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Pseudopolymorphic transitions of niclosamide
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Niclosamide suffers pseudopolymorphic transformations when exposed to different ambient conditions,
which can lead to changes in its bioavailability. In this study, the kinetics of the pseudopolymorphic
transitions of niclosamide crystals are characterized. FT-Raman spectroscopy is used to quantify the
anhydrate and hydrate forms of niclosamide crystals, mostly because of its high sensitivity to the strong
intermolecular interactions present in these systems. The samples are exposed to well-characterized relative
humidity (RH) conditions during different periods of time and both water diffusion and polymorphic
changes are monitored from the corresponding changes observed in the vibrational spectra. Both hydration
and dehydration were found to be single-step processes, with a half-life time of ca. 142 and 63 h,
respectively, at 24 °C. Copyright  2008 John Wiley & Sons, Ltd.

Supporting information may be found in the online version of this article.
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INTRODUCTION

The phenomenon of polymorphism and pseudopolymor-
phism – solvates in general, hydrates in particular – is very
common among pharmaceuticals and has been widely
reported in the literature.1 – 6 Approximately one-third of
pharmaceutical solids are able to form hydrate species,
depending on the temperature and humidity conditions.7

Polymorphism/pseudopolymorphism reported by a given
drug has become a major concern for pharmaceutics, since
it has been recognized that differential crystal structures
of a given chemical might exhibit different biopharma-
ceutical properties such as solubility, stability, and/or
bioavailability.8,9 The unexpected occurrence of polymor-
phic or pseudopolymorphic transitions may lead to severe
pharmaceutical consequences, which can result in product
development delay and commercial production disruption,
as in the case of ritonavir.10,11 Hydration and dehydra-
tion processes of a pharmaceutical solid during formulation
development or in a final dosage form may adversely affect
the physical, chemical, and/or biological performance of a
pharmaceutical product.12

When polymorphism/pseudopolymorphism is known
to occur, spectral methods of analysis can be of great value
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to assess the drug’s behavior. Vibrational spectroscopy con-
tains information about the motions of functional groups
in the solid and is often site-specific in nature, pro-
viding some insights as to the origins of the structural
variations.9

Raman spectroscopy is finding increasing application
in the field of pharmaceutical analysis13 due to its well-
known advantages over Fourier transform infrared (FTIR)
spectroscopy for this type of study. The versatility of Raman
spectroscopy allows the identification of polymorphic forms
during crystallization, drying, milling, and granulation
processes even in the presence of excipient, behind glass or in
water.14 – 16 Moreover, Raman spectroscopy reveals changes
in vibrations of the drug molecule during hydrate formation,
and provides an excellent method for probing solid-
state hydrogen-bonding interactions between molecules,
including polymorphs and solvates.8,13 – 23

Niclosamide (5-chloro-N(2-chloro-4-nitrophenyl)-2-hy-
droxybenzamide, hereafter named NC, Fig. 1) is used as an
anthelmintic, mainly for the treatment of worm infestations
in humans and animals, namely, ruminants, ostriches, poul-
try, cats, and dogs.24 A significant antituberculosis activity
for NC was also found in previous studies, with a minimal
inhibitory concentration of 0.5 to 1 µg ml�1.25

Many studies indicate that NC crystallizes into a number
of solvated forms, two monohydrates (usually labeled as HA

and HB) and one anhydrous form.24,26 It is well documented
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Figure 1. Schematic representation of niclosamide.

that NC is sensitive to polymorphic and pseudopolymorphic
transformations that affect its dissolution profiles and,
consequently, its bioavailability.24,26 – 28

Changes in relative humidity (RH) conditions promote
reversible conversion between the anhydrous form (hereafter
named as NCa) and the HA monohydrate (hereafter named as
NCh).24,26 Other possible polymorphs/pseudopolymorphs
described in the literature (such as HB monohydrate) are
not part of this conversion path. The hydrated form is
expected to present hydrogen-bonding networks involving
water molecules, which are absent in the NCa form. These
structural differences have a direct effect on the vibrational
spectra (both in the position and in the relative intensities
of the bands), as confirmed by the spectroscopic data
available.24

