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A comparison between observed
and DFT calculations on structure
of 5-(4-chlorophenyl)-2-amino-
1,3,4-thiadiazole
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Parvesh Singh & Sreekantha B. Jonnalagadda

The crystal and molecular structure of 5-(4-chlorophenyl)-2-amino-1, 3, 4-thiadiazole 3 was reported,
which was characterized by various spectroscopic techniques (FT-IR, NMR and HRMS) and single-
crystal X-ray diffraction. The crystal structure 3 (CgH¢CIN;S) crystallized in the orthorhombic space
group Pna2, and the unit cell consisted of 8 asymmetric molecules. The unit cell parameters were
a=11.2027(2) A, b=7.6705(2) A, c=21.2166(6) A, o = 3=~=90°,V =1823.15(8) A3, Z=8. In addition,
the structural geometry (bond lengths, bond angles, and torsion angles), the electronic properties

of mono and dimeric forms of compound 3 were calculated by using the density functional theory

(DFT) method at B3LYP level 6-31+ G(d, p), 6-31++ G(d,p) and 6-311+ G(d, p) basis sets in ground

state. A good correlation was found (R?=0.998) between the observed and theoretical vibrational
frequencies. Frontier molecular orbitals (HOMO and LUMO) and Molecular Electrostatic Potential map
of the compound was produced by using the optimized structures. The NBO analysis was suggested
that the molecular system contains N-H...N hydrogen bonding, strong conjugative interactions and
the molecule become more polarized owing to the movement of w-electron cloud from donor to
acceptor. The calculated structural and geometrical results were in good rational agreement with the
experimental X-ray crystal structure data of 1,3,4-thiadiazol-2-amine, 3. The compound 3 exhibited
n—* UV absorption peak of UV cutoff edge, and great magnitude of the first-order hyperpolarizability
was observed. The obtained results suggest that compound 3 could have potential application as NLO
material. Therefore, this study provides valuable insight experimentally and theoretically, for designing
new chemical entities to meet the demands of specific applications.

Computational chemistry is playing an increasingly important role in the fields of chemical, biological and mate-
rial sciences'. In organic chemistry, it especially helps in understanding the molecular structure, giving an insight
into the reaction pathways and chemical mechanisms through estimation of the geometrical properties of com-
pounds??. This can provide detailed electronic properties of reactants, intermediates and products, and could also
help the comparison with their diverse experimental studies**. The growing associations between experimen-
tal and computational chemistries have solved an extensive range of organic problems’. Recently, the Dentistry
Functional Theory (DFT) has made considerable advances in organic synthesis and is used for computing the
electronic and geometrical properties®®. The computational chemistry could kindle the new ideas in planning
novel chemical reactions and mechanistic studies.

N-heterocyclic compounds with five-membered rings are the most frequently encountered building blocks in
both organic and medicinal chemistry, possessing a number of biological activities'’. Amongst the five-membered
heterocyclic compounds, the 1,3,4-thiadiazole derivatives has attracted scientific community, due to their unique
structural features''. Over the years, these 1,3,4-thiadiazole derivatives have drawn much attention in the fields
of medicinal chemistry'>!?, material chemistry' and agriculture'>'6, as different molecules have exhibited varied
biological activities, such as antioxidant and antiproliferative'’, anti-tubercular’®, antiviral'®, anticancer®, and
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Figure 1. Synthetic path way for 1,3,4-thiadiazol-2-amine (3).

Figure 2. X-ray molecular structure of compound 3, ORTEP view at the 50% probability level of thermal
ellipsoids, packing diagram, when viewed down the b-axis.

antibacterial activities?'. In addition, these thiadiazole compounds have also been a valuable source as reaction
intermediates in the synthesis of commercially available drugs (megazol and furidiazine)®.

In view of the broad ranging applications of 2-amino-1,3,4-thiadiazole scaffold and in extension to our efforts
to develop various biologically active conjugates®, we conducted the comparative studies between experimental
and theoretical (DFT) data of 5-(4-chlorophenyl)-2-amino-1,3,4-thiadiazole, a molecule with anti-proliferative
activity, which was earlier reported by Guan et al.?%. The crystal structure and theoretical calculations of this com-
pound have not been reported yet. Here, we have synthesized the 5-(4-chlorophenyl)-1,3,4-thiadiazol-2-amine
(3) according to the reported literature, and characterized by using crystal X-ray, IR, NMR, HRMS. In addition,
the optimized geometry parameters of the title compound was carried out at DFT and TD-DFT methods with
the B3LYP functional and two basis sets 6-31+ G(d,p) and 6-311+4 G(d,p), and conceivable correlations were
investigated between observed and theoretical data.

Results and Discussions

X-ray crystal structure description and synthesis of compound 3.  Figure 1 depicts the synthesis of
5-(4-chlorophenyl)-1,3,4-thiadiazolo-2-amine (3) compound. It was achieved by the reaction between the cor-
responding 4-chlorobenzoic acid (1) and thiosemicarbazide (2). In this process, using phosphorous oxychloride
as an acid activating agent, the reaction mixture was refluxed for 4h as per reported procedure®. The structural
assignment of the purified compound (3) was established and confirmed by employing various spectroscopic
techniques. The identified title molecule (3) was subjected to single-crystal X-ray diffraction analysis. The com-
prehensive X-ray crystallographic evidences were placed in Cambridge crystallographic data center (CCDC
1879792). A single colorless plank-shaped crystal of compound,3 was recrystallized through sluggish evaporation
of hot ethanol over a period of five days. For the crystallographic analysis, Fig. 2 represented the 50% probability
of ORTEP image and the structural established crystal data are illustrated in Table 1. The synthesized title mole-
cule (3) develops in the orthorhombic space group Pna2, by Z=8, and Table 2 represented the measured chosen
torsion angles, bond distances and angles. The crystal compound embraces of two independent similar molecules
in the asymetric unit and the heteroaromatic rings were planar. The dimers with 4-chlorophenyl and 1,3,4-thi-
adiazol-2-amine rings were bonded through C2-C3 and C10-C11 junction with a bond length of 1.464(5) and
1.469(5) A. These were approximately equal bond lengths, which were within estimated range for C-C (1.467(4)
A)*?7 (Fig, 2). The bond angles of these rings exhibited 121.0(3)° for C4-C3-C2 and 120.6(3)° for C12-C11-C10.
Moreover, the C=N double bonds were conjugated with the unshared electron pairs on the N1 and S1 atoms of
compound 3, and the corresponding endocyclic (N=C) bond lengths were almost similar with N2-C1 (1.316(4)),
N3-C2 (1.296(4)), N5-C9 (1.324(4)) and N6-C10 bonds (1.303(4)) A. The carbon and carbon bonds (C-C) in
the 4-chlorophenyl ring were of almost equal lengths in the range of 1.371 to 1.399 A. In addition, similar con-
formations of four sets of asymmetric units were identified in the unit cell along the b axis of crystal packing
diagram, which were linked over intermolecular symmetric hydrogen bond interactions (N-H...N) (Figs. 2 and
3). The strongest intermolecular hydrogen bonding existed between the protons of the exocyclic amino moiety
and the nitrogen atoms of the 1,3,4-thiadiazole ring with the bond distance of 2.11 AN(4)-H(4A)...N(2) (167.3°)
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Formula CgH,CIN,S
Formula Weight 211.67
D,y./gcm™ 1.542
u/mm™! 0.599
Shape plank
Colour colourless
Crystal System orthorhombic
Size/mm? 0.27 x 0.17 x 0.09
T/K 100(2)
Space Group Pna2,
Flack Parameter —0.07(5)
Hooft Parameter 0.17(12)
alA 11.2027(2)
b/A 7.6705(2)
/A 21.2166(6)
af 90

B 90

I 90

VA 8

z' 2

VIA? 1823.15(8)
Radiation type MoK,
Wavelength/A 0.71073
F(000) 864.0

Crystal size/mm?®

0.27 x 0.17 X 0.09

Ol 3219
Opard 28.415
Index ranges :é? E {151164) —10<k<9,
Independent Refl. 3123
Measured Refl. 7100
Reflections with I > 2(I) 2968
Ry 0.0279
Restraints 1
Parameters 236
Largest Peak 1.030
GooF? 1.081
Deepest Hole —0.261
wR, (all data) 0.1037
WR, 0.1020
R, (all data) 0.0423
R, 0.0401

Table 1. Crystal data and structure refinement for compound 3.

and 2.08 AN(1)-H(1 A)...N(5) (166.1°), and other amine hydrogen atom extended the supramolecular network
(N(1)-H(1B)...N(3) and N(4)-H(4B)...N(6)) with other nitrogen atoms of the thiadiazole ring (Table 3). Further,
the - stacking of the crystal structure 3 was found with 3.742 A space among the centroids of the thiadiazole
rings. The aromatic C-H...T interaction with distance (H...centroids) of 3.083 A and 3.004 A, and the angles were
(C-H...centroids) 120.8° and 127.8°, respectively (Fig. 4).

