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Abstract

A novel (2E)-3-(2,6-dichlorophenyl)-1-(3,4-dimethghenyl)prop-2-en-1-one (DCPDMP)
compound has been synthesized and its single ttygsabeen grown by slow evaporation
technique. The structure of the compound has bbaracterized by FT-IR, FT-Raman and
single-crystal X-ray diffraction techniques. Thetiopzed molecular structure, vibrational
wavenumbers, corresponding vibrational assignmeots the compound have been
investigated by means of the density functionabtireThe molecule crystallizes in triclinic
system, space group P-1 with &.8179 (7) b =8.5023 (7) ¢ =12.1967 (10) AV =764.39 (11)

A® and two molecules in the unit cell. The crystalisture is primarily stabilized through
intramolecular C—H...Cl and C-H...O hydrogen bonds amérmolecular C-H...O and
weak C-H..n interactions. These inter- and intramolecular retdons are analyzed.
Moreover, the molecular electrostatic potentiafate of the molecule has been constructed.
Global and local reactivity descriptors and dipolement (u), static polarizabilityn), first
order hyperpolarizabilityf) and optical gapAE) have been also calculated to study the
nonlinear optical (NLO) property of the title compl.

Keywords: Crystal growth; FT-IR and FT-Raman spectra; DFBNand NLO; HOMO-

LUMO.

1. Introduction

The design and synthesis of organic molecules éxigbnonlinear optical (NLO)
properties have been motivated by their potentinbpplications in optical communications,
optical computing, data storage, frequency mixaengg optical switchingl]. Chalcones are
interesting organic NLO materials with good cryistability, high second harmonic
generation (SHG) efficiency compared to urea, apiical transparency extending down to
the blue region[2,3]. It has been generally understood that the seootel molecular
nonlinearity in chalcones can be enhanced by ldefgcalizedr-electron systems with strong
donor and acceptor groups. The basic strategyinf wdectron-donor and electron-acceptor
substituents to polarize theelectron system of organic materials has beestiihus for
developing the NLO chromophores possessing largdeaular nonlinearity. Many

researchers suggested that the theoretical hy@eigatility studies on these molecules that



the carbonyl group present at the middle in theskecales splits the conjugated system into
relatively two independent parts and the electronods, such as -OGH-CH;s, -Cl and —Br,
are the best donor groups for enhancing SHG irconalq4,-6].

To the best of our knowledge, this compound hadeeh reported and studied as far
as its relevance is concerned. The aim of this ipepe describe the synthesis, molecular
structure and single-crystal growth of DCPDMP. Téteucture of the compound was
characterized by FT-IR and FT-Raman and confirmgdsibgle crystal X-ray diffraction
techniques. Vibrational frequencies and geometaameters of DCPDMP in the ground
state were calculated by using B3LYP/6-31G(d) and816(d,p) basis sets. A detailed
guantum chemical study will aid in making defindssignments to fundamental normal
modes of DCPDMP and in clarifying the experimertata for this important molecule. In
addition, Density Functional Theory (DFT) methodconjunction with the BLYP functional
using 6-31G(d) and 6-31G(d,p) basis sets was eragldg predict the dipole moments,
polarizability, hyperpolarizability, frontier orlat energy, molecular electrostatic potential
surface, natural bond orbital and reactivity dggors with molecular geometry. The findings

of these spectroscopic and theoretical studiebenan reported.

2. Experimental methods
2.1. Synthesis

The reagents and solvents for the synthesis waeenalal from Aldrich Chemical Co.,
and were used without additional purification. Ndvalcones were designed and synthesized
by the reaction of 1-(3,4-Dimethoxyphenyl) ethanoneith substituted 2,6-
dichlorobenzaldehyde in presence of catalytic arh@irNaOH in methanol, as shown in
Scheme 1 1-(3,4-Dimethoxyphenyl) ethanone (0.01 mol) an@-dichlorobenzaldehyde
(0.01 mol) were dissolved in 20 ml methanol. A baia amount of NaOH was added to the
solution drop-wise with vigorous stirring. The rgéan mixture was stirred for about 5-6
hours at room temperature. The progress of thaio@awas monitored by TLC. The formed
crude products were filtered, washed successivély distilled water and recrystallized from
ethanol to get the title chalcone. Crystals sugdbl X-ray diffraction studies were obtained
from acetone solution by slow evaporation technigutgoom temperature. Melting point
(384-386 K) was determined by Stuart Scientific JUpparatus. The purity of the
compound was confirmed by thin layer chromatograpeing Merck silica gel 60 F254

coated aluminum plates.



2.2. Instrumentation

The compound DCPDMP on powder form was synthesanetit is used to record the
FT-IR and FT-Raman spectra. The FT-IR spectruntfiercompound was recorded on a UV-
VIS-NIR Perkin Elmer Lambda 900 spectrometer in thege of 4000-400 crh without
using NaCl plates or KBr pellets (in solid formhd FT-Raman spectrum was recorded using
the 1064 nm line of a Nd:YAG laser as the excitati@velength in the region 3500-100 ¢m

on a Nexus 670 spectrophotometer.
2.3. Computational methods

Thorough information including structural attribsiteand vibrational modes of
DCPDMP has been presented in a comparative wag (BIRT) strategy with different basis
sets. All the calculations were performed using $San 09 program suitg]. Geometry
optimization was carried out at DFT method by ugr81G (d) and 6-31G (d,p) basis sets to
portray all stationary points as minima. Then, ¢hegtimized structural parameters were used
for frequency calculations ensuing IR and Ramanueacies. To obtain better agreement
with the experimental and theoretical results stathcécale factors (correction factors) were
used. At B3LYP method with both the basis sets @& G(d)/6-31G(d,p) a scaling factor of
0.98 has been recommended for all frequencies <t&0& A scaling factor of 0.96 was
utilized for C—H stretching modes due to large antwicities in higher wavenumber region
>2700 cm®. However, for vibrational modes observed in lomevenumber region <1500
cm* a scaling factor 1.0 has been prescribed. Cooreésictors for B3LYP is therefore much
more useful in bringing the experimental and thecak results closer to each other. The
vibrational modes are assigned on the basis ofl Eoiergy Distribution (TED) analysis using
Vibrational Energy Distribution Analysis (VEDA) pgoam [8]. The Natural Bond Orbital
(NBO) calculationg9] were performed by using NBO 5.0 Program as impfeetkin the
Gaussian 09W[7] package at B3LYP/6-31G(d,p) method in order toeusihnd various
second order interactions between the filled orlmfaone subsystem and vacant orbital of
another subsystem, which are the measure of tmamotecular delocalization or hyper
conjugation. The highest occupied and lowest ungiecumolecular orbitals (HOMO and

LUMO) of the compound were analyzed.

