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a b s t r a c t

In the present work, the crystal structure of a novel chalcone derivative, (E)-1-(5-bromothiophen-2-yl)-
3-(p-tolyl) prop-2-en-1-one has been confirmed by X-ray diffraction studies. Hirshfeld surface analysis
was carried out to explore the intermolecular interactions. From the Hirshfeld surface analysis it was
observed that H/H (26.7%) and C/H (26.3%) are the major contributors to the intermolecular in-
teractions which stabilizes the crystal structure. The coordinates were optimized using the density
functional theory (DFT) calculations using B3LYP hybrid functions with 6-31G(d) basis set. The structural
parameters obtained from XRD studies compliment with those calculated using DFT calculations. The
HOMO and LUMO energy gap was found to be 4.1778 eV. The molecular electrostatic potential (MEP) was
plotted to identify the possible reactions sites of the molecule. Further, non-linear optical (NLO) prop-
erties were investigated by calculating hyperpolarizabilities which indicate that the title compound
would be a potential candidate for the NLO applications.

© 2018 Published by Elsevier B.V.
1. Introduction

In recent years, organic molecules with delocalized p-electrons
have gathered increasing attention due to their potential applica-
tion in new-generation optical and molecular electronic devices.
Therefore, the search for nonlinear optical (NLO) materials with
considerable nonlinearities and fast response is essential for tech-
nological development. Compared to inorganic conjugates, organic
materials have some advantages such as high degree of nonline-
arity, low dielectric constants, natural synthetic flexibility and rapid
response in opto-electronics filed [1e3]. The electronic properties
of the organic materials can be modified by varying the donor/
acceptor groups at the end of the parent molecules [4]. Among the
organic nonlinear materials, chalcones are well known molecules
(N.K. Lokanath).
owing to their interesting applications in biological, pharmaceu-
tical and nonlinear fields. Chalcones exhibit wide range of appli-
cations of biology such as anti-inflammatory [5], anti-ulcerative [6],
anti-malaria [7], anti-bacterial [8], anti-viral [9] and anti-diabetic
activities [10].

Furthermore, Chalcones have a p-conjugated system [11]. Due
to overlapping of p orbital, delocalization of electronic charge
distributions leads to highmobility of the electron density [12]. The
chalcones have been the prime focus of various computational and
experimental studies because of their promising applications in
various optoelectronics [13,14] and high-speed optical communi-
cations [15e17]. The chalcones with high hyperpolaraizabilities are
also useful in optical computing and optical communication tech-
nologies [18e22].

As a part of our ongoing research on novel chalcones [23e25],
herein we describe the properties of chalcone derivative, (E)-1-(5-
bromothiophen-2-yl)-3-(p-tolyl) prop-2-en-1-one. The experi-
mental and theoretical results were compared. Using DFT
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Table 1
Crystal data and structure refinement parameters for the molecule.
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calculations, non-linear optical properties of the molecule was
investigated.
Parameter Compound

CCDC deposit No. 1590163
Empirical formula C14H11BrOS
Formula weight 307.2
Temperature 293 (2) K
Wavelength MoKa (l¼ 0.71073Å)
Crystal system, space group Monoclinic P21/a
Unit cell dimensions a¼ 5.895 (5) Å

b¼ 14.105 (7) Å
c¼ 15.373 (8) Å
a¼ 90.000 (8)o

b¼ 92.89 (4)o

g¼ 90.00 (4)o

Volume and Z 1276.6 (14) Å3and 4
Density (calculated) 1.598Mgm�3

Absorption coefficient 3.363mm�1

F000 616
Crystal size 0.25� 0.23� 0.21mm
q range for data collection 3.02oto 27.57�

