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Conformational polymorphism
of the antidiabetic drug chlorpropamide
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In this paper, the main features of Raman spectroscopy, one of the first choice methods in the study of polymorphism
in pharmaceuticals, are presented taking chlorpropamide as a case of study. The antidiabetic drug chlorpropamide (1-[4-
chlorobenzenesulphonyl]-3-propyl urea), which belongs to the sulfonylurea class, is known to exhibit, at least, six polymorphic
phases. These forms are characterized not only by variations in their molecular packing but also in their molecular conformation.
In this study, the polymorphism of chlorpropamide is discussed on the basis of Raman scattering measurements and quantum
mechanical calculations. The main spectroscopic features that fingerprint the crystalline forms are correlated with the
corresponding crystalline structures. Using a theoretical approach on the energy dependence of the conformers, simulated
molecular torsion angles are plotted versus the formation energy, which provides a satisfactory agreement between the torsion
angles at the energy minima and the experimental values observed in the different solid forms of chlorpropamide. Copyright
c© 2011 John Wiley & Sons, Ltd.
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Introduction

Polymorphism is an important branch in the supramolecular
chemistry of the solid state, having special significance in the
context of pigments and pharmaceutical substances.[1] This
phenomenon is defined as the ability of a compound to crystallize
in different crystalline phases with different arrangements and/or
conformations of the molecules in the crystal lattice.[2 – 4] The
importance of polymorphism in pharmaceuticals has been widely
documented. Polymorphs of active pharmaceutical ingredients
(APIs) can differ in their chemical and physical properties, including
melting point, chemical reactivity, apparent solubility, dissolution
rate, optical and mechanical properties, vapor pressure, and
density. The polymorphs of a drug may exhibit different solubil-
ities and dissolution rates, which, particularly if the compound
possesses poor solubility, may result in variable absorption and
bioavailability problems. As a result, polymorphism can affect the
quality, safety, and efficacy of a drug product.[5 – 7]

Vibrational spectroscopy methods are well-established tools
for the characterization of APIs in the solid state. Focusing on
the study of the fundamental vibrational modes, these methods
comprise infrared absorption (far and mid), terahertz pulsed
spectroscopy, and Raman scattering. During the last 20 years,
the use of Raman spectroscopy in the study of pharmaceutical
compounds has been growing exponentially. A detailed analysis
of the literature in this field reveals that the increased interest in
Raman scattering in this field started in the early 1990s, coinciding
with the launch of the first Fourier transform (FT) Raman
spectrometer. On the other hand, dispersive spectrometers also
benefited with the advent of modern instrumentation, which has
drastically reduced the cost of the equipment allowing the use
of this technique for routine analytical applications. Nowadays,
Raman spectroscopy is one of the first choice methods in the

study of polymorphism in pharmaceuticals. Several reviews have
discussed the advantages and disadvantages of the different
vibrational methods.[8 – 13] However, in this study the main features
of Raman spectroscopy will be presented, taking chlorpropamide,
a well-established polymorphic compound, as a case of study.

Therapy with sulfonylurea drugs was instituted in type II diabetic
patients at the beginning of the 1950s. Chlorpropamide (Dia-
binese), 4-chloro-N-(propylamino-carbonyl)benzenesulfonamide
(C10H13ClN2O3S, Fig. 1), is a sulfonylurea derivative presenting
prolonged pharmacological action.[14] Chlorpropamide belongs to
Class II of the biopharmaceutical classification exhibiting poor solu-
bility, which causes problems during absorption. The polymorphic
character of chlorpropamide was first reported by Simmons,[15] but
Burger[16,17] performed a careful screening of the crystalline forms,
identifying five polymorphs. These forms exhibit very complex
thermodynamic relationships involving temperature, pressure,
and kinetics-induced phase transformations. Calorimetric studies
have shown that the phase stability is highly dependent of the
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Figure 1. Scheme of the chlorpropamide molecule with ϕ1, ϕ2, ϕ3, and ϕ4
indicating selected torsion angles.

thermal history of the sample,[16,18] giving rise to metastable forms
that transform into the most stable form through temperature-
or time-dependent processes. Furthermore, chlorpropamide has
been considered a model compound that exhibits a polymorphic
transition under compression during tableting,[5,19,20] although
the detailed mechanism of this pressure-induced process has not
been not fully elucidated.[19,21 – 26]

Despite the fact that chlorpropamide polymorphism is well
known, there is no standardized nomenclature to refer to
these forms. Vemavarapu et al.[27] reviewed the literature in this
field and correlated the most commonly used nomenclatures,
increasing the number of reported polymorphs to seven. In this
study, we will follow the notation established by Burger in his
former publication. According to the Burger’s nomenclature,
the polymorphs are labeled I, II, III, IV, and V, with form
III being the commercial one. At this point, it is worthwhile
to cite that forms I, II, and III are usually referred to as
C, B, and A, respectively, due to the wide diffusion of the
nomenclature defined by Simmons et al.[15] Recently, Debrushchak
et al. proposed a new notation based on the order in which the
crystal structures were elucidated. The proposed nomenclature
uses Greek characters as follows: α (III), β (II), γ (IV), δ (VI),
and ε (I).[28 – 32] A transition from the polymorph ε (I) to a new
form ε′ (I′) at low temperatures was observed by Debrushchak
et al.[29] using X-ray diffraction and infrared spectroscopy, and
by Pérez et al. using nuclear quadrupolar resonance (NQR)
spectroscopy.[33]