3. Results and Discussion

The geometrical parameters of the synthesized cantpare reportednd discussed



with respect to the X-ray data. This is followed Oiscussion of the experimental and
theoretical vibrational frequencies and their isteas. The frontier molecular orbitals,
natural bond orbital (NBO) are also explored. Famhore, in order to show nonlinear optics
activity of the molecule, the dipole moment, lineapolarizability and first order

hyperpolarizability are analyzed.
3.1. X-ray crystallographic studies

Yellow, block shaped single crystal of DCPDMP, watimensions of 0.48 mm x 0.20
mm X% 0.21 mm was selected and mounted on a BRUKBERXAIl CCD diffractometer with
a fine-focus sealed tube graphite-monochromatedKMeoadiation § = 0.71073 A) at 294 K
in the range of 1.% 0 < 26.0°. The data were processed with SAINT andected for
absorption using SADAB$LO]. A total of 12215 reflections were collected, diieh 2986
were independent and 2459 reflections with IofI2 The structures were solved by direct
method using the program SHELXT[L1] and were refined by full-matrix least squares
technique on Fusing anisotropic displacement parameters fonati-hydrogen atoms. All
the hydrogen atoms were positioned geometrically-FC= 0.93-0.96 A] and refined using
riding model with isotropic displacement parametasto 1.2 or 1.5 (methyl group) times the
equivalent isotropic U values of the parent carbtoms. A rotating group model was used
for methyl groups. The final full-matrix least sgea refinement gave R = 0.043 and wR =
0.135 (w =1/p*(Fo®) + (0.0678 P)+ 0.2837P] where P = (Fa 2FE)/3, S = 1.09, 4/c)max
= 0.001,Apmax = 0.28 e A’ and Apmin = -0.23 e A>. A summary of crystal data and
parameters for structure refinement details arergiaTable 1

The molecular structure of the title compound/Hz4Cl,Os, with atom labelling
scheme drawn at 50% probability displacement allghss depicted irFig. 1. The interplanar
angle between the dimethoxyphenyl and 2, 6-diciploeny! rings is 0.90 (11)Both of these
phenyl rings are connected via central prop-2-emd-bridge. The molecule exist in trans
configuration with respect to the C8=C9 double bofdhe central enone group, which is
confirmed by the C7—C8=C9—C10 torsion angle of 17@). In the structure, two weak
intramolecular C9—H9AeeCI1 and C8—HB8Ae++CI|2 intetens [Table 2 Fig. 1) generate S
(5) and S (6) ring motif's respective]§2]. These interactions contributed to the planarity o
the molecule. The methoxy group attached to C4 asortose to planar with the C17—02—
C4—CS5 torsion angle of 0.2 3%nd another methoxy group attached to C3 atorigistly
twisted with the C16—01—C3—C2 torsion angle of —@¥. Besides Cl atoms are planar



to the ring. In the crystal structure, intermolecuC—H...O hydrogen bondJ d@ble 2) link

the molecule into chains in head-to-tail fashioartker, the adjacent molecule of these chains
are connected via Cl...Cl (3.494 A) short contactsdpcing one-dimensional sheets
extending along b axis direction. These molecufeets are stacked into layeFgs. 2 and

3) alongac plane byr—mr interactions with Cgl...Cgl and Cg2...Cg2 distanc8.6123 (13)
and 3.5843 (14) respectively (where, Cgl is thero@hof the C1—C6 benzene ring and Cg2
is the centroid of the C10—C15 benzene ring). Iditazh, crystal structure features for a
weak C—Heee7 interaction Table 2) involving the centroid of the C1—C6 benzene ring.
The bond length and bond angles agree with thealitee values and are comparable with
those reported earli¢t3-15].

The optimized parameters (bond lengths, bond angtesdihedral angles) of the title
compound[Fig. 4] have been obtained using the B3LYP/6-31G(d) add ®&(d,p) method.
Some selected geometrical parameters experimerghtBined and theoretically calculated
are listed inTable 3. For example, the double C16 = 017 and C11 = @bl bond lengths
were calculated as 1.23 and 1.34 A, respectivelyichvare in a good agreement with
experimental values (1.21 and 1.30 A). Most oflibad lengths and bond angles are slightly
deviating when comparing with the experimental déia both DFT functional. These
differences are probably due to the theoreticatwations belong to isolated molecule in

gaseous phase while the experimental results bekongpolecule in solid state.
3.2. Vibrational spectral analysis

The observed and calculated vibrational frequerali@sg with assignments have been
summarized inTable 4. For visual comparison, the observed and caladilésemulated)
infrared and Raman spectra of the title compounckewpeesented ifrigs. 5 and 6 which is

convenient to discuss the vibrational spectra eftife molecule as described below:
C—Cl vibrations

The vibration belonging to the bond between thg and halogen atoms is worth to
discuss here, since mixing of the vibrations issgme due to the lowering of the molecular
symmetry and the presence of heavy atom on thelps of the molecul§l6]. Generally,
stretching and bending vibrations of C—CIl bondsirighe low wavenumber region of the

spectrum[17,18] Compounds with more than one chlorine atom ekhibiy strong bands



due to the asymmetric and symmetric stretching modke vibrations of C—X group (X; F,
Cl, Br) in the frequency range give generally strdmands in the region 1292-485¢m
[19,20] Based on the above literature values the stramgl lis observed at 767 chin FT-

