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Bis(4-amino-5-mercapto-1,2,4-triazol-3-yl)propane (BAMTP) was synthesized and characterized by FT-IR and
FT-Raman spectra. Gas phase structure of BAMTP was examined under density functional theory B3LYP/6-
311++G(d, p) level of basis set, wherein the molecule was subjected to conformational analysis. Thus the iden-
tified stable structure utilized for the calculations such as geometry optimization, vibrational behavior,

hyperpolarizability analysis, natural bond orbital analysis, band gap, chemical hard/softness and stability. Geom-
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1. Introduction

Organic molecules play an important role in solar cell applications
due to their excellent optical and electrical properties [1-3]. Nitrogen
containing heterocyclic molecules such as pyrazole, imidazole, triazole,
pyridine, pyrimidine and pyrazine was used as an additive in dye
sensitized solar cells [4]. Since triazole contains more nitrogen, the
dendrimers of triazole were considered to improve the efficiency in
solar cell devices [5]. Recent reports reveal the application of 1,2,3-tri-
azole and 1,2,4-triazole dendrimers as additives in redox couple for
dye-sensitized solar cells [6,7]. In addition to that the most effective cor-
rosion inhibitors are those compounds containing hetero-atoms like ni-
trogen, oxygen, sulfur and phosphorus [8-11]. Most of the nitrogen-
containing molecules are pharmacologically active especially the
triazole representing a very interesting class of compounds because of
their wide applications in analytical, industrial and pharmaceutical
applications [12-18]. In recent years, triazole-based chemosensory mol-
ecules have also been investigated and shown to be successfully appli-
cable in biological systems [19]. Since the biological action mainly
depends on stereochemistry of the molecule, it is important to study
the conformation of molecule. Based on the above factors, in the present
paper, we report synthesis of bis(4-amino-5-mercapto-1,2,4-triazol-3-
yl)propane (BAMTP) structural conformation, vibrational behavior,
nonlinear optical properties (NLO), hybridization, energy gap (Eg) and
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hard/softness, using FT-IR, FT-Raman spectra and density functional
theory (DFT) calculations. This paper also dealt with the bond order,
sigma (o) and pi (1) electron appearance, percentage of electron densi-
ties at s-orbital and p-orbital, and scope of electron at d-orbital.

2. Experimental details

The FT-Raman spectrum of BAMTP has been recorded using
1064 nm line of Nd: YAG laser as excitation 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 spectrophotometer using KBr pellet
technique, at room temperature, with scanning speed of 30 cm™!/min
and the spectral resolution of 4.0 cm™'. The spectral measurements
were carried out from the Central Electro Chemical Research Institute
[CECRI], Karaikudi, Tamil Nadu.

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

A mixture of glutaric acid (0.01 mol) and thiocarbohydrazide
(0.02 mol) was warmed carefully until melting occurred and then it
was stirred at 170 °C for 30 min. The reaction mixture was then cooled
to room temperature and mixed with water (50 ml). The precipitate
was filtered off, washed with water and 95% ethanol and finally recrys-
tallized from DMSO.
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3. Computational details

The entire calculations were performed at DFT levels on a Pentium
IV/3.02 GHz personal computer using Gaussian 03W [20-22] program
package, invoking gradient geometry optimization [21]. The optimized
structural parameters were used in the vibrational frequency calcula-
tions at the DFT levels to characterize all stationary points as minima.
Then the vibrationally averaged nuclear positions of BAMTP were used
for harmonic vibrational frequency calculations resulting in IR and
Raman frequencies together with intensities. In this study, the DFT ap-
proach (B3LYP/6-311++G(d,p)) has been utilized for the computation
of molecular structure.

3.1. Raman intensity prediction
It should be noted that Gaussian 03 package does not calculate the

Raman intensities. The Raman activities were transformed into Raman
intensities using Raint program [23] by the expression:

_ 1
I = 10712 x (vy—v;)* x o

x RA; (1)

where I; is the Raman intensity, RA; is the Raman scattering activities,
v; is the wavenumber of the normal modes and v, denotes the wave-
number of the excitation laser [24].

4. Result and discussion
4.1. Conformational stability

A molecule can have more numbers of conformers but they may not
be a stable conformer or structure. Our aim is to study the properties of
ground state structure of title compound. In order to bring the stable
structure, the dihedral angle C1-C7-C10-H11 of BAMTP was rotating at
20° interval up to 360° using B3LYP/6-311 ++G(d,p) level of basis set
calculation, in which seventeen conformers were possibly obtained. To
find the stable structure among the seventeen, their zero point energies
were corrected with total energies. As a result, zero energy difference
was obtained for conformer one and it was considered as stable one.
The optimized structures and conformers are shown in Fig. 1a and b;
detailed energies of all conformers are listed in Table 1.

