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spectra of 2,4
are recorded and

analyzed. The spectra were taken with the assistance of

normal coordinate analysis

following  full structure

optimization based on Density Functional Theory (DFT) using standard B3LYP/6-31G+(d) and 6-

311G++(d,p) basis set.
experimental spectra.

The IR and Raman spectra were predicted theoretically and compared with
The electronic and optical properties of the titled compound are studied

theoretically. The quantum chemical parameters of the molecule are also calculated. Many approaches
have been recently proposed to extend the efficiency of solar cells above the theoretical limit. The
application of methoxybenzene in solar cell technology for improvement of harvesting the solar power
efficiency (LHE) using organic sensitizers including donor, acceptor and binary linker conjugated bridges
(D-7-A). The LHE, electron injection, exciton binding energy and open circuit voltage (Voc) of 2,4-DCMB
and their new designed dyes are investigated using TD-DFT.

KEYWORDS: FT-IR; FT-Raman;
HOMO; LUMO; LHE; 2,4
dichloromethoxybenzene.

1. INTRODUCTION
Methoxybenzene could be
recognized as monosubstituted
aromatic hydrocarbon, which has
an asymmetric substituent hooked
up to the phenyl ring. It is of
considerable interest attributable
to the environmental concern and
conjointly as a model compound
for lot of chemically and
biologically fascinating system [1].
Methoxybenzene and lot of its

derivatives are found in fragrances,
as additive flavouring agent in food
and also in the manufacture of
different chemicals [2, 3].
Chloromethoxybenzene have
immense interest because of their
high environmental impact. They
have been extensively found in air,
in marine and seafood, in sediments
and even in drinking water treated
by the chlorination method [4, 5].
Depending on their physical and
chemical properties of
chloromethoxybenzene the
environmental effects may vary. The
functional groups present in

methoxybenzene leads to
the variation of charge
distribution within the
molecule and consequently
have an effect on the
structural, vibrational and
electronic parameters.

In recent days, due to an
economical concern as
well as the shortage of

electricity production
needed for domestic and
industrial  usage, dye
sensitized  solar  cells
(DSSCs) have more

attraction for the
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conversion of solar power into electricity because of their high efficiency and low price [6]. The design
and synthesis of functional dyes became attention of current analysis perspective of their potential
application as sensitizers in dye-sensitized solar cells (DSSCs) technologies [7]. The designing of
organic dyes sometimes adopt the donor-pi-spacer-acceptor (D-m-A) structural motif so as to enhance
the efficiency. The photovoltaic properties of such dyes are often clearly tuned by selecting appropriate
groups within the D-m-A structure. The density functional theory (DFT) has emerged as a reliable
customary tool for the theoretical treatment of structures further as electronic and absorption spectra.
The computational cost of TD-DFT calculation has maintains uniform accuracy, so it is extensively used
to study the structures and absorption spectra of sensitizing dyes for DSSCs.

In this paper, we studied the detailed spectral investigation of 2,4-DCMB using DFT (B3LYP)
with 6-31G+(d) and 6-311G++(d,p). This study is also extended to focus on electronic and optical
properties of the titled compound 2,4-DCMB. The Light Harvesting Efficiency of the titled compound
and the new designed dyes are also obtained theoretically.

2. EXPERIMENTAL DETAILS

The titled compound 2,4-DCMB was acquired from Sigma Aldrich Company with a purity of 97%
after that the compound is processed to record FT-IR and FT-Raman spectrum with no further
purification. The FT-IR spectrum of the title compound is recorded in the region between 4000 - 400
cm! by using Bruker IFS 66V spectrometer with a MCT detector, KBr beam splitter and global source at
a resolution of +2 cm1. For the title compound 2,4-DCMB, FT-Raman spectrum is recorded by using
Bruker RFS 100/S (4000 - 100 cm-!) with Neodymium doped Yttrium Aluminium Garnet (Nd:YAG)
laser typically emit light with a wavelength of 1064 nm as the source of excitation at 200 mW power.

3. COMPUTATIONAL DETAILS

The vibrational frequency calculations and molecular geometry optimization of 2,4-DCMB were
carried out with Gaussian 09W software packages developed by Frisch and co-workers [8]. The
harmonic vibrational wave numbers combined with standard 6-31+G (d) and 6-311++G (d,p) basis sets
was calculated using B3LYP, Becke’s three hybrid functional parameter with Lee-Yang-Parr correlation
methodology [9, 10]. Each parameter were permissible to relax and all the calculations are combined to
optimized geometry that relates true minimum, as revealed by the absence of imaginary values within
the wave number calculations [11,12]. The results obtained from GAUSSVIEW program is combined
with symmetry considerations, vibrational frequency assignments were created with a high degree of
confidence. The standardized analogy of DFT results with an experimental results showed that the
method using functional B3LYP is the most promising to provide correct vibrational wave numbers
[13].

4. RESULT AND DISCUSSIONS
4.1. MOLECULAR GEOMETRY

The geometrical parameters of the titled compound 2,4-DCMB were optimized with Becke3-
Lee-Yang-Parr (B3LYP) at 6-31G+(d) and 6-311G++(d,p) basis sets using GAUSSIAN 09. The non-linear
molecule having N atoms is adequate (3N-6) vibrational modes, except three translational and three
rotational degrees of freedom [14]. The molecule is taken into an account under C1 point group
symmetry. The optimized molecular structure of the titled molecule in accordance with the atom
numbering scheme is shown in Fig. 1. The optimized structural parameters such as bond length, bond
angle and dihedral angle are calculated for the molecule 2,4-DCMB and it is appeared in Table 1. The
computed bond lengths and bond angles are compared with the experimental values. Both the values
(calculated and experimental) are more or less same. The theoretical calculations are executed upon an
isolated molecule in the gaseous phase however the experimental results are executed to the molecules
in solid state [15].
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Fig. 1 Optimized molecular structure of 2,4-dichloromethoxybenzene

The optimized molecular geometry shows that methoxy group (0-CH3) is substituted in the first
position and the Cl group is substituted in the second and fourth positions of the ring. The bond length
between C1-C6 has high value compared with remaining five C-C bonds in the ring. The experimental
value of bond length between C1-07 is 1.370 A [18] and the calculated bond length is 1.359A. Due to
the substitution of methoxy group in the first position of the ring the bond angle of C2-C1-C6 is 1.69 A
which is compressed than the bond angle of C4-C5-C6 [16]. From this it is clear that the phenyl ring
appears to be little distorted and the angles are slightly out of the perfect hexagonal structure.

4.2. VIBRATIONAL ASSIGNMENTS

The computed frequencies are calculated by using DFT/B3LYP/631G+d and 6311G++d,p basis
set. The non-linear organic compound 2,4-DCMB consists of 16 atoms and its has 42 normal modes
which are distributed as,

V3N — 6=29 A’ (in plane) + 13 A” (out of plane)

The vibrational assignments of 2,4-DCMB along with the calculated and experimental FT-IR
and FT-Raman frequencies are displayed in Table 2 and the corresponding spectrums are shown in Fig.
2 and Fig. 3.

