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a b s t r a c t

The structural and vibrational properties of the a-adrenergic agonist clonidine hydrochloride agent and
their anionic and dimeric species were studied combining the experimental FT-IR and Raman spectra in
solid phase with ab-initio calculations based on the density functional theory (DFT). All the calculations
were performed by using the hybrid B3LYP with the 6-31G* and 6-311þþG** basis sets. The structural
properties for those species were studied employing the Natural Bond Orbital (NBO), Atoms in Molecules
theory (AIM) and frontier orbitals calculations. The complete assignments of the FTIR and Raman spectra
were performed combining the DFT calculations with the Pulay's Scaled Quantum Mechanics Force Field
(SQMFF) methodology. Very good concordances between the theoretical and experimental spectra were
found. In addition, the force constants for those three species were computed and compared with the
values reported for similar antihypertensive agents. The ionic nature of the H/Cl bond and the high
value of the LP(1)N4 / LP*(1)H18 charge transfer could explain the high reactivity of clonidine hydro-
chloride in relation to other antihypertensive agent and the strong shifthing of the band assigned to the
NeH stretching mode linked to the HeCl bond toward lower wavenumbers.

© 2016 Elsevier B.V. All rights reserved.
1. Introduction

The heterocyclic compounds containing furan, phenyl and imi-
dazoline rings in its structures can act as potent agonists and an-
tagonists of imidazoline receptors [1e6] because the activity of the
furan ring increase when the phenyl group is incorporate in the
structure [3] and, for this reason, they are broadly used in the
therapy hypertensive, for example clonidine hydrochloride
[1,2,4,5]. The knowledge of the structures and vibrational proper-
ties of these antihypertensive agents are essential for their quick
identifications, for the synthesis of new derivatives with pharma-
cologic properties improved and, to know and explain their be-
haviours and mode of action. In this sense, the imidazoline
derivatives, such as the two antihypertensive agents, 2-(-2-
benzofuranyl)-2-imidazoline and tolazoline hydrochloride whose
structures and vibrational properties were recently reported by
Contreras et al. [7,8] are of great chemical, biochemical and mainly
pharmacological interest. In this work, we have studied the
and�an).
antihypertensive clonidine hydrochloride agent, whose chemical
name is 2-[2,6-dichlorophenylamino]-2-imidazolidine hydrochlo-
ride. Remko et al. [4] have reported the theoretical structures, pKa,
lipophilicity, solubility, absorption, and polar surface area for some
centrally acting antihypertensive agents, including the geometries
of various tautomers of clonidine. But, so far, the vibrational
properties and the infrared and Raman spectra of clonidine hy-
drochloride even remain without to assign. The interpretation of
the vibrational spectra is of particular relevance to identify these
species in different systems and pharmaceutical products by using
the vibrational spectroscopy. The aim of this work is to report the
complete vibrational analysis of clonidine hydrochloride and their
anionic and dimeric species combining the FTIR and FT-Raman
spectra with DFT calculations and the Scaled Quantum Mechanic
Force Field (SQMFF) methodology [9]. For these purposes, the
structures of the clonidine hydrochloride and their anionic and
dimeric species were optimized by using the 6-31G* and 6-
311þþG** basis sets, and later, their corresponding frequencies
were calculated. In addition, the electronic and topological prop-
erties of the dichlorophenyl and imidazoline rings were evaluated
by means of natural bond orbital (NBO) [10,11] and Atoms in
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Molecules (AIM) [12,13] calculations in order to know their struc-
tural properties. The reactions sites of these species with the a-
adrenoceptors were analyzed by using the molecular electrostatic
potential surfaces. The prediction of the reactivity of clonidine
hydrochloride was performed using the frontier orbitals.

2. Experimental methods

A pure anhydrous Aldrich commercial sample of clonidine hy-
drochloride was used. The IR spectrum of the solid substance in KBr
pellets (2 mg of solid sample in 200 mg of KBr) was recorded in the
wavenumbers range from 4000 to 400 cm�1 with an FT-IR Perkin
Elmer spectrophotometer, provided with a Globar source and DGTS
detector. The Raman spectra of the compound in solid state was
recorded between 4000 and 100 cm�1 with a Bruker RF100/S
spectrometer equipped with a Nd:YAG laser (excitation line of
1064 nm, 800mWof laser power) and a Ge detector cooled at liquid
nitrogen temperature. The IR and Raman spectra were recorded
with a resolution of 1 cm�1 and 200 scans.

