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on the key features of a D–p–A
type novel chalcone derivative for opto-electronic
applications†

Mohd. Shkir,*ad Shabbir Muhammad,*ad Salem AlFaify,ad Ahmad Irfan,cd

Parutagouda Shankaragouda Patil,b Manju Arora,e Hamed Algarnia

and Zhang Jingpingf

The current study is focused on the donor–bridge–acceptor (D–p–A) type of novel organic charge

transport and non-linear optical material, 1-(4-bromophenyl)-3-(2,4,5-trimethoxyphenyl) prop-2-en-1-

one (2,4,5-TMBC) to spotlight its various important properties through experimental and quantum

chemical approaches. The compound 2,4,5-TMBC was synthesized via a Claisen–Schmidt condensation

reaction and its single crystal was grown by a slow evaporation solution growth technique. FT-IR and

FT-Raman spectra of 2,4,5-TMBC were obtained and investigated. The molecular geometry of 2,4,5-

TMBC was optimized by HF, B3LYP, CAM-B3LYP, wb97xd and LC-BLYP methods using the 6-31G* basis

set. The calculated geometrical parameters and vibrational spectra are in good agreement with the

experimental results. Time dependent density functional theory (TD-DFT) has been applied to investigate

the optical properties of the title compound. The absorption wavelength calculated at the TD-B3LYP/6-

31G* level of theory in the gas phase was in good agreement with the experimental value (�400 nm)

when compared with other methods. The HOMO–LUMO energy gap was calculated at all the applied

levels of theory. The total dipole moment, polarizability, anisotropy of polarizability and static first and

total hyperpolarizability values of 2,4,5-TMBC were calculated at different levels of theory. The dipole

moment and first hyperpolarizability values are found to be many folds (2 and 56 times calculated at

B3LYP) higher than urea. It is also expected that 2,4,5-TMBC would be electron transport material due to

its smaller electron reorganization energy value. The study of non-linear optical (NLO) properties shows

that 2,4,5-TMBC would be an outstanding candidate for NLO device applications.
1. Introduction

The chalcones (1,3-diaryl-2-propen-1-ones) are open chain
avonoids that are extensively biosynthesized in plants. In
recent years, extended scientic research on chalcones fasci-
nating biological properties, such as anti-ulcer, anti-cancer,
antimitotic, anti-inammatory, anti-malarial, anti-fungal, anti-
HIV and antioxidant activities, have been carried out.1–8
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Moreover, chalcone molecules have a p-conjugated system that
provides a large charge transfer axis. The apposite groups of
molecules on the two aromatic rings act as donors and accep-
tors.9,10 In such molecules the charges can be transferred from
the donor to acceptor through the charge transfer axis. The
resilient intermolecular interactions in any molecule give an
upswing to second harmonic generation (SHG) efficiency.11,12

Chalcones have exceptional optical properties, including high
extinction coefficients for absorption in the ultra-violet (UV)
light region, and noteworthy non-linear optical (NLO)
responses.13–15

Because of the substantial importance of these compounds,
the NLO properties of a series of chalcones have been recently
examined experimentally and show encouraging outcomes in
future applications such as optical limiters and non-linear
frequency conversion.16–21 To develop such systems for future
device applications, it is important to understand the funda-
mental characteristics of the structural and electronic basis of
their optical properties.

To explain the structural and electronic properties in an
immense class of materials, ranging from atoms and molecules
This journal is © The Royal Society of Chemistry 2015
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to crystals and complex prolonged structures, density func-
tional theory (DFT) has been proved to be tremendously effec-
tive and computationally modest. Due to such reasons, DFT has
been developed as a mutual contrivance in rst-principles
calculations directed to predict and describe the characteristic
properties of molecular and condensed matter schemes. In
recognizing the ingredients and providing information on the
composition, structure, conformation, functional groups and
intra-molecular interactions in new as well as existing
complexes, vibrational spectroscopy has become an excellent
tool. DFT provides an irreplaceable spectrum for every denite
compound. Many studies have been performed by Hartree–Fock
(HF) as well as DFT on various organic, semi-organic, inorganic,
chalcones and their complexes and correlated with experi-
mental reports.22–40

Recently, Patil et al., have synthesized and grown bulk single
crystals of a new NLO chalcone derivative, 1-(4-bromophenyl)-3-
(2,4,5-trimethoxyphenyl) prop-2-en-1-one (2,4,5-TMBC), which
explores its possible application in NLO devices.41,42 This chal-
cone derivative possesses the so-called donor–bridge–acceptor
(D–p–A) type structure. The 2,4,5-trimethoxy aryl ring acts as
a donor at one end and the 1-(4-bromophenyl)ethanone aryl
ring bearing C]O and bromo groups acts as an acceptor at the
other terminal end of 2,4,5-TMBC (Fig. 1).

As per the current available literature, no theoretical study
has been performed on 2,4,5-TMBC to date, which is necessary
to have a complete understanding of the compound from
various application points of view.

Therefore, in the current investigation, our aim is to high-
light the structural, IR and Raman spectroscopic (experimental
and theoretical), electronic, charge transport and non-linear
optical properties of the D–p–A type molecule, 2,4,5-TMBC.
The obtained results have been compared with the experi-
mental data where available.
2. Experimental details

Initially, the synthesis of 2,4,5-TMBC was achieved by the
condensation of 2,4,5-trimethoxybenzaldehyde (0.01 mol) with
4-bromoacetophenone (0.01 mol) in 60 mL of ethanol in the
presence of a catalytic amount of sodium hydroxide solution (5
mL, 20%). Continuous stirring was carried out for more than 2 h
and then the contents of the ask were transferred into 500 mL
of ice-cold water and le to stand for 12 h. The synthesized
crude solid was ltered, successively washed with a solution of
dilute HCl and distilled water, and then recrystallized more
than two times from acetone to obtain the pure chalcone. The
Fig. 1 The chemical structure of 2,4,5-TMBC.

This journal is © The Royal Society of Chemistry 2015
synthesized 2,4,5-TMBC was further used to grow single crystals
using a solution growth technique with slow evaporation at
constant temperature. Further details are available in a previous
report.42

Fourier transform infrared spectra were measured in trans-
mission mode in the range of 4000–400 cm�1 using a NICOLET
6700 FT-IR spectrometer at ambient temperature. The samples
were taken in KBr pellet form. Each spectrum is an average of 32
scans at 4 cm�1 resolution.