4.2.1 Methyl group Vibrations:

Each CH3 group has basically nine fundamental vibrations namely: 1-symmetric stretching, 2-
asymmetric stretching, 3-inplane bending and 3- out-of-plane bending. Generally in the aromatic ring,
methyl group substituent is associated as giving an electron. For methoxy group compounds [17, 18],
the asymmetric and symmetric stretching vibrations are usually appear in the range 2860 - 2935 cm-!
and 2825 - 2870 cm-1respectively. The CHj3 stretching vibrations are identified at 3012 cm-1in FTIR and
the bands 3015, 2948 and 2848 cm-! in FT-Raman spectrum. The theoretically computed values 3134,
3123 and 3044 cm- by DFT/B3LYP/6-311++G(d,p) are for asymmetric and symmetric stretching
vibrations. The bending vibrations are usually observed at 1450 cm-! for methyl substituted benzenes
[19]. As expected, the peaks at 1489, 1448 cm-! in FT-IR and 1449 cm-!in FT-Raman are observed due
to CHz bending vibrations. The calculated values by DFT/B3LYP/6-311G++(d,p) for bending vibrations
are obtained in 1511, 1501 and 1476 cm-! respectively. These theoretically calculated values are also
well coincide with an experimental values.

4.2.2 C-H Vibrations:

The range 3000 - 3100 cm-! is the characteristic region for C-H stretching vibrations [20]. The
expected stretching vibrations are assigned at 3102, 3075 cm-! in FT-IR and 3070 cm-! for FT-Raman.
The C-H in-plane and C-H out-of-plane bending vibrations are usually appears in the region of 1000 -
1300cm ! and 1000 - 750 cm-! [21]. The in-plane bending vibrations are seen at the bands of 1280,
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1132, 1080 cm! in FT-IR spectrum and 1283 cm-! in FT-Raman spectrum. The out-of-plane bending
vibrations are identified at 883, 818 cm-! in FT-IR and 823 cm-! in FT-Raman for the titled compound
(2,4-DCMB).

4.2.3 C-C Vibrations:

The (C=C) vibrations are all more fascinating if the double bonds are in conjugation with the
ring [22]. In the ring C=C and C-C stretching vibrations are usually appears in the range 1625-1400 cm!
and 1380-1280 cm-! [23-25]. The C=C stretching vibration is observed at 1580 and 1400 cm-! in IR
spectrum and 1570 cm! in Raman spectrum. For the titled compound, C-C stretching vibrations are
seen at 1300 cm-! in IR spectrum and also the corresponding Raman spectrum are seen at 1241 cm-1
And the in-plane bending and out-of-plane bending vibrations for the titled compound are observed at
732,631 cmt and 415 cm-L

4.2.4 C-Cl Vibrations:

The C-Cl stretching vibrations are usually appears as a strong band in the region 760-505 cm-!
[20]. Most of the aromatic chloro compounds have a band of strong to medium magnitude within the
region of 385-265 cm! for in-plane bending vibrations [26]. The C-Cl stretching vibration is observed
at 648 cm! in FT-IR and 546 cm- in FT-Raman. The theoretically computed frequencies by
DFT/B3LYP/6-311++G (d,p) method having 331 and 240 cm! for in-plane bending vibrations. The out
of plane bending vibration for C-Cl is 164 and 106 cm-! respectively.

4.2.5 0-CH3 Vibrations:

The O-CH3 stretching vibration is generally appeared in the region 1100-1000 cm for
methoxybenzene and its derivatives. In FT-Raman, O-CH3 stretching vibration is observed at 1100 cm-L
Raman Rao et al,, has suggested an assignment for bending vibration of C-0O-CH3z within the range 670-
300 cm-! [27]. The C-O stretching vibration is observed at 1048 cm-! in FT-IR spectrum and in-plane
bending vibration is observed at 588 cm-! in FT-Raman spectrum. The observed values are in good
agreement with the literature data [28] and well coincides with the theoretically calculated values.

5. LOCAL REACTIVITY DESCRIPTOR

Fukui function (FF) is one of the broadly used local reactivity descriptor to display chemical
reactivity as well as site selectivity [29]. The atom with highest Fukui function is highly reactive
compared to the other atoms in the molecule. Fukui function is characterized as the subordinate of
electron density p(r) as for the complete number of electrons N in the system, at uniform external
potential v(r) following on an electron due to all the nuclei in the system, where p is chemical potential
of the system.

ap(r)o ou
f(T')Z [ N :IV(T):I:WN

Electronic chemical potential is the derivative of total energy (E) with relevancy of an electron
density. It is more convenient to represent the Fukui function values around every atomic site into a
single value that characterizes the atoms in a molecule. In chemical reaction, a modification within the
number of electrons involves the addition or subtraction of at least one electron within the frontier
orbital. Throughout the reaction, behaviour of an electrophilic and nucleophilic attack depends on the
local behaviour of molecule.

The condensed form of Fukui function is the more convenient way to study the local reactivity
of the molecule at the atomic level which are expressed as follows: [30]

= lqr (N + 1) — g, (N)], for nuclephilic attack,
€ =lqe(N) — g (N — 1)], for electrophilic attack,
fF =lg(N+1)—q (N —1)]/2, for radical attack
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Table 1: The calculated geometric parameters of 2,4-dichloromethoxybenzene using
DFT/B3LYP-631G+d and 6311G++d,p basis sets.

Bond Length (A7) Bond Angle (A7) Dihedral angles(A7)
Parameters 6- Parameters Parameters
6-31G+(d) 311G+Hd,p) Exp. 6-31G+Hd) 6-311G+Hd,p) Exp. 6-31GHd)  6-311G+H(d,p)
c1-c2 1.408 1405 1362 C2-C1-C6 117.189 117.081 1207 C6-C1-C2-C3 0.002 0.002
C1-Cé 1.410 1407 1384 C2-C1-07 130.186 130.233 Cé-C1-C2-Cl112 -179.996 -179.996
C1-07 1.361 1359 1370 Ce-C1-07 112.626 112.686 07-C1-C2-C3 -179.999 180.001
C2-C3 1.402 1399 1427 C1-C2-C3 120593 120680 1208 07-C1-C2-Cl12 0.003 0.003
ca-ci2 1.765 1.766 c1l-c2-cu2 124.207 124.170 C2-C1-Ce-C5 0.000 0.000
C3-C4 1388 1384 1385 C3-C2-C112 115200 115.150 C2-C1-C6-H16 180.000 180.000
C3-H13 1.084 1081 108 C2-C3-C4 120420 120362 1199 07-C1-C6-C5 -179.999 -179.999
C4-C5 1397 1393 1.363  (C2-C3-HI3 119.045 119.072 07-C1-C6-H16 0.001 0.001
C4-Cl14 1.757 1.757 C4-C3-H13 120.535 120.566 C2-C1-07-C8 0.040 0.044
C3-Cé 1387 1383 1440 C3-C4-C5 120.287 120336 1193 C6-C1-07-C8 -179.962 -179.957
C3-H15 1.085 1.082 108 C3-C4-Cl14 119.627 119.621 C1-C2-C3-C4 -0.002 -0.002
C6-H16 1.086 1.083 108 C5-C4-Cl14 120.086 120.043 C1-C2-C3-H13 179.999 179.999
07-C8 1.430 1431 1422 C4-C5-C6 118.879 118875 1214 C112-C2-C3-C4 179.996 179.996
C8-H9 1.093 1.091 1.09 C4-C5-H15 120.607 120.576 Cl12-C2-C3-H13 -0.003 -0.003
C8-H10 1.092 108 109 C6-C5-H15 120514 120.549 C1-C2-C112-C8 -0.018 -0.020
C8-H11 1.093 1091 1.09 C1-C6-C5 122 633 122666 1185 C3-C2-C112-C8 179984 179.983
" Ref. [15]
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Fig. 2 Experimental and calculated FT-IR spectra of 2,4 dichloro methoxybenzene
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Fig. 3 Observed and simulated FT-Raman spectra of 2,4 dichloro methoxybenzene
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Where qk(N), qx(N+1) and qk(N-1) are the charge for neutral, anionic and cationic species on the
kth atom of the molecule. The Fukui functions f;'and f;{ will give the regions at which the molecule is
most able to accommodate the addition and removal of an electron, respectively. The large values of
f#t and f§ will point out the molecular regions susceptible to nucleophilic and electrophilic attacks.