3. Computational details

The initial structures of clonidine hydrochloride (H), the
anionic form (A) and their dimer (D) were first modelled with the
GaussView program [14] and later optimized in gas phase by using
the hybrid B3LYP method [15,16] and the 6-31G* and 6-311þþG**
basis sets with the Gaussian 09 program [17]. All the optimizations
have converged to real minima confirmed by means of their
Fig. 1. Molecular structures of: (a) clonidine hydrochloride (H), (b) anionic form (A)
and (c) the dimeric species (D) with the corresponding atoms numbering.
positive frequencies. The optimized structures of H, A and D
together with the atom's numberings can be seen in Fig. 1 while
Fig. 2 shows the structure dimeric D. The energy of the dimeric
species was corrected for basis set superposition error (BSSE) by
the standard BoyseBernardi counterpoise method [18]. The to-
pological analysis for those species was performed by using the
Bader's theory [12] and the AIM2000 program [13] while the NBO
calculations were carry out with the NBO 3.1 [11] program in order
to compute the natural population atomic (NPA) charges, the bond
order and the stabilization energy values. The SQMFF procedure
[9] and the Molvib program [19] were employed to calculate the
force fields of the three species using those two approximation
levels. The natural internal coordinates for the species were
defined according to those reported in the literature for other
antihypertensive agents [7,8] and, for this reason, they were not
presented here. Then, the complete assignments of the bands
observed in the vibrational spectra were performed taking into
account the potential energy distributions (PED) and the corre-
sponding internal coordinates proposed. The predicted Raman
spectra were corrected from scattering activities to relative Raman
intensity, taking into account the excitation frequency used in the
measurements, according to the equations reported by Polavarapu
and Keresztury et al. [20,21] and using the RAINT program re-
ported by Michalska [22]. In addition, the force constants for those
species were calculated from the corresponding scaled force fields
which later were compared with those calculated for the antihy-
pertensive agents, 2-(-2-benzofuranyl)-2-imidazoline and tolazo-
line hydrochloride [7,8].

4. Results and discussion

4.1. Geometry optimization

A comparison of the total energies and the corresponding dipole
moment values for H, A and D by using bothmethods can be seen in
Table S1 (Supporting Material). Note that the presence of the
dimeric species in the solid phase can in part be explained by their
high stability even in the gas phase (�3788.1050 Hartrees using 6-
31G* basis set considering correction by BSSE) because in this
medium is most stable than the monomeric species
(2 � �1893.8247 ¼ �3787.6494 Hartrees). Thus, the stability of D
using both basis sets could also be explained due to their inter-
molecular HeCl bonds. On the other hand, the high dipole
moment values for the two neutral formswith both basis sets could
in part explain their experimental stabilities, as was observed in
different compounds [23e26]. The experimental 2-[2,6-
dichlorophenylamino]-2-imidazolidine hydrochloride structure
(named, clonidine hydrochloride), C9H9N3Cl2$HCl, belongs to
monoclinic system with M ¼ 266.56; Z ¼ 8 and space group C2/c,
was reported by Byre et al. [27] and compared in Table 1 with the
corresponding theoretical ones for H and A. The theoretical anionic
structure compared with the corresponding crystal structure of
clonidine hydrochloride determined by X-ray diffraction showing
the strong hydrogen bonds between the NeH bonds and Cl ions are
observed in Fig. S1. The comparison between the theoretical values
with the corresponding experimental ones was performed by
means of the root mean of square deviation (RMSD) values. The
bond N(2)eC(3) and C(3)eN(4) lengths belonging to the imidazo-
line ring are not chemically equivalent in the H and A species. Thus,
the C(3)eN(4) distance shows a double bond character whereas the
N(2)eC(3) distance evidence a partial double bond character. This
result is very useful taking into account that in the agonist com-
pounds, as clonidine hydrochloride, the positive charge is evenly
distributed in the NeCeN region of the imidazole ring, as reported
by Ghose and Dattagupta [28]. It is very important to clarify that the



Fig. 2. Crystal packing of clonidine hydrochloride showing polymeric structure from Ref. [27] and the theoretical dimeric species (D).
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B3LYP calculations in this species predicted the N2eH17 distance
very different from that corresponding to N4eH18 which show
values of 1.013 and 1.739 Å for H using the 6-31G* basis set, and for
A values of 1.036 and 1.067 Å, respectively. Another very significant
result for this species was found when we analyzed the Cl25eN4
distances because the calculations predicted values of 2.874 Å for H
and 3.006 Å for A using the 6-31G* basis set and of 2.877 Å for H and
3.019 Å for A with the 6-311þþG** basis set, which are different
from the experimental ones (3.094 Å). Moreover, the bond C(3)-
N(6) length in both species present a partial double bond char-
acter while the calculated bond C(3)-N(6)-C(7) angle value that
connect to the two rings is closer to the experimental one. The
lower RMSD values observed for H and A show a very good corre-
lation in the two structures optimized with both basis sets, as
observed in Table 1 and, the higher variations are observed in the
dihedral angles, probably due to that the strong barrier of energy
impedes the rotation of the two torsion angles at the same time, as
observed for clonidine hydrochloride by X-ray diffraction by Byre
et al. [27]. Note that the RMDS values favors to the anionic structure
when the distance between the nitrogen atoms and the chlorine
ions which form hydrogen bond are considered (see Table 1). These
results give a reliable starting point for the determinations of the
B3LYP/6-31G* and/or B3LYP/6-311þþG** force fields and frequency
calculations of these species.
4.2. Atomic charges, bond orders and electrostatic potentials
studies