IR. The theoretically calculated values of@ stretching vibrations are found to be 771 and
764 cm' by B3LYP/6-31G(d) and B3LYP/6-31G(d,p), respedveThe C—Cl in-plane
bending modes have strong to medium intensity géiyen the region 550-250 cih In the
present study, C—Cl in plane bending and out-plaereding vibrations are found and the TED

values are shown ihable 4.
Carbonyl and ethylenic bridge vibrations

The carbonyl bands are most characteristic bandsfrafed and Raman spec{éil—
23]. The carbonyl vibration bands in ketones normhallying a strong intensity are expected
in the region 1715-1680 ¢m[23]. The carbon—oxygen double bond is formed by-Pr
between carbon and oxygen atoms and the lone peliectron on oxygen also determines the
nature of carbonyl group. The C=0 stretching vibraband can be easily identified from the
IR and Raman spectra, and because of the degoemjoigation the strength and polarizations
are increasingThe C16=017 stretching is observed in FT-Raman stsomg band at 1661
cm, which is confirmed by the TED values. The dewiatirom the calculated wavenumber
for this mode can be attributed to the under esiomaof n-electron delocalisation due to
conjugation and hydrogen bonding network inside thgstal. In DCPDMP, the C=C
stretching vibrations of ethylenic bridge overlapgh vibrations of C16=017 stretching
mode. The intense band at 1650 trim IR spectrum has been assigned to C11=C14
stretching mode which is coupled with C16=017 striely.

C—-H vibrations

Normally, the aromatic ring C—H stretching vibratsooccurs in the region 3100-3000
cm ™ [16,24-27] In this region, the bands are not affected apabéc by the nature of the
substituent. For the C—H stretching vibrations, veee observed the FT-IR bands at 3109,
3078, 3005 citand 3113 and 3081 cftin FT-Raman spectrum. These modes are stretching
modes as evident from the TED column showmable 4 The calculated values of these
modes are good agreement with maximum contributioRED. The C-H in plane bending
vibrations usually occur in the region 1400-1050 tand the C-H out of plane bending
vibrations observe in the range of 1000-675c[#5,28] In our study, the C-H in plane



bending vibrations have been observed at 1418,,18P93 and 1183 crhin FT-IR and
1419, 1161 and 1096 ¢hin FT- Raman and their corresponding theoretiedlies are quite
compatible. Also the C—H out of plane vibrationsédeen observed at 978 and 841 'dm
FT-IR and 774 cit in FT-Raman. These vibrations also show good ageeemwith

theoretically scaled harmonic wavenumber values.
C-C vibrations

The C-C ring stretching vibrations are expectediwithe region 1650-1200 ¢h In
general, the bands of variable intensity are oleskat 1625-1590, 1575-1590, 1470-1540,
1430-1465 and 1280—1380 cnfrom the frequency ranges given by Varsajs] for the
five bands in the region. The frequency bands 8018591, 1575, 1350 and 1305 ¢him
FT-IR and at 1613, 1581 and 1565 ¢im FT-Raman were assigned to the C—C stretching
vibrations for our molecule. The theoretical congauiC—C-C in plane and out of plane
bending vibrations by the B3LYP/6-31G(d,p) showsodjcagreement with the recorded
spectral data. The other wavenumbers of the ringgs such as; torsional and rocking modes
are also assigned, and presente@iahle 4. All these calculated values are in good agreement
with the experimental data.

Methoxy group vibrations

The methoxy group has two C-H stretching vibratios\snmetric and asymmetric
stretching. The asymmetric stretch is usually ahér wavenumber than the symmetric
stretch. The methoxy C-H symmetric stretching modasally appear in the region 2825—
2870 cm* where as asymmetric mode lie in the range of 29285 cm® [22,24,29] The FT-

IR band at 2937and 2841 chand the corresponding FT-Raman band at 2936 a3@ @&

are assigned to GHymmetric stretching vibration. The FT-IR band @03 and 2962 ci
are assigned to GHasymmetric stretching modes. The asymmetric andrstnic bending
vibrations of methyl group are expected in the ardi465-1440 cii and 1390-1370 crh
respectively[22,24] The contribution of intermolecular interactions methoxy stretching
modes is confirmed by the better coincidence ofdlgawsition in the solution spectrum with
the computed vibrational wavenumbers. The methyinasetric bending appears as a strong
band in FT-IR at 1458 crh The methyl frequencies are to some extent seastt the
electronegativity of the attached atom and the sgtrmdeformation is particularly sensitive
and it appears at 1435 in FT-IR and 1436 tin FT-Raman. The strong band in FT-IR at



1151 cm*and 1177 citin FT-Raman are assigned to i plane rocking mode. The GH
out of plane rocking mode are appeared with mixedles which are found by TED values
shown inTable 4 The C=0 stretching vibration of the compound liserved at 1661 and
1650 cm* in FT-Raman and FT-IR spectra and calculated &0 1#hd 1650 cit coupled
with CC stretching mode. The torsion mode of th&€€8sgroup was observed at 228 and 148

cm tin FT-Raman.

The remainder of the observed and calculated wawmbets and their assignments of

the compound are shownTable 4.
3.3.  Frontier molecular orbitals (FMOSs)

The frontier molecular orbital determine the wayihich the molecule interacts with
other species. HOMO (highest occupied molecularntaljp which can be thought the
outermost orbital containing electrons, tends t@ ghese electrons such as an electron donor.
On the other hand, LUMO (lowest unoccupied molacwebital) can be thought the
innermost orbital containing free places to acadettrong30]. Therefore, while the energy
of the HOMO is directly related to the ionizatioatential, LUMO energy is directly related
to the electron affinity. Energy difference betwdd®MO and LUMO orbital is called as
energy gap that is an important stability for stwwes [31]. HOMO-LUMO helps to
characterize the chemical reactivity and kinetabgity of the moleculd32]. A molecule
with a small gap is more polarized and is knowrs@$ molecule. Recently, the energy gap
between HOMO and LUMO has been used to prove tbachvity from intramolecular
charge transfer (ICT|j33,34] because it is a measure of electron conductivibe frontier
orbital (HOMO, LUMO) of DCPDMP, with B3LYP/6-31G(p) method are plotted iRig. 7.
The HOMO and LUMO energy gap of DCPDMP calculated BBLYP/6-31G(d) and
631G(d,p) methods are given Trable 5. According to B3LYP/6-31G(d,p) calculation, the
energy band gapAE) (translation from HOMO to LUMO) of the molecuke about 6.0162
eV. The highest occupied molecular orbital is lzesd mainly on both the rings, while
LUMO is localized carbonyl, methoxy, ethylenic lgelgroups and benzene ring.