In a previous work, the experimental methodology used
to study the reversible hydration $ dehydration processes
by Raman spectroscopy (sample preparation, milling degree,
temperature, humidity, and analysis technique) was found
to yield reproducible kinetic parameters.15 Moreover, the
use of Raman spectroscopy has the advantage of allowing
simultaneous determination of the kinetic parameters of
the process and of the structural changes underlying it.
The ability to monitor the physico-chemical changes of
materials is of utmost importance in product development,
particularly in the pharmaceutical industry. In the present
work, the reversible hydration $ dehydration processes of
NC are monitored by means of FT-Raman spectroscopy,
aimed at the characterization of kinetic parameters as well as
solid-state transformations for this pharmaceutically active
compound.

MATERIALS AND METHODS

NC samples
Anhydrous niclosamide (NCa) was obtained commercially
(Sigma-Aldrich) and used after 1 week exposure to 0% RH
conditions (grain size between 125 and 250 µm). Identical
results are obtained by exposure of the sample to a
temperature of 100 °C.

Niclosamide monohydrate (NCh) was prepared by dis-
solving NCa in distilled water at 60 °C until a supersaturated
solution was obtained. When the solution was allowed to
slowly cool at room temperature, crystals of the monohy-
drate were formed. These were filtered from the mother

liquid, allowed to dry at ambient conditions (temperature
and RH), and gently milled to a fine powder (grain size
between 125 and 250 µm). Identical results are obtained by
exposure of NCa to 100% RH conditions for 2 weeks.

Physical mixtures of known composition (for calibration
purposes) were prepared by gently mixing the samples
in a mortar, without grinding. Each calibration mixture
was prepared three times and three samples of the same
mixture were measured in order to discard problems with
homogeneity.

The crystalline degree of the samples was evaluated by
powder X-ray diffraction (PXRD). The diffraction patterns of
the NCh and NCa samples are in good agreement with the
reported patterns of fully crystalline samples.24,26,27

Sample treatment
Approximately 0.05 g of the NCa and NCh samples were
transferred to small glass reservoirs and exposed to defined
RH conditions (inside weighing bottles). Using the experi-
mental apparatus described in Fig. 2, without direct contact
between the sample and the bulk liquid, the samples were
exposed to different RH conditions which were created by
using saturated salt solutions with deposit. The RH values
considered (and respective salt used) were taken from the
literature29 and are as follows: 6% (NaOH), 9% (KOH), 13%
(LiCl), 20% (KC2H3O2), 30% (CaCl2), 42% [Zn�NO3�2], 48%
(KSCN), 52% (NaHSO4), 58% (NaBr), 61% (NH4NO3), 66%
(NaNO2), 78% (Na2SO3), 79% (NH4Cl), 81% [�NH4�2SO4],
84% (KBr), 86% (KHSO4), 90% (BaCl2 Ð 2H2O), 92% (KNO3),
and 97% (K2SO4). The RH values corresponding to 0 and
100% were achieved by considering silica and pure water,
respectively. The reproducibility of RH conditions was care-
fully monitored by repeated experiments.

The H2O loss/uptake due to exposure to different
RH conditions was also monitored by sample weighting
for a set of separate samples. The 1 mol H2O change
upon full hydration/dehydration of NCa/NCh samples was
confirmed with an error below 1%.

The FT-Raman spectrum was recorded after defined time
periods of exposure, using small amounts of sample. All
experiments were performed at 24 °C ambient temperature
and repeated at least three times. The measurements for the
dehydration study at higher temperatures were taken under
ambient RH conditions.

Figure 2. Schematic representation of the experimental
apparatus.
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FT-Raman spectra
The FT-Raman spectra were recorded on a RFS-100 Bruker
FT-Spectrometer, equipped with a Nd : YAG laser with
excitation wavelength of 1064 nm, with laser power set to
400 mW.

A few milligrams of the sample were placed in a small
aluminum sample cup and slightly packed. Each spectrum
corresponds to the average of two repeated measurements
of 100 scans each and 2 cm�1 resolution.