4.2. Optimized bond parameters

BAMTP molecule belongs to C; point group symmetry. In BAMTP,
two triazole rings are fused by propane linker. Also the sulfur (S) atom
and amino group (—NH,) influence the geometry of the molecule.

In a molecule the electronic configuration of an atom plays an im-
portant role in its molecular property. The electronic configuration of
sulfur at the ground state is 3s* 3p2 3py 3p; 3d° (n = 2), at the first ex-
cited state is 35> 3px 3py 3p; 3d' (n = 4) and at the second excited state
is 3s' 3px 3py 3p; 3d' 3d" (n = 6) [25]. In the present molecule, the sul-
fur atom (C=S) has two unpaired electrons at the ground state with &
and m-orbitals. The o0-bonds are stronger and elongated the bond length
whereas m-bonds are weaker and shorter. The bond length of C=S
in two triazole rings lies at 1.667 A; it falls in the range of o orbitals

NH,

Bis(4-amino-5-mercapto-1,2,4-triazol-3yl)propane

(C-S). Whereas, bond lengths of each C=N in BAMTP have shown to
be 1.3 A; it is due to the overlap of m orbitals (C=N). In the geometry
of NH, groups at triazole rings, the nitrogen atom in ground state is
2s? 2py 2p; 2p} configuration; it has sp® hybridization and their bond
lengths lie at 1.019 A in both rings due to the lower inter nuclear dis-
tance between 1s and 2p orbitals [25]. The rest of the bond parameters
of this molecule are listed in Table 2.

4.3. Vibrational spectral analysis

This molecule consists of 29 atoms, and hence 81 normal
modes are possible. The 81 normal vibrations are distributed as
26A; + 15A, + 16B; + 24B, where A;, B; and B, are active in both IR
and Raman and A; is active in Raman. The calculated frequencies to-
gether with the experimental data of BAMTP molecule are presented
in Table 3. Theoretical and experimental spectra of BAMTP are given
in Figs. 2 and 3. The total energy distribution (TED) was calculated by
using the SQM software [26,27] and the vibrational modes were charac-
terized by their TED.

In general, the differences between the observed and predicted fre-
quencies are small for most of the fundamental vibrations. Some of
the discrepancies are due to the approximate nature of the method
used in the calculations. Some others are due to the intermolecular
interactions that occur in the chemical environmental. Based on
the comparison of the calculated and experimental spectra, the band
assignment was performed.

4.3.1. CH, vibrations

The fundamental CH, vibrations are able to scissor, wag, twist and
rock in the expected frequency region 1500-800 cm ™! [28]. The calcu-
lated CH, symmetric stretching vibrations appear at 2946, 2927 and
2925 cm™ ' (mode nos: 12-10) by B3LYP/6-311++G(d, p) level.
Serbest et al. [29] have recorded the asymmetric mode of methylene
group at 2969 cm ™', 2988 cm ™' and 2909 cm~ . In the present inves-
tigation, the CH, symmetric and asymmetric vibrations are observed at
2772 cm~ ! (FT-IR), 2909 cm~ ! (FT-Raman) and 2948 cm™!,
3053 cm~ ! (FT-IR), and 2988 cm ™! (FT-Raman) respectively. The com-
puted v,5y CH, modes are at 2948 cm™ !, 2966 cm ™' and 3004 cm ™!
(B3LYP: mode nos: (9-7) using B3LYP/6-311++G(d, p) basis set.
These calculated frequencies are in good agreement with the observed
and literature values.

The in-plane bending vibration of C-H appears at 1212 cm™ ' [30].
The weak bands observed at 1362 cm™ ! and 1050 cm™ ! in FT-IR are at-
tributed to &c_y mode. The theoretical 6c_y mode has calculated as
1365 cm™~ !, 1283 cm™ !, 1254 cm™ !, 1149 cm~! and 1051 cm™!
(mode nos: 24, 29, 31, 36 and 40). These assignments are in line with
experimental values. The computed 8¢y modes are assigned in the
range of 1414, 1431, 1433 and 1455 cm™ ' (DFT-mode nos: 23, 21, 20
and 17). The observed bands 1492 (FT-IR) and 1429 and 1494 cm ™!
(FT-Raman) are in agreement with theoretical values. Experimentally
observed CH, wagging frequency appears at 1362 cm™ ! in FT-IR spec-
trum; it is found to be satisfactorily in agreement with the literature
[31] and calculated values (1365, 1149 cm™ !/B3LYP: mode nos: 24,
36). Tasal et al. [32] assigned the CH, twisting and rocking modes
in the range of 1096-1297 and 875-763 cm™ !, respectively for
3-(piperidine-1-yl-methyl)-1,3-benzoxazol-2(3H)-one molecule. The
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Fig. 1. (a) The optimized molecular structure of BAMTP (b) The possible conformers of
BAMTP.

bands at 1050(FT-IR), 1051, 1149 (mode nos: 40, 36) and 721 cm™ ' and
824 cm™ ! (mode nos: 50, 47) in BAMTP have been designated to twist-
ing and rocking of the CH, group.

