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Abstract

A novel NLO-active chalcone derivative (E)-1-(5-chlorothiophene-2-yl)-3-(4-dimethylamino) phenyl) prop-2-en-1-one has
been synthesized by adopting Claisen-Schmidt condensation reaction method. Using DMF as solvent, single crystals of
the compound were grown by solution growth technique. The grown crystals are of diamond-shaped dark red colour in
nature, and these crystals are characterized using different experimental methods. NMR and LC-MS spectral methods
are used to confirm the molecular structure of the synthesized compound. The observed fluorescence spectrum clearly
signifies that the newly grown crystal could be utilized as a new green light-emitting material. The molecular 3-dimen-
sional hirshfeld surface and the corresponding 2-dimensional finger print plot representation quantifying the percent-
age contribution of each individual atom present in the compound were studied. From the density functional theory,
the values of HOMO, LUMO and their energy gap were determined. The values of global chemical reactivity descriptors
such as chemical hardness (1), global softness (o), electrophilicity (w), ionization potential (/) and chemical potential
(1) have been calculated. The molecular electrostatic potential map identifies the potential sites for electrophilic and
nucleophilic attack in the molecule. The NLO parameters such as molecular polarizability (a), dipole moment (u) and
first-order hyperpolarizability (8) were determined using density functional theory.
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1 Introduction

The organic materials with superior nonlinear optical
(NLO) properties have grabbed the attention of research-
ers in view of their enchanting applications in the fields like
optoelectronics and photonics such as optical computing,
frequency shifting and optical information processing [1].
Many organic, inorganic and molecular crystalline mate-
rials have been recognized as an effective NLO material.
The development of organic materials particularly for NLO
applications in recent times has turned out to be an active
domain of research in the realm of science and technol-
ogy due to their effortless synthesis process and greater
NLO efficiency that has a huge impact on technological

applications. But the large molecular hyperpolarizability in
organic materials exhibits a fascinating NLO effects which
in turn attracts the researchers in developing these materi-
als to a greater extent. The main reason behind the wide-
spread of organic materials is the availability of molecular
charge transfer capability to a greater extent which in
turn is responsible for the achievement of vast nonlinear
optical response. In general, the structure of the organic
NLO materials with donor-acceptor (D-A) r-electron con-
jugated systems which induce an asymmetric electronic
distribution that leads to a greater mobility of an electron
density which further enhances the optical nonlinearity
in the material. Also, the organic NLO materials retain
high degree of delocalization as it is composed of week
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van der Waals forces and hydrogen bonds. As a result, the
sliding of delocalized 77 electrons between the donor and
acceptor groups on either ends of the molecule results
in the increased optical nonlinearity of the material [2].
Another interesting feature of organic materials for their
widespread utility is its structural modification. One can
easily modify the structure of these materials according
to the required design principle by substituting the differ-
ent functional groups to procure the desired optical prop-
erty. Therefore, an additional attention has been shown
towards the synthesis of organic materials [3]. Though it
has been remarkably studied over the several decades,
the organic materials exhibits few major drawbacks such
as poor thermal and mechanical stability, absence of
robustness, etc. which strictly obstructs their use in prac-
tical applications. Also it is quite difficult to grow them as
large-size single crystals [4].

Chalcones (q, B-unsaturated ketone) are the most spe-
cial class of organic cross-conjugated NLO chromophore
that are very much attractive and found to be the most
potential candidate for NLO studies owing to their out-
standing features like good crystallizability, greater NLO
efficiency, huge transparency, chemical inertness, phase
matching properties, excellent blue light transmittance
and high laser damage threshold [5]. Chalcone derivatives
are more preferably studied for NLO applications because
of the existence of conjugated m electrons in them which
in turn is responsible for the production of greater second-
order nonlinear coefficients which are very much useful
for applications like optical parametric amplification and
SHG [6].

In present days, the prediction of physical and chemi-
cal properties of the molecular structures through the
advanced quantum chemical approach using computa-
tional techniques is playing an outstanding role by disclos-
ing the valuable applications of organic materials in the
field of nonlinear optics [7]. This is mainly due to the fact
that, while choosing the material for industrial application
such as photonics, the physical properties of the crystal
play an important role. Therefore, it is necessary to opti-
mize the crystal properties for the industrial applications
as well as for the technological applications. Among the
various computational techniques available for the suc-
cessive evaluation of NLO parameters, the density func-
tional theoretical (DFT) method has proven to be the most
effective and suitable tool for optimizing the structures for
varied applications [6]. Hence, the present work sheds light
on the evaluation of NLO parameters through DFT method
and the values of dipole moment (u), polarizability (a) and
the first-order molecular hyperpolarizability (8) have been
calculated.
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2 Experimental
2.1 Synthesis of the compound

