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a b s t r a c t

Comprehensive investigation of molecular geometry and electronic structure of 5-(4-Pyridinyl)-1,3,4-
thiadiazol-2-amine in ground as well as in the first excited state has been carried out. The stable con-
formers of the title compound have been determined from the 3D potential energy scan by varying
selected dihedral angles, responsible for conformational flexibility. As the energy difference between the
conformers was very small, the relative stability has been confirmed at potentially high-level G2MP2
method. The most stable structure was optimized with B3LYP and M06-2X functional using polarized
triple-zeta 6-311þþG(d,p), to obtain the ground state structure and calculation of vibrational wave-
numbers. Experimental FT-IR and FT-Raman spectra were compared with theoretical spectral data.
Dipole moment, polarizability, first static hyperpolarizability and molecular electrostatic potential sur-
face map have been calculated to get a better insight of the properties of title molecule. Frequency-
dependent first hyperpolarizability b(�2u;u,u) has also been evaluated to gauge the non-linear opti-
cal behavior of the title compound. Natural bond orbital (NBO) analysis has been done to study the
stability of the compound arising from charge delocalization. UVeVis spectrum, possible solvent-solute
interaction and electronic properties such as frontier orbitals, band gap energies have been calculated by
TD-DFT approach. 1H nuclear magnetic resonance chemical shifts of the title compound were calculated
using the Gauge-Including Atomic Orbital (GIAO) method and compared with experimental data.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

1,3,4-thiadiazoles, five-membered ring systems containing one
sulfur and two nitrogen atoms are one of the most imperative and
acclaimed heterocyclic nuclei, being a core structural constituent in
a collection of drug classes namely antimicrobial, anti-
inflammatory, analgesic, antiviral, antineoplastic, and anti-
tubercular agents [1e8]. El-Gohary and Shaaban [9] have synthe-
sized new series of fused 1,3,4 thiadiazoles and reported their
antimicrobial, antiquorum-sensing and antitumor activities. Very
recently Patel et al. [10]. have synthesized and reported 1,3,4
thiadiazole derivatives as inhibitors of transforming growth factor-
b type-I receptor kinase (ALK5). Sulfamethazole, cefazoline, acet-
azolamide and methazolamide etc. are few drugs containing
).
thiadiazole nucleus. In addition to pharmaceutical zone, the thia-
diazoles are also being used in industrial, agricultural and polymer
area [11,12]. Synthesis of new thiadiazole derivatives and analysis of
their chemical behavior as well as biological activities have ach-
ieved prominence in recent decades. Despite extensive spectro-
scopic studies on thiadiazole and its derivatives [13e19], literature
survey reveals that neither Raman, IR and UVeVis spectroscopic
studies nor the quantum chemical calculations on 5-(4-Pyridinyl)-
1,3,4-thiadiazol-2-amine (PTA) have been reported so far. To have a
decent insight of the structural profile of the compound, a detailed
conformational search using 3D potential energy scan at DFT/B3LYP
has been obtained by varying selected dihedral angles and relative
conformational stability has been confirmed at G2MP2 level. The
most stable conformer has been optimized at B3LYP and M06-2X
level and vibrational analysis has been performed. Electric mo-
ments like Dipole moment, polarizability, first static hyper-
polarizability have been calculated at B3LYP and M06-2X
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functionals and compared. Molecular electrostatic potential surface
have been drawn at DFT/B3LYP/6311þþG(d,p) level of theory.
Frequency-dependent first hyperpolarizability b(�2u;u,u) has also
been evaluated to gauge the non-linear optical behavior of the title
compound. Natural bond orbital (NBO) analysis has been applied to
study the stability of the molecule arising from charge delocaliza-
tion. UVeVis spectrum of the title compoundwas also recorded and
electronic properties, such as frontier orbitals and band gap en-
ergies were calculated by TD-DFT approach. The method has also
been used to investigate hydrogen bonding interaction between
PTA and methanol. Thermo-dynamical properties such as heat ca-
pacity, entropy and enthalpy change at various temperatures have
been calculated to gain a deeper insight of the thermal character-
istics of the title compound. H1 NMR chemical shifts also have been
assigned with the help of calculated and experimental findings.

2. Experimental and computational methods

2.1. Sample and instrumentation

Pure 5-(4-Pyridinyl)-1,3,4-thiadiazol-2-amine (PTA) of spectral
grade was purchased from M/s Aldrich Chemical Co., as a white
crystalline solid and was used as such without any further
purification.

The FT-IR spectrum of the title compound was recorded using
Perkin Elmer spectrometer (version 10.03.06) in the region
4000e400 cm�1 using KBr pellet method. The FT-Raman spectrum
in the region 4000e100 cm�1 with a spectral resolution of 0.9 cm�1

was recorded on Planer RAME model of Planer RAM micro Raman
systems. A 532 nm laser line of single longitudinal mode diode-
pumped solid state (SLM-DPSS) laser was used as the exciting
wavelength. The UV absorption spectrum of PTA was examined in
the range 500e200 nm using the JASCO UV V-670, UV-VIS
recording spectrometer. The UV pattern was taken from a 10�5 M
solution of PTA, dissolved in methanol. All the spectral measure-
ments have been performed at the Indian Institute of Technology,
Kanpur.

2.2. Computational details

Density functional theory [20] using B3LYP [21e23] andM06-2X
[24] functionals with polarized triple-zeta 6-311þþG(d,p) has been
used for obtaining the ground state structure and calculation of
vibrational wavenumbers. The exceedingly popular B3LYP (Becke,
three-parameter, Lee-Yang-Parr) exchange-correlation functional,
mixes a certain amount of the exact HartreeeFock exchange energy
into the exchange and correlation obtained from other functionals.
The M06 suites of functional are meta-hybrid GGA DFT functional
fabricatedwith empirical fitting of their parameters, but restraining
to concept of the uniform electron gas. The suite has a very good
response under dispersion forces, and thus fixing one of the biggest
deficiencies in DFT methods. The M06-2X, functional is one of the
best functional for the study of non-covalent interactions. All cal-
culations in this study have been performed with the Gaussian 09
program package [25] and results are analyzed with the Gaussview
5.0 molecular visualization program [26]. Possible conformers of
the title compound have been determined from the potential en-
ergy scan at DFT/B3LYP/6-311þþG(d,p) level, by varying the
N4eC5eC6eC11 and N3eC2eN12eH17 dihedral angles. 3-D Po-
tential energy surface showing the variation of dihedral angles and
their corresponding energies are given in Fig. 1(a) and thus ob-
tained stable conformers of the title molecule are shown in
Fig. 1(b). Calculated energies of four conformers (Table 1), indicates
the conformer B is the most stable one. Due to small energy dif-
ference between the conformers, it was essential to confirm the
relative stability, which has been done at G2MP2 level. Geometrical
structure corresponding to the lowest minima in the potential
energy surface (conformer B in Fig. 1)(b) has been used as input for
optimizing the structure at B3LYP and M06-2X functionals and for
the calculation of vibrational wavenumbers. As X-ray crystallo-
graphic data of the compound is not available optimized parame-
ters of the title compound are compared with experimental data of
the compound with similar structure [15]. Positive value of all the
calculated wavenumbers settles the stability of optimized geome-
try. An empirical uniform scaling factor of 0.983 up to 1700 cm�1

