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Abstract Using the state-of-art computational techniques, we
limelight a structure—property relationship for the position and
number of methoxy group(s) to tune the optical and nonlinear
optical (NLO) properties (first hyperpolarizability) of
chalcone derivatives. Based on our previously synthesized
chalcones [system 1 ((£)-1-(2,5-dimethylthiophen-3-yl)-
3-(2-methoxyphenyl)prop-2-en-1-one and system 4 (E)-1-(2,
5-dimethylthiophen-3-yl)-3-(2,4,5-trimethoxyphenyl)prop-2-
en-1-one)], we systematically design several novel derivatives
with tuned optical and NLO properties. For instance, the ro-
tation of methoxy group substitutions at three different possi-
ble ortho, meta, and para positions on phenyl ring show sig-
nificant changes in NLO properties of these chalcones deriv-
atives. The system 3 has shown [, amplitude of 1776 a.u.
with terminal 4-methoxyphenyl group (para-methoxy substi-
tution), which is ~2.2 and 2.4 times larger than that of ortho-
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and meta-methoxyphenyl systems 1 and 2, respectively.
Additionally, systems 3a and 4a, which are cyano derivatives
of'the systems 3 and 4 show significantly large 3,,; amplitudes
of 3280 and 4388 a.u., respectively, which are about 3 and 4
times larger than that of para-nitro aniline (PNA) molecule (a
typical donor-acceptor molecule) at the same LC-wPBE/6-
311G** level of theory. The origin of larger 3, amplitudes
has been traced in lower transition energies and higher oscil-
lator strengths for crucial transitions of designed derives.
Thus, our investigation reveals that the chalcones derivatives
with para-methoxyphenyl groups possess reasonably large
amplitudes of their first hyperpolarizability and good optical
transparency (3.0—4.7 eV), which can make them attractive
candidates for nonlinear optical applications.

Keywords Chalcones - First hyperpolarizability - Methoxy
substitution - Nonlinear optical properties

Introduction

Owing to their excellent properties, nonlinear optical (NLO) ma-
terials are playing a crucial role in modern day hi-tech applica-
tions. The field of NLO material designing has got further mo-
mentum since the use of a photon as a carrier of information [1].
Over the past few decades a huge variety of NLO materials have
been proposed, synthesized, and characterized using different
experimental and theoretical techniques [2—6]. Among these ex-
plored materials, some main classes are organic, inorganic, and
organic—inorganic hybrid materials [7, 8]. Every class has its own
intrinsic advantages and disadvantages during their potential use
in NLO applications. Nevertheless, the organic class remains as
the front-runner for designing efficient NLO materials because of
their huge structural diversity, larger NLO coefficients as well as
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their ease of fabrication, etc. [9—11]. Different structural modifi-
cation strategies have been used to modulate their NLO response
of several organic compounds including donor-7t-conjugated-
acceptor configuration [12—14], bond length alternation theory
[15, 16], interaction of lithium atoms [17-19], proton-trasfer/de-
protonation [20], twisted-7t-conjugated structures [21, 22], and
many similar others [23, 24].

The family of chalcone derivatives has been significantly
studied over recent years for their potential NLO applications
[25, 26]. Several chalcone derivatives have attracted signifi-
cant attention due to their efficient NLO properties and good
transparency through blue and yellow transmittance, etc. [27,
28]. Shettigar et al. [29], have synthesized and grown yellow
color crystals of chalcone derivatives with methoxy phenyl
terminal groups and found their second harmonic generation
(SHQG) efficiency ~15 times that of urea molecule. Menezes et
al. [30], also reported single crystals of pyridine based
chalcone derivatives that have found transparent in entire vis-
ible and infrared range with efficient NLO properties. The
importance of charge transfer has been discussed for NLO
properties. Several other freshly spotted chalcone derivatives
for NLO applications include chalcone derivatives linked by
triazole rings [31], bis-chalcones [32], pyrene based chalcones
[33] as well as amino derivatives of chalcones [34], etc.

Recently, we synthesized and reported the crystal structures
of simple chalcogen derivatives including (2F)-1-(2,5-
dimethylthiophen-3-yl)-3-(2-methoxyphenyl)prop-2-en-1-one)
[35] with terminal o-methoxy phenyl group and (E)-1-(2,5-
Dimethyl-3-thienyl)-3-(2,4,5-trimethoxyphenyl)prop-2-en-1-
one [36] with o, m, p-trimethoxy phenyl groups. Considering
these methoxy phenyl groups as terminal donors, these deriva-
tives with push-pull configuration are expected as good candi-
dates for potential NLO materials. In the present investigation,
we aim to perform a systematic probe for NLO properties,
primarily based on the exploitation of number and position
effects of methoxy groups with a subsequent substitution to
tune the push-pull effects for possible future syntheses (Fig. 1).