The compound (E)-1-(5-chlorothiophene-2-yl)-3-(4-
dimethylamino)phenyl)prop-2-en-1-one was synthesized
using standard Claisen-Schmidt condensation method
[3]. For the present synthesis, an equal ratio of 2-acetyl-5-
chloro thiophene (0.01 mol) and 4-dimethylaminobenza-
Idehyde (0.01 mol) compounds was used which are pur-
chased from Sigma-Aldrich chemicals Pvt Ltd., Bangalore.
Molecular structure of the compound was confirmed using
400 MHz "H-NMR spectrum. The fluorescence spectrum
of the present compound was carried out using HITACHI-
F-7000 fluorescence spectrophotometer in solution
form using ethanol as solvent in the wavelength ranging
between 200 and 800 nm. The single crystals of the com-
pound were grown using solution growth technique with
DMF as solvent. Molecular structure and single crystal of
the compound are shown in Fig. 1.

2.2 LC-MS analysis

The mass spectrum of the present compound is shown in
Fig. 2. The observed spectra show a molecular ion peak
at m/z 292.09 (M +H)* corresponding to its molecular
formula C,5H,,CINOS along with its isotopic peak at m/z
294.08 (M +3H)* which confirms the molecular structure
of the compound.

2.3 "H-NMR analysis

The observed "H-NMR spectrum of the present compound
in DMSO solvent is shown in Fig. 3. Figure 3 shows a sin-
glet at 6 2.97 ppm integrated to the 6 protons of N-(CH;),
group. Protons of thiophene ring resonated as 2 doublets
at 6 7.29 and 6 8.11 ppm, both with the same coupling
constants of J=4.4 Hz. The 2 vinyl protons split each other
into 2 doublets one centred at 6 7.50 and the other at
7.62 ppm with J=15.6 Hz, indicating trans proton-pro-
ton coupling across a double bond. The 2 doublets at 6
6.70 ppm with J=8.4 Hz and 6 7.66 ppm with J=8.8 Hz
each integrated to the 2 protons of dimethylamino phenyl

S
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Fig. 1 As-grown crystal of the synthesized compound with molecu-
lar structure
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Fig.2 LC-MS spectrum of the compound
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Fig.3 "H-NMR spectrum of the compound

moiety. These results confirm the molecular structure
shown in Fig. 1.

3 Results and discussion
3.1 Fluorescence analysis

The fluorescence spectrum of the present compound is
shown in Fig. 4. The figure shows a broad emission peak at
554 nm wavelength when the material is excited between
the maximum wavelength (A,,,) of 400-450 nm. (The
value of A, has been obtained from the UV-Vis analysis
of the present chalcone molecule [8].) The observed emis-
sion at 554 nm in the spectrum clearly signifies the green
emission property of the material that could be utilized for
optical applications as new green light-emitting material

[1].

3.2 Hirshfeld surface (HS) analysis

Hirshfeld surface analysis is a wonderful tool, which helps
to understand the intermolecular interactions apart from

their graphical visualization. Analysis and calculations of
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the Hirshfeld surface were carried out using the observed
CIF file of single-crystal structure analysis, and the fin-
ger print plots were plotted using the software Crystal
Explorer version 3.0. The d,,, plots were mapped with
colour scale in between —0.093 au (blue) and 1.432 au
(red), respectively, which is shown in Fig. 5. The expanded
2D fingerprint plots (Fig. 6) [9] were displayed in the range
of 0.6-2.8 A with the d, and d, distance scales displayed
on the graph axes. d, is the closest internal distance from
a given point on the Hirshfeld surface, and d, is the closest
external contact.

The fingerprint plots reveal the percentage contribu-
tion of intermolecular contacts to the surface which can
be represented in terms of colour codes. The H-H (36.3%)
contact has the maximum contribution among others. The
C-H (16.0%), CI-H (14.7%), O-H (10.7%), S-H (8.9%), C-C
(6.0%), C-Cl (3.7%) and C—S (2.5%) contacts contribute
to the total area of the surface as shown in Fig. 6. These
contacts are highlighted on the molecular surface using
conventional mapping of d, ., shape index and curved-
ness as shown in Fig. 5. The regions with red and blue
colour represent the shorter and longer inter-contacts,
respectively [10].
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Fig.4 Fluorescent spectrum of the grown crystal