and 0.958 for greater than 1700 cm�1 [27,28] was used to offset the
systematic errors caused by basis set incompleteness and vibra-
tional anharmonicity [29]. Theoretical vibrational assignment of
the title compound using percentage potential energy distribution
(PED) has been done with the MOLVIB program (version V7.0-G77)
written by T. Sundius [30e32]. The Raman activities (Si) provided
with the Gaussian output were subsequently converted to relative
Raman intensities (Ii) using the relationship derived from the basic
theory of Raman scattering [33,34]. The calculated Raman and IR
spectra were plotted using the pure Lorentzian band shape with a
band width of FWHM of 5 cm�1. The theoretical UVeVis spectrum
has been computed by TDDFT method, using 6-311þþG(d,p) basis
set for gas phase and the solvent effect also has been taken into
consideration by implementing IEFPCM model at the same level of
theory. IEFPCM is integral equation formalism (IEF) version of the
polarizable continuummodel (PCM). In this method solute cavity is
created via a set of overlapping spheres. The optimized geometry
has also been used to calculate dipole moment, mean polarizability
and first static hyperpolarizability based on the finite field
approach. Frequency-dependent first hyperpolarizability
b(�2u;u,u) for the second harmonic generation (SHG) were also
calculated by couple-perturbed (CP) DFT method with B3LYP
functional, at the same basis set, used to calculate static btot.

Natural bonding orbital (NBO) calculations [35] were performed
to understand various second order interactions between the filled
orbitals of one subsystem and vacant orbitals of another subsystem
which is a measure of the hyper conjugation or intramolecular
delocalization. The second order perturbation theory analysis of
Fock matrix in NBO basis, was carried out to evaluate the donor-
acceptor interactions. For each donor (i) and acceptor (j), the sta-
bilization energy E2 associated with the delocalization i / j is
estimated as

Eð2Þ ¼ DEij ¼ qi
Fði; jÞ2
εj � εi

Where qi is the donor orbital occupancy, εi and εj are diagonal el-
ements and F(i,j) is the off diagonal NBO Fock matrix element. NBO
analysis provides a detailed insight into the electronic structure of a
system namely-electronic density distribution on atoms, electronic
conjugation between the bonds, hybridization as well as binding
affinity towards a system.
3. Results and discussion

3.1. Molecular geometry and PES scan studies

Conformational search for the title compound has been per-
formed through potential energy surface (PES) scan at DFT/B3LYP/
6-311þþG(d,p) level of theory by varying dihedral angles
N4eC5eC6eC11 and N3eC2eN12eH17 in steps of 10� from �180�

to 180� and all the geometrical parameters were simultaneously
relaxed during the scan except the two selected dihedral angles.
Dihedral angle N4eC5eC6eC11 and N3eC2eN12eH17 are the



Fig. 1. (a)Potential energy surface scan of 5-(4-Pyridinyl)-1,3,4-thiadiazol-2-amine (PTA). (b)Stable conformers of PTA at DFT/B3LYP/6-311þþG(d,p) along with their energies.

Table 1
Energies of various conformers of 5-(4-Pyridinyl)-1,3,4-thiadiazol-2-amine calcu-
lated by using B3LYP and G2MP2 methods.

Conformers B3LYP (Hartree) G2MP2 (Hartree)

A �887.68185256 �886.240400
B �887.68185262 �886.240401
C �887.68184106 �886.240402
D �887.68184107 �886.240404
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relevant torsional angles, which decide conformational flexibility
within the title molecule. The torsional profiles of PES scan are
shown in Fig. 1 (a). Stable conformers of PTA (A, B, C, and D) cor-
responding to the minima on potential energy surface are shown in
Fig. 1(b) with their respective ground state energies. It is interesting
to note that pair of conformers (A and B; C and D) differ from each
other by the rotation of thiadiazole ring by 180� around C5eC6
bond while the pair (A and C; B and D) by rotation of NH2 group
around C2eN12 bond. The rotational barrier of NH2 group
Fig. 2. Rotational barrier of NH2 group at B3LYP/6-311þþG(d,p) level.
calculated at B3LYP/6-311þþG(d,p) level as shown in Fig. 2 is
calculated to be 5.680839 kcal/mol. Eigen values obtained from the
scan output reveals that, the structure (B) positioning the dihedral
N4eC5eC6e C11/N3eC2eN12eH17 at 0�/(150� and �150�), pos-
sesses minimum (least) energy at �887.68185262 Hartree. As the
energy difference between conformers is very small, we optimized
these conformers at a potentially high-level method G2MP2 [36]
which uses second order Moller Plesset perturbation theory, to
get accurate relative energies. The G2(MP2) energy is sum of Ebase,
DE (MP2) and ZPE; where of Ebase ¼ E [QCISD (T)/ 6-311G(d,p)]; DE
(MP2) ¼ E [MP2/6-311þG(3df,2p)] e E [MP2/6-311G(d,p)]; and
HCL(High level Correction) ¼ �0.00481nb - 0.00019na (with
number of a electrons na � number of b electrons nb) with
ZPE ¼ zero point energy. The energy of conformers at G2MP2 is
calculated to be �886.240400; �886.240401; �886.240402
and �886.240404 a.u. respectively. This very small difference
(almost negligible) in energy indicates the possible co-existence of
all four conformers at room temperature. The most stable B
conformer at B3LYP level was optimized at M06-2X level also. The
ground state energy at M06-2X is calculated to be �887.45497340
Hartree. The optimized bond lengths, bond angles and dihedral
angles at B3LYP and M06-2X functionals are compared with the
experimental data of similar system [15] due to non-availability of
crystal structure and are listed in Table 2. In the six-membered
pyridinyl ring all the CeC and CeH bond distances at B3LYP are
in the range 1.392e1.402 Å and 1.082e1.086 Å respectively,
whereas C8eN9 and C10eN9 bond distances are 1.335 and 1.339 Å,
close to the CeN bond length of pyridine 1.338 Å [37]. These values
at M06-2X are not much different. A comparison of the optimized
parameters at two functionals are presented in Fig. 3 The value of
bond angle C10eN9eC8 calculated at B3LYP and M06-2X is nearly
same at 116.8� and 117.0� moreover the average CeCeC angle in
pyridinyl ring also differ by the same amount. In the hetero thia-
diazole moiety, the CeS bond lengths are in between the standard
bond lengths for a CeS single bond (1.820 Å) bond and for C]S



Table 2
Computed optimized geometrical parameters of 5-(4-Pyridinyl)-1,3,4-thiadiazol-2-amine at B3LYP/6-311þþG(d,p) level along with experimental values.

Bond length (A0) Bond angle (�) Dihedral (�)