In some experiments, it has been reported that the
sample temperature can rise significantly due to laser
exposure,30,31 which can subsequently lead to polymorphic
transformations or loss of solvent molecules. The effect of
this phenomenon on the present study was evaluated. A
sample of NCh was exposed continuously to 400 mW laser
power for 3 h, during which several records of 5 min each
were collected. The comparison of the spectra showed that
during the time needed for the record of each spectrum (ca
12 min one measurement of 100 scans) no spectral change
was noticeable. Since all the FT-Raman spectra reported in
this work (using the conditions previously described) were
collected in 20 min or less, none of the observed changes can
be ascribed to laser exposure.

Theoretical calculations
Geometry optimization and wavenumber calculations were
performed using the Gaussian 03W program package
(G03W)32 at the B3LYP level of theory.33,34

All molecular structures (monomer and molecular pairs)
were fully optimized using the standard all-electron 6-
31GŁ basis set,35 using the gradient method. Harmonic
vibrational wavenumbers were calculated, using analytical
second derivatives, for all optimized geometries in order to
confirm the convergence to a minimum. The wavenumbers
above 500 cm�1 were scaled by a factor of 0.9614.36

Selection of the most useful spectral regions
In order to use Raman spectroscopy in the evaluation of
kinetic parameters, it is first necessary to identify the distinct
bands due to the different polymorphic or pseudopolymor-
phic forms intervening in the reaction pathway, and then
choose the most suitable bands for sample characterization.

All the spectral regions presenting differences between
NCa and NCh forms were evaluated for their suitability to
be used in the quantification of the two pseudopolymorphic
forms, by considering physical mixtures of known NCa/NCh
ratio. In this evaluation, two main criteria were observed.
Firstly, the existence of an isosbestic point is required
(generally accepted as an indication that only two species
exist in the pathway of a reaction, and that they interconvert
directly).37 Secondly, the number of bands that are required
for spectral deconvolution (as the spectral regions that can be
described using two single bands in deconvolution process
are less prone to ‘over-parameterization’ errors). The Raman
spectra of NCa and NCh in the 620–646 and 1620–1710 cm�1

spectral regions, which were found to be the most adequate
for the present study, are shown in Fig. 3. The bands observed
in these regions are most likely related to the stretching
mode of the oscillator C O (1650–1679 cm�1) and the out-
of-plane deformation of the oscillator N–H (631–635 cm�1),
as discussed below.

Determination of kinetic parameters
Different kinetic models [f �˛� D kt, where ˛ stands for the
fractional of conversion] have been defined for characterizing
the solid-state reaction mechanisms, such as the present
pseudopolymorphic conversions (Table 1).38 – 41 By plotting
f �˛� vs time-of-reaction, a linear relation is obtained, with the
corresponding slope giving the reaction rate of the process.

The observed intensity of the band associated to compo-
nent A (IA) can be described as IA D υA ð CA where dA is
the Raman activity (intrinsic intensity) of the corresponding

Figure 3. Comparison of the FT-Raman spectra of NCa (solid line) and NCh (dashed line) in the 1620–1710 and 620–646 cm�1

spectral regions.
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Table 1. Solid-state reaction rate equations and mechanisms38–41

Model Equation, f �˛� D kta Rate-controlling mechanism Mechanism classification b

