.5
955 957 951 949.9
903 903 907 913.6
883 887 893 876.9
826 826 833 831.3

– 820 – 821.2
704 704 712 707.3

– – – 693.4
– 694 694 691.0

584 585 585 560.9
568 578 578 552.9

: stretching; �: bending; �: torsion; def.: deformation; X = C, O; BZIMD: benzimidazole; B
al coordinate analysis (atom numbering and bond lengths shown).

fundamental frequencies and the corresponding potential energy
distribution (% PED). It should be noted that in large molecules
like mebendazole the normal vibrational modes are highly com-
plicated, consisting of the concerted motion of many different
atoms. Therefore, following Strachan et al. [34], band assignments
are proposed on the basis of percent PED and refer to portions of
the molecule (benzimidazole, BZIMD, and benzoyl, Bz, rings, and

methyl-carbamate, mCBM, moiety).

In Table 2, it is seen that the most profound polymorph-specific
features in the FTIR spectra lie in the range of 3340–3400 cm−1,
which are attributed to the carbamate �(N–H) stretching mode,

requency and band assignments of the DFT/6-31G calculated normal modes of the

Band assignment/PED (%)

uency

BZIMD �(N–H) 99.6
mCBM �(N–H) 99.8
mCBM �(C O) 77.5
Bz �(C O) 81.6
BZIMD ring def. 70.5
BZIMD ring def. 70.5
mCBM �(X–H) + torsion 27.0, BZIMD ring def. 26.7
mCBM torsion 85.1
BZIMD �(X–C) 20.3 + �(C–H) 20.8, mCBM �(C–H) 15.6
mCBM �(C–H) 26.2 BZIMD ring def. 60.4
Bz �(C–H) 62.3
BZIMD �(N–C) 20.4, mCBM �(X–H) 39.7 + �(N–C) 10.4
Bz �(C–C) 39.0 + �(C–H) 50.4
–
Bz �(C–C) 32.7 + �(C–H) 11.1, BZIMD �(C–H) 4.0
BZIMD �(C–N) 40.0 + �(C–C) 33.9
mCBM �(N–H) 27.2 + �(C–N) 10.5 �(C–O) 26.3
mCBM �(C–H) 47.9 + �(C–O–C–H) 10.0
BZIMD �(N–H) 30.6, Bz �(C–H) 4.7
Bz �(C–H) 71.6 + �(C–C) 15.0
Bz �(C–C–C–H) 75.9
Bz �(C–H) 10.9, BZIMD ring def. 32.7, mCBM �(C–O) 7.7
mCBM �(C–O) 45.9 + �(C–N) 7.0, BZIMD �(C–N) 5.3
Bz �(C–C–C–H) 93.7
BZIMD �(N–C–C–H) 70.0 + �(C–C) 15.0
BZIMD �(C–N) 43.5 + �(C–C) 27.6
BZIMD �(C–C–C–C) 39.2 + �(C–C–C–H) 53.6
Bz �(C–C–C–O) 8.5 + �(C–C–C–H) 7.1 + �(C–C–C–C) 6.5
BZIMD �(C–N–C–N) 68.3
BZIMD �(C–N–C–N) 43.1 + Bz �(C–C–C–H) 20.2
BZIMD �(C–C–N–H) 12.2 + �(N–C–N–H) 73.8
BZIMD �(C–C–N–H) 59.8 + �(N–C–N–H) 19.8

z: benzoyl; mCBM: methyl carbamate.
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nd in the range 1630–1648 cm−1, and 1700–1730 cm−1 that are
ttributed to the �(C O) stretching modes of the benzoyl and
arbamate groups, respectively. Additionally, Table 2 shows that
he frequency of the carbamate �(N–H) stretching mode is lower
han the theoretically expected (∼3467 cm−1) in all three poly-

orphs. It is remarkable that a single �(N–H) peak, attributed
o the carbamate N–H group, is present in the spectra of all
hree forms (at 3366, 3345, and 3402 cm−1 for forms A, B, and C,
espectively). Based on the molecular structure of mebendazole,
ne more �(N–H) mode is expected, arising from the benzimi-
azole N–H at or near 3480 cm−1. The absence of such vibration