Computational details

All the calculations have been performed using Gaussian
suite of programs [37]. The molecular geometries of all
the systems were optimized by density functional theory
(DFT) using LC-wPBE/6-311G** level of theory. A pre-
liminary investigation has been performed with a variety
of different methods to simulate the molecular geometry
of experimentally synthesized system 1 [35]. These dif-
ferent methods include MP2, B3LYP, M06, PBEO, and
LC-wPBE. Figure 2 shows the relative tendency of each
method to simulate different bond lengths of system 1 as
compared to their experimentally reported data. A careful
analysis of the graph in Fig. 2, shows that all the

@ Springer

Fig. 1 Optimized structure of parent system 1 at LC-wPBE/6-311G**
level of theory where green label indicates the important geometrical
parameters included in Fig. 2 and Table 1

methods have reasonably reproduced the experimental
bonding parameters where LC-wPBE method has shows
a relatively good agreement with experimentally reported
values (see Fig. 2). Further discussion about the selection
of methodology has been given in the Supplementary
information. The time dependent density functional the-
ory (TD-DFT) has been used to calculate excitation en-
ergies. The static first hyperpolarizability (3, and its
components for all systems were calculated by the finite
field (FF) approach. The FF method, which was original-
ly developed by Kurtz et al. [3] has been broadly applied
to investigate the NLO properties of organic materials
because this approach can be used in concert with the
electronic structure method to calculate § values.
Recently, several j3,,, amplitudes calculated by this meth-
od were found to be in reasonable agreement with the
experimental structure property relationship [38, 39]. In
the FF method, a molecule is subjected to a static electric
field (F), the energy (E) of the molecule is expressed by
the following equation:

1 1 1
E= E(O)_HlFl_zaijFiFj__ e EiF i Fi o Y FiFj Fekr =
(1)

Here, £ represents the total energy of molecule in the
absence of an electronic field, i is the vector component of
the dipole moment, « is the linear polarizability, 5 and -~y are
the second and third-order polarizabilities respectively, while
x, 7, and z label the i, j ,and & components, respectively. It can
be seen from Eq. 1 that differentiating E with respect to F
obtains the y, a, 3, and y values. The molecular first polariz-
ability /3 is a measure of how easily a dipole is induced in a
molecule in the presence of an electric field.

In our present investigation, we have calculated the elec-
tronic dipole moment, molecular polarizability, polarizability
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Fig. 2 A comparison of different bond lengths of parent system 1 at
various methods as well as with its experimental values
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anisotropy, and molecular first hyperpolarizability. For a mol-
ecule, its dipole moment (p) is defined as follows:

= (uﬁ + 4y +u§) (2)

The average polarizability (a)can be calculated by follow-
ing equations:

@y = (axx + Ay + azz) (3)

W[ —

Similarly, the magnitude of the total first static
hyperpolarizability (3,) can also be calculated using the fol-
lowing Eq.

B = (B + 5+ 32) 4)
where,

ﬂx = ﬁxxx + ﬂxyy + 6xzz (5)
/Bx = ﬁyyy + Bxxy + ﬁyzz (6)
ﬂx = lgzzz + B)az + /Byyz (7)

while the static first hyperpolarizability (3¢) is also calculated
using the following Eq.

Bo =/ s(Buor) (8)

The second-order polarizability ([3) that is a third rank ten-
sor that can be described by a 3x3x3 matrix. According to
Kleinman symmetry (Bxyy = Byxy = Byyxa E’yyz = Byzy = Bzyys
... likewise other permutations also take the same value), the
27 components of the 3D matrix can be reduced to ten
components.