The solid forms of chlorpropamide were traditionally char-
acterized by X-ray powder diffraction,[5,15,18,19,23,24,25,27,34 – 36]

differential scanning calorimetry,[15,16,18,23,35,37] vibrational
spectroscopy,[8,15,37 – 39] and NQR.[33] From the point of view of
the use of vibrational spectroscopy, Al-Saieq and Riley[34] reported
the infrared absorption spectra of the five solid forms. On the
other hand, Tudor et al.[39] used FT-Raman spectroscopy to quan-
tify mixtures of forms III and II. Wildfong et al. monitored the
pressure-induced transformation from form III to form I through
in situ Raman spectroscopy.[23] Recently, Chesalov et al. presented
the FT-Raman and FT-IR spectra of five polymorphs, comparing
them with ab initio calculations.[36]

In this paper, the conformational polymorphism of chlor-
propamide is discussed on the basis of the available structural
data, Raman spectroscopy, and quantum mechanical calculations.
The experimental data are correlated with a conformational scan
of the energy landscape performed through quantum mechani-
cal calculations. These results allowed us to identify the energetic
relationships between the polymorphs. Thus, the geometrical, con-
formational, and spectroscopic features are compared among the
described polymorphic forms in order to point out some important
differences between them, which could give in-depth information
of the structure–property relationships of chlorpropamide solid-
state forms.

Experimental

Chlorpropamide (form III, Unifarma, Argentina) and the hexanol
solvent (analytical grade) were used as raw materials. Preparation
methods for chlorpropamide polymorphs were based on the
procedure previously reported[15,16,28,36] and summarized here:

1. Form I: the raw material was heated at 110 ◦C during 1 h and
cooled down to room temperature.

2. Form II: the raw material was melted at 110 ◦C and then
the cooling was controlled to 0.1 ◦C/min down to room
temperature.

3. Form III: commercial raw material.
4. Form IV: the raw material was dissolved until a saturated

solution in hexanol was obtained at 60 ◦C. The solution was
filtered and cooled to −10 ◦C. The crystals were dried under
vacuum.

The samples were characterized by powder X-ray diffraction
and differential scanning calorimetry in order to identify the
corresponding crystalline form. FT-Raman spectra were recorded
from the original samples on a Bruker IFS55 FT-IR/FT-Raman
spectrometer equipped with an Nd : YAG laser (1064 nm excitation
line) and a liquid-nitrogen-cooled Ge detector. FT-Raman spectra
were acquired by accumulating 1024 scans at a spectral resolution
of 4 cm−1. Dispersive Raman spectra were measured using a
Jobin Yvon T6400 subtractive triple spectrometer equipped with a
liquid-nitrogen-cooled charge coupled device (CCD) detector and
exiting the sample with the 514.5 nm line of an Ar laser.

To relate the conformational features of the polymorphs with
their crystal packing patterns, Hirshfeld surfaces were calculated
for the forms I, II, III, IV, and VI of chlorpropamide using the program
Crystal Explorer.[40] The two-dimensional fingerprint plots allow
the easy identification of characteristic interactions throughout
the structures. Briefly, such fingerprint plots are graphics of
de (external distance, defined as the separation between the
Hirshfeld surface and the nearest atom of an adjacent molecule
within the crystal) versus di (internal distance, defined as the
shortest separation from the Hirshfeld surface to an atom nucleus
within the same molecule). The parameter di gives an idea of the
atomic and ionic sizes, whereas de states on short intermolecular
contacts, and, therefore, they are the key to interpreting the
relationships between the intramolecular and intermolecular
details by establishing the interplay of the crystal packing with
the molecular conformation. Fingerprints are plotted in the range
of d-values between 0.4 and 2.6 Å with a color gradient from
blue to red according to the fractional contribution of the each
pair in respect of the overall Hirshfeld surface, where the blue
color represents lowered proportions, green is an intermediary
contribution, and red implies in an upper limit fraction of 0.1% or
greater to the total surface area.