3.4. Global and local reactivity descriptors

Quantum chemical methods have been proven a vefylu®ol to study chemical

systems stabilized by hydrogen bonds. By using HOM@ LUMO energy values for a



molecule, the global chemical reactivity descriptof molecules such as hardness, chemical
potential, softness, electronegativity and eledtilopty index as well as local reactivity have
been defined35-37] Pauling introduced the concept of electronegatias the power of an
atom in a molecule to attract electrons to it. Hass (g), chemical potential (I) and

electronegativity (v) and softness are definecbfet.

,U = (aE/aN )v(r)

n :]/Z(JZE/d\lz)v(r)
Operational schemes for the calculation of chenfieatiness are based on a finite difference

method and thus:

,U = ]/Z(EHOMO + ELUMO)
n=-12(1.P+E.A)

where |.P = lonization Potential and E.A = ElectAdfinity.

These global quantities, as well as the mean galbitity values ¢), have been found
very useful and complementary tools for the desiorpof chemical reactivity in connection
with minimum polarizability and maximum hardnessnpiples. Considering the chemical
hardness, large HOMO-LUMO gap means a hard molenudesmall HOMO- LUMO gap
means a soft molecule. One can also relate thditstadd the molecule to hardness, which

means that the molecule with least HOMO-LUMO gajnseit is more reactive.

Recently Parr et al[37] have defined a new descriptor to quantify the glob
electrophilic power of the molecule as electropiityi index (), which defines a quantitative
classification of the global electrophilic naturé a molecule. The defined electrophilicity

index () as follows:

2
w=t
2

Using the above equations, the chemical poterigigness and electrophilicity index have
been calculated for DCPDMP and their values arevahio Table 5 The calculated values of

the hardness, electronegativity, chemical poterdiadi electrophilicity index of our molecule

in gas phase is 1.9243, 4.0919, -4.0919 and 4.368pectively.



3.5. Natural Bond Orbital analysis

NBO analysis provides the most accurate possildtutal Lewis structure’ picture of
¢, because all the orbital details are mathemayiagilbsen to include the highest possible
percentage of the electron density. A useful aspédhe NBO method is that it gives
information about interactions in both filled anidtwal orbital spaces that could enhance the
analysis of intra- and inter-molecular interactiohbe second-order Fock matrix was carried
out to evaluate the donor—acceptor interaction®lBO analysis[38,39] The interactions
result is the loss of occupancy from the localik&D of the idealized Lewis structure into an
empty non-Lewis orbital. For each donaoy &nd acceptorj), the stabilization energy E(2)
associated with the delocalizatios» j is estimated as

E() =AE, =q, F@i)°

£ &

where ¢ is the donor orbital occupancy,ande; are diagonal elements and,fj(is the off
diagonal NBO Fock matrix element. Some electronodarbital, acceptor orbital and the
interacting stabilization energy resulting from gecond-order micro-disturbance theory are
reported[40,41] The larger the E(2) value, the more intensivéhes interaction between
electron donors and electron acceptors, i.e., e mMonating tendency from electron donors
to electron acceptors and the greater the extentoofugation of the whole system.
Delocalization of electron density between occupieavis-type (bond or lone pair) NBO
orbital and formally unoccupied (anti-bond or Rydfenon-Lewis NBO orbital correspond
to a stabilizing donor—acceptor interaction. NB@lgsis has been performed on the molecule
at the B3LYP/6-31G(d,p) level in order to eluce#te intra-molecular, re-hybridization and
delocalization of electron density within the malkx

The strong intramolecular hyperconjugative intaéoacbf the s and p electrons of C-
C to the anti C-C bond of the ring leads to stahilon of some part of the ring as evident
from Table 6. There occurs a strong intramolecular hyperconjuganteraction of ther(C4—
C5) orbital with thet*(C2—C3) orbital which leads to the stabilization2d.10 kcal/mol. This
enhanced*(C2—-C3) NBO further conjugates wittf(C4—C5) resulting in an enormous E(2)
energy of 228.76 kcal/mol. The hyperconjugativetiattion is maximum between lone pair
of LP(2) O31 and antibonding orbital of the*(C22—C23). The intramolecular
hyperconjugative interactions result in ICT causisigbilization of the system. These

interactions are observed as an increase in EDnibaktens the respective bonds.



3.6. Nonlinear Optical Features

The computational approach allows the determinadfomolecular NLO properties as
an inexpensive way to design molecules by analyitieg potential before synthesis and to
determine high order hyperpolarizability tensorsmafiecules. The simplest polarizability)
characterizes the ability of an electric field tstdrt the electronic distribution of a molecule.

The first hyperpolarizability ) of this novel molecular system, and the related
properties f§, ap andAa) were calculated based on the finite-field appho#c the presence of
an applied electric field, the energy of a systemai function of the electric field.
Polarizability and hyperpolarizability characteritee response of a system in an applied
electric field[42]. They determine not only the strength of molecuiéractions (long-range
interaction, dispersion force, etc.) and the cesstions of different scattering and collision
process but also the NLO properties of the sy§&8m4] First hyperpolarizability is a third
rank tensor that can be described by a 3x3x3 mdathg 27 components of the 3D matrix can
be reduced to 10 components due to the Kleinmam&tny [45], and can be given in the
lower tetrahedral format. It is obvious that thevéw part of the 3x3x3 matrices is tetrahedral.
The components of are defined as the coefficianthe Taylor series, with expansion of the
energy in the external electric field. When the eexal electric field is weak and

homogeneous, this expansion becomes:

1 1

— 0

E=E"-u,F, —EaaﬁFaFﬁ —gﬁaﬁyFaFﬁFy +...

where B is the energy of the unperturbed moleculgis Ehe field at the origin, 4 0 and
By are the components of the dipole moment, polaitigaband the first

hyperpolarizabilities, respectively.

The total static dipole moment, the mean polariggbithe anisotropy of the
polarizability and the mean first-order hyperpdaahility of the title compound has been
calculated using B3LYP/6-31G(d) and 6-31G(d,p) Ievd&he conversion factow, § and
HOMO and LUMO energies in atomic and cgs units:tdmac unit (a.u.) =0.1482 x 19
electrostatic unit (esu) far; 1 a.u. = 8.6393 x 18 esu forf; 1 a.u. = 27.2116 eV (electron
volt) for HOMO and LUMO energies.