Fourier transform Raman spectra of 2,4,5-TMBC were ob-
tained using a Nicolet NXR – FT-RAMAN spectrometer in the
4000–50 cm�1 region with a 1064 nm Nd:YVO4 laser as the
excitation source.
3. Computational methodology

The optimized and stable geometry of 2,4,5-TMBC has been
achieved by DFT using B3LYP (Becke's three parameter
exchange functional B3 combined with Lee–Yang–Parr correla-
tion functional LYP)43,44 and Hartree–Fock (HF) at the 6-31G*
basis set. The visualization of the obtained results was per-
formed by the Gauss view 5 visualization program.45 In addition,
optimization of the geometries was also carried out using the
CAM-B3LYP, wb97xd and LC-BLYP levels of theory. The stability
of the optimized geometry was further conrmed by computing
its analytical frequencies. The range-separated functionals were
highly dependent on the range-separation parameter. Thus, one
way to eliminate these ambiguities was to tune the range-
separation parameter (especially for donor–acceptor
complexes).46,47 Moreover, these techniques could make the
theoretical calculations match even closer to the experimental
results. Furthermore, to calculate the structural parameters in
the periodic boundary conditions, we have imported the crystal
information le (CIF) and optimized it using a generalized
gradient approximation GGA/PBE48 functional and DNP basis
set.49 DMol3 code,50 which is implemented in the Accelrys
package Materials Studio,51 has been used to compute the
geometries.

The total rst hyperpolarizability (btot) and its components
for 2,4,5-TMBC were evaluated using a nite eld (FF) approach
at all the above mentioned levels of theory. The FF approach has
been widely used to calculate the rst hyperpolarizability of
numerous chemical systems and has provided very consistent
results when compared with the experimental data.52,53 Herein,
we have applied various methods, including B3LYP, HF, range
separated hybrid functionals, such as CAM-B3LYP and wb97xd,
and long range corrected LC-BLYP at the 6-31G* basis set for
calculating the dipole moment and rst hyperpolarizability,
and compared them with each other. In general, in the FF
approach, a static electric eld (F) is applied and the energy (E)
is expressed by the following equation:

E ¼ Eð0Þ � m1F1 � 1

2
aijFiFj � 1

6
bijkFiFjFk � 1

24
gijklFiFjFkFl

�.

(1)
RSC Adv., 2015, 5, 87320–87332 | 87321
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where E(0) represents the total energy of the molecule in the
absence of an electronic eld, m is the vector component of the
dipole moment, a is the linear polarizability, b and g are the
second and third-order polarizabilities, respectively, whereas x,
y and z label the i, j and k components, respectively. It can be
observed from eqn (1) that differentiating E with respect to F
obtains the m, a, b and g values.

The electronic dipole moment, molecular polarizability,
anisotropy of polarizability and molecular static, and rst total
hyperpolarizability were calculated from the following
equations.

For a molecule, its dipole moment (m) is dened as follows:

mtot ¼ (mx
2 + my

2 + mz
2)1/2 (2)

Total polarizability was calculated by

atot ¼ 1

3

�
axx þ ayy þ azz

�
(3)

Anisotropy of polarizability was calculated by

Da ¼ 1ffiffiffi
2

p
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffih�
axx � ayy

�2 þ �
ayy � azz

�2 þ ðazz � axxÞ2 þ 6axz
2

ir
(4)

First hyperpolarizability components of can be evaluated by
expression:

bi ¼ biii þ
X
isj

"�
bijj þ 2bjii

�
3

#
(5)

Using the x, y, z components, the resultant total rst hyper-
polarizability (btot) can be calculated by

btot ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�
bx

2 þ by
2 þ bz

2
�r

(6)

where bx, by and bz are

bx ¼ (bxxx + bxxy + bxyy)

by ¼ (byyy + bxxz + byyz)

bz ¼ (bxzz + byzz + bzzz)

Therefore, the magnitude of total rst hyperpolarizability is
given by
btot ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffih�
bxxx þ bxxy þ bxyy

�2 þ �
byyy þ bxxz þ byyz

�2 þ �
bxzz þ byzz þ bzzz

�2ir
(7)
Second-order polarizability (b) is known as a third rank
tensor that can be described by a 3 � 3 � 3 matrix. Due to
87322 | RSC Adv., 2015, 5, 87320–87332
Kleinman symmetry (bxyy ¼ byxy ¼ byyx, byyz ¼ byzy ¼ bzyy, .
likewise other permutations also take same value), the 27
components of the 3D matrix can be reduced to 10 compo-
nents.54 These components have been calculated using
GAUSSIAN 09.55 Similarly, time dependent (TD) with B3LYP, HF,
range separated hybrid functional CAM-B3LYP, wb97xd and
long range corrected LC-BLYP has been used to estimate the
transition energies of the title molecule.

The charge transfer rate can be described by Marcus theory
via the following equation.56

W ¼ V2/h(p/lkBT)
1/2 exp(�l/4kBT) (8)

where the transfer integral (V) and reorganization energy (l) are
the main parameters that determine the self-exchange electron-
transfer rate and nally the charge mobility. Smaller l and
larger V values would lead to the efficient charge transport
properties.

There are two types of l, i.e., inner l (molecular geometry
relaxation when an electron is added to or removed from
a molecule) and outer l (the variations in the surrounding
medium due to polarization effects). Herein, we focused on the
inner l, which shows the geometric relaxation in the molecule.
The inner l can be divided into two parts: l(1)rel and l(2)rel, which
correspond to the geometry relaxation energy of molecule from
its neutral to charged state, and from its charged to neutral
state, respectively.57

l ¼ l(1)rel + l(2)rel (9)

These terms were calculated from the adiabatic potential
energy surfaces.58

l ¼ l(1)rel + l(2)rel ¼ [E(1)(L�) � E(0)(L�)] + [E(1)(L) � E(0)(L)] (10)

where E(0)(L), E(0)(L�) are the ground-state energies of the
neutral and charged states, E(1)(L) is the energy of the neutral
molecule in the optimized charged geometry and E(1)(L�) is the
energy of the charged state in the geometry of the optimized
neutral molecule.
4. Results and discussion
4.1. Molecular geometry