4.3.2. NH, vibrations

The amino group (NH,) stretching vibration usually appears in the
range between 3500 and 3100 cm ™! [33-35], whereas Karakurt et al.
[36] have calculated the harmonic frequency at 3541 cm™!. The
calculated vN-H stretching vibrational frequency was predicted at
3548 cm~ ! and 3549 cm~ ! (mode nos: 2, 1) using B3LYP method.
The absorption band in the region of 3230-3381 cm™ ! is attributed to
the NH, asymmetric stretching of the amine group of the analogous
molecule [31]. The NH, symmetric stretching mode has been assigned
at 3288 cm™ ' [37]. In the present investigation, the FT-IR spectrum
shows a strong band at 3247 cm~ ! and a medium strong FT-Raman
band at 3255 cm™ . They correspond to NH, symmetric vibration. The
asymmetric stretching also observed as medium strong band in FT-IR
spectrum at 3324 cm™ !. The B3LYP computations give the frequency
of these bands at 3340 cm™! and 3399 cm™~! (mode nos: 6-3) for
Vsym NHa and vasym NH, stretching vibrations respectively. These as-
signments are in agreement with literature [31].

According to Socrates [38], the frequencies of amino group appeared
around 3500-3300 cm ™! due to NH, stretching, 1700-1600 cm ™! to
the scissoring vibration and 1150-900 cm ™! appeared for rocking de-
formations. The internal deformation vibration known as, NH, scissor-
ing frequency was observed at 1701 cm~ ! and 1612 cm™ ! in FT-IR
spectrum, which is supported by TED and literature. The NH, scissoring
vibration calculated 1652 cm™! by B3LYP (mode no: 14) method devi-
ates positively by 40 cm™! compared to the experimental FT-IR data.
The computed NH, twisting frequency was assigned at 1313 cm™?,
1232 cm™ ! by B3LYP method (mode nos: 26, 27 and 32). However
the observed FT-IR (1317 cm~', 1234 cm~' and FT-Raman
(1302 cm™ ') bands do support the harmonic data. The NH, rocking
computed at 935 cm ™~ ! and 927 cm™ ! by B3LYP (mode nos: 45, 46)
method coincides satisfactorily with the recorded spectral values (FT-
IR: 916 and Raman: 890 cm™'). It should be emphasized that the
wave numbers calculated by B3LYP method at 649 cm™ /649 cm ™!
(mode nos: 54, 53) for NH, wagging mode are supported by TED
value (12%), whereas, this type of vibration is not supported by
experimental data. In this study, the theoretically calculated dy_y
(1443 cm™ !/mode no: 19) and 'N-H (488 cm™!, 486 cm™ !/mode
nos: 59, 60) modes have been found to be consistent with recorded
FT-Raman values (488, 472 cm™ ).

4.3.3. C-N, C=N vibrations

Literature survey reveals that the C-N and C=N stretching vibra-
tions appeared at 1227 cm™' and 1572 cm™ ', respectively in the
case of bis(4-amino-5-mercapto-1,2,4-triazol-3-yl) ethane [37]. In the
present work, the bands at 1234 cm ™' (weak) and 1420 cm™ ! (strong)
in FT-IR have been assigned to C-N stretching. The bands observed at
1572 cm™ ! (strong) and 1576 cm™! (medium strong) are in FT-IR
and FT-Raman respectively, have been assigned to C=N stretching vi-
bration. The identification of C-N and (=N vibrations is a very difficult
task since the mixing of several bands is possible in the region. In benzo-
triazole, the C-N stretching bands are found to be present at 1307 cm ™!
and 1382 cm™ ! [39]. The theoretically scaled values of C=N vibration
fall at 1566 cm~! and 1571 cm~! (B3LYP/mode nos: 16, 15) in
both rings of the BAMTP molecule. Similarly the vibrations falling
at 1416 cm™ !, 1414 cm™ !, 1287 cm™ ', 1261 cm™ !, 1232 cm™ |,
1223 cm™ ' and 1217 cm™ ' (mode nos: 22, 23, 28, 30, 32-34) are due
to C-N stretching [39].