M1 ˛1/4 Power law Nucleation
M2 ˛1/3 Power law Nucleation
M3 ˛1/2 Power law Nucleation
M4 ˛3/2 Power law Nucleation
M5 1 � ˛ One-dimensional phase boundary reaction (zero-order)
M6 1 � �1 � ˛�1/2 Two-dimensional phase boundary reaction (cylindrical symmetry) Geometrical contraction
M7 1 � �1 � ˛�1/3 Three-dimensional phase boundary reaction (spherical symmetry) Geometrical contraction
M8 � ln�1 � ˛� Mampel equation Reaction order
M9 [� ln�1 � ˛�]1/2 Avrami–Erofeev equation n D 1/2 Nucleation
M10 [� ln�1 � ˛�]1/3 Avrami–Erofeev equation n D 1/3 Nucleation
M11 [� ln�1 � ˛�]1/4 Avrami–Erofeev equation n D 1/4 Nucleation
M12 [� ln�1 � ˛�]2/3 Avrami–Erofeev equation n D 2/3 Nucleation
M13 ˛ Zero-order mechanism (Polany-Wigner equation) Reaction Order
M14 ˛2 One-dimensional diffusion Diffusion
M15 �1 � ˛� ln�1 � ˛� C ˛ Two-dimensional diffusion Diffusion
M16 [1 � �1 � ˛�1/3]2 Three-dimensional diffusion (Jander equation) Diffusion
M17 1 � �2˛/3� � �1 � ˛�2/3 Three-dimensional diffusion (Ginstling-Brounshtein equation) Diffusion

a ˛ stands for NCa ! NCh or NCh ! NCa degree of conversion; k is the rate constant of the conversion reaction; t is the time-of-exposure
to water atmosphere.
b Solid-state kinetic reactions can be mechanistically classified as nucleation, geometrical contraction, diffusion, and reaction order
models, according to Table 1 of Ref. 39.

vibrational mode, and CA is the relative concentration of
component A in the sample (within the scope of the present
work, relative concentration of a given polymorphic or pseu-
dopolymorphic form). Thus, the values of the fractional of
conversion can be determined by using the relative intensity
ratio of the Raman bands ascribed to each form, NCa and
NCh. That is, the values of the fractional of hydration (˛h)
and of dehydration (˛d) at a particular time-of-reaction (of
time-of-exposure to RH conditions or of time-of-storage at a
given temperature) can be determined as

˛h �t� D INCh/[INCh C �υNCh/υNCa�INCa] �1�

and

˛d �t� D INCa/[INCa C �υNCa/υNCh�INCh] �2�

respectively (I stands for intensity of the bands ascribed to the
NCh and NCa forms at instant t of reaction, and υ stands for
the intrinsic intensitiy of the vibrational mode considered).
By definition, ˛h C ˛d D 1.

The different kinetic models of Table 1 were considered
in order to identify the mechanism underlying both the NCa
! NCh and the NCh ! NCa conversions.

Spectral band deconvolution and mathematical
treatment
Band areas were determined by fitting to the spectral
regions in study, Lorentzian or Gaussian functions, after
performing a linear baseline correction employing three

points (Supplementary Information). The υNCh/υNCa ratio,
required to obtain the values of the fractional of transfor-
mation, ˛NCa and ˛NCh, from the measured band intensities
(Eqns (1) and (2)), were determined by fitting procedures,
using physical mixtures of both components with defined
well-known composition (NCh molar fractions of 0.00, 0.10,
0.25, 0.50, 0.75, 0.90, and 1.00 were used). Regarding the
hydration/dehydration processes of niclosamide, the rela-
tion between the intrinsic intensities of the hydrated and
anhydrous forms (υNCh/υNCa) was found to be 0.59(2) and
1.14(1) for the 1620–1710 and 620–646 cm�1 regions, respec-
tively.

Different standard statistical criteria may be used to
determine the aggregate deviation of a set of measured
points from the calculated linear relationship. The correla-
tion coefficient (R2) and the standard error of the slope of
the regression line (sb) are the most commonly used. Some
authors38,42 have reported the inadequacies of using r-value
as the sole determinant of the applicability of a particu-
lar kinetic model, particularly for distinguishing between
mechanisms that yield similar linear correlation coefficients
(R2). Davis and Pryor42 pointed out the advantages of using
sb-values instead. In this work, the quality of the linear fit
obtained for each kinetic model tested (Table 1) is determined
by considering both R2- and sb-values.

RESULTS AND DISCUSSION
Figure 4 compares the Raman spectra of NCa and NCh pure
forms (bottom and top, respectively) in the 100–1700 cm�1
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Figure 4. FT-Raman spectra of NCa (bottom) and NCh (top) in the 50–1100, 1200–1700 and 3000–3200 cm�1 spectral regions. The
marked regions show the most pronounced differences between the two forms.

and 3000–3200 cm�1 spectral regions. The two spectra
present differences that are spread out through almost the
entire spectral range.