n the solid state FTIR spectra indicates that the N–H group is
nvolved in strong intermolecular interactions, possibly with the
dditional contribution of a weak intra-molecular hydrogen bond
etween O20· · ·H30, shown in Fig. 4. Although the crystal struc-
ure of mebendazole is yet unknown and therefore the topology
nd strength of inter- and intra-molecular hydrogen bonds in the
olid state (including this hydrogen bond) can only be speculated,
Cambridge Structural Database [35] search of benzimidazole car-
amate fragment may be indicative of possible interactions. The
earch revealed four neutral benzimidazole carbamate derivatives
CSD Ref. Codes: BEWLOF, KEZJII, SAGQEW, VELDUL), and several
alts (BMCBIB, QESBOG, RAVLAC, RAVLEG, NIZCIJ). In both neu-
ral and salt structures, the C O and N–H groups are involved in
ntermolecular hydrogen bonding interactions. Additionally, in the
our neutral benzimidazol carbamate derivatives, the carbamate
roup acquires a trans-conformation, which facilitates the forma-
ion of the intra-molecular hydrogen bond with an O· · ·H average
istance ∼2.18 Å. Therefore, it is expected that both inter- and

ntra-molecular hydrogen bonds exist in the structure of meben-
azole, leading to the conclusion that the disappearance of the
enzimidazole N–H vibration should be the result of strong inter-
olecular interactions with a small contribution of the O20· · ·H30

ntra-molecular hydrogen bond. This is further supported by the
bsence of the N–H stretching mode from the IR spectrum of crys-
alline benzimidazole [36], where only intermolecular hydrogen
onding is possible.

The lowered frequency of the �(N–H) stretching mode com-
ared to the theoretically expected value (at ∼3467 cm−1) in all
hree polymorphs indicates that the methyl-carbamate N–H group,
s involved in hydrogen bonding interactions. The �(N–H) fre-
uencies follow the order: C > A > B, suggesting that in form C the
arbamate N–H is involved in weaker intermolecular interactions,
ollowed by forms A and B, with B showing significant peak broad-
ning. Ayala et al. [37] have pointed out that the �(N–H) and
(C O) frequencies of the three polymorphs follow a different
rder (A > C > B). The methyl-carbamate C O group of form C seems
o be involved in stronger hydrogen bonding interactions than that
f form A, but weaker than those of form B, while the benzoyl C O
roup of form A is the one that is involved in strongest hydrogen
onding interactions. This inconsistency between the �(N–H) and
(C O) modes was attributed to the competition of intra- and inter-
olecular hydrogen bonds in which those groups are supposedly

nvolved.
Another very informative region is that of the ı(N–H) in-plane

ending modes (1528 and 1526 cm−1 in forms A and B, respectively,
nd 1520 cm−1 and 1480 cm−1 in form C). The lower �(N–H) fre-
uency of form C indicates a weaker hydrogen bonding interaction
f this group.

Other vibrational modes with profound differences between
olymorphs include:
(a) the methyl group bending modes, �(C–H), in the range
1420–1456 cm−1, where form C shows a quadruple peak
instead of the triplet observed in the spectra of forms A and
B (Fig. 3),
nd Biomedical Analysis 51 (2010) 512–520 517

(b) the �(C–N) stretch which appears at 1380 cm−1 in form B, at
1371 cm−1 in form C and is absent from the spectrum of form
A,

(c) the in-plane bending of the benzoyl group aromatic hydrogens
in the region 1298–1323 cm−1, where C shows well defined,
intense peaks instead of shoulders in the spectra of forms A
and B,

d) the in-plane bending of benzimidazole hydrogens with some
contribution of the �(C N) stretch at 1272 cm−1 for form A, and
1282–1284 cm−1 (within spectral resolution limits) for forms B
and C,

(e) the methyl �(C–H) bending, the benzimidazole and methyl-
carbamate �(N–H) bending, and benzoyl aromatic hydrogen
in-plane �(C–H) bending modes in the range 1174–1200 cm−1,
where form C shows a well defined triplet instead of a broad
peak with a small shoulder seen in the spectra of forms A and
B,

(f) the benzoyl group aromatic hydrogen out-of-plane and ben-
zimidazole hydrogen in-plane bending modes, �(C–H), in the
range 950–980 cm−1, where form C shows a triplet instead
of the double peak of forms A and B, as well as in the range
883–907 cm−1, and 820–833 cm−1 (Fig. 3),

(g) and finally, some out-of-plane bending modes, �(C–H)
and �(N–H), of the benzoyl and benzimidazole rings at
694–711 cm−1.

From the above discussion the spectral zone for optimal PLS
model may be indicated and furthermore it becomes clear that
polymorph-specific features are widely distributed in the FTIR
spectra and therefore a multivariate calibration approach should
be followed for the quantitative analysis of polymorphic mixtures.

