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Abstract

Heterocyclic compounds are present abundantly in nature. Nitrogen containing heterocyclic compounds are an important
class which made significant contributions to medicinal chemistry. Oxadiazole derivatives are scaffolds which exhibit wide
range of biological applications. The title compound was synthesized and crystallizes in the orthorhombic crystal system. The
structure exhibits C-H...N intermolecular interactions. The structure is stabilized by n—x interactions between the oxadiazole
and phenyl rings. Intermolecular interactions are quantified by Hirshfeld surface analysis. Energy frameworks are constructed
to investigate the stability of the compound. Molecular geometry calculations are performed using density functional theory
by employing 6314 G (d, p) functional basis set. The chemical significant sites are identified by topology analysis.

Graphical Abstract

The research article presents the synthesis of 2,5-bis(4-chlorophenyl)-1,3,4-oxadiazole, and single crystal XRD study to
unveil the crystal parameters. Intermolecular interactions were explored by Hirshfeld surface analysis. Further, computational
analysis were performed.

ORTEP of the molecule with thermal ellipsoids drawn at 50% probability

Keywords Oxadiazole - XRD - Hirshfeld surface analysis - Energy frameworks - HOMO-LUMO

< M. A. Sridhar
mas @physics.uni-mysore.ac.in

Extended author information available on the last page of the article

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s10870-022-00930-8&domain=pdf

Journal of Chemical Crystallography (2022) 52:324-336

325

Introduction

Heterocycles are inextricably woven into our life processes.
Numerous molecules having heteroatoms such as nitrogen,
oxygen, and sulfur have drawn the interest of researchers in
pharmaceutical and agrochemical industries [1]. The multi-
ple pharmacological actions of heterocyclic compounds are
a prerequisite for classifying a drug as highly efficacious,
because these actions offer the possibility of treating various
diseases [2]. These compounds possess the ability to interact
with various biomolecules in multiple ways, such as hydro-
gen bonding, & stacking interactions, van der Waals interac-
tions, metal coordination bonds, and hydrophobic forces etc.
[3]. A large number of natural and synthetic heterocyclic
compounds are known for their therapeutic values. With
their diverse structure and functional versatility, the hetero-
cyclic compounds will continue to play a very important role
in the construction of lead compounds in drug discovery.

One of the extensively studied azole based heterocyclic
compounds is oxadiazole derivative. This is a commonly
used pharmacophore due to its ability to engage in hydro-
gen-bonding, metabolic stability and favourable ADME
properties [4, 5]. Oxadiazoles are also known as bioi-
soesters for amide, ester, ketone, carbamate functionalities
[6, 7]. During the past years, considerable evidences have
been found for their broad spectrum of biological activity,
including antimicrobial [8], analgesic [9], antiinflamma-
tory [10], anticancer [11], anticonvulsant [12], monoam-
ine oxidase inhibitors [13], and tyrosinase inhibitors [14].
1,3,4-Oxadiazole-carboxamides containing different lipo-
philic moieties (i.e., 4-diphenyl, 1-napthyl, phenyl propyl
and n-hexyl substituents) and additional substituents, such
as alkyl and amino alkyl residues, have been described as
antiplatelet, antithrombotic and serotonin antagonist [15].
2-Amino-1,3,4-oxadiazole has been proven to be a mus-
cle relaxant [16]. Oxadiazole nucleus is present in several
marketed drugs, such as raltegravir (anti-HIV), Zibotentan
(anticancer), Nesapidil (anti-arrhythmic), Tiodazosin (anti-
hypertensive) etc. [17].