Results and discussion
Molecular geometries

All the molecular geometries for experimental parent
system 1 (2E)-1-(2,5-dimethylthiophen-3-yl)-3-(2-
methoxyphenyl)prop-2-en-1-one) [35] and system
4 (E)-1-(2,5-dimethylthiophen-3-yl)-3-(2,4,5-
trimethoxyphenyl)prop-2-en-1-one [40] along with their de-
rivatives are shown in Fig. 3. Systems 1, 2, and 3 are (E)-1-(2,
5-dimethylthiophen-3-yl)-3-phenylprop-2-en-1-one with
methoxy group at ortho, meta, and para positions, respective-
ly. Similarly, system 4 has three simultaneous methoxy groups
at ortho, meta, and para positions. The systems 3a and 4a are
same the as systems 3 and 4 except for the additional 2-
5-(cyano(isocyano)methylene) groups at thiophen rings as
shown in Fig. 3. It is important to mention that systems 1-4
are selected to check a systematic effect of number and posi-
tion of methoxy groups while systems 3A and 4A are de-
signed to further robust NLO properties of systems 3 and 4.

A comparison of different bond lengths at our best-selected
method LC-wPBE with experimental values has been made in
Table 1 for system 1 (see Fig. 1). From Table 1, it can be seen
that the maximum difference between experimental and cal-
culated bond length is 0.012 A for C,3-O5 bond length, 2.75°
for C;3-C;,-Cy; triangle, and 5.18° for C4-Cy-O,-C10 torsion
angle, which indicates the reliability of our selected method-
ology and gives us confidence for further calculations with the
above selected methodology.

Ground state dipole moments

The total dipole moments along with their individual compo-
nents for all the systems have been collected in Table 2. It can
be seen from Table 2 that systems 1-4 have y-components as
dominant dipole moment components among others.
Furthermore, system 2 with m-OCH; group at phenyl ring
has larger dipole moment ~4.58 D as compared with those
of systems 1, 3, and 4 having 0-OCH3, p-OCHj;, and o,m,
p-(OCHj3); groups on terminal phenyl rings, respectively. It

)&J Sys.2

NC&CN
Sys. 4 Sys. 3a

Fig. 3 The chemical structures of all adopted systems in the present
investigation

Sys. 4a
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Table 1  Some important geometrical parameters of parent system 1
according to Fig.1 as calculated at LC-wPBE/6-311G** level of theory

Bond length Cal.  Exp. Bond Cal. (A) Exp. [35] (A)
A (A  Angles
S1-Cig 1.712 1.715 Cy6-S;-Cyg 93.33 93.30
S1-Cie 1.723 1.722 C5-C14Cy3 123.12  122.11
Ci15-Ciq 1369 1370 C4-Ci3-O3 121.05 121.00
Ci4-Cy3 1481 1476 C3-C1,-Cyy 122.07  119.75
Ci5-0O3 1.216 1228 C;-C4-Co 119.34  119.29
Ci3-Ciz 1486 1473 C4-Co-O, 11597  115.79
C-Cy 1.331 1320 Co-0,-Cyp 118.52  118.44
Ci1-Cy 1466 1462 S,-C15-C14-Cy3 17991  178.56
C4-Co 1.404 1409 C,3-C;»-Cy;-C4 17837  178.70
Co-O, 1352 1359 C4-Co-0,-Cyp 17831  173.19

is important to mention here that the electronic dipole moment
is dependent on the amount of partial positive and negative
charges as well as their distances between these charges in a
molecule. To get more molecular level intuitive on the trend in
change in dipole moments, we have used the results from
Milliken population analysis as shown in Fig. 4. It is clear
from Fig. 4 that in system 2 the phenyl ring with m-OCH3
carries more negative charge (with two black and four brown
atoms) as compared with systems 1, 3, and 4, which subse-
quently leads to its larger dipole moment. For qualitative anal-
ysis among ortho, meta, and para methoxy substitutions, the
Milliken atomic charges of systems 1-3 are shown in Fig. S1
of the Supplementary information. While on the other hand,
for systems 3a and 4a, there are strong push-pull configura-
tions that lead to their significantly larger dipole amplitudes.
Additionally, a comparison among dipole moments calculated
with LC-wPBE and PBEO methods shows that there are no
significant effects of long-range correction on dipole ampli-
tudes as the relative trend is the same at both levels of theories
(see the parenthesis values in Table 2).

