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Abstract

In the present investigation, we use a dual computational approach (at single molecular and solid-state levels) to explore the
optoelectronic and nonlinear optical (NLO) properties of cross-shaped derivatives. The solid-state electronic band structures of
the compounds 1-3 (the derivatives of tetracarboxylic acid in cross-shaped having the core of benzene (1), pyrazinoquinoxaline
(2), and tetrathiafulvalene (3)) are calculated. The calculated band gaps for compounds 1-2 are found to be direct bad gaps and
compound 3 to be indirect bad gap with energy gaps 0f2.749, 1.765, and 0.875 eV, respectively. The important optical properties
including refractive index, absorption coefficients, loss functions, and extinction coefficient of these semiconductors are calcu-
lated at bulk level to seek their potential applications as efficient optoelectronic materials. Additionally, we use the Lorentz
approximation to calculate the third-order NLO susceptibilities of compounds 1-3 using the molecular hyperpolarizability and
solid-state parameters. The calculated third-order NLO susceptibilities of compounds 1-3 are found to be 6.92 x 10™'%, 64.0 x
107'2, and 26.3 x 107'? esu, respectively. Thus, the present study not only provides a way to connect the calculated third-order
molecular NLO polarizability to NLO susceptibilities for compounds 1-3 through Lorentz approximation but also highlights the
importance of central core modifications on their NLO susceptibilities.
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Previously, inorganic compounds like silicon, germanium,
and chemical mixture were used for the development of high-
quality featured optical devices. [8, 9] Over time, researchers
now exploring several novel organic materials owing to their
low costs, ease of fabrication, a vast variety of functional
groups, and robust optical and NLO properties. For instance,
M. Divya Bharathi et al. [10] worked on the third-order sus-
ceptibility of 8-hydroxyquinolinium 2-carboxy-6-
nitrophthalate monohydrate owing to have 0.15 x 10 esu
that is in-line with other species like 1.56 x 107 esu of 8-
hydroxyquinolinium (Z)-3-carboxyacrylate(Il), 2.03 x
107° esu of 8-hydroxyquinolinium 2-chloroacetate(I), 1.99 x
107° esu of 1-(carboxymethyl)-8-hydroxyquinolin-1-ium
chloride, and 2.51 x 107° esu of 8-hydroxyquinolinium 2-
chloro-5-nitrobenzoate dihydrate. Furthermore, Irfan et al.
[11] investigated the optoelectronic properties of small mole-
cules phenylimidazo[1,5-a]pyridine on bulk level. The calcu-
lations of conductivity, extinction coefficient, dielectric con-
stant, reflectivity, and refractive indices have shown that de-
rivatives of imidazo[1,5-aJpyridine would be efficient multi-
functional organic semiconductor devices. Similarly, Aijaz
et al. study the furan-based small organic semiconductor mol-
ecules (OSMs) with enhanced optoelectronic properties at the
bulk level. [12] In our previous study, the first
hyperpolarizability of the cross-shaped chromophores was re-
ported using three functionals including PBEO, M06, and
B3LYP. It has been found M06, the most efficient level for
NLO calculation as the 2-PyQ gamma values were 257 times
larger than reference para-nitroaniline (p-NA). [13]

In the light of the above literature, the cornerstone of our
present investigation is to calculate the optoelectronic proper-
ties including reflectivity, conductivity, loss function, band
gap structure, absorption and extinction coefficient, the densi-
ty of state (DOS), dielectric function, and refractive index of
three experimentally synthesized compounds that are the de-
rivatives of tetracarboxylic acid in cross-shaped having the
core of benzene (1), pyrazinoquinoxaline (2), and
tetrathiafulvalene (3). Furthermore, for the first time, we use
third-order molecular NLO polarizabilities to find out the
bulk-level NLO susceptibilities through the Lorentz approxi-
mation. The above-entitled cross-shaped compounds are se-
lected for investigation owing to the abundance of their 7t-
conjugation, differences in their central cores, and similarity
in terminal groups. We plan to perform a comparative analysis
of their structures, optical and NLO properties which have
been not reported till now.

