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a b s t r a c t

N-benzenesulfonyl-1H-1,2,3-benzotriazole (NBSBZT) is a compound with significant trypanocidal and
bactericidal activities, which we reported previously. In this work a combined experimental and theo-
retical study of its structural and molecular properties is communicated. The crystal structure of NBSBZT
was determined by single crystal X-ray diffraction. The molecular vibrations and behavior on heating of
NBSBZT were investigated by Fourier Transform Infrared (FTIR) Spectroscopy, Differential Scanning
Calorimetry (DSC), Thermogravimetry (TG) and Hot Stage Microscopy (HSM). In parallel, Quantum
Chemical calculations based on Density Functional Theory (DFT) and Scaled Quantum Mechanics
methods were used to determine the geometrical, energetic and vibrational characteristics of NBSBZT.
The study demonstrated that NBSBZT crystallized in the triclinic space group P‾1 (No. 2) with two
inversion-related molecules in the unit cell (Z¼ 2). Its overall molecular conformation can be described
by two torsion angles, namely 41 (N2eN1eS10eC13)¼�94.5(2)� and 42 (N1eS10eC13eC14)¼ 84.2(2)�.
The minimum energy structures found by theoretical calculations showed 41¼�67.6� and 42¼ 88.0� in
vacuum; however, in water, the torsion angles were �77.5� and 88.7�, respectively. The differences in 41

(D41 solid state-vacuum¼ 26.9� and D41 solid state-water¼ 17.0�) could be attributed to the high intermolecular
cohesive forces present in the crystal of NBSBZT. A good correlation between the experimental and
theoretical mid-FTIR spectra was found. The DSC, TG and HSM results indicated that NBSBZT was a
solvent-free solid, which melted at 128.8 �C but decomposed above 130 �C.

© 2018 Published by Elsevier B.V.
1. Introduction

Benzotriazole (BZT) has been considered a privileged chemical
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structure from both organic synthesis and medicinal chemistry
points of view [1e4]. BZT and its derivatives have displayed
important biological activities such as antibacterial, anti-
mycobacterial, antiprotozoal, antiviral, antiproliferative and anti-
tumor, anticonvulsant, anti-inflammatory and diuretic, among
others. These biological activities have been summarized in
numerous reviews [3e8]. Nevertheless, only two derivatives of a
BZT bearing N-benzenesulfonyl substituents were previously re-
ported [9,10]. The crystal structure of only one of them, the N-(4-
methylbenzenesulfonyl)-1H-1,2,3-benzotriazole was previously
described [10].

As part of our studies on new anti-infective compounds for
neglected diseases, we previously prepared a series of 14N-ben-
zenesulfonyl derivatives of BZT, and evaluated their antibacterial
and antiprotozoal activities [8,11e13]. Particularly, one of them, the
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N-benzenesulfonyl-1H-1,2,3-benzotriazole (NBSBZT, Fig.1) showed
an interesting in vitro trypanocidal activity against epimastigote
and trypomastigote forms of Trypanosoma cruzi, the parasite
causing Chagas disease [8]. Additionally, it demonstrated bacteri-
cidal activity against Escherichia coli and Staphylococcus aureus,
being involved in oxidative stress of gram-positive bacteria, as well
[12]. All these results allowed us to selectNBSBZT as a prototype for
development of novel antitrypanosomal and antibacterial
compounds.