This title compound has a larger dipole mom@ile 7), and that the stronger dipole



moment of DCPDMP leads to increased polarity. Tifferént charge distributions result in
completely different orientations of the (calcuthtdipole moments. Iifable 7, the results of
the electronic dipole moment polarizabilities gnd Aa) and the first hyperpolarizability)
are listed. The dipole polarizability indirectlygmides a measure of the extent of distortion of
the electron density, and hence the response alydtem under the effect of an external static
electric field. As shown iTable 7, the calculated polarizability figures;, have non-zero
values and are dominated by the diagonal compondiis calculated polarizability of
DCPDMP is equal to 3.52x¥8 and 3.46x18° esu by B3LYP with the basis sets 6-31G(d)
and 631G(d,p) levels of DFT theory. The calculadgzble moment and hyperpolarizability
values obtained from B3LYP with the basis sets 6-3H) and 6-31G(d,p) method are
collected inTable 7. Urea is one of the prototypical molecules usethestudy of the NLO
properties of the molecular systems. Thereforgs itsed frequently as a threshold value for
comparative purposes. The first order hyperpolaritg of DCPDMP with B3LYP/6-31G(d)
basis set is 44.19x T8 esu which is 119 times greater than the valuged o, = 0.372 x 10

30 esu). From the computation, the high values ofteerpolarizability of DCPDMP are
probably attributed to the nonlinear optical (NL@pperty of the molecule. In addition, it is
evident that the extent of charge transfer in teainthe HOMO-LUMO gap or the optical
gap AE, which, in turn, can be used to understand fisceon thep values.AE is directly
proportional to the extent of charge transfer. Rosmall optical gap, the charge transfer
occurs easily, thus, giving a higher valuggofrhe source of charge transfer is thus controlled
by the energy of the HOMO, whereas the acceptafdheocharge is dominated by the
LUMO energy. Small optical gap enhances the chaagesfer, which, in turn, is reflected in
the larger values ofl andf. There is an inverse relationship between the HOGMIMO

energy gap and the first hyperpolarizability valisDCPDMP as expected.
3.7. Molecular electrostatic potential (MEP)

Molecular electrostatic potential has been foundbéo a very useful tool in the
investigation of the correlation between molecsltanctures with its physiochemical property
relationship, including biomolecules and drug,47] The MEP has been plotted for
DCPDMP molecule at the B3LYP/6-31G(d,p) basis setshown inFig. 8 The MEP
superimposed on top of the total energy density sfsell. Because of the usefulness feature to
study reactivity given that an approaching eledir@pwill be attracted to negative regions

(where the electron distribution effect is dominaifihe different electrostatic potential values



of the surface are represented by different cologd: represents regions of most negative
electrostatic potential, blue represents regionsnost positive electrostatic potential, and
green represents regions of zero potential. Palenincreases in the order:
red<orange<yellow<green<blue. In all cases, thpalwd the electrostatic potential surface is
influenced by the structure and charge densityildigions in the molecule with sites close to
the oxygen atom, showing regions of most negatieetm®static potential. In the present
work, as can be seen from the. 8, the calculated result shows that the negativentiatis
are mainly over the electron negative oxygen atg@%7, O26 and O31)ln addition,
negative electrostatic potential regions are olekeraround the chlorine atoms (CI7 and
Cl12). Positive potentials are over the nucleophiiactive hydrogen atoms. This result gives
information for the region from where the compowad have intermolecular interaction. The
MEP provides a visual representation of the cheligieative sites and comparative reactivity
of atoms. As we have mentioned earlier, the elstdtir potential has been used primarily for
predicting sites and relative reactivity towardscglophilic attack, and in studies of biological
recognition and hydrogen bonding interactif4,49]

Conclusion

Optimized geometrical parameters of the title coumabwere studied by density functional
method and in agreement with the XRD data. Molecud&ructure and vibrational

wavenumbers of the title compound were studied gusiibbrational spectra and density
functional method. The DFT based calculations fog title compound is reproduced its
experimental geometry and vibrational wavenumbecgléently. The wavenumbers proposed
by the TED analysis are in good agreement with dhserved wavenumbers. The NBO
analysis reveals the reasons for hyper-conjugatibezaction and stability of the molecule. A
computation of the first hyperpolarizability of th@mpound indicates that this class of
derivatives may be a good candidate as a NLO naatdine HOMO and LUMO analysis is

used to determine the charge transfer within théeomte. From the MEP, it is evident that
the negative charge covers the C=0 and C-O grawghshe positive region is over the C-Cl

group. To summarize, the following conclusions bardrawn:

(1) The compound crystallizes in the triclinic spaceugyr P-1with a = 7.6179 (7), b =
8.5023 (7), c = 12.1967 (10) A, V = 764.39 (1P)akd two molecules in the unit cell.

(2) The HOMO is localized mainly on both the rings, MHIUMO is localized carbonyl,
methoxy, ethylenic bridge groups and benzene ring.



3)

(4)

The first order hyperpolarizability of DCPDMP witB3LYP/6-31G(d) basis set is
44.19x10° esu which is 119 times greater than the valuered @tot = 0.372 x 15°
esu). Therefore, we conclude that the title compasran attractive object for future
studies of nonlinear optical properties.

As can be seen from the MEP Figure, the negativential surfaces are mainly over

the electron negative oxygen atoms (017, 026 ari.O3
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Table 1 Crystal data and parameters for structure

refinement of the title compound.

Compound

(1)

Molecular formula
Molecular weight
Crystal system
Space group
a(A)

b (A)

c(A)

o (%)

B(°)

y (%)

V (A%

Z

Dcalc. (g Cms)

Crystal dimensions (mm)

p (M)

Radiation (A)
Reflections measured
Ranges/ indicesdh(k, I)
@ limit (°)

Unique reflections
Observed reflections
(I > 20(1))
Parameters
Goodness of fit o
R1,wR2 (I > 24(l))

C17/H14Cl:05
337.18
Triclinic
P-1
7.6179 (7)
8.5023 (7)
12.1967 (10)
93.2313 (19)
98.0150 (17)
101.2475 (18)
764.39 (11)
2
1.465
0.48 x 0.20 x 0.12
0.43
0.71073
12215
-9, 9; -10, 10; -15, 15
1.7-26.0
2986
2459

201
1.09
0.043; 0.135




Table 2 Hydrogen-bond geometry of the title compound

D—H-- A D—H H-A DA D—H-- A
C9—H®A.---CI1 0.93 2.46 2.982 (3) 115
C8—H8A---CI2 0.93 251 3.146(2) 125
C13—H13---Oli 0.93 245 3.338(3) 160
C(17)—H(17C)--Cg(1)ii  0.96 2.83 3.714(3) 153

Symmetry codes: (§+1, y+1, z+1; (ii) =, —y+1, =z



Table 3. Comparison of the geometrical parameters of DCPDiddRd Iengthz@) in angstrom and bond angle¥y it degrees by using B3LYP/6-31G(d) and
B3LYP/6-31G(d,p) level.