A dual descriptor (Af(r)) is proposed by Morel et al., [31] which is the difference between fukui
functions such as nucleophilic and electrophilic attack. It is given by the equation,

Af(r) = [fi = f{]

If the value of dual descriptor is positive then the site is favoured for a nucleophilic attack,
whereas if it is negative then the site is favoured for an electrophilic attack. The values of local
reactivity descriptors are calculated at B3LYP/6-311G++(d,p) method from Mulliken atomic charges in
molecules which are listed in Table 3.

Table 2: Experimental FT-IR, FT-Raman and Calculated DFT-B3LYP/6-31G+(d), DFT-B3LYP/6-
311G++(d,p) levels of vibrational frequencies (cm™1), IR intensity (kmmol 1) and Raman activity
of 2,4-dichloromethoxybenzene

Calculated frequencies (em™)

Obzerved frequencies IR Intenzity Raman Activity . i
(em™) BALYP/ BALYP/ (kmmol™) Vibrational
No §-31 G+{d) 6-311G+{d;p) mg?:;;;;;“—“
IR Raman Unscaled Scaled Unscaled Scaled BALYP/ B3LYP/ BILYP/ B3LYP/
§-31C+(d)  6-311 C=={dp) 6-31 C=(d) 6-311 C={d,p)
1 3102 3108 3213 3105 0271 0750 74317 72627 v-CH(I3)
2 3075 3082 3208 3079 1915 0.632 136367 v-CH(93)
3 3070 3073 3191 3076 2025 1169 v-CH{96)
4 3012 3015 3020 3134 3023 3 18.999 33 v-CHsas (93)
5 1948 3009 3123 3112 1 11419 7 v-CH;as (97)
] 1848 2905 3044 2901 58.619 54138 S v-CH: s (96)
7 1580 1589 1629 1586 7.183 6.736 705 Ringdeformation(82), p-CH:(13)
8 1570 1581 1591 1578 11511 14422 Ring deformation(86), p-CHs(12)
9 1489 1501 1511 1504 219112 219928 5-CHs(68), B-CH{32)
10 1467 1501 1464 1.554 21.384 2 5-CHi(8%)
11 1463 1496 1460 9318 10.737 3 v-CC(76), p-CH:(12)
12 1448 1449 1452 1476 1455 83489 68.526 p-CH:(82), B-CH(13)
13 1400 1409 1406 1405 36.176 31147 v-CCEL), p-CH:(13)
14 1300 1311 1330 1309 138.807 147.877 Ring deformation(86), o-CH:(12)
15 1280 1283 1288 1279 1291 48.019 34197 3 B-CH(8G)
16 1241 1253 1254 1250 109.819 114675 7 Ringdeformation(73), v-CO (1)
17 1200 1211 1204 1209 1.889 2652 w@-CH:(84), B-CH(14)
18 1149 1154 1162 1151 1.197 0.694 3 @-CH:(91)
19 1132 1135 1159 1137 3934 4402 5 B-CH(ET)
20 1100 1107 1117 1104 19933 v-0-CH: (72), B-CHZS)
Il 1080 1087 1067 1083 T35 38.761 B-CH(64), v-CC1(32)
22 1048 1053 1026 1051 30.903 51.603 v-CO(61), v-CC(34)
23 883 200 961 201 0.668 0.505 7- CH{94)
24 818 823 823 879 815 19.564 20337 +-CH(92)
25 732 733 837 736 44281 44549 B-CC{65), B-CO(2N)
26 700 711 829 714 34354 33.257 7- CH{8T)
27 648 653 710 630 26.600 0.482 v-GCL(E3)
28 631 640 692 637 1.349 26.811 B-CC(78), -CHs(21)
ol 364 571 633 374 28986 31.062 B-0-CH: (72, B-CH(14)
30 546 555 362 552 3493 3.566 v-GCL(B3)
31 438 439 546 436 1.198 1184 B-CC (72, +-CH: (18)
32 415 416 462 419 3630 3269 7-CC(88)
33 376 400 400 g2 2957 3147 6.740 6.396 7-0-CH:(77)
34 346 m m 346 0.118 0.098 4833 3.082 B-CO(70)
33 332 331 333 0434 0.441 0.863 0.350 B-CCLI66)
36 304 303 196 4.493 4323 4.594 4442 -CC(E3)
37 164 255 252 0.431 0.362 0.727 0.839 t+CH:(%3)
38 207 141 240 215 1.243 1373 0.764 0.721 B-CCL(T1)
9 192 192 197 0.185 0.197 2.389 1418 4-CC(78)
40 166 164 168 0.522 0447 1.121 1076 4-e1(39),7- CC(36)
41 107 106 109 1.190 1.175 0.605 0.367 7-CC1064)
42 77 80 86 3.897 5928 0.013 0.013 + CO(38)

Abbreviations: s-symmetrical, as-asymmetrical, v-stretching, p-in-plane bending, y-out of plane
bending, t-torsion, 8-scissoring, m-wagging, p-rocking and t-twisting
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Table 3: Condensed Fukui functions for 2,4-dichloromethoxybenzene calculated at B3LYP/6-
311G++(d,p) method

Atom 2:N+1) ™) 2:(N-1) i 1t £ Af; sl st sl oy @K o’
C1 0.052 0389 0.179 0337 0210 -0.063 0348 0130 0.081 0024 -1.103 0.688 -0.208
c2 0.792 -0.302 0.133 1.054 0.434 0.330 1528 0421 -0.167 0.127 3577 -1.421 1.078
C3 -0.082 0.069 0.074 0.132 0.144 -0.004 0295 D038 0.033 0002 0496 0.469 0.013
c4 0.051 0314 0.301 0.363 0615 0125 0.980 0.140 0237 -0.048 1.192 -2.011 0.409
C5 -0.041 -0.004 -0.032 -0.037 0.047 0.003 0084 0014 0018 0002 0119 0.153 0018
Cé 0.039 -0.210 0.094 0.249 0303 0.028 0554 0096 0117 0011 0213 -0.997 0.091
o7 0.004 -0.536 0245 0539 0.781 0121 1320 0208 0301 -0.046 1.764 -2.533 0.395
cs 0.004 0.284 0015 0.288 0.269 0.009 0.357 0111 -0.104 0.004 0942 -0.880 0.031
HY -0.001 0.203 0.014 -0.205 0.190 0.007 0394 0079 0.073 0003  -0.669 0.620 0.024
H10 -0.001 0.200 0.000 0.201 0200 0.000 0401 0077 0.077 0000 0637 0.653 0.001
H11 -0.001 0.203 0014 -0.203 0.190 -0.007 0394 0079 0.073 0003 0669 0.620 -0.024
cnz 0233 -0.002 0048 0233 0.050 0.092 0283 0090 -0.019 0.036 0.768 -0.163 0302
H13 0.030 0.217 0.002 0.186 0213 0.014 0402 0072 0.083 0006 0610 0.704 0.047
Cl14 0.012 0.011 0.117 0.024 0.128 0.052 0.152 0.009  -0.049 -0.020 0078 -0.419 0171
H13 0.001 0.192 0.001 -0.190 0.191 0.000 0381 0073 0.074 0000 0622 0.624 0.001
H16 0.012 0.189 -0.006 0.177 0.195 0.009 0372 -0.068 0.073 0003 0380 0.638 0.029