Further, in the IR spectrum (Table 4), 1,3,4-thiadiazole (3) displayed prominent absorption peak at 3255 cm™!
corresponds to NH, group of 1,3,4-thiadiazol-2-amine ring, and its '"H NMR spectrum (Table S1) resonance
signals showed a singlet at § 7.46 ppm, corresponds to the two protons of NH, group. While the two set of dou-
blets appeared at 6 7.77 (J=8.6 Hz) and 7.52 (J= 8.6 Hz) ppm correspond to the four protons of 4-chlorophenyl
ring. The most prominent peak appeared at § 168.8 and 155.12 ppm in *C NMR spectrum likely belongs to the
1,3,4-thiadiazole ring carbons. The molecular-ion peak finding at m/z=212.0585 in the HRMS spectrum.

DFT optimization investigation. The most appropriate density functional theory based function is B3LYP
with 6-314 G(d,p) and 6-311+4 G(d,p) basis sets were used for creating the optimized geometries of monomer and
dimeric form of molecule 3 in the gas phase (Fig. 5). The computed geometrical parameters (torsion angles bond
lengths and angles) are represented in Table 2 and these parameters were compared with the found experimental
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Calculated Calculated

B3LYP/6-31+ G(d,p) B3LYP/6-311+ G(d,p)
Atom Experimental Monomer | Dimer Monomer Dimer
Bond length 4)
S1-C1 1.738(4) 1.758 1.769 1.757 1.763
S1-C2 1.743(3) 1.779 1.782 1.779 1.779
$3-C9 1.741(4) — 1.755 — 1.757
$3-C10 1.744(3) — 1.779 — 1.772
Cl1-Cé 1.725(4) 1.756 1.757 1.756 1.758
Cl2-C14 1.739(4) — 1.754 — 1.753
NI-C1 1.340(4) 1.371 1.357 1.371 1.355
N2-N3 1.381(4) 1.363 1.362 1.361 1.359
N4-C9 1.333(5) — 1.363 — 1.367
N5-N6 1.377(4) — 1.365 — 1.364
C2-C3 1.464(5) 1.466 1.466 1.465 1.465
C10-C11 1.469(5) — 1.466 — 1.465
N2-C1 1.316(4) 1.308 1.313 1.303 1.309
N5-C9 1.324(4) — 1.313 — 1.303
N6-C10 1.303(4) — 1.300 — 1.299
C2-N3 1.296(4) 1.302 1.300 1.296 1.296
Bond angles (°)
C1-§81-C2 86.66(16) 86.0 86.1 85.9 86.0
C9-S3-C10 87.27(16) — 86.3 — 86.2
C1-N2-N3 111.8(3) 112.6 112.8 112.7 112.8
C9-N5-N6 112.2(3) — 113.0 — 112.6
N1-C1-S1 114.2(3) 122.5 121.6 122.4 122.1
N2-C1-N1 124.6(2) 123.2 124.7 123.3 124.1
N3-C2-C3 124.6(3) 124.1 124.2 124.2 124.1
N4-C9-S3 122.6(3) — 122.5 — 122.4
N5-C9-N4 124.0(3) — 123.7 — 123.5
N6-C10-C11 124.1(3) - 124.3 — 124.8
C4-C3-C2 121.0(3) 119.2 119.3 119.2 122.1
C12-C11-C10 120.6(3) — 119.3 — 1215
C5-C6-Cl1 120.4(3) 119.5 119.5 119.5 119.5
C13-C14-CI2 119.7(3) — 119.5 — 119.4
Torsion angles (°)
C1-S1-C2-C3 180.3(3) —179.1 —178.8 —179.2 —179.3
C1-N2-N3-C2 1.3(5) 0.5 0.5 0.5 0.4
C2-S1-C1-N1 178.4(94) —176.4 -177.9 —176.4 —177.1
C3-C2-N3-N2 179.4(3) 178.9 178.7 178.9 179.1
C9-N5-N6-C10 0.6(5) — —0.4 — —-1.0
C10-$3-C9-N4 179.5(4) — 176.7 — 176.1
C4-C5-C6-Cl1 —179.6(3) 179.9 179.8 179.9 179.9
C12-C13-C14-ClI2 —179.5(3) — —-179.9 — —179.9

Table 2. Selected structural parameters.

parameters. The identified bond lengths were good reliable with the experimental parameters through an average
divergence of 0.01 A to 0.03 A for both basis sets. The deviations could take place by the intramolecular hydrogen
bonding interactions. It was concluded that the sequences of B3LYP functional with both 6-31+ G(d,p) and 6-311+
G(d,p) basis sets produce the best compatible results with the experimental values (Table 3).

The calculation of the vibrational frequencies in IR-spectrum of monomer and dimeric forms of molecule 3
was carried out by using B3LYP function with 6-31+ G(d,p) basis set. The chosen characteristic vibrational band
values and along with observed values are presented in Table 4. In IR spectrum, the N-H stretching frequency was
appeared at 3255 cm ™, this same band was identified at 3219 cm ' and 3228 cm ! for dimeric and monomeric of
compound 3. The computed vibrational value was in excellent agreement with the observed value. In addition, the
benzene ring of C-H stretching IR band was seemed at 3082 cm™ (calculated as monomer 3189 cm™ and dimer
3188 cm™'). The most prominent vibrational stretching absorbance was found at 1629 cm™! due to the endocy-
clic group C=N group of the thiadiazole ring and the computed as 1641 cm ! and 1652 cm ™ for monomer and
dimer forms. The strong stretching band observed for C=N group, this may be due to the neighbouring atoms of
electronic effects (unshared electron pairs on the S, N atoms) and intermolecular hydrogen bonding?. While the
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Figure 4. Molecular stacking representation emphasizing /w and C-H...w bond interaction between
molecules.

Experimental

N(1)-H(1A)...N(5)* |0.88 2.08 2.943(4) 166.1
N(4)-H(4A)...N(2)* | 0.88 2.11 2.979(4) 167.3
Calculated B3LYP/6-31 G(d,p)

N(1)-H(1A)...N(5) 1.009 2.254 3.031 162.6
N(4)-H(4A)...N(2) 1.012 2.266 3.016 167.7

Table 3. Intermolecular hydrogen bonding geometry of the compound 3 (A, °). Symmetry codes: *+X,—1+Y,
+Z, "+ X 1+Y, +Z.

small deviation of computed C=C vibration band (1610 cm™! for monomer and 161 cm ! for dimer) was identi-
fied, as compared with the observed value (1597 cm™?).

The C-N vibrational stretching calculated at 1281 cm™! for monomer and 1283 cm™! for dimeric form and
the band was observed at 1261 cm ™. The C-S-C stretching obtained at 732 cm ™! and 733 cm™* for the mono and
dimeric forms of the 1,3,4-thiadiazole moiety and which were almost matched with observed vibrational mode
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Calculated (cm™?)
Assignments Experiment (cm~!) | Monomer Dimer
vNH, 3255 3228 3219
= CH, o 3082 3189 3188
vC=N 1629 1641 1652
VC=Censene ring 1597 1610 1611
v=C-N 1261 1281 1283
vC-§-C 735 732 733
vC-Cl 706 725 724

Table 4. Most characteristic experimental and calculated vibrational frequencies (cm™') and assignments of the
compound 3 at B3LYP/6-31+G(d,p).