The optimized stable molecular geometry of 2,4,5-TMBC by
B3LYP using the 6-31G* basis set is shown in Fig. 2(a), further
optimization of its geometry was also carried out using the HF,
CAM-B3LYP, wb97xd and LC-BLYP levels of theory (see ESI data
displayed in Fig. S1(b–e)†). In addition, we have studied the
geometrical parameters of 2,4,5-TMBC, applying the periodic
boundary conditions in which the calculated geometrical
This journal is © The Royal Society of Chemistry 2015
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Fig. 2 The optimized molecular geometry of 2,4,5-TMBC. (a) B3LYP
using the 6-31G* basis set and (b) the experimentally observed
geometry.41
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parameters were compared with the experimental crystal
structure obtained in the solid-state.59,60 It can be observed that
there is intra-molecular bonding between O(3) and H(20) with
a bond length of 2.332 Å and between O(2) and H(20) with
a bond length of 2.434 Å, obtained by B3LYP, whereas these
values calculated by HF were found to be 2.363 Å and 2.448 Å,
respectively. These are in close agreement with the experi-
mental values of 2.360 Å and 2.450 Å (presented in Table 1).41

These geometrical parameters calculated by the periodic
boundary conditions at the PBE/DNP level of theory were also
found to be in reasonable agreement with the experimental
values reported (see Table 1 and Fig. S2†). The three methoxy
Table 1 Experimental and theoretical hydrogen-bond geometry (Å, �) p

Exp.41 Theoretically calculate

D–H/A H/A D/A
Bond
angle

B3LYP HF

H/A
Bond
angle H/

C9–H9A/O1 2.45 2.799(5) 102 2.434 98.70 2.4
C9–H9A/O2 2.36 2.720(5) 103 2.332 100.35 2.3
C12–H12A/O1a 2.57 3.470(4) 164
C16–H16B/O1a 2.57 3.303(5) 133

a Symmetry code: (i) �x + 1, y + 1/2, �z3/2. b With periodic boundary con

This journal is © The Royal Society of Chemistry 2015
groups are attached at C(22), C(25) and C(26) in 2,4,5-TMBC,
which are almost co-planar with the C(21) and C(27) atoms of
the aryl ring. Experimentally, its crystal structure was stabilized
by intermolecular C12–H12A/O1i and C16– H16B/O1i inter-
actions (the code of symmetry is given in Table 1) and these
interactions generate a ring of graph-set motif R12 (7). The short
Br1/O4 (�3/2 + x, 3/2� y, 1� z) contact [3.264(2)�A] also favors
crystal structure stabilization. The experimentally observed
geometry is shown in Fig. 2(b).41

All other bond lengths between C–C, C–H, C–Br, and C–O are
in good agreement with the available literature.16,61–64 Table S1
of the ESI† shows the values of the key geometrical factors,
including bond lengths, bond angles and dihedral angles, of the
optimized 2,4,5-TMBCmolecule at the different levels of theory.
4.2. Vibrational analysis

Infrared (IR) and Raman spectroscopy techniques have been
extensively used by organic chemists for the identication of
functional groups, bonding in different molecular conforma-
tions and reaction mechanisms by tentatively assigning their
observed fundamental modes.65–72 In vibrational spectroscopy,
the shi in peak position is discussed in terms of the changes in
the crystalline eld effect induced electronic effects, hydrogen
bonding and Fermi resonance electronic effects that arise from
back donation and the induction of bonded groups present in
a material. Inter-molecular and intra-molecular hydrogen
bonding appears when H atoms and N, O or F atoms are present
between two molecules or within a molecule. The vibrational
modes in the two phenyl rings will differ in wavenumber and
the magnitude of splitting will depend on the strength of the
interactions between the different parts (internal coordinates)
of the two rings. For some modes, this splitting is so small that
they may be considered as quasi-degenerate and for the other
modes a remarkable splitting is observed.

1-(4-Bromophenyl)-3-(2,4,5-trimethoxyphenyl)prop-2-en-1-
one (C18H17BrO4) possesses a orthorhombic structure with
P212121 space group and four molecules per unit cell. The unit
cell dimensions are a ¼ 7.3031(3) Å, b ¼ 10.3422(4) Å, c ¼
21.3355(9) Å, and V ¼ 1611.47(11) Å3.41,42

In the orthorhombic crystal system with the non-
centrosymmetric space group P212121 (D4

2), the Bravais cell
arameters of 2,4,5-TMBC

d (present study)

LC-BLYP wb97xd PBEb (PBC)

A
Bond
angle H/A

Bond
angle H/A

Bond
angle H/A

Bond
angle

48 97.27 2.378 98.73 2.444 97.789 2.461 97.94
63 98.36 2.313 99.68 2.354 98.431 2.315 100.20

ditions (PBC).

RSC Adv., 2015, 5, 87320–87332 | 87323
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Table 2 Factor group analysis of 2,4,5-TMBC

S. No. Factor group symmetry (D4
2) A B1 B2 B3

1 External modes 6 6 6 6
(i) Translational modes 3 3 3 3
(ii) Rotational modes 3 3 3 3

2 Internal modes 114 114 114 114
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consists of 4 molecules and occupies the C1(4) site symmetry. A
single molecule of 2,4,5-TMBC contains 40 atoms and 160
atoms in a unit cell. The irreducible representation of the point
group where all atoms acquire the C1 site symmetry is described
as follows:

Gtotal ¼ 120A + 120B1 + 120B2 + 120B3

which includes the three acoustic modes corresponding to the
block translations of the crystal Gvib, acoustic¼ B1 + B2 + B3. The
formal classication of the fundamental mode predicts that the
456 internal vibrations can be distributed as (114A + 114B1 +
114B2 + 114B3) and the 24 external modes such as (3A + 3B1 + 3B2
+ 3B3) translational and (3A + 3B1 + 3B2 + 3B3) rotational vibra-
tional modes. Phonons belonging to B1, B2 and B3 are both
Raman and infrared active. The phonons belonging to A
symmetry are Raman active and infrared inactive.

The results and summary of the factor group analysis are
presented in Tables 2 and 3, respectively.

