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A combined experimental and theoretical studies were conducted on the molecular structure and vibra-
tional spectra of bis(4-amino-5-mercapto-1,2,4-triazol-3-yl) ethane (BAMTE). The FT-IR and FT-Raman
spectra of BAMTE were recorded in the solid phase. The molecular geometry and vibrational frequencies
of BAMTE in the ground state have been calculated by using the ab initio HF (Hartree-Fock) and density
functional methods (B3LYP) invoking 6-311++G(d,p) basis set. The optimized geometric bond lengths and
bond angles obtained by HF method shows best agreement with the experimental values. Comparison of

Keywords: the observed fundamental vibrational frequencies of BAMTE with calculated results by HF and density
FT-IR . .. . .

FT-Raman functional methods indicates that B3LYP is superior to the scaled Hartree-Fock approach for molecular
NBO analysis vibrational problems. The difference between the observed and scaled wave number values of most of
HOMO-LUMO the fundamentals is very small. The thermodynamic functions and atomic charges of the title compound

NMR was also performed at HF/B3LYP/6-311++G(d,p) level of theories. A detailed interpretation of the FT-IR,
BAMTE FT-Raman, NMR spectra of BAMTE was also reported. The theoretical spectrograms for Infrared and
Raman spectra of the title molecule have been constructed. Natural bond orbital analysis has been carried
out to explain the charge transfer or delocalization of charge due to the intra-molecular interactions.
Energy of the highest occupied molecular (HOMO) orbital and lowest unoccupied (LUMO) molecular orbi-

tal have been predicted.
© 2010 Elsevier B.V. All rights reserved.

1. Introduction

A number of 1,3,4-thiadiazoles showed antibacterial properties
similar to those of well known sulphonamide drugs [1]. Thus, the
thiadiazole nucleus which incorporates an N—C—S linkage exhibits
a large number of biological activities [2]. The utilization of the
1,2,4-triazole moiety as a part of ligand system in metal complexes
has gained considerable attention in recent years [3-7]. The appli-
cation of triazole ligands lies in medical research - complex with
Pt(II) [8] exhibit antitumor activity (human cancer) similar to cis-
platin. Triazole derivatives are also used in the synthesis of antibi-
otics, fungicides, herbicides, plant growth hormone regulators [9],
and potentially good corrosion inhibitors [10,11].

Dickinson et al. [12] reported 2-aryl-1-(1H-1,2,4-triazol-1-yl)
butan-2-ol derivatives with high activity against Aspergillus fumig-
atus. Replacement of one triazole ring of fluconazole with 4-pyrid-
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inyl leads to an increase in activity against Aspergillus and
introduction of an o-methyl group has a marked additional bene-
ficial effect. Investigation of pyridinyl and pyrimidinyl analogues
resulted in the identification of 30 (UK-109, 496, voriconazole)
which has excellent potency against a broad range of fungal patho-
gens including fumigatus and Candida krusei.

The incidence of systemic fungal infections such as Candidosis,
Cryptococcosis and Aspergillosis has been increasing recently due
to an increase in the number of immunocompromised hosts. For
the treatment of these infections, the new antifungal azoles have
been developed for clinical use. Attention has been paid to triazole
derivatives because of their generally broad antifungal spectrum
and low toxicity [13,14]. The main objective of this paper is to find
theoretical methods that would offer a higher certainty of finding
molecular structure parameters and vibrational wavenumbers. In
addition to this HOMO, LUMO, NBO analysis has been used to elu-
cidate the information regarding charge transfer within the
molecule.
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2. Experimental details

The compound bis(5-mercapto-4-amino-1,2,4-triazol-3-yl)eth-
ane (BAMTE) in the solid form was synthesized, it was used as such
without further purification. The FT-Raman spectrum of BAMTE
has been recorded using 1064 nm line of Nd: YAG laser as excita-
tion wavelength in the region 50-3500 cm™! on a thermo Electron
Corporation model Nexus 670 spectrophotometer equipped with
FT-Raman module accessory. The FT-IR spectrum of this compound
was recorded in the range of 400-4000 cm™~' on Nexus 670 spec-
trophotometer using KBr pellet technique. The spectrum was re-
corded at room temperature, with scanning speed of
30 cm~'min~! and the spectral resolution of 4.0 cm~'. The spectral
measurements were carried out at Central Electro Chemical Re-
search Institute (CECRI), Karaikudi, Tamil Nadu.

The 'H and '3C NMR spectra were recorded on a Bruker AMX
400 MHz for 'H and 100 MHz for '3C NMR in DMSO-dgs with TMS
as an internal standard, at Indian Institute of Science, Bangalore, In-
dia. The experimental FT-IR, FT-Raman and 'H and >C NMR spec-
tra are shown in Figs. 1-3. To understanding of chosen techniques,
combined experimental and theoretical spectra have been pre-
dicted and explained in Figs. 4 and 5.

o
1

—
=)
1

~
1

to
1

=
1

Absorbance
(=]
[oe]
I

o
N
]

e
~
1

-0.2 T T T T T T

2.1. Synthesis procedure of bis(4-amino-5-mercapto-1,2,4-triazol-3-
yl) ethane

A mixture of succinic acid (0.01 mol) and thiocarbohydrazide
(0.02 mol) was warmed carefully until melting occurred and then
it was kept at 170 °C for 30 min. The reaction mixture was then
cooled and mixed with water (50 ml). The precipitate was filtered
off, washed with water and 95% ethanol and finally recrystallized
from DMF.

2.2. 'H and 3C NMR analysis

TH NMR (DMSO-dg, ppm): 6 = 13.49(s, 2H, 2NH) two NH protons
of the amino group,

& =5.56(s, 4H, 2NH,), two NH; protons, 3.06(s, 4H, 2CH,) meth-
ylene protons of the two CH, groups. >*C NMR (DMSO-dg, ppm):
6 =150.67 (C=N), § = 165.91 and 162.20 (C=S) end group of thione.