The influence of the nature of atoms or groups on the chemical
and biological properties of an agonist drug is of interest to know
and understanding the behaviours of these species in the receptor
sites. Thus, the charge distribution is important to explain themode
of interaction of the agonist specie with the a-adrenergic receptor
site, as reported by Ghose and Dattagupta [28]. Hence, we have
studied the natural population atomic charges (NPA) [29,30] in
order to evaluate the stability of clonidine hydrochloride due to the
presence of three electronegative Cl atom in the structure. Thus,
Table S2 shows the NPA charges and the bond orders, expressed as
Wiberg's index for clonidine hydrochloride and their anionic spe-
cies in gas phase at different theory levels. The most positive NPA
values are observed on the C3 atoms belonging to the imidazole
rings while the most negative values are observed on the Cl25 atom
(in A and H) and on the Cl26 atom (only for A) linked to the NeH
bond, as can be seen in Fig. 1. When the molecular electrostatic
potential (MEP) surface mapped for H, A and D at B3LYP/6-31G*
level are compared among them different reaction sites are
observed, as shown in Figs. S2, S3 and S4, respectively. Fig. S2 shows
a strong red colour on the Cl25 atom, in accordance with their
higher NPA charge, suggesting this region as an electrophilic site,
acceptor of H bondswhile the strong blue colours are located on the
N2eH17 and N6eH24 bonds indicating that these are nucleophilic
sites, donor of H bonds. Analyzing the surface mapped of the D
species (Fig. S4) we observed strong red colour on the Cl atoms, in
agreement with the monomeric hydrochloride species while that
in the ionic form (Fig. S3) can be only see a strong red colour on
chloride anions, consistent with the most negative NPA charge
values. Thus, the charges and MEP studies for the H and D species
reveal clearly diverse reaction sites which implies different inter-
action with the a-adrenergic receptor sites. The bond orders,
expressed as Wiberg's index for H and A are given in Table S2. The
results revels that the bond order values are strongly dependent of
the size of the basis sets, hence, the values are enlarged when in-
crease the size of the basis set. The bond order values for the C8 and
C9 atoms belong to the phenyl rings and linked to the Cl atoms have
the highest values while the lowest values are calculated for the C1
and C5 atoms belonging to the imidazoline rings. Analyzing the
bond order matrix by atoms we observed that the N4eH18 bond
order presents a value of 0.477 in H and 0.5924 in A while the
corresponding values to H18/ Cl25 is 0.350 for H and 0.1976 for A.
These values showclearly the different nature and characteristics of
both bonds that probably explain the biological properties of this
compound.



Table 1
Comparison of calculated geometrical parameters for anionic and clonidine Hy-
drochloride forms with their corresponding experimental values.

B3LYPa

Hydrochloride Anionic form

Parameter Exp.b 6-31G* 6-311þþG** 6-31G* 6-311þþG**

Bond lengths (Å)

C(1)eN(2) 1.447 1.477 1.478 1.461 1.463
C(1)eC(5) 1.533 1.547 1.545 1.545 1.543
N(2)eC(3) 1.321 1.373 1.372 1.353 1.351
C(3)eN(4) 1.322 1.305 1.303 1.330 1.328
N(4)eC(5) 1.450 1.468 1.469 1.463 1.464
C(3)eN(6) 1.328 1.359 1.354 1.343 1.338
N(6)eC(7) 1.418 1.422 1.422 1.411 1.412
C(7)eC(8) 1.392 1.403 1.400 1.407 1.403
C(7)eC(9) 1.391 1.403 1.400 1.406 1.403
C(9)eC(10) 1.382 1.389 1.387 1.392 1.389
C(10)eC(11) 1.377 1.393 1.390 1.391 1.388
C(11)eC(12) 1.371 1.392 1.390 1.392 1.390
C(8)e C(12) 1.385 1.392 1.388 1.393 1.389
C(8)eCl(23) 1.724 1.751 1.751 1.750 1.750
C(9)eCl(19) 1.733 1.755 1.754 1.752 1.751
N(4)eCl(25) 3.193 2.874 2.877 3.006 3.019
N(6)eCl(26) 3.094 3.114 3.113

RMSD 0.019 0.017 0.014 0.014

RMSDc 0.083 0.082 0.033 0.030

Bond angles (�)

C(1)eN(2)eC(3) 111.5 107.5 107.7 108.4 108.6
N(2)eC(3)eN(4) 111.8 113.6 113.4 112.4 112.1
N(2)eC(1)eC(5) 102.6 101.9 101.8 101.3 101.3
C(3)eN(4)eC(5) 110.6 109.4 109.7 108.9 109.1
C(1)eC(5)eN(4) 103.5 103.3 103.2 102.2 102.1
N(2)eC(3)eN(6) 123.1 119.8 120.2 120.4 120.6
C(3)eN(6)eC(7) 123.0 123.6 123.9 123.7 123.8
N(6)e C(3)eN(4) 125.2 126.5 126.4 127.3 127.2
N(6)eC(7)eC(8) 121.3 121.3 121.2 121.2 121.2
N(6)eC(7)eC(9) 121.4 120.6 120.7 121.6 121.5
C(8)eC(7)eC(9) 117.3 117.9 118.0 117.2 117.2
C(7)eC(9)eC(10) 121.5 121.6 121.5 121.7 121.7
C(9)eC(10)eC(11) 119.8 119.1 119.1 119.5 119.4
C(10)eC(11)e(12) 120.2 120.7 120.8 120.5 120.6
C(11)eC(12)eC(8) 119.8 119.5 119.4 119.3 119.3
C(12)eC(8)eC(7) 121.4 121.0 121.1 121.8 121.7
C(7)eC(9)eCl(19) 120.0 119.1 119.2 119.8 119.7
C(10)eC(9)eCl(19) 118.5 119.3 119.3 118.5 118.5
C(7)eC(8)eCl(23) 119.9 120.1 120.0 119.5 119.4
C(12)eC(8)eCl(23) 119.7 118.9 118.9 118.8 118.8