The regions with most pronounced differences are
marked in Fig. 4 and the tentative assignments of the most
relevant bands in these regions are presented in Table 2.
Some of the differences between NCa and NCh spectra
can be associated with the structural changes promoted by
hydration. For instance, the � C O stretching mode moves
from 1650 cm�1 in NCa to 1679 cm�1 in NCh, indicating
that the carbonyl oxygen atom is more strongly engaged in
hydrogen bonding in the anhydrous form. On the other hand,
the symmetric and the antisymmetric �NO2 stretching modes
move downwards upon hydration from 1348 to 1328 cm�1

and from 1517 to 1504 cm�1, respectively. These observations
suggest that the water molecule is probably located close to
the NO2 group and not bound to the carbonyl group.

The modes combining stretching and bending of both
C–O–H and C–N–H groups (C–X stretch and C–X–H
bend) are also affected by hydration, but the structural
meaning of these changes is not straightforward.

Ab initio calculations using a molecular pair approach22

can be used to predict the shifts associated with pairwise
intermolecular contacts, and assist a full vibrational assign-
ment of different crystal forms. Although such assignment
is out of the scope of the present work, calculations with a
few pairs suggest that the observed shifts may result from
the increase of hydrogen bond contacts of the OH group
(for instance, due to niclosamide Ð Ð ÐH2O association) and the
decrease of hydrogen bond contacts of the C O group.

Hydration process of NCa
Figure 5 shows the sequential change of the spectral region
assigned to the C O stretching mode (1620–1710 cm�1) as

Table 2. Most relevant Raman bands presenting different
wavenumbers in the NCa and NCh forms and their proposed
assignments

NCa NCh Tentative assignment a

339 333 Ring out-of-plane deformation
631 635 N–H out-of-plane deformation
820 824 CCN bend
1218 1226 C–O stretch C C–O–H bend
1283 1289 HN–C open-stretchb

1327 1340 C–O–H bend C C–O stretch
1348 1328 NO2 sym stretch
1517 1504 NO2 asym stretch
1568 1559 HN–C bend stretchb

1650 1680 C O stretch

a Based on IR and Raman wavenumbers (in cm�1) and ab initio
calculations at the B3LYP/6-31GŁ level for the isolated molecule.
b In-phase and out-of-phase combinations of HNC bend with
NC stretch.43

a function of the time-of-exposure to water-saturated atmo-
sphere, at 24 °C. The time-dependent intensities observed in
the 620–646 cm�1 spectral region present a similar behavior.

The first evidences of the pseudopolymorphic transfor-
mation are detectable after 96 h of exposure. On the other
hand, after 240 h of exposure the band ascribed to the NCa
form is just a weak band, which disappears after more than
264 h. Larger times of exposure did not give rise to any
further eye-observable spectral change.

The values of the fractional of hydration ˛h were fitted
to the different kinetic models listed in Table 1, and it was
found that the hydration of NCa is better described by
the Avrami–Erofeev random nucleation approach. Table 3
shows the kinetic results obtained for the NCa hydration
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(a)

(b)

Figure 5. (a) Partial Raman spectra (1620–1710 cm�1 region)
of NCa samples stored at 100% RH (24 °C) for up to 2 weeks;
(b) plot of the measured ˛h ratio as a function of
time-of-exposure to the 100% RH environment. Equivalent
figures were also obtained for the 620–646 cm�1 spectral
region.

process, using the Raman measurements. Although the
obtained R2- and sb-values for M10 and M11 kinetic models
are somewhat similar, the M10 was assumed to yield a better
description of the overall results (two spectroscopic regions).
Within this assumption, the hydration of NCa is a one-step
random nucleation process, described by the Avrami–Erofeev
equation of exponent 1/3, with a rate constant of ca 0.007 h�1.