3. Computational details

The entire calculations were performed at ab initio HF and DFT
levels on a Pentium IV/3.02 GHz personal computer using Gaussian

4000 3500 3000

2500

2000 1500 1000 500

Wavenumber (cm!)

Fig. 1. Experimental FT-IR spectrum of BAMTE.
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Fig. 2. Experimental FT-Raman spectrum of BAMTE.
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Fig. 3. 13C and 'H NMR spectra of BAMTE in DMSO-d6.

03 W [15] program package, invoking gradient geometry optimiza-
tion [16]. Initial geometry generated from standard geometrical
parameters was minimized without any constraint in the potential
energy surface at ab initio HF level, adopting the standard 6-
311++G(d,p) basis set. The optimized structural parameters were
used in the vibrational frequency calculations at the ab initio HF
and DFT levels to characterize all stationary points as minima.
Then vibrationally averaged nuclear positions of BAMTE were used
for harmonic vibrational frequency calculations resulting in IR and
Raman frequencies together with intensities and Raman depolar-
ization ratios. In this study, the DFT approach (B3LYP) has been uti-
lized for the computation of molecular structure, vibrational
frequencies and energies of optimized structures. Finally, the cal-
culated normal mode vibrational frequencies provide thermody-
namic properties also through the principle of statistical
mechanics. By combining the results of the GAUSSVIEW program

[17] with symmetry considerations, vibrational frequency assign-
ments were made with a high degree of accuracy.

4. Results and discussion
4.1. Molecular geometry

The optimized structure parameters of BAMTE calculated by
B3LYP ab initio (HF/6-311++G(d,p) basis set) are listed in Table 1.
The atom numbering scheme also shown in Fig. 6 The present mol-
ecule consist of two triazole ring (namely 1,2,4-triazole), each
azole ring attached with an amino group (namely 4-amino-1,2,4,-
triazole). The two rings are joined with two methylene groups
(-CH,- moiety) and some important atoms decorate the triazole
molecule. In title molecule studied here, introduction of two
substituent groups get changes in the bond distance. The distance
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Fig. 4. Combined experimental and B3LYP/HF/6-311++G(d,p) IR spectrum of BAMTE.

between the atoms H9-N11 in the range 1.007 A and 0.992 A calcu-
lated by B3LYP/HF/6-311++G(d,p) level, respectively. While the
bond distance between the carbon and sulphur atom (C1-S25) is
in the range of 1.665 A (DFT) and 1.672 A (HF). Carbon and nitro-
gen atoms (C17-N18) are stands in the band distance of 1.301 A
range by B3LYP/6-311++G(d,p) method. This is in agreement with
crystal structure of (1,2,4-triazole) ethane [18], in the range
1.298 A. This may be due to the intra-molecular interaction with
sulphur and hydrogen group. Distance between the N18-N23 falls
in the range at 1.374 A and 1.361 A by B3LYP and HF methods,
respectively.

Bond angle of nitrogen-carbon-nitrogen in the title molecule
(N19-C1-N23) falls in the range of 101.464 A by B3LYP method,
102.524 A using HF 6-311++G(d,p). The bond angle of N19-C1-
N23 is in agreement with [16]. The N18-C17-N19 bond angle falls
in the range at 110.320 A and 110.258 A using DFT and ab inito HF
respectively, which shows the closer agreement with literature va-
lue 110.25 A [18]. The bond angle of N19-N20-H21 and N19-N20-
H22 in the bis(4-amino-5-mercapto-1,2,4-triazol-3-yl) ethane falls
in the range of 107.594 A and 107.781 A, respectively (DFT). Amino
group (H21-N20-H22) bond angle lies at 106.121 A and 107.271 A
by (DFT) and HF/6-311++G(d,p) methods respectively. The bond
angle for methylene H3-C2-H4 and H6-C5-H7 groups is observed
at 108.75 A and 108.740 A using DFT method. Based on the above
comparison, there are some differences between the calculated

and the literature value. The optimized structure parameters can
well reproduce the literature values. The small difference between
the computed data is due to calculation belongs to gaseous phase
and experimental result belong to solid phase.

4.2. Vibrational assignments

The BAMTE possess Cs point group symmetry. The molecule has
26 atoms and 72 normal modes of fundamental vibrations which
span the irreducible representations: (49A’ + 23A”). All the funda-
mental vibrations are active in both FT-IR and FT-Raman. The har-
monic vibrational frequencies are calculated for BAMTE at B3LYP
and HF level using the triple split valence basis set along with dif-
ferent and polarization function 6-311++G(d,p) are presented in
Table 2. Comparison of frequencies calculated at HF and B3LYP
with experimental values reveals the overestimation of the calcu-
lated vibrational modes due to neglect of harmonicity in real sys-
tem. Inclusion of electron correlation in DFT values smaller in
comparison with the HF frequencies data. The calculated frequen-
cies are slightly higher than the observed values for the majority of
the normal modes.

The major factor which is responsible for these discrepancies
between the experimental and computed value is related to the
fact that the experimental value is an anharmonic frequency while
the calculated value is harmonic frequency. While anharmonicity
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Fig. 5. Combined experimental and B3LYP/HF/6-311++G(d,p) FT-Raman spectrum of BAMTE.

is the main factor of the discrepancies in the case of vibrations re-
lated to the CH, or C=S bonds, for other vibrations most of the dis-
crepancies come from the approximate nature of the used
computational technique, and probably also from the lattice effects
in the substance, studied as a solid.