RMSD 1.38 1.29 1.23 1.17

Dihedral angles (�)

N(2)eC(3)eN(6)eC(7) 178.1 177.8 178.7 174.4 173.9
N(4)eC(3)eN(6)eC(7) 0 �2.3 �1.1 �6.8 �7.2
C(3)eN(6)eC(7)eC(8) �76.5 �73.4 �75.2 �74.0 �76.5
C(3)eN(6)eC(7)eC(9) 105.2 109.0 106.2 107.6 104.8

RMSD 2.71 1.03 4.24 4.17

a This work.
b Ref [23].
c RMSD considering the two NeCl bonds.
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4.3. NBO studies

The stabilities of H and A were also evaluated by using NBO
calculations [11,12]. Then, for these species at the same levels of
theory and in accordance with this methodology the second order
perturbation energies that involve the most important delocaliza-
tion were calculated and the results are given in Table S3 and S4.
Note that, in total, there are eight delocalization energies for H of
which four are the DETs/s*, DETp/p*, DETLP/p* and DETp*/p*

charge transfers while the other ones are those from the p, s, p* and
LP orbitals to the LP*H18 orbital, as observed in Table S3, which
contributes to the high stability of this species. On the other hand,
we observed that the stabilization energy values are strongly
dependent of the size of the basis set because H present high
DETTotal stabilization energy values with both basis sets, these are,
5036.19 kJ/mol using the 6-31G* basis set and 5446.69 kJ/mol when
the 6-311þþG** basis set. This NBO study for H has revealed that
the DETp/p*, DETLP/p* and DETp*/p* charge transfers are the most
important contributions to the stabilization energies mainly due to
the phenyl ring, being that latter, the most important. These studies
support the high stability of H due to the higher values observed in
the LP(1)N4 / LP*(1) H18 charge transfers with both levels of
calculations. In relation to the anionic species, we observed four
LP(1)Cl / s*(1)NeH charge transfers with lower energy total
values in relation to H form that clearly support the presence of the
hydrogen bonds, as can be seen in Table S4 and as will also see in
the AIM results.

4.4. AIM analysis

The Bader's theory is very interesting to investigate and char-
acterize the type and nature of the inter- and intra-molecular in-
teractions in the molecules, especially when these species present
a-adrenergic agonist activity, as clonidine hydrochloride [13]. Thus,
the localization of the bond critical points (BCPs) and ring critical
points (RCPs) in the charge electron density, r(r) and the Laplacian
values, V2r(r) for the two structures H and D were computed using
the AIM2000 program [14]. These topological properties for the
phenyl and imidazoline rings in the RCPs are given in Table S5while
the parameters corresponding to the BCPs and new RCPs are pre-
sented in Table S6. The exhaustive analysis shows clearly that the
properties of the phenyl rings in both structures are practically the
same, as expected, because in those structures the rings do not
changewhile, the properties of the imidazoline rings are higher and
slightly different among them for H, A and D species. Furthermore it
is observed that the r(r) and V2r(r) values for the phenyl are lower
than those corresponding to the imidazole ring, which clearly
shows the different nature of both rings. This analysis it is necessary
in H to determine the nature of the N4eH18 and H18/ Cl25 bonds
found in the study by the Wiberg indexes. Thus, we observed that
for the N4eH18 bond the l1/l3 > 1 and V2r(r) < 0 values with high
values of r(r) andV2r(r)which implies that the interaction is typical
of covalent bonds (called shared interaction) while for the
H18/Cl25 bond the l1/l3 < 1 and V2r(r) > 0 indicated that the
interaction is typical of ionic, highly polar covalent and hydrogen
bonds as well as of the van-der-Waals intermolecular interactions
(called closed-shell interaction). Obviously, for D, a similar result it
is observed, as can be seen in Table S5. These studies show that the
N4eH18 bond is covalent while the H18 / Cl25 bond has ionic
character. Here, for the anionic species three H bonds are observed
in agreement with the NBO analysis where the H17eCl26 interaction
present two contributions to the stabilization energy, as shown
Table S4.

4.5. Vibrational analysis

The structures of clonidine hydrochloride and their dimer have
C1 symmetries, where H has 69 vibration normal modes, D present
144 while A has 72 vibration normal modes. All the vibration
modes of these species have activity in both IR and Raman spectra.
The recorded infrared spectrum for H in solid phase can be seen in
Fig. 3 and their corresponding Raman spectrum in Fig. 4. In both
figures the experimental spectra were compared with the corre-
sponding theoretical of the species predicted at the B3LYP/6-31G*
level of theory. Both experimental spectra show the presence of