B3LYP M06-2X Expa B3LYP M06-2X Expa B3LYP M06-2X

S1eC2 1.756 1.742 1.749 S1eC2eN3 114.1 114.2 113.6 S1eC2eN3eN4 0.1 0.0
C2eN3 1.306 1.299 1.320 C2eN3eN4 112.7 112.5 112.2 C2eN3eN4eC5 �0.5 �0.5
N3eN4 1.358 1.357 1.384 N3eN4eC5 114.8 114.3 113.9 N3eN4eC5eS1 0.7 0.8
N4eC5 1.297 1.290 1.300 N4eC5eS1 112.5 113.0 113.3 N4eC5eS1eC2 �0.5 �0.6
C5eS1 1.777 1.757 1.751 C5eS1eC2 85.9 85.9 87.0 C5eS1eC2eN3 0.2 0.3
C2eN12 1.368 1.369 1.337 S1eC2eN12 122.6 122.3 122.0 S1eC2eN12eH18 170.8 170.8
N12eH18 1.011 1.011 N3eC2eN12 123.2 123.3 124.4 S1eC2eN12eH17 31.0 34.6
N12eH17 1.008 1.008 C2eN12eH17 118.2 117.3 e N3eC2eN12eH17 �152.9 �149.5
C5eC6 1.465 1.468 C2eN12eH18 114.1 113.0 e N3eC2eN12eH18 �13.1 �13.2
C6eC7 1.399 1.393 H17eN12eH18 114.9 114.3 e N4eN3eC2eN12 �176.3 �176.2
C7eC8 1.392 1.391 S1eC5eC6 123.4 123.2 122.5 C5eS1eC2eN12 176.7 176.6
C8eN9 1.335 1.330 N4eC5eC6 124.1 123.8 124.2 S1eC5eC6eC11 �179.6 �179.1
N9eC10 1.339 1.335 C5eC6eC7 122.6 122.3 N4eC5eC6eC7 �179.8 �179.4
C10eC11 1.389 1.387 C5eC6eC11 120.0 119.7 N3eN4eC5eC6 �179.1 �179.0
C11eC6 1.402 1.396 C6eC7eC8 119.0 118.7 C2eS1eC5eC6 179.3 179.1
C7eH13 1.084 1.084 C7eC8eN9 123.8 123.8 C5eC6eC7eC8 �180.0 �180.0
C8eH14 1.086 1.085 C8eN9eC10 116.8 117.0 C5eC6eC11eC10 �180.0 �180.0
C10eH15 1.086 1.085 N9eC10eC11 124.1 124.0 S1eC5eC6eC7 0.5 0.9
C11eH16 1.082 1.082 C10eC11eC6 118.8 118.5 N4eC5eC6eC11 0.2 0.6

C11eC6eC7 117.4 118.0 C5eC6eC11eH16 0.0 0.0
C6eC7eH13 121.5 121.6 C5eC6eC7eH13 0.1 0.1
C8eC7eH13 119.5 119.7 C6eC11eC10eN9 0.0 0.0
C7eC8eH14 119.9 120.0 C11eC10eN9eC8 0.0 0.0
N9eC8eH14 116.2 116.2 C10eN9eC8eC7 0.0 0.0
N9eC10eH15 116.0 116.0 C8eN9eC10eH15 �180.0 �180.0
C10eC11eH16 121.1 121.4 C10eN9eC8eH14 180.0 180.0
C11eC10eH15 119.9 119.9 N9eC8eC7eH13 179.9 179.9
C6eC11eH16 120.1 120.1 N9eC8eC7eC6 0.0 �0.1

C8eC7eC6eC11 0.1 0.1
C7eC6eC11eC10 0.0 0.0
S1eC2eN3eN12 176.4 176.2

a Ref [15].

Fig. 3. Comparative graph of optimized parameters at two functionals B3LYP and M06-2X.
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double bond (1.61 Å) bond. The C5eS1 (1.777 Å) bond length is the
longer than C2eS1(1.756 Å) while C5eN4 (1.297 Å) is the shorter
than C2eN3 (1.306 Å). The N12 atom of the amino group is almost
3.6� lower from the plane of the thiadiazole moiety, the dihedral
S1eC2eN3eN12 being 176.4�.
3.2. Vibrational analysis

The title compound consists of 18 atoms, which undergo 48
normal modes of vibrations. The molecule possesses C1 symmetry.
The vibrational assignments have been made at B3LYP/6-
311þþG(d,p) level for which the molecular structure is more sta-
ble (minimum energy). A detailed vibrational description is
presented by means of normal coordinate analysis, with specific
assignment to each wavenumber, attempted through potential
energy distribution (PED). For this purpose a set of internal co-
ordinates are defined and given in Table S1. The local symmetry
coordinates for PTAwere defined as recommended by Fogarasi and
Pulay [38] and are presented in Table S2. The method is useful for
determining the mixing of other modes, but the maximum
contribution is accepted to be the most significant mode. The
observed FT-IR, FT-Raman bands with their relative intensities and
calculated wave numbers and assignments are given in Table 3. The
experimental FT-Raman and FT-IR spectra of PTA along with
simulated spectra at B3LYP and M06-2X level have been presented
in Fig. 4. It is worthmentioning here that for the title molecule both



Table 3
Comparison of experimental infrared wave numbers (cm�1) with theoretical harmonic frequencies (cm�1), infrared intensities, Raman scattering activities and Raman intensities of molecule 5-(4-Pyridinyl)-1,3,4-thiadiazol-2-
amine along with the assignments of vibrational modes basing on PED results.

S. No. Calculated scaled
wavenumbers

Experimental
wavenumbers

M06-2X B3LYP Assignment of dominant modes in order of decreasing
Potential energy distribution (PED > 5%)