In the present study we describe the 3D-structure of NBSBZT,
which was resolved by Single Crystal X-ray Diffraction (SCXRD).
Also, since iterative rational medicinal chemistry approaches have
mostly relied on ligand- and structure-based drug design, which
principally uses computational methodology and 3D-crystal
structure information of the molecules [14], a conformational
analysis of NBSBZT was undertaken by Density Functional Theory
(DFT) calculations. The crystal structure was compared with the
minimum energy conformation obtained in vacuum and in water,
in order to complement the study of structural geometries and to
contribute to the knowledge of its electronic properties. The mo-
lecular vibrations of NBSBZT were investigated by Fourier Trans-
form Infrared (FTIR) spectroscopy and its mid-IR spectrum was
calculated using DFT and Scaled Quantum Mechanics (SQM)
methods. The behavior on heating was also evaluated using Dif-
ferential Scanning Calorimetry (DSC), Thermogravimetry (TG) and
Hot Stage Microscopy (HSM).
2. Experimental

2.1. Materials

All the solvents and reagents were of analytical reagent grade
and purchased from commercial sources (Sigma-Aldrich, Acros
Organics and Fisher Scientific) and used without further purifica-
tion. Pyridine was purified by vacuum distillation and stored over
NaOH pellets. NBSBZT was synthesized following a procedure of
Hergert et al. [12] and purified to analytical grade by
Fig. 1. Molecular structure of NBSBZT with non-H atoms shown as thermal ellipsoids
drawn at the 50% probability level and H atoms shown as spheres of arbitrary radii
(top) and prominent p/p interactions with ring-centroid separations< 4 Å (bottom).
recrystallization from ethyl acetate (99.79% purity, determined by
DSC). This sample was used to obtain the X-ray Powder Diffraction
(XRPD), FTIR, DSC, TG, as well as HSM data. Single crystals were
grown by the vapor diffusion method [15], using a filtered diluted
solution of NBSBZT in ethanol and n-pentane as non-solvent.
2.2. Single-crystal X-ray structure determination

X-ray intensity data were collected on a Nonius Kappa CCD
diffractometer with graphite-monochromated MoKa radiation
(l¼ 0.71073 Å). The crystal of NBSBZT was cooled to 173(2) K in a
constant stream of N2 to optimize diffraction quality.

The triclinic crystal symmetry and space group (P‾1) were
deduced from inspection of the diffraction record. Crystal structure
solution and refinement were performed with software in the
SHELX suite [16]. All H atoms were located in difference electron-
density maps and were included in idealized positions with
isotropic thermal parameters in the range 1.2e1.5 times those of
their parent atoms. All non-H atoms were refined anisotropically.
2.3. Computational details

The molecular geometry optimization and vibrational spectrum
calculations were performed with the DFT methods as imple-
mented in GAUSSIAN 09 [17]. The conformational study was done
through a careful systematic scan of the important dihedral angles
(B3LYP/6-31G(d)). A full geometry minimization at the B3LYP/6-
311þþG(2d,p) level of theory was later performed for the lowest
energy conformations found. In each case, frequency calculations
were employed to confirm the structures as minimum points. No
imaginary frequencies were obtained for optimized geometries;
thus, all of them represent true minima on the Potential Energy
Surface (PES). The X-ray structure and those with absolute minima
obtained by computational calculations were compared using the
Root Mean Square Deviation (RMSD) indicator, which was calcu-
lated with the VMD 1.9.4 software [18]. The following rules of
thumb for interpreting RMSD values were used: values less than
1.0 Å indicated similar conformations and values less than 0.3 Å
nearly identical conformations [19].

Also, Natural Bond Orbital (NBO) analysis was used (NBO
Version 5.0 program [20] at the B3LYP/6-31þG(d,p) level) [21] to
assess the intramolecular hydrogen bond strength of NBSBZT in
vacuum and the results were compared with the resolved crystal
structure.

The donor-acceptor interaction energies in the NBOs were
estimated via second-order perturbation theory analysis of the
Fock matrix [22], and establishes the strength of that interaction.
For each donor (i) and acceptor orbital (j), the stabilization energy
E(2) is associated with i / j delocalization, given by:

E2 ¼ DEij ¼ qi
F2i;j

εi � εj

where qi is the donor orbital occupancy, the Fi,j are the Fock matrix
elements between the NBO i and j, and εi and cj are the orbital
energies [22e24].