Figure 5. Optimized structure of monomer (a) and dimer (b) of compound 3 obtained by B3LYP/6-31+
G(d,p).

at 735cm™ . The computed C-Cl stretching absorbance band (725 cm ™! for monomer and 724 cm™! for dimer)
was in good agreement with the observed value (706 cm™!). The correlation studies were summarized in Fig. 6
and these results indicates the good correlation founded (R?>=0.998) amongst the experimental and calculated
vibrational absorbance values. The acquired vibrational frequency values were consistence with results obtained
in the literature?,

The calculated 'H and *C NMR spectrum of the structure 3 was analyzed by using B3LYP/6-31+ G(d,p) in
DMSO and the chemical shift (*H and 1*C NMR) values are presented in Table S1. A good agreement between the
observed and calculated chemical shift values, except for nitrogen atom bonding with H1A and H1B protons. The
calculated deviation was observed due to the hydrogen bonding interactions (N-H...N) and was given in Table 3.

Molecular electrostatic potential (MEP) investigation. The MEP considered as an interaction energy
at a certain zone of a structure was involved in the electrical charge distribution from the proton, nuclei and elec-
trons, which were positioned at 7.

The V(r) was obtained from the following the Eq. (1)*!.
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Figure 6. Correlation studies between observed and calculated IR vibrational frequencies of compound 3.
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Figure 7. Molecular electrostatic potential (MEP) analysis of compound 3.

_ Zy _ p(r') /
V(r) = EA(RA - - dr W

Where Z, signifies the charge of the nucleus A, which is positioned at Ry, (') denote the dummy integration
variable and p(r’) represent the electron density function of the structure.

The probable nucleophilic (blue region) and electrophilic (red region) attack sites were established. The MEP
was computed at the B3LYP functional and 6-31+ G(d,p) level of theory of monomeric and dimeric forms, and
the images displayed in Fig. 7, which gives the valuable evidence about the intramolecular hydrogen bonding
interactions and the possible nucleophilic and electrophilic sites®’. The higher negative region was placed on the
N-N atoms of the thiadiazole ring (red, Fig. 7), which was regarded as the feasible position for electrophilic attack
with V(r)of —0.046 a.u, due to the N-H-N hydrogen bonding interfaces around this zone. The supreme positive
zone was positioned at the amino group of nitrogen and sulfur atoms of thiadiazole ring of the molecule with V(r)
of 0.046 (Fig. 7). This shows the probable site for nucleophilic attack on unshared electron pair atoms (N and S).

Frontier molecular orbital (FMO) analysis. The electric and optical parameters of the structure in the
FMO theory was computed by using B3LYP/6-314-G(d,p) and B3LYP/6-3114-G(d,p) basis sets. FM orbitals are
the important orbitals in a structure, and it is considered as the lowest molecular orbitals (LUMO) and the highest
molecular orbital (HOMO)*33. The outermost orbital occupied by electrons called the HOMO, which can act as
an electron donors. The energy of the LUMO is the foremost vacant innermost orbital unoccupied with electrons,
it performs as an electron acceptor. The electrons donating capacity of molecule is allied to the Eypo, and the
over-all the greater the HOMO energy (smaller negative value), the superior the capacity to donate electrons®-4.
The energy difference (AE) between the HOMO and LUMO, softness, electronegativity, chemical hardness and
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O™ B3LYP/6-31+ G(d,p) B3LYP/6-311+ G(d,p)
descriptors Monomer Dimer | Monomer Dimer
Eromo (eV) —4.95 —4.99 —5.02 —5.02
Enomo (eV) —7.98 —7.59 —8.03 —7.96
AE (eV) 3.04 2.60 3.01 2.93
p(eV) 6.46 6.29 6.53 6.49
n(eV) 1.52 1.30 1.50 1.46
C(eV) 0.32 0.38 0.33 0.34
v (eV) 13.72 15.21 14.15 14.33

Table 5. The calculated energies of the compound 3.

El_l;:,(, =-4.95 eV ) 193 E,_.,:“, =-4.99 eV
o ® " 4 ¥
4 L J 9‘ A

»

P AE=3.04 eV é-i’nl:= 2.60 eV

s 2 i sy @ :
29 : -l 4 gy @
@ : o @ 1

o : - :
o] > : - J““-a‘t:
3 - . +

Eyono = -7-98 eV

Monomer form Dimer form

Figure 8. HOMO-LUMO energy diagram of compound 3.

electrophilicity index values of monomer and dimer of compound 3 are presented in Table 5 and Fig. 8. The
HOMO orbital was displayed charge density localized around the 2-amino-1,3,4-thiadiazole ring, while a charge
density localized on the 4-chlorophenyl ring in the LUMO orbitals of the both monomer and dimeric forms of
both basis sets, signifying that these moieties can incentive the electron transition. The energy gap between the
HOMO and LUMO orbitals indicates the chemical strength and reactivity of the molecule®>*®. The energy gap
difference between the HOMO and LUMO is AE of 3.03 and 3.01 eV for monomer of and AE of 2.59 and 2.93 eV
for dimer of B3LYP/6-31+ G(d,p) and B3LYP/6-311+ G(d,p) basis sets. The energy of the smaller band space
gap increases the reactive nature and stability of compound 3. In addition, the compound characterized based on
reactivity, chemical hardness (1) electronegativity (1), softness (¢) and electrophilicity index (¥) were determined
according to Egs. (2-5).

I-A
Chemical hardness n = ——
T @
1
Softness ( = —
21 (3)
. I+ A
Electronegativi N - ="
gativity /1 5 @)
2
Electrophilicity index ¥ = L
2 ©)
Where A and I is electron affinity and ionization potential.
A= —Epymo and I = —Eyopno

As can be seen in the Table 5, the title compound can be referred as a soft molecule, since lesser energy gap
systems are termed as soft molecules. The chemical behavior of the compound was identified by electronegativity
factor. The greater value of the electronegativity of molecule 3 is a designated of its chemical reactivity.

Electronic absorption spectrum analysis. The electronic spectral analysis of the title structure was com-
puted in both gas and various organic solvent phases by using time dependent-DFT (TD-DFT) IEFPCM model at
the B3LYP/6-31++G(d,p) level theory on the ground state optimized geometry. Although, the observed absorp-
tion spectra were investigated at room temperature in the diverse solvents with 5x107>M of a concentration,
and the plots are presented in the Figs. 9a,b. The experimental maximum wavelength (),,.,) and absorbance was
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Figure 9. (a) Experimental absorption spectrum of the titled compound (3) in different solvents at room
temperature; (b) TD-DFT calculated absorption spectrum in the gas phase and different solvents.

S.No | Solvent ‘Wavelength \,,,, (nm) | Absorbance
1 Hexane 290 0.1438
2 DCM 297 0.9681
3 Acetonitrile 300 1.0589
4 Ethanol 307 1.3583
5 DMSO 314 2.3132

Table 6. Experimental electronic absorption band of the titled compound (3) in different solvents at room
temperature.

Parameters
Dipole Transition | Electronic | Major %
Solvent Epp (@.u) | moment | X, |f energy transition | contribution
Gas phase —1331.0686 | 2.43 280.97 | 0.5110 | 4.4127 H—L 96.71
272.48 | 0.0004 | 4.5502 H-1—-L 95.50
Hexane —1331.0762 | 2.84 285.88 | 0.6395 | 4.3369 H—L 97.91
269.05 | 0.0005 | 4.6083 H-1—-L 94.89
DCM —1331.0818 | 3.43 285.37 | 0.6405 | 4.3447 H—L 97.95
264.87 | 0.0005 | 4.6810 H-2—L 94.01
Acetonitrile | —1331.0830 | 3.63 284.44 | 0.6232 | 4.3588 H—L 97.86
263.76 | 0.0062 | 4.7006 H-1-L 56.36
Ethanol —1331.0828 | 3.60 284.64 | 0.6271 | 4.3559 H—L 97.88
263.83 | 0.0006 | 4.6993 H-2—L 92.50
DMSO —1331.0835 | 3.65 285.12 | 0.6398 | 4.3485 H—L 97.96
263.80 | 0.0063 | 4.6999 H-1-L 56.70

Table 7. Calculated energies, dipole moments (D), maximum absorption wavelengths (),,,,), excitation
energies (eV), oscillator strengths (f), assignment of electronic transitions (HOMO(H)—LUMO(L)) and major
contribution (%) for the titled compound 3 in gas phase and in different solvents.

measured at room temperature and the values are summarized in Table 6. Dipole moment (x, D), major absorp-
tion energy E, oscillator strength (f), maximum wavelength (},,,,), electronic transition of excitation energy and
atomic orbital contribution were calculated in solvent and gas phases, and the values are demonstrated in Table 7.