4.34. (=S vibrations

Identification of C=S stretching vibration is difficult and also uncer-
tain, since the absorption of C-O and C-N also occurs in the same region.
The C=S group is less polar than the C=0 group and has a considerably
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Table 1
Energetics of the conformers calculated at the B3LYP/6-311 ++G(d, p) level.
Conformers E (Hartree) AE Eo (Hartree) AE,
(kcal/mol) (kcal/mol)

Conformer-1 —1508.3334272  0.0000 —1508.1076690  0.0000
Conformer-2 —1508.3327255  0.4404 —1508.1071400  0.3320
Conformer-3 —1508.3318899  0.9647 —1508.1062770  0.8735
Conformer-4 —1508.3317299  1.0651 —1508.1059540  1.0762
Conformer-5 —1508.3308036  1.6464 —1508.1057150  1.2262
Conformer-6 —1508.3305924  1.7789 —1508.1054680  1.3811
Conformer-7 —1508.3305878  1.7818 —1508.1056340 1.2770
Conformer-8 —1508.3304889  1.8438 —1508.1054740 13774
Conformer-9 —1508.3304887  1.8440 —1508.1054720  1.3786
Conformer-10  —1508.3304775  1.8509 —1508.1046920  1.8681
Conformer-11  —1508.3302558  1.9901 —1508.1052920  1.4916
Conformer-12  —1508.3301339  2.0666 —1508.1037660  2.4492
Conformer-13  —1508.3293959  2.5297 —1508.1042150 2.1674
Conformer-14 ~ —1508.3291708 2.6710 —1508.1040590  2.2653
Conformer-15 —1508.3291136  2.7068 —1508.1040500 2.2710
Conformer-16  —1508.3279154  3.4587 —1508.1025300  3.2248
Conformer-17  —1508.3271729  3.9246 —1508.1021280 3.4770

Ey. Zero point corrected energy.

weak band. The compounds that contain a thiocarbonyl group show ab-
sorption in the region 1020-1250 cm™ ' [40]. In nitrogen containing
thiocarbonyl compounds, the assignment of C=S stretching frequency

Table 2
The optimized bond parameters of BAMTP using B3LYP/6-311++G(d, p) level.

Parameters Bond lengths Parameters Bond angles (°)
C1-N2 1.300 N5-N7-H9 107.64
C1-N5 1.383 H8-N7-H9 106.12
C1-C11 1.492 C1-C11-H12 108.24
N2-N6 1.376 C1-C11-H13 108.24
C3-N5 1.390 C1-C11-C14 113.29
C3-N6 1.355 H12-C11-H13 105.27
C3-510 1.667 H12-C11-C14 110.72
H4-N6 1.007 H13-C11-C14 110.72
N5-N7 1.395 C11-C14-H15 109.99
N7-H8 1.019 C11-C14-H16 109.99
N7-H9 1.019 C11-C14-C17 110.83
C11-H12 1.096 H15-C14-H16 105.93
C11-H13 1.096 H15-C14-C17 109.99
C11-C14 1.532 H16-C14-C17 109.99
C14-H15 1.092 C14-C17-H18 110.72
C14-H16 1.092 C14-C17-H19 110.72
C14-C17 1.532 C14-C17-C20 113.29
C17-H18 1.096 H18-C17-H19 105.27
C17-H19 1.096 H18-C17-C20 108.24
C17-C20 1.492 H19-C17-C20 108.24
C20-N21 1.383 C17-C20-N21 123.39
C20-N24 1.300 C17-C20-N24 126.32
N21-C22 1.390 N21-C20-N24 110.29
N21-N26 1.395 C20-N21-C22 109.29
C22-N25 1.355 C20-N21-N26 124.81
€22-S29 1.667 C22-N21-N26 125.90
H23-N25 1.007 N21-C22-N25 101.50
N24-N25 1.376 N21-C22-S29 127.63
N26-H27 1.019 N25-C22-S29 130.88
N26-H28 1.019 C20-N24-N25 104.55
Bond angles (°) C22-N25-H23 125.32
N2-C1-N5 110.29 C22-N25-N24 114.38
N2-C1-C11 126.32 H23-N25-N24 12031
N5-C1-C11 123.39 N21-N26-H27 107.64
C1-N2-N6 104.55 N21-N26-H28 107.64
N5-C3-N6 101.50 H27-N26-H28 106.12
N5-C3-S10 127.63 Dihedrals (°)

N6-C3-S10 130.88 C1-N2-N6-C3 0.00
C1-N5-C3 109.29 C1-N2-N6-H4 180.00
C1-N5-N7 124.81 N6-C3-N5-C1 0.00
C3-N5-N7 125.90 N6-C3-N5-N7 180.00
N2-N6-C3 114.38 S$10-C3-N5-C1 180.00
N2-N6-H4 12031 S10-C3-N5-N7 0.00
C3-N6-H4 125.32 C1-N5-N7-H8 123.00
N5-N7-H8 107.64 C1-N5-N7-H9 —123.00

has been a controversial one [41,42], thus, only the results from TED
can provide the clear cut assignment for the C=S vibration. In BAMTE
(Ethane), the C=S stretching frequency is assigned to 1189 cm™'
[37]. In our present study, the C=S stretching vibrations calculated to
be 1155 cm™ !, 1144 cm™ ! (B3LYP/mode nos: 35, 37) are in agreement
with the recorded values of 1187 cm™"' in FT-Raman and 1137 cm™ ' in
FT-IR, respectively. These assignments are supported by TED (12%). Ac-
cording to the calculated frequencies by B3LYP method, the C=S in-
plane and out-of-plane bending vibrations contribute to the band at
608 cm~ ! (mode no: 57) and 144 cm™~ " and 123 cm ™! (mode nos: 74
and 75), respectively, which is in agreement with the Raman bands
(611 and 151 cm™'). The harmonic (B3LYP)/observed bands at
251 cm™ ', 224 cm~! (mode nos: 67, 68)/236, 229 cm~ ! and 144,
123 cm™ ' (mode nos: 74, 75)/151 cm™' have been designated to
Sn-c—s and I'y_c—s respectively.