Considering how sensitive the electronic affinities (EAs) are, the
exact DFT definition of the EAs and the ionization potentials (IPs)
was used [25,26]. Thus, the total electronic energy of the radical
anion (RA), neutral and radical cation (RC) at the equilibrium ge-
ometry of the neutral species was used to compute the EA and IP.
The accuracy of the B3LYP functional in predicting the EAs in this
way were extensively discussed and proved to have standard errors
below 0.02 eV for positive EAs [26] and still a few tenths of eV in the



Table 1
Selected bond distances (Å) with e.s.d.s in
parentheses.

Bond Distance

S10eO11 1.421(2)
S10eO12 1.429(2)
S10eN1 1.685(3)
S10eC13 1.746(3)
N1eN2 1.398(4)
N1eC5 1.383(4)
N2eN3 1.287(4)
N3eC4 1.391(4)
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most difficult case of negative EAs [26,27]. These thermochemical
values of the vertical IP and EA were used to derive chemical po-
tential (m ¼ - (IP þ EA)/2), hardness (h ¼ (IP e EA)/2), and elec-
trophilicity (u ¼ m2/2 h). Analogously, the exact Fukui functions
were obtained from the total electron densities of the N þ 1 (RA), N
(neutral), N-1 (RC) total electron densities and plotted using the
corresponding xyz cubes with a 80x80x80 grid points resolution.
The Fukui's indexes condensed to atoms were computed using the
charges obtained by natural population analysis from the NBO
analyses of the N þ 1, N and N-1 electron species.

As a first approach, the harmonic frequencies of NBSBZT were
obtained with GAUSSIAN 09 and further assigned based on the
Potential Energy Distribution (PED) analysis using the VEDA pro-
gram [28]. Next up, more accurate vibrational frequencies were
calculated using the SQM force field method [29,30] at the same
level of theory (B3LYP/6-311þþG(2d,p)) using the PQS 4.0 program
[31]. A detailed assignment was done by visual inspection of the
normal modes animations and taking the previous PED analysis as
reference, whereas the experimental frequencies were assigned
based on a direct comparison between the experimental and
calculated spectra, considering the frequency sequence and in-
tensity pattern; thus, a one-to-one correlation between the
observed and theoretical frequencies was established. The scale
factors used were 0.958 and 0.983 above and below 1600 cm�1,
respectively, as in Ref. [32]. The root mean square deviation be-
tween the experimental and SQM calculated set was 2.2 cm �1

(Table S.2, Supplementary Material).
For the plot of the IR spectra, the Infostat program [33] was used.

2.4. X-ray powder diffraction (XRPD)

A Philips X'Pert PRO PANalytical PW1710 powder diffractometer
(Philips, The Netherlands) was used. The measuring conditions
were: 20e25 �C, CuKa radiation (l¼ 1.5418 Å), 40 kV, 20mA, step
size of 0.03� (2q), time per step 2 s, time constant 0.03 s, angular
range 3e35� 2q. A 25mmdiameter Si single crystal holder was used
and the sample (gently ground) was pressed by means of a clean
glass slide to ensure coplanarity of the powder surface with the
surface of the holder. Data were treated with the X’PERT Data
Viewer diffraction software.

2.5. Fourier transform infrared (FTIR) spectroscopy

The mid-infrared spectrum (4000-400 cm�1) of NBSBZT was
recorded at 20e25 �C on a Nicolet Avatar 360 E.S.P. spectropho-
tometer (Nicolet Instruments Corp., Madison, WI). For the prepa-
ration of the sample-KBr blend, dry KBr was ground for 5min
before mixing with the sample (5% w/w) in an agate mortar with
only light grinding performed. The KBr pellet was obtained with a
minipress (Hidr�aulicos Delfabro, Argentina) at 369MPa without
any extra grinding. The spectrum was acquired accumulating 64
scans at 4 cm�1 resolution, and was processed with the OMNIC
E.S.P. 5.1 program (Nicolet Corp.). KBr scans were used as
background.