Polarizability and first hyperpolarizability

The calculated average () and anisotropic (Awy) polariz-
ability amplitudes are shown in Table 3. From Table 3, it can
be seen that the anisotropic polarizability that depends on the

direction of electric field is significantly larger than the aver-
age polarizability. The average polarizability does not show a
significant effect of position and number of methoxy groups
on the terminal phenyl ring but it does indicate the influence of
push-pull configuration in systems 3a and 4a with a signifi-
cant increase in their polarizability amplitudes. The amplitude
of average polarizability for systems 3a and 4a are 342 and
375 a.u., which are about ~138 and 136 a.u. larger than those
of systems 3 and 4, respectively. In addition to polarizability,
we also calculated first static hyperpolarizability (3y and B
as collected along with their individual components in
Table 4. The static first hyperpolarizability has a non-zero
value for all the systems. The trend of increasing first static
hyperpolarizability (3, and () amplitudes is sys. 2 <sys. 1 <
sys. 3 <sys. 4 <sys. 3a <sys. 4a.

For all systems in the present investigation, their longitudi-
nal components [, are dominant among all other individual
components of Gy and [, because the x-axis is the major
charge transfer axis in all our adopted systems. From
Table 4, it can be seen that 3y and [, amplitudes for systems
1, 2, and 3 show a significant methoxy substitution position
effect where system 3 with p-OCHj; shows larger 3y and [
amplitudes as compared with those of systems 1 and 2 that
contains 0-OCHj3 and m-OCHj; groups at the terminal phenyl
ring, respectively. Unlike its corresponding ortho and meta
substitutions, the para OCHj substitution is aligned with the
x-axis, which is perhaps the reason for its (,,, component
being ~3 times larger than those of systems 1 and 2. A further
comparison shows that the (., amplitude of system 1 (779
a.u.) decreases by 7 % and increases by 128 % for meta- and
para-methoxy substitutions, respectively. For system 4 with
simultaneous substitution of three-methoxy groups at ortho,
meta, and para positions, it shows an increment of about
159 % from the S, amplitudes of its parent system 1 indicat-
ing an important effect of position and number of methoxy
group(s) on their NLO properties. While on the other hand, the
tuning of push-pull configurations of systems 3 and 4 by
substituting cyanide groups at thiaophene rings results in sys-
tems 3a and 4a with their robust 3, and (3, amplitudes. For
instance, the (3, values of systems 3a and 4a are about two
times larger than their corresponding systems 3 and 4, respec-
tively. Similarly, these [, values of systems 3a and 4a are
about four and six times larger than those of their parent

Table 2 The calculated ground

state dipole moments (1) and Components Sys. 1 Sys. 2 Sys. 3 Sys. 4 Sys. 3a Sys. 4a
excited state (fL.) dipole
moments (Debye) in parenthesis Hx —2.04 -0.79 —0.93 —1.48 —-1.25 =1.77
for all adopted systems calculated Hy 2.62 4.49 2.02 2.00 2.83 2.63
?ﬁ LC-wPBE/6-311G** levelof - 113 0.32 122 1.28 139 1.41
co
i ot (D) 3.51(3.53)° 458 2.55(2.80) 2.80 (3.10) 7.93 8.32
(4.61) (8.42) (9.06)

# Calculated at PBE0/6-311G** level of theory
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Fig. 4 The representation of
relative orientation of electronic
dipole moment vector (blue
arrow) based on Milliken
population analysis with color
scheme for partial charges of all
atoms in molecule

systems 1. Additionally, as a PNA molecule with typical do-
nor acceptor configuration is often taken as the standard ref-
erence molecule to calculate the first hyperpolarizability am-
plitudes of organic systems, we have made a comparison
among first hyperpolarizability of PNA with our designed
systems. For example, a comparison with this well-known
prototype NLO molecule of PNA shows that some systems
in the present investigation possess larger amplitudes of their
Do Values compared to that of PNA molecule (5, = 1025 a.u.
as calculated in the present study) as calculated at the same
level of theory. The last row of Table 4 shows relative ratios (9
= B! Brot PNA) indicating the increase/decrease in [, values
of all the systems as compared with that of the PNA molecule.

Origin of first hyperpolarizability

To trace the origin of static first hyperpolarizability, we have
performed TD-DFT calculations using TD-LC-wPBE/6-
311G** level of theory. How do the (3 values of derivative

Table 3 The calculated polarizability («, a.u.”) and its individual
components for all adopted systems at LC-wPBE/6-311G** level of
theory

Components Sys.1 Sys.2 Sys.3 Sys.4 Sys.3a Sys.4a
Oxx 300 318 320 351 421 453
Oy =5 —-11 —21 —11 21 31

Ay 204 190 189 237 460 502
Oxz -5 =7 —4 -8 13 8

oy, -2 4 5 -8 91 77

&, 107 105 104 130 146 170

X 203 204 204 239 342 375
Ay 772 822 827 901 1113 1193

 For , 1 a.u. = 1.148176 x 107%* cm™>

molecules enhanced by changing the number and position of
methoxy groups? For the static case (w = 0.0), a simple two-
level expression [41] is often employed in the literature for
quantitative approximations of 3 values. In two-level approx-
imation, the nonlinear optical response is calculated including
the ground and one excited state in sum-over-state expression.
However, care should be taken while applying the two-level
model to the molecules with significantly populated excited
states [42].