In this study, there are two different scaling factors, one is 0.9668
for B3LYP and 0.9085 for HF methods [19] have been used and these
are given as a foot note. The reduced mass and force constant along
with the IR intensity and Raman activity are also included in Table 2.
A comparison of the observed fundamental vibrational frequencies
of the title compound with the calculated harmonic vibrational fre-
quencies at B3LYP and HF levels using 6-311++G(d,p) basis set was
performed. The frequency values computed at HF level contains
known systematic error due to negligence of electron correlation.
Therefore, a linearity between the experimental and calculated
vibrational frequencies (i.e., for the whole spectral range consid-
ered), can be estimated by plotting the calculated versus experi-
mental frequencies certain values obtained between the two
methods, are strongly underestimated. As seen in Fig. 7 if these vari-
ations are omitted, ab initio HF and DFT/B3LYP calculations provide
good linearity between the calculated and experimental frequen-
cies (correlation coefficient of B3LYP & HF/6-31G(d,p) are 0.9990
and 0.9979, respectively). The small discrepancy observed between
experimental and calculated frequencies may come from the for-
mation of inter-molecular hydrogen bonding. Also we note that
the experimental results belong to solid phase and the theoretical
calculation belongs to gaseous phase.

4.2.1. CH, vibrations
The stretching modes of the CH, groups of dicorboxylic acids
were recorded in the region 2950-2860 cm ™! [18]. The major coin-

cidence of theoretical values with that of experimental values is
found in the symmetric and asymmetric vibration of the methy-
lene (-CH,-) moiety. The CH, stretching vibration frequency as-
signed about 3100-2990 cm~! in cyclohexane and other alkanes
[20-22]. The CH, stretching frequency has computed in the range
2954-2966 cm~! (symmetric), 3008-3025 cm~! (asymmetric) by
B3LYP method and 2921-2930cm™! (symmetric), 2972-
2989 cm~! (asymmetric) by HF method, mode Nos. (63-66). While
the observed frequency is appeared in the range 2939 cm™! (sym-
metric) in FT-IR at 2988 cm™! and 3160 cm™! (asymmetric) as
medium strong bond in FT-Raman spectra.

The computed CH, asymmetric and symmetric vibrations mode
show good agreement with literature as well as recorded spec-
trum. The CH, wagging vibration appears in the range at 1422,
1242 cm™! in the noval compound 4-amino triazole adipic acid
(4-atadip) [18]. Theoretically computed CH, wagging frequency
has assigned in the range 1247 cm~! and 1335 cm~! by B3LYP/6-
311++G(d,p) level, while the computed observations (HF method)
are at 1277 cm™' and 1394 cm™'. The mode Nos. 46 and 52 (for
both levels) are belongs to the above said vibration. For cyclohex-
ane the CH, scissoring mode has been assigned to the medium
intensity IR band at 1450 cm™! [20,22]. The computed CH, scissor-
ing modes are assigned in the range of 1416-1430 cm~! and 1457-
1471 cm™' by DFT and HF, respectively (mode Nos. 54-56).

The frequency 965 cm™! (FT-IR) is assigned to CH, twisting
vibration in BAMTE molecule. The computed frequency range
970, 1195, 1295 cm~! (DFT) and 999, 1232, 1341 cm™! (HF) are as-
signed to CH, twisting mode and 35, 43, 49 are respective mode
numbers. The experimental CH, twisting value shows good agree-
ment with theoretical values. The CH, in-plane bending vibrations
are appears at 1361, 1272, 1255 cm™! in triazole [23]. The experi-
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Table 1
Geometric bond length, bond angle and dihedral angle of BAMTE.
Parameters B3LYP/6-311++G(d,p) HF/6-311++G(d,p) Experimental
a c d b
Bond length (A)
C1—N19 1.390 1.360 1.353 1.380 1.356 1.343
C1—N23 1.356 1.327 1.330 1.299 1.309 1.309
C1—H24 2.105 2.067
C1-S25 1.666 1.672
C2—H3 1.093 1.084
C2—H4 1.090 1.081
C2—C5 1.549 1.539 1.401 1.467 1.504
C2—C17 1.490 1.493
C5—H6 1.090 1.081
C5—H7 1.093 1.084
C5—C10 1.490 1.493
C8—N11 1.356 1.327
C8—N13 1.390 1.360 1.344 1.378 1.347 1.325
C8—S26 1.666 1.672 1.674
H9—N11 1.007 0.992 0.93 0.994
C10—N12 1.301 1.271 1.298
C10—N13 1.383 1.375
N11—N12 1.374 1.361
N13—N14 1.395 1.380 1.400
N14—H15 1.019 1.002 0.994
N14—H16 1.019 1.002
C17—N18 1.301 1.271 1.297
C17—N19 1.383 1.375 1.357
N18—N23 1374 1.361
N19—N20 1.395 1.380 1.392
N20—H21 1.019 1.002
N20—H22 1.019 1.002
N23—H24 1.007 0.992
Bond angle (°)
N19—C1—N23 101.46 102.52 101.80
N19—C1-S25 127.68 127.67 127.97
N23—C1—-S25 130.86 129.81
H3—C2—H4 108.75 108.83
H3—C2—C5 109.13 109.61
H3—C2—C17 109.31 109.08
H4—C2—C5 109.94 110.35
H4—C2—C17 107.10 106.81
C5—C2—C17 112.53 112.07
C2—C5—H6 109.95 110.35
C2—C5—H7 109.13 109.61
C2—C5—C10 112.54 112.08
H6—C5—H7 108.74 108.83
H6—C5—C10 107.10 106.80
H7—C5—C10 109.31 109.08
N11—C8—N13 101.46 102.52 102.80
N11—C8—S26 130.86 129.81 129.23
N13—C8—S26 127.68 127.67 127.97
C5—C10—N12 125.22 125.38 125.90
C5—C10—N13 124.45 124.35 123.84
N12—C10—N13 110.32 110.26
C8—N11—H9 125.24 125.37
C8—N11—N12 114.41 113.76
C9—N11—N12 120.34 120.87 122.07 123.80
C10—N12—N11 104.55 104.85
C8—N13—C10 109.26 108.61
C8—N13—N14 125.89 126.59
C10—N13—N14 124.84 124.79
N13—N14—H15 107.78 108.51 106.00
N13—N14—H16 107.59 108.39 110.00
H15—N14—H16 106.12 107.27 113.00
C2—C17—N18 125.22 125.39 125.90
C2—C17—N19 124.45 124.35 123.84
N18—C17—N19 110.32 110.26 110.25
C17—N18—N23 104.54 104.85 104.24
C1—N19—C17 109.26 108.61 104.3 108.16 106.20 101.0
C1—N19—N20 125.89 126.59 128.33 129.90
C17—N19—N20 124.84 124.79 124.5
N19—N20—H21 107.59 108.39
N19—N20—H22 107.78 108.51
H21—N20—H22 106.12 107.27
C1—N23—N18 114.41 113.75 114.51
C1—N23—H24 125.24 125.37
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Table 1 (continued)