The observed absorption spectrum of the title compound was recorded in various solvents such as hexane,
dichloromethane (DCM), acetonitrile, ethanol and DMSO, concluded that the very low solubility was observed
in hexane solvent. As results from Fig. 9a, the molecule was showed high intensity band at 290, 297, 300, 307 and
314nm in all the five solvents, which can be attributed to the n—m* electronic transition. This was occurred from
the molecular orbitals of the auxochrome (NH,) of exocyclic nitrogen lone pairs and the conjugated w-bond of
azomethine (-C=N-N=C-) of 1,3,4-thiadiazole moiety. With the increasing the solvent polarity from non-polar
to polar, n—7* transition get slightly shifted towards longer wavelength, which was probably due to the sol-
vatochromic effect (Tables 6 and 7)*. Compound 3 displayed a positive absorption solvatochromism, which
signifies that the absorption was redshifted with cumulative solvent polarity. The highest energy transition was
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Figure 10. Frontier molecular orbitals contributing in electronic absorption along with band gap (AE) in the
solvent phase (a) DMSO and (b) DCM for the titled compound 3.

noticed in polar solvents such as DMSO and ethanol, resulting in enhancement of dipole moment (for ethanol
3.60 D and DMSO 3.65 D).

Consequently, the calculation was further engaged with TD-DFT-IEP-PCM model®. A strong absorption
band was observed at 280 nm (f=0.5110) and 285 nm (f=0.6398) in the gas and solvent phase (DMSO), which
corresponds to the excitation of electrons occurred from HOMO to LUMO transition (96.71% and 97.96% orbital
contribution). It could be owing to the solvent effects, which can impact the geometry, molecular properties and
electrostatic structure, thus causing shift in absorption bands*. The electronic transitions occurred from dipo-
lar interaction with solvents of different polarities suggest that the intramolecular charge transfer (ICT) of the
emission state in which the HOMO and LUMO were apparently localized on the 1,3,4-thidiazole moiety and the
phenyl ring.

The distribution of energy levels and electronic transitions of molecular orbitals in the title compound in both
solution and gas phases are overlapping. The frontier MO analysis in calculating the energies and the nature of
frontier MOs indicate that these orbitals are the maximum feasible sites of interchange density, directing to the
interaction between orbitals. There was a small variance in the energy gap in gas and solvent phases (Fig. S1). The
estimated energy gap (AE =HOMO-LUMO) value in solvent phase for DMSO and DCM were 3.45 and 3.47 eV
respectively, which corresponds to the intramolecular charge transfer (S,—$,) transition (Fig. 10a). It may be
assumed that for DCM and DMSO could stabilize the compound, due their different polarities and dielectric con-
stants by elevating the energy gap between their HOMO and LUMOs. The energy gap decreased with increasing
solvent polarity, which shifted the absorption peak to longer wavelength than 290-314 nm, consequently leading
to decline in their absorption capacity in the desired UV range. The HOMO orbital shows that ©-bonding and
non-bonding (n-type) nature orbitals were identified on the thiadiazole moiety, phenyl ring and nitrogen atom of
exocyclic amino group, the HOMO-1 orbital was localized on the 2-amino-1,3,4-thiadiazole moiety and chlorine
atom, and the HOMO-2 orbital was localized on the 2-amino-1,3,4-thiadiazole moiety only. Similarly, the LUMO
shown the 7* anti-bonding type orbitals on carbon, sulfur and nitrogen atoms were localized in the phenyl and
thiadiazole ring moieties. Therefore, the results concluded that the solvent polarity enhances the probability of
transition (n—m*) in the present compound. A very good correlation was observed between the TD-DFT and
experimental absorption spectra results.

Mulliken atomic charges. Mulliken atomic charge results takes an imperative position in the applications
of quantum chemical calculation, as the molecular polarizability, atomic charges affect the dipole moment and
electronic structural features of molecular systems. The development of donor and acceptor pairs of charge trans-
fer was succeeded, because of charge distributions over the atoms in the present molecule. Mulliken population
investigation of monomer and dimeric forms of compound 3 was estimated by using function B3LYP with 6-31+
G(d,p) basis set and results are demonstrated in Tables S2 and S3 (ESI). Figure 11 illustrates the charge distribu-
tion structure of compound 3. The charge distribution presented that the all hydrogen atoms were concentrated
on positively charged. The H16 (40.322236e) and H17 (+0.298055¢) atoms in particularly have higher positive
atomic chargers than the other hydrogen atoms in title molecule. This was due to the presence of electron negative
nitrogen (N15) atom of the exocyclic amino group. These hydrogen atoms appeal to the positive charge from the
electron-withdrawing nature of the nitrogen atom. Hydrogen attached carbon atoms (C5 and C9) and quaternary
carbon atoms (C1, C2, C4 and C11) exhibited negative chargers, while, the enduring carbon atoms appeared as
positively charged. Another positive charge was noted on the sulfur atom, which was in the geometric center of
1,3,4-thiadiazole moiety. Nitrogen atoms (N15 and N19) were considered as more basic sites and displayed the
negative atomic chargers. The existence of net positive charge on the hydrogen atom and high negative charge
on the nitrogen atom, could facilitate the charge transfer over the formation of intermolecular hydrogen bonds
(N-H-N). Similarly, the dimeric form of compound 3 was also calculated and same pattern of charge distribution
as related to monomeric form was found (Figs. S2-4).

NBO analysis. Furthermore, the natural bond orbital (NBO) study of the title molecule 3 was computed
at BBLYP/6-31+4 G(d,p) level of model. To understanding into delocalization of electron density, intra- and
inter-molecular bonding relations between the bonds, and investigate the charge transfer (CT) or conjugative
relations in molecular structure®. The structure of the calculated compound was exhibited a type of Lewis
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Figure 11. Bar diagram representing the charge distribution of compound 3.
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Figure 12. Schematic representation in terms of percentage contribution of natural population analysis and

natural Lewis structure of the titled compound 3.

structure (97.7%), 2.12% of valence non-Lewis, and 0.16% of Rydberg non-Lewis (Fig. 12 and Table S4). The
natural Rydberg basis (NRB) populations and natural minimum basis (NMB) was also calculated in the reported
compound, which was exhibited the 99.6% of maximum percentage contribution of the NMB to the molecular
charge allocation.

The second-order perturbation theory study of the Fock matrix was used to assess the donor-acceptor interac-
tions in the NBO investigation. The strength of interaction stabilization energy E? allied with electron delocali-
zation among the donor (i) and acceptor (j) (i—j) was assessed by the following Eq. (6).

F(i, j)°
&~ & (6)

E? = AE; =g,

where g; is the donor orbital occupancy, F(i, j) is the off diagonal NBO Fock matrix element, and ¢; and ¢; are
implies diagonal elements (orbital energies).