Oxadiazole exhibits four isomers such as 1,2,5-oxadia-
zole, 1,2,4-oxadiazole, 1,3,4-oxadiazole and 1,2,3-oxadia-
zole. Among these, 1,3,4-oxadiazoles have shown great
utility in pharmaceutical industry during the past years. In
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Fig. 1 Reaction scheme for the synthesis of the title molecule

order to synthesize 1,3,4-oxadiazoles, several methods are
available in the literature. The most common synthetic route
used for 1,3,4-oxadiazole includes reactions of acid chlo-
rides/carboxylic acids with acid hydrazides (or hydrazine)
and direct cyclization of diacylhydrazines using dehydrating
agents. The commonly used dehydrating agents are phos-
phorous oxychloride, triflic anhydride, thionyl chloride,
phosphorous pentaoxide, polyphosphoric acid, and direct
reaction of acid with (N-isocyanimino-) triphenylphosph-
orane etc. [18]. In this study, we present the synthesis of
2,5-bis(4-chlorophenyl)-1,3,4-oxadiazole, and single crystal
XRD study to unveil the crystal parameters. Intermolecular
interactions were explored by Hirshfeld surface analysis.
Further, computational analysis were performed.

Materials and Methods

All chemical reagents were purchased from commercial sup-
pliers and used without further purification. The reactions
were monitored by thin layer chromatography (TLC) using
pre-coated sheets of silica gel (Merck 60F254, 0.25 mm
thickness) and visualized under UV light.

Synthesis
of 2,5-Bis(4-chlorophenyl)-1,3,4-Oxadiazole

An equimolar mixture of 4-chlorobenzhydrazide and 4-chlo-
robenzoic acid was refluxed in the presence of phosphorous
oxychloride for 6 h. The reaction mixture was cooled and
poured into the crushed ice [19-21]. On neutralization with
a solution of sodium bicarbonate, a solid mass was formed.
The product was separated out, filtered, washed, and dried.
It was recrystallized using ethanol by the slow evaporation
method. The synthetic procedure for the title molecule is
depicted in Fig. 1.

Experimental

Single Crystal X-ray Diffraction

A small block of crystal was selected for the single crystal
X-ray diffraction study. The intensity data were collected at
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the room temperature of 293 (2) K on Bruker Venture dif-
fractometer using CuKa radiation. The data sets were pro-
cessed using SADABS software. The structure was solved
by direct methods and refined by full-matrix least squares
methods on F2 using SHELXS and SHELXL [22] programs
respectively. All non-hydrogen atoms of the molecule are
revealed by E-map drawn by the correct set of phases. All
carbon bound hydrogen atoms were positioned geometri-
cally and refined using a riding model with C-H=0.93 A
with U, ., (H) = 1.2Ueq(C). The geometrical calculations
were performed using PLATON program [23]. ORTEP of
the molecule with thermal ellipsoids and packing diagrams
were generated using Mercury [24] software. A total of 88
parameters were refined with 1317 unique reflections out
of 14,393 of observed reflections. After several cycles, the
residual value R saturated to 0.0519 with a goodness of fit
1.130. A summary of crystal data and refinement details are
listed in Table 1. The values of bond lengths, bond angles,
and torsion angles are tabulated in the Tables 2, 3, and 4

respectively.

Table 1 Crystal data and refinement parameters of the molecule

Empirical formula

C,,HyCL, N, O

Formula weight
Temperature
Wavelength
Crystal system
Space group

Cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient
Fooo

Crystal size

6 range for data collection
Index ranges

Reflections collected
Independent reflections
Refinement method
Data/restraints/parameters
Goodness-of-fit on F>
Final [1>20(1)]

R indices (all data)
Extinction coefficient
Largest diff. peak and hole

291.12

296 (2) K

1.54178 A

Orthorhombic

Pbcn

a=>5.1040 (6) A b= 12.5238
(13) A, ¢c=20.726 (2) A

1324.8 (2) A~

4

1.460 Mg m™>

4.346 mm™!

592

0.20 mm X 0.25 mm X 0.30 mm

4.27° to 72.75°

—-6<h<5
—-15<k<14
—-25<1<25

14,393

1317 [R;,;,=0.058]

Full matrix least-squares on F>
1317/0/88

1.130

R1=0.0519, wR2=0.1582
R1=0.0586, wR2=0.1693
0.013 (3)

0.291 and — 0.250 ¢ A=

int

Table 2 Bond lengths of the non hydrogen atoms

Atoms Length (10\) Atoms Length (10\)