Fig. 3. Comparison between the experimental infrared spectra of clonidine hydrochloride in the solid phase (a) with the corresponding theoretical for the monomer (b), anionic
form (c) and dimeric species (d) by using 6-31G* basis set.
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bands attributed to these species. Table 2 shows the observed and
calculated frequencies together with the assignments for those
species studied. The complete assignments of experimental bands
to the normal modes of vibration were performed taking into ac-
count the PED contributions by using the B3LYP/6-31G* method,
the corresponding symmetry coordinates and the assignments of
relatedmolecules [7,8,22,24e28]. The scale factors used were those
defined for the B3LYP/6-31G* method [10]. The assignment of the
vibrational normal modes and the PED contributions based on the
6-31G* basis set for H and A are shown in Tables S7 and S8,
respectively. To perform the assignments for these two forms from
the resulting SQM only the PED contributions �10% were consid-
ered while that for D some contributions <10% were also consid-
ered due to that the vibration modes are strongly mixed. The SQM
force fields for these species can be obtained at request. The as-
signments of some groups are discussed below.

4.5.1. Band assignments

4.5.1.1. NH modes. The bands between 3427 and 3341 cm�1

observed in both spectra of the solid are assigned to the NeH
stretching modes, as observed in Table 2, except for the NeH bonds
involved in Hydrogen bonds with the chlorine atom, which are
2859e2584 cm�1. It is necessary to clarify that in the neutral
monomer this mode corresponding to the N4eH18 bond is pre-
dicted at 1711 cm�1 (Table 2) because in the calculations the crys-
talline packing is not considered. The characteristic of the N4eH18
and H18/C25 bonds (supported by NBO and AIM studies) justify
the notable shifting of this stretching mode. The in-plane de-
formations modes or bending modes are associated to the bands in
the 1436-1340 cm�1 region, while the out-the plane deformations
are associated to the shoulder at 618 cm�1 in the IR and to the
intense band in the Raman spectrum at 505 cm�1 and a shoulder at
437 cm�1, in agreement with similar compounds [7,8,29].

4.5.1.2. CN modes. The IR and Raman bands with different in-
tensities observed at 1655 cm�1, 1246 cm�1 and in Raman at
1014 cm�1 are assigned to the CeN stretching modes of the three
species, as indicated in Table 2. Here, the weak Raman band at
1127 cm�1 is clearly assigned to the CN stretching modes of D,
whereas the strong band at 443 cm�1 is assigned to the CNC
deformation corresponding to the dimer while for H and A species
this mode are predicted at smaller wavenumbers (63 and 111 cm�1,
respectively).

4.5.1.3. CH modes. The group of bands between 3087 and
3043 cm�1 in the IR spectrum and between 3093 and 3050 cm�1

region in the Raman spectrum are assigned to the CeH stretching
modes, as observed in Table 2. As predicted by the calculations, the
corresponding in-plane deformations modes are easily assigned to
the IR bands at 1447 (1446 Ra), 1395 (Ra), 1198 and 1155 cm�1 (1157
Ra) while the bands at 973, 928 (929 Ra), 898 (Ra), 877 (Ra) and
778 cm�1 (778 Ra) are assigned to the corresponding out-the plane
deformations for all the species. The very weak band at 260 cm�1

and other very strong at 220 cm�1 in the Raman spectrum can be
easily assigned to the stretching modes related to the CeHeCl
modes corresponding to themonomer and dimer, respectively. This
mode in the anionic species is assigned to the Raman band at
126 cm�1.



Fig. 4. Comparison between the experimental Raman spectra of clonidine hydrochloride in the solid phase (a) with the corresponding theoretical for the monomer (b), anionic form
(c) and their dimeric species (d) by using 6-31G* basis set.
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4.5.1.4. CH2 modes. In all the studied species, the asymmetric and
symmetric stretching modes are assigned between 3007 and
2906 cm�1. In this compound, the asymmetric stretchingmodes are
calculated at higher wavenumbers than the symmetric modes and,
for this, the asymmetric modes can be assigned to the bands in IR
and Raman spectra at 3007 and 2986 cm�1, while the symmetric
modes are assigned to the IR and Raman bands of medium intensity
at 2960, 2950, 2920 and 2906 cm�1, as can be seen in Table 2. The
shoulder at 3135 cm�1 in IR and 3138 cm�1medium intensity bands
in Raman are assigned to asymmetric CH2 stretching modes of D.
The IR bands at 1493, 1485 and 1466 cm�1 are clearly assigned to
the scissoring modes in agreement with similar compounds con-
taining the CH2 group [7,8,22,24e27] while, as predict the calcu-
lation, the medium IR bands at 1340 and 1294 cm�1 are easily
assigned to the wagging modes. The expected rocking modes are
assigned to the weak IR band at 1206 cm�1 and the Raman band at
1194 cm�1 [7,8,22,24e27]. The twisting modes are associated with
the weak band and a shoulder in IR at 1026 and 812 cm�1

respectively, and the medium and weak Raman bands at 1028 and
987 cm�1 respectively.
4.5.1.5. Skeletal modes. The C]C stretching modes of phenyl ring
was assigned to the bands at 1581, 1568, 1264 and 1075 cm�1. The
CeC stretching mode of imidazole ring does not appear in the IR
spectrum, but a weak signal in Raman is observed in accordance to
the related compounds [7,8,22,24e28]. The CeCl stretching modes
were assigned to the IR bands at 421 and 402 cm�1. The corre-
sponding in-plane deformationmodes (bendings) appear in Raman
as a shoulder at 303 cm�1 and a very weak band at 186 cm�1.
However, the corresponding out-of-plane deformation modes
appear at 525 and 518 cm�1 in IR, as predicted by the calculations.
Two weak bands in the IR spectrum at 1091 and 686 cm�1 are
assigned to in-plane deformation modes of the phenyl ring
(bendings). There are two signals that appear in the IR spectrum at
1111 cm�1 as a shoulder and a band of medium intensity at
1105 cm�1 that are assigned to in-plane deformation of the phenyl
rings in the dimer. While for the imidazole ring these bands appear
at 862 and 686 cm�1 in the IR, and in the Raman spectrum at