Bond Lengths Exp 6-31G(d) 6-31G(d,p) Bond Angles Bpx 6-31G(d) 6-31G(d,p) Bond Angles (dihedral) Exp 31G(d) 6-31G(d,p)
C1-C2 141 1.42 1.42 C16-C18-C19 120.0 120.2 120.5 C3-C4-C5-H10 - 179.1 179.1
C1-C6 141 141 1.41 C16-C18-C23 120.2 119.7 119.2 H9-C4-C5-C6 - 179.9 179.8
Ci1-Ci11 - 1.47 1.47 C19-C18-C23 120.0 120.1 120.3 H9-C4-C5-H10 - -0.6 -0.6
C2-C3 1.38 1.39 1.39 C18-C19-C20 124.5 124.3 124.3 C4-C5-C6-C1 -0.7 0.1 0.1
Cc2-CI7 1.74 1.83 1.76 C18-C19-H24 116.8 117.0 116.7 C4-C5-C6-Cl12 178.8 177.8 177.9
C3-C4 1.37 1.40 1.39 C20-C19-H24 118.7 118.7 119.1 H10-C5-C6-C1 - -179.4 -179.5
C4-C5 1.37 1.40 1.39 C19-C20-C21 120.9 120.0 119.9 H10-C5-C6-Cl12 - -1.7 -1.7
C5-C6 1.38 1.39 1.39 C19-C20-H25 119.5 121.4 121.3 C1-C11-C14-H15 - 0.1 0.1
C6-Cl12 - 1.83 1.76 C21-C20-H25 119.5 118.5 118.6 C1-C11-C14-C16 176.1 179.0 178.6
C11-H13 0.93 1.09 1.09 C20-C21-C22 119.9 121.3 121.2 H13-C11-C14-H15 - -177.0 -176.7
Cl1-C14 1.30 1.35 1.34 C20-C21-026 119.5 121.3 121.2 H13-C11-C14-C16 - 1.9 1.8
C14-H15 0.93 1.08 1.08 C22-C21-026 120.1 117.3 117.6 C11-C14-C16-017 -5.9 2.9 2.9
C14-C16 1.49 1.48 1.49 C21-C22-C23 119.7 118.9 119.3 C11-C14-C16-C18 173.3 -176.8 -176.7
C16-017 1.21 1.26 1.23 C21-C22-031 114.6 115.5 118.0 H15-C14-C16-017 - -178.2 -178.6
C16-C18 1.49 1.49 1.50 C23-C22-031 125.7 125.5 122.7 H15-C14-C16-C18 - 2.1 1.8
C18-C19 1.38 141 1.40 C18-C23-C22 119.7 119.6 119.3 C14-C16-C18-C19 - -1.6 2.7
C18-C23 1.40 141 1.41 C18-C23-H36 114.9 116.8 116.2 C14-C16-C18-C23 - 178.0 177.0
C19-C20 1.39 1.39 1.39 C22-C23-H36 125.3 123.6 124.5 017-C16-C18-C19 - 178.7 177.6
C20-C21 1.38 1.40 1.39 C21-026-C27 121.2 121.5 121.3 017-C16-C18-C23 - -1.7 2.7
C21-C22 141 1.42 1.42 026-C27-H28 119.4 117.0 117.0 C16-C18-C19-C20 - -179.6 -179.5
C21-026 1.35 1.38 1.37 026-C27-H29 1194 121.6 121.7 C16-C18-C19-H24 - -0.5 -0.4
C22-C23 1.37 1.39 1.39 026-C27-H30 118.2 122.1 117.4 C23-C18-C19-20 - 0.7 0.8
C22-031 1.37 1.39 1.37 H28-C27-H29 109.5 104.2 105.7 C23-C18-C19-H24 - 179.9 179.9
C23-H36 0.93 1.08 1.08 H28-C27-H30 109.5 111.1 111.7 C16-C18-C23-C22 - -179.6 -179.6
026-C27 1.43 1.47 1.43 H29-C27-H30 109.5 110.7 110.6 C16-C18-C23-H36 - -0.4 -0.5
031-C32 1.42 1.45 1.42 C22-031-C32 109.5 111.1 109.9 C19-C18-C23-C22 - 0.1 0.1
C-H Ring averag 0.93 1.08 1.08 031-C32-H33 109.5 110.1 109.2 C19-C18-C23-H36 - 179.2 179.2
C-H wethyi averag 0.96 1.09 1.10 0O31-C32-H34 - 109.6 109.6 C18-C19-C20-C21 - -0.4 -0.6
Bond Angles Exp 6-31G(d) 6-31G(d,p) 0O31-C32-H35 - 118.4 117.9 C18-C19-C20-H25 - 179.4 179.6

C6-C1-C11 - 114.4 115.2 H33-C32-H34 - 111.0 111.4 H24-C19-C20-C21 - -179.6 -179.7



C1-C2-C3
C1-C2-CI7
C3-C2-CI7
C2-C3-C4
C2-C3-H8
C4-C3-H8
C3-C4-C5
C3-C4-H9
C5-C4-H9
C4-C5-C6
C4-C5-H10
C6-C5-H10
C1-C6-C5
C1-C6-ClI12
C5-C6-CI12
C1-C11-H13
C1-Ci11-C14
H13-C11-C14
C11-C14-H15
C11-C14-C16
H15-C14-C16
C14-C16-017
C14-C16-C18
017-C16-C18

118.7
126.9
123.5
120.0
116.5

120.4
120.4

120.0
120.0
120.2
119.9
119.9
122.6
1211
116.4
112.9

112.9
120.1
119.9

120.1

119.6
126.0

123.9

119.6
116.5
1191
119.8
121.1
119.8
120.1
120.1
119.6
120.7
119.5
123.3
121.4
1153
115.8
127.9
116.2
121.3
119.8
118.9

