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Abstract

In this study, nonlinear optical (NLO) properties of nitro-thieno [3,2-b] thiophene-fullerene (C20) molecule
was systematically investigated using density functional theory (DFT) methods at the B3LYP level with a
6-31 + G(d,p) basis set. Fullerene (electron-donor) is associated with thieno [3,2-b] thiophene (m-
conjugated bridge), forming a charge-transfer framework, and nitro is a strong electron-acceptor. The
dynamic properties of the molecule, including first and second hyperpolarizability, resulting from second
harmonic generation B(-2m; ®,»), third harmonic generation y(— 2m; ®, ®, ®), Pockels effect B(-o; ®,0),
and Kerr effect y(—o; o, 0, 0), were investigated, which are essential evaluation indexes for creating
nonlinear materials. The molecule exhibits excellent nonlinear responses, where it was found that the
highest linear response of the coefficients above at the wavelength 455.6 nm. Absorption spectra reveal
that these molecules have infrared transparent regions and are novel nonlinear molecules. Therefore,
linking nitro-thieno[3,2-b]thiophene with fullerene (C20) efficiently designs high-performance nonlinear
molecules.

Keywords: Density functional theory, Kerr effect, Pockels’s effect, Second harmonic generation, Third
harmonic generation.

Introduction

A great deal of attention has long been paid to the
nonlinear optical properties of organic compounds,
mainly because of their importance in photonic,
optoelectronic, and other devices that use light to
carry information®. Optical switches, sensors,
modulators, harmonic generators, optical computing,
optical data processing, optical data storage, and
optical limiting effects are all examples of
applications for nonlinear materials?3. Almost all
NLO materials in the last 30 years were made of
inorganic crystals®. Because organic materials have

greater NLO responses than inorganic counterparts,
there has recently been a paradigm shift toward
them®”. Moreover, they may be made cheaply, and
they  form  high-quality  crystals  quickly.
Additionally, they can be easily integrated into thin
films, they can be easily integrated into thin films
since they have excellent solution processability.
Therefore, they can be dissolved or dispersed in
suitable solvents before being deposited on various
substrates by methods such as spin coating or dip
coating. They additionally have flexible molecular
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architectures, which indicate they can be modified or
designed to achieve desired properties or functions in
thin films®°. Molecules containing electron donor
(D) and electron acceptor (A) groups linked by the
conjugated bridge are frequently used to create
effective NLO materials’%. The NLO activities of
these push-pull molecules are due to intramolecular
charge transfer between D and A group*. Organic
materials are the first class of materials to offer
nonlinear optical features, and they are attractive
candidates for synthesis because of their possible
applicability in modern devices. It displays striking
NLO behavior in the visual spectrum. Extensive
research has shown that varying the donor/acceptor
substituents, conjugation length, and dimensionality
of the m-electron system can improve the NLO
characteristics of organic materials. Although NLO
materials research has advanced significantly, it has
not yet attained the level necessary for practical
applications’®**, To comprehend the connection
between the structure and NLO properties of organic
materials, theoretical calculations of molecular
structure and third-order NLO characteristics are
necessary®. Density functional theory (DFT) in
particular has been extremely effective in this area,
according to computational chemistry methods?®.
Therefore, this method was chosen since it is quicker
than experimental and other theoretical methods and
yields like results. To investigate the NLO properties
of structures with stronger electron donor groups,
DFT is used!®'’. The NLO activities of the proposed
molecules are enhanced when appropriate donor
groups are used to promote intramolecular charge
transfer (ICT)*8. Excellent NLO responses are often
seen in donor-acceptor (D-A) push-pull complexes
caused by intramolecular charge transfer between
donor(D) and acceptor(A)'°. Electron donors and
acceptors are groups of atoms that can donate or
accept electrons, respectively. In NLO materials,
electron donors and acceptors are often connected by
a m-conjugated system, which is a chain of atoms
with alternating single and double bonds that allow
for the delocalization of m-electrons?. This forms a
push-pull structure, where the electron donor pushes
electrons to the m-system and the electron acceptor
pulls electrons from the m-system. This creates an
intramolecular charge transfer (ICT) process, which
enhances the NLO response of the material.
According to computational results, the first and

second hyperpolarizabilities can be significantly
enhanced. Thus, density functional theory may be
reliable for calculating the electronic contributions to
nonlinear optical properties for organic fullerenes?-
23 or nanotubes?®.