Table 2
Observed and calculated wavenumbers (cm�1) and assignment for all forms of clonidine hydrochloride.

Experimentala Hydrochloridea Anionic Forma Dimera

IR Raman SQMb Assignmenta SQMb Assignmenta SQMb Assignmenta

3455 n(N2eH17)
3442 n (N2eH17) 3436 n(N6eH24)

3427 m, br 3422 vw 3432 n (N6eH24)
3411 vw 3243 n(N27eH42)

3341 s 3346 w, br 3182 n(N31eH49)
3135 sh 3138 m 3103 n(C10eH20) 3138 nas CH2 (C1)
3087 s 3093 sh 3106 n(C12eH22) 3093 n(C12eH22)
3087 s 3083 vs 3103 n(C10eH20) 3071 n (N2eH17) 3103 n(C12eH20)
3043 m 3050 m 3081 n(C11eH21) 3066 n(C11eH21) 3053 n(C11eH21)
3007 m 3005 sh 3011 nas CH2 (C5) 3002 nas CH2 (C5) 3026 nasCH2 (C5)
2986 m 2983 s 2998 nas CH2 (C1) 2978 nas CH2 (C1) 2990 nasCH2 (C26)
2960 sh 2955 ns CH2 (C5) 2968 ns CH2 (C5)
2950 m 2953 m 2930 ns CH2 (C1) 2945 ns CH2 (C30)
2920 sh 2919 m 2921 ns CH2 (C5) 2938 ns CH2 (C1)
2906 m 2901 m 2892 ns CH2 (C1) 2923 ns CH2 (C26)
2872 sh 2859 n (N6eH24) 2836 n (N6eH18)
2854 m 2822 vw 2836 n (N4 eH18)
2802 m 2811 vw 2740 n(N29eH43)
2742 m 2792 vw 1711 n (N4eH18) 2584 n (N4eH18) 2628 n (N29eH43)
1655 vs 1655 m 1637 n (C3eN6) 1657 n (C3eN4);

n (C3eN6)
1655 vs 1655 m 1624 n(C3eN4) 1604 n (C3eN2) 1618 n (C28eN31)

n (C28eN27)
1609 s 1611 m 1595 n (C28eN29)
1581 m 1582 s 1583 n(C8eC12) 1581 n(C8eC12) 1578 n (C33eC37)
1568 m 1570 s 1573 n(C11eC12) 1574 n (C3eN2)

1542 sh 1563 n(C11eC12) 1567 n (C8eC12)
1506 w 1506 m 1519 n (C3eN6)
1493 w 1492 m 1487 dCH2 (C1) 1487 dCH2 (C1) 1488 dCH2 (C1)
1485 w 1473 m 1473 dCH2 (C5) 1482 r (N6eH24) 1474 dCH2 (C5)
1466 w 1448 n(C7eC8) 1462 dCH2 (C5) 1443 n (C32eC34)
1447 s 1446 m 1446 n(C7eC9) 1444 b(C10eH20);

n(C7eC9)
1432 b (C12eH20)

1436 s 1436 w 1434 n(C9eC10) 1429 b (C37eH47)
1414 m 1416 w, br 1413 b (N2eH17)

1395 w 1406 b(C10eH20) 1399 b(N4eH18) 1380 b (N29eH43)
1385 sh 1380 w 1368 b(N4eH18) 1377 b (N4eH18)
1340 m 1342 w 1321 wg CH2(C5) 1329 wg CH2 (C5) 1346 wg CH2 (C30)
1294 m 1293 sh 1295 wg CH2(C1) 1304 b(N2eH17) 1300 wg CH2 (C1)

1278 sh 1285 n(C9eC10) 1274 wg CH2 (C1) 1285 n (C7eC9)
1264 w 1264 m 1251 r (N6eH24) 1260 n(C7eC8) 1263 n(C32eC33)
1246 w 1245 s 1235 n(C7eN6) 1247 n(C7eN6) 1243 n(C32eN31)
1206 w 1206 m 1212 b(N2eH17) 1219 r CH2 (C5) 1206 rCH2 (C26)

rCH2 (C30)
1198 w 1198 b(C12eH22) 1196 b(C12eH22) 1198 b(C35eH45)

n(C34eC35)
1194 sh 1195 r CH2 (C5)

r CH2 (C1)
1190 r CH2 (C1) 1192 n (C9eC10)

1165 m
1155 vw 1157 sh 1156 b(C11eH21) 1151 b(C11eH21) 1154 b (C11eH21)