M06-2X B3LYP FT-IR FT-Raman IR
Intensity

Raman
Intensity

Raman
Activity

IR
Intensity

Raman
Intensity

Raman
Activity

1 3555 3527 55.8 93.7 61.7 46.7 106.9 69.4 nasy(NH2) (98)
2 3444 3419 3326m 3310w 98.8 467.0 289.5 90.6 583.5 356.7 nsy(NH2) (97)
3 3103 3078 3274m 3061m 2.3 127.9 65.4 2.0 132.8 67.0 n(CH)(R2) (99)
4 3079 3045 3.5 187.8 94.8 7.4 192.4 95.2 n(CH)(R2) (99)
5 3058 3023 3041s 3043m 9.0 253.1 126.2 17.9 316.3 154.5 n(CH)(R2) (99)
6 3056 3019 2937s 2941w 18.3 225.8 112.4 23.7 256.0 124.7 n(CH)(R2) (99)
7 1645 1614 1648vs 1591m 45.4 1420.0 269.9 165.3 36.2 6.7 NH2scicc (80)þn(CN) (11)
8 1620 1603 1598s 328.2 619.3 115.3 127.8 2310.9 423.7 n(CC)(R2) (53)þb(HCC)(R2) (22)þn(CN)(R2) (8)þd00(R2) (7)
9 1613 1565 1592w 1546w 18.4 76.4 14.1 14.6 229.2 40.7 n(CC)(R2) (42)þn(CN)(R2) (26)þb(HCC)(R2) (11)þd0(R2) (8)
10 1556 1509 1495vs 2.6 2475.8 436.0 23.1 1373.1 231.8 n(CN)(R1) (30)þb(HCC)(R2) (26)þn(CC) (14)þn(CN)(R2) (10)þn(CC)(R2) (10)
11 1532 1494 1497vs 282.6 2346.3 404.2 374.4 2557.2 425.9 n(CN)(R1) (44)þn(CN) (22)þb(HCC)(R2) (9)þb(NH2) (6)
12 1509 1475 1450vs 1447vs 8.0 247.0 41.7 34.5 3462.6 566.8 n(CN)(R1) (50)þb(HCC)(R2) (23)þd00(R1) (7)þn(CN)(R2) (6)
13 1429 1415 1411vs 1404m 23.7 170.4 26.7 18.9 390.7 60.5 b(HCC)(R2) (59)þn(CC)(R2) (32)
14 1341 1332 1325m 1353w 49.4 29.5 4.2 6.0 189.1 27.0 b(HCC)(R2) (76)þn(CC)(R2) (11)
15 1333 1310 1317m 32.9 152.5 21.8 56.4 104.2 14.6 b(CNH) (34) þ n(CN) (21)þn(CN)(R1) (16)þn(CS)(R1) (14)þb(N)(R1) (9)
16 1288 1260 1276m 1268m 45.1 386.1 52.8 47.1 312.0 41.5 n(CC) (27)þ n(CN)(R1) (17)þ n(CC)(R2) (14)þb(HCC) (10)þn(NN)(R1) (9)þd trig(R2) (7)
17 1247 1252 1230w 0.6 216.8 28.4 0.7 266.0 35.1 n(CC)(R2) (48)þn(CN)(R2) (44)
18 1232 1222 1214m 1206s 1.6 201.8 26.1 2.6 371.4 47.4 b(HCC) (64)þn(CN)(R2) (19)þn(CC)(R2) (9)
19 1178 1144 1141m 1133vs 20.5 1963.0 239.2 30.2 2681.4 314.6 n(NN)(R1) (44)þn(CN)(R1) (19)þd0(R1) (8)þ NH2 rock (7)þn(CN) (6)
20 1105 1095 1090 0.2 20.8 2.3 0.3 33.9 3.8 b(HCC) (48)þn(CC)(R2) (38)þn(CN)(R2) (6)
21 1085 1071 1059s 2.9 2.5 0.3 1.6 17.6 1.9 b(HCC) (34)þn(CN)(R2) (26)þn(CC)(R2) (21)þd trig (R2) (17)
22 1068 1040 1053w 22.0 96.3 10.4 30.4 187.8 19.5 NH2 rock (41)þn(NN)(R1) (27)þn(CN)(R1) (15)þd00(R1) (6)
23 1009 992 1006w 16.5 569.4 56.9 7.6 776.5 76.0 d trig(R2) (56)þn(CN)(R1) (24)þn(CC)(R2) (18)
24 1006 987 0.2 1.1 0.1 0.2 0.6 0.1 Y(HCCC) (91)
25 995 982 992m 988vs 8.9 53.5 5.3 20.0 170.3 16.5 n(CC)(R2) (32)þd0(R1) (30)þn(CS)(R1) (12)þd trig(R2) (10)
26 977 961 0.3 1.3 0.1 0.3 1.3 0.1 Y(HCCC) (83)þt puck(R2) (15)
27 884 868 860w 3.4 0.9 0.1 3.0 1.4 0.1 Y(HCCC) (98)
28 828 819 826vs 823w 39.5 9.9 0.8 36.1 15.2 1.2 Y(HCCC) (75)þYCCSN(11)
29 789 774 795w 791m 3.3 174.0 12.8 2.5 287.6 20.6 d00(R1) (34)þd0(R1) (19)þn(CS) (16)þn(CN) (8)
30 741 736 742w 0.0 0.5 0.0 0.0 0.4 0.0 t puck(R2) (76)þY(HCCC) (12)þYCCSN(11)
31 690 679 692s 690m 48.6 177.1 11.0 37.7 160.5 9.7 d00(R2) (54)þn(CS)(R1) (19)þn(CC)(R2) (7)
32 681 666 4.7 51.6 3.1 16.8 168.9 10.0 d0(R2) (71)þn(CS)(R1) (12)
33 668 645 661w 672m 7.7 154.6 9.2 8.2 112.6 6.4 n(CS)(R1) (63)þd00(R1) (12)þb(N)(R1) (9) (Range 705e570)
34 632 614 636w 623w 89.5 41.0 2.3 51.7 14.6 0.8 t00(R1) (43)þY(N) (R1) (37)þNH2 wag (8)þt0(R1) (5)
35 602 599 608w 8.0 41.9 2.2 8.9 34.6 1.8 t0(R1) (48)þt00(R1) (23)þY(CCSN) (17)þY(CCCC) (6)
36 593 585 588m 577m 0.3 33.9 1.7 0.2 81.1 4.1 d00(R1) (24)þd0(R1) (19)þd00(R2) (13)þt00(R1) (9)þn(CS) (9)þY(N) (R2) (6)
37 541 524 516w 505w 116.6 221.4 10.0 64.7 156.9 6.8 t0(R1) (23)þt0R1(18)þY(HCCC) (18)þY(CCCC) (13)þt00(R2) (13)
38 496 484 505w 137.9 190.0 7.6 222.8 330.9 12.9 NH2 wag (45)þt0(R1) (10)þt00(R2) (10)þY(CCCC) (8)þY(N)(R1) (6)þn(CS) (6)
39 424 420 438w 438w 7.7 115.2 3.7 5.9 147.3 4.7 b(NCS) (32)þb(CCS) (20)þb(CCC) (13)þn(CS) (13)
40 378 377 367w 0.0 4.2 0.1 0.0 3.7 0.1 t0(R2) (66)þ t00(R2) (19)þY(HCCC) (14)
41 347 346 11.5 21.7 0.5 17.8 53.5 1.3 t00(R2) (27)þY(CCSN) (23)þd0(R1) (13)þY(NCSN) (8)þ NH2 wag (7)þt(C2eN12) (6)
42 335 331 1.9 235.8 5.5 3.1 353.7 8.0 b(NCS) (38)þb(CCC) (15)þn(CS) (10)þt(C2eN12) (6)
43 295 291 305w 1.2 282.1 5.4 39.0 66.2 1.2 NH2 twist (59)þY(NCSN) (12)
44 274 289 41.5 130.6 2.2 1.1 354.3 6.6 n(CC) (21)þn(CS) (16)þd00(R2) (13)þd0(R1) (12)þb(CCC) (9)þd0(R2) (8)
45 189 186 203w 9.1 169.7 1.6 8.9 157.0 1.4 t00(R2) (28)þt0(R1) (16)þY(HCCC) (15)þt0(R2) (11)þt00(R1) (10)þY(CCCC) (8)
46 127 122 3.0 47.3 0.2 3.0 53.9 0.2 b(CSN) (51)þb(CCC) (37)
47 78 78 0.4 5.0 0.0 0.4 11.6 0.0 YCCSN(45)þY(CCCC) (25)þY(HCCC) (9)þt00(R2) (6)þt00(R1) (6)
48 26 30 2.2 1527.3 0.4 2.1 1173.2 0.4 t (C5eC6) (91)

Abbreviations: R1- Thiadiazole ring; R2- Pyridinyl or Pyridyl ring; n-stretching, sy-symmetric, asy-antisymmetric; d-deformation, d' & d''-antisymmetric deformation; trig-trigonal; b-in plane bending; Y -out of plane bending;
wag-wagging; rock-rocking; t-torsion, t' & t''-antisymmetric torsion; puck-puckering; sciss-scissoring; twist-twisting; RBM-ring breathing mode.
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Fig. 4. The experimental FT-Raman and FT-IR spectra of PTA along with simulated Spectra.

Fig. 5. Correlation graph between calculated (scaled) and the experimental fre-
quencies of PTA.