4.2.1. Internal vibrations. 2,4,5-TMBC does not have any
symmetry and so the internal vibrations exhibited are both IR
and Raman active exclusive of the acoustic mode. The internal
vibrations may be classied as those arising from the CH2, CH3,
C6H5, CH3O, en-1-one and C–Br functional groups. These
vibrations are obtained as a strong bands coupled between
themselves.

4.2.2. External vibrations. The external vibrations are
generally observed below 500 cm�1 due to the rotational and
translational modes of vibration of the 2,4,5-TMBC ionic func-
tional groups. The rotational modes are obtained at higher
frequency and intensity than the translational modes in the
Raman spectra, whereas the translational modes are more
intense in the IR spectra.

The theoretical spectra were derived from the B3LYP/6-31G*
and HF/6-31G* levels of theory. The experimentally obtained
and theoretically calculated spectra of 2,4,5-TMBC are shown in
Table 3 Factor group analysis – summary for 2,4,5-TMBC

Factor group
symmetry (D4

2)

Site symmetry

C18 HExternal Internal

A 3T 3R 114 54
B1 3T 3R 114 54
B2 3T 3R 114 54
B3 3T 3R 114 54
Total 216 2

87324 | RSC Adv., 2015, 5, 87320–87332
Fig. 3. The theoretically predicted vibrational frequencies have
no imaginary frequency, which indicates that the optimized
molecular geometry of 2,4,5-TMBC is located at the local
minimum point of the potential energy surface. The well-known
fact about density functional theory potentials is the over-
estimation of the vibrational wavenumbers. For a good
comparison with the experimental values, scaling was used for
the theoretically calculated spectra [for B3LYP it was 0.9613 and
for HF it was 0.8929]. The obtained (IR transmittance and
Raman) spectra and calculated peak positions of the vibrational
modes in wavenumber at both the B3LYP and HF level of theory
and their corresponding tentative assignments are listed in
Table S2.†

The IR transmittance and Raman experimental as well as
theoretical spectra analysis of 2,4,5-TMBC have been made on
the basis of the characteristic vibrations of the methoxy
group, carbonyl group, methyl group, phenyl ring with ortho-
and para-substitution, bromo-phenyl group and the prop-2-
en-1-one bridge. The calculated vibrational wavenumber and
the atomic displacement corresponding to the different
normal modes were used to identify the ambiguity in the
vibrational modes. The computed and experimental IR and
Raman wavenumbers corresponding to the different modes
are listed in Table S2† along with their detailed assignments.
For visual assessment, the experimental and calculated IR
transmittance and Raman spectra are presented in Fig. 3. We
have tentatively assigned all the vibrational bands. The
frequencies of the calculated and observed bands are
provided in Table S2.†

4.2.2.1. The methoxy (O–CH3) group. In the methoxy group,
the CH3 group is directly attached to an oxygen atom, the C–H
stretching and bending peak positions can shi either to
a higher or lower wavenumber depending on the position and
electronic effects of groups to which it is bonded to in the
material.73 In the present case, three methoxy groups are
bonded to a phenyl ring at the ortho- and para-positions. The
asymmetric and symmetric methyl stretching bands are
observed as very weak intensity components in the 2960–2850
cm�1 region at 2952, 2927 and 2852 cm�1, respectively in the
experimental IR spectrum and at 2952, 2933 and 2844 cm�1 in
the experimental Raman spectrum of this sample.65,66,70 The
calculated values of the asymmetric and symmetric stretching
modes were found at 2929 and 2855 cm�1 (B3LYP), 2867 cm�1

(HF) in IR spectra and at 2965, 2910 (B3LYP) and 2925 (HF)
cm�1 in the Raman spectra. As the calculations were carried out
17 O4 Br Optical modes Acoustic modes

51 12 3 120 0
51 12 3 120 1
51 12 3 120 1
51 12 3 120 1
04 48 12 480 3

This journal is © The Royal Society of Chemistry 2015
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Fig. 3 The calculated and measured (a) IR and (b) Raman spectra of 2,4,5-TMBC.

Paper RSC Advances

Pu
bl

is
he

d 
on

 2
5 

Se
pt

em
be

r 
20

15
. D

ow
nl

oa
de

d 
by

 I
nd

ia
n 

In
st

itu
te

 o
f 

T
ec

hn
ol

og
y 

N
ew

 D
el

hi
 o

n 
11

/0
5/

20
16

 1
2:

15
:3

2.
 

View Article Online
on a free molecule and the experimental spectra were recorded
for a solid-state sample, due to intermolecular interactions and
crystalline eld effects in the sample, minor variations in the
peak positions have been observed. This lowering of the
stretching frequency from the computed values with a decrease
in the intensity has been explained in terms of the electronic
effects caused by back-donation66 and induced by the oxygen
atom.66,67,70,74–76 The strong asymmetric bending vibration of the
methyl in the methoxy groups appear at 1455, 1558 and 1470
cm�1 in the (B3LYP), (HF) and (Exp.) IR spectra, respectively.
Whereas weak and very weak intensity components at 1472,
1475 and 1482 cm�1 in the (B3LYP), (HF) and (Exp.) Raman
spectra, respectively.77 Themedium intensity band at 1470 cm�1

in the IR spectrum has been tentatively assigned to the asym-
metric bending mode of the CH3 group. The symmetric methyl
deformation mode in the IR transmittance spectra was found at
1381 (B3LYP), 1346 (HF) and 1398 (Exp.) cm�1 and in the
Raman spectra at 1357 (B3LYP), 1346 (HF) and 1394 (Exp.)
cm�1. The asymmetric and symmetric deformation modes shi
to higher wavenumber by about 25–50 cm�1 when compared to
the calculated results (Table S2†) and was attributed to elec-
tronic effects and strengthening of the bonding in themolecule.
The CH3 rocking vibrations are mixed with the C–O stretching
and C–H bending modes, which results in a strong peak with
a weak band component at 1144 and 1122 cm�1 in the IR
(BL3YP) spectrum and as a medium intensity band with a weak
component at 1144 and 1128 cm�1, respectively.
This journal is © The Royal Society of Chemistry 2015
4.2.2.2. Vibrations of the phenyl ring. In the 2,4,5-TMBC
molecule, the two phenyl rings are bonded to the 1 and 3
position of prop-2-en-1-one as 4-bromophenyl (ring 1) and 2,4,5-
trimethoxyphenyl (ring 2) groups. The benzene ring belongs to
the D6h symmetry group with effective symmetry of C2v or lower
due to all twenty vibrations being allowed in either IR or Raman
spectroscopy. In these investigations, Herzberg's numbering
system consistent with the logical scheme has been adopted
when compared to the Wilson numbering system that was rst
reported and applicable for benzene only.71,72 The 16 modes of
the e2g mode of the C–C asymmetric stretching vibration modes
of the two phenyl rings are observed at 1603 (ring 1) and 1522
(ring 2) cm�1 (B3LYP); 1617 (ring 1) and 1532 (ring 2) cm�1 (HF);
and 1610 (ring 1) and 1560 (ring 2) cm�1 (Exp.) in the IR
transmission spectra and at 1617 (ring 1) and 1532 (ring 2) cm�1