It should be mentioned that all the spectra recorded
during the NCa-to-NCh conversion can be described by the
weighted sum of the pure NCa and NCh spectra, without
additional features or missing bands. The absence of features
assignable to metastable or intermediate species is consistent
with the single-step mechanism.

Dehydration process of NCh
As found for the hydration process, the Raman spectra
of samples during the dehydration process do not reveal
the presence of intermediate forms, i.e. additional or
missing spectral features relative to those belonging to
NCa and NCh. The presence of intermediate (metastable)
form during the dehydration process has been observed
by Raman spectroscopy in the case of theophylline, for
which a two-step dehydration mechanism was proposed:
only after the loss of a significant amount of water (up to
ca 17%), the ‘hydrate-type’ structure reorganizes into the
‘anhydrous-type’ structure.15 For niclosamide, the structure
reorganization from NCh to NCa seems to be concomitant
with water loss.

As shown in Fig. 6, the first evidences of dehydration
appear after more than 24 h of exposure to RH D 0%, at 24 °C.
On the other hand, after 120 h of exposure, the band ascribed
to the NCh form is just a weak shoulder, which completely
disappears after 144 h of exposure (6 days). Larger times of
exposure did not give rise to any further eye-observable
spectral change.

After fitting the ˛h quantity to the different kinetic
models listed in Table 1, as mentioned before in the
hydration section, it was found that for both spectral
regions (620–646 and 1620–1710 cm�1) the dehydration of
NCh is better described by the Avrami–Erofeev random
nucleation approach. Table 4 shows the best kinetic results
obtained for the NCh dehydration process, using the Raman
measurements. According to these experimental results, we
can assume that the dehydration of NCh is a one-step random
nucleation process, described by the Avrami–Erofeev equation
of exponent 1/2, with a constant rate of ca 0.0157 h�1, which
corresponds to a half-life time of ca 63 h.

The onset of temperature-dependent dehydration of NCh
lies above 35 °C. At 35 °C, no evidences of dehydration
of NCh are found after 1 week of exposure – and this is
an important information for the storage of niclosamide
worldwide. On the other hand, at 45 °C the dehydration of
NCh begins after less than 24 h of exposure but it is not
complete after more than 10 days of exposure (Fig. 7). At
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Table 3. Values of rate constant of hydration (k), standard deviation of the slope (sb), correlation coefficient (R2), and times of
half-hydration (t1/2) and complete hydration (th), obtained for the best linear fits f�˛� for the two spectral regions considered

Spectral
region cm�1 Model f �˛� k h�1 sb R2 t1/2

a h�1 th
b h�1

1620–1710 M10 0.00754t � 0.14412 0.00754 0.00059 0.9649 136 319
M11 0.00625t C 0.00240 0.00625 0.00042 0.9733 145 295

620–646 M10 0.00664t � 0.09544 0.00664 0.00051 0.9597 147 319

a Time for half-hydration [f �˛� is equal to 0.88 and 0.91 for M10 and M11, respectively, using ˛ D 0.5].
b Time for total hydration [f �˛� is equal to 2.26 and 1.84 for M10 and M11, respectively, using ˛ D 0.99999].

(a) (b)

Figure 6. (a) Partial Raman spectra (1620–1710 cm�1) of NCh samples stored at 0% RH (24 °C) for up to 1 week; (b) plot of the
measured ˛h ratio as a function of time-of-exposure to the 0% RH environment. Equivalent figures were also obtained for the
620–646 cm�1 spectral region.
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Table 4. Values of rate constant of dehydration (k), standard deviation of the slope (sb), correlation coefficient (R2), and times of
half-dehydration (t1/2) and complete dehydration (th), obtained for the best linear fits f�˛� obtained for the two spectral regions
considered

Spectral
region cm�1 Model f �˛� k h�1 sb R2 t1/2

a h�1 td
b h�1

1620–1710 M9 0.0175t � 0.2097 0.0175 0.00227 0.9662 59 206
620–646 M9 0.0139t � 0.0996 0.0139 0.00213 0.9537 67 251

a Time for half-dehydration [f �˛� is equal to 0.83 for M9, using ˛ D 0.5].
b Time for total dehydration [f �˛� is equal to 3.39 for M9, using ˛ D 0.99999].