2.6. Differential Scanning Calorimetry, Thermogravimetry and Hot
Stage Microscopy

The DSC and TG measurements were recorded on MDSC 2920
and TG 2950 analyzers (TA Instruments Inc., USA), respectively, at a
heating rate of 10 �C min�1 under N2 (99.99% purity, flow rate of
50mLmin�1). For DSC measurements, crimped aluminum pans
were used. The DSC and TG temperature axes were calibrated with
indium (99.99% purity, m.p. 156.6 �C) and the Curie point of Ni
(358.1 �C), respectively. Empty aluminum pans were used as
references. Samples with mass 1e2mg were employed. Data were
treated with Universal Analysis 2000 software (TA Instruments
Inc.).

The physical and morphological changes of the samples that
occurred during the process of heating were observed through a
microscope fitted with a Kofler hot stage (Leitz, Wetzlar, Germany)
at a constant rate of about 8 �C min�1 from about 25 �C. All the
observations were made at a 10X magnification.
3. Results and discussion

3.1. X-ray crystallographic analysis

Compound NBSBZT crystallized in the triclinic system, space
group P‾1 (No. 2), with two inversion-related molecules in the unit
cell. Crystal data, data-collection details and refinement parameters
are listed in Table S.1 (Supplementary material). Fig. 1 shows the
molecular conformation of NBSBZT and the atom numbering
scheme. Its overall molecular conformation can be described by
two torsion angles. One of them defines the benzenesulfonyl ring
position relative to the heterocyclic moiety, 41 (N2eN1e
S10eC13)¼�94.5(2)�. The other defines the orientation of the
benzene ring with respect to the sulfonyl group: 42 (N1eS10e
C13eC14)¼ 84.2(2)�. The SO2 linkage conferred the typical
butterfly-like conformation to the molecule of NBSBZT. Interest-
ingly, the X-ray structure of a close analogue, namely N-(4-
methylbenzenesulfonyl)-1H-1,2,3-benzotriazole, showed a confor-
mation similar to that of NBSBZT with torsion angles 41¼�85.0�
and 42¼ 85.6�, which indicates that the presence of a p-CH3 group
did not cause any major conformational change [10,34] relative to
NBSBZT. This fact renders the p-CH3 benzenesulfonyl group as a
bioisostere of the benzenesulfonyl moiety from a steric point of
view, which is important from the medicinal chemistry point of
perspective as the inclusion of a methyl analogue in SAR studies is
almost obligatory, due to its known influence on physicochemical
and pharmacological properties [35,36].

Selected interatomic distances are listed in Table 1.
The two nitrogen-nitrogen distances are significantly different

and are consistent with their expected bond characters, namely
single (N1eN2) and double (N2eN3). The molecular conformation
is partially stabilized by an intramolecular hydrogen bond
C18eH18/O12 with C/O 2.942(4) Å and H/O 2.59 Å.

Prominent interactions in the crystal of NBSBZT include inter-
molecular CeH/O hydrogen bonds and p/p interactions. Fig. 1
(bottom) shows two unique p/p interactions with ring-cen-
troid/ring-centroid distances of ~3.7 Å. There is a distinctive
CeH/O hydrogen bonding network in the crystal that results in
the formation of infinite ribbons of molecules that run parallel to
the crystal c-axis (Fig. 2).

The unique intermolecular H-bonds include C6eH6/O12i

(i¼�x, �y,1� z) and C7eH7/O11ii (ii¼ x,y,�1 þ z) whose



Fig. 2. Portion of an infinite ribbon in NBSBZT based on CeH/O hydrogen bonding.

Table 2
Geometric parameters defining intermolecular hydrogen bonds in NBSBZT.