(HF), and 1617 (ring 1) and 1560 (ring 2) cm�1 (Exp.). Whereas
the C–C symmetric stretching vibration 13 modes of e1u vibra-
tion at�1450 cm�1 and 9 modes of b2u vibration at�1300 cm�1

for these two phenyl rings were observed at 1418 (ring 1) and
1306 (ring 2) cm�1 (B3LYP); 1403 (ring 1) and 1303 (ring 2) cm�1

(HF); and 1442 (ring 1) and 1295 (ring 2) cm�1 (Exp.) in the IR
transmission spectra and at 1395 (ring 1) and 1280 (ring 2) cm�1

(B3LYP); 1403 (ring 1) and 1276 (ring 2) cm�1 (HF); and 1455
(ring 1) and 1278 (ring 2) cm�1 (Exp.) from the vibrations of
these two modes. The large intensity difference between the two
phenyl rings C–C stretching vibrational modes was attributed to
the electronic effects induced by substituting the three methoxy
RSC Adv., 2015, 5, 87320–87332 | 87325
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and bromo groups in the rings. The IR transmission spectra
exhibit C–H ring stretching modes at 1585 (ring 1) (HF) and
1587 (ring 1) (Exp.) and at 1499 (ring 2) (B3LYP), 1485 (ring 2)
(HF) and 1511 (ring 2) (Exp.) cm�1, respectively, whereas the
Raman C–H ring stretching modes of ring 1 were only observed
at 1572 (B3LYP), 1582 (HF) and 1575 (Exp.) cm�1; ring 2 does
not show these modes. The calculated peak values are quite
near to the experimental peak positions. The 9 modes of the b2u
vibration was observed as strong bands in the IR spectrum at
1327 cm�1 and in the Raman spectrum at 1329 cm�1. The
simultaneous IR and Raman activation of the phenyl ring
modes of the 16 (e2g), 13 (e1u) and 9 (b2u) vibrations provide
evidence for the charge transfer interactions between the donor
and the acceptor groups through the p-system. In tetra-
substituted benzene, the C–C–H in-plane bending modes
3(a2g), 17(e2g)a, 14(e1u)b and 14 (e1u)b are found in the 1300–
1000 cm�1 region.70 The higher and lower wavenumber values
of the e vibrations are represented by a and b, respectively. The
strong band in the IR spectrum at 1144 cm�1 corresponds to the
ring mode 14 (e1u)b. Mode 17(e2g)a was observed as a weak band
in the Raman spectrum at 1188 cm�1. The increase in intensity
of these modes in the Experimental spectra was attributed to
the presence of the strong electron donor substituents (OCH3

groups).65,66,70 The C–C–H out-of-plane bending vibration was
expected to occur in the region around 1000–675 cm�1.66,70 The
19(e2u)a C–C–H out-of-plane bending vibration was observed as
a weak band at 856 cm�1 in the IR (Exp.) spectrum and the
19(e2u)b mode was observed at 830 cm�1 in the Raman (Exp.)
spectrum. The presence of this peak conrms the para-substi-
tution of the phenyl ring. The modes corresponding to 11(e1g)
a were observed as a medium intensity and weak band at 742
cm�1 and 746 cm�1 in the IR transmittance (Exp.) and Raman
spectrum, respectively, which was also in agreement with the
theoretical results. In all the aromatic compounds, the carbon–
hydrogen stretching vibrations occur in the 3100–3000 cm�1

region. The C–H stretching vibrations in the benzene deriva-
tives arise from two non-degenerate modes, 1(a1g) at 3081 cm�1

IR (Exp.) and 3083 cm�1 Raman (Exp.); 5(b1u) at 3133 cm�1

Raman (Exp.) and two degenerate vibrations of e2g (3033 and
3021 cm�1) in the Raman (Exp.) spectra, e1u 3041 cm�1 (calc.),
i.e., the vibrations 1, 5, 15 and 12 modes, respectively. A weak
band at 3041 cm�1 in the Raman spectrum corresponds to the
C–H stretching mode 12a. The weak band observed in the IR
(Exp.) spectrum at 3081 cm�1 corresponds to mode 1 (a1u
vibration). In benzene, the fundamental vibrations of a1g (990
cm�1) and b1u (1006 cm�1) are the ring breathing and trigonal
bending of the 1 and 6 modes, respectively. The trigonal ring
bending mode was obtained as a medium intensity band in the
IR (Exp.) spectrum at 1029 cm�1. The strong IR active ring
breathing modes of the substituted phenyl rings are observed in
the 795–950 cm�1 region and these peaks were tentatively
assigned as listed in Table S2.†

4.2.2.3. Ethylene bridge vibrations. The vibrations pertaining
to the ethylene bridge are very sensitive to the degree of charge
transfer between the donor and the acceptor groups; thus, such
stretching modes are important to explore.77 In 2,4,5-TMBC, the
C8]C9 stretching mode was observed as a strong band at 1587
87326 | RSC Adv., 2015, 5, 87320–87332
cm�1 in the IR (Exp.) spectrum and as a strong band at 1575
cm�1 in the Raman (Exp.) spectrum. The corresponding calcu-
lated mode was at 1585 cm�1 in the IR (HF) spectrum and at
1572 (B3LYP) and 1582 (HF) cm�1 in the Raman spectra. The
strong bands in the Raman spectrum and a weak band in the IR
spectrum or vice versa have been attributed to presence or even
absence of inversion symmetry. The intra-molecular charge
transfer from the donor to acceptor group through the single-
double bond conjugation may induce large variations in the
molecular dipole moment and molecular polarizability, there-
fore causing the activity in both the IR and Raman spectra.74

Thus, the simultaneous activation of the C8]C9 stretching
modes in both the IR and Raman spectra conrms the charge
transfer interaction between the C]O group and phenyl ring
through the ethylene bridge. It can be observed from Fig. 3 that
the calculated modes at 1585 and 1582 cm�1 have strong peaks
in both the Raman and IR spectra.