Parameters B3LYP/6-311++G(d,p)

HF/6-311++G(d,p)

Experimental

a c d b

Dihedral angle (°)

$25—C1—N19—C17 179.69 179.72
525—C1—N19—N20 0.78 1.08
525—C1—N23—N18 —179.67 —179.68
S$25—C1—N23—H24 —0.31 -0.16
H3—C2—C5—H6 —60.82 —60.16
H3—C2—C5—C10 58.47 58.72
H4—C2—C5—C7 60.80 60.15
H4—C2—C5—C10 —60.73 —61.12
C17—C2—C5—H6 60.70 61.10
C17—C2—C5—H7 —58.49 —58.74
C17—C2—C5—C10 179.99 179.99
H3—C2—C17—N18 —133.39 -133.29

H3—C2—C17—N19 47.33 47.15

H4—C2—C17—N18 —15.74 —15.81
H4—C2—C17—N19 164.98 164.63
C5—C2—C17—N18 105.19 105.15
C5—C2—C17—N19 —74.09 —74.42
C2—C5—C10—N12 —105.23 —105.17
C2—C5—C10—N13 74.07 74.42
H6—C5—C10—N12 15.70 15.79
H6—C5—C10—N13 —165.00 —164.63

Experimental values a, b, ¢, d are taken from.
@ Ref. [16].
b Ref. [27].
¢ Ref. [32].
4 Ref. [33].

26

Fig. 6. Atom numbering scheme has been adopted in optimized structure of BAMTE.

mental observed CH, in-plane bending mode is observed at
1276 cm™' (FT-Raman) and 1281 cm™! (FT-IR). The computed
CH, in-plane bending mode is observed at 1172 cm~!, 1442-
1568 cm™! in DFT the same vibration exist in the HF method. The
mode numbers 22, 27, 30, 31, are assigned to CH, rocking vibra-
tions. While observed frequencies lie at 663, 742 cm™' (FT-IR)
and 673 cm~! (FT-Raman) which show good agreement between
observed and computed values.

4.2.2. NH, vibrations

The NH, group gives rise to the six internal modes of vibrations
such as: the symmetric stretching (v) the anti-symmetric stretch-
ing (v') the symmetric deformation or the scissoring (4), the rock-
ing (p), the wagging (w) and torsional mode (7). The NH, group
has two (N—H) stretching vibrations, one being asymmetric and
other symmetric. The frequency of asymmetric vibration is higher
than that of symmetric one. The absorption bands in the frequency
range 3230-3381 cm™! are attributed to the vNH, vibration of the
amine group of the organic base [18].

In our title molecule BAMTE, the scaled NH, symmetric(v) and
asymmetric stretching modes are respectively in the range 3339-
3398 cm~! by B3LYP/6-311++G(d,p) level basis set and 3378-
3445 cm™! using HF/6-311++G(d,p) level (mode Nos. 67-70) is in
agreement with experimental value of 3283 cm~! NH, symmetric.
The above assignment is in agreement with literature data [18].
The computed NH, scissoring is in the range 1651 (DFT) and
1681 cm™! (HF) using 6-311++G(d,p) basis set (mode No. 61). For
BAMTE the rocking mode predicted at 144-217 and 222 cm™!
(B3LYP) and 148-227 cm~! and 260 (HF) mode nos: (6-10 and 12).

In our present study, the BAMTE NH, twisting frequency ap-
pears at 244 cm™' in FT-Raman. The computed NH,, twisting fre-
quency assigned at 1312, 1313cm™! by DFT, which are in
agreement with experimental values. While in the HF method,
the NH, twisting values are in the range 1344, 1351 cm™' (mode
Nos. 50 and 51). The N—H out-of-plane bending vibrations are as-
signed at 467-505, 545, 654, 674 cm~! (DFT: mode Nos. 19-21, 23,
26, 27) and 472-529, 547, 685 cm~! (HF). The observed frequen-
cies 663 cm~! (FT-IR) 494, 502, 673 cm~! (FT-Raman) is assigned
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Table 2
Vibrational wave numbers obtained for BAMTE at B3LYP/HF /6-311++G(d,p) [harmonic frequency (cm~'), IR, Raman Intensities (km/mol), Reduced masses (amu) and Force
constants (mdynA°~1)].