XRD DFT XRD DFT
CL10-C5 1.737 (3) 1.720 C2-C7 1.389 (3) 1.404
09-C1 1.362 (2) 1.371 C3-C4 1.366 (3) 1.399
N8-C1 1.293 (3) 1.317 C4-C5 1.377 (4) 1.393
N8-N8 1.397 (3) 1.379 C5-C6 1.379 (4) 1.392
Cl1-C2 1.450 (3) 1.457 C6-C7 1.372 (4) 1.398
C2-C3 1.391 (3) 1.404

Results and Discussion
Crystal Structure Analysis

The molecule crystallizes in the orthorhombic crystal system
with the space group Pbcn. The asymmetric unit contains
half of the molecule (Z'=0.5). The unit cell parameters are:
a=5.1040 (6) A, b=12.5238 (13) A, ¢=20.726 (2) A. The
ORTEP of the molecule is shown in Fig. 2.

The crystal structure consists of oxadiazole ring and
chlorophenyl ring. The bond length of N8-N8 atoms
in oxadiazole ring is 1.397 (3) A, which is similar to the
bond length of typical a N-N contact. The observed bond
lengths of N8—C1 and CL10-C5 atoms are 1.293 (3)°,
and 1.737 (3)° respectively, which are consistent with the
standard bond lengths [25]. In oxadiazole ring, the bond
angle of the N8—C1-09 atoms is 111.8 (2)°. The tor-
sion angle of C3-C2-C7-C6 atoms is 0.2 (4)°, indicat-
ing the + syn-periplanar conformation. The phenyl ring is
sp? hybridized and shows trigonal geometry as indicated
by the bond angles between the atoms C2-C3-C7=120.2
(2)°, C1-C2-C7=120.7 (2)°, C2-C3-C4=119.4 (5)°,
C3-C4-C5=119.2 (2)°, C4-C5-C6=121.0 (2)°,
C5-C6-C7=119.6 (2)°, C2-C7-C6=120.2 (2)°. The
chlorophenyl ring C2 to C7 is highly planar with a maxi-
mum r.m.s. deviation of 0.001 (2) A for the C7 atom. The

Table 3 Bond angles of the non hydrogen atoms

Atoms Angle (°) Atoms Angle (°)

XRD DFT XRD DFT

C1-09-C1 1033(2) 1175 C2-C3-C4 120.7 (2) 120.7
N8-N8-C1 106.6 (2) 106.5 C3-C4-C5 1194 (2) 1198
09-C1-N8 111.8(2) 1125 CL10-C5-C4 118.8(2) 119.8
09-C1-C2 119.1(2) 1175 CL10-C5-C6 1203 (2) 119.8
N8-C1-C2 129.1(2) 1299 (C4-C5-C6 121.0 (2) 120.3
Cl-C2-C3 120.6(2) 1219 C5-C6-C7 119.6 (2) 119.7
Cl-C2-C7 1202(2) 119.6 C2-C7-C6 120.2 (2) 120.8
C3-C2-C7 1192(2) 1184
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Table 4 Torsion angles of the Atoms Angle (°) Atoms Angle (°)

non hydrogen atoms

XRD DFT XRD DFT

C1-09-C1-N8 0.3 (2) 0.00 C7-C2-C3-C4 0.8 (3) 0.0
C1-09-C1-C2 179.1 (2) — 180.0 C1-C2-C7-C6 179.8 (2) — 180.0
C1-N8-N8-C1 1.0(3) —0.00 C3-C2-C7-Co6 -024) 0.00
N8-N8-C1-09 -0.8(3) 0.00 C2-C3-C4-C5 -0.74) -0.0
N8-N8-C1-C2 -179.4 (2) - 180.0 C3-C4-C5-CL10 —180.0 (2) 180.0
09-C1-C2-C3 -7.8(@3) -0.0 C3-C4-C5-C6 -024) 0.00
09-C1-C2-C7 172.2 (2) 179.9 CL10-C5-C6-C7 —179.4 (2) - 180.0
N8-C1-C2-C3 170.7 (2) 179.9 C4-C5-C6-C7 0.8 (4) -0.0
N8-C1-C2-C7 -934) -0.01 C5-C6-C7-C2 -0.6(4) 0.01
Cl1-C2-C3-C4 -179.2(2) 180.0

Fig.2 ORTEP of the molecule
with thermal ellipsoids drawn at
50% probability.