4.2.2.4. Carbonyl group vibrations. The wavenumber of the
C]O stretch due to carbonyl group mainly depends on the
bond strength, which in turn depends upon inductive, con-
jugative and steric effects, and the lone pair of electrons on
oxygen. The C]O stretching vibration is expected to occur in
the 1740–1640 cm�1 region. In the present case, a very strong
C]O experimental band was observed at 1735 cm�1 in the IR
(Exp.) spectrumwith the theoretical value at 1739 cm�1 in the IR
(HF) spectrum and its conjugation with the C]C stretching
mode was obtained at 1654 and 1652 cm�1 in the IR (Exp.) and
Raman (Exp.) spectra, respectively. These values are in agree-
ment with the reported values.65,66,68,74 The in-plane and out-of-
plane C]O deformations modes were assigned at 626 and 538
cm�1 in the IR (Exp.) spectrum and at 537 and 500 cm�1 in the
Raman (Exp.) spectrum.

4.2.2.5. C–Br vibrations. C–Br stretching vibrations are
observed below 700 cm�1. For the 2,4,5-TMBC crystal, the C–Br
asymmetric and symmetric stretching modes appear at 707
(B3LYP), 667, 646 (HF) and 647 (Exp.) cm�1 and at 448 (B3LYP),
417 (HF) and 437 (Exp.) cm�1, respectively, in the IR spectra,
whereas in Raman spectra these modes have been observed at
668 (B3LYP), 689 (HF), 703 (Exp.) cm�1 and at 445 (B3LYP), 453
(HF) and 437 (Exp.) cm�1, respectively. These values are in
agreement with the reported values.66,67,69–72

4.2.2.6. Understanding NLO activity by vibrational spectros-
copy. The vibrational contribution to non-linear optical (NLO)
activity has been characterized by the p-conjugated systems
present in a molecule. Such systems have large value second
order molecular polarizabilities, which encourage the activity of
some modes in both the IR and Raman spectra. In this case, the
simultaneous activity of the phenyl ring 16 and 9 modes in the
IR and Raman spectra have been observed and play a crucial
role in the NLO activity of the crystal. These modes split into 16a
and 16b, and 9a and 9b peaks. The bands observed in the IR
(Exp.) spectrum at 1587, 1442 and 1324 cm�1 are active in the
Raman (Exp.) spectrum at 1575, 1455 and 1358 cm�1, respec-
tively. The relative intensities of both the IR and Raman peaks
are comparable due to the electron cloud movement through
the p-conjugated skeletal structure i.e. from the electron donor
to electron acceptor group.
This journal is © The Royal Society of Chemistry 2015
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Table 4 The calculated energy values of the frontier molecular
orbitals (FMOs) and energy difference of the HOMOs and LUMOs (in
eV) at the B3LYP/6-31G* level of theory

Orbital Energy

EHOMO �5.306
EHOMO�1 �6.395
ELUMO �1.932
ELUMO+1 �0.598
DEH–L 3.374
DEH–1–L+1 5.796
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4.3. Electro-optical properties

4.3.1 Frontier molecular orbital (FMO) analysis. In the
reactivity of any molecule, the frontier molecular orbitals
(FMOs) play a vital role. Among the FMOs, the interaction of
the HOMO and LUMO between the reacting species is very
signicant for the progress of a chemical reaction during
compound formation through the stabilization of the transi-
tion state structure of any compound. The HOMO and LUMO
energy values were determined at different levels of theory
such as B3LYP, HF, CAM-B3LYP, wb97xd and LC-BLYP. The
values calculated at the B3LYP level of theory are presented in
Table 2. These energy gap values describe the chemical reac-
tivity, kinetic stability, optical polarizability and chemical
soness of any molecule. Molecules with a larger HOMO–
LUMO energy gap are known as hard molecules and also
possess higher thermal and kinetic stabilities according to
soness-hardness rule. The energy gap between the HOMO
and LUMO of 2,4,5-TMBCmolecule was found to be 3.374 eV at
the B3LYP/6-31G* level of theory with a chemical hardness
value of 1.687 eV, which indicates that 2,4,5-TMBC has good
kinetic stability.

TD-DFT calculations predict the electronic transition at
3.103 eV (see Table S3 of the ESI†) at the B3LYP level of theory
corresponding to the transition from the ground state to the
rst excited state and shows charge transfer from the HOMO to
LUMO. The 3D plots of the frontier molecular orbitals (FMOs)
are shown in Fig. 4 and their respective energy values (in eV) are
given in Table 4.

It can be observed from Fig. 4 that the HOMO are mainly
delocalized on one side of the molecule, whereas the LUMO are
delocalized almost over the whole molecule. The electronic
density distribution is present on the whole molecule as indi-
cated by HOMO–LUMO transition. In addition, this transition
shows the intra-molecular charge transfer in the 2,4,5-TMBC
Fig. 4 The HOMO–i and LUMO+i (i ¼ 0, 1) representation of 2,4,5-
TMBC obtained at the B3LYP/6-31G* level of theory.

This journal is © The Royal Society of Chemistry 2015
molecule. The title molecule has advantages of noteworthy
transparency and low absorbance as observed experimen-
tally.16,42 This was also conrmed by the theoretically calculated
value of the transition energy, which was relatively larger and
belongs to the violet region of the spectrum. The excitation
energy calculated by the TDDFT method was found to be in
good agreement with the HOMO–LUMO energy gap at the same
levels of theory, i.e. B3LYP.