V.K. Shukla et al. / Journal of Molecular Structure 1108 (2016) 112e125 117
B3LYP and M06-2X wavenumbers are in good agreement with
experimental ones (Fig. 5), M06-2X functional is reproducing better
spectral features in terms of line intensity as compared to B3LYP.
The title compound consists of a thiadiazole ring substituted by
pyridinyl ring and an amino group; hence the vibrational modes are
discussed under three heads: (i) NH2 group vibrations (ii) Pyridinyl
or Pyridyl ring vibrations (iii) Thiadiazole ring vibrations.
3.2.1. NH2 group vibrations
The vibrations exhibited by amino group are - stretching, scis-

soring and rocking along with inversion and torsion modes. The
NeH stretching vibrations in primary amines generally occur in the
region 3500e3300 cm�1 [39e41]. The medium intensity band at
3326 cm�1 in FT-IR and weak band at 3310 cm�1 in FT-Raman
spectra of PTA, are assigned as NeH stretching mode. The corre-
sponding theoretical scaled wavenumbers for NeH stretching
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modes are calculated to be at 3527, 3419 cm�1/3555, 3444 cm�1 at
B3LYP/M06-2X. The noticeable positive deviation of 93 cm�1 in FT-
IR at B3LYP and 118 cm�1 at M06-2X in computed and observed
wavenumbers may be due to involvement of NH2 group of the
molecule in intermolecular hydrogen bonding. The wavenumber
corresponding to NH2 scissoring vibration is usually identified in
the region 1590e1670 cm�1 [42,43] while NH2 rocking motion is
normally observed in the region 1150e1000 cm�1 [44] In the title
molecule, the NH2 scissoring mode is assigned at scaled wave-
number 1614 cm�1. A good agreement with very strong/medium
band at 1648/1591 cm�1 in FT-IR/FT-Raman spectra has been
observed. The calculated PED of PTA suggests NeH rockingmode to
be at 1040 cm�1 (PED 41%) which is well matched with weak
experimental FT-Raman band at 1053 cm�1. The NH2 wagging vi-
bration analogous to the inversion mode of ammonia is so strongly
an-harmonic that it cannot be reproduced by the harmonic treat-
ment [45]. The PED analysis of PTA predicts NH2 wagging vibrations
as mixed modes at scaled wavenumbers 496/484 cm�1 at M06-2X/
B3LYP.

3.2.2. Pyridinyl ring vibrations
The pyridine ring executes CeC, CeH, CeN stretching, CeH in

plane and out of plane bending vibrations, trigonal and asym-
metric deformations, puckering along with asymmetric torsional
vibrations. There are four hydrogen atoms attached to the pyridine
ring carbon atoms in PTA. All four CeH stretching vibrations are
pure vibrational modes having 99% PED. The calculated values are
in good correlation with experimental FT-IR/FT-Raman spectral
peaks at 3274/3061, 3041/3043 and 2937/2941 cm�1. The CeN
stretching vibration is spread in the region 1252e1071 cm�1 while
CeC stretch is calculated in wavenumber range 1603e1095 cm�1.
The CeH in plane bending is calculated as mixed modes
throughout the region 1415-1071 cm�1. Calculated scaled wave-
numbers 987, 961, 868 and 819 cm�1 are assigned to CeH out-of
plane bending vibrations, well matched with absorbance peaks
in FT-IR at 826 cm�1 and at 860, 823 cm�1 in FT-Raman spectrum.
The ring breathing mode covers a broad range 750e1000 cm�1 in
pyridine and its derivatives [46,47] and is found to be sensitive
towards the position and nature of substituents. Fan et al. and A.
Singh et al. [48,49]. have shown that ring breathing mode of pyr-
idine provides a sensitive ‘indirect’ indicator of hydrogen bonding
and is blue-shifted upon hydrogen bonding. The ring breathing
mode in the present case is assigned at scaled wavenumber 982/
995 cm�1 (B3LYP/M06-2X) with the help of Gaussview animation
and PED.

3.2.3. Thiadiazole ring vibrations
The thiadiazole ring containing 3 hetero atoms (two nitrogens

and a sulfur) has vibrations corresponding to NeN, CeN and CeS
stretching modes. P. Gautam et al. [50]. observed two bands at
1149 cm�1 and 1103 cm�1 in the Raman spectrum of N-phenyl-5-
phenyl-1,3,4-thiadiazole-2-amine as NeN stretching whereas in
the IR spectrum these appeared at 1141 cm�1 and 1100 cm�1. The
NeN stretching vibration is observed at 1121 cm�1 by Bezerra et al.
[51] and at 1151 cm�1 by Crane et al. [52], In the present case, a very
strong band observed at 1133 cm�1 in FT-Raman spectrum and a
medium intensity band at 1141 cm�1 in the FT-IR spectrum are
assigned to NeN stretching vibrations of thiadiazol ring. The
computed wavenumber for this mode is 1144 cm�1. The CeS
stretching vibration is of variable intensity, does not give strong
band in infrared and as such assignment is not easy in the infrared.
The band may be found over the wide region 1035e245 cm�1 [17].
The CeS stretching vibration gives prominent band in Raman
spectrum and easy to recognize [53]. Computed values are at 645/
668 cm�1 in B3LYP/M06-2X are assigned to CeS stretching mode,
which are well matched with weak band at 661 cm�1 in FT-IR
spectrum and good medium intensity band in FT-Raman at
672 cm�1. Difficult task of identifying CeN vibrations due to the
mixing of several bands is made somewhat simpler by molecular
simulation programs and normal mode analysis. Atalay et al. [15].
have assigned CeN stretching vibrations at 1489 and 1465 cm�1 in
IR spectrum of 2-Amino-5-phenyl-1,3,4-thiadiazole. The modes
calculated at 1494 and 1475 cm�1 are the CeN stretching modes
(more than 40% P.E.D.) which are in good agreement with experi-
mental values. It is a mixed mode having contribution from CeC
stretch and CeH bending vibrations. The in-plane CeSeC and
NeCeS vibrations are also well matched with the experimental
values.
3.3. Electric moments

To predict the nonlinear optical activity of the title compound,
components of various electric moments such as dipole moment
(m), polarizability (a) and first order static hyperpolarizability (b)
have been calculated using DFT/B3LYP/6-311þþG(d,p) method.
Calculation of polarizability and first hyperpolarizability (b) is
based on finite-field approach. First hyperpolarizability is a third
rank tensor that can be described by a 3 � 3 � 3 matrix. All the 27
components of the matrix can be reduced to 10 components due to
the Kleinman symmetry [54]. Components of electric moments are
defined as the coefficients in the Taylor series expansion of the
energy in the external electric field. When the electric field is weak
and homogeneous, this expansion becomes

E ¼ E0 �
X
i

miFi � ð1=2Þ
X
ij

aijFiFj � ð1=6Þ
X
ijk

bijkFiFjFk þ……;

where E0 is the energy of the unperturbed molecules, Fi is the field
at the origin, mi, aij and bijk are components of dipole moment,
polarizability, and first order static hyperpolarizability, respectively.
Total electric dipole moment (m), mean polarizability <a>, and total
first order static hyperpolarizability (btotal), have been calculated
using the x, y, and z components of these electric moments.

Calculated total electric dipole moment (m), mean polarizability
<a> along with total first order static hyperpolarizability (btotal)
and their components are presented in Table 4. Dipole moment in
a molecule is an important property that is mainly used to study
the intermolecular interactions involving non-bonded type dipo-
leedipole interactions, because higher the dipole moment, stron-
ger will be the intermolecular interactions. In the present case
calculated total dipole moment of the PTA molecule is �4.895
Debye at B3LYP. The predicted value of mean polarizability (amean)
and total first order static hyperpolarizability (btotal) of PTA are
found to be 20.167� 10�24 esu and 10.667 � 10�30 esu respectively
at B3LYP. The mean polarizability and total first static hyper-
polarizability calculated at M06-2X is respectively 5.74% and 2.62%
lower in comparison to values calculated at B3LYP. Frequency-
dependent first hyperpolarizability b(�2u;u,u), for the second
harmonic generation (SHG) at two wavelengths 1064 nm
(u ¼ 0.0428 a.u.) and 1907 nm (u ¼ 0.0239 a.u.) are calculated to
illustrate the frequency-dependence. Calculation shows that the
magnitude of the frequency-dependent first hyperpolarizability
increases with the increasing frequency from 12.624 � 10�30 to
18.271 � 10�30 e.s.u. (Table 4). The values of b(�2u;u,u) for PTA
are larger than the corresponding static btot values and exhibits
large frequency dispersion. These electric moments data predict
that PTA compound possesses considerable non-linear optical
properties.