Table 4: The DFT/ B3LYP/6-31G+(d) and B3LYP/6311G++(d,p) calculated electric dipole moments (Debye), Dipole moments compound,
polarizability (in a.u), p components and B (esu) value of 2,4-dichloromethoxybenzene and its derivatives (NON LINEAR OPTICAL
PROPERTIES)

Parameters ﬁgsllﬂ"ﬂ) 6_311?}’}3 4y SACH B 631G-d 631G+d (Ben+NO1) 631G+d 631G~d §31G+d (Thic+ND:)
o TEITT TI779 B SIITZ T
L, 04318 07696 12948 1181 1748
e 0.0027 -0.0013 0.0004
e 496 52459 2.6901
. 137.7392 -136.3106 . 1185485
U -104.928 -113.4308 -106.8923 -118.277
O -119.4389 2 -119.989%3
Uy -57316 -5.2462
Oy 0.0105 0.0106
s 0.0117 0.009
Aatasy) -120.702 -120.108 -121.361 -125.048
B 192.4729 117467 211.1007 19.8533 136.0893
B 35.8366 347191 29,1898
[ -0.0007 0.0199 0.0243
By 78109 15.208 92826
[ 4.3963 44,4836 -44.2619
Bone 00773 0.0743 0.0406
Bom -18.471 -30.9067 26.0002
Bom 6.6138 5.9018 81365
Brrz 00067 0.0037 0.0078
Brrz 0.0215 00169 -0.0009
BtotCasp) 1.958E-30 2.8104E30 1.4023E29 6.6T69E-30 7.5109E-30 6.0964E-30 9.0039E-30

6. FIRST ORDER HYPERPOLARIZABILITY

communication and optical computing [33, 34].

Encuo =-6.452

Mo -

46\l

AE =5.2450 gY,

Eiruo=-1.2074 g\
Fig. 4 HOMO - LUMO plot of 2,4-dichloromethoxybenzene

Non linear optics is an interaction of applied electromagnetic fields in several materials to
produce new electromagnetic fields [32]. Organic molecules are used in technologies like fibre optical

hyperpolarizabilities due to that the molecule has variety of NLO properties.

Generally these materials have high molecular
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The electronic and vibrational supplement to first order hyperpolarizabilities are thought about
hypothetically for organic and inorganic systems. The values of first order hyperpolarizability were
ascertained to be very extensive for pi-conjugated molecules with an electron giving and therefore an
electron accepting substituent connected to the aromatic ring, as compared with the monosubsituted
molecule [35]. The thought of boosting NLO properties for an organic material is still followed by the
conventional method. For the designing of second-order NLO materials, a theoretical calculation on
molecular hyperpolarizability is one of the key factors [36, 37]. The hyperpolarizability is useful in
understanding the relationship between the structure and nonlinear optical properties of the molecule.
This theoretical information gives a supportive guidance to experimentalists to design as well as
synthesis of new NLO materials [38].

The first order hyperpolarizability of titled compound is calculated using B3LYP/6-31G+(d) and
6311G++(d,p) basis set, established on finite field approach. The components of first order
hyperpolarizability (B) are characterized as the coefficient in Taylor’s series expansion of energy in an
external electric field [39]. The energy of an uncharged molecule under electric field can be expressed
by Buckingham type expansion [40].

1 1
E=Eo - HQFQ - E OLOL[;FQFﬁ - g BaByFaFBFy+ .....

where, E is the energy of a molecule under the electric field F, Eo is the energy of an unperturbed
free molecule, F, is the field at the origin, p, o, and B, are the components of dipole moment,
polarizability and first order hyperpolarizabilities respectively.

The total dipole moment (u) and first order hyperpolarizability (B) are calculated for
monosubstituted aromatic hydrocarbon and the new designed dyes which are listed in Table 4. The
better results were obtained by using different donors and acceptors and the titled compound is as = -
linker (D-m-A). The large value of hyperpolarizability is a measure of non-linear optical activity of the
sub-atomic system is expounded with the intermolecular charge transfer, ensuing from the electron
cloud movement through pi-conjugated system from electron benefactor to electron acceptor
gatherings. From the results the new designed dye 2,4-DCMB4 (ie. Thiophene and Cynate are
substituted as donor and acceptor) is most efficient for intermolecular charge transfer upon photo
excitation.

7. ELECTRONIC AND UV-VIS SPECTRAL PROPERTIES
7.1 ELECTRONIC PROPERTIES

Among electronic applications of these materials as associate organic photovoltaic cell, the
theoretical information concerning the energy levels (HOMO and LUMO) of the components is
mandatory. The HOMO and LUMO energies of the molecules are combined to create frontier molecular
orbital (FMO). The FMOs strongly participate in investigating the electronic and chemical properties of
the molecule [41]. HOMO and LUMO acts as an electron donor and electron acceptor and the
corresponding energy segments are an essential element for photovoltaic devices to decide if effective
charge transfer will occur within the molecule [42, 43].

The HOMO-LUMO energies and band gaps for the titled compound and additionally for six new
designed dyes are calculated by using B3LYP/6-311++G (d,p) basis set which are listed in Table 5 and
the corresponding HOMO-LUMO image is shown in Fig. 4. The dye 2,4-DCMB6 has lowest energy gap
(Eg). Due to this reason this dye has the most outstanding photo physical property which shows a
powerful impact of intramolecular charge transfer than others (ie. band gap value is smaller than that of
other Dyes and the titled compound). From that the dye 2,4-DCMB6 which might make the absorption
spectra red shifted.
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7.2 GLOBAL REACTIVITY DESCRIPTOR

Nature of the molecule is understood with the help of global reactivity descriptors. Based on
density functional theory, global reactivity descriptors of compounds such as hardness, chemical
potential, softness, electronegativity and electrophilicity index as well as local reactivity have been
defined.

From Koopman’s theorem, the ionization potential (I) and electron affinity (A) are the energies
of HOMO and LUMO with change of sign [44]

Ionization potential (I) =-E womo; Electron affinity (A) =-E Lumo

Electron affinity is the negative energy of LUMO which measures the capability of electron
acceptance from an electron donor. The quantity of energy required to extract an electron from an atom
is characterized as ionization potential (I). If the ionization energy is high, atoms in the molecule have
high stability and chemical immobility and if it is low, then the molecule has high reactivity [45]. The
molecular stability and reactivity are measured from absolute hardness and softness [46]. The
electrochemical potential (i) measures an escaping tendency of an electrons and it is very well may be
related with the molecular electronegativity in a compound [47].

Using Koopman's theorem for closed shell compounds, hardness (1), softness (S) and chemical
potential (u) can be defined as,

The electrophilicity index () as a measure energy lowering due to maximal electron flow
among donor and acceptor which was proposed by Parr et al. [48]. It is a combined descriptor which
contains electronic chemical potential (i) and absolute hardness(n)). They characterized electrophilicity
index () as follows:

Maximum amount of electronic charge that an electrophile system may accept is given by the
following equation.

The two new reactivity indices nucleofugality (AE.) and electrofugality(AE.) are proposed by
Ayers and co-workers. It is used to quantify the nucleophilic and electrophilic capabilities of leaving
group. They can be defined as follows,

2 _ )2
AE, =A+w= 10" (6) AE, =[+w= 42" 7)

Gomez et al. proposed an uncomplicated charge transfer exemplary for donation and back-
donation of charges [49]. An electronic back-donation mechanism is an interaction between the
inhibitor molecule and the metal surface. This idea builds up that if both progresses occur, namely
charge transfer to the molecule and back-donation from the molecule. Thus the energy change is
preciously proportional to the hardness of the molecule. It can be denoted by the subsequent equation,

AEpack —donation = _g """"" (8)
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The values of hardness, softness, electrochemical potential, electrophilicity index, maximum
charge transfer ANmax are summarized in Table 5. It is shown that the value of 2,4-DCMB has the largest
chemical hardness and progressively negative chemical potential which is less stable and more reactive
compared with the others. The hardness value is decreased by substituting the donor and acceptor to
the titled molecule. The reactivity data displays if a molecule is equipped for giving charge. A
nucleophile is described by a lower value of electrophilicity index, while higher values indicate the
existence of a decent electrophile. By comparing with all those dyes, the Dye 6 (Thiophene as donor and
NO; as acceptor) have the lowest hardness value, high value of electrophilicity index, maximum charge
transfer, high (AEn) and (AEe) values. From the results, the dye 2,4-DCMB6 is the best inhibitor (ie. it
has the highest value) than the others.