4.4. NBO analysis

NBO analysis provides an efficient method for studying intra-and
inters molecular bonding interaction among the bonds and also
provides a convenient method for investigating charge transfer or
conjugative interaction in molecular systems. Some electron donor/ac-
ceptor orbital and the interacting stabilization energy that resulted
from the second-order microdisturbance theory were reported
[43,44]. The larger the E® value, the more intensive in the interaction
between electron donors and electron acceptors i.e., the more donating
tendency from the electron donors to electron acceptors and the greater
the extent of conjugation of the whole system. Delocalization of electron
density occupied between Lewis-type (bond or lone pair) NBO orbitals
and formally corresponds to a stabilizing donor-acceptor interaction
[45]. The second order Fock matrix was carried out to evaluate the
donor-acceptor interactions in the NBO basis [46]. For each donor
(i) and acceptor (j), the stabilization energy E® associated with the
delocalization i — j estimated as

F(i, j)?
(2) _ . >
E® = AE;j = q; P )

where g; is the donor orbital occupancy, ¢; and ¢; are diagonal ele-
ments and F(i,j) is the off diagonal NBO Fock matrix element. In this in-
vestigation, the NBO analysis provides the intra-molecular charge
transfer within the molecule. From Tables 4 and 5, the charge transfer
between LPN5 and C;-N,, C3-Sq¢ is about 43.82 and 60.99 kJ/mol,
respectively. The larger the E®) energy, affect the length of donor
bonds. It is evidenced from NBO analysis that the n-m* transition,
which yields maximum delocalization energy, whereas the correspond-
ing bond length decreased; it is due to an increase of electron density
into the bond. In addition, the sp> hybridization formed between the
sulfur and carbon atoms, in which 1s orbital of carbon (C3) atom pos-
sesses occupancy electron about 0.9995, 2s orbital has 0.4821; similarly,
the orbitals 2py, 2py and 2p, have 0.4495, 0.4633 and 0.4449 respective-
ly. The energy of these 2p orbitals in C3 is comparatively lesser than that
of 2s orbitals. On the other hand, the ground state sulfur has showed
more energy than carbon atom, for the reason that its 2p (px, py and
p.) orbitals obtained approximately equal occupancy (0.9998) and are
higher than 2p of carbon. The higher energy levels such as dyy, dy, dy.,
dx>-y» and d,; are being vacant orbitals. To utilize these orbitals the mol-
ecule has to excite to the higher energy levels.

4.5. Energy gap (HOMO-LUMO)

The atomic orbital compositions of the frontier molecular orbitals of
the title compound are shown in Fig. 4. The HOMO-LUMO energy gap of
these compounds was calculated at the B3LYP/6-311++(d,p) level.
The HOMO represents the ability to donate an electron; LUMO as an
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Table 3

The vibrational wave numbers obtained for BAMTP by experimental and B3LYP/6-311++G(d, p) [harmonic frequency (cm~'), IR, Raman Intensities (km/mol)].
Mode No. Experimental and calculated frequencies cm ™" Intensity 9TED %