119.3
1255
123.2
119.7
117.1
119.3
119.6
121.2
120.0
120.0
120.0
119.8
120.9
119.3
122.6
121.4
116.0
116.0
127.9
116.1
121.2
119.4
119.4

H33-C32-H35 - 111.2 111.6
H34-C32-H35 - 105.0 105.8
Bond Angles Exp 6-31G(d) 6-31G(d,p)
C6-C1-C2-C3 -1.6 -0.8 -0.9
C6-C1-C2-Cl7 178.5 -179.6 -179.5
Cl1-C1-C2-C3 178.2 -179.1 -178.9
Cli1-Ci1-C2-CI7 -1.7 2.1 2.5
C2-C1-C6-C5 1.8 0.5 0.5
C2-Ci1-Ce-Cl12 -177.7 -177.1 -177.1
Cl1-Ci1-Ce-C5 -177.9 178.7 178.4
Cl11-C1-C6-Cl12 2.5 1.1 0.7
C2-C1-C11-H13 - 32.8 34.8
C2-C1-C11-C14 -168.9 -144.3 -142.0
C6-C1-C11-H13 - -145.3 -142.9
C6-C1-C11-C14 10.9 37.6 40.2
C1-C2-C3-C4 - 0.5 0.6
C1-C2-C3-H8 - -179.3 -179.2
Cl7-C2-C3-C4 -179.8 179.4 179.3
Cl7-C2-C3-H8 - -0.5 -0.6
C2-C3-C4-C5h 1.1 0.2 0.1
C2-C3-C4-H9 - 179.8 179.8
H8-C3-C4-C5 - -180.0 179.9
H8-C3-C4-H9 - -0.3 -0.3
C3-C4-C5-C6 -0.8 -0.5 -0.5

H24-C19-C20-H25
C19-C20-C21-C22

C19-C20-C21-026

H25-C20-C21-C22
H25-C20-C21-026
C20-C21-C22-C23
C20-C21-C22-031
026-C21-C22-C23
026-C21-C22-031
C20-C21-026-C27
C22-C21-026-C27
C21-C22-C23-C18
C21-C22-C23-H36
031-C22-C23-C18
031-C22-C23-H36
C21-C22-031-C32
C23-C22-031-C32
C21-026-C27-H28
C21-026-C27-H29
C21-026-C27-H30
C22-031-C32-H33
C22-031-C32-H34
C22-031-C32-H35

0.2
-0.7

-177.7

179.5
24
15

-177.6
178.2
-0.8
-148.8
34.3
-1.2
179.7
177.8
-1.2
178.8
-0.2
165.5
-74.9
47.2
-60.6
61.7
-179.4

0.5
-0.6

-176.9

179.3
2.9
15

-177.6
177.6
-1.5
-122.3
61.6
-1.3
179.7
177.8
-1.3
178.1
-0.9

-65.5
57.0
-60.0
62.2
-178.9

Numbering of atoms is adopted from Gaussian in£ig.



Table 4 Comparison of the experimental (FT-IR and FT-Ramam) theoretical wavenumbers (&mof DCPDMP calculated by B3LYP/6-31G(d) and
B3LYP/6-31G(d,p) level.

Unscaled Scaled
No. FT-IR FT-Raman 6-31G(d) 6-31G(d,p) 6-31G(d)6-31G(d,p) TED (%) among types of internal coordinates
1 3113 3254 3275 3166 3115 vC14-H15(91)
2 3109 3239 3253 3135 3110 vC23-H36(99)
3 3231 3252 3113 3088 vC3-H8(47),vC5-H10(36),vC4-HI(16)
4 3081 3226 3247 3107 3079 vC5-H10(55) vC3-H8(45)
5 3078 3223 3243 3091 3076 vC19-H24(68) vC20-H25(24)
6 3207 3226 3080 3036 vC20-H25(75)yC19-H24(24)
7 3204 3223 3047 3014 vC4-H9(83)
8 3005 3188 3200 3026 3005 vC11-H13(99)
9 3000 3157 3197 3018 3001 vC27-H28(59) vC27-H29(40)
10 3154 3184 3007 2989 vC32-H35(89)
11 3122 3163 2996 2981 vC27-H29(45)yC27-H28(27)yC27-H30(26)
12 2962 3092 3118 2983 2960 vC32-H33(52) vC32-H34(47)
13 2937 2936 3034 3068 2955 2935 vC27-H30(72) vC32-H34(47)yC27-H28(13)
14 2841 2836 3026 3044 2867 2842 vC32-H34(47)yC32-H33(41)yC32-H35(10)
15 1661 1741 1709 1683 1660 vO17-C16(60)yC11-C14(19)
16 1650 1671 1656 1671 1650 vC11-C14(45)y017-C16(21)
17 1645 1641 1653 1627 vC22-C23(28)yC20-C21(11)
18 1591 1632 1628 1618 1593 vC2-C3(28)yC5-C6(20)
19 1575 1621 1602 1593 1574 vC18-C19(20)yC21-C22(20)5H9-C4-C5(15)yC20-C21(15)
20 1565 1603 1599 1586 1565 vC3-C4(29) yC4-C5(20) yC1-C2(20) vC1-C6(10)
21 1516 1553 1563 1547 1515 dH25-C20-C19(13)yC21-C22(20)pH36-C23-C18(11)y026-C21(10)y026-C21(10)
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v-stretchingd-in-plane deformationy-out-of-plane deformatiort-torsion



Table 5. The HOMO and LUMO energy ganization potentialElectron
affinity, Chemical Hardness, Electronegativity, thess, Chemical potential,
Global electrophilicity index values of DCPDM# the B3LYP/6-31G(d)
and B3LYP/6-31G(d,p) level

Parameters 6-31G(d) 6-31G(d,p)
Enomo 5.9179 6.0162
ELumo 2.3178 2.1676
Eromo — B.umo gap 3.6001 3.8485
lonization potential(l.P, eV) 5.9179 6.0162
Electron affinity(E.A, eV) 2.3178 2.1676
Chemical Hardnesg(eV) 1.8001 1.9243
Electronegativityy, eV) 4.1179 4.0919
Softness(S,eV) 0.5555 0.5197
Chemical potentiaj(, eV) -4.1179 -4.0919

Global electrophilicity index{) 4.7101 4.3506




Table €. The second order perturbation energies E(2) (ked)/oorresponding to the most
important charge transfer interactions (donor-ammg¢pfor DCPDMP by B3LYP/6-
31G(d,p) method.