Index ranges �7� h� 7
�17� k� 17
�4� l� 19

Reflections collected 4752
2. Experimental methods

2.1. Synthesis of (E)-1-(5-bromothiophen-2-yl)-3-(p-tolyl) prop-2-
en-1-one

The compound was synthesized as per the procedure reported
earlier [26]. The reaction mixture was then poured over crushed ice
and acidified with dilute HCl and the solid which precipitated was
filtered and washed with water, dried and was purified on column
chromatography (silica gel with 10% ethyl acetate in hexane). The
product was further recrystallized using acetone solvent to obtain
good crystals [26]. The spectral characterization, FT-IR spectrum
was recorded in the 4000-400 cm�1as KBR pellet on a BRUKER IFS-
66V Spectrophotometer, and 1H NMR spectra was recorded at
400MHz, in CDCl3, on Bruker 400MHz Advance III spectrometer.
The chemical shifts (d) are reported in parts per million (ppm)
downfield from tetramethylsilane (TMS) as internal reference.
Independent reflections 2883 [Rint¼ 0.0660]
Absorption correction multi-scan
Refinement method Full matrix least-squares onF2

Data/restraints/parameters 2883/0/155
Goodness-of-fit onF2 0.972
Final [I> 2s(I)] R1¼ 0.0525, wR2¼ 0.1340
R indices (all data) R1¼ 0.0772, wR2¼ 0.1556
Largest diff. peak and hole 1.701e0.998 e Å�3
2.2. Single crystal X-ray diffraction studies

X-ray analysis of a suitable single crystal was performed on a
Rigaku XtaLABmini CCD diffractometer with X-ray generator
operating at 45 kV and 10mA, using MoKa radiation of wavelength
0.71073 Å. X-ray intensity data were collected, keeping the scan
width of 0.5� and an exposure time of 3 s with the sample to de-
tector distance of 50mm. A complete data set was processed using
Crystal Clear [27,28]. The crystal structure was solved by direct
methods and refined by full-matrix least squares method on F2

using SHELXS and SHELXL programs respectively [29]. All the non-
hydrogen atoms were revealed in the first difference Fourier map
itself. The geometrical calculations were carried out using the
program PLATON [30] and the packing diagrams were generated
using Mercury program [31]. Details of the crystal structure and
parameters of the final refinement process are summarized in
Table 1.
2.3. Computational details

The molecular structure optimization of the molecule and their
vibrational harmonic frequencies were calculated using the Density
Function Theory (DFT) with Beckee-3-Lee-Yag-Parr (B3LYP) at6-
31G (d) basis set using GAUSSIAN09 program [32] package
without any constraint on the geometry. Gauss View 05 software
[33] was used to visualize the optimized structure. The optimized
geometrical parameters, true rotational constants, fundamental
vibrational frequencies were calculated. We calibrated the vibra-
tional wavenumbers calculated by B3LYP method. Analytical fre-
quency calculations were carried out to confirm the minimum
energy. The Hirshfeld surface analysis was used to explore the
molecular interactions using Crystal Explorer program [34].
Further, Density functional theory (DFT) was carried out to examine
the ground and excited state properties to obtain the frontier mo-
lecular orbitals, highest occupied molecular orbital (HOMO) and
lowest unoccupied molecular orbital (LUMO). The molecular elec-
trostatic potential (MEP) surface and density of state have been
simulated to find more reactive sites for electrophilic and nucleo-
philic. The non-linear optical properties such as static dipole mo-
ments (m), mean polarizability (〈a〉) and first hyperpolarizabilities
(b) have been theoretically computed.
3. Results and discussions

3.1. Experimental and theoretical FT-IR analysis of compound

The vibrational spectra of (E)-1-(5-bromothiophen-2-yl)-3-(p-
tolyl) prop-2-en-1-one were simulated to show the presence of
functional groups and their vibrational modes. Both experimental
and theoretical FT-IR spectra of the molecule confirms the functional
groups and the carbonyl stretching vibrations appeared in the region
1750-1660 cm�1 [35]. The characteristic vibrational frequencies
for the main functional groups are C-Hthiophene (Expt.¼ 3240 cm�1

and DFT¼ 3220 cm�1), Csp2-H (Expt.¼ 3000 cm�1 and
DFT¼ 3120 cm�1), CeH3 (Expt.¼ 2866 cm�1 and DFT¼ 3040 cm�1),
C]C (Expt.¼1400 cm�1 and DFT¼ 1467 cm�1)and C]O
(Expt.¼1645 cm�1 andDFT¼ 1710 cm�1). The result reflected a good
agreement between the DFT-IR and FT-IR experimental result, as
shown in Fig. 1.
3.2. Experimental 1H NMR compared to theoretical analysis