Table 5: Quantum Chemical Parameters: HOMO-LUMO energies, Energy gap, Global reactivity
descriptors and Back donation of 2,4-dichloromethoxybenzene calculated at B3LYP/6-

311++G(d,p) basis set.
Values (eV)

Parameters 24DCMB 24DCMEBl1  24DCMB2 2,4DCMB3 24DCMB4 2,4DCMBS  24DCMB6
HOMO energy 64524 6.6428 60611 63016 64216 60548 6.2051
LUMO energy 12074 20375 20145 26925 20825 2049 27116
Energy gap 5.2450 46033 10466 3.6091 43391 40058 35835
Hardness(n) 2.6225 23027 2.0233 1.8046 2.1696 2.0029 17918
Softness(S) 0.1907 02171 02471 02771 0.2305 02496 02791
Chemical potential{y) 3.8299 43402 40378 44971 42521 40519 435034
Electrophilicity ndex(a) 2.7966 4.0903 40290 5.6035 11667 10985 5.6593
Charge Transfer (ANyzy) 1.4604 1.8840 19857 24911 1.9599 2.0230 25134
Nucleo fugality (AEm) 02779 0.5014 1.0029 2.0087 0.9995 1.0481 2.0518
Electrofugality (AEe) 7.9377 93817 9.0783 11.0028 9.5036 9.1519 11.0583
Back donation
(AEback-dogation) 06556 05757 0.50358 04511 0.5424 0.5007 04479

Table 6: Calculated light harvesting efficiency (LHE) of 2,4-dichloromethoxybenzene and its
derivatives calculated using TD-DFT /B3LYP/6-31+G(d) basis set.
Wavelength  Excitation Oscillator

System A) energy (E) Strength LHE
nm eV ()

2,4ADCMB 273.78 4.5286 0.0497 0.1081

2,4DCMB1 (Ben+CN) 301.53 4.1119 0.2097 0.3829

2,4DCMB2 321.34 3.8583 0.1568 0.3031

(Ben+COOH)

2,4ADCMB3 (Ben+N02) 353.69 3.5055 0.1294 0.2576

2,ADCMB4 ( Thio+CN) 314.29 3.9449 0.3049 0.5044

2,4DCMB5 302.71 4.0958 0.2665 0.4586

(Thio+COOH)

2,4ADCMB6 366.48 3.3831 0.1938 0.3599

(Thio+N02)

7.4 LIGHT HARVESTING EFFICIENCY FOR DSSCs

The Light Harvesting Efficiency (LHE) is extremely vital factor for the organic dyes within the
DSSC, i.e. absorbs photonic energy and injecting photoexcited electrons to the conduction band of the
semiconductor [50]. It can be expressed as,

LHE=1-104=1-10f
Where, f is the oscillator strength of the dye associate to the wavelength Am.x. We have a

tendency to ascertain that the larger value of f, obtained the higher LHE value. For an efficient
photocurrent response, the LHE of the dye molecule ought to be high. The values of LHE are calculated
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for all the dyes and it is shown in Table 6. The D-n-A structure scheme is shown in Fig. 6a and chemical
structure of 2,4-dichloro methoxybenzene for newly designed dyes is shown in Fig. 6b. The LHE values
are calculated in gaseous phase. Out of seven, together with 2,4-DCMB dyes, 2,4-DCMB4 is producing
most efficient LHE than other dyes.

7.5 ELECTRON INJECTION

The efficiency of solar cell is extremely depends on the electron injection from an excited state
of the molecule to the conduction band of the semiconductor and it was theoretically proposed by Preat
etal. [51-53].

The free energy change (in eV) for the electron injection can be expressed as,

AGimiect = gdyes _ pli02 . (1)
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Fig. 6(a): Different parts of Donor-n spacer-Acceptor system
6(b): Chemical structure of 2,4-dichloromethoxybenzene
R1-Benzene, Thiophene; R2 - CN, COOH, NO;

Where E, dy ‘" is the oxidation potential of the dye in the excited state and E. TlOZ is the reduction
potential of conductlon band of semiconductor TiO2. Two models can be used for the evaluation of
EX** [54]. The oxidation potential is calculated from the redox potential of the ground state (EcY’ ) and

the absorption energy associated with the photo-induced intramolecular charge transfer (ﬂgx

Eggl(e* — Edye ﬂggT ______ (2)
d d
Eoglfe = —Eﬂﬁm """ 3)
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The AG™ect and EZ°* values are calculated using eqn. (1) and (2). For the effective functioning
of photovoltaic cell, the amount of electron injection from the dye molecule to the conduction band of
the semiconductor ought to be high. The calculated values of 2,4-DCMB and designed dyes are listed in
Table 7. The calculated AG™° value is negative implying that they are exergonic injection reaction
which is favourable for an electron transfer [55]. This implies that an excited state of dyes lie above the
conduction band of TiO. This shows a decent electron injection from these dyes to the acceptor TiO»,
indicating that these dyes is also sensible candidates for application of photovoltaic devices.

Table 7: The calculated redox potential of the ground state (Eoxdv¢), oxidation potential of the dye
(E dy "), absorption energy (ﬂ,f,fgx), free energy change for electron injection (AGiviect) of 2,4

0x
dichloromethoxybenzene and the studied dyes using B3LYP/631G+d basis set.
System Eoxdve Eox dye* Amax AmaxdCT AG inject
2,4DCMB 6.4524 19238 273.78 4.5286 -2.0762
2,4DCMB1 ( Ben+CN) 6.6428  2.5309 301.53 41119 -1.4691
2,4DCMB2 (Ben+COOH) 6.0611 2.8916 391.18 3.1695 -1.1084
2,4DCMB3 (Ben+NO02) 6.3016  3.7784 490.40 2.5282 -0.2216
2,4DCMB4 ( Thio+CN) 6.4216  2.4767 314.29 3.9449 -1.5233
2,4DCMBS5 (Thio+COOH) 6.0548 2.9208 395.61 3.1340 -1.0792
2,4DCMB6 (Thio+N02) 6.2951  3.7848 493.90 2.5103 -0.2152

7.6 EXCITON BINDING ENERGY AND OPEN CIRCUIT VOLTAGE

To attain high energy conversion efficiency, the excited electron and hole pairs ought to
dissociate into separate positive and negative charges to escape from recombination due to the
coulombic attraction. To attain this process, the binding energy has got to be overcome. That is, the dye
molecule should posses less exciton binding energy for high energy conversion. Here, the exciton
binding energy was calculated using the formula [56, 57].