(a) (b)

Figure 7. Plot of fractional of hydration (˛h) as a function of time-of-exposure to temperatures of 45 °C (up) and 60 °C (bottom). Data
derived from the 1620–1710 cm�1 spectral region.

60 °C, the dehydration of NCh is complete after about 8 h
of exposure. As expected, the time required to complete
dehydration increases as temperature decreases, being of
the order of ca 8 h and more than 264 h at 60 and 45 °C,
respectively.

Critical RH for hydration/dehydration process
To the best of our knowledge, the critical RH conditions for
the NCa $ NCh conversion have not been evaluated.

During processing steps like crystallization, lyophiliza-
tion, wet granulation, and aqueous film-coating or spray-
drying, pharmaceutical solids may come in contact with
water. Furthermore, drug substances and drug products are
submitted to different temperatures and relative humidities
during storage (namely, due to climatic conditions), giving
rise to unexpected hydration or dehydration aging phenom-
ena that are known to affect several drug properties, such as
solubility, dissolution rate, stability, and bioavailability.12,44

As described above, the exposure to extreme RH values
(0 and 100%) results in total NCa $ NCh interconversion
in substantially less than 2 weeks. However, at intermediate
RH values, the same processes were found to occur in a
much larger time scale. In fact, for storage periods of up to
1 month it was not possible to identify the thermodynamic
critical RH value.

The results obtained after a 2-week period are illustrated
in Fig. 8. The Raman spectra of NCa samples stored at

different RH values show evidences of the presence of NCh
form only for RH > 90%, and the band assigned to the NCa
form remains up to RH D 97%. For the reverse process (NCh
! NCa), the first evidences of NCh dehydration can only
be observed in the Raman spectrum of the sample stored at
RH � 6%.

CONCLUSIONS

FT-Raman spectroscopy was used to quantify the anhydrate
and hydrate forms of niclosamide crystals, mostly because of
its high sensitivity to the strong intermolecular interactions
present in these systems. The observed spectral changes
suggest that upon hydration the carbonyl group becomes
unbound or weakly bound and the water molecule is
probably located close to the NO2 and OH groups of two
neighboring molecules. Among the several spectral features
sensitive to the degree of hydration/dehydration, the bands
assigned to the C O stretching mode (1650–1679 cm�1) and
the N–H out-of-plane deformation mode (631–635 cm�1)
present optimal conditions for sample characterization.

Both hydration and dehydration process were found to
follow one-step random nucleation mechanisms. The absence of
spectral features not ascribed to pure NCa and NCh during
the hydration/dehydration processes indicates the absence
of intermediate forms and is consistent with the single-step
mechanisms. At RH D 100% and 24 °C, the hydration of
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(a) (b)

Figure 8. Partial Raman spectra (1620–1710 cm�1 region) of NCa samples stored at different RH values for 2 weeks, at 24 °C (left
side) and plot of the measured ˛h ratio as a function of the RH values (error bars included). The ˛h ratio is 0.25, 0.37, and 0.98 for the
samples exposed to RH D 90, 92, and 97% respectively.

NCa is described by the Avrami–Erofeev equation for one-
step random nucleation process with exponent 1/3. The rate
constant of hydration is ca 0.007 h�1, which corresponds to a
half-life time of ca 142 h. On the other hand, the dehydration
of NCh, at RH D 0% and 24 °C, is best described by the
Avrami–Erofeev equation of exponent 1/2, with a rate
constant of ca 0.0157 h�1, which corresponds to a half-life
time of ca 63 h. In addition, the onset of the temperature-
dependent dehydration of NCh was found to be above 35 °C
(and below 45 °C).

The threshold RH values for the NCa $ NCh processes
within 2 weeks were determined. The threshold for hydra-
tion of NCa is ca 90% RH, while for dehydration of NCh is ca
6% RH, showing that for a 2-week period, no NCa $ NCh
interconversion occurs over a wide range of RH values.

Supporting Information
Supporting information may be found in the online version
of this article.
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