1H NMR spectrum of the (E)-1-(5-bromothiophen-2-yl)-3-(p-
tolyl)prop-2-en-1-one in CDCl3 shows the proposed structural
formula (Fig. 2(a)). One broad peak corresponding to the aliphatic
CH3 is seen at 3.40 ppm (experimentally) and 3.35 ppm (theoreti-
cally). Several peaks in the aromatic region 7.20e7.90 ppm were
attributed to the three CH's of the phenyl and thiophene rings were
recorded as shown in Fig. 2(b).

The computed 1H NMR using NMR-DB software [36] in gaseous
state was compared to 1H NMR in CDCl3 solvent. The correlation
coefficient for chemical shifts was found to be 0.9956 as shown in
Fig. 2(c).



Fig. 1. FT-IR spectra of the molecule obtained by (a) experimental and (b) theoretical calculations by using DFT with B3LYP/6-31G(d) basis set.

Fig. 2. 1H NMR of (E)-1-(5-bromothiophen-2-yl)-3-(p-tolyl)prop-2-en-1-one (a) experimentally with CDCl3, (b) using NMR-DB and (c) Experimental and theoretical comparison of
1H NMR results.
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Fig. 3. (a) ORTEP of the molecule with thermal ellipsoids drawn at 50% probability and (b) DFT optimized molecular structure of the title compound.
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3.3. Single crystal X-ray diffraction analysis

The details of crystal structure and data refinement parameters
are given in Table 1. T the compound crystallizes in monoclinic
system with space group P21/a with the cell parameters a¼ 5.895
(5) Å, b¼ 14.105 (7) Å, c¼ 15.373 (8) Å and b¼ 92.89 (4)�. Fig. 3(a)
represents the ORTEP of the molecule with thermal ellipsoids
drawn at 50% probability. There are two molecules in an asym-
metric unit and they are non-planar. This non-planarity is
confirmed by dihedral angles between the thiophene and benzene
rings is 41.61 (16) Å. The thiophene ring S atom and enone C]O
Fig. 4. The packing of the molecule exhibitin
group are approximately in the same orientation.
The C7 atom [120.01 (3)�, 121.90 (3)� and 118.09 (3)� for

O8eC7eC5, O8eC7eC9 and C5eC7eC9, respectively] is in a dis-
torted trigonal planar conformation, whichmay be due to the steric
bulk of the oxygen atom.

The thiophene ring is affected by p-conjugation. This can be
explained by the longer CeS bond lengths of 1.697 (3) Å and 1.728
(3) Å for C2eS6 and C5eS6, respectively and the olefinic double
bond is in E-configuration. The presence of C10eH10/O8 intra-
molecular hydrogen bond (with DdH¼ 0.93 Å, H … A¼ 2.52 Å, D
… A¼ 2.837 Å and DdH… A¼ 100�) contribute significantly to the
g zigzag arrangement along the a-axis.



Table 2
Comparison of selected bond lengths and bond angles.

Bond lengths (Å) Expt. DFT Bond angles (�) Expt. DFT

BR1eC2 1.8770 1.8825 C5eS6eC2 88.59 90.82
S6eC5 1.7280 1.7525 C4eC3eC2 112.42 111.73
S6eC2 1.6970 1.7318 C10eC11eC12 123.54 122.92
O8eC7 1.2240 1.2358 C11eC10eC9 127.96 128.02
C3eC4 1.4090 1.4199 C11eC16eC15 121.19 121.90
C3eC2 1.3550 1.3719 C12eC13eC14 121.24 121.17
C17eC14 1.5048 1.5090 C16eC15eC14 120.95 121.24
C4eC5 1.3520 1.3799 C11eC12eC13 120.89 121.21
C11eC10 1.4627 1.4602 C17eC14eC13 120.67 120.57
C11eC16 1.3843 1.4112 C17eC14eC15 121.32 121.90
C11eC12 1.4010 1.4126 S6eC5eC4 111.09 111.51
C10eC9 1.3113 1.3614 S6eC5eC7 117.29 118.10
C16eC15 1.3866 1.3901 Br1eC2eS6 120.02 119.97
C9eC7 1.4804 1.4704 Br1eC2eC3 126.52 127.10
C13eC12 1.3710 1.3890 S6eC2eC3 113.48 113.37
C13eC14 1.4095 1.4017 O8eC7eC5 122.12 121.89
C15eC14 1.3790 1.4028 O8eC7eC5 119.65 120.00
C5eC7 1.4668 1.4805 C9eC7eC5 118.23 118.18