Eb = Eg _EX = EH—L _/1max

Table 8: Exciton binding energy (Eb) and open circuit voltage (Voc) of 2,4DCMB and their

derivatives
Enomo ELumo Eg Ex Voc

System @) () () () PV ey

2,4DCMB -6.4524 -1.2074 5.2450 4.5286 0.7164 2.4524
2,4DCMB1 ( Ben+CN) -6.6428 -2.0375 4.6053 4.1119 0.4934 2.6428
2,4DCMB2 (Ben+COOH) -6.0611 -2.0145 4.0466 3.1695 0.8771 2.0611
2,4DCMB3 (Ben+NO02) -6.3016 -2.6925 3.6091 2.5282 1.0809 2.3016
2,4DCMB4 ( Thio+CN) -6.4216 -2.0825 4.3391 3.9449 0.3942 24216
2,4DCMBS5 (Thio+COOH) -6.0548 -2.049 4.0058 3.1340 0.8718 2.0548
2,4DCMB6 (Thio+NO02) -6.2951 -2.7116 3.5835 2.5103 1.0732 2.2951

where E; is the band gap which is approximated as the HOMO-LUMO energy difference and Ex is
the optical gap defined as the first singlet excitation energy Amax. The calculated exciton binding energy
of 2,4-DCMB and designed molecules are listed in Table 8. The result shows that the dye 2,4-DCMB4 is
most suitable for DSSC application by the substitution of Thiophene as donor and Cynate as acceptor.
The maximum open circuit voltage (Voc) is an important photovoltaic parameter that can be
determined theoretically by the difference between HOMO energy of the dye and LUMO energy of an
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electron acceptor (i.e. conduction band of semiconductor TiO;). The theoretically calculated data of Voc
is determined from the following equation [58]:

Voo = |ERGHS | = [Efgap ™" | = 0.3 —-mnnmmv (5)

While in DSSCs, Voc can be approximately estimated as the difference between LUMO energy of
the dye and energy of the conduction band (CB) of semiconductor TiO (Ecs = - 4.0 eV):

d
Voc = Efymo — Ecp - (6)

The values of open circuit voltage (Voc) of 2,4-DCMB and new designed dyes are calculated
using equation (6). These values of open circuit voltage are positive, which suggests that an electron
transfer will be easy from the dyes to semiconductor TiO,. Further, these values are sufficient to obtain
the high efficient electron injection. Besides, these compounds can be utilized as sensitizers by virtue of
an electron injection process from an excited molecule to the conduction band of TiO>.

8. CONCLUSION

In this work, FT-IR and FT-Raman spectrum were recorded for 2,4-dichloromethoxybenzene.
On the basis of potential energy distribution, the vibrational assignments of frequencies for titled
compound were analyzed. The results are correlated with the frequencies attained from an
experimentally observed FT-IR and FT-Raman spectra. The theoretical values are in good agreement
with the experimental frequencies. The active sites for the electrophilic and nucleophilic reactions are
also observed by the local reactivity descriptors (Fukui function) of 2,4-DCMB. The Non-linear optical
property of the titled compound is calculated theoretically by the determination first order
hyperpolarizability. From the results, it have been seen that 2,4-DCMB4 has the greater value than
those of Urea, and then the titled compound is good candidature for NLO study. All the theoretically
designed dyes are in bathochromic shift as compared with the titled compound. Light Harvesting
Efficiency (LHE), free energy change for electron injection (AG™¢‘t), exciton energy (E») and open
circuit voltage (Voc) for the titled compound and new designed dyes are calculated. From the above
results, it is clear that the 2,4-DCMB based dyes having the best photovoltaic properties for the dye
sensitized solar cells (DSSCs).

REFERENCES

[1] O. Desyatnyk, L. Pszczo lkowki, S. Thorwirth, T.M. Krygowski, Z. Kisiel, The rotational spectra,
electric dipole moments and molecular structures of anisole and benzaldehyde, Phys. Chemistry
Chemical Phy., 7 (2005) 1708-1715. https://doi.org/10.1039/B501041A.

[2] H. Fiege, H.W. Voges, T. Hamamoto, S. Umemura, T. Iwata, H. Miki, Y. Fujita, H.]. Buysh, D. Garbe, W.
Paulus, Ullmann'’s Encyclopedia of Industrial Chemistry, Weinheim, 2002.

[3] N. Miyamoto, S. Nisiyama, S. Tomioka, T. Enoto, Application of the nitroanisole as an infrared
detector used in middle infrared interferometer, Journal of Optical Communications 260 (2006) 25-29.
https://doi.org/10.1016/j.optcom.2005.10.031.

[4] U. Fuhrer, K. Ballschmiter, Bromochloromethoxybenzenes in the Marine Troposphere of the Atlantic
Ocean: A Group of Organohalogens with Mixed Biogenic and Anthropogenic Origin, Environ. Sci.
Technol.,, 32(15) (1998) 2208-2215. https://doi.org/10.1021/es970922a.

[5]C. Flodin, F.B. Whitfield, Brominated anisoles and cresols in the red alga polysiphoniasphaerocarpa,
Phytochemistry 53 (2000) 77-80. https://doi.org/10.1016/S0031-9422(99)00429-X.

[6] Jie Xu, Guijie Liang, Luoxing Wang, Weiling Xu, Weigang Cui, Hui Zhang and Zengchang Li, DFT
Studies on the electronic structures of indoline dyes for dye-sensitized solar cells, ]. Serb. Chem. Soc.
75(2) (2010) 259-269. https://doi.org/10.2298/]SC1002259X.

Journal for all Subjects : www.lbp.world
13


https://doi.org/10.1039/B501041A
https://doi.org/10.1021/es970922a
https://doi.org/10.1016/S0031-9422(99)00429-X
https://doi.org/10.2298/JSC1002259X

DENSITY FUNCTIONAL THEORY CALCULATIONS, VIBRATIONAL SPECTRAL ANALYSIS ........... VOLUME - 8 | ISSUE - 8 | MAY - 2019

[7] M. Gratzel, Recent Advances in Sensitized Mesoscopic Solar Cells, Acc. Chem. Res., 42(11)
(2009)1788-1798. https://doi/abs/10.1021/ar900141y.

[8] M.]. Frisch, G. W. Trucks, H. B. Schlegel, G.E. Scuseria, M. A. Robb, ]. R. Cheeseman, G. Scalmani, V.
Barone, B. Mennucci, G. A. Petersson et. al., Gaussian 09, Revision C.01; Gaussian Inc., Wallignford, CT,
USA, 2010.

[9] A.D. Becke, Density-functional thermochemistry. III. The role of exact exchange, J. Chem. Phys. 98
(1993) 5648-5652. https://doi.org/10.1063/1.464913.

[10] C. Lee, W. Yang, R.G. Parr, Development of the Colle - Salvetti correlation - energy formula into a
functional of the electron density, Phys. Rev. B 37 (1988) 785-789.

https://doi.org/10.1103 /PhysRevB.37.785.

[11] H.B. Schlegel, Optimization of equilibrium geometries and transition structures, J. Comput. Chem.,3
(1982) 214. https://doi.org/10.1002 /jcc.540030212.

[12] R. Ditchfield, W. ]. Hehre and ]. A. Pople, Self-Consistent Molecular-Orbital Methods. IX. An
Extended Gaussian-Type Basis for Molecular-Orbital Studies of Organic Molecules, ]J. Chem. Phys., 54
(1971) 724-728. https://doi.org/10.1063/1.1674902.

[13] A.B. Frisch Nielson & A.]. Holder, Gauss view user’s manual Gaussian Inc, Pitt’s burgh PA, 2009.

[14] M. Silverstein, G.C. Basseler, C. Morill, Spectrometric Identification of Organic Compounds, Wiley,
New York, 1981.

[15] S. Ramalingam, S. Periandy, Spectroscopic investigation, computed IR intensity, Raman activity and
vibrational frequency analysis on 3-bromoanisole using HF and DFT (LSDA/MPW1PW91) calculations,
Spectrochim. Acta Part A 78 (2011) 835-843. https://doi.org/10.1016/j.saa.2010.12.043.