Computational details
A dual methodological approach was used by applying the

density functional theory (DFT) methods for calculation of
isolated single molecular geometries and also at bulk level
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within periodic boundary conditions (PBC). The single mo-
lecular geometries of selected compounds (1-3) were opti-
mized at molecular level for the calculations of
hyperpolarizability using PBE0/6-311G* level of theory
through Gaussian 09 suit of programs [14]. For the calculation
of bulk-level electronic and optical properties including the
density of states (DOS) and band structure, the Perdew-
Burke-Ernzerhof (PBE) functional is used within generalized
gradient approximation as implemented in Cambridge Serial
Total Energy Package (CASTEP) [15-17] of Material Studio
7.0. [18] The CASTEP calculations within PBC were mainly
based on the pseudopotential parameter, Pulay density—
mixing scheme, and cutoff parameters of plane-wave basis
set. Meanwhile, the six lattice parameters were selected as
a=19.44 A, b=30.68 A, c=9.11 A, and a=03=v=90° for
the orthorhombic compound 1. Similarly, in triclinic systems
compound 2 and compound 3 were analyzed using the param-
eters a=5.61 A, b=14.77 A, c=18.80 A, a=75.24°, 3=
82.37°, and v=88.60°, and a=10.02 A, b=16.20 A, c=
18.33 A, a=76.43°, 3=87.50°, and = 74.08°, respectively.
The sampling of Brillouin Zone (BZ) by the implementation
of reciprocal space was approximated using the Monkhorst-
Pack scheme. The k-point set was selected as fine mesh with
(2 x 2 x2) values. An optimized cutoff energy of 350 eV for
plane-wave expansion was used with precise fast Fourier
transform (FFT) [42] grid (190 % 192 x 60) (36 x 96 x 120)
and (108 x 180 x 50) for compounds 1, 2, and 3, respectively.
For these molecular crystals, the Broyden-Fletcher-Goldfarb-
Shanno hessian modified scheme (BFGS) was being used as a
minimization method, with the self-consistent field (SCF)
[19]. Pseudo atomic calculation was performed for H 1s', C
252, 2p2, and O 2s%, 2p4. Meanwhile, the total energy/atom
convergence tolerance was 2 x 10 ® ¢V and Eigen-energy
convergence tolerance was 1 x 107 eV. The other optical
parameters including reflectivity R(w), extinction coefficient
k(w), refractive index n(w), and energy loss function L(w)
were analyzed using the following equations obtained from
dielectric function (w) based on real (€;) and imaginary (€,)
parts as [20-23]:

€(w) =€ (w) +i€ (W) (1)
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Results and discussion
Solid-state geometries of compounds 1, 2, and 3

The geometrical structure plays an important role to modulate
the optoelectronic and NLO properties of advanced functional
materials. Therefore, the geometries of above-entitled com-
pounds 1-3 and the effect of changes in geometrical structures
on their optical and NLO properties are also investigated in the
present study. The geometrical parameters of the selected
compounds were computed and compared with the experi-
mental crystal data at single molecular and bulk levels as
shown in Fig. 1. At single molecular levels, some important
bond lengths and bond angles are compared and a reasonable
agreement is seen on the left side of Fig. 1 where the values in
parenthesis are the experimental and taken from references
[24]. While on the other hand, the chemical structures of
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Fig. 1 The left side is showing single molecular optimized geometries
(H-atoms are omitted) for compounds 1, 2, and 3 where bonding param-
eters in brackets are experimental values. The right side is showing the

3Solid state (Exp.)

compounds 1-3 are also energy minimized within periodic
boundary conditions using PBE functional within generalized
gradient approximation as implemented in CASTEP. The
overviews of experimental solid-state packing and our energy
minimized geometries within PBC are shown in the right side
of Fig. 1. Overall similar arrangements of structures of com-
pounds 1-3 are seen in their respective solid-state arrange-
ments. It is reasonable to say that calculated molecular geom-
etries are in agreement with their respective experimental
structures at molecular and bulk levels.

Electronic band structures

In solid-state materials, the electronic band structure is an
important parameter to study the conduction of electrons from
valence band to conduction band as conduction depends on
the energy of the electrical band gap. The calculated band gaps

3Solid state (Cal.)

experimental single crystal structure packing arrangements along with
their solid-state calculated geometries within PBC
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Fig. 2 The electronic band structures of the compound 1 (on the top), compound 2 (at the middle), and compound 3 (at the bottom) with the zoomed
diagram (— 0.1 to 0 eV) on the right of each
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Fig. 3 The partial and total density of state (PDOS and TDOS) of compounds 1, 2, and 3 from left to right, respectively

of compounds 1, 2, and 3 are found to be 2.749, 1.765, and
0.875 eV, respectively. The band gap of entitled molecules
was compared with each other, and a narrow band gap
(0.875 eV) was found in the compound 3 that represent their
enhanced ability to conduct electricity as compared to com-
pound 1 and 2. The band gap value of compound 3 was found
lesser than some ordinary semiconductors that have lower
band gaps, which might show its potential for application as
lower bad gap materials [25]. The calculated band structure
analysis reveals that compounds 1 and 2 have direct and 3
have indirect band structures as shown in Fig. 2. The lowest
energy state in the conduction band and maximum-energy
state valence band are both distinguished by crystal momen-
tum (k-vector) in the Brillouin field. It is an “indirect gap” if
the k-vectors are different