B. Pramodh et al. / Journal of Molecular Structure 1161 (2018) 9e17 13
stabilization of the crystal.
The CeH … p interaction plays a prominent role in stabilizing

the crystal structure. The C3eH3 … Cg2 interaction (where Cg2 is
centroid of the benzene ring consist of an atoms C11/C12/C13/C14/
C15/C16) with CdCg distance of 3.484 (5) Å, HdCg distance of
2.96 Å and CeH… Cg angle of 133�(symmetry code 1-x, -y, 1-z). The
C13eH13 … Cg2 interaction with CdCg distance of 3.569 (5) Å,
HdCg distance of 2.89 Å and CeH … Cg angle of 131�(with sym-
metry code 1-x, -y, 1-z). The C13eH13… Cg2 interactionwith CdCg
distance (symmetry code 1/2 þ x, 1/2-y, z) which connect the
molecules in a zigzag patterns along a-axis as shown in Fig. 4.

The CeH$$$ p and pdp interactions contribute to the stability
of the crystal packing while weak and strong hydrogen bond in-
teractions such as CeH/O, CeH/Br, and CeH/S help to stabilize
the molecular structure by forming a three-dimensional network.
3.4. Optimized structure

Theoretical studies have been performed to compare the geo-
metric parameters with those obtained from X-ray diffraction
studies. The bond lengths and bond angles corresponding to the
optimized geometry of the molecule have been obtained by using
the density function theory with B3LYP/6-31G(d) basis set. The
optimized geometry of the compound is illustrated in Fig. 3(b).

The selected bond lengths and bond angles are listed in Table 2
Fig. 5. Correlations between the experimental an
along with the experimental data with the correlation coefficient
R2¼ 0.9915 for bond lengths and R2¼ 0.9961 for bond angles are
shown in Fig. 5.

4. Theoretical calculations

4.1. Hirshfeld surface analysis

The Hirshfeld surface analysis is used to explore the packing
modes, intermolecular interactions and molecular shapes in a
crystalline environment (shown in Fig. 6). The Hirshfeld surfaces
are mapped with dnorm and 2D fingerprint plots presented in this
paper were generated using Crystal Explorer 2.1. The spherical
atom electron densities were used to calculate the electron distri-
bution based on which the molecular Hirshfeld surfaces in the
crystal structure were constructed. The normalized contact dis-
tance (dnorm) based on both de (distance from the point to the
nearest nucleus external to the surface) and di (distance to the
nearest nucleus internal to the surface), and the vdw radii of the
atom, given by

dnorm ¼ di � rvdwi

rvdwi

þ de � rvdwe

rvdwe

The above equation helps to identify the regions of particular
importance to intermolecular interactions [37]. The 2D fingerprint
plot provides the summary of intermolecular contacts in the crystal
by the combination of de and di. Shaped-index surfaces are speci-
fied on the basis of local curvature of the Hirshfeld surface [38]
shown in Fig. 7.

The red concave region on shape index is the acceptor and the
blue region is the donor atoms. The dark-red spots on the dnorm
surface arise as a result of the short interatomic contacts such as
strong hydrogen bonds. The adjacent red-blue indicates the CeH…

p staking interactions over the surface.
Finger plots in Fig. 7 indicate the relative contributions to the

Hirshfeld surface (in %) and difference between intermolecular
interaction patterns. The HeH and CeH bonding appears to be
major contributors in crystal packing.