Table 5 Hydrogen bond geometry

D-H...A D-HA) H..AQA) D..AA) D-H..A(®
C3-H3...N8*  0.93 2.66 3326(3) 129
C3-H3...09* 0.93 2.50 2.826(2) 100

*Intra

12 —x, 12+y,z

Fig.3 Packing of molecules showing criss-cross orientation when
viewed along b axis

oxadiazole ring is nearly planar with a maximum deviation
of 0.003 (2) A for the C1 atom. The torsion angle between
the C1-C2-C7-C6 and C3-C4-C5-CL10 atoms is 179.8
(2)° and — 180.0 (2)° respectively. The crystal structure
is reinforced by C—H...N intermolecular interaction and
C-H...O intramolecular interactions. Hydrogen bond geom-
etry is shown in Table 5. Packing of molecules shows a criss-
cross orientation when viewed along b axis (Fig. 3).

Supramolecular Assembly

The presence of C—H...n interaction and n—=n interac-
tions in the crystal structure consolidate the supramo-
lecular architecture. The molecule exhibits C5-CL10...xn
(Cg2) interaction. Cg?2 is the centroid of the phenyl ring
(C2-C3-C4-C5-C6-C7). The C5-Cg distance is 3.782
(14) A, C5-CL10...Cg angle is 95.14 (9)°, y=14.5°, and
CL-Cg=4.301 (3) A, with the symmetry code 1+ux, y, z.
The structure is stabilized by medium to weak n—x interac-
tion as the Cg—Cg distance is 3.8058 (14) A, with a=8.52
(12)°, p=21.8°,y=13.8°, and a slippage value 1.412° [26].
The symmetry code for the interaction is — 1+x, y, z. The
n—x interaction of molecules involving phenyl ring and oxa-
diazole ring is shown in Fig. 4.
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Fig.4 m—m interaction of molecules involving phenyl ring and oxadia-
zole ring

Fig.5 Hirshfeld surface of the molecule mapped with d

norm

Hirshfeld Surface Analysis

Hirshfeld surface analysis is a tool used to visualize the
intermolecular interaction in the crystal system. Two
dimensional fingerprint plots give the summary of intermo-
lecular contacts in the crystal. The Hirshfeld surfaces and
fingerprint plots are generated using CrystalExplorerl7.5
[27]. The Hirshfeld surface analysis confirms the presence
of the C—H...N intermolecular contact, which influences
the molecular packing. Molecular Hirshfeld surface of
the crystal structure is constructed on the basis of electron

(a)

(b)

distribution, calculated as the sum of spherical atom electron
densities [28]. The normalized contact distance (d,.,y,) 1S
given by,

d — rvdw d - rvdw
d 1 i € e

norm

pydw

pvdw
i e

where d, is the distance from the surface to the nearest
nucleus in another molecule; d, is the distance internal to
the surface (i.e., distance from the surface to the nearest
atom in the molecule itself). The value of 4, ., is dependent
on the contacts which are shorter and longer than the van
der Waals radii (#9%).

From Fig. 5, the red and blue colors on the Hirshfeld
surface indicate distances shorter (close contact) or longer
(distinct contact) than the van der Waals radii respectively,
and the white region indicates contacts with distances equal
to the sum of van der Waals radii. The bright red spots on
the Hirshfeld surface are due to the presence of the C-H...N
intermolecular interactions.

Figure 6 depicts the Hirshfeld surface mapped with (a)
curvedness map, (b) shape index map, and (c) electrostatic
potential map of the title molecule. The bright red spots on
the electrostatic potential map indicate the donors and/or
acceptors. The red region indicates the negative electrostatic
potential (hydrogen bond donors), while the blue region
indicates positive electrostatic potential (hydrogen bond
acceptors). The shape index map of the Hirshfeld surface
helps to visualize the n—x stacking arrangement of molecules
by the presence of adjacent red and blue triangles [29-36]. If
the adjacent red and/or blue triangles are absent, then there
are no n—x interactions. In the Fig. 6b, the adjacent red and
blue triangles clearly indicate the presence of n—x interac-
tions in the crystal.