The conformational landscape of chlorpropamide was ex-
plored through a systematic variation of four dihedral angles
(Fig. 1). The electronic structure and optimized geometry were
computed within the density functional theory using Gaussian
03,[41] employing a hybrid of Becke’s nonlocal three-parameter ex-
change functional and the Lee–Yang–Parr correlation functional
(B3LYP).[42 – 44] Rotational energy profiles around the torsion an-
gles were determined by using the 3-21G∗ basis set. The energy
was calculated at 10◦ intervals of the dihedral angle between
−180◦ and 180◦. Rotational energy profiles were calculated by
freezing one torsion and relaxing the remaining parameters (bond
angles, bond lengths, and dihedral angles), which were optimized
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Figure 2. FT-Raman scattering spectra of the polymorphs of chlorpropamide.

in the previous step of the relaxed scan. Raman scattering cross
sections were calculated after geometrical optimization using the
same functional but the 6–31++G(d,p) basis set. The molecular
conformations extracted from the determined crystal structures
were used as the starting point. Raman spectra were simulated
by convolving the scattering cross section with a Lorentzian pro-
file and considering the thermal distribution of the vibrational
modes.[45,46] Potential energy distributions (PEDs) along internal
coordinates were calculated by the software Gar2ped.[47] The in-
ternal coordinate system recommended by Pulay et al.[48] was
used for the assignment of vibrational modes.

Results and Discussion

The sensitivity of the Raman scattering spectroscopy to detect
structural changes makes it one of the first choice methods in the
study of the solid forms of drugs, that is, polymorphs, solvates,
hydrates, salts, co-crystals, etc. The most frequent application in
pharmaceutical solids is based on the use of this technique in the
production of fingerprints of the crystal forms of interest.[49 – 54]

Thus, we will start our discussion by presenting the spectral
fingerprints of the polymorphs of chlorpropamide. The FT-Raman
spectra of the crystalline forms of chlorpropamide investigated in
this study are presented in Fig. 2. In general, our results are in good
agreement with the previously reported Raman spectra.[36,39]

The higher wavenumber fundamental vibrations of chlor-
propamide are the ν(NH) stretching modes. These bands are
observed at 3339 cm−1 in forms I, III, and IV, but are shifted
toward higher wavenumbers in forms II (3367 cm−1) and VI
(3346 cm−1).[36] These modes usually provide information about
the crystal packing. The red shift of the ν(NH) stretching modes
can be related to the intermolecular hydrogen bond interac-
tions that stabilize the solid forms. This assumption is supported
by the reported crystal structures, where NH is bonded to the
sulfonyl and/or carbonyl moieties.[23,28,31,32] Particularly, some ac-
ceptor–donor distances of the N–H bonds are slightly larger in
forms II and VI featuring weaker hydrogen bond interactions, in
good agreement with the smaller red shift observed in these

polymorphs. A similar behavior has been observed in the infrared
spectra reported by Al-Saieq and Riley[34] and Chesalov et al.[36];
the ν(NH) modes clearly fingerprint the forms II and VI, whereas
the remaining forms exhibit similar absorption bands.

Below 3200 cm−1, the vibrational spectra exhibit two groups
corresponding to the ν(CH) stretching modes. The first group,
around 3070 cm−1, originates from the ν(CH) of the benzene
ring, whereas between 2800 and 3000 cm−1 the symmetric and
antisymmetric ν(CH) stretching modes belonging to the methyl
and methylene groups are superimposed. Our results are in good
agreement with the Raman spectra of forms II and III reported by
Tudor et al.[37,39] These authors were able to discriminate forms
II and III using the ν(CH) stretching modes belonging to the
aliphatic moieties. This effect may be explained by considering
that forms II and III mainly differ in the orientation of the alkyl tail,
which is responsible for the vibrational modes around 2900 cm−1.
Furthermore, two weak hydrogen bonds connecting one of the
methylene and the methyl groups with the sulfonyl moiety,
characteristic of form III, may also induce the observed changes
in the vibrational spectra. Nevertheless, Fig. 2 shows that, by
considering the four polymorphs, the differences are not strong
enough to allow the univocal assignment of the crystal forms.

Between 1800 and 700 cm−1, the main vibrational modes of
the substituted benzene ring can be identified by comparing the
Raman spectra of chlorpropamide and 1,4-dichlorobenzene. Thus,
the bands at 1587 cm−1 correspond to the ν(C C) stretching
modes (8a and 8b in the Wilson’s notation[55]), and that observed
at 755 cm−1 is the in-phase ring bending (6a). Notice that these
bands exhibit no dependence on the crystal form. Tudor et al.
also distinguish between forms II and III using the doublet located
around 1100 cm−1, which may be associated with the breathing
(1) and the trigonal (12) deformations of the ring. The same
authors also pointed out that the δ(CH) deformation bands of the
methyl and methylene groups (∼1460 cm−1) fingerprint forms
II and III. However, in the attempt to generalize this method
to the identification of the four polymorphs, one may observe
that the classification is again not univocal. One may reach
similar conclusions by inspecting the doublet around 1170 cm−1,
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Figure 3. Dispersive Raman scattering spectra of the polymorphs of chlorpropamide. The corresponding FT-Raman spectra (dotted lines) below 200 cm−1

are included for comparison.

arising from CH and NH deformations. Carbonyl bands usually
reflect the changes in the intermolecular interactions and could
be employed for identifying different polymorphs. Instead, in
chlorpropamide the ν(C O) is observed at ∼1668 cm−1 in forms
I to III, at 1658 cm−1 in forms IV, and at 1671 cm−1 in form VI.
In the same spectral region, the sulfonamide group gives rise to
bands related to the antisymmetric (triplet between 1280 and
1340 cm−1) and symmetric SO2 (doublet at 1160 cm−1) stretching
modes. Neither the bands associated with the sulfamide group
nor the deformations of the alkyl (1400–1500 cm−1) fragments
provide distinctive signatures in the Raman spectra identifying
unambiguously the crystal forms.