The greater stabilization energy E? value indicates more intensive interaction amongst the electron acceptors
and donors, i.e. the high electrons donating ability and superior degree of conjugation of the entire system®.
Numerous donor and acceptor interactions were identified for the phenyl and 1,3,4-thiadiazole rings, and lone
pairs (n) of the sulfur, chlorine and nitrogen atoms. The potential intensive interactions and electron dentistry
transfer from lone pair electrons to the anti-bonding orbitals along with the stabilization energy values of the
compound 3 were tabulated in Table 8. These results reveal that the intramolecular interactions have occurred
due to the overlap between bonding lone pair of nitrogen (LP(1)N15) and sulfur (LP(2)S3) and antibonding
C2-N109 orbitals, which results in the intramolecular charge transfer (ICT) initiated stabilization of the molecular
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Donor NBO (i) | Acceptor NBO (j) | E@* (kJ/mol) | E(j) — E(i)® (a.u.) | F(i,j)° (a.u.)
7 (C1-S3) T* (C2-N15) 24.6856 1.08 0.071
% (C4-C6) 13.09592 12 0.055
o (C1-C4) * (C1-N18) 9.95792 1.26 0.049
* (C4-C5) 9.99976 1.25 0.049
* (C4-C6) 8.5772 1.25 0.045
7 (C1-N18) o* (C1-C4) 9.70688 1.36 0.05
7* (C2-N19) 41.67264 0.31 0.054
w* (C4-C5) 38.11624 0.35 0.055
7 (C2-83) o* (C1-C4) 17.82384 1.14 0.062
7 (C2-N19) w* (C1-N18) 58.32496 0.33 0.064
= (C4-C5) % (C4-C6) 13.84904 1.26 0.058
o* (C5-H8) 4.3932 1.16 0.031
w* (C6-C9) 78.91024 0.29 0.067
w* (C7-Cl1) 88.74264 0.27 0.068
7 (C4-C6) o* (C1-C4) 10.20896 1.16 0.048
o* (C6-H10) 4.184 1.18 0.031
7 (C5-C7) 7* (C4-C5) 10.96208 1.26 0.051
o* (C5-H8) 4.76976 1.17 0.033
o* (C7-H12) 4.89528 1.17 0.033
o* (C11-Cl14) 19.91584 0.85 0.057
o (C5-H8) w* (C7-C11) 14.81136 1.08 0.055
= (C6-C9) % (C4-C6) 9.91608 1.25 0.049
o* (C6-H10) 4.85344 1.19 0.033
o* (C9-H13) 4.93712 1.17 0.033
o* (C11-Cl14) 19.83216 0.85 0.057
7 (C7-Cl11) 7* (C5-C7) 9.28848 1.3 0.048
o* (C7-H12) 5.23 1.19 0.035
7 (C9-Cl11) 7 (C6-C9) 9.07928 1.3 0.048
o* (C9-H13) 5.0208 119 0.034
o (C11-Cl14) 7 (C5-C7) 9.79056 1.28 0.049
w* (C6-C9) 9.45584 1.29 0.048
LP(1)S3 7 (C1-N18) 8.5772 1.25 0.045
7 (C2-N19) 11.04576 1.23 0.051
LP(2)S3 7 (C1-N18) 97.9056 0.26 0.07
7 (C2-N19) 114.72528 0.25 0.075
LP(1)Cl14 o (C7-C11) 6.6944 147 0.043
7 (C9-C11) 6.6944 1.47 0.044
LP(2)Cl14 w* (C7-C11) 16.5268 0.87 0.052
7 (C9 - Cl1) 16.5268 0.86 0.052
LP(3)Cl14 =* (C7-C11) 51.54688 032 0.061
LP(1)N15 7 (C2 - N19) 156.64896 0.29 0.099
LP(1)N18 7k (C1-S3) 69.07784 0.54 0.085
o* (C1-C4) 4.93712 0.85 0.029
7 (C2 - N19) 21.17104 0.92 0.062
o* (C6-H10) 2.3012 0.86 0.02
LP(1)N19 7 (C1-N18) 21.58944 0.95 0.064
7 (C2-3) 65.35408 0.56 0.084
7* (C2-N15) 7.7404 0.82 0.035
o* (N15-H16) 3.51456 0.83 0.024

Table 8. Second order perturbation theory analysis of Fock matrix in NBO basis of compound 3. *E means
energy of hyper conjugative interactions (stabilization energy in kJ/mol). ®Ej — Ei is energy difference between
donor and acceptor i and j NBO orbitals. °F(i,j) is the Fock matrix element between i and j NBO orbitals.

structure. Within the 1,3,4-thiadiazole fragment the n(LP(1)N15)—n*(C2-N19) and n(LP(2)S3)—n*(C2-N19)
interactions facilitated strong stabilization to the molecular system of the studied compound by 156.64 kJ/mol
and 114.72k]J/mol respectively, which result in increase in electron density distribution and thus, failing of the
respective bonds. This higher energy provided the stabilization to the molecular structure and these interactions
suggestively impact the crystal packing with this molecule. In parallel technique calculations, the electron transfer
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Parameters | Values (a.u.) Parameters | Values (a.u.)

e —2.777 B —108.6

y —2.661 Buy —40.04

Hy 1.053 Bes —102.2

[ 3.9875 Debye Byyy —30.59

Oy 244.98 Buy 15.099
—0.241 Byes 13.139

o, 121.24 B 50.252

Oy —0.262 By —~11.92

o, —0277 By 10.939

Oy 48.827 Bayr 5.3534

a 18.07941 X 10~ 2*esu | By 2.208 x 10~ esu

Table 9. The molecular electric dipole moments (1), Polarizability («) and hyperpolarizability (5,,) values of
compound 3.

from w(C4-C5)—n*(C7-C11) gave a stabilization energy of 88.74kJ/mol. This interaction was owing to the ©
electron delocalization in a molecular system. NBO analysis further provided an evidence for intermolecular
hydrogen bonding, the stabilization of energy of 3.51kJ/mol (n—o*) obtained from lone pair of nitrogen (LP(1)
N19) to 0*(N15-H16), signifying the existence of intermolecular N-H...N hydrogen bonding. The charge delo-
calization occurred from the lone pair of nitrogen atom to C-S bond through n—=* interaction. The involved
N18 atom lone pair 1 and N19 atom lone pair 1 to ©*(C1-S3) and ©*(C2-S3) interactions were provided corre-
sponding stabilization energies of 69.07 kJ/mol and 65.35kJ/mol, respectively, which displayed hyper conjugative
interaction. Thus, the NBO study suggested that presented molecule contains strong conjugative interactions and
N-H...N hydrogen bonding, and the molecule become a highly polarized because of the exchange of w-electron
cloud from donor to acceptor.

Nonlinear optical properties (NLO). We further extended the study for the computing of polarizability
() and hyperpolarizability (3), which were significant to envisage the nonlinear optical properties of the mole-
cules. It is an emerging tool in telecommunications and signal processing field. In recent years, organic non-linear
materials have received a considerable attention in various optoelectronic technologies. Materials of nonlinear
optical properties were instigated by intramolecular charge transfer and delocalization of the electrons from the
donor to acceptor electron groups in conjugated m-electron systems, which have promising materials for NLO
applications*!.

Therefore, the nonlinear optical properties of the organic m-conjugated molecule 3 were studied at the B3LYP
function with the 6-31 G(d) basis set in the gas phase. The first-order hyperpolarizability (3,,), average linear
polarizability (o) and total static dipole moment (z) of this molecular system were predicted by using Eqs. (7, 8
and 9) and results are illustrated in Table 9.

n= 1'(}&2 + ,Ltyz + /~LZ2) (7)

o, + Qy, + a,,

- 3 )

and

B = JBZ+ B2+ B2) ©)
where

ﬁx = /Bxxx + ﬁxyy + ﬁxzz’
By = By + By + Byeo
/Bz = /Bzzz + ﬁxxz + ﬁyyz'

For molecule 3, the computed polarizability («) and first hyperpolarizability (3,,,) were 18.079 x 107** esu and
2.208 x 107" esu respectively. The 3, of investigated compound was approximately 6 times more than for urea
(0.3728 x 107 esu). Urea is a prototype NLO material and most often used reference material for comparative
purpose*’. The small energy gap (AE) of compound 3 indicates the occurrence of molecular charge transfer, and
it can be penetrating to the stimulus of the polar environment. Thus, it led to easy electron distribution and high
polarization. Small energy offers maximal NLO response*?, hence great magnitude of the first hyperpolarizability
of the title molecule might potentially serve as NLO material.