Fingerprint Plots

Two dimensional fingerprint plots generated by d, and d;
provide a concise summary about individual intermolecu-
lar interactions [37]. The observed interatomic contacts
with their relative contributions to the Hirshfeld surface
are H-H (26.5%), CI-H/H-Cl (19.9%), N-H/H-N (14.3%),
and C-H/H-C (11.3%) (Fig. 7). The major contact is H...H

(©)

Fig.6 Hirshfeld surface mapped with a curvedness map, b shape index map, and c electrostatic potential map of the molecule
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Fig. 7 Fingerprint plots indicating the individual

Fig.8 Molecular pairs involved in the computation of interaction

() 0.60.81.01.21.41.61.82.02.22.42.62.8

energies

(4 0.60.81.01.21.41.61.82.02.22.42.62.8

de

H NN N NN

o ® © N & o ®

o ® o N o

di | CL-H/H-CL (19.9 %) d

(A) 0.60.81.01.21.41.61.82.02.22.42.62.8

di

(d) 0.60.81.01.21.41.61.82.02.22.42.62.8

contributions to the Hirshfeld surface area

interactions, contributing 26.5% to the overall crystal pack-
ing. The pair of spikes in the fingerprint plot delineated
into C1-H/H—-CI contacts, contributes 19.9% with the thin
edges at d,+d;~2.8 A. The red color in the center of the
fingerprint plot indicates the n—x interactions present in the

crystal. The N-H/H-N contacts comprise 14.3% of Hirsh-
feld surface area and is observed as a pair of wings (Fig. 7).

Interaction Energy Analysis

CrystalExplorerl7.5 software [27] was employed to com-
pute the intermolecular interaction energies using B3LYP/6-
31G (d, p) energy model. A cluster of molecules was gen-
erated by importing crystallographic file with a radius of
3.8 A. The total intermolecular energy (E,,) is defined as
the sum of electrostatic (E,,), polarization (E,), dispersion

(Eg;s) and repulsion (E,,)) energies,

e, B

= kele Eele + kpo Epol + kdis Edis + kiep E

rep “rep?

where k., k. kg and k,,, are the scale factors of 1.057,
0.740, 0.871 and 0.618, respectively [38].

Molecular pairs involved in the computation of inter-
action energies is shown in Fig. 8. Different interaction
energies such as electrostatic energy, dispersion energy,
polarization energy and repulsion energy are — 21.668 kJ/
mol, — 4.22 kJ/mol, — 90.41 kJ/mol, and 34.35 kJ/mol

respectively. The total interaction energy is — 81.2 kJ/mol.

@ Springer



330 Journal of Chemical Crystallography (2022) 52:324-336
Table 6 Interact.ion energies N |Symop R E ele E pol |E dis E rep |E tot
(Color table online)

2 -X,"Y,—Z 11.69 |—0.8 -0.2 —10.3 2.2 - 8.6

4 —x+1/2, — y+1/2, z+1/2 11.58 |—1.9 -0.1 -6.5 6.6 -3.7

2 X,y,z 5.10 - 1.6 -1.1 —58.2 23.6 —38.7

4 X+1/2, y+1/2, — z+1/2 6.76 -103 |-34 - 134 11.2 - 18.2

4 X172, y+12, — 24172 989 |-05 | -05 |-73 25 ~5.8

2 |-x-y-z 1465 |—54 | —04 —-81 |11 | —-62

The molecular pair-wise interaction energies are listed in
Table 6. The dispersion energy dominates the electrostatic
energy. The interaction energies are visualized by construct-
ing 3D energy frameworks (Fig. 9). The size of cylinders in
the energy frame works reflects the strength of the interac-
tion energy and molecular packing [39].