Summarizing, Raman spectra of chlorpropamide above
700 cm−1 exhibit only small dependence on the crystal struc-
ture. The effects of polymorphism on the vibrational spectra are
mostly related to band shifts very close to the instrumental res-
olution and variations of the relative intensities and line widths.
The low sensitivity of Raman spectroscopy in this spectral region
suggests that the structural modifications associated with the
polymorphs of chlorpropamide could be related to changes in the
molecular backbone more than to specific molecular subgroups.
This hypothesis is supported by the reported crystal structures.
Torsional modes involving the molecular skeleton are expected in
the low wavenumber region, which is hardly accessible using con-
ventional infrared absorption spectroscopy. One should also focus
attention on intermolecular modes, i.e. collective translational or
rotational motions of the molecules in the unit cell. These modes
produce dynamic deformations of the crystal lattice called lattice
vibrations or lattice phonons, whose frequencies, involving Raman
shifts in the range (10–150 cm−1), probe the intermolecular in-
teractions and are hence very sensitive to the molecular packing.
Even though Raman spectroscopy may extend the spectral range
usually observed by IR, the devices used to reject the excitation
line, like Notch filters, impose a low-energy cutoff of approximately
80 cm−1, limiting the spectral range of FT and simple dispersive
spectrometers. On the other hand, a triple spectrometer working
in the subtractive mode provides an excellent rejection of the exci-
tation line, allowing the reduction of the lower spectral limit down

to few wavenumbers.[8] The extended spectral range allows the
observation of the lattice and skeleton vibrational modes. The re-
lationship between each lattice phonon pattern (lattice dynamics)
and its corresponding X-ray diffraction pattern (lattice structure)
makes Raman spectroscopy a powerful tool in the identification
of the polymorphic forms of pharmaceutical compounds.

Fig. 3 shows the low wavenumber region of the dispersive
Raman spectra of the polymorphs of chlorpropamide investigated
in this work. Below 700 cm−1, several features fingerprinting the
solid forms are identified in these spectra. Between 200 and
700 cm−1, the most significant bands are those around 630 and
260 cm−1. The main band of the first region, which may receive
contributions from the in-plane deformation of the aromatic
ring and the SO2 group, splits in forms III and IV, and exhibits
some side bands in form I. The second region, determined by
deformations of the molecular skeleton and the libration of the
methyl group, is especially interesting for the visual identification
of the polymorphs. Thus, between 300 and 200 cm−1, changes
are observed not only in the number of bands (three, two,
four, and four bands are observed in polymorphs I, II, III and
IV, respectively) but also in their relative wavenumbers. Finally, the
region below 200 cm−1 needs to be considered separately, since
in it lie most of the torsion vibrations as well as the lattice modes.
In this figure, the corresponding FT-Raman spectra were included,
for comparison, as dotted lines. Notice that the experimental
limitations of the interferometric method completely disguise the
low wavenumber modes. Conversely, dispersive Raman spectra
of the investigated solid forms are clearly different, providing
signatures for their discrimination. This spectral range supplies a
very sensitive tool to distinguish among the crystal forms since,
regardless of the conformational changes in the molecule, the
definition of polymorphism suggests that the crystal lattice, as
well as the vibrational modes associated with it, should change
from one polymorph to another. Unfortunately, it is not possible
to perform an assignment of the low energy bands by direct
comparison with other molecules. However, the improvement of
the quantum mechanical calculation methods combined with the

wileyonlinelibrary.com/journal/jrs Copyright c© 2011 John Wiley & Sons, Ltd. J. Raman Spectrosc. 2012, 43, 263–272
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Figure 4. Molecular conformation and intermolecular hydrogen bonds of
the polymorphs III and IV of chlorpropamide.

development of faster hardware has made the simulation suitable
for the vibrational spectrum of complex molecules.[46,51,56 – 58]

In order to understand the origin of the conformational
polymorphism of chlorpropamide, at this point, it is worthwhile to
review the main structural features of the crystal forms. The crystal
structure of the most stable polymorph (form III) was reported for
the first time in 1980.[28] It crystallizes in an orthorhombic non-
centrosymmetric space group P212121 with four molecules per
unit cell. Recently, the polymorphism of chlorpropamide received
renewed attention and several crystal structures have been
determined. Drebushchak et al. have published the molecular
structure of two conformational polymorphs, belonging to the
centrosymmetric orthorhombic space group Pbcn (form II) and
the non-centrosymmetric monoclinic one P21 (form IV).[31,32] The
structure of form I was determined from single-crystal[18] and
powder diffraction data.[23] The existence of a new polymorph
of chlorpropamide was proposed by Drebushchak et al. based
on thermal analysis, vibrational spectroscopy, and X-ray powder
diffraction.[18,36] These experimental data clearly fingerprint a new
crystal structure, which has been classified as δ,[18,36] but, based
on the original Burger’s notation,[16] it could be labeled as form
VI. Form VI was proposed to be centrosymmetric orthorhombic
belonging to the Pbcn space group and exhibiting an uneven
molecular conformation.[18]