[16] D. Xiao, D. Yu, X. Xu, Z. Yu, Y. Dy, Z. Gao, Q. Zhu, C. Zhang, Vibrational spectrum of p-fluoroanisole in
the first excited state (S1) and ab initio calculations, J. Mol. Struct. 882 (2008) 56-62.
https://doi.org/10.1016 /j.molstruc.2007.09.012.

[17] T. Sundius, Scaling of ab initio force fields by MOLVIB, Vib. Spectrosc. 29 (2002) 89-95.
https://doi.org/10.1016/50924-2031(01)00189-8.

[18] N. Sundaraganesan, K. Sathesh Kumar, C. Meganathan, B. Dominic Joshua, Vibrational spectroscopy
investigation using ab initio and density functional theory analysis on the structure of 2-amino-4,6-
dimethoxypyrimidine, Spectrochimica Acta Part A 65 (2006) 1186-1196.
https://doi.org/10.1016/j.saa.2006.01.042.

[19] N. Sundaraganesan, M. Priya, C. Meganathan, B. Dominic Joshua, ]. Cornard, FT-IR, FT-Raman
spectra and quantum chemical calculations of 3,4-dimethoxyaniline, Spectrochim Acta Part A 70 (2008)
50-59. https://doi.org/10.1016/j.saa.2007.07.026.

[20] J.H.S. Green, D.J. Harrison, W. Kynoston, Vibrational spectra of benzene derivatives-XII 1,2,4-
trisubstituted compounds, Spectrochim. Acta Part A, 27 (1971) 807-815.
https://doi.org/10.1016/0584-8539(71)80159-9.

[21] S. George, “Infrared and Raman characteristic group frequencies tables and charts”, 3rd Edition,
Wiley, Chichester, 2001.

[22] Y.X. Sun, Q.L. Hao, ZX. Yu, W.]. Jiang, L.D. Lu, X. Wang, Experimental and theoretical studies on
vibrational spectra of 4-(2-furanylmethyleneamino)antipyrine, 4-benzylidene aminoantipyrine and 4-
cinnamilideneaminoantipyrine Spectrochim Acta A, 73 (2009) 892-901.
https://doi.org/10.1016/j.saa.2009.04.012.

[23] M. Arivazhagan, R. Meenakshi, S. Prabhakaran, Vibrational spectroscopic investigations, first
hyperpolarizability, HOMO-LUMO and NMR analyzes of p-fluorobenzonitrile, Spectrochima Acta Part A
102 (2013) 59-65. https://doi.org/10.1016/j.saa.2012.09.070.

[24] M. Karnan, V. Balachandran, M. Murugan, FT-IR, Raman and DFT study of 5-chloro-4-nitro-o-
toluidine and NBO analysis with other halogen (Br, F) substitution, Journal of Molecular Structure 1039
(2013) 197-206. https://doi.org/10.1016/j.molstruc.2013.01.070.

[25] N.P. Singh, R.A.Yadav, Vibrational studies of trifluoromethyl benzene derivatives 1:2-amino, 5-
chloro and 2-amino, 5-bromo benzotrifluorides, Indian J.Phys.B 75(4) (2001) 347-355.

[26] A.Altun, K. Goicuk, M. Kumru, J. Mol. Struct. (Theochem) 625 (2003) 17-24.

Journal for all Subjects : www.lbp.world
14


https://doi/abs/10.1021/ar900141y
https://doi.org/10.1063/1.464913
https://doi.org/10.1103/PhysRevB.37.785
https://doi.org/10.1002/jcc.540030212
https://doi.org/10.1063/1.1674902
https://doi.org/10.1016/j.saa.2010.12.043
https://doi.org/10.1016/j.molstruc.2007.09.012
https://doi.org/10.1016/S0924-2031(01)00189-8
https://doi.org/10.1016/j.saa.2006.01.042
https://doi.org/10.1016/j.saa.2007.07.026
https://doi.org/10.1016/0584-8539(71)80159-9
https://doi.org/10.1016/j.saa.2009.04.012
https://doi.org/10.1016/j.saa.2012.09.070
https://doi.org/10.1016/j.molstruc.2013.01.070

DENSITY FUNCTIONAL THEORY CALCULATIONS, VIBRATIONAL SPECTRAL ANALYSIS ........... VOLUME - 8 | ISSUE - 8 | MAY - 2019

https://doi.org/10.1016/S0166-1280(02)00698-X.

[27] Sumanta Bhattacharya, Ajay K. Bauri, Subrata Chattopadhyay, Manas Banerjee, Study of formation
equilibria between [70] fullerene and a series of anisole by NMR spectrometric method, Chem. Phy. Lett.
401 (2005) 323-331. https://doi.org/10.1016 /j.cplett.2004.11.034.

[28] T. Shinmanouchi, Y.Kakiuti, I. Gamo, Out-of-Plane CH Vibrations of Benzene Derivatives, ]. Chem.
Phy. 25 (1956) 1245-1251. https://doi.org/10.1063/1.1743187.

[29] R.G. Parr, R.G. Pearson, Absolute hardness: companion parameter to absolute electronegativity, J.
Am. Chem. Soc., 105 (1983) 7512-7516. https://doi.org/10.1021/ja00364a005.

[30] W. Yang, W.]. Mortier, The use of global and local molecular parameters for the analysis of the gas-
phase basicity of amines, ]. Am. Chem. Soc., 108 (1986) 5708-5711.
https://doi.org/10.1021/ja00279a008.

[31] C.Morell, A.Grand, A.Toro-Labbe, New Dual Descriptor for Chemical Reactivity, J. Phys. Chem. A 109
(2005) 205-212. https://doi.org/10.1021/jp046577a.

[32] Y.R. Shen, The Principles of Nonlinear Optics, Wiley-Interscience, New York, 1984.

[33] P.V. Kolinsky, New materials and their characterization for photonic device applications, Optical
Engineering, 31 (1992) 1676-1685. https://doi.org/10.1117/12.58844.

[34] D.F. Eaton, Nonlinear Optical Materials, Science 253 (1991) 281-287.
https://doi.org/10.1126/science.253.5017.281.

[35] R. Zalesny et al, Static electronic and vibrational first hyperpolarizability of meta-dinitrobenzene as
studied by quantum chemical calculations, ]. Mol. Struct.(THEOCHEM) 907 (2009) 46-50.
https://doi.org/10.1016/j.theochem.2009.04.011.

[36] J.E. Rice, N.C. Handy, The calculation of frequency-dependent polarizabilities as pseudo-energy
derivatives, ]. Chem. Phys. 94 (1991) 4959-4971. https://doi.org/10.1063/1.460558.

[37] Li H, Han K, Shen X, Lu Z, Huang Z, Zhang W, Zhang Z, Bai L], The first hyperpolarizabilities of
hemicyanine cationic derivatives studied by finite-field (FF) calculations, J. Mol. Strut. (THEOCHEM)
767 (2006) 113-118. https://doi.org/10.1016/j.theochem.2006.05.008.

[38] S.H. Masraqui, R.S. Kenny, S.G. Ghadigaonkar, A, Krishnan, M. Bhattacharya, P.K. Das, Synthesis and
nonlinear optical properties of some donor-acceptor oxadiazoles, Optical Materials 27 (2004) 257-260.
https://doi.org/10.1016/j.optmat.2004.04.006.

[39]A.D. Bukingham, Permanent and Induced Molecular Moments and Long-Range Intermolecular
Forces, Advances in Chemical Physics: Intermolecular Forces 12 (1967) 107-142.
https://doi.org/10.1002/9780470143582.ch2.