Hydrogen-bonding interaction energies (kJ/mol) were
calculated to be 13.0 (Eo), 1.8 (E,), 68.0 (Eg;,), 48.3 (E,p)
and 44.4 (E,) for the C—H...N hydrogen bonding interac-
tion. The hydrogen bond interaction energies for C-H...O
contact is 37.3 (Egy), 9.3 (Epop), 19.0 (Egy), 33.7 (E,p) and
42.0 (E,op)-

Density Functional Theory (DFT)
Molecular Geometry Optimization

The geometry optimization of the compound was carried
out theoretically in the gaseous phase using DFT calcula-
tion with B3LYP/6-31+ G (d, p) hybrid functional. The
DFT calculations were performed using Gaussian software
[40]. Theoretically determined structure parameters show
good agreement with the results of XRD analysis. The dif-
ferences between the bond lengths and bond angles are
within normal ranges and consistent with the similar types
of compounds reported earlier [41]. The comparison of the
structure parameters are can be seen in Tables 2, 3, and 4
respectively. An overlay of the experimental structure (pink)
and optimized structure (blue) is showing in Fig. 10.

The linear correlation coefficients (R?) between the theo-
retical and experimental structure parameters are calculated.
The R? value for bond length and bond angle are 0.8621 and
0.9935 respectively. Figure 11 gives the agreement between
the computed and calculated bond length and bond angle as
a linear graph.

Frontier Molecular Orbital

Highest Occupied Molecular Orbital (HOMO) and Lowest
Unoccupied Molecular Orbital (LUMO) together are known
as frontier molecular orbitals. They are very important
parameters in describing the chemical reactivity and kinetic
stability of the molecule. HOMO acts as an electron donor,

@ Springer

and the LUMO acts as an electron acceptor. A molecule is
said to be highly polarizable, if the energy gap is small and
has high chemical reactivity. The energy difference between
the HOMO and LUMO is the energy gap. The energy level
diagram of the HOMO and LUMO is shown in Fig. 12. The
HOMO and LUMO are localized over the entire ring of the
molecule. The energy gap of the title molecule is found to
be 4.30 eV. The energy gap is comparable with the values of
similar molecules reported earlier [42]. The value of energy
gap indicates the title molecule is kinetically stable and reac-
tive [43].

Chemical reactivity descriptors were derived from the ener-
gies of HOMO and LUMO. The energy of HOMO and LUMO
are — 6.60 eV and — 2.30 eV respectively. The calculated reac-
tivity descriptors such as ionization potential, electron affinity,
chemical hardness, softness, electronegativity, chemical potential
and electrophilicity of the title compound are listed in Table 7.

Mulliken Atomic Charge Analysis

Mulliken atomic charges gives us a better understanding to
analyze the quantum chemical systems, which intern bear-
ing the properties of dipole moment, electronic structure, and
polarizability [44]. Mulliken atomic charges of individual
atom of the title compound have been computed using B3LYP
functional with 6-31+G (d, p) level. Mulliken charges for
non-hydrogen atoms ranges from 0.0466 to 0.5248. The atoms
C7, 08, and CL10 carry high Mulliken charge for the title
molecule. The carbon atom C7 (0.524) shows high electropo-
sitive value due to the influence of surrounding electronega-
tive C6 (— 0.252) and C2 (— 0.141) atoms, while O8 (— 0.292)
has low electronegative value among all other hetero atoms
due to electropositive C1 (0.165) atom. The charge distribu-
tion of non-hydrogen atoms is shown in Fig. 13.

Molecular Electrostatic Potential (MEP)

Molecular electrostatic potential (MEP) is an implement
to predict the electrophilic and nucleophilic attacks for the
molecular interactions. The MEP of the title compound was
optimized using B3LYP method via 6-314G (d, p) basis
set. As observed in the Fig. 14, the electrostatic potential
is represented as different colored regions on the surface
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Fig.9 Molecular packing corresponding to coulomb energy (red), dispersion energy (green), and total energy (blue) along a, b, and ¢ axis

respectively (Color figure online)

Fig. 10 Overlay of the experimental structure (pink) and optimized
structure (blue) (Color figure online)

indicated by red < orange < yellow < green < blue colors.
The deep blue regions (positive potential regions) on the
molecular surface indicate the electrophilic sites, and the
red colored regions indicate the nucleophilic sites. The blue
colored regions situated around hydrogen atoms represent a

positive potential. The negative potential (repulsion) is indi-
cated by the red colored regions around nitrogen atoms. The
region of negative potential is associated with the lone pair
of electronegative atoms [45].