Two representative conformers of chlorpropamide are pre-
sented in Fig. 4. The analysis of the intermolecular interaction
pattern that keep stable the three-dimensional network of the five
structurally characterized polymorphs of chlorpropamide shows
that they present approximately the same crystal packing (Fig. 4).
As a rule, the carbonyl group forms a bifurcated intermolecular
hydrogen bond with the two amine hydrogen atoms, whereas
the SO2 oxygen atom, cis to the carbonyl moiety, accepts the
hydrogen from the nitrogen which is covalently bonded to the
methylene carbon of the n-propyl side chain. Such intermolecular
interactions align the sulfonylurea moieties in a plane of alter-
nating chlorpropamide molecules, leading to the formation of
one-dimensional chains along one of the crystallographic axes.
The alternate stacking of the chlorpropamide molecules favors
the formation of the NH· · ·O C hydrogen bonds (Fig. 4). In ad-
dition to the classical intermolecular contacts reported for all
polymorphs, there are other weak intermolecular interactions of
the C–H· · ·O S type, which seem to play a decisive role in the
conformational features of the conformers.

The main difference between the reported crystalline forms lies
in the conformation of the asymmetric unit formed by a single
chlorpropamide molecule. Two kind of conformational modifica-
tions can be identified. Taking as a reference the sulfonylurea
moiety, the reported polymorphs may be differentiated on the
basis of the relative orientation of the aromatic ring and the alkyl
tail. Related to the n-propyl fragment, forms II and IV present the
methyl and intermediate methylene groups in the cis position to
the benzene ring, whereas in forms III and VI the ethyl group is
in the trans position to the phenyl head. Therefore, the unique,
notable structural dissimilarity between the conformers III and VI
is in the axially oriented ethyl moiety of the form VI. Concerning
the spatial orientation of the cyclic head, the forms III, IV, and VI ex-
hibit approximately the same relative conformation of the phenyl
ring. Nevertheless, in forms I and II the phenyl dihedral angles
are considerably different from that of the other polymorphs. In
addition, these forms are marked by a significant twist on the S–C
bond, which alters the values of torsion angles involving the cyclic
system and the neighboring sulfonyl group.

Important observations concerning chlorpropamide poly-
morphs were possible by analyzing the fingerprint plots derived
from Hirshfeld surfaces, which were generated by assembling the
(di, de) pairs defined on each individual spot of the calculated
surface into the two-dimensional grids.[40] The obtained graph-
ics are very useful for viewing the chemical environment at a
specific point of any molecule within the crystal. In Fig. 5, the
two-dimensional fingerprint plots of chlorpropamide forms I, II, III,
IV, and VI represent the intermolecular contact schemes for these
polymorphs. The Hirshfeld surface of the most stable polymorph,
i.e. form III, was also included in order to emphasize the most
relevant features of the fingerprint plots. All plots are featured
by the presence of sharp spikes (υ) that can be related with the
strong NH· · ·O C and NH· · ·O S hydrogen bonds responsible
by the alignment of the sulfonylurea cores onto a plane where
the chlorpropamide molecules are alternated. As previously dis-
cussed, these contacts lead to the formation of one-dimensional
chains which are reported for all the polymorphs used in the
Hirshfeld surface construction. A remarkable difference among
the fingerprint plots for the chlorpropamide polymorphs can be
pointed out by examining the regions containing the short H· · ·N
(	 ), H· · ·Cl (ω), and H· · ·H (ξ ). The first two sets of short distances
are mainly related to the packing of the previously described
chains. The H· · ·N and H· · ·Cl distances characterize the packing
in the directions perpendicular and parallel to the plane defined
by the sulfonylurea groups of the chain. On the other hand, the
shorter H· · ·H are ascribed to the neighbor of the alkyl tail, being
directly related to the molecular conformation. In the case the
chlorpropamide form VI, the short H· · ·H contact region is strongly
split, which cannot be seen in the fingerprint graphics for the all

other forms. Such splitting is at di ≈ de ≈ 1.21 Ǻ and it is due to
the presence of a closed H· · ·H contact involving three atoms in
opposition to one where just two atoms are directly connected.
Specifically, this contact involves a hydrogen atom of the phenyl
ring, another one of the methylene group of the aliphatic branch,
and one of the hydrogen atoms of the methyl group within the
propyl side chain. In this way, the fingerprint plots derived from
the Hirshfeld surfaces for the chlorpropamide polymorphs empha-
size the differences between the corresponding crystal packing of
these forms. Mainly, the splitting at the area of the short H· · ·H
contacts, which is a consequence of H· · ·H intermolecular contacts
between the aromatic head and the propyl branch, has revealed
that the axial orientation of the ethyl moiety in relation to the