Mode No. Experimental (cm™!) Calculated frequencies at B3LYP/HF/6-311++G(d,p) (cm~!) Red. Mass Force Const. Vibrational assignments
FT-IR FT-Raman B3LYP Intensity HF Intensity 6-311++G(d,p)
IR Raman IR Raman
1 17 0 0 19 0 0 7.45 0.00 Lattice vibration
2 31 0 0 34 0 0 7.13 0.00 Lattice vibration
3 39 0 0 40 1 0 8.29 0.01 Ring out-of-plane bending
4 61 0 1 76 0 1 4.09 0.01 yCH,
5 75 0 2 78 0 2 8.42 0.03 Ring bending
6 144 0 1 148 0 1 4.74 0.06 pNH, + pCH,
7 162 2 0 169 1 0 3.34 0.06 pNH; in both ring
8 180 0 1 207 0 0 1.89 0.04 pNH, in both ring
9 185 4 0 209 0 0 2.15 0.05 pNH; in both ring
10 204 ms 217 0 0 227 0 3 1.72 0.05 pNH; in both ring
11 220 0 3 233 2 0 4.36 0.13 pCH, + yN—H
12 222 8 0 260 0 1 1.80 0.06 pNH; in both ring
13 227 2 0 265 0 1 6.13 0.20 wNH; + pCH,
14 244 ms 254 0 1 267 11 0 3.03 0.12 pCH, + wNH,
15 295w 287 2 0 294 2 0 3.15 0.16 pCH; + wNH,
16 311 vw 325 0 3 338 0 3 11.64 0.78 YN—N=C
17 369 vw 385 0 0 401 0 0 6.32 0.59 wCH; + yN—N + yN—H
18 462 vs 465 2) 0 462 4 0 6.99 0.95 BC=S + ring stretching
19 473 ms 467 0 6 472 0 5 5.36 0.74 yN—H + pCH, + C=S
20 494 vs 497 0 1 525 5 0 1.38 0.21 yN—H
21 505 w 505 24 0 529 0 2 1.30 0.21 yN—H
22 523 5 0 540 24 0 3.69 0.64 pCH; + wNH,
23 577w 569 w 545 0 7 547 0 2 4.52 0.85 yN—H + yCH,—CH, + vC=S
24 628 w 646 0 2 669 0 2 8.08 2.12 yN—C—N + yN—NH,
25 648 3 0 684 1 0 5.57 1.48 yN—C—H + yN—C—N
26 654 0 1 685 0 0 4.50 1.21 yN—H + yC—H
27 663 w 673 w 674 1 0 685 0 2 3.96 1.13 pCH, + yN—H + yC=N
28 694 vs 693 2 0 715 0 18 8.37 2.53 yC=N + vN—NH, + fC—N
29 699 0 14 724 2 0 7.73 2.38 vN—NH; + fC—H
30 742 ms 729 1 0 735 1 0 3.58 1.20 pCH, + vC—C
31 753 0 0 769 0 0 1.76 0.63 pCH,
32 827s 817 0 0 839 0 2 4.74 1.99 yCH,—CH,
33 925 0 0 956 0 1 1.98 1.07 wNH;
34 929 29 0 958 19 0 2.18 1.19 @NH,
35 965 s 970 0 3 999 0 13 2.29 1.36 tCH, + fN—H
36 977 0 24 1003 0 3 4.68 2.81 vCH,—CH,
37 1009 ms 1019 16 0 1053 27 0 2.53 1.66 @NH; + C—H bend + vN—N
38 1025 s 1037 0 11 1066 0 4 2.77 1.88 @NH; + C—H bend
39 1057 7 0 1094 8 0 4.62 3.25 vC—N + fN—H + ®wNH; + bN—N
40 1072w 1070 ms 1070 0 8 1111 0 6 4.78 3.45 vN—N + fN—H + tCH; + wNH;
41 1133 6 0 1158 11 0 2.25 1.82 tCH,.vC=S
42 1172 0 6 1204 0 11 4.69 4.06 vC—N + pN—H + pC—H
43 1189 ms 1195 4 0 1232 9 0 2.40 2.16 tCH; + vC=S
44 1223 0 1 1260 18 0 2.70 2.55 vC—N + vC=S + fN—H
45 1227 26 0 1260 0 12 2.17 2.06 vC—N + vC=S + fN—H
46 1246 ms 1247 10 0 1277 4 0 1.40 1.38 wCH; + fN—H
47 1265 0 12 1295 0 13 1.65 1.67 tCH, + pN—H + vC=S
48 1281 ms 1276 1292 0 9 1338 0 27 1.78 1.87 BCH, of CH3 + SN—H of NH,
49 1295 44 0 1341 7 0 4.08 431 vN—N + fN—N + vC=S + tCH,
50 1312 0 2 1344 0 12 1.16 1.26 tNH,
51 1313 ms 1313 2 0 1351 31 0 1.18 1.28 tNH,
52 1335 0 20 1394 0 15 1.65 1.85 wCH,
53 1416 6 0 1451 0 19 3.96 5.01 SCH; + 6NH; + fN—H + oN—N
54 1392 ms 1416 0 43 1457 4 0 2.37 3.00 S6CH, + AN—H + vC—N
55 1426 s 1425 s 1423 0 7 1469 8 0 1.43 1.83 0CH, + vC—N
56 1430 8 0 1471 0 16 1.19 1.53 6CH>
57 1442 100 0 1513 100 0 2.64 3.46 vN—C=S + fN—H + pC—H
58 1443 0 30 1515 0 50 2.87 3.77 vN—C=S + fN—H + pC—H
59 1562 s 1565 0 92 1662 0 71 7.25 11.20 vC=N + pN—H + pC—H
60 1572 s 1568 15 0 1664 15 0 7.75 12.01 vC=N + BN—H + BC—H + §CH,
61 1651 20 0 1681 20 0 1.10 1.89 SNH,
62 1651 0 9 1682 0 13 1.10 1.90 SNH,
63 2939 ms 2954 0 80 2921 0 100 1.06 5.84 vCH, symmetric stretch
64 2966 2 0 2930 2 0 1.06 5.89 vCH, symmetric stretch
65 2988 s 3008 0 35 2972 0 50 1.10 6.28 vCH, asymmetric stretch
66 3155 vs 3160 ms 3025 0 0 2989 1 0 1.10 6.36 vCH, asymmetric stretch
67 3283 ms 3339 4 5 3378 5 0 1.05 7.36 vNH, symmetric stretch
68 3339 0 89 3378 0 97 1.05 7.36 vNH, symmetric stretch
69 3398 2 21 3445 0 36 1.10 7.97 vNH, asymmetric stretch
70 3398 2 14 3445 6 1 1.10 7.97 vNH, asymmetric stretch
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Table 2 (continued)