Table 4
Dipole Moment, Polarizability and first hyperpolarizability data for 5-(4-Pyridinyl)-1,3,4-thiadiazol-2-amine calculated at B3LYP/6-311þþG(d,p).

Polarizability (a) B3LYP M06-2X First static hyperpolarizability and frequency-dependent first Hyperpolarizability(b) (B3LYP)

B3LYP M06-2X u ¼ 0.0239 a.u. u ¼ 0.0428 a.u.

axx 209.552 191.993 bxxx �1294.214 962.721 bxxx 1490.7 2145.8
ayy 129.589 125.458 bxxy 138.953 �100.894 bxxy, bxyx �161.9 �238.8
azz 69.105 67.370 bxyy 73.417 �63.303 bxxz, bxzx �81.4 �107.9
Мean (a.u.) 136.082 128.274 byyy 63.203 �46.791 bxyy 29.2 41.2
Мean (esu) � 10�24 20.167 19.010 bxxz 25.436 19.799 bxyz, bxzy �3.1 �3.5

Dipole moment bxyz �2.490 �2.175 bxzz �10.0 �9.6

m xx �3.827 �1.359 byyz 2.955 2.522 byxx �157.8 �216.0
m yy �2.936 �1.169 bxzz 9.864 �6.987 byxy, byyx �78.8 �94.6
m zz 0.833 0.3687 byzz 35.611 �33.817 byxz, byzx �66.5 �71.1
m Total (D) 4.895 4.652 bzzz 10.910 9.481 byyy �3.1 �3.7

bTOTAL(a.u.) 1234.681 911.256 byyz, byzy 3.3 4.1
bTOTAL (esu) � 10�30 10.667 7.872 byzz �38.8 �43.3

bzxx 29.2 40.4
bzxy, bzyx �3.1 �3.5
bzxz, bzzx 3.3 3.9
bzyy �11.5 �16.4
bzyz, bzzy �38.9 �43.8
bzzz 11.7 13.2
bvec (a.u.) 1461.276 2114.823
bvec (esu) 12.624 � 10�30 18.271 � 10�30

Table 5
Frontier orbital energies of 5-(4-Pyridinyl)-1,3,4-thiadiazol-2-amine calculated by
using TD-DFT/B3LYP/6-311þþG(d,p) method.

Energies Gas Methanol

ETOTAL(a.u.) �887.68187 �887.69681
ETOTAL(eV) �24154.44503 �24154.85162
ELUMO (eV) (MO 47) �2.18638 �2.24461
EHOMO (eV) (MO 46) �6.68921 �6.66417
EHOMO-1 (eV) (MO 45) �7.32648 �7.58879
DE(HOMO-LUMO) (eV) 4.50283 4.41956
DE(HOMO-1)-LUMO (eV) 5.14010 5.34418

Fig. 6. Patterns of the HOMO, LUMO and other important Molecular Orbitals of PTA
obtained with TD-DFT/B3LYP/6-311þþG(d,p) method.
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3.4. Electronic properties and UV-spectral analysis

The highest occupied molecular orbital (HOMO) and lowest
unoccupied molecular orbital (LUMO) are important descriptors in
quantum chemistry [55], as these determine the way the molecule
interacts with other species. The frontier orbital gap helps charac-
terize the chemical reactivity and kinetic stability of the molecule.
The so called “soft molecule” has a small frontier orbital gap, is
more polarizable and is generally associated with a high chemical
reactivity, low kinetic stability [56]. Fully optimized ground-state
structure has been used to determine energies (Table 5) and 3D
plots (Fig. 6) of HOMO, LUMO and other MOs involved in the UV
transitions of PTA at TD-DFT/B3LYP/6-311þþG(d,p) level of theory.
It can be seen from figure that both HOMO and LUMO are spread
over the entire molecule having contribution from the pyridinyl
and thiadiazole rings, but LUMO has more anti-bonding character
than HOMO. An ultraviolet spectral analysis of PTA has been made
by experimental as well as theoretical calculations (Fig. 7). In order
to understand electronic transitions of compound, TD-DFT calcu-
lations on electronic absorption spectra in gas phase and methanol
solvent were performed. The calculated absorption wavelengths
(l), oscillator strengths (f) and vertical excitation energies (E) for
gas phase and solvent (methanol) were carried out and compared
with experimental values (Table 6). The calculated absorption
maxima have been found to be at 300 and 311 nm wavelength for
gas phase and methanol solution respectively. This intense elec-
tronic transitions with an oscillator strength f ¼ 0.4827, is in good
agreement with the measured experimental data (l ¼ 316 nm in
methanol). This electronic absorption corresponding to the tran-
sition from the molecular orbital HOMO (46) to the LUMO (47)
excited state, is a p / p* transition.

Site specific intermolecular hydrogen bonding between
hydrogen donor and acceptor molecules plays an important role in
determining the structure and reactivity of molecular systems
[57,58]. To investigate site specific solute-solvent intermolecular
electron transfer interactionwe have studied the possible hydrogen
bonding between PTA and methanol solvent. There are four
possible sites for hydrogen bonding (i) N9——H-O, i.e. hydrogen
bonding between N9 of pyridine ring and HeO group of methanol
resulting in [PTA-MeOH]a (ii) N3——H-O i.e. hydrogen bonding



Fig. 7. Experimental and simulated UV absorption spectra of PTA.

Table 6
Experimental and calculated absorption wavelength l (nm), excitation energies E (eV), absorbance values and oscillator strengths (f) of 5-(4-Pyridinyl)-1,3,4-thiadiazol-2-
amine.

Experimental TD-DFT/B3LYP/6-311þþG(d,p) Major contribution (>10%)

l(nm) E(ev) l(nm) E(eV) f

Gas
301 4.1220 0.1910 H-1/LUMO (52%), HOMO/LUMO (45%)
300 4.1385 0.2339 H-1/LUMO (45%), HOMO/LUMO (53%)
280 4.4213 0.0050 H-3/LUMO(96%)
265 4.6795 0.0193 H-2/ LUMO(75%),HOMO/ Lþ2(20%)
260 4.7699 0.0028 HOMO/Lþ1(88%)
243 5.1015 0.0000 H-1/Lþ2(91%)

Methanol
316 3.9280 311 3.9813 0.4827 HOMO/LUMO(98%)

288 4.3100 0.0013 H-1/LUMO(97%)
272 4.5523 0.0040 H-3/LUMO(97%)
265 4.6709 0.0256 H-2/LUMO(73%)
246 5.0381 0.0015 HOMO/Lþ2(95%)
239 5.1961 0.0789 H-4/LUMO(31%),H-2/LUMO(15%),

HOMO/Lþ1(50%)

Excited states [PTA-MeOH]a
E in eV (f)
Major contribution

[PTA-MeOH]b
E in eV (f)
Major contribution

PTA-(MeOH)2]c
E in eV (f)
Major contribution

[PTA-(MeOH)2]d
E in eV (f)
Major contribution

S1 3.8259 (0.0018)
HOMO/LUMO (70%)

4.0570 (0.4301)
HOMO/LUMO (70%)

3.8366 (0.4266)
HOMO/LUMO (70%)

4.0228 (0.0098)
HOMO-2/ LUMOþ1(52%)