J. Raman Spectrosc. 2012, 43, 263–272 Copyright c© 2011 John Wiley & Sons, Ltd. wileyonlinelibrary.com/journal/jrs
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Figure 5. Two-dimensional fingerprint plots for the chlorpropamide polymorphs. Color gradation: the low frequency of occurrence of a (di , de) pair is
represented by blue, and green corresponds to an intermediary contribution to the total Hirshfeld surface area. Red color would imply in a high frequency
of the surface points with the same (di , de) association.

sulfonylurea plane and its trans configuration to the substituted
phenyl group are driving certain hydrogen atoms of the aliphatic
and aromatic portions to get close within the crystal structure.

Hirshfeld surfaces and the corresponding fingerprints can be
correlated with the vibrational spectra since both are mainly
determined by the chemical environment of the molecule.
These results emphasize the relevance of the alkyl tail in the

conformational polymorphism of chlorpropamide, as reflected by
the vibrational modes related to this moiety. However, the key
parameters that describe doubtlessly the different conformers are
the torsion angles of the molecular backbone. The six most relevant
torsion angles of chlorpropamide polymorphs are compared in
Table 1. Considering the experimental evidences, the torsion
angles S–N–C–N and N–C–N–C are not interesting for our

wileyonlinelibrary.com/journal/jrs Copyright c© 2011 John Wiley & Sons, Ltd. J. Raman Spectrosc. 2012, 43, 263–272
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Table 1. Backbone torsion angles of the chlorpropamide polymorphs

Form
CCSN
(ϕ1)

CSNC
(ϕ2) SNCN NCNC

CNCC
(ϕ3)

NCCC
(ϕ4)

I (ε) 130.48 −47.60 145.48 174.72 93.61 −179.35

II (β) 105.16 −62.97 168.79 178.59 94.55 179.72

III (α) 82.24 −76.20 170.22 175.30 −104.16 −176.05

IV (γ ) 86.35 −72.10 173.22 −179.34 87.54 −177.17

VI (δ) 79.06 −76.55 168.07 179.42 −121.05 57.78

I′ (ε′) 83.48 −74.92 168.84 178.99 −100.42 −174.73

discussion, since they transform the urea group from a cis to
a trans configuration, which was not observed experimentally.
The notation to be used is indicated in Fig. 1. On one side
of the chlorpropamide molecule, the orientation of the phenyl
ring is described by ϕ1, whereas ϕ2 relates the conformation of
the sulfonylurea group. On the other side, either up or down
orientation and the conformation of the alkyl tail are stated by ϕ3

and ϕ4, respectively.
Quantum mechanical calculations of the energy surface

of the free molecule were also employed to explore the
relationship between the formation energy spent on theoretical
chlorpropamide torsion angles and the observed conformational
details. The angular dependence of the relative formation energies
is plotted in the Fig. 6, where the experimental values for the
different polymorphs are indicated by arrows. In the most stable
forms (III and IV), ϕ1 lies around the energy minimum, whereas in
forms I and II, this torsion is at unstable places. The two minima
observed in Fig. 6(a) correspond to the 180◦ rotation of the phenyl
ring, which produces equivalent conformations. It is important to
note that the form I is at an inflexion point, which provably has
been transformed in a metastable minimum by the intermolecular
interactions. Furthermore, various experimental evidences show
that forms I and II easily transform to form III. This process could be
associated with the off-equilibrium conformation of these forms.
There is little dependence of the experimental conformations on
the ϕ2 torsion. The ϕ2 angular dependence of the energy (Fig. 6(b))
exhibits two stable points at ±90◦, which are associated with the
up and down configurations of the aromatic ring perpendicular
to the sulfonylurea group. Nevertheless, this last orthogonal
conformation has not yet been observed experimentally. The
orientation of the alkyl ring is depicted by ϕ3 (Fig. 6(c)). Two flat
minima separated by a smaller potential barrier (placed at 180◦)
characterize the energy dependence on ϕ3. This result is in an
excellent agreement with the experimental observations, since
they clearly describe either up or down orientations of the alkyl
tail. Furthermore, the trend of the forms I, II, and IV to convert into
form III is supported by the low potential barrier relating them,
which could be also be stated of the polymorph VI. Finally, three
minima with similar energies are available for ϕ4 (Fig. 6(d)). Since
all the early reported crystal forms exhibit an equatorially oriented
ethyl tail, the forms I, II, III, and IV present practically the same
conformation with the N–C–C–C twist measurement near ±180◦.
So, the observed ϕ4 torsion angles of these four polymorphs are at
one of the energy minima. Thus, those structures suggested
that the key torsion in the conformational polymorphism of
chlorpropamide is ϕ3, which determines the relative orientation
of the phenyl ring and the alkyl tail. The remaining dihedral
angles were around well-defined specific minima providing minor
corrections to the molecular conformation. Interestingly, the