Mode No. Experimental (cm™!) Calculated frequencies at B3LYP/HF/6-311++G(d,p) (cm~') Red. Mass Force Const. Vibrational assignments
FT-IR FT-Raman B3LYP Intensity HF Intensity 6-311++G(d,p)
IR Raman Raman
71 3545 37 1 3553 33 16 1.08 8.58 vN—H stretching
72 3546 0 100 3554 6 84 1.08 8.58 vN—H stretching

v - stretching, g - in-plane, y - out-of-plane bending, ® - wagging, t - twisting, ¢ - scissoring, p - rocking, T - torsion.
s - strong, m - medium, w - weak, v - very. scale factors: 0.9668 (B3LYP), 0.9085 (HF).
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Fig. 7. Graphic correlation between the experimental and calculated frequencies
obtained by DFT and HF/6-3G(d,p) of BAMTE.

to N—H out-of-plane bending vibration for the present molecule,
which are in good agreement with the theoretical values.

4.2.3. C—N, C=N vibrations

The identification of C—N vibration is a very difficult task, since
the mixing of several bands is possible in the region. Silverstein
et al. [24] assigned C—N stretching absorption in the region
1382-1266 cm™! for aromatic amines. In benzamide the band ob-
served at 1368 cm™! is assigned to be due to C—N stretching. In
benzotrizole, the C—N stretching band is found to be present at
1382 and 1307 cm~'. The frequencies 1411-1598 cm™! in both
FT-IR and FT-Raman spectra have been assigned to C—N, C=N

stretching vibration, respectively [25]. In the present work, the
strong bands observed in the range 1562, 1572 cm™! (FT-IR, FT-Ra-
man) have been assigned to C=N stretching vibration. The bands
appears in the range 1392 cm ™! medium strong in FT-IR spectrum
has been assigned to C—N stretching. Theoretically computed val-
ues of C=N vibration falls in the region 1565, 1568 cm~! (DFT) and
1662, 1664 cm~' (HF) in the both rings of the title molecule (mode
Nos. 59 and 60). The both experimental and theoretical frequencies
of C=N values show in agreement with the literature [25].

Experimentally observed C=N out-of-plane bending vibration
falls in the range 694 cm~! (very strong), in FT-Raman. The com-
puted C=N out-of-plane bending vibration occurs at 674,
693 cm~! and 685, 715 cm™! (mode Nos. 27 and 28) using B3LYP
and HF methods, respectively. The above observed experimental
values of C=N out-of-plane bending vibration exactly coincide
with theoretically computed values.

4.2.4. (=S vibrations

The C=S group is less polar than the C=0 group and has a con-
siderably weak band. Compound that contains a thiocarbonyl
groups, which shows absorption in the region 1250-1020 cm ! re-
gion Silverstein et al. [24]. In our present study, the C=S stretching
frequency observed in the range 1189 cm~! as a medium strong in
FT-Raman spectrum and also C=S in-plane bending appear as a
medium and strong band at 473 cm™! and 462 cm~! in FT-IR and
FT-Raman, respectively. The scaled value of C=S stretching vibra-
tion occurs at 1133, 1195, 1223, 1227, 1265 and 1295 cm™!
(DFT) and 1158, 1232, 1260, 1295 and 1341 cm~! (HF) using 6-
311++G(d,p) basis set (mode Nos. 41, 43, 44, 45, 47, 49). The C=S
in-plane bending vibrations obtained in the lower frequency range
of 465 and 467 cm™! in DFT method on the other hand in HF meth-
od 462, 472 cm™! (mode Nos. 18 and 19) are assigned to same,
which shows good agreement with the recorded experimental
observations.

Table 3
Theoretically computed energies, zero-point vibrational energies (kcal/mol), rota-
tional constants (GHz), entropies (cal mol~' K~') and dipole moment (D) for BAMTE.

Parameters  B3LYP/6-  B3LYP/6- HF/63- HF/6-
31G(d,p) 311++G(d,p) 1G(d,p)  311++G(d,p).631G(d,p)
Total energy —1469.01 —1469.24 —1463.60 —-1463.80
Zero point 123.21 122.52 134.07 133.22
energy
Rotational constants
1.496 1.507 1.544 1.547
0.148 0.148 0.150 0.149
0.137 0.137 0.139 0.139
Entropy
Total 131.29 132.15 125.23 125.99
Translational 42.54 42.54 42.54 42.54
Rotational 33.62 33.62 33.57 33.57
Vibrational ~ 55.12 55.98 49.11 49.88
Dipole 2.409 2.396 2.511 2.488
moment
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4.2.5. N—C—N bending vibrations

The FT-Raman bands at 688 and 623 cm™! are assigned to
C—N—C and N—C—C in-plane bending vibration respectively [25].
N—C—N out-of-plane bending vibration of BMATE has computed
at 646, 648 cm™~! and 669 and 684 cm™!, respectively (mode Nos.
24 and 25). N—N=C out-of-plane bending has observed in the
range 311 cm™! very weak band in FT-Raman, while the computed
N—N=C out-of-plane bending has assigned at 325cm~! and
338 cm™! using B3LYP and HF/6-311++G(d,p) level, respectively
(mode No. 16), which is in agreement with experimentally ob-
served frequencies.