C6eH6/O12i C7eH7/O11ii

H/O distance (Å) 2.53 2.56
C/O distance (Å) 3.462(3) 3.236(3)
CeH/O angle (�) 168 128

Fig. 4. Computed XRPD trace of NBSBZT calculated at 173 K (top) and experimental
PXRD pattern for the crystals obtained from ethyl acetate (bottom).
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geometric parameters are shown in Table 2.
Through the inversion operations, the formation of large cyclic

H-bonded motifs (linking four molecules) alternating with smaller
cyclic motifs (with two molecules) creates a continuous ribbon. A
packing diagram of NBSBZT viewed along [010] is shown in Fig. 3.
The ribbons described above propagate along the z-direction.

The refined single crystal X-ray data were used to compute the
idealized X-ray powder pattern for this crystalline phase (Fig. 4,
top). The strongest peak in the pattern, simulated with CuKa radi-
ation (l¼ 1.5418 Å), occurs at 2q¼ 15.19�, with d¼ 5.832 Å and
corresponds to the reflection from the (011) planes in the crystal,
Fig. 3. Crystal packing in NBS
which are populated by (inter alia) all the sulfur atoms.
In comparing the computed pattern (Fig. 4, top) with the

experimental one (Fig. 4, bottom) from crystals of NBSBZTobtained
from ethyl acetate, there is generally good 1:1 correlation between
the peaks, but significant intensity differences occur and are
attributed to preferred orientation in the sample, while several
peak shifts are also evident due to the differences in temperature
for the respective data-collections (173 K for the single crystal in-
tensity data and 294 K for the experimental PXRD trace).
3.2. Theoretical calculations

A geometry minimization of NBSBZT was performed using
molecular modeling in vacuum and in water. The minimum energy
structures found by theoretical calculations showed angles
41¼�67.6� and 42¼ 88.0�, and 41¼�77.5� and 42¼ 88.7�, in
vacuum and in water respectively (Table 3).

The comparison of the calculated conformations with that
BZT viewed along [010].



Table 3
Dihedral angles (�) obtained for NBSBZT by DFT studies (in vacuum and water) and
SCXRD.

Dihedral angle (�) DFT (vacuum) DFT (water) SCXRD

41 (N2eN1eS10eC13) �67.6 �77.5 �94.5
42 (N1eS10eC13eC14) 88.0 88.7 84.2

Fig. 5. Comparison of the minimum energy structure (green) and the SCXRD structure
(orange) (RMSD¼ 0.41 Å). (For interpretation of the references to color in this figure
legend, the reader is referred to the Web version of this article.)
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solved by SCXRD (Table 3) showed significant differences for 41,
(D41 solid state-vacuum¼ 26.9� and D41 solid state-water¼ 17.0�). They
could have originated from the high intermolecular cohesive forces
present in the crystal of NBSBZT, but not in the isolatedmolecule in
vacuum. The minimum energy structure in vacuum was compared
with the one resolved by SCXRD (Fig. 5), resulting in a RMSD value
of 0.41 Å [19]. The very small difference (0.026 Å, data not shown)
between the latter structure and the geometry obtained when
minimization started from the data contained in the CIF file is
noteworthy. This finding validated the use of simple calculations in
Fig. 6. Potential energy surface of NBSBZT as a function of the t
the methodology of this research.
The NBO analysis demonstrated that the intramolecular

hydrogen bonds of NBSBZT in vacuum occur between the lone pair
(LP1 and LP2) orbitals of the O12 atom and an empty antibonding
(s*) C6eH6 orbital (E(2)¼ 1.04 kcalmol�1), and between the lone
pair orbital (LP1) of the O12 atom and an empty antibonding (s*)
C18eH18 orbital (E(2)¼ 0.32 kcalmol�1). These two intramolecular
hydrogen bonds differ from that present in the crystal structure
(only one, namely C18eH18/O12). Once again, this fact could
explain the difference in the dihedral angle 41 (N2eN1eS10eC13)
between the structures in vacuum and in the solid state (D41 solid

state-vacuum¼ 26.9�). To support this conclusion, it can be added that,
as regards the C6eH6/O12 interaction, the intramolecular dis-
tance H16/O12 in the crystal structure is 2.67 Å (i.e. just exceeding
the sum of the van der Waals radii of 2.60 Å), whereas in the
structure in vacuum, the H16/O12 distance is only 2.41 Å, which
would indicate hydrogen bonding.