Species FT-IR FT-Raman “B3LYP PIR. RS, Vibrational assignments

1 Ay 3549 33.76 26.78 VNGH4(50) + VN25H23(50)
2 B, 3455ms 3548 0.01 183 Vnotacso) + VN25H23(50)
3 B, 3324ms 3399 3.56 8.22 V N7H8(25) + V N7H9(25) + V N26H27(25) + V N26H28(25)
4 Az 3399 0 4.27 V N7H8(25) + V N7H9(25) + V N26H27(25) + V N26H28(25)
5 Aq 3247s 3255ms 3340 0.04 31.42 V N7H8(25) + V N7H9(25) + V N26H27(25) + V N26H28 (25)
6 B, 3119vs 3340 3.66 159 VnzHs(25) + V N7HO(25) + V N26H27(25) + V N26H28 (25) V
7 By 3053s 3004 231 0.9 V c14H15(46) + V C14H16 (46)
8 Ay 2988vs 2966 1.2 5.55 V C14H15(49) + V C14H16 (49)
9 Ay 2948vs 2948 0 0.54 V c11H12(25) + V C11H13(25) + V C17H18(25) + V C17H19(25)
10 By 2946 1.62 15.11 V c11H12(23) + V C11H13(23) + V C17H18(23) + V C17H19(23)
11 Ay 2909ms 2927 249 45.33 V c11H12(24) + V C11H13(24) + V C17H18(24) + V C17H19(24)
12 By 2772ms 2925 0 2.57 V C11H12(25) + V C11H13(25) + V C17H18(25) + V C17H19(25)
13 Aq 1701w 1652 0.2 0.84 OH8N7N5(10) + OHSN7HO(24) + OH27N26N21(10) + OH27N26H28(24)
14 B, 1612s 1652 18.27 1.85  OugN7N5(10) + OHON7N5(10) + OHSN7HO(24) + OH27N26N21(10) OH28N26N21(10) + OH27N26H28(24)
15 Aq 1572s 1576ms 1571 6.28 19.59 VN2C1(32) + VN24C20(32)
16 B, 1566 9.42 0.07 VUN2C1(32) + VN24C20(32)
17 Ay 1492s 1494s 1455 0.75 0.99 OH15C14H16(24)
18 Ay 1445 293 8.97 VUN6C3(12) + VN25C22(12)
19 B, 1443 100 0.01 VUN6C3(13) + VN25C22(13) + ON2N6HA(10) -+ OH23N25N24(10)
20 Ay 1433 0.03 2.9 SHcH(21) + THeck(24)
21 B, 1429ms 1431 2.74 3.64 SucH(18) + THecH(12)
22 Ay 1420s 1416 9.66 0.21 VN5C1(11) + VN21€20(11)
23 B, 1414 0.05 0.64  Vnc(is) + VNN(12) + OHCH(12)
24 B, 1362w 1365 0.75 0 VNN(12) + OHCc(20) + THecH(16)
25 Ay 1336ms 1334 0.51 023 VN7N5(11) + VN26N21(11)
26 By 1317s 1313 1.72 0.7 OHSN7N5(25) + OHON7N5(25) + OH27N26N21(25) + OH28N26N21(25)
27 Ay 1302s 1313 0 0.16  OusN7N5(25) + OHONTNS(25) + OH27N26N21(25) + OH28N26N21(25)
28 B, 1287 49.46 14 VUNC(14) + VNN(18)
29 A; 1283 0 1.67  duisciacii(12) + OH16c14C11(12) + OH15C14C17(12) + OH16C14C17(12)
30 Aq 1261 0.78 6.73 VNC(16) + NNH(12)
31 B, 1254 0.02 0 OH12C11C14(10) + OH13C11C14(10) + OH18C17C14(10) + OH19C17C14(10)
32 B, 1234w 1232 33.17 0.06 VUNC(16) + ONNH(14) + OCNH(16)
33 Ay 1223 0.34 0.08  Vnec3(18) + VN25C22(18) + OC3N6HA(10) + OC22N25H23(10)
34 B, 1217 0.03 0.12 VNG6C3(12) + VN25C22(12)
35 Ay 1187w 1155 0.81 0.47 VUNC(20) + Vsc(12)
36 A, 1149 0 0.06  ducceeo) + e (32
37 B, 1137w 1144 4.78 0.22 VNC(20) + Vsc(12)
38 Ay 1080w 1071 1 0.79 VN6N2(31) + VN25N24(31)
39 B, 1065 1.19 0.62 VN6N2(30) + VN25N24(30)
40 B, 1050w 1051 0.03 0.03 Suce(16) + PHece30) + TeccH(zo)
41 Aq 1043w 1046 3.81 1.92 Vciac1(13) + Ye17c14(13)
42 B, 1035 10.67 0 Vc14c11(19) + VC17¢14(19)
43 By 1004w 1001 5.27 1.85 Vci4c11(22) + Ve17¢14(22)
44 Aq 997w 991 0.07 0.2 Vci4ci1(16) + Yc17c14(16)
45 Ay 916s 935 27.48 0.08 VNC(20) + OHNN(20)
46 B, 890w 927 2.39 0.12 VUNC(26) + OHNN(20) + ONNC(10)
47 A, 824 0 0.27 SHcc(12) + THeen(16) + THech(as)
48 Ay 785s 797 0.53 5.35 Vci1c1(12) + Veaoc17(12)
49 B, 752ms 748 1.09 0.01 VUN7N5(13) + VC11C1(11) + Vc20C17(11) + VN26N21(13)
50 B, 721 1.22 0.16 Srcc(16) + THeen(12) + THeck(se)
51 Ay 704s 690 0.02 6.68 VN7N5(18) + VN26N21(18)
52 B, 666w 665w 676 0.01 0.92 VNN(14) + Vsc(18) + Vcc(20) + ONCN(10) + ONNC(12)
53 By 649 4.42 0 Fenne20) + Tnengzoy + TNNen(is)
54 A, 649 0 0.88 Fenne(1s) + I'nnenezo) + Fanenei2)
55 B 627w 631w 633 1.18 0.26 I'enenezs) + Tnnen(i2)
56 Ay 631 0 0.76 Tenen(22) + TNNeN(14)
57 By 611w 608 1.6 043 ONNC (16) + ONCS(10) + ONCC(20) + dccc (14)
58 Aq 562w 588 1.08 1.92 Vs10C3(11) + V529C22(11) + ON7N5C3(10) + OC22N21N26(10)
59 B; 488s 488 22.92 0.78 THanec3Ns(14) + THanecss10(22) + I H23N25022N21(14) TH23N25022529(22)
60 Ay 471w 472w 486 0 026 Thanecans(14) + I Hanecas10(22) + IH23n2sc22n21(14) TH23N25022520(22)
61 Ay 464w 470 0 14.61 Vs10c3(12) + Vs29C22(12)
62 B, 395w 458 2.73 0.25 Vs1003(17) + Vs20C22(17)
63 B, 349ms 361 2.08 038  dciaciici(12) + Sc2oc17c14(12)
64 By 328w 304 0 0.12 I'nenzcicii(10) + IN2snzac20c17(10)
65 Ay 317w 297 0 0.02 I'nenz2cic11(10) + TN25N24c20017(10)
66 A 287ms 291 1.69 017 berzciacno)
67 B, 251w 236 0.25 263 ONsc3510(16) + ON6C3510(12) + D520C22N21(16) + ON25C22529(12)
68 A 224ms 229 2.69 1.08  Onscssio(16) + ONGC3s10(14) + D520022N21(16) + ON25C22529(14)
69 B, 206ms 215 7.99 027 Tusn7nsci(15) + THoN7NsC1(15) + THaznzeNz21c20(15) TH2sN26N21C20(15)
70 Ay 199ms 214 0 0.02  Twsn7Nsci(14) + THoN7NsC1(14) + TH27N26N21020(14) TH28N26N21C20(14)
71 By 189ms 178 6.17 0.7 Thsn7Nsc3(13) + THON7NSC3(13) + H27N26N21T c22(13) TH2sN26N21022(13)
72 Ay 180ms 174 0 0.02 ThsN7N5C3(13) + THON7NSC3(13)T H27N26N2122(13) TH28N26N21C22(13)
73 A 173ms 150 0.01 3.56 VNC (10) + Vcc (38) + ONCC (14) + Occe(17)