4.3.2 Time dependent-density functional theory (TD-DFT)
analysis. For excited state electronic structure calculations in
quantum chemistry and solid state physics, time dependent
density functional theory (TD-DFT) establishes itself as one of
the most popular theoretical methods. Contemporary density
functional approaches show a satisfactory balance between
accuracy and computational efficiency when compared with
traditional ab initio and semi-empirical approaches. We have
applied a TD approach at the B3LYP, HF, range separated CAM-
B3LYP, wb97xd and long range corrected LC-BLYP levels of
theory with the 6-31G* basis set to examine the nature of the
electronic transitions of 2,4,5-TMBC in the gas phase. As per
the available literature, a precise absorption wavelength at
moderately small computing time can be detected easily by
such studies on the basis of the optimized ground state
geometry, which corresponds to the vertical electronic transi-
tions in the molecule.78–80 The experimental UV-vis-NIR spectra
of 2,4,5-TMBC has been previously reported in the litera-
ture.16,42 The absorption wavelength, excitation energies,
oscillator strengths and major contributions were calculated in
the gas phase in the ground state of the optimized geometry
and are presented in Table S3.† The calculated UV-vis spectra
(obtained from the B3LYP, HF, CAM-B3LYP, wb97xd and LC-
BLYP levels of theory) of 2,4,5-TMBC in the gas phase are
shown in Fig. 5. As clearly observed from Fig. 5, there is a great
difference in the values of the absorption wavelengths calcu-
lated using the different methods. We have compared our
theoretically calculated absorption wavelength with the exper-
imental value, i.e., about 400 nm (the obtained spectra is
shown in Fig. S3 of the ESI†)42 and found that the value
calculated at the TD-B3LYP/6-31G* levels of theory (400 nm)
was in good agreement when compared with other applied
methods (Table S3†). The optimized geometry of 2,4,5-TMBC
species that the visible absorption maxima of this molecule
corresponds to the electron transition from the HOMO to the
LUMO.
RSC Adv., 2015, 5, 87320–87332 | 87327
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Fig. 5 UV-visible spectra of 2,4,5-TMBC calculated at different levels
of theory using the 6-31G* basis set.
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4.4. Polarizability and rst hyperpolarizability

In non-linear optical processes of technological importance in
device fabrications, the hyperpolarizability plays a signicant
role and vindicates the growing exertion ardent to the precise
determination of this property.81,82 Several recent studies83–85

show that besides an appropriate treatment of electron corre-
lation and a cautious choice of the function basis set, the
inclusion of the contributions arising from nuclear motion is of
fundamental importance for the calculations of molecular
electrical properties such as polarizability and hyper-
polarizability. Therefore, we have calculated the electronic total
dipole moment (mtot), molecular total and anisotropy of polar-
izability (atot, Da), and static and total rst hyperpolarizability
(b0, btot) using different methods such as the B3LYP, HF, range
separated CAM-B3LYP, wb97xd and long range correction LC-
BLYP levels of theory at the 6-31G* basis set. The calculated
Table 5 The calculated values of polarizability, hyperpolarizability and d
TMBC at the B3LYP/6-31G* level of theorya

Polarizability and dipole moment

Components a.u. esu (�10�24)

axx 460.421 29.34
axy �0.808 4.30
ayy 242.662 36.75
axz �6.288 8.00
ayz 7.913 �4.74
azz 99.245 32.90
atot 315.177 46.699
Da 267.443 39.626
mx 2.257 5.738 D
my �0.622 �1.582 D
mz �0.078 �0.197 D
mtot 2.343 5.955 D

a For a, 1 a.u. ¼ 0.1482 � 10�24 esu, for b, 1 a.u. ¼ 0.008629 � 10�30 esu

87328 | RSC Adv., 2015, 5, 87320–87332
values at the B3LYP level of theory are presented in Table 5
along with 10 components. The values calculated at the HF,
CAM-B3LYP, wb97xd and LC-BLYP levels of theory are also
presented for comparison in Table S4(1–4) (see ESI data†). The
polarizability and hyperpolarizability values are dominated by
their diagonal components, i.e. components along the dipole
moment axis of axx and bxxx. The value of the total dipole
moment (m) was 2.343 D at the B3LYP level of theory. The
variation of the hyperpolarizability values at all the applied
levels of theory are shown in Fig. S4† along with those found for
urea. From the gure it is clear that the hyperpolarizability value
was found to be higher at the B3LYP level of theory than the
other methods studied.

The highest value for mx of the dipole moment components
was found and was a major contributor to the total dipole
moment in the molecule. In a similar way, the average polar-
izability (atot), anisotropy of polarizability (Da) and total rst
hyperpolarizability (btot) of 2,4,5-TMBC have non-zero values
of 46.699 � 10�24, 39.626 � 10�24 and 21.137 � 10�30 esu,
respectively. The non-zero value of btot shows that the title
molecule possesses microscopic rst static hyperpolarizability
acquired by the algebraic second-derivative of the electric
dipole moment. The rst hyperpolarizability value of 2,4,5-
TMBC is 56 times larger than that found for urea [the b value
for urea is 0.3728 � 10�30 esu]. The experimental value for the
second harmonic generation (SHG) of 2,4,5-TMBC was
measured and found to be 1.8 times higher than that found for
urea.42 The calculated non-zero btot and SHG values were many
folds higher than organic as well as other reported
materials.37–40,86–93
4.5. Ionization potentials, electron affinities and
reorganization energies

To shed light on the charge transport behavior, the ionization
potential (IP), electron affinity (EA), l (h), and l (e) are signif-
icant factors. The smaller/higher IP/EA values means that
materials would be efficient hole/electron transporters. The
ipole moment along with their individual tensor components of 2,4,5-

Hyperpolarizability

Component a.u. esu (�10�30)

bxxx �4463.056 �38.565
bxxy 2214.039 19.132
bxyy �193.007 �1.668
byyy 35.940 0.311
bxxz 96.447 0.833
bxyz �20.389 �0.176
byyz 2.185 0.019
bxzz 39.080 0.338
byzz 8.380 0.072
bzzz �5.127 �0.044
b0 1467.657 12.682
btot 2446.095 21.137

, murea ¼ 1.3732 D and burea ¼ 0.3728 � 10�30 esu.86

This journal is © The Royal Society of Chemistry 2015
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Fig. 6 The molecular electrostatic potential plot of 2,4,5-TMBC with
an iso value of �0.02 a.u.
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smaller l (h) and l (e) values reveal procient hole and elec-
tron transport materials, respectively. We have tabulated the
IPa, IPv, EAa, EAv, l (h) and l (e) values in Table 6. The smaller
IPa/IPv values of the chalcone derivative studied compared to
4,6-di(thiophen-2-yl)pyrimidine, i.e., 0.99/0.88 eV show that
2,4,5-TMBC would be procient hole transport material when
compared to 4,6-di(thiophen-2-yl)pyrimidine.57,94–96 The larger
EAa/EAv values of the chalcone derivative compared to 4,6-
di(thiophen-2-yl)pyrimidine, i.e., 0.11/0.7 eV show that the
former would be superior electron transporter when compared
to the latter. The smaller computed l (e) value of the chalcone
derivative compared to the l (h) value demonstrates that it
would be a better electron transport material.