It is noteworthy that the N1 atom of NBSBZT is trigonal planar
with sp2 hybridization (s (28.4%); p 2,5 (71.6%); d 0,0 (0.0%), ac-
cording to the NBO analysis [20] at the B3LYP/6-31þG(d,p) level.
The conformational study of the molecule revealed the existence of
two isoenergetic minima, since rotating the dihedral angle 41 at the
B3LYP/6-31G(d) level yielded the conformers NBSBZTa and
NBSBZTb. Thus, their geometries were fully optimized at the
B3LYP/6-311þþG(2d,p) level. Rotation around the N1eS10 bond
led to the same configuration at the N1 atom, indicating that
NBSBZTa (41¼�67.6�) and NBSBZTb (41¼68.4�) are not signifi-
cantly different. Fig. 6 shows the two conformations and the
calculated reaction coordinate. This result could be explained by
the planarity of the heterocycle, positioning indifferently the ben-
zenesulfonyl moiety towards either face. In the crystal both con-
formations (NBSBZTa and NBSBZTb) are present in the unit cell.
Similar findings were reported by Rodriguez et al. [10] and Step-
nicka et al. [37] for N-(methylsulfonyl)-1H-1,2,3-benzotriazole.

As complement for the whole theoretical characterization of the
most stable conformer of NBSBZT, a summary of the main global
reactivity indexes (electron affinity, ionization potential, chemical
potential, hardness and Parsons' electrophilicity) are summarized
in Table 4 (which also contains, in parentheses these magnitudes
derived from the HOMO and LUMO orbital energies plotted on
orsion angle N2eN1eS10eC13 at the B3LYP/6-31G(d) level.



Table 4
Additional thermochemical and reactivity indexes.

E (RA) a �1175.7792207
E (neutral) �1175.7549116
E (RC) b �1175.4337270
EA c 0.661 (2.113)
IP d 8.740 (7.101)
m e �4.701 (�4.608)
h f 4.039 (2.496)
u g 2.735 (4.255)

a Energy of the radical anion at the equilibrium geometry of the neutral (in
Hartrees).

b Energy of the radical cation at the equilibrium geometry of the neutral (in
Hartrees).

c Vertical thermochemical (not Koopmans') electron affinity (in eV) and.
d Ionization potential (in eV).
e Chemical Potential (in eV).
f Chemical Hardness (in eV).
g Electrophilicity (m2/(2 h)) (in eV).
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Fig. 7 for illustrative purposes; only those derived from the exact
definition, i.e. using the total energies of the anionic, neutral and
cationic species are discussed; see Computational Procedures sec-
tion). According to its hardness, NBSBZT would not be particularly
reactive, it being a slight electron acceptor with an EA of 0.66 eV
(compared to a poor acceptor such as benzene, �1.16 and a typical
strong one, nitrobenzene, 2.1 eV) [38,39] and poor electron donor,
with an IP of 8.74 eV (compared to a very good donor, used as
building block for organic polymers used as hole transporters, the
tritolylamine, 6.24 eV) [40]. The exact Fukui's function and
condensed Fukui's indexes are shown on Fig. 8 and Table 5. The
obtained Fukui's functions would indicate that C16, N2 and N3
appear as the most nucleophilic positions and the C6, C8eC9 and
N1 the most electrophilic ones.
Fig. 8. Exact Fukui functions isodensity plots obtained from the total electron density
of the neutral, anion and cation. Nucleophilic f þ (above) and electrophilic f - at iso-
densities of 0.01e (solid isosurface) and 0.005e (glass isosurface).
3.3. FTIR, DSC, TG and HSM