74 Ay 151ms 144 0 0.38 I'NNGs (12)




S. Subashchandrabose et al. / Spectrochimica Acta Part A: Molecular and Biomolecular Spectroscopy 157 (2016) 96-103 101

Table 3 (continued)

Mode No. Experimental and calculated frequencies cm ™' Intensity 9TED %
Species FT-IR FT-Raman “B3LYP PIR¢ °RSc Vibrational assignments
75 B, 123 056 001 Tancs (17) + Fencctiz)
76 B, 117 0.05 7.78 dn2ci1c11(14) + ONscic11(14) + ON21C20C17(14) + ON24C20C17(14)
77 By 88 0.15 0.58  Tcizciaciiciiny + Feaocizciaciiqin
78 Ay 57 0 3182 Tencc(iny + Fecen 10y + Theee (10) + Tecee (14) + Teeen 11y
79 Ay 38 0.15 0.05 Scraci1c1(17) + Oci7c1ac1i(17) + dc0c17¢14(17)
80 By 16 0.36 0.51 Tciaci1cins(17) + IN21c20c17¢14(17)
81 Ay 14 0 100 Tcracticine(10) + IN2aczoc17c14(10)

v—stretching, 5—in-plan bending, '—out-of plan bending.
s—strong, m—medium, w—weak, v—very.

¢ Scaled wavenumbers calculated at B3LYP/6-311++G(d, p) using scaling factors 0.967.
b Relative absorption intensities normalized with highest peak absorption equal to 100.

¢ Relative Raman intensities normalized to 100.

9 Total energy distribution calculated B3LYP 6-311+-G(d,p) level, TED less than 10% are not shown.

electron acceptor represents the ability to obtain an electron. According
to the Koopman theorem, the energies of LUMO and HOMO can be
described to a good approximation as [47]:

x=-1/2 (Exomo + Erumo); 2.536 eV 3)
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Fig. 2. The experimental (a) and theoretical (b) spectra of BAMTP.