The major alteration from neutral geometry to cationic and
anionic has been found in the C15–C16–C17 and C17–C19–C21

bond angles. The neutral, cationic and anionic bond angles in
C15–C16–C17 (C17–C19–C21) have been observed as 118.97�,
119.07� and 119.70� (127.90�, 127.17� and 126.88�), respectively.
The key alteration in the geometry was observed from the
neutral to cationic bond angles, i.e., 0.73� and 1.02�. Thus, the
geometry relaxation between the neutral and cationic are
greater than the anionic bond angles ensuing more polarization
in former and consequently, the l (h) value is larger than the
l (e) value.
4.6. Global chemical reactivity descriptors (GCRD)

The parameters of the global chemical reactivity descriptors
(GCRD) are very important to investigate the connection
between the structure, stability and global chemical reactivity of
molecules and are based on conceptual DFT. These descriptors
are used in the expansion of quantitative structure–activity,
structure–property and structure–toxicity relationships. The
hardness of any molecule is related to its aromaticity.97 DFT
provides an explanation of the principal universal perceptions
of molecular structure, stability and reactivity.98 In the current
study, we have calculated various GCRD using EHOMO as the
ionization potential (I) and ELUMO as electron affinity (A) (details
can be found in ESI†). The computed values of GCRD such as h,
m, S, c and u are 1.687, �3.619, 0.733, 3.619 and 1.809 eV,
respectively at the B3LYP/6-31G* level of theory. Thermody-
namic parameters, such as thermal energy (E), specic heat (Cv)
and entropy (S) were calculated at the HF, B3LYP, CAM-B3LYP,
wb97xd and LC-BLYP levels of theory with the 6-31G* basis set,
and have been tabulated in Table S5 (ESI†). The variation of
these thermodynamic parameters at the different levels of
theory is shown in Fig. S5 (ESI†).
Table 6 The vertical and adiabatic ionization potentials (IPv/IPa),
vertical and adiabatic electronic affinities (EAv/EAa) and hole/electron
reorganization energies l (h)/l (e) of 2,4,5-TMBC studied at the B3LYP/
6-31G* level of theory

Parameters IPv IPa EAv EAa l (h) l (e)
Units eV eV eV eV eV eV
Values 6.80 6.59 0.50 0.65 0.447 0.305

This journal is © The Royal Society of Chemistry 2015
4.7. Molecular electrostatic potential (MEP)

The 3D plot of the molecular electrostatic potential (MEP) of
2,4,5-TMBC was theoretically predicted to gain better under-
standing at a molecular level and is shown in Fig. 6. It is the
measurement of the electrostatic potential on the constant
electron density surface. The 3D plots of MEP overlap on the top
of the total energy density surface. It is a very supportive prop-
erty to investigate the reactivity of molecular species by pre-
dicting that either the approaching nucleophile is attracted
towards a positive region of the molecule or the approaching
electrophile is attracted towards a negatively charged surface of
the molecule. In the MEP plot, the maximum positive potential
(blue) and negative potential (red) regions are preferred sites for
nucleophilic and electrophilic attack, respectively.38,39,99,100 The
MEP plot of 2,4,5-TMBC is drawn as shown in Fig. 6 to acquire
simultaneous information on its molecular size, shape along
with its positive, negative and neutral electrostatic potential
regions in terms of color grading.
5. Conclusions

The ground state molecular geometry of 1-(4-bromophenyl)-3-
(2,4,5-trimethoxyphenyl)prop-2-en-1-one was obtained using
DFT and HF methods with the 6-31G* basis set. The calculated
geometrical parameters at different levels of theory were
compared to the experimental values and found to be in good
agreement with one another. Furthermore, these geometrical
parameters calculated by periodic boundary conditions at PBE/
DNP were also found to be in good agreement with the experi-
mental values reported. Spectral characterization has been
carried out through FT-IR and FT-Raman analysis and found in
respectable agreement with the experimental results. The
lowering of the carbonyl stretching wavenumber indicates the
presence of conjugation. The electronic effects of hyper-
conjugation and back-donation have also been established. The
simultaneous IR and Raman activation of the phenyl ring
modes of 16, 13 and 9 also provides evidence for the charge
transfer interaction. Hydrogen bonding causes a downward
wavenumber shi for the peaks. The intermolecular hydrogen
bonds give broad bands, whereas intra-molecular hydrogen
bonds produce sharp and well resolved peaks. The compre-
hensible intra-molecular charge transport has been observed
RSC Adv., 2015, 5, 87320–87332 | 87329
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from the trimethoxyphenyl moiety (HOMO) to the bromophenyl
unit (LUMO). The absorption wavelength determined at the TD-
B3LYP/6-31G* level of theory in the gas phase was observed at
�400 nm, which was found to be in good agreement with the
experimental value of 400 nm. The dipole moment and rst
hyperpolarizability values were found to bemany folds (2 and 56
times calculated at the B3LYP level of theory) higher than that
found for urea. The smaller geometry relaxation from neutral to
anionic would lead to a smaller electron reorganization energy,
which ultimately increases the electron charge transport. The
smaller electron reorganization energy than the hole showed
that 2,4,5-TMBC has great potential to be an efficient electron
transport material. The calculated MEP plot shows the negative
potential sites in the compound (as indicated by the red color),
which is favorable for electrophilic attack, whereas the positive
potential sites (as indicated by the blue color) are favorable for
nucleophilic attack. The higher value of rst hyperpolarizability
makes it an excellent candidate for the fabrication of non-linear
optical (NLO) devices.
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