Despite the fact that the general validity of the two-level
model has also been questioned for extrapolating (3 value to
zero frequency, it is widely used in experimental studies of
nonlinear optical properties of organic molecules. Unlike the
sum-over-state approximation, the two-level model is a simple
representation of molecular response including wavelength
dependence. This model is also the origin of the most widely
applied push-pull technique for designing efficient NLO chro-
mophore. Oudar and Chemla first used the two-level model to
study the static first hyperpolarizability of nitroanilines [41].
In two-level expression the 3, value is expressed as:

Bo=(3/2)Ap x fO/AE3 )

Here, Ay is the dipole moment difference between the
ground and crucial excited states, f; is the oscillator
strength and AFE is the transition energy as given in
Table 5. We have performed TD-DFT calculations to ap-
proximate the relative contributions of the three parame-
ters above to tuning the NLO properties of our designed
systems. From the two-level model, it can be seen that
the By value is directly proportional to the oscillator
strength fq and change in dipole moment between ground
and first excited state Ay, while it is inversely propor-
tional to cube of transition energy AE. From Table 5, it
can be seen that all the parameters have constructive
contributions to optimize the 3, amplitudes. For instance,

@ Springer
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Table 4 The calculated values of

first hyperpolarizability 3, and 3 comp. Sys. 1 Sys. 2 Sys. 3 Sys. 4 Sys. 3a Sys. 4a
Biot (a.u. and x 107 esu)® along
their individual tensor Brexx 618 442 1280 1551 3948 5092
components for all systems at LC- Brexy —553 —484 -938 -949 -1405 —1440
wPBE/6-311G** level of theory By 74 128 216 217 ~700 714
Byyy 155 39 =36 =37 379 319
Bz -89 -120 -38 -73 102 117
Byz -13 —42 1 4 =316 -325
Byyz =37 20 -11 8 121 113
[c. -18 19 -8 -10 —-131 -136
Byzz 21 35 3 —4 40 27
Bz 19 -8 37 35 40 36
Bo 467 435 1066 1211 1986 2633
Brot 779 (6.73)* 725 1776 2017 3280 4388
(6.26) (15.34) (17.42) (28.34) (37.91)
o° 0.76 0.70 1.73 1.96 391 4.27

* lau.=8.641 x 1073 esu., ® 6= Bud Bt PNA, where (o of PNA is ~1025 a.u. at LC-wPBE/6-311G** level of

theory as calculated in the present

to better understand, we have drawn a graph among tran-
sition energies of two crucial (with larger oscillator
strengths) transitions as well as the amplitudes of their
oscillator strengths for all adopted systems as shown in
Fig. 5. From Fig. 5, it can be seen that among the sys-
tems 1 through 4, the system 4 has a lower value of
transition energies. Similarly, the cyano substituted sys-
tems 3a and 4a show a further reduction in their transi-
tion energies that have ultimately resulted in their robust
0 amplitudes. Somewhat similar trends but with lesser
extent are also present in the case of their oscillator
strengths for both the transitions which provides a
semi-quantitative agreement with (5 amplitudes calculated
using FF method.

study

To roughly approximate the contribution of dipole moment

change between ground and the first excited state, we have
also calculated the change in dipole moment between ground
and the first excited state Ay at TD-PBE0/6311G** level of
theory as shown in Table 5. It is important to mention here that
we used TD-PBEO instead of TD-LC-wPBE because of the
lack of analytic excited-state gradient for TD-LC-wPBE meth-
od in GO9 suites of program. The change in dipole moment
between ground and the first excited state indicates a construc-
tive contribution (Ap > 1 a.u.) to tune the 3 amplitudes. For
example, the change in dipole moments for systems 3 and 4
are 2.026 and 2.155 a.u. that mounts to 5.743 and 10.701 a.u.
in their respective cyano substituted systems of 3a and 4a.
Thus, the above results indicate that an optimal combination