Density of states (DOS). Density of states and partial density of states (PDOS) predictions were carried
out by using GaussSum*®. The TDOS plot, a population study per orbital reveals the composition of the molec-
ular orbitals in a specific energy range very clearly (Fig. 13a). The PDOS stated on the constitutional atoms of
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Figure 13. Density of sates (DOS) (a) and partial density of states (PDOS) (b) of compound 3.

compound 3 are illustrated in Fig. 13b and Fig. S5 (ESI). Five portions in the energy range from 0 to —20 eV were
below the Fermi level of valence band (VB). The band (1) between —4 eV to 13.5eV was formed by the hybridiza-
tion of C 2p, N 2p, S 3p, Cl 2p and H 1 s orbitals. Likewise, the commencing energy band lying among —4 eV and
the Fermi level was dominated by C 2p orbitals with partially contribution of N 2p and ClI 3p orbitals. One narrow
band with a sharp peak (2) was about —14.5eV due to the N 2p orbitals with partly aid of C 2p and S 3p orbitals.
The lower parts (3-5) of the VB between —16, 18.5 and 20 eV were made up majorly of the C 2p and H 1 s orbitals
as of strong hybridization of the C and H orbitals in the C;H, group.

We detailed the experimental and theoretical characterizations of the organic compound,
1,3,4-thiadiazol-2-amine and analyzed its UV absorption as function of solvent effect. The interplay of several
aspects, such as crystal structure, chemical bonding and thermodynamic properties of the compound was para-
mount. A good rational correlation between the suitable structural and geometrical response of experimental and
theoretical parameters was observed. The compound 3 exhibited n—7* UV absorption of UV cutoff edge, and
great magnitude of the first-order hyperpolarizability was observed. The obtained results suggest that compound
3 could have potential application as NLO material. Therefore, this study provides valuable insight both exper-
imentally and theoretically, for designing new chemical entities to meet the demands of specific applications.

Conclusions

Compound 5-(4-chlorophenyl)-2-amino-1,3,4-thiadiazole (3) was synthesized from 4-chlorobenzoic acid and
thiosemicarbazide in POCI;. The structure was characterized by various spectroscopic techniques (FT-IR, NMR
and HRMS) and single-crystal X-ray diffraction. XRD analysis revealed that 3 crystallizes in Pna2, orthorhom-
bic space group. The electronic and geometrical parameters of monomeric and dimeric forms of title molecule
3 was computed by using DFT/B3LYP/6-31+ G(d,p), B3LYP/6-31++ G(d,p) and B3LYP/6-3114+G(d,p) basis
sets in ground state. The observed and computed values were compared. For mono and dimeric forms energy
gap (HOMO-LUMO) of compound were 3.04 eV and 2.60 eV. The low energy gap of HOMO and LUMO showed
the stability of compound 3. Moreover, the MEP shows that the positive potential sites were around the unshared
electron pairs of sulfur and nitrogen atoms. Based on UV absorption the highest energy transition was found
in polar solvents such as ethanol and DMSO, which resulted in increase in dipole moment (for ethanol 3.60 D
and DMSO 3.65 D). In addition, the NBO analysis suggested that molecular system contains N-H...N hydrogen
bonding and strong conjugative interactions and molecule become more polarized owing to the movement of
w-electron cloud from donor to acceptor. The theoretical results for both basis sets were good linear agreement
with the experimental X-ray crystal structure data of the title compound.

Methods

All the chemicals (laboratory grade) and solvents were purchased from Sigma Aldrich and Merck and used
without any further purification. NMR analysis was recorded on a Bruker AVANCE III 400 MHz spectrometer
(399.995 MHz for 'H and 100.4296 MHz for 1*C), and chemical shifts (6) values were presented in parts per mil-
lion (ppm). The 6 values of DMSO-d; representing at 2.50 ppm for 'H and 39.51 ppm for *C NMR, were used for
the structure elucidation. Functional groups of molecules were identified by infrared spectrum (IR) spectrum,
which was recorded on a Perkin Elmer Spectrum 100 FT-IR Spectrometer. Further, high-resolution mass data was
done by using a Bruker microTQF-Q II ESI instrument operated at ambient temperature.

A colorless plank-shaped crystal (3) with a dimension 0.27 X 0.17 x 0.09 mm? was selected and mounted on a
MITIGEN holder in paratone oil. The appropriate crystal was recorded on a ‘Bruker SMART APEX-II CCD’ sin-
gle crystal diffractometer. The crystal was kept at T=100 (2) K during data assortment. Data was measured using
w and ¢ scans using MoKa radiation. The total number of cycles and images were based on the approach calcu-
lation from the program COSMO (BRUKER) and the maximum resolution that was achieved was © =28.415°
(0.75A). The structure was solved with the ShelXS* structure solution program using direct methods and by
using Olex2* as the graphical interface. The model was refined with the version 2016/6 ShelXL*® using Least

SCIENTIFIC REPORTS |

(2019) 9:19280 | https://doi.org/10.1038/s41598-019-55793-5


https://doi.org/10.1038/s41598-019-55793-5

www.nature.com/scientificreports/

Squares minimization. All non-hydrogen atoms were refined anisotropically. Hydrogen atom positions were
intended geometrically and refined using the riding model.

The molecular structure in ground state of the title compound was fully optimized using density functional
theory (DFT). B3LYP functional*” in combination with 6-31+ G(d,p), 6-314++ G(d,p), and 6-311+ G(d,p) basis
set was employed. The optimization was performed both in gas and solvent phases. The molecular electrostatic
potential map (MEP) was also predicted by using the Merz—Kollman procedure®® at the 6-314+ G(d,p) level
and with iso-surface of the electron density (0.004 electrons per A%). The 'H and *C chemical shifts, derived
on a é-scale in relation to the TMS, (reference) were calculated via a method developed by Gregory et. al.*® The
Gauge-Independent Atomic Orbital (GIAO) at B3LYP/6-31+4 G(d,p) was applied for estimating the 'H and **C
NMR of the DMSO solvent. SCRF-TD-DFT/B3LYP/6-31++ G(d,p) was used for calculating the UV-electronic
absorption spectrum. Frontier molecular orbital (FMO), associated to the highest molecular orbital (HOMO)
and the lowest molecular orbital (LUMO) calculations were done to determine the reactivity nature®>*! of the
compound 3. B3LYP/sto-3g basis set and GaussSum* was used for calculating the density of states spectra. The
Gaussian03 program package and Gauss-View molecular visualization program was used for all the calculations®.

Procedure for the synthesis of 5-(4-chlorophenyl)-2-amino-1, 3, 4-thiadiazole (3). A mixture of
4-chlorobenzoic acid 1 (0.10 mmol) and thiosemicarbazide 1 (0.10 mmol) in 30 mL of phosphorous oxychloride
was added dropwise with continuously stirring and refluxed gently for 1 h. The reaction mixture was permitted to
cool and followed by carefully addition of water (50 mL). Again, the reaction mixture was refluxed for another 3 h.
The movement of the reaction was monitored by TLC. After the completion of the reaction, the reaction mixture
was basified with aqueous 30% NaOH (pH = 8). The separated solid was filtered and washed with cold water and
the obtained white solid was recrystallized with hot ethanol.

White solid; Yield: 82%; mp: 148-150°C; IR cm™": 33082 (=C-H), 1629 (C=N), 1597 (C=C), 1261 (=C-N),
735 (C-S-C), 706 (C-Cl); 'H NMR (400 MHz, DMSO-d,) § 7.77 (d, ] = 8.6 Hz, 2 H), 7.52 (d, ] = 8.6 Hz, 2 H),
7.46 (s, 2H); 1*C NMR (101 MHz, DMSO-d;) 6 168.81, 155.12, 133.94, 129.85, 129.13, 127.89; HRMS of
[CsH(N,SCl+ H]* (m/z): 212.0585; Caled: 212.0591.

Received: 20 February 2019; Accepted: 30 November 2019;
Published online: 17 December 2019

References

1. Mourik, T., Buhl, M. & Gaigeot, M. P. Density functional theory across chemistry, physics and biology. Phil. Trans. R. Soc. A 372,
0488 (2012).

2. Art, D. B, Mark, A. W. & Jeremy, R. G. Multiconformation, Density Functional Theory-based pKa prediction in application to large,
flexible organic molecules with diverse functional groups. J. Chem. Theory Comput. 12, 6001-6019 (2016).

3. Miriding, M. et al. Chemical cosubstitution-oriented design of rare-earth borates as potential ultraviolet nonlinear optical materials.
J. Am. Chem. Soc. 139, 18397-18405 (2017).