N=-1/2(Enomo-Erumo); 1.901 eV (4)

Several important molecular properties such as chemical hardness
(m) and electronegativity ()) have been defined based on density
functional theory [48-50]. Chemical hardness has been used as a tool
to understand the chemical reactivity and some other properties of a
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Fig. 3. The experimental (a) and theoretical (b) spectra of BAMTP.
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Table 4
The natural bond orbital analysis of BAMTP using B3LYP/6-311 ++G(d, p) level.
Donor (i) ED/e Acceptor (j) ED/e 3E?) kj/mol
LPN5 1.60 C-No(2) 0.02 43.82
C5=S1o 0.57 60.99
LPN6 1.61 C1-N3(2) 0.30 231
C5=S10 0.57 74.4
LPS10(2) 1.86 C3-Ns 0.10 14.46
C3-Ng 0.07 12.64
LPN21 1.60 C20-N24(2) 0.30 43.82
C22-Sa9 0.60 60.99
LPN25 1.61 Cp0-N24(2) 0.30 231
C22-Sa9 0.57 74.4
LPS29 (2) 1.86 Na1=Caz 0.10 14.46
C22-Nas 0.07 12.64

2 E® means energy of hyper conjugative interaction (stabilization energy).

Table 5
Orbital occupancies of BAMTP.

1s, 2s, 3s 2Dy, 2Py, 2Pz dxy, dxz, dyz, dx2y2,
Atoms
(occupancy) (occupancy) dz2
c3 0.9995, 0.48208 0.4495, 0.4633, 0.4449 Vacant
S10 1.0000, 0.9998, 0.9084  0.9998, 0.9998, 0.9998 Vacant

molecular system [51]. It has also been shown that the stability of
molecules is related to their chemical hardness [52]. The concept of
electronegativity has been introduced as the power of an atom in a mol-
ecule to attract electrons onto it [53]. Chemical hardness (1)), and elec-
tronegativity (i) are defined in Eqs. (3-4). The calculated chemical
hardness is about 2.536 eV, and electronegativity is about 1.901 eV. As
a result, when the band gap is large the stability of molecule increases
and reactivity decreases [54]. In the present compound, molecular or-
bitals (MOs) such as alpha (o) and beta (3) are calculated, in which
the MO 72 is shown to be the highest occupied level (HOMO) of «
MO and its counterpart is shown to be 73 as vacant as LUMO (a*)
orbital;besides these, HOMO of 3 is shown to 70th orbital, in which

e’
@ S0
[ ]
<9 ’
LUMO (73 alpha-a*) 0672 ¥ _Qa.a\ 7 ;
o ?
J 2

LUMO (71 beta-f*) 6.064 eV

3727V
1838 eV
HOMO (72 alpha-c) 4400 eV
j\ 2
@ 3 HOMO (10 beta -B) 4226 ¢¥

3wy

¢ 3 @
9% ¢
s

Fig. 4. The frontier molecular o — o* and 3 — 3* orbitals of BAMTP.

the orbitals 71 and 72 became vacant. Since, o MOs are essential, the
band gap is measured between MOs 72 (HOMO) and 73 (LUMO); it is
about 3.7273 eV. Such a lesser band gap leads the BAMTP molecule as
highly reactive. Moreover, the -HOMO is located over the right side
triazole ring and sulfur atom, the rest of the part a*-LUMO. Similarly,
the molecule has highlighted for 3-HOMO and 3*-LUMO but essentially
the methylene chain is not involved in either MO.

The charge distribution of the molecule has calculated on the basis
of Mullikan charge using B3LYP/6-311++G(d,p) level calculation.
This calculation depicts the charges of every atom in the molecule.
In the present investigation, the negative charge appeared in sulfur
(S10, S29 = —0.731), carbon (C11 = —0.633) and nitrogen
(N24 = —0.206) atoms. On comparison of atomic charges of C1 and
N2, it appears as positive (0.310) and negative (—0.206) charges
respectively, whereas the N5 appears about —0.036 a.u. This evidently
reveals that the formation of m bond orbital develops the reactive path
than the o bond in the molecule. Based on the atomic charges, graphs
were plotted which are shown in Fig. S1 (Supporting information) and
the charges are listed in Table S1 (Supporting information).

5. Conclusion

The FT-IR and FT-Raman spectra of BAMTP were recorded and ana-
lyzed, most of the recorded vibrational wavenumbers were close to
computed wavenumbers. The computed bond lengths were inversely
proportional to the bond order. The influence of 2p, 3p and 3d orbitals
of nitrogen and sulfur atoms is less at the ground state molecule; 3d° or-
bital of sulfur became vacant. Since the sulfur contains vacant d-orbital
in their valence shell, unpairing of s- and p-electron by promoting
them to vacant d-orbital is possible. The presence of m bond shows
that the molecule possesses more hyperconjugation interaction energy.
The energy gap between the highest filled «and unfilled o* orbitals was
determined at 3.727 eV (332.66 nm), which shows that more electron
density is in & MOs. Such lesser band gap energy will lead this molecule
to become highly reactive and hence, this molecule can be utilized in
dye-sensitized solar cells to enhance the performance since analogous
triazole band gap is a comparable one (~308 nm).

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.saa.2015.12.005.
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