Electron Localization Function (ELF) and Local Orbital
Localization (LOL)

ELF was widely used in revealing the atomic shell structure,
and in the classification of chemical bonding. Electron local-
ization function was proposed by Becke and Edgecombe to
determine the regions of electron localization. Savin et al.
interpreted the ELF as excess of kinetic energy density
caused by Pauli repulsion [46]. A large value of ELF denotes
the localization of electrons and indicates the presence of
covalent bond. Local orbital localization (LOL) is a function
for identifying the high localization regions like ELF [47].
The quantitative values of ELF and LOL are highlighted by
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Fig.12 The energy level of frontier molecular orbital (HOMO-
LUMO)

Table 7 Molecular reactivity descriptors and their energies

Parameter Value (eV)
Ehomo —6.60
E; umo —2.30
Energy gap (AE) 4.30
Ionization potential (I) 6.60
Electron affinity (E) 2.30
Chemical potential (i) —4.45
Electronegativity (x) 4.45
chemical hardness (1) 2.15
Global softness (o) 0.47
Electrophilicity () 4.60

chemically significant regions. LOL can be interpreted in

@ Springer

Calculated bond angle in degree

view of the localized orbital.

A small LOL value usually appears in the boundary
(inner) region of localized orbitals. The values of LOL and
ELF range from O to 1. The value greater than 0.5 represent
the region of electron localization whereas value less than
0.5 indicate electron delocalization of region. From Fig. 15,
it is observed that the red colored regions around the hydro-
gen atoms represent the high localization nature of bonding
and non-bonding atoms, and the blue colored regions rep-
resent the delocalization of electrons. The degree of elec-
tron localization between N—N bond is not the same as C—C
bonds, and C—O bonds (Fig. 14).

Non-covalent Interactions (NCls)

Non-covalent interactions (NCIs) also known as Reduced
Density Dradient (RDG) is a method for studying weak
interactions. DFT calculations were performed to analyze
the reduced density gradient using Gaussian software [40]
with B3LYP/6-31 G (d, p) basis set. The pictorial represen-
tation of RDG isosurface is obtained using Multiwfn [48]
and VMD software [49]. The RDG isosurface and the graph
of RDG against sign(A,)p(r) is shown in Fig. 16. It reveals
the nature and strength of the interactions present in the mol-
ecule. The RDG analysis was carried out at the isosurface
value of 0.5. The strength of weak interaction has positive
correlation with the electron density p; the van der Waals
interaction regions have very small p, while the strong steric
effect and hydrogen bonding have relatively large regions
corresponding to the electron density p [50].

The spikes in the Fig. 16b is classified into three types,
namely van der Waals, steric effect, and hydrogen bond
interaction. The blue color implies the strong attractive inter-
action; but hydrogen bond is not interaction observed. The
van der Waals weak interaction regions have represented by
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Fig. 14 Molecular electrostatic potential map of the title molecule

green color, the densities of electron in this region is low.
The regions in the center of rings, such as phenyl ring and
oxadiazole ring show strong steric effect as indicated by the
red color.

Atoms

Conclusion

Single crystal X-ray diffraction study reveals that the mole-
cule crystallizes in the orthorhombic crystal system with the
space group Pbca. The Hirshfeld surface analysis confirms
the presence of N-H...C type intermolecular interaction.
The two dimensional fingerprint plots show that the H-H
contacts contribute more to the total Hirshfeld surface area
(26.5%). The parameters obtained from DFT studies shows
the structural parameters agree well with XRD analysis. The
HOMO-LUMO energy gap of the title molecule is 4.30 eV
and indicates the title molecule is stable. NCI analysis shows
that the van der Waals interactions exist between chlorophe-
nyl ring and oxadiazole ring.
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Fig. 15 ELF and LOL of the title molecule
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Fig. 16 The RDG isosurface and 2D scattered plot of the compound
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