4. Akhilesh, K. S. et al. DFT and AFIR study on the mechanism and the origin of enantioselectivity in iron-catalyzed cross-coupling
reactions. J. Am. Chem. Soc. 139, 16117-16125 (2017).

5. Yilmazer, N. D. & Korth, M. Comparison of molecular mechanics, semi-empirical quantum mechanical, and density functional
theory methods for scoring protein—ligand interactions. J. Phys. Chem. B. 117, 8075-8084 (2013).

6. Faber, C., Boulanger, P, Attaccalite, C., Duchemin, I. & Blase, X. Excited states properties of organic molecules: from density
functional theory to the GW and Bethe-Salpeter. Green’s function formalisms. Phil. Trans. R. Soc. A. 372, 0271 (2013).

7. Cheng, G., Zhang, X., Chung, L. W,, Xu, L. & Wu, Y. Computational organic chemistry: bridging theory and experiment in
establishing the mechanisms of chemical reactions. . Am. Chem. Soc. 137, 1706-1725 (2015).

8. Luis, R. D., Mar, R. G. & Patricia, P. Applications of the conceptual density functional theory indices to organic chemistry reactivity.
Molecules. 21, 748 (2016).

9. Joshi, R. et al. Synthesis, spectroscopic characterization, DFT studies and antifungal activity of (E)-4-amino-5-[N’-(2-nitro-
benzylidene)-hydrazino]-2,4-dihydro-[1,2,4]triazole-3-thione. J. Mol. Struct. 1164, 386-403 (2018).

10. Xiaodong, M., Xiaoging, L. & Jiankang, Z. Exploiting polypharmacology for improving therapeutic outcome of kinase inhibitors
(KIs): An update of recent medicinal chemistry efforts. Eur. J. Med. Chem. 143, 449-463 (2018).

11. Shahcheragh, S. M., Habibi, A. & Khosravi, S. Straightforward synthesis of novel substituted 1,3,4-thiadiazole derivatives in choline
chloride-based deep eutectic solvent. Tetrahedron Lett. 58, 855-859 (2017).

12. Hu, Y, Li, C. Y., Wang, X. M,, Yang, Y. H. & Zhu, H. L. 1,3,4-Thiadiazole: synthesis, reactions, and applications in medicinal,
agricultural, and materials chemistry. Chem. Rev. 114, 5572-5610 (2014).

13. Haider, S., Alam, M. S. & Hamid, H. 1,3,4-Thiadiazoles: a potent multi targeted pharmacological scaffold. Eur. . Med. Chem. 92,
156-177 (2015).

14. Lu, S. M. & Chen, R. Y. Facile and efficient synthesis of a-aminophosphonate derivatives of 1,3,4-oxadiazole and 1,3,4-thiadiazole.
Org. Prep. Proced. Int. 32, 302-306 (2000).

15. Zhang, K. L., Qiao, N., Gao, H. Y., Zhou, E & Zhang, M. Self-assembly of two novel three-dimensional supramolecular networks
with blue photoluminescence. Polyhedron 26, 2461-2469 (2007).

16. Roldan, J. M. G. et al. Theoretical study of the effect of alkyl and alkoxy lateral chains on the structural and electronic properties of
w-conjugated polymers consisting of phenylethynyl-1,3,4-thiadiazole. J. Phys. Chem. C 115, 2865-2873 (2011).

17. Katarina, J. et al. Synthesis, antioxidant and antiproliferative activities of 1,3,4-thiadiazoles derived from phenolic acids. Bioorg. Med.
Chem. Lett. 27,3709-3715 (2017).

18. Jurupula, R, Nagabhushana, N., Udayakumar, D., Perumal, Y. & Dharmarajan, S. One-pot synthesis of new triazole-Imidazo[2,1-b]
[1,3,4]thiadiazole hybrids via click chemistry and evaluation of their antitubercular activity. Bioorg. Med. Chem. Lett. 25, 4169-4173
(2015).

19. Xiuhai, G., Deyu, H., Zhuo, C., Yanjiao, W. & Baoan, S. Synthesis and antiviral evaluation of novel 1,3,4-oxadiazole/
thiadiazolechalcone conjugates. Bioorg. Med. Chem. Lett. 27, 4298-4301 (2017).

20. Naveen, P. et al. Synthesis, in vitro anticancer and antimycobacterial evaluation of new 5-(2,5-dimethoxyphenyl)-1,3,4-thiadiazole-
2-amino derivatives. Bioorg. Med. Chem. Lett. 22, 1398-1402 (2015).

21. Pei, L. et al. Antibacterial activities against rice bacterial leaf blight and tomato bacterial wilt of 2-mercapto-5-substituted-1,3,4-
oxadiazole/thiadiazole derivatives. Bioorg. Med. Chem. Lett. 25, 481-484 (2015).

22. Carvalho, S. A., Lopes, F. A. & Salomao, K. Studies toward the structural optimization of new brazilizone-related trypanocidal
1,3,4-thiadiazole-2-arylhydrazone derivatives. Bioorg. Med. Chem. 16, 413-421 (2008).

SCIENTIFIC REPORTS |

(2019) 9:19280 | https://doi.org/10.1038/s41598-019-55793-5


https://doi.org/10.1038/s41598-019-55793-5

www.nature.com/scientificreports/

23.

31.

32.

33.

34.

35.

36.

37.

38.
39.

40.

41.

42.

43.

44,
45.

46.
47.

48.
49.

50.

51.

52.

Nagaraju, K. et al. Synthesis and antioxidant evaluation of a new class of thienopyrimidinerhodanine hybrids. Lett. Drug Des. Discov.
15, 118-126 (2018).

. Guan, P. et al. Improved antiproliferative activity of 1,3,4-thiadiazole-containing histone deacetylase (HDAC) inhibitors by

introduction of the heteroaromatic surface recognition motif. Bioorg. Med. Chem. 22, 5766-5775 (2014).

. Ishankhodzhaeva, M. M., Kadyrova, S. A., Surazhskaya, M. D., Parpiev, N. A. & Kozmin, P. A. Crystalline and molecular structure

of 2-amino-5-phenyl-1,3,4-thiadiazole. Russian J. Org. Chem. 37,721-723 (2001).

. Wiberley, S. E., Colthup, N. B. & Daly, L. Introduction to infrared and Raman Spectroscopy (3™ edition) (Academic, 1990).

. Stuart, B. H. Infrared spectroscopy: fundamentals and applications. (Wiley, John Wiley & Sons, Chichester, 2004).

. Zhang, J., He, Q,, Jiang, Q., Mu, H. & Wan, R. 5-(4-Bromo-2-nitrophenyl)-1,3,4-thiadiazol-2-amine. Acta Cryst. E67, 02255 (2011).
. Alasalvar, C. Crystal structure and DFT calculations of 5-(4-Chlorophenyl)-1-(6-methoxypyridazin-3-yl)-1H-pyrazole-3-carboxylic

acid. Spectrochim Acta A Mol. Biomol. Spectrosc. 132, 555-562 (2014).

. Zhaoman, Z. & Yanying, Z. Noble-Gas-Tungsten peroxide complexes in noble gas matrices: Infrared spectroscopy and density

functional theoretical study. J. Phys. Chem. A 123, 556-564 (2019).

Bharti, M. et al. Syntheses, characterizations, crystal structures and efficient NLO applications of new organic compounds bearing
2-methoxy-4-nitrobenzeneamine moiety and copper (II) complex of (E)-N’-(3, 5-dichloro-2-hydroxybenzylidene) benzohydrazide.
J. Mol. Struct. 1190, 54-67 (2019).

Festus, C. et al. Synthesis, characterization, antimicrobial activity and DFT studies of 2-(pyrimidin-2-ylamino)naphthalene-1,4-
dione and its Mn(II), Co(II), Ni(II) and Zn(II) complexes. J. Mol. Struct. 1163, 455-464 (2018).

Anthony, C. E. et al. Synthesis, characterization, DFT calculations and molecular docking studies of metal (II) complexes. J. Mol.
Struct. 1150, 279-292 (2017).

Anthony, C. E. et al. Synthesis, characterization, molecular docking, biological activity and density functional theory studies of novel
1,4-naphthoquinone derivatives and Pd(II), Ni(II) and Co(II) complexes. Appl. Organomet. Chem. 32, €4310 (2018).