4.3. Other molecular properties

Several calculated thermodynamic parameters are found by dif-
ferent basis sets and presented in Table 3. Scale factors have been
recommended [26] for an accurate prediction in determining the
zero-point vibration energy (ZPVE), and the entropy, S.ix(T). The
variations in the ZPVE’s seem to be insignificant. The total energy
and the change in the total entropy of BAMTE at room temperature
at different methods are also presented.

4.4. NBO analysis

Natural bond orbital analysis gives the accurate possible natural
Lewis structure picture of @ because all orbital are mathematically
chosen to include the highest possible percentage of the electron
density. Interaction between both filled and virtual orbital spaces
information correctly explained by the NBO analysis, it could en-
hance the analysis of intra-inter-molecular interactions. The sec-
ond order Fock matrix was carried out to evaluate donor (i) -
acceptor (j) i.e. donor level bonds to acceptor level bonds interac-
tion in the NBO analysis [27]. The result of interaction is a loss of
occupancy from the concentration of electron NBO of the idealized
Lewis structure into an empty non-Lewis orbital. For each donor (i)
and acceptor (j), the stabilization energy E(2) associates with the
delocalization i — j is estimated as.

where g; is the donor orbital occupancy are ¢; and ¢; diagonal ele-
ments and F(i, j) is the off diagonal NBO Fock matrix element. Nat-
ural bond orbital analysis provide an efficient method for studying
intra and inter-molecular bonding and interaction among bonds,
and also provides a convenient basis for investigating charge
transfer or conjugative interaction in molecular systems. Some
electron donor orbital, acceptor orbital and the interacting stabil-
ization energy resulted from the second-order micro-disturbance
theory are reported [28,29]. The larger E(2) value the more inten-
sive is the interaction between electron donors and acceptor i.e.
the more donation tendency from electron donors to electron
acceptors and the greater the extent of conjugation of the whole
system [30]. Delocalization of electron density between occupied
Lewis-type (bond or lone pair) NBO orbitals and formally unoccu-
pied (antibond or Rydgberg) non-Lewis NBO orbital correspond to
a stabilizing donor- acceptor interaction. NBO analysis has been
performed on the BAMTE molecule at the DFT/B3LYP/6-
311++G(d,p) level in order to elucidate, the intra-molecular rehy-
bridization and delocalization of electron density within the mol-
ecule. Maximum energy transfer from lone pair S(25) to C1-N23
(65.29 kJ/mol), this investigation deeply mentioned the energy
delocalization from the lone pair of the molecule to other part,
which are listed in Table 4.

Table 4
Second order perturbation theory analysis of Fock matrix in NBO basis for BAMTE.

PEG) - E())  °F(i,j)

Donor (i) EDle  Acceptor EDle  °E(2)

4) (kJ/mol)  (a.u) (a.u)
C2—C5 197 C2—H3 0.02 0.58 1.03 0.022
C2—H4 0.01 0.52 1.03 0.021
c2—C17 0.02 0.87 1.04 0.027
C5—C10 0.02 1.02 1.05 0.029
C10—N12 032 433 0.58 0.048
C10—N13  0.05 0.95 1.01 0.028
C8—S26(1) 1.99 (8—S26 0.01 6.86 0.17 0.036
C8—S26(2) 198 C10—N13  0.05 2.79 1.02 0.048
N11—N12  0.02 1.67 0.94 0.035
C17—N18 198 C1-S25 0.02 0.90 1.02 0.027
c2—C5 0.02 0.58 1.17 0.023
c2—C17 0.02 1.17 1.25 0.034
N19—N20  0.02 3.90 1.08 0.058
N23—H24 007 4.82 1.17 0.068
C17—N18 191  C1—N23 0.60 8.86 0.24 0.048
C2—H3 0.02 2.90 0.74 0.042
C2—H4 0.01 0.57 0.74 0.019
c2—C5 0.02 0.78 0.67 0.021
LPN11 160 (8—S26 058 61.58 0.20 0.103
C10—N12 002 2566 0.25 0.073
LPN12 195 C8—N11 0.07 5.67 0.76 0.059
C10—N13  0.05 4.69 0.82 0.055
N13—N14  0.02 0.66 0.70 0.019
LPN13 158  (8—526 058  62.67 0.21 0.107
C10—N12 032 4535 0.26 0.100
N14—H15 0.01 4.66 0.72 0.058
N14—H16  0.01 2.98 0.73 0.047
LPN14 196 C8—N13 0.08 9.79 0.73 0.076
C10—N12  0.02 0.56 0.79 0.019
C10—N13  0.05 1.25 0.76 0.028
LPN18 195 C1—N23 0.07 5.49 0.74 0.057
C17—-N19  0.05 4.62 0.83 0.055
N19—N20  0.02 0.60 0.70 0.018
N23—H24  0.07 2.86 0.79 0.043
LPN19 158  C1-N23 0.60 5599 0.22 0.103
C17-N18 033  46.08 0.26 0.101
N20—H21  0.01 3.02 0.72 0.047
N20—H22 0.1 4.74 0.71 0.058
LPN20 199 C1—N19 0.15 9.20 0.74 0.075
C5—H6 0.01 1.59 0.81 0.032
C5—C10 0.02 1.74 0.81 0.034
C17—-N19  0.05 1.44 0.77 0.030
LPS25(1) 199 C1—N19 0.10 2.32 1.07 0.045
C1—N23 0.07 3.19 1.01 0.051
LPS25(2) 1.84 C1—N19 0.10  10.89 0.56 0.071
C1—N23 0.60 8.91 0.50 0.061
N23—H24  0.07 6.56 0.55 0.055
LPS25(3) 167 C1—N23 0.60 65.29 0.11 0.081
LPS26(1) 199 C8—N11 0.07 2.99 1.03 0.050
C8—N13 0.08 2.67 1.06 0.048
LPS26(2) 1.88  C8—N11 0.07 1018 0.52 0.066
C8—N13 0.08 1093 0.55 0.070

4 E(2) means energy of hyperconjucative interactions (stabilization energy).
" Energy difference between donor and acceptor i and j NBO orbitals.
€ K(i,j) is the Fock matrix element between i and j NBO orbital.