S2 4.0568(0.4455)
H-1/LUMO(69%)

4.1597 (0.0040)
H-1/LUMO(70%)

4.2078 (0.0003)
H-1/LUMO (70%)

4.0750 (0.3997)
HOMO/LUMO(69%)

S3 4.2234(0.0062)
H-2/LUMO (64%)

4.5560 (0.0037)
H-4/LUMO (49%)

4.4158 (0.0020)
H-2/LUMO (66%)

4.1961 (0.0024)
HOMO-1/LUMO (53%)

S4 4.4324(0.0027)
HOMO-3/ LUMO(63%)

4.6775(0.0173)
H-2/LUMO (59%)

4.4631 (0.0019)
HOMO/Lþ1 (62%)

4.6008 (0.0264)
HOMO-3/LUMOþ1(64%)

S5 4.6973(0.0162)
HOMO-4/ LUMO(58%)

4.6987(0.0021)
HOMO /LUMOþ2(66%)

4.5979 (0.0059)
HOMO/Lþ2 (52%)

4.6912 (0.0032)
HOMO/ LUMOþ1(46%)

S6 4.7912(0,0023)
HOMO / LUMOþ2(66%)

5.0298 (0.0002)
H-2/LUMO (50%)

4.8029 (0.0001)
HOMO/Lþ4 (52%)

4.7331 (0.0024)
HOMO/ LUMOþ1(48%)
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between N3 of thiadiazole ring and HeO group of methanol
forming 6 membered ring N3eC2eN12eH18eHeO labeled as
[PTA-MeOH]b (iii) hydrogen bonding between amino group and
two alcohol molecules constituting [PTA-(MeOH)2]c (iv) two
methanol molecules interacting with N3 and N4 of thiadiazole ring
resulting in [PTA-(MeOH)2]d To comprehend the nature of elec-
tronically excited states for the hydrogen bonded PTAdmethanol
complexes, TDDFT method has been used to calculate the low lying
excited states and their corresponding oscillator strengths, are
given in the lower part of Table 6. All the four complexes have been
optimized at DFT/B3LYP/6-311þþG(d,p). TDDFT calculations yield
no significantly energetically lower state for [PTA-MeOH]b and
[PTA-(MeOH)2]d. Although with both [PTA-MeOH]a and [PTA-
(MeOH)2]c, approximately 0.3 eV energetically lower excited state
is obtained below the lowest excited state of PTA. This is in linewith
the S1 excited state of PTA in methanol solvent. Among these two
cases, formation of [PTA-MeOH]a is more probable as indicated by
pictures of the frontier molecular orbitals of [PTA-MeOH]a (Fig. 8). It



Fig. 8. Frontier molecular orbitals of hydrogen-bonded PTA-MeOH complexes (dashed line denote hydrogen bonds).

Fig. 9. MESP map and ESP charges of PTA.
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can be seen that the electron density of HOMO is localized over the
methanol molecule which is bonded by OH—N while densities of
other MOs are always localized over PTA. Moreover Table 6 shows
the S1 excited state of [PTA-MeOH]a corresponds to the transition
from HOMO/LUMO. We can conclude that an energetically lower
intermolecular charge transfer (ICT) excited state exists and the
electron transfer to this ICT state takes place through HeO——N
hydrogen bond.

The MESP may be employed to distinguish regions on the sur-
face which are electron rich (subject to electrophilic attack) from
those which are electron poor (subject to nucleophilic attack) and
has been found to be a very convenient tool in exploration of cor-
relation between molecular structure and the physiochemical
property relationship of molecules including bio molecules and
drugs [59e64]. The MESP map of PTA (Fig. 9) clearly suggests that
the electron rich (red) region is spread around nitrogen atoms of
both pyridinyl and thiadiazole ring, whereas the hydrogen atoms of
amino group show the maximum brunt of positive charge (blue).
Calculated ESP charges (Fig. 9) show that N9 of pyridinyl moiety has
more negative charge as compared to N3 and N4 of thiadiazole ring
therefore most probable site for interaction with methanol, sup-
porting our results of solute solvent interaction.

3.5. NMR studies

NMR spectroscopy is widely used for structural and functional
group determination of biological macromolecules and is one of the
most important aspects of various spectroscopic characterization



Table 7
H1-NMR Chemical shift (ppm) for title molecule with respect to TMS.

Atom
No.

Experimental DFT/B3-LYP/6-3111þþG(d,p)

(Chloroform-D) Gas phase Chloroform

Conf. B Conf. A Conf. C Conf. D Average

H13 7.063 7.084 7.462 8.404 8.401 7.085 7.838
H14 7.425 8.759 8.805 8.844 8.840 8.760 8.812
H15 7.439 8.848 8.831 8.791 8.788 8.848 8.815
H16 7.312 8.380 8.391 7.337 7.329 8.381 7.860
H17 3.248 3.975 4.746 4.462 4.993 4.719 4.730
H18 3.892 4.707 5.061 4.947 4.514 3.978 4.625

Fig. 10. 1H NMR spectrum of PTA.
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techniques. 1H chemical shift of the title molecule have been
simulated with the optimized molecular structure at DFT-B3LYP/6-
311þþG(d,p) level using the Gauge-Including Atomic Orbital
(GIAO) method. The calculated 1H chemical shifts for the proton
atoms of title molecule in gas phase as well as in CDCl3 solvent,
taking tetramethylsilane (TMS) as a reference, is given in Table 7
along with the experimentally observed values. The recorded 1H
-NMR spectrum of PTA compound in CDCl3 solution is shown in
Fig. 10.

There are six hydrogen atoms (4 attached to pyridinyl ring and
2 to amino group) in the title compound. Chemical shifts in region
6.0e8.0 ppm in 1H-NMR spectrum usually appeared due to nu-
clear magnetic resonances of aromatic protons and indicate the
presence of aromatic hydrogen in the compound. The electro-
negative nitrogen atom present in the pyridinyl ring, decrease the
shielding and increases the chemical shift from the normal aro-
matic ring range. Chemical shift corresponding to pyridinyl
hydrogen atoms are experimentally observed in the range
7.063e7.439 ppm while the calculated values are in the range
7.462e8.831. Simulated chemical shift for H17 and H18 atoms of
amino group in title molecule are found to be 4.746 and 5.061 ppm
respectively while corresponding shift line in experimental spec-
trum is observed at 3.248 and 3.892 ppm respectively. The devi-
ation between predicted and observed shift values may be due to
the involvement of the amino group atoms in intermolecular
hydrogen bonding which causes shifting of corresponding reso-
nances towards lower nuclear field or may be due to the presence
of all conformers at room temperature. To substantiate this, we
have carried out DFT calculations for PTA-(2H2O) where amino
group of PTA is hydrogen bonded to two water molecules. After
optimization of PTA-(2H2O), NMR shifts were calculated. The
chemical shifts of PTA-(2H2O) for H17 and H18 were found to be
8.201 and 7.597 ppm, far away from the experimental values,
ruling out the possibility of participation of the amino group atoms
in intermolecular hydrogen bonding. The NMR chemical shifts of
remaining three conformers (A, C and D) were then calculated and
found to be different for different conformations. The average
NMR chemical shifts due to the four conformers are in better
agreement with the experimental values. We may conclude the
presence of all four conformers at room temperature and the
observed chemical shift may be the weighted average of the shifts
of the individual conformations.



Table 8
Second order perturbation theory analysis of Fock matrix in NBO Basis for 5-(4-Pyridinyl)-1,3,4-thiadiazol-2-amine.