In this work, nitro-thieno [3,2-b] thiophene -
fullerene (NTTF) has been designed as an NLO
structure with five phases, as shown in Fig. 1. One of
our goals is to analytically assess the NLO behavior
of nitro-thieno [3,2-b] thiophene -fullerene at the first
and second polarizability (NTTF) using the DFT
guantum mechanical approach. In addition,
DFT/B3LYP has defined HOMOs and LUMOs, as
the highest and lowest occupied molecular orbitals
respectively.

NTTE! 2, 2% 2,
I 9
)
.oo“ k, L& j ‘,Jao.
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‘29 ‘ ! J‘J“J
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Figure 1. The optimized geometry Of the design NLO
structure  (nitro-thieno  [3,2-b]  thiophene-
fullerene (C20)) of the five phases (NTTF?,
NTTF2 NTTF3 NTTF* and NTTF® respectively)
using the B3LYB/6-31+G(d,p) method.

Theoretical Calculations

The ground-state geometry optimizations for nitro-
thieno [3,2-b] thiophene-fullerene (C20) five
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molecular phases, see Fig. 1, have been explored by
performing DFT calculations, where all calculations
are in the gas phase. The choice of a suitable
computational method is crucial when calculating
NLO properties. Using Gaussian 09 can conduct
DFT (density functional theory) calculations based
on quantum mechanic®*.The NLO properties were
calculated using the DFT/B3LYP/6-311+G(d,p)
method, which was chosen for its efficiency and
precision. B3LYP functional combines Becke's three
exchange parameters and Lee-Yang-Parr correlation
parameters® .In a homogeneous electric field, the
energy of a molecular system is expressed as
follows?:

1 1
E = EO - l’liFi - ;al]FLF} - ;ﬁl]kFlF]Fk -
1
2 VijiaFiFjFy by — - 1

where E|, is the total energy of the molecule lacking
the presence of an electric field, F; is the applied
electric field in the i direction, and w;, a;;, Bk, and
Yijke are the molecular permanent dipole moment,
polarizability, and first and second
hyperpolarizability tensors, respectively. The total
dipole moments (i), average polarizabilities (),
anisotropy polarizabilities (Aa), first
hyperpolarizabilities B), and second
hyperpolarizabilities (y) are expressed as follows?®:

Results and Discussion

This work shows the results of the theoretical design
of NLO molecules. In the case of A-n-D-n-A systems
NLO properties were considered because they have
the characteristic and ability of intramolecular charge
transfer between D and A through the n-bridge. For
this investigation, it was essential to determine the
most stable form of NLO design structure (nitro-
thieno [3,2-b] thiophene -fullerene (C20)) that has
five phases (NTTFY, NTTF2, NTTF3 NTTF* and
NTTF®), see Fig 1. Where according to the relative
energy AE, two phases, NTTF® and NTTF3, are
favored over the three others. Polarization is a
measure of how the electric dipole moment of a
molecule changes in response to an applied electric
field. Polarization can be divided into linear
polarization and nonlinear polarization, depending
on whether the electric field is weak or strong. Linear

1
p=(u 4+ u2)? 2
ay = %(axx +ay, +ag;) 3

Aa = 271/2 [(axx - ayy)z + (ayy — azz)z +

1/2
(@yz — @) + 60y,° + 601,y + 6ay,7]

Brot = (BZ + Bs + BZ)? 5

where B is the third rank tensor and is expressed as a
3x3x3 matrix. Conferring to Kleinman symmetry
(Bryy= Byxy= Byy= Byyz= Byzy= Bzyy ... likewise and
these 27 components can be reduced to 10 (Kleinman
1962) 27 and Gaussian 09 output provides ten
components of this matrix as Bxxx; Bxxy; Bxyy; Byyy; Pz
Bxyz; Byyz; Bxzz; Pyzz; Pzzz, respectively?®, in atomic units
(AU), so that Bx= (B + Pryy + Pxzz), By= (Byyy + Byzz
+ Byc), Be= (Bazz + Ba + Bayy) .