The molecule of NBSBZT consists of 27 atoms and consequently
75 normal modes of vibrations are predictable. The experimental
and simulated mid-IR spectra are presented in Fig. 9. The following
Fig. 7. Orbital energies (from �25 to þ 5 eV) and orbital plots for HOMO and LUMO at
an isodensity value of 0.03 a. u.
vibrational analysis was performed on the basis of the character-
istic vibrations of CH, CC, CN, SO2 and SN. A more detailed assign-
ment of the experimental and calculated FTIR bands of NBSBZT is
shown in Table S.2 (Supplementary material).

The CeH stretching vibrations in aromatic compounds usually
appear in the range 3100-3000 cm�1 while the CeH in-plane and
out-of-plane bending vibrations occur in the region of 1250-
950 cm�1 and 1000-750 cm�1 respectively [41e43]. In NBSBZT, the
CeH stretching vibrations were observed as five weak absorptions
in the region 3161-3006 cm�1, namely at 3091, 3068, 3048, 3026
and 3006 cm�1. The in-plane bending vibrations were found at
1068 and 989 cm�1 and the calculated vibrations at 1070 and
989 cm�1. The out-of-plane bending vibrations were observed at
768 and 750 cm�1 and the calculated ones at 765 and 748 cm�1

(SQM-DFT).
The ring stretching vibrations are very important in the IR

spectrum of benzene and its derivatives and usually occur in the
region 1625-1400 cm�1 [42,43]. In the title compound these vi-
brations occurred from 1606 to 1385 cm�1. The calculated values
(SQM-DFT) of CeC ring stretch vibrations were observed from 1607
to 1379 cm�1, respectively.

The CeN stretching vibrations, which are expected to occur in
the range 1350e1000 cm�1, were not easy to identify as the mixing
of several bands is possible in their expected absorption region
[44]. In the present study, the band observed at 1230 cm�1 was



Table 5
Condensed Fukui coefficients summary, based on the NBO analysis.

Heavy atoma RA b charges neutral charges RC c charges Fk þ (nucleoph.) d Fk - (electroph.) d Fk0 (radical suc.) d

N1 �0.506 �0.485 �0.384 0.021 0.101 0.061
N2 �0.106 �0.021 0.011 0.085 0.032 0.059
N3 �0.308 �0.214 �0.125 0.094 0.089 0.091
C4 0.071 0.075 0.059 0.003 �0.016 �0.006
C5 0.120 0.136 0.143 0.016 0.007 0.012
C6 �0.235 �0.217 �0.068 0.018 0.149 0.084
C7 �0.252 �0.176 �0.177 0.076 �0.001 0.038
C8 �0.225 �0.210 �0.098 0.016 0.112 0.064
C9 �0.233 �0.176 �0.051 0.056 0.125 0.091
S10 2.288 2.315 2.298 0.027 �0.017 0.005
O11 �0.934 �0.890 �0.842 0.044 0.048 0.046
O12 �0.969 �0.930 �0.907 0.039 0.023 0.031
C13 �0.358 �0.301 �0.274 0.058 0.027 0.042
C14 �0.224 �0.166 �0.145 0.058 0.022 0.040
C15 �0.206 �0.191 �0.181 0.015 0.010 0.012
C16 �0.284 �0.168 �0.095 0.116 0.073 0.094
C17 �0.221 �0.194 �0.164 0.028 0.030 0.029
C18 �0.216 �0.178 �0.178 0.039 0.000 0.019

a Heavy atoms numerated as in the Fig. 1.
b Natural charges in the radical anion at the equilibrium geometry of the neutral.
c Natural charges in the radical cation at the equilibrium geometry of the neutral.
d Fukui's coefficients condensed on the heavy atoms.