Lawal, M. M., Govender, T., Maguire, G. E., Honarparvar, B. & Kruger, H. G. Mechanistic investigation of the uncatalyzed
esterification reaction of acetic acid and acid halides with methanol: a DFT study. J. Mol. Model. 22, 235 (2016).

Gummidji, L., Kerru, N., Ibeji, C. U. & Singh, P. Crystal structure and DFT studies of (E)-1-(4-fluorophenyl)-3-(1Hindol-1-yl)-4-
styrylazetidin-2-one. J. Mol. Stru. 1187, 50-58 (2019).

Ezhumalai, D., Krishnan, T. & Nallasamy, P. Ferrocene-appended donor-w-acceptor Schiff base: Structural, nonlinear optical,
aggregation-induced emission and density functional theory studies. Appl. Organometal. Chem. 32, €4522 (2018).

Tomasi, J., Mennucci, B. & Cammi, R. Quantum mechanical continuum solvation models. Chem. Rev. 105, 2999-3094 (2005).
Sajjad, H. S. et al. Synthesis, crystal structure, spectral and DFT studies of potent isatin derived metal complexes. J. Mol. Struct. 1166,
110-120 (2018).

Mohamed, K. A, Mahmoud, E A. A, Faten, M. A. & Hend, A. H. Design, synthesis, molecular modeling, and biological evaluation
of novel a-aminophosphonates based quinazolinone moiety as potential anticancer agents: DFT, NBO and vibrational studies. J.
Mol. Struct. 1173, 128-141 (2018).

Tamer, O. et al. Antimicrobial activities, DNA interactions, spectroscopic (FT-IR and UV-Vis) characterizations, and DFT
calculations for pyridine-2-carboxylic acid and its derivates. . Mol. Struct. 1152, 399-408 (2018).

Rajkumar, R., Kamaraj, A., Bharanidharan, S., Saleem, H. & Krishnasamy, K. Synthesis, spectral characterization, single crystal
X-ray diffraction and DFT studies of 4-((2,4,5-triphenyl-1H-imidazol-1-yl)methyl)pyridine derivatives. J. Mol. Struct. 1084, 74-81
(2015).

Muhammad, R. S. A.J. et al. Prediction of remarkably large second-order Nonlinear Optical Properties of organoimido-substituted
hexamolybdates. J. Phys. Chem. A 113, 3576-3587 (2009).

Sheldrick, G. M. A short history of SHELX. Acta Cryst. A64, 112-122 (2008).

Dolomanov, O. V., Bourhis, L. J., Gildea, R. J., Howard, J. A. K. & Puschmann, H. OLEX2: a complete structure solution, refinement
and analysis program. J. Appl. Cryst. 42, 339-341 (2009).

Sheldrick, G. M. Crystal structure refinement with SHELXL. Acta Cryst. C71, 3-8 (2015).

Julian, T. R. & William, L. J. Performance of B3LYP Density Functional methods for a large set of organic molecules. J. Chem. Theory
Comput. 4, 297-306 (2008).

Kenneth, B. W. & Paul, R. R. Atomic Charges. J. Org. Chem. 83, 15463-15469 (2018).

Gregory, K. P, Venkatachalam, T. K. & David, C. R. NMR and DFT investigations of structure of colchicine in various solvents
including density functional theory calculations. Scientific Reports. 7, 5605 (2017).

Shah, M. A. R. et al. The effect of N-methylation of amino acids (Ac-X-OMe) on solubility and conformation: a DFT study. Org.
Biomol. Chem. 13, 9993-10006 (2015).

Zeynab, E. et al. Computational model for the acylation step of the 3-lactam ring: Potential application for L,D-transpeptidase 2 in
mycobacterium tuberculosis. J. Mol. Struct. 1128, 94-102 (2017).

Frisch, A. et al. Reference, Version 4.0, Gaussian Inc., Pittsburgh, 2007.

Acknowledgements

The authors thank the National Research Foundation (NRF) South Africa for the financial support. Further
thanks for Centre for High Computing Performance (CHPC), Cape Town (South Africa) for access and use of
computational resources.

Author contributions
S.B.J. designed the research, proof reading and supervised the study; N.K., L.G. and S.V.H.S.B. performed
experimental work; S.N.M. and P.S. analyzed the data; N.K. wrote the manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information is available for this paper at https://doi.org/10.1038/s41598-019-55793-5.

Correspondence and requests for materials should be addressed to S.B.].

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

SCIENTIFIC REPORTS |

(2019) 9:19280 | https://doi.org/10.1038/s41598-019-55793-5


https://doi.org/10.1038/s41598-019-55793-5
https://doi.org/10.1038/s41598-019-55793-5
http://www.nature.com/reprints

www.nature.com/scientificreports/

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2019

SCIENTIFICREPORTS| (2079)9:19280 | https://doi.org/10.1038/s41598-019-55793-5


https://doi.org/10.1038/s41598-019-55793-5
http://creativecommons.org/licenses/by/4.0/

	A comparison between observed and DFT calculations on structure of 5-(4-chlorophenyl)-2-amino-1,3,4-thiadiazole

	Results and Discussions

	X-ray crystal structure description and synthesis of compound 3. 
	DFT optimization investigation. 
	Molecular electrostatic potential (MEP) investigation. 
	Frontier molecular orbital (FMO) analysis. 
	Electronic absorption spectrum analysis. 
	Mulliken atomic charges. 
	NBO analysis. 
	Nonlinear optical properties (NLO). 
	Density of states (DOS). 

	Conclusions

	Methods

	Procedure for the synthesis of 5-(4-chlorophenyl)-2-amino-1,3,4-thiadiazole (3). 

	Acknowledgements

	Figure 1 Synthetic path way for 1,3,4-thiadiazol-2-amine (3).
	Figure 2 X-ray molecular structure of compound 3, ORTEP view at the 50% probability level of thermal ellipsoids, packing diagram, when viewed down the b-axis.
	Figure 3 Dotted lines showing intermolecular hydrogen bondings (N-H…N).
	Figure 4 Molecular stacking representation emphasizing π/π and C-H…π bond interaction between molecules.
	Figure 5 Optimized structure of monomer (a) and dimer (b) of compound 3 obtained by B3LYP/6-31+ G(d,p).
	Figure 6 Correlation studies between observed and calculated IR vibrational frequencies of compound 3.
	Figure 7 Molecular electrostatic potential (MEP) analysis of compound 3.
	Figure 8 HOMO–LUMO energy diagram of compound 3.
	Figure 9 (a) Experimental absorption spectrum of the titled compound (3) in different solvents at room temperature (b) TD-DFT calculated absorption spectrum in the gas phase and different solvents.
	Figure 10 Frontier molecular orbitals contributing in electronic absorption along with band gap (ΔE) in the solvent phase (a) DMSO and (b) DCM for the titled compound 3.
	Figure 11 Bar diagram representing the charge distribution of compound 3.
	Figure 12 Schematic representation in terms of percentage contribution of natural population analysis and natural Lewis structure of the titled compound 3.
	Figure 13 Density of sates (DOS) (a) and partial density of states (PDOS) (b) of compound 3.
	Table 1 Crystal data and structure refinement for compound 3.
	Table 2 Selected structural parameters.
	Table 3 Intermolecular hydrogen bonding geometry of the compound 3 (Å, °).
	Table 4 Most characteristic experimental and calculated vibrational frequencies (cm−1) and assignments of the compound 3 at B3LYP/6-31+G(d,p).
	Table 5 The calculated energies of the compound 3.
	Table 6 Experimental electronic absorption band of the titled compound (3) in different solvents at room temperature.
	Table 7 Calculated energies, dipole moments (D), maximum absorption wavelengths (λmax), excitation energies (eV), oscillator strengths (f), assignment of electronic transitions (HOMO(H)→LUMO(L)) and major contribution (%) for the titled compound 3 in gas 
	Table 8 Second order perturbation theory analysis of Fock matrix in NBO basis of compound 3.
	Table 9 The molecular electric dipole moments (μ), Polarizability (α) and hyperpolarizability (βtot) values of compound 3.