Table 5 The change in dipole

moment between ground and Sys. Ap (@) Electronic fo AE (eV) Major %C. 1L
excited states (Ayp), oscillator Excitation Contribution
strength (f,), transition energies
(AE), and % configuration Sys. 1 1.457 So—S, 0.706 4513 H—-L 64
e s oms em maa s
theory Sys. 2 1.051 So—S> 0.817 4797 H-L 52
So—Ss 0.450 6.189 H-1-L+2 41
Sys. 3 2.026 So—S, 1.008 4.692 H-L 63
So—S, 0.221 6.308 H-1-L+3 41
Sys. 4 2.155 So—S, 0.747 4322 H-L 61
So—Se 0.265 5.964 H—L+2 44
Sys. 3a 5.743 So—S: 0.633 2.508 H-1-L 65
So—Se 0.768 4.473 H—L+1 46
Sys. 4a 10.701 So—S, 0.612 2.511 H-1-L 67
So—S; 0.613 4.145 H—-L+1 52

? The Ay is calculated at TD-PBE0/6311G** level of theory ® S, excitation is not considered in systems 1, 2, 3,
and 4 because of its very low oscillator strength (f;, > 0.009)

@ Springer
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Fig. 5 A plot of TD-DFT parameters including transition energies and
oscillator strengths for two crucial transitions

of optical parameters involved in two-level approximation
plays a crucial role to tune the NLO properties of our designed
derivatives.

The frontier molecular orbitals (FMOs) analysis

The knowledge of frontier molecular orbitals (FMOs) plays a
very crucial role to judge the nature of intramolecular charge
transfer in a molecule as well as its reactivity. Among FMOs,
the highest occupied molecular orbital (HOMO) and lowest
unoccupied molecular orbital (LUMO) are more important.
We have also drawn the frontier molecular orbitals involved
in the crucial transitions (with the highest oscillator strengths)
as given in Fig. 6. From Fig. 6, it can be seen that there is
significant intramolecular charge transfer in our designed sys-
tems where dimethylthiophen groups are acting as electron
acceptors while terminal methoxy phenyl groups as electron

“'ﬁ 1.‘0“ 5 tﬂ%,

: : 4a
E s ds H Oa' % E.J J'. .‘Q
2% e s
s 0%,
'l o> ‘J. ..

Fig. 6 Three-dimensional representations of the frontier orbitals
(HOMO, LUMO, and LUMO+1) of all adopted systems based on
ground-state DFT calculations

donor during transition. The HOMOs of system 1, 3, and 4 are
somewhat similar except in system 2 that has significant
weight of its HOMO on the dimethylthiophen group. This
perhaps leads to less extend of charge transfer, higher transi-
tion energy, and the lowest (3 amplitude in system 2 as com-
pared with other systems. Unlike the others, systems 3a and
4a show more charge transfer like nature due to the involve-
ment of cyano groups where significant weights of their
LUMO orbitals are present. The stronger withdrawing effect
of cyano groups significantly reduced the transition energy
leading to larger 3 amplitudes in systems 3a and 4a.

Conclusions

In the present investigation by signifying the importance of
position and the number of methoxy substitutions, we have
designed different chalcones derivatives. The rotation of
methoxy group substitutions at three different possible ortho,
meta, and para positions on the phenyl ring show significant
changes in NLO properties of these chalcones derivatives.
System 3 with terminal 4-methoxyphenyl group (para-
methoxy substitution) has shown [3,,; amplitude of 1776 a.u.
which is ~2.2 and 2.4 times larger than that of ortho- and meta-
methoxyphenyl in systems 1 and 2, respectively. For system 4
simultaneous substitution of three-methoxy groups at ortho,
meta, and para positions cause an increment of ~159 % in the
Dot amplitude of its parent system 1. Additionally, systems 3a
and 4a, which are cyano derivatives of systems 3 and 4 with
stronger push-pull configurations, show reasonably large (3,
amplitudes of 3280 and 4388 a.u., respectively, which are due
to their lower transition energy and higher oscillator strengths.
Most importantly, among all the derivatives, the cyano deriv-
atives have shown superior NLO properties as compared with
those of systems 1-4. Milliken population analysis is used to
highlight the changes in their ground state dipole moments.
Thus, the present investigation has revealed the importance of
methoxyphenyl and cyano groups in the above designed
derivatives.
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