Donor(i) Type ED(i) (e) Acceptor(j) Type ED(j) (e)a E(2)b Kcal/mol E(j) - E(i)c (a.u.) F(i,j)d (a.u.)

S1eC5 s 1.97640 C2eN12 s* 0.02460 5.62 1.09 0.070
C2eN3 p 1.87246 N4eC5 p* 0.32849 14.41 0.33 0.065
N4eC5 p 1.89422 C2eN3 p* 0.39136 9.68 0.32 0.054
N4eC5 p 1.89422 C6eC7 p* 0.37399 10.08 0.36 0.058
C6eC7 p 1.63518 N4eC5 p* 0.32849 18.44 0.26 0.062
C6eC7 p 1.63518 C8eN9 p* 0.37381 27.44 0.27 0.077
C6eC7 p 1.63518 C10eC11 p* 0.27331 15.94 0.29 0.062
C8eN9 p 1.71245 C6eC7 p* 0.37399 13.34 0.32 0.059
C8e N9 p 1.71245 C10eC11 p* 0.27331 25.40 0.32 0.081
C10eC11 p 1.63567 C6eC7 p* 0.37399 23.48 0.28 0.072
C10eC11 p 1.63567 C8eN9 p* 0.37381 17.47 0.27 0.061
N12eH18 s 1.98072 S1eC2 s* 0.08213 6.51 0.84 0.067
S1 LP 2 1.66822 C2eN3 p* 0.39136 27.98 0.25 0.076
S1 LP 2 1.66822 N4eC5 p* 0.32849 23.71 0.26 0.070
N3 LP 1 1.89917 C2 RY*(1) 0.00912 5.31 1.22 0.074
N3 LP 1 1.89917 S1eC2 s* 0.08213 15.19 0.56 0.083
N3 LP 1 1.89917 N4eC5 s* 0.02713 5.50 0.95 0.066
N4 LP 1 1.89285 S1eC5 s* 0.08473 16.44 0.55 0.085
N4 LP 1 1.89285 C2eN3 s* 0.03166 5.43 0.93 0.065
N9 LP 1 1.91827 C7 eC8 s* 0.02524 9.22 0.90 0.083
N9 LP 1 1.91827 C10eC11 s* 0.02412 8.96 0.91 0.082
N12 LP 1 1.80559 C2eN3 p* 0.39136 37.73 0.30 0.099

a ED: Electron Density.
b E(2) means energy of hyperconjugative interactions.
c Energy difference between donor and acceptor i and j NBO orbitals.
d F(i,j) is the Fock matrix element between i and j NBO orbitals.

Fig. 11. Correlation graphs of calculated heat capacity, entropy and change in enthalpy
for PTA.
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3.6. NBO analysis

The calculation pertaining to delocalization of the electron
density between occupied Lewis type (bond (or) lone pair) NBO
orbitals and formally unoccupied (anti-bond (or) Rydberg) non-
Lewis NBO orbitals corresponding to a stabilizing donoreacceptor
interactions, have been performed at B3LYP/6-311þþG(d,p) basis
set. The energy of these interactions can be estimated by the second
order perturbation theory [65]. Table 8 lists the calculated second-
order interaction energies (E(2)) between the donoreacceptor or-
bitals in PTA. The larger E(2) (energy of hyper-conjugative inter-
action) value, the more intensive is the interaction between
electron donors and acceptors i.e., the more donation tendency
from electron donors to electron acceptors and the greater the
extent of conjugation of the whole system. The interaction formed
by the orbital overlap between bonding p (CeC) of the pyridinyl
ring and antibonding (CeC), (CeN) orbitals of the same, results in
intra-molecular charge transfer (ICT) leading to the stabilization of
the system. Table 8 clearly shows that the strong hyper conjugative
interaction of p electrons of (C6eC7) with p*(C10eC11),
p*(C8eN9), and of p (C10eC11) with p*(C6eC7), p*(C8eN9)
contribute to stabilization of pyridinyl ring. On the other hand, very
strong interactions have been observed between the p type orbitals
of S1 containing the lone electron pair with the neighboring
p*(C2eN3) and p*(N4eC5) antibonding orbitals of thiadiazole ring.
The interaction of p electrons of C2, N3, N4 and C5 with the second
lone pair of S1 plays a decisive role in stabilization of the system as
evident from the deviation in ideal Lewis structure of occupancy
2.00 to 1.67. An important contribution for the molecular stabili-
zation is further given by LP1 of N3 and N4 conjugated with
s*(S1eC2), s*(S1eC5) having energy contribution of 15.19 and
16.44 kcal/mol respectively. LP1(N12) of NH2 group conjugated
with p*(C2eN3) brings about the stabilization of the system by
37.73 kcal/mol.

3.7. Thermo-dynamical analysis

On the basis of vibrational analysis, the statistical
thermodynamic functions: heat capacity (C0
p;m) entropy (S0m) and

enthalpy changes (DH0
m) at different temperatures (100e700 K)

along with Zero point vibrational energy (80.56658 kcal/mol) and
rotational constants at standard temperature (298.15 K) for the title
compound were obtained using DFT-B3LYP/6-311þþG(d.p)
method and listed in Table S3. The correlation between these
thermodynamic properties and temperatures is shown in Fig. 11. As
observed from Table S3, the values of heat capacity, entropy and
enthalpy increases with the increase of temperature from 100 to
700 K, which is attributed to the enhancement of molecular
vibrational intensities with the temperature. The correlation
equations between heat capacity, entropy, enthalpy changes and
temperatures were fitted by quadratic formulas and the corre-
sponding fitting factors (R2) for these thermodynamic properties
are 0.999, 1 and 0.999, respectively. The corresponding fitting
equations are as follows:

C0p;m ¼ 0:209þ 0:147 T� 7� 10�5T2
�
R2 ¼ 0:999

�
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S0m ¼ 55:827þ 0:159 T� 4� 10�5T2
�
R2 ¼ 1

�

DH0
m ¼ �0:475þ 0:011 Tþ 10�5T2

�
R2 ¼ 0:999

�

All these thermodynamic data may deliver useful information
for the further study on the title compound. They are useful in
thermo-chemical field as they can be used to compute the other
thermodynamic energies and estimate directions of chemical re-
actions according to relationships of thermodynamic functions and
using second law of thermodynamics. It is worth tomention that all
thermodynamic calculations were done in gas phase and they
could not be used in solution.

4. Conclusions

In the present study, we have carried out the spectroscopic
analysis of 2-Amino-5-(4-Pyridinyl)-1,3,4-thiadiazole for the first
time using experimental (FT-IR, FT-Raman and UVeVis) and theo-
retical (DFT) methods. The optimized geometric parameters and
vibrational harmonic wavenumbers, of the compound have been
calculated using DFT/B3LYP and M06-2X methods with 6-
311þþG(d,p) basis set. In general, a good agreement between
experimental and the calculated normal modes of vibrations has
been observed. Electric moments calculated at B3LYP are 2e5%
higher than corresponding values calculated at M06-2X. The in-
crease in frequency-dependent first hyperpolarizability
b(�2u;u,u) from 12.624 � 10�30 to 18.271 � 10�30 esu with in-
crease in frequency from 0.0239 a.u. to 0.0428 a.u. suggests NLO
character of the title molecule. Investigation of possible complexes
of PTA with methanol suggests that site specific hydrogen bonding
exist between methanol and PTA which give rise to energetically
lower ICT excited state. NMR chemical shifts analysis confirms the
presence of all four conformers at room temperature.
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