Fig. 9. Experimental (KBr pellet) (a) and calculated (b) FTIR spectra of NBSBZT. The
calculated bands (c) were included for comparison.
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assigned to the CeN stretching vibrations. The C4eN3 and C5eN1
stretching modes were assigned at 1229 and 1259 cm�1 theoreti-
cally (SQM-DFT).

The anti-symmetric and symmetric stretching modes of the SO2
group appear in the region 1370e1330 and 1180e1150 cm�1,
respectively [24]. The observed weak bands at 1335 and 1124 cm�1

were assigned to the asymmetric and symmetric SO2 stretching
modes of NBSBZT and both were in the expected region [41]. The
DFT calculations give the anti-symmetric and symmetric stretching
modes at 1328 and 1115 cm�1 respectively (SQM-DFT). The SeN
stretching modewas observed at 907 and 911 cm�1 (SQM-DFT) and
it was within the expected region (905± 30 cm�1) [41,45]. The CeS
stretching vibration was visualized at 727 and at 712 cm�1 (SQM-
DFT).

The DSC and TG curves of NBSBZT (Fig. S.1 Supplementary
material) showed neither DSC endothermic peaks nor TG mass
losses in the 25e120 �C temperature range, indicating the absence
of solvates or residual solvent. These results were in accordwith the
SCXRD data which confirmed that NBSBZT was unsolvated. The
DSC trace exhibited a sharp melting peak at 128.8 �C with extrap-
olated onset temperature of 126.9 �C. A minor DSC baseline shift
was noted after the melting peak, indicating that slight decompo-
sition of NBSBZT had occurred on melting. Accordingly, the TG
weight loss after heating up to 130 �C was ~1% w/w. However,
above 130 �C and up to 250 �C, the TG curve showed a gradual
weight loss that occurred in a single step. The thermal events just
described were supported by the observations made of NBSBZT
crystals, using a Kofler apparatus. On heating (in static air) from 25
to 120 �C, the colorless transparent prismatic crystals (Fig. S.2,
Supplementary material) did not undergo changes in shape, color
or size. Furthermore, no vapor condensation on the cover slip was
noted, excluding phase transitions or evaporation losses, all in
agreement with the DSC and TG results. At about 132 �C, the ma-
terial on the slide melted and on further heating the molten phase
darkened, which is typical of a decomposition process. Therefore,
the DSC, TG and HSM results indicated that this modification of
NBSBZT did not exhibit a high thermal stability as a solid as it
melted and underwent degradation from 130 �C both in oxidant
(static air, HSM) and non-oxidant atmospheres (flowing N2, DSC
and TG).

4. Conclusions

In the context of a medicinal chemical project, this research
attempted to contribute to the knowledge of the structural and
electronic properties of NBSBZT, a biologically active compound,
employing experimental and theoretical methodologies. Single
crystals were obtained and the 3D-structure of NBSBZT was
resolved by SCXRD. The vibrational mid-FTIR spectrum of the
molecule was recorded and its vibrational modes were assigned
with the aid of Quantum Chemical calculations based on DFT and
Scaled Quantum Mechanics, yielding an excellent correlation be-
tween the experimental and theoretical FTIR spectra. Therefore, the
results presented indicated that this level of theory is reliable for
the prediction of the infrared spectrum of the title compound. The
DSC, TG and HSM results indicated that this modification of
NBSBZT was a solvent-free solid, which melted irreversibly at
128.8 �C as it decomposed above 130 �C both in static air (HSM) and
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dynamic nitrogen atmosphere (DSC and TG). Slight differences
were found between the minimum energy structure calculated in
vacuum at the B3LYP/6-311þþG(2d,p) level of theory and the one
resolved by SCXRD (RMSD ¼ 0.41 Å). These findings should be
taken into account when future computer-aided drug design is
carried out.
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