4.2. Frontier molecular orbitals (HOMO-LUMO) analysis

The intramolecular charge transfer process from a donor to
acceptor moiety of molecular system is usually characterized by the
excitation of an electron from occupied orbital (HOMO) to unoc-
cupied orbital (LUMO) and explained by quantum chemical method
d calculated bond lengths (Å) and angles (o).



Fig. 6. The Hirshfeld surface mapped wit dnorm and shaped index of the title compound.
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approach [39]. The intermolecular charge transfer of the title
compound molecular orbitals is shown in Fig. 8. The calculated
HOMO and LUMO energy gap (DE), ionization potential (IP), elec-
tron affinity (EA), chemical potential(m), global hardness (h), soft-
ness (s) and electrophilicity index (u) of the compound molecule
have been computed using B3LYP/6-31G(d) level and are listed in
Table 3.

The obtained energy values are in atomic units (a.u.) and those
values have been converted into electron volt (eV) bymaking use of
the conversion factors as 1 a. u.¼ 27.211 eV. It could be seen from
the plots that the HOMO (E¼�6.2522) levels were spread over the
entire molecule except for CH3 group in excited state. The LUMO
(E¼�2.1044) of first excited state was almost uniformly distrib-
uted over the molecule. The energy gap (DE¼ 4.1478 eV) of HOMO-
LUMO explained the eventual charge transfer interaction within
Fig. 7. 2D Finger print plots of the title compoun
themolecule, which reflected the chemical activity of the molecule.
4.3. Molecular electrostatic potential analysis

The molecular electrostatic potential (MEP) analysis can be
regarded as a powerful tool for identifying the possible interaction
sites around a molecule [40,41]. One of the most interesting fea-
tures of quantum chemistry is the ability to explain the reactivity of
compounds under investigation. It determines the reactivity of a
chemical system by predicting electrophilic as well as nucleophilic
sites in target molecules [42,43]. Mathematically, MEP can be
defined as

VðrÞ ¼
X

ðZA=RA�rÞ �
Z

rðr0Þ=r0 � dr0
d showing individual molecular interactions.



Fig. 8. The molecular orbitals of the title compound.

Table 3
The HOMO and LUMO energy gap, ionization potential, electron affinity, chemical
hardness, electronegativity, softness, chemical potential, global electrophilicity in-
dex values at the B3LYP/6-31G(d) and B3LYP/6-31G (d,p) level.

Parameter B3LYP/6-31G(d) B3LYP/6-31G (d,p)

EHOMO (eV) �6.2522 �6.2582
ELUMO (eV) �2.1044 �2.1129
Energy gap (DE) (eV) 4.1478 4.1453
Ionization Potential (IP) (eV) 6.2522 6.2582
Electron affinity (EA) (eV) 2.1044 2.1129
Global Hardness (h) (eV) 2.0739 2.0726
Global Softness(s) (eV�1) 0.4821 0.4824
Chemical potential (m) (eV) �4.1783 �4.1855
Global Electrophilicity (u) (eV) 4.2090 4.2262
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Summation (S) runs over all nuclei, ZA is charge of nucleus
which is located at RA and r(r') is electron density. The computed
MEP using B3LYP/6-31G(d) level of DFT is shown in Fig. 9. The MEP
surface allows us to visualize the various charged regions of a
Fig. 9. MEP surface of t
molecule. The charge distribution helps to determine themolecules
interaction and the nature of chemical bond. The positive area of
the MEP is a nucleophilic site, while negative region is associated
with an electrophilic site. The Fig. 9 shows the negative charges are
more and they are concentrated around the oxygen atom. The color
code of the map is in the range between �6.409� 10�2a.u.
(deepest red) and 6.409� 10�2a.u. (deepest blue) in the maps, the
most negative region on the MEP surface of the title compound is
associated with the lone-pairs of the oxygen atom.

This indicates that the oxygen atom of this molecule is the most
reactive site to interact favorably with an acidic reagent in the
protonation reaction. The MEP analysis of the title compound,
having a negative potential value�6.094� 10�2a.u. is concentrated
on oxygen attached to thiophene ring and positive value of
6.094� 10�2a.u.
4.4. Atomic charge analysis

The Mulliken charge distributions of the molecule have been
he title compound.