4.5. HOMO-LUMO analysis

The highest occupied molecular orbital (HOMO) and lowest
unoccupied molecular orbital (LUMO) are the main orbital take
part in chemical stability [31]. The HOMO represents the ability
to donate an electron and LUMO as an electron acceptor. The
HOMO and LUMO energy calculated by B3LYP and HF/6-
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LUMO PLOT

HOMO PLOT

(First excited state)

ELumo =- 0.0514 a.u/-1.388 eV

AE =0.1678 au/4.572 eV

EHOMO =-0.219 au/-5.959 eV

(Grouncﬁtate)

Fig. 8. The atomic orbital composition of the frontier molecular orbital for BAMTE.

Table 5

Some of the calculated values of BAMTE in ground state at DFT and HF.
Methods B3LYP/6- B3LYP/6- HF/6-

31G(d,p) 311++G(d,p) 311++G(d,p)

Parameters
HOMO (a.u/eV) —0.207/-5.633 —-0.219/-5.959 —0.311/-8.463
LUMO (a.u/eV) —0.036/-0.980 —0.051/—1.388 0.026/0.708
Energy gap (AE) 0.171/4.653 0.168/4.572 0.285/7.755

(a.u/eV)

311++G(d,p) method. The electronic transition absorption corre-
sponds to the transition from the ground to the first excited
state and is mainly described by an electron excitation from
the highest occupied molecular orbital (HOMO) to the lowest
unoccupied molecular orbital (LUMO). The HOMO is located over
the C=S and C=N groups, the HOMO — LUMO transition implies
an electron density transfer from triazole to C=S group. More-
over, the orbital significantly overlap in their position for BAMTE.
The atomic compositions of the frontier molecular orbital are
shown in Fig. 8 HOMO and LUMO energies calculated by
B3LYP/HF in different basis sets are listed in Table 5. The calcu-
lated self-consistent field (SCF) energy of BAMTE is —107.9954
a.u (—2938.728 eV).

4.6. Atomic charges

Atomic charges of BAMTE molecule has been calculated using
B3LYP and HF method at 6-31/6-311++G(d,p) are combined in Ta-
ble 6. The calculated charges by B3LYP are relatively lesser than HF
method. Atomic charge of Clin BAMTE is 0.87 and 1.05 using 6-
311++G(d,p) level of DFT and HF, respectively. The maximum

Table 6
Atomic charges for optimized geometry of BAMTE.
Atom B3LYP/6- HF/6- B3LYP/6- HF/6-
No. 31G(d,p) 31G(d,p) 311++G(d,p) 311++G(d,p)
C1 0.87 1.06 0.87 1.05
2 0.11 0.13 0.10 0.13
H3 0.00 0.00 0.00 0.00
H4 0.00 0.00 0.00 0.00
c5 0.09 0.13 0.09 0.13
H6 0.00 0.00 0.00 0.00
H7 0.00 0.00 0.00 0.00
c8 0.86 1.06 0.87 1.05
H9 0.00 0.00 0.00 0.00
C10 0.44 0.53 0.43 0.54
N11 —0.16 -0.24 -0.17 -0.24
N12 -0.32 —-0.39 —-0.32 —-0.40
N13 —-0.40 —-0.53 -0.43 —0.54
N14 0.16 0.20 0.17 0.21
H15 0.00 0.00 0.00 0.00
H16 0.00 0.00 0.00 0.00
Cc17 0.41 0.53 0.44 0.54
N18 -0.31 -0.39 -0.32 —0.40
N19 -0.41 —-0.53 -043 —0.54
N20 0.16 0.20 0.17 0.21
H21 0.00 0.00 0.00 0.00
H22 0.00 0.00 0.00 0.00
N23 -0.17 -0.24 -0.17 -0.24
H24 0.00 0.00 0.00 0.00
S25 —-0.64 —-0.75 —-0.65 -0.74
S26 —-0.68 -0.75 —-0.65 -0.74

atomic charge is obtained for C1 and C8 when compare with other
atoms in the bis(4-amino-5-mercapto-1,2,4-triazol-3-yl)ethane
molecule. Illustration of atomic charges plotted for both 6-
31G(d,p) and 6-311++G(d,p) level have been shown in Fig. 9.
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Atomic Charges of BAMTE

| MBLYPIE-316(dp) BHFI6-316(4p) DBALYPIE-3114+G(dp IHFIE-31 144 6(dp)|

Atomic Charges

Atom numbers

Fig. 9. Atomic charges of bis(4-amino-5-mercapto-1,2,4-triazol-3-yl)ethane.

5. Conclusion

In this present investigation molecular structure, vibrational
frequencies, HOMO, LUMO, NBO and polarizability analysis of
BAMTE have been studied using ab initio HF and DFT (B3LYP/6-
311++G(d,p)) calculation. The FT-IR, FT-Raman and NMR ('H and
13C) spectral studies were carried out at first time. Any discrepancy
noted between the observed and calculated frequencies may be
due to the fact that the calculations have been actually done on a
single molecule in the gaseous state contrary to the experimental
values recorded in the presence of inter-molecular interactions.
On the basis of the agreement between the calculated and ob-
served results, assignments of fundamental vibrational modes of
BAMTE were examined and some assignments are proposed. This
study demonstrates that scaled DFT/B3LYP calculations are power-
ful approach for understanding the vibrational spectra of medium
sized organic compound.
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