1127 vw 1128 n(CeN)dimer
1111 sh 1112 bR1 phenyl 1

1105 m 1105 w 1093 n(C5eN4) 1092 n (C33eCl48)
bR1 phenyl 2

1091 w 1091 s 1083 n(C8eCl23) 1079 bR1 phenyl 1082 d(N4H18Cl25)
1075 w 1071 m 1074 n(C5eN4) 1066 n(C10eC11) 1079 bR1 phenyl 2

n (C30eN29)
1069 w 1064 n(C10eC11) 1033 n(C1eN2) 1070 n (C5eN4)
1026 w 1028 m 1026 tw CH2 (C5) 1023 tw CH2 (C5) 1023 tw CH2 (C5)

1014 m 1016 n(C1eN2) 994 n(C5eN4) 1010 n (C1eN2)
987 vw 986 n (C3eN2) 995 tw CH2 (C30)

tw CH2 (C26)
973 w 973 vw 969 g (C11eH21) 951 gC11-H21 964 g(C36eH46)
928 w 929 s 929 d (N4H18Cl25) 922 g(C12eH20)

898v w 901 n(C1eC5) 908 n(C1eC5) 903 n (C30eC26)
877 vw 892 g C10eH20 876 g C12eH22 871 d(N29H43Cl50)

862 w 863 m 859 bR1 phenyl 867 bR1 phenyl

bR2 imid

857 bR2 imid.2

840 vw 846 bR2 imid 854 bR1 phenyl 1

828 vw 832 t(N4H18Cl25H49)
812 sh 809 tw CH2 (C1) 806 t (.Cl25eH18eN4eC) 811 g(C10eH22)
795 m 794 w 797 bR1 imid. 802 tR1 phenyl 802 t(Cl25H18N4C)c

778 s 778 vw 773 g (C12eH22) 767 bR2 phenyl 774 g(C37eH47)
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Table 2 (continued )

Experimentala Hydrochloridea Anionic Forma Dimera

IR Raman SQMb Assignmenta SQMb Assignmenta SQMb Assignmenta

766 w 758 bR2 phenyl 765 g C10eH20 757 n (C34eCl44
747 vw 752 g N2eH17 752 bR2 phenyl.1

713 vw 706 tR1 phenyl; tR2 imid 705 g C3eN6 711 bR2 imid.1

694 m 696 w, br 673 bR1 imid 703 tR1 phenyl 2

686 m 680 bR2 imid. 671 t (Cl26eH24eN6eC) 681 tR1 phenyl 1

669 w 670 g (C3eN6) 665 tw CH2 (C1) 676 g(C3eN6)
638 w 645 m 640 tR1 phenyl 636 bR3 phenyl 635 t(N31H49Cl25H18)
618 sh 600 vw 608 g(N31eH49)

587 vw 536 b (C32eN31)
578 vw 545 b(C7eN6) 536 b(C7eN6) 533 b (C7eN6)

532 w 537 w 532 g (N2eH17) 525 g (N2eH17
525 w 522 w 521 g (C8eCl19)

g (C9eCl23)
518 w 513 g (C8eCl23) 518 g C8eCl23
501 w 505 m 501 tR3 phenyl

g C7eN6
495 g (C32eN31)

486 w 490 tR3 phenyl 490 tR3 phenyl 1

462 vw 443 s 440 d (CeNeC)c

437 vw 437 sh 435 g (N6eH24) 427 b (C28eN31)
421 w, br 430 n (C8eCl23) 424 n (C9eCl23)
406 w 408 vs 407 b (C3eN6) 402 bR2 phenyl 2

402 vw 396 n (C9eCl19) 401 n (C9eCl19) 399 n (C8eCl19)
388 g(N6eH24)

326 m 323 bR3 phenyl 324 b (C3eN6) 334 tR2 imid.2

303 sh 299 tR2 imid. 301 b (C9eCl19) 318 bR3 phenyl 1

293 m 291 tw imid1.

268 vw 286 g (C9eCl19) 287 g C9eCl19 284 g (C7eN6)
260 vw 238 n (Cl25eH18) 230 n (Cl50eH43)
220 s 204 tR2 phenyl.1

210 sh 208 tR1 imid

b(C9eCl19)
200 tR2 phenyl 2

tR3 phenyl 2

200 tR2 phenyl 202 tR1 imid 199 b (C9eCl23)
b (C8eCl19)

195 b (C8eCl23) 196 tR2 phenyl 192 g(N4eH18)
186 vw 185 b (C8eCl23)

176 b (C9eCl19) 178 tR2 imid1.