3.3. Simultaneous quantitative analysis

Preliminary tests have shown that calculation of 2nd derivative
of the spectra and ranging to [0,1] led to optimal performance of
an ANN model with 5 input, 20 hidden, and 3 output units, while
orthogonal signal correction (DOSC) preprocessing using 2 OSC
components and selection of the 700–1750 cm−1 spectral range
was necessary to develop optimal PLS models that had 2 PLS compo-
nents. The omitted spectral range (1750–4000 cm−1) is dominated
by the �(C–H) modes (seen as a broad peak between 2000 and
3300 cm−1) and the �(N–H) modes (3200–3400 cm−1). Improve-
ment of the PLS model’s goodness of fit when the �(X–H) vibrations
are omitted from the data indicates that these particular vibra-
tions are mainly responsible for the noise and nonlinearity in the
reflectance–concentration relationship.

In Table 3 is listed the observed polymorphic contents (%) of
forms A–C, together with the values predicted by the ANN and the
PLS model, and in Table 4 is listed the corresponding RMSEP (%), and
linear regression parameters (coefficients of determination, slopes
and intercepts) of observed vs predicted concentrations on the test
subset selected by the Kennard–Stone algorithm, together with the
limit of detection (LOD) calculated by the product 3× RMSEP, which
is considered by Faber et al. [38] as a reasonable approximation
of the LOD. From Table 3 it is seen that the ANN model performs
considerably better than the PLS model in the low content range,
which means that it is more suitable than the PLS model for the
quantitation of impurities.

The superior performance of the ANN model in all three forms

may be attributed to its training on the complete spectra and to
the data preprocessing by a more generally available and sim-
pler algorithm (2nd derivative) than the direct Orthogonal Signal
Correction used for PLS. Even though the preprocessed data used
for the ANN model have subsequently been compressed by PCA,
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Table 3
Observed (experimental) contents (%) of forms A–C, together with the values predicted by the ANN model trained using the full spectral range, and by the PLS model fitted
to the 700–1750 cm−1 range.

Mixture number Form A Form B Form C

Obs. (%) Pred. (%) Obs. (%) Pred. (%) Obs. (%) Pred. (%)

ANNa PLS ANNa PLS ANNa PLS

1 98 97.9 96.7 1 1.0 1.7 1 1.1 1.5
2 32 28.4 29.2 36 39.6 38.9 32 31.9 32.0
3 8 9.0 5.8 84 82.8 85.0 8 8.3 9.2
4 6 5.1 10.3 88 89.3 82.2 6 5.6 7.5
5 2 0.0 4.7 96 99.2 95.0 2 0.8 0.4
6 24 21.4 24.9 24 23.4 26.1 52 55.1 49.0
7 12 12.9 15.1 12 12.2 10.7 76 74.9 74.3
8 6 6.6 7.4 6 5.4 7.4 88 88.1 85.2
9 4 2.4 2.1 4 2.5 6.1 92 95.1 91.8

10 2 1.9 6.4 2 0.5 4.4 96 97.7 89.2
11 1.5 1.7 2.3 1.5 −0.3 4.4 97 98.8 93.3
12 1 0.9 4.4 1 0.8 4.9 98 98.3 90.8

a Average of five replications.

Table 4
Root mean squared error of prediction (RMSEP %) together with the linear regression parameters of observed vs predicted concentrations (correlation coefficient, R, slope,
and intercept), and limit of detection (LOD) for the ANN model and by the PLS model for the range 700–1750 cm−1.

Polymorph/model RMSEP (%) R Slope Intercept LOD (%)

Form A
ANNa 1.7494 (0.2003) 0.9982 (0.0004) 1.0015 (0.0079) 0.6507 (0.3627) 5.25
PLS 2.6972 0.9961 1.0341 −1.6485 8.09

Form B
ANNa 1.8514 (0.2087) 0.9991 (0.0003) 0.9736 (0.2775) 0.7051 (0.2775) 5.55
PLS 2.6841 0.9984 1.0432 −2.2533 8.05
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pension 1). The ANN for the case of the commercial powder (raw
material) predicts a form A content of 5.3% (Table 5), slightly above
the detection limit, and a nearly 0% content of form B, which is
in agreement with the powder X-ray diffractogram of Fig. 2, and

Table 5
Predicted concentration of forms A–C in the mebendazole powder (raw material)
and two vials of commercially available suspensions (average of three determina-
tions ± standard deviation).

Sample Average concentration (%)
ANNa 1.6517 (0.1126) 0.9994 (0.0001)
PLS 3.4028 0.9988

a Average of five replications and standard error in parentheses.

hich is expected to inflict some loss of information and deteriora-
ion of the predictive performance, the ANN model’s performance
n all three crystal forms does not show deterioration or depen-
ence on sample characteristics, in contrast to PLS. Therefore it

s concluded that it is superior to PLS and should be preferred in
he simultaneous quantitation of polymorphs, particularly in low
oncentrations.