The optical dispersion in the medium has been
ignored in the present work, so it is possible to
calculate the average (or absolute value) of static
second hyperpolarizability by applying Kleinmann's
43 formula®:

1
Y= 5 (yxxxx + Yyyyy + Vzzzz T ZYXxyy + 2Vxxzz T+
Zyyyzz) 6

polarization is proportional to the electric field, while
nonlinear polarization is proportional to higher
powers of the electric field®. And, anisotropy of
polarizability is a measure of how the polarizability
of a molecule varies with different directions of the
electric field. Anisotropy of polarizability can affect
the NLO properties of a molecule, such as its second
harmonic generation (SHG) and two-photon
absorption (TPA) coefficients®2. The modification of
molecular structure, such as donor-acceptor
configuration, usually increases polarization, but this
effect is more pronounced for anisotropy of
polarizability Ao(—m;m) at the low wavelengths. This
is because the donor-acceptor configuration induces
a large ICT transition dipole moment that is
perpendicular to the m-conjugated system, which
creates a large difference between the parallel and
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perpendicular components of polarizability. This
difference increases as the wavelength decreases,
because the ICT transition becomes more dominant
compared to other transitions®2. Therefore, donor-
acceptor configuration can enhance the NLO
response of a molecule by increasing its anisotropy
of polarizability at the low wavelengths.

To comprehend dynamic NLO properties like
polarizability oo(-®,®), the first response of a
molecule to an applied external electric field, it is
necessary to calculate the response of tensor
components of dynamic hyperpolarizabilities on a
molecular level. The isotropy and anisotropy
polarizability is represented as oo(-m;0) and Ao(-
;m), respectively. Where the dynamic polarizability

ao(-;0) and Aa(—w;m) values, are showing in Fig
2, increase as the input frequency increases. It is
observed that the calculated results of the average
linear polarizability ao(—w;®) have values that are not
negligible, but the wavelength 455.6 nm had the
highest value, according to the following order
NTTF, NTTF4 and NTTF!, NTTF2 Anisotropic
polarizability Aa(-m;w) was ordered as NTTPF,
NTTF, NTTF, NTTF? and NTTF* ,see Fig.2.
Hence, the polarizability results are higher at A =
455.6 nm and decreases as the frequency decrease.
The modification of molecular structure, such as
donor-acceptor configuration, usually increases
polarization, but this effect is more pronounced for
anisotropy of polarizability Aa(—m;0) at the low
wavelengths, as given in Fig 2.
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Figure 2. a) The isotropy o.(-®,0) and b) anisotropy polarizability Aa(-o,m) of NTTF!, NTTF?,
NTTF3, NTTF*and NTTF® with respective values of wavelengths.
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Frequency-dependent  simulations have been
conducted to understand the title molecule's
nonlinearity. The first hyperpolarizability PB(w)
included assessing Pockel's effect P(-m;®,0) and
second harmonic generation B(-2m;w,0), Whereas
the second hyperpolarizability included Kerr effect
v(-0;®,0,0), second harmonic generation (SHG) (-
2m;0,m,0) and third harmonic generation (THG) y(-
3m;0,0,0). The range of frequencies from 455.6 to
4556.3 nm was chosen to validate dynamic
nonlinearity.

Pockels effect, which is a change in the refractive
index in proportion to the electric field of light. It
depends on the material and the light wavelength.
Pockel’s effect f(-o; ,0) at 455.6 nm, see Fig 3, are
ordered as NTTF®, NTTF3, NTTF? NTTF!, and

GOE+D6

NTTF*, where the NTTF® showed an 50% increase
compared with NTTF2. Pockel's effect is the linear
electro-optic effect, where the refractive index of a
medium is modified in proportion to the applied
electric field strength, where the refractive index
depends on Pockel's coefficient, this means the
refractive index increases with Pockel's effect. Based
on the computed values, Pockel's influence is
similarly stronger at lower wavelengths.