Figure 6. Energy scanning of the (a) ϕ1, (b) ϕ2, (c) ϕ3 and (d) ϕ4 torsion
angles of the chlorpropamide molecule. Arrows indicate the experimentally
determined values from the crystalline structure of the chlorpropamide
polymorphs.

polymorph VI evidenced the relevance of the ϕ4 angle, which is
at another energetic minimum close to 57◦, corresponding to the
axial position of the trans-oriented ethyl moiety. In conclusion, the
quantum mechanical exploration of the conformational energy
landscape of chlorpropamide has precisely described all the
observed molecular conformations, and a further chlorpropamide
polymorph at least remains without structure characterization,
since the crystal form with the experimental ϕ4 value at the third
energetic ground (approximately −57◦) can be predicted as a cis
and axially configured ethyl tail polymorph.

The analysis of the crystal structures evidenced that the skeleton
torsions play a key role in the conformational polymorphism
of chlorpropamide. Furthermore, vibrational modes associated
with these dihedral angles are expected at low wavenumbers.
The strong dependence of the Raman spectra below 200 cm−1

supports this hypothesis, but quantum mechanical calculations
could shed some light on this problem. Chesalov et al. have
calculated the vibrational modes of three conformers above
200 cm−1.[36] In Fig. 7, the experimental and calculated Raman
spectra below 200 cm−1 of the forms III and IV are presented.
These conformers were selected because they are representative
of the most relevant features of the conformational polymorphism
of chlorpropamide. In addition, Table 2 lists the experimental and
calculated low energy modes together with the corresponding
PEDs. Especially in the case of form IV, there is a good agreement
between the calculation and the experimental result. This is

J. Raman Spectrosc. 2012, 43, 263–272 Copyright c© 2011 John Wiley & Sons, Ltd. wileyonlinelibrary.com/journal/jrs



2
7

0

A. P. Ayala et al.

Figure 7. Experimental and calculated Raman spectra of the polymorphs
(a) III and (b) IV of chlorpropamide.

because the optimized geometry of the conformer IV is closer to the
experimental one than that of form III. A one-to-one assignment
was performed, showing that the two low energy modes seem
to be related to lattice vibrations. The PED distribution confirms
that the remaining modes originate from torsions of the molecular
skeleton.

Since Raman scattering measurement can be easily performed
under extreme conditions (temperature, pressure, moisture, etc.),
this experimental method is particularly suitable to investigate
structural transformations in APIs, such as polymorphic transitions
and solvatation/desolvatation processes.[59 – 62] In the case of
chlorpropamide, we have investigated the solid–solid phase
transformation exhibited by form I. At low temperature, this
polymorph transforms into a new phase, labeled as ε′ by
Drebushchak et al. (I′ in our notation), but the critical temperature
differs depending on the experimental method used to probe
the transition. IR and X-ray powder diffraction measurements
evidenced the appearance of the new phase between −150 and
−10 ◦C depending on the thermal history of the sample.[29] Both
methods clearly show the coexistence of forms I and I′ down
to −190 ◦C. The same transformation was observed by NQR at
−85 ◦C as a very sharp transition without evidences of phase
coexistence.[33] It is interesting to notice that the forms I′(ε′) and III
have approximately the same molecular conformation (Table 1),
differing only in the molecular packing.

Fig. 8(a) and (b) shows the temperature dependence of the FT-
Raman spectra of form I of chlorpropamide. As a rule, the recorded
spectra change continuously as the temperature is brought down.
However, a detailed analysis of the data allowed us to identify
anomalous behaviors around 260 and 2900 cm−1. The phase
transformation is evidenced by the splitting of the bands at 255
and 2870 cm−1, which mainly originate from the C–X out of plane
deformation of the p-benzene moiety and CH stretchings of the
alkyl tail, respectively. Since the phase transition is driven by the
reorientation of the phenyl ring and the alkyl tail, the spectroscopic

Table 2. Selected scaled DFT and experimental Raman fundamental
vibrational modesa (in cm−1) of forms III and IV of chlorpropamide

DFT Experimental PEDb (%)

Form III

25 Lattice

31 Lattice

35 35 τ [ϕ2](62) + τ [SNCN](62)

52 40 τ [SNCN](39) + τ [ϕ3](53)

59 56 τ [ϕ1](59) + τ [SNCN](31)

67 66 τ [ϕ2](11) + τ [NCNC](62)

82 75 Ph[11b](12) + τ [ϕ1](15) + τ [SNCN](45)
+ τ [ϕ4](15)

91 86 τ [SNCN](26) + τ [NCNC](14) + τ [ϕ3](28)
+ τ [ϕ4](20)

108 115 τ [ϕ2](61) + τ [NCNC](21)

140 137 τ [ϕ2](22) + δ[SNC](24) + o[NH](16)
+ τ [NCNC](19)

Form IV

24 Lattice

29 Lattice

29 35 τ [SNCN](29) + τ [ϕ3](57)

39 40 τ [ϕ1](27) + τ [ϕ2](36) + τ [NCNC](10)
+ τ [ϕ3](13)