169 w, br 166 tR2 imid 162 g (N27eH42)
126 vw 147 tR1 imid. 154 n (Cl25eH18) 149 tR1 imid.2

119 vw 113 g (C7eN6) 125 n (Cl25eH18)
109 vw 111 d (C3eN6eC7) 116 d (N4eH18eCl25)c

67 t(.Cl25H18N4C) 92 tw imid. 105 g(N29eH43)
78 n (Cl26eH24)

63 d (C3eN6eC7) 56 d (N6eH24eCl26) 57 d(Cl25eH49eN31)
56 tw imid 53 tw imid.2

45 d (N4eH18eCl25)
32 tw phenyl. 35 gN6-H24 35 tw phenyl 1

20 g (N4eH18) 21 gN4-H18
18 tw phenyl

Abbreviations:n, stretching; b, deformation in the plane; g, deformation out of plane; wag, wagging; t, torsion; bR, deformation ring; tR, torsion ring; r, rocking; tw, twisting; d,
deformation; a, antisymmetric; s, symmetric; imid., imidazoline ring.

a This work.
b From scaled quantum mechanics force field.
c Assigned using the Gauss View program [18].
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863 cm�1. Moreover, the torsion rings modes for the phenyl ring
were assigned to IR bands at 694 and 486 cm�1 for imidazole these
bands appear in the Raman spectrum at 326 and 126 cm�1.
5. Force field

The Molvib program [20] was used to calculate the force con-
stants of clonidine hydrochloride, expressed in terms of internal
coordinates, from the corresponding scaled force fields. These
constants were calculated in the gas phase at the B3LYP/6-31G* and
B3LYP/6-311þþG** levels and, then, they were compared in Table 3
with those obtained for 2-(-2-benzofuranyl)-2-imidazoline [7] and
for the protoned species of tolazoline hydrochloride [8] by using
both methods. Here, it is notable the influence of the size of the
basis sets on the calculated force constants values, as observed in
Table 3. Thus, the values increase when the size of the basis set
change of 6e31G* at 6-311þþG**. The results show that the pres-
ence of the Cl atoms in the benzyl rings increase the f(nN�C) and
f(nC�H)benc force constants, in relation to the two species
compared. On the other hand, the f(nC�C)imid and f(nC�H)imid force
constants of tolazoline hydrochloride [8] present the highest value
in relation to clonidine hydrochloride indicating, this way, that the
imidazoline rings are also influenced by the Cl atoms of the benzyl
rings. Another important observation, is that the presence of Cl
atoms in the hydrochloride form increase the f(nC�Cl) and
f(nC�C)benc force constants values while decrease the f(nN�H) force
constant value, as expected because the NeH bond are linked to
that H/ Cl bond. This latter result could explain the high reactivity



Table 3
Comparison of scaled internal force constants for clonidine hydrochloride using two
levels of theory.

Description B3LYPa

6-31G* 6-311þþG**

H A BFIb Tc H A BFIb Tc

f(nN-H) 5.21 4.89 6.53 6.68 5.33 4.99 6.57 6.66
f(nN-C) 6.11 6.32 4.75 4.48 5.99 6.17 4.63 4.38
f(nC-H)imid 4.67 4.59 4.78 4.94 4.60 4.53 4.72 4.86
f(nC-H)benc 5.26 5.23 5.17 5.17 5.18 5.16 5.10 5.09
f(nC-Cl) 3.32 3.35 3.28 3.30
f(nCl-H) 0.88 0.43 0.81 0.39
f(nC-C)imid 3.94 3.93 3.86 4.21 3.89 3.88 3.81 4.12
f(nC-C)benc 6.58 6.52 6.58 6.50 6.46 6.41 6.50 6.02
f(bR benc) 0.22 0.22 0.35 0.22 0.22 0.22 0.35 0.22
f(bR imid) 0.33 0.34 0.34 0.33 0.34 0.34
f(g C-H) 0.44 0.42 0.47 0.43 0.42 0.47

Units in mdyn Å�1 for stretching and mdyn Å rad �2 for angle deformations.
n, stretching; b, deformation; g, out plane deformation; benc., bencene; imid.,
imidazoline; R, ring.

a This work.
b From Ref [7] for 2-(-2-benzofuranyl)-2-imidazoline.
c From Ref [8] for the protoned species of tolazoline hydrochloride.
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of clonidine hydrochloride in relation to others antihypertensive
agents, as will see to continuation.

6. HOMO-LUMO

The reactivity of clonidine hydrochloride was studied by using
the frontier orbitals and the values are compared in Table S7 with
values calculated in this work for the protonated and hydrochloride
species of tolazoline. The results show that both frontier orbitals are
mainly located in the rings, suggesting that are antibonding orbital
p-type. In the gas phase, clonidine hydrochloride exhibits greater
reactivity with both basis sets than the other species compared, as
expected because the Cl25 atoms have the highest NPA charge
values and, as also was observed in the tolazoline hydrochloride.

7. Conclusions

In the present work, the clonidine hydrochloride was charac-
terized by using the FT-IR and FT-Raman spectra in the solid state.
The theoretical molecular structures of the monomeric and dimeric
structures of clonidine hydrochloride were determined by the
B3LYP/6-31G* and B3LYP/6-311þþG** methods and the calcula-
tions suggest the existence of these structures in the gas phase, as
were experimentally observed in the packing crystalline of the
solid. The assignments of the all normal modes of vibration for
clonidine hydrochloride and their dimer are reported at the B3LYP/
6-31G* level of theory. The complete force fields have been deter-
mined, as well as the principal force constants for stretching and
deformation modes for both species. The NBO and AIM studies
evidence the covalent and ionic characteristics of the N4eH18 and
H18/Cl25 bonds, respectively. The high reactivity of clonidine
hydrochloride could be explained by the ionic nature of the
H18/Cl25 bond and by the high values of the LP(1)N4 / LP*(1)
H18 charge transfers that evidently stabilize the system during the
reaction.
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