Second harmonic generation B(-2m;m,m) showed that
at a frequency of 455.6 nm, the order is NTTF5,
NTTF3, NTTF4, NTTF2, and NTTF1, see Fig 4.
There was a 250% increase in NTTF5 compared to
NTTF3. At 506.3 nm B(-20;m,m) they are ordered as
NTTF2, NTTF3, NTTF5, and NTTF4.
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Figure 3. Pockel’s effect B(-m;®,0) of NTTF!, NTTF?, NTTF3, NTTF*and NTTF® with respective
values of wavelengths.
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Figure 4. Second harmonic generation B(-20;0,m) of NTTF!, NTTF2 NTTF3, NTTF*and NTTF® with
respective values of wavelengths.
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The second hyperpolarizability (THG) is calculated
by the Kerr effect y(®;®,0,0) and second harmonic
generation y(2mw;0,m,0) and the third harmonic
generation hyperpolarizability y(—3w;0,0,0) for the
title molecules.

Kerr effect of the molecule , which is a change in
the refractive index of a material in response to an
applied electric field®. The refractive index
measures how light when it passes through a
material. The Kerr effect is different from the
Pockels effect in that the change in refractive index
is proportional to the square of the electric field
instead of varying linearly with it®. The Kerr effect

03E+10

values are increased, which means that the change in
refractive index is large for a given electric field.
This also implies that the molecule has a large Kerr
constant, which determines how much the refractive
index changes. Kerr effect y(-o; ©,0,0) values at
455.6 nm are ordered as NTTF*, NTTF®, and NTTF3,
respectively, see Fig 5. At 455.6 nm, the greatest
computed Kerr effect v (-0; ®,0,0) increased by
500% for NTTF* compared to NTTF®. At the same
time, the remaining phases are almost vanishing. The
greater Kerr effect values also show that the
examined molecule's refractive index changes
nonlinearly.
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Figure 5. Kerr effect values for NTTF!, NTTF2, NTTF®, NTTF*and NTTF® with respective values of

wavelengths.

As for the case of the second hyperpolarizability v (-
20;0,0,0) is different, where all phases have high
values at 455.6 nm in the order of NTTF®, NTTF?,

NTTF* and NTTF? as shown in Fig 6. While at
569.5 nm, NTTF® is significant. Finally, NTTF? has
a very large value of 4556.3.
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Figure 6. Second hyperpolarizability y(-20;0,0,0) of NTTFL, NTTF2 NTTF, NTTF*and NTTF® with
respective values of wavelengths.
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Third harmonic generation y(-3w;m,0,m) behaves
quite similarly to the Kerr effect y(-0;®,0,0), where
the NTTF* shows the highest value at 455.6 nm, and
they are ordered as NTTF* NTTF®, and NTTF3, see
Fig 7. The interaction of the hyperpolarizability
components within the molecule is seen to enhance
with an increase in the electric field frequency,
leading to greater values of the NLO coefficients. In

second hyperpolarization materials, Kerr
nonlinearity produces self-phase and cross-phase
modulation, two nonlinear effects. From the
foregoing, it can be concluded that the dynamic
second hyperpolarizability response of NTTF* to
different optical frequencies is helpful for adjusting
its second-order NLO effects in various applications.
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Figure 7. Third harmonic generation hyperpolarizability y(-3®; o,,0) of NTTF!, NTTF2, NTTF,
NTTF*and NTTF® with respective values of wavelengths.

Conclusion

NLO properties of NTTF were studied using the DFT
guantum method. The molecules’ electronic
absorption spectra were also analyzed using the TD-
DFT approach (B3LYP), and the basis set 6-31+
G(d,p). Before conducting NLO studies, the most
stable conformer of NTTF was determined through
conformational analysis. In this study, the dynamic
NLO properties have been examined, including
second harmonic generation (SHG), Pockels effect,
third harmonic generation (THG) and Kerr effect.
Charge delocalization and hyperpolarizability of
NTTF are likely to be attributed to the conjugated
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