[40] A.D. McLean and M. Yoshimine, Theory of Molecular Polarizabilities, The Journal of Chemical
Physics 47 (1967) 1927-1935. https://doi.org/10.1063/1.1712220.

[41] H.G.O. Becker, Jan Fleming, Frontier Orbitals and Organic Chemical Reactions 249 S., John Wiley u.
Sons LTD., New York/Syndney/Toronto 1976. clothed£f 8, 95, paperb.£ 3, 95., Journal Fiir Praktische
Chemie, 320 (1978) 879-880. https://doi.org/10.1002/prac.19783200525.

[42] S. Muthu, S. Renuga, Vibrational spectra and normal coordinate analysis of 2-hydroxy-3-(2-
methoxyphenoxy) propyl carbamate, Spectrochim. Acta Part A 132 (2014) 313-325.
https://doi.org/10.1016/j.saa.2014.05.009.

[43] M. Bourass et al., Theoretical Studies by Using the DFT and TD-DFT of the effect of the bridge
formed of thienopyrazine in solar cells, ]. Mater. Environ. Sci. 6 (2015) 1542-1553.
http://www.jmaterenvironsci.com/Document/vol6/vol6_N6/180-]MES-1496-Bourass.pdf.

[44] R.G. Pearson, Absolute electronegativity and hardness correlated with molecular orbital theory,
Proc. Natl. Acad. Sci., USA, 83 (1986) 8440-844. https://doi.org/10.1073/pnas.83.22.8440.

[45] R.G. Pearson, Chemical hardness and density functional theory, ]J. Chem. Sci., 117 (2005) 369-377.
https://www.ias.ac.in/article/fulltext/jcsc/117 /05/0369-0377.

[46] R.G. Parr, R.G. Pearson, Absolute hardness: companion parameter to absolute electronegativity, .
Am. Chem. Soc., 105 (1983) 7512-7516. https://pubs.acs.org/doi/abs/10.1021/ja00364a005.

[47] R.G. Parr, R.A. Donnelly, M. Levy and W.E. Palke, Electronegativity: The density functional
viewpoint, J. Chem. Phys., 68 (1978) 3801-3807. https://doi.org/10.1063/1.436185.

Journal for all Subjects : www.lbp.world
15


https://doi.org/10.1016/S0166-1280(02)00698-X
https://doi.org/10.1016/j.cplett.2004.11.034
https://doi.org/10.1063/1.1743187
https://doi.org/10.1021/ja00364a005
https://doi.org/10.1021/ja00279a008
https://doi.org/10.1021/jp046577a
https://doi.org/10.1117/12.58844
https://doi.org/10.1126/science.253.5017.281
https://doi.org/10.1016/j.theochem.2009.04.011
https://doi.org/10.1063/1.460558
https://doi.org/10.1016/j.theochem.2006.05.008
https://doi.org/10.1016/j.optmat.2004.04.006
https://doi.org/10.1002/9780470143582.ch2
https://doi.org/10.1063/1.1712220
https://doi.org/10.1002/prac.19783200525
https://doi.org/10.1016/j.saa.2014.05.009
http://www.jmaterenvironsci.com/Document/vol6/vol6_N6/180-JMES-1496-Bourass.pdf
https://doi.org/10.1073/pnas.83.22.8440
https://www.ias.ac.in/article/fulltext/jcsc/117/05/0369-0377
https://pubs.acs.org/doi/abs/10.1021/ja00364a005
https://doi.org/10.1063/1.436185

DENSITY FUNCTIONAL THEORY CALCULATIONS, VIBRATIONAL SPECTRAL ANALYSIS ........... VOLUME - 8 | ISSUE - 8 | MAY - 2019

[48] R. G. Parr, L. Szentpaly, S. J. Liu, Electrophilicity Index, ]. Am. Chem. Soc., 121 (1999) 1922-1924.
https://pubs.acs.org/doi/abs/10.1021/ja983494x.

[49] B. Gomez, N.V. Likhanova, M.A. Dominguez-Aguilar et al.,, Quantum Chemical Study of the Inhibitive
Properties of 2-Pyridyl-Azoles, ]. Phys. Chem. B 110 (2006) 8928-8934.
https://pubs.acs.org/doi/abs/10.1021/jp057143y.

[50] Fitri et al,, Theoretical studies of the master factors influencing the efficiency of thiazolothiazole -
based organic sensitizers for DSSC, ]. Mater. Environ. Sci., 7 (2016) 834-844.

[51] J. Preat, D. Jacquemin, C. Michaux and E.A. Perpete, Improvement of the efficiency of thiophene-
bridged compounds for dye-sensitized solar cells, Chem. Phys., 376 (2010) 56-68.
https://doi.org/10.1016/j.chemphys.2010.08.001.

[52] J. Preat, C. Michaux, D. Jacquemin and E.A. Perpete, Enhanced Efficiency of Organic Dye-Sensitized
Solar Cells: Triphenylamine Derivatives, ]. Phys. Chem. C, 113 (2009) 16821-16833.
https://pubs.acs.org/doi/abs/10.1021/jp904946a.

[53] J. Preat, Photoinduced Energy-Transfer and Electron-Transfer Processes in Dye-Sensitized Solar
Cells: TDDFT Insights for Triphenylamine Dyes, J. Phys. Chem. C, 114 (2010) 16716-16725.
https://pubs.acs.org/doi/abs/10.1021/jp1050035.

[54] P.F. Barbara, T.J. Meyer, M.A. Ratner, Contemporary Issues in Electron Transfer Research, ]. Phys.
Chem. 100 (1996) 13148-13168. https://pubs.acs.org/doi/abs/10.1021/jp9605663.

[55] D. Vijay, E. Varathan and V. Subramanian, Theoretical design of core modified (oxa and thia)
porphyrin based organic dyes with bridging thiophene linkers, ]. Mater. Chem. A, 1 (2013) 4358-4369.
https://pubs.rsc.org/en/content/articlelanding/2013/ta/c3tal10270j.

[56] G.D. Scoles and G. Rumbles, Excitons in nanoscale systems, Materials for Sustainable Energy from
Nature Publishing Group, (2010) 12-25. https://doi.org/10.1142/9789814317665_0002.

[57] Y. Li, T. Pullerits, M. Zhao and M. Sun, Theoretical Characterization of the PCsoBM:PDDTT Model for
an Organic Solar Cell, J. Phys. Chem. C, 115 (2011) 21865-21873.
https://pubs.acs.org/doi/abs/10.1021/jp2040696.

[58] M. Bourass et al.,, DFT and TD-DFT calculation of new thienopyrazine-based small molecules for
organic solar cells, Chemistry Central Journal 10 (2016) 67. https://doi.org/10.1186/s13065-016-
0216-6.

V. Sivagami
PG & Research Department of Physics, Srimad Andavan Arts & Science College,
Trichy, Tamil Nadu.

Journal for all Subjects : www.lbp.world
16


https://pubs.acs.org/doi/abs/10.1021/ja983494x
https://pubs.acs.org/doi/abs/10.1021/jp057143y
https://doi.org/10.1016/j.chemphys.2010.08.001
https://pubs.acs.org/doi/abs/10.1021/jp904946a
https://pubs.acs.org/doi/abs/10.1021/jp1050035
https://pubs.acs.org/doi/abs/10.1021/jp9605663
https://pubs.rsc.org/en/content/articlelanding/2013/ta/c3ta10270j
https://doi.org/10.1142/9789814317665_0002
https://pubs.acs.org/doi/abs/10.1021/jp2040696
https://doi.org/10.1186/s13065-016-0216-6
https://doi.org/10.1186/s13065-016-0216-6