Fig. 10. The Mulliken atomic charges (except hydrogen) using B3LYP/6-31G(d).

Table 4
Static dipole moments m(0; 0), polarizability [ a(�u; u,0)] and first order hyper-
polarizability [b(�u; u,0)] components of title molecule obtained with B3LYP/6-
31Gd level.

Dipole moment (Debye) Hyperpolarizability in esu
(� 10�30)

mx �3.43 bxxx 13.42
my �3.58 byyy �0.12
mz 0.82 bzzz �0.01
mtot 5.03 bxxy 10.95
murea 4.72 byyz 0.81
Polarizability in esu (� 10�24) bzzy 0.14
axx 53.66 bx 12.49
ayy 22.2 by 10.69
azz 11.76 bz �0.37
<a> 29.21 b-V 16.45
<a>urea 4.78 b-Vurea 0.31
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calculated using B3LYP/6-31G(d) level [44]. The magnitude of the
carbon Mulliken charges, found to be either positive or negative
ranging from �0.6573 to 0.3141. The whole protons have a positive
charge, while oxygen (O8¼�0.4265) atom has negative charge.
The most positive charge is over sulfur (S6¼ 0.6004) atom. The
carbon atom bonded to sulfur and bromine has more negativity
than other carbon atoms as shown in Fig. 10.
4.5. Computational NLO studies

The quantum chemical computational approach was used to
calculate NLO properties such as dipole moment (m), polarizability
(a) and hyperpolarizabilities (b). The polarizability and hyper-
polarizability components are the derivatives of molecular energy
with respect to the strength of the applied electric field. The static
hyperpolarizability, polarizability, and dipole moments of the title
molecule were investigated using density function theory with
B3LYP/6-31G(d) basis set. The dipole moment (m), mean polariz-
ability (<a>), and first hyperpolarizability (b-V) were calculated
using the following equations [45,46].

m ¼
�
m2x þ m2y þ m2z

�

<a> ¼ 1
3
�
axx þ ayy þ azz

�

The magnitude of the total first order hyperpolarizability can be
calculated using the following equation.
btot ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�
b2x þ b2y þ b2z

�r

Where bx ¼ bxxx þ bxyy þ bxzz; by ¼ byyy þ byzz þ byxxz and.
bz ¼ bzzz þ bzxx þ bzyy.

The first order polarizability (b) that is a third rank tensor that
can be described by a 3� 3� 3 matrix. According to Kleinman
symmetry (bxyx¼ bxyy¼ byyx; byyz¼ byzy¼ bzyy, …likewise other
permutations also take same value), the 27 component of 3D ma-
trix can be reduced to 10 components [47]. These components have
been calculated using GAUSSIAN 09.

The obtained values were in atomic units (a.u.) and those values
have been converted into standard units by making use of the
conversion factors, for m1 a. u.¼ 2.5412 Debye, for a1 a.
u.¼ 0.1482� 10�24 esu, and for b 1 a. u.¼ 8.6393� 10�33 esu. The
calculated values of the molecule are shown in Table 4.

It is found that the calculated the mean polarizability (<a>) is 6
times higher than urea and the static b-V value for title molecule is
53 times higher than that of urea standard. Thus the title compound
suggests that the molecule is a potential candidate for NLO
application.

5. Conclusions

The crystal structure of (E)-1-(5-bromothiophen-2-yl)-3-(p-
tolyl) prop-2-en-1-one compound was confirmed by single crystal
X-ray diffraction. The compound crystallized in monoclinic crystal
system with P21/a space group, and the non-planarity was
confirmed by dihedral angles between the thiophene and benzene
rings is 41.61 (16) Å. The DFT optimized structure of the title
compound shows a good agreement between the experimental and
theoretical calculations using DFT with B3LYP/6-31G(d) level basis
set. The Hirshfeld surface analysis and finger print plots were car-
ried out to understand themolecular interactions. It was found that
H/H (26.7%) and C/H (26.3%) interactions are major contributor
in crystal packing. The MEP plots revealed the possible reactions
sites of the molecule. The higher values of polarizability and first
order hyperpolarizabilities of the title molecule suggest that the
molecule is a potential candidate for NLO applications.
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