58 51 τ [ϕ1](69) + τ [NCNC](13)

64 58 Ph[11b](14) + τ [NCNC](64)

75 75 τ [ϕ4](28) + τ [SNCN](71)

92 86 τ [ϕ4](35) + τ [SNCN](27)

106 99 Ph[11b](12) + τ [NCNC](17) + τ [ϕ2](37)
+ τ [ϕ4](11)

137 141 τ [ϕ2](33) + δ[CSN](36) + o[NH](12)

a Types of vibration: ν, stretching; δ, deformation; τ , torsion; o, out of
plane bending.
b Proposed assignment based on the PED for vibrational normal modes.
Torsions are labeled according to Fig. 1. The six-membered aromatic
ring (Ph) modes are labeled following the Wilson’s notation.[55]

observations are in good agreement with the previously reported
structural and spectroscopic data.[29]

In order to obtain further information from the measured
spectra, some data treatment analysis must be applied. The
traditional procedure is based on uni- or bivariate approaches,
such as the one used in Ref. [29]. However, several nonlinear
processes could be involved in solid-state transformations, which
make specific peaks used for identification not well defined. This
problem could be overcome using multivariate methods such
as principal component analysis (PCA) and partial least-squares
regression combined with methods of spectral preprocessing.
Since in our case there is no need for a quantitative analysis, PCA
is suitable to monitor the temperature evolution of our sample.
PCA is a multivariate projection method that is used to extract
and display systematic variation in a dataset. The results of the
PCA calculations performed in the recorded spectra are presented
in Fig. 8(c). Just one principal component (PC1) was necessary to
describe the temperature evolution by considering the calculation
in the 2800–3050 cm−1 spectral region. PC1 exhibits an anomaly
around −50 ◦C, which can be associated to the beginning of the
phase transition. This data treatment minimizes the artifacts due
to spectra with highly overlapped bands and/or subtle spectral
differences. However, this methodology fails to determine the
extension of the phase coexistence region because a Raman
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Figure 8. (a) and (b) Low-temperature Raman spectra of the form I of chlorpropamide. (c) Temperature dependence of the first principal component of
the PCA treatment of the Raman spectra.

spectrum of the pure form of I′(ε′) is not available. Thus, the
temperature evolution of PC1 above and below the anomaly could
also be addressed to the thermal dependence of the Raman bands.
In order to confirm the observations of Drebushchak et al.,[29] the
room-temperature Raman spectra of forms I and III are included in
Fig. 8(a). Remembering that the molecular conformation of form
I′(ε′) is very close to that of form III, one may expect that bands
associated with the orientation of the phenyl ring are at similar
positions. As a consequence, it can be observed that the splitting
of the 255 cm−1 band is due to the overlap of the corresponding
bands of forms I′(ε′) and I, confirming the phase coexistence of
these phases down to −130 ◦C.

Conclusions

The vibrational spectra of four polymorphs of chlorpropamide
were investigated using Raman spectroscopy. In general, the
FT-Raman spectra of polymorphs I, III, and IV exhibit only
small differences, which do not allow a univocal identification
by direct inspection. That is not the case of forms II and VI,
which present significant wavenumber shifts characterizing these
crystal forms. However, dispersive Raman spectra in the low
wavenumber region show that lattice and skeleton deformation
modes are very sensitive to the crystal form. The existence of a
low-temperature phase transition in form I was also verified by
Raman spectroscopy. It was also confirmed that forms I and I′
coexist over a wide temperature range. Theoretical calculations
indicate that the optimized torsion angles agree well with the
experimental twist values found for all the observed polymorphs.
In fact, our calculations pointed out the relevance of the ethyl tail
orientation, as observed in the form VI. It is also important to notice
that no polymorphs exhibiting some specific energetic minima or
their combinations have been reported yet, showing the possible
existence of further crystal forms.

In summary, Raman spectroscopy was applied to the study
of a polymorphic compound, emphasizing the key characteristic

of this method. First, the spectroscopic fingerprints of all the
polymorphs were obtained, allowing their identification in raw
materials or formulated products. In particular, the capability of
measuring molecular skeleton and lattice vibrations has played a
very important role to study the conformational polymorphism
of chlorpropamide. It is worthwhile to point out that the
Raman spectroscopy is the only method capable of recording
the complete vibrational spectra (5–4000 cm−1) with the same
experimental setup. Quantum mechanical calculations were
carried out and the low wavenumber bands were successfully
assigned to the normal modes of the molecule and crystal. In
addition, the energy landscape was scanned and the observed
polymorphs were correlated with the determined structures.
Finally, the temperature dependence of the Raman spectra was
recorded, depicting the capability of this technique for in situ
monitoring kinetically induced processes.

Acknowledgements

The authors acknowledge financial support from CNPq-Prosul,
FUNCAP, CAPES, FAPESP, CONICET, Ministerio de Ciencia y
Tecnologia (Argentina) and Fundación Sauberan. S. L. Cuffini
acknowledges financial support from Agencia Córdoba Ciencia. J.
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