3.3 DFT calculations
3.3.1 HOMO-LUMO analysis

The interaction exhibited by molecule with other species
in the crystal structure can be well predicted with the aid
of frontier molecular orbitals (FMO), namely HOMO and
LUMO. Highest occupied molecular orbital (HOMO), the
outermost orbital, acts as an electron donor as it contains
electrons, whereas the lowest unoccupied molecular
orbital (LUMO) accepts electrons as an electron acceptor
[11]. The energy gap between these two orbitals clearly
explains the kinetic stability, chemical reactivity, charge
transfer interaction and some optical properties of the
molecule. Red and green colour in Fig. 7 represents the
positive and negative phases of the wave functions,
respectively [12]. The small value of energy gap is con-
nected with the significant intramolecular charge transfer
of the molecule from donor group to an acceptor group
along the path of m-conjugation. On the other hand, the
greater energy gap value represents the greater stability of
the molecule but relatively shows lower chemical reactiv-
ity. The molecule with greater E, )0 value is good electron
donors, whereas the molecule with smaller E;j,o values

Fig.5 d,om shape index and
curvedness mapped on Hir-
shfeld surface visualizing the
molecular contacts

is good electron acceptors [13]. For the present molecule,
the energy values were computed using Gaussian 9 soft-
ware package with B3LYP level with 6-31 G(d, p) basis set.
The calculated energy gap value along with their E,;qyo
and E, o values is given in Table 1. The value of energy
gap is observed to be small (3.278 eV) which signifies the
softness nature, greater chemical reactivity and polariz-
ability of the molecule [14].

3.3.2 Global chemical reactivity descriptors (GCRD)

In order to understand the relationship between the struc-
ture, stability and the chemical reactivity of the molecules,
the GCRD parameters play a crucial role and also it is very
much useful in the quantitative establishment of structure
property, activity in addition with toxicity relationships
[15]. In view of this, the computed energy values of HOMO
and LUMO are further utilized for calculating some chemi-
cal properties of the molecule like chemical hardness (n),
global softness (0), electrophilicity (w), electronegativity
(y) and chemical potential (u). According to FMO theory,
the energies of HOMO and LUMO are associated with the
energies of ionization potential (/) and electron affinity
(A). Therefore by considering the HOMO energy as / and
LUMO energy as A, various GCRD parameters such as elec-
tronegativity (y) = (/+A)/2, absolute hardness (n) = (/- A)/2,
global softness (o) =1/(n), chemical potential (1) =—(y) or
—(I+A)/2, electrophilicity index (w) =u2/2n have been cal-
culated on the basis of Koopman’s equations [16]. The esti-
mated values are given in Table 1. The calculated values of
GCRD parameters with the hardness value of n=1.639 eV
indicate the greater chemical strength and stability of the
present chalcone molecule.

3.3.3 Molecular electrostatic potential (MEP)

The MEP map provides the useful information regarding
the reactive sites, delocalization, charge density, molecular
size, shape and more significantly explains the positive,
negative and neutral electrostatic potential in connection
with different colour grading [17]. It is one of the power-
ful tools that foretells how the charge transfer interaction
and the interaction between various kinds of geometries
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Fig.7 HOMO-LUMO energy diagram of the compound

Table 1 Calculated electronic properties and quantum parameters
of the present compound

Parameters Gas [DFT-
B3LYP/6-31
G(dp)]
Eromo -5.346eV
E.umo -2.068 eV
AEg,, (eV) 3.278 eV
lonization potential (/) 5.346 eV
Electron affinity (A) 2.068 eV
Electronegativity (y) 3.707 eV
Chemical hardness (n) 1.639 eV
Global softness (o) 0.6101 eV’
Electrophilicity (w) 4.19214 eV
Chemical potential (1) —-3.707 eV

could take place along with information on electrophilic,
nucleophilic reactions and hydrogen bonding interactions.
Red, blue and green are the 3 different colours on the sur-
face that indicates the values of electrostatic potential. The
blue and red colour on the surface represents the positive
and negative values of the potential and is preferred sites
for nucleophilic and electrophilic attacks, respectively.
The zero potential will be indicated by green colour.
The 3-dimensional MEP map of the chalcone molecule

Aa = 2 + ((xyy—a

% [(“xx_“yy)

comprising various colour codes between deepest red and
deepest blue, ranging from —6.613 to 6.61 3e7?, is shown
in Fig. 8. From the figure, it is evident that the negative
electrostatic potential (red and yellow region) is localized
mainly on the carbonyl group of the molecule signifying
CO as the preferable site for electrophilic attack which acts
as an electron acceptor in the development of hydrogen
bonds in crystal packing [18], whereas the positive elec-
trostatic potential (light blue region) is located on dimeth-
ylamino phenyl moiety in the molecule which favours the
nucleophilic attack.