Regarding computation times, training of the PLS model is
xtremely fast (<1 s). However, significant reduction of the input
ariables by the PCA compression (the first five principal compo-
ents are used as inputs) reduces the computation cost greatly
<3 min), and the trade-off between prediction accuracy and
omputation speed is reasonable. A comparison with methods pub-
ished in the literature in terms of predictive performance shows
hat all published methods consider only forms A and C, to levels
10% (w/w), while the present method allows for the quantita-

ion of all three forms down to <2% (w/w). Considering that form
is usually present in raw materials and finished products at

oncentrations well below 10% and additionally that form B has
lso been found as a common impurity in form C [9], the advan-
ages of the developed ANN method are profound. Additionally,
lthough it is not unexpected that the highly complex nonlinear
NN models will perform much better than conventional linear
ultivariate calibration models, the bottleneck in the application

f an ANN model is the availability of training samples. Generally,
NNs require a reasonably large number of training samples, while
he use of an external validation set – although not necessary –
reatly improves the quality of the model. However, the number
f calibration samples is usually kept at a minimum, not to men-
ion that mixture compositions at the impurity level are avoided
ue to difficulties in sample preparation. Therefore, the superior-
0.9828 (0.0044) 0.2975 (0.2882) 4.96
1.0511 −0.6739 10.21

ity of the ANN quantitation method of this study underlines the
importance of selecting appropriate ranges of mixture composi-
tions for calibration, and that a small increase in the number of
calibration samples can facilitate the use and greatly enhance the
performance of a more advanced calibration model such as an
ANN.

3.4. Application to commercial samples

Table 5 lists the percent concentration of forms A–C predicted
by the trained ANN, and Fig. 5 illustrates the normalized reflectance
difference of mebendazole raw powder material and form C plot-
ted together with that of forms A and C, as well as the normalized
reflectance difference of commercial suspension 1 and form C plot-
ted together with the difference of forms B and C (suspension 2 is
not shown because the result was almost identical to that of sus-
Form A Form B Form C

Raw material 5.3 ± 2.1 −0.6 ± 1.3 95.6 ± 0.9
Suspension 1 22.7 ± 2.7 8.4 ± 5.6 68.7 ± 3.3
Suspension 2 22.1 ± 2.5 10.7 ± 5.9 66.7 ± 4.8
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ig. 5. Normalized reflectance difference of commercial mebendazole powder (raw
aterial) and form C plotted together with that of forms A and C, as well as the

ormalized reflectance difference of commercial suspension 1 and form C plotted
ogether with the difference of forms B and C.

he absence of similarity in the normalized reflectance differences
Fig. 5). In the case of the commercial suspensions, the ANN model
redicts a rather high content of form A (∼20%), and about 10%
ontent of form B. This finding is in agreement with the similarity
n the normalized reflectance differences (Fig. 5), where subtrac-
ion of the spectrum of form C from that of the powder separated
rom the suspension 1 leaves characteristic features of the spectra
f forms A and B. Form A is the most common impurity and its pres-
nce is expected because it is the thermodynamically stable form.
owever, the presence of the least stable form B in the suspension

s unexpected, and it could be the result of a solvent-induced trans-
ormation due to the prolonged contact with the solvent and the
igh supersaturation conditions. Although the presence of forms
and B in the commercial suspensions is supported by the spec-

ral data, the predicted amounts should be treated with caution,
ecause the effects of the very small (sub-micron) particle size of
ebendazole and of possible trace amounts of cellulosic excipients

equire further elucidation.

. Conclusions

Simultaneous quantitative analysis of mebendazole forms A–C,
n powder mixtures, is possible by fitting an ANN model to the
omplete spectral range after 2nd derivative preprocessing and
CA compression of the data (RMSEP of 1.75% for form A, 1.85%
or B, and 1.65% for C). The PLS regression results in accept-
ble predictions but only after direct orthogonal signal correction
DOSC) in the 700–1750 cm−1 range, i.e. omitting the range dom-
nated by the �(X–H) modes that is more susceptible to noise.
erformance of the PLS model deteriorates in the case of form
, showing dependence on crystalline sample differences (RMSEP
alues of 2.69%, 2.68% for forms A, and B, but 3.40% for form C).
he ANN model on the other hand possesses significant advan-
ages over PLS, requiring simpler preprocessing (2nd derivative)
nd making use of the complete data, while being less sensitive

o noise and sample effects, and having a more consistent pre-
ictive performance for all the mebendazole polymorphs (A–C).
he ANN method is suitable for the prediction of the polymorphic
ontent of commercial powdered raw materials and suspen-
ions.
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