Donor ED(i)e Acceptor(j) ED(j)e E(2) E()-E()) F(i,j)

o(C2-ClI7) 1.9879 c*(C1-C6) 0.0380 2.56 1.24 0.051
o(C2-ClI7) 1.9879 c*(C3-C4) 0.0167 2.55 1.28 0.051
n(C4-C5) 1.6537 *(C1-C6) 0.0380 21.45 0.27 0.069
n(C4-C5) 1.6537 n*(C2-C3) 0.3742 21.10 0.27 0.068
o(C6-Cl12) 1.9880 c*(C1-C2) 0.0357 2.46 1.24 0.050
o(C6-Cl12) 1.9880 c*(C4-C5) 0.0168 2.65 1.28 0.052
n(C16-017) 1.9657 n*(C11-C14) 0.0762 4.18 0.40 0.037
n(C16-017) 1.9657 n*(C18-C19) 0.3859 4.98 0.39 0.044
n(C18-C19) 1.6562 n*(C16-017) 0.2089 20.08 0.27 0.068
n(C18-C19) 1.6562 n*(C20-C21) 0.2089 19.62 0.28 0.066
n(C18-C19) 1.6562 n*(C22-C23) 0.3499 19.18 0.28 0.065
n(C22-C23) 1.6822 n*(C18-C19) 0.3859 18.28 0.30 0.067
n(C22-C23) 1.6822 n*(C20-C21) 0.3531 18.86 0.29 0.067
LP(3)CI7 1.9249 n*(C2-C3) 0.3742 12.01 0.33 0.061
LP(2)CI2 1.9694 c*(C1-C6) 0.0380 4.60 0.85 0.056
LP(3)CI2 1.9274 n*(C1-C6) 0.0380 12.35 0.32 0.062
LP(2)O17 1.8834 c*(C14-C16) 0.0590 19.27 0.69 0.105
LP(2)017 1.8834 c*(C16-C18) 0.0625 18.87 0.70 0.104
LP(1)026 1.9538 c*(C21-C22) 0.0424 7.82 1.02 0.080
LP(2)026 1.8876 n*(C20-C21) 0.2089 13.44 0.38 0.068
LP(2)026 1.8876 o*(C27-H30) 0.0171 5.90 0.79 0.063
LP(1)031 1.9618 o*(C22-C23) 0.0248 7.13 1.13 0.080
LP(2)031 1.8443 n*(C22-C23) 0.3499 29.35 0.34 0.095
LP(2)031 1.8443 c*(C32-H33) 0.0188 5.25 0.75 0.058
LP(2)031 1.8443 c*(C32-H34) 0.0189 5.27 0.75 0.058
n*(C1-C6) 0.0380 n*(C4-C5) 0.3309 169.32 0.02 0.080
n*(C1-C6) 0.0380 n*(C11-C14) 0.0762 23.10 0.05 0.059
n*(C2-C3) 0.3742 n*(C4-C5) 0.3309 228.76 0.01 0.084
*(C16-017) 0.2089 n*(C11-C14) 0.0762 39.59 0.02 0.072
n*(C16-017) 0.2089 n*(C18-C19) 0.3859 146.86 0.01 0.073

ED; Electron density

2E(2) means energy of hyper conjugative interactaabilization energy).
® Energy difference between donor and acceptor j ABO orbitals.
°F(i,j) is the Fock matrix element between i alNBO orbitals.



Table 7 The mean polarizabilityof, anisotropic polarizability Ao), dipole
moment (), first-order hyperpolarizabilitg)(and optical gapAEn..) values of
DCPDMP by B3LYP/6-31G(d) and 6-31G(d,p) method.

Parameters 6-31G(d) 6-31G(d,p)
o (x10 esu) 3.52 3.46
Ao (x10% esu) 4.25 3.48
i (Debye) 0.8936 1.5648
B (x10% esu) 44.19 21.9

AEq. (eV) 3.6001 3.8485




Caption to Scheme

Scheme 1: Synthesis of (2E)-3-(2,6-dichlorophenyl)-1-(3,4ndithoxyphenyl)prop-2-

en-1-one.

Captions to figures

Fig. 1. Molecular view of the compound, showing 50% praligbdisplacement
ellipsoids and atom labeling scheme.

Fig. 2. Crystal packing of the title compound, showingemtolecular C—H...O
hydrogen bonding interactions and Cl...Cl short ccistas dotted lines. H
atoms not involved in hydrogen bonding are omiftectlarity

Fig. 3: Crystal packing of the titte compound, viewed gjdmnaxis

Fig. 4. The geometric structure of the title compound

Fig.5: Observed and calculated infrared spectrum of ¢mepound

Fig. 6: Observed and calculated Raman spectrum of the @anap

Fig. 7. HOMO-LUMO plot of the title compound

Fig. 8. The molecular electrostatic potential surfaceheftitie compound
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Scheme 1. Synthesis of (2E)-3-(2,6-dichlorophenyl)-1-(3,4ndithoxyphenyl)prop-2-

en-1-one.



Fig. 1. Molecular view of compound, showing 50% probabpildisplacement
ellipsoids and atom labeling scheme.
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Fig. 2: Crystal packing of the title compound, showing intelecular C—H O
hydrogen bonding interactions and Cll short contacts as dotted lines. H atoms

not involved in hydrogen bonding are omitted faritly



Fig. 3: Crystal packing of the title compound, viewed altraxis



Fig 4. The geometric structure of the title compound
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Fig. 5: Observed and calculated infrared spectrum ottimepound
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Fig. 6: Observed and calculated Raman spectrum of the@cond
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Fig.7. HOMO-LUMO plot of the title compound



Fig. 8 The molecular electrostatic potential surfacéheftitte compound
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Resear ch Highlights

3D structure was confirmed by single crystal XRD data.
The experimental results were supported by computational studies by using DFT.
Theoretical calculations are in good agreement with the experimental results.

The nonlinear optical properties and natural bond orbital anaysis are theoretically
predicted.