3.3.4 NLO analysis

The relationship between the NLO response and the
electronic structure of the system can be well described
with the aid of quantum chemical approach. It is one
of the most effective tools used for the investigation of
NLO properties of the molecule and helps to determine
the greater order hyperpolarizability of molecules in an
inexpensive way for designing molecules by scrutinizing
their potential before synthesis [1]. Here, the molecular
properties such as dipole moment and polarizability ten-
sors provide effective information regarding a charge
distribution within a molecule. The polarizability tensor
produced by an external electric field is the measure of
electronic distribution in a molecule [11]. The evalua-
tion of hyperpolarizability values is very much essential
for the interpretation connecting molecular structure
and the NLO property, particularly the second harmonic
generation (SHG). The theoretical calculation of B value
signifies the direction of charge distribution that leads to
second harmonics. For the present chalcone molecule,
the calculated values of dipole moment (u), total polariz-
ability (a), anisotropy of polarizability (Aa) and first-order
hyperpolarizability (8) computed using DFT method
with B3LYP level with 6-31 G(d,p) basis set are observed
to be 9.4038 D, 36.402x 10** esu, 51.25x 107** esu and
82.145 x 1073 esu, respectively, and are listed in Table 2
along with their tensor components obtained from the
Gaussian frequency job output file. The values of y, a, Aa
and f are calculated using the following equations.

1
2
Hror = (Hf +p + H§>

1
Aot = g( w T ayy + azz)

1

2 2 2 2 )]z
zz) + (az —aXX) + 6a,, + 6aXy + 6ayz]
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Fig.8 MEP of the chalcone molecule

Table 2 The electronic dipole moment (u) (Debye), polarizability (a)
and first hyperpolarizability (8) of the chalcone molecule

Parameter a.u. Parameter a.u.

Oy 469.77 B -9564.93
a, 6.280 By —2414.08
ay, 179.82 By 265.69
a,, 1.987 By, 46.22
a, -2.04 Brxs -39.79
a,, 87.31 By: -14.87
Qpotal 36.402x 10 esu B, -0.534
Aa 51.251x107%%esu B, 85.23

B,z 20.90
Uy 8.0888 Bro 1.693
H, 47826 Brotal 82.145x10% esu
1y 0.3605
Piotal 9.4038D

Bior = [(ﬂxxx + Pxyz + /3)(22)2 + (ﬂYYY + Pyzz + ﬂyxx)z + (ﬂzzz + Pox + ﬂzw)z]

4 Conclusions

Single crystals of chalcone derivative with greater molecu-
lar hyperpolarizability have been carried out using solu-
tion growth technique, and their molecular structure was
confirmed by '"H-NMR and LC-MS spectra. The fluorescence
spectrum reveals the green emission property of the crys-
tal. The inter-contacts involved in the crystal packing were
visually analysed and quantized using Hirshfeld surface
analysis as well as 2-dimensional finger print plot repre-
sentation. The theoretical investigation carried out to esti-
mate the energy values of HOMO, LUMO and the energy
gap between them. The calculated energy gap value was
observed to be low which indicates the softness of the
molecule with more polarizability. High polarizability is an
essential parameter for achieving greater nonlinear sus-
ceptibility. The calculated GCRD parameters such as ioni-
zation potential (/), electron affinity (A), electronegativity
(y), chemical hardness (n), global softness (o), electrophi-
licity (w) and chemical potential (1) show that the mate-
rial possesses good chemical strength and kinetic stability
and hence favours the suitability of the material for opto-
electronic applications. Molecular electrostatic potential
(MEP) map predicts the suitable sites of electrophilic and
nucleophilic attack in the molecule. The calculated NLO
parameters such as molecular dipole moment (u), mean
polarizability (a), anisotropy of polarizability (Aa) and
first-order hyperpolarizability (8) are found to be greater
than the standard urea which recommends the material
as potential NLO material for future nonlinear applications.

1

2

The first-order molecular hyperpolarizability § will be
represented by a third rank tensor 3 x 3 x 3 matrix. The 27
elements of the 3D matrix will be reduced to 10 compo-
nents due to Kleinman symmetry. The calculated value of
[ of the present chalcone molecule was observed to be
greater than the urea (0.13 x 1073, which is an impera-
tive prototypical molecule generally used as a threshold
value for comparative purposes [14]. The greater value of
B could be attributed to the presence of intermolecular
interactions such as C-H-O and 71...7min the molecule. The
calculated values of y, a, Aa and S of the grown crystal
suggest its suitability for NLO applications as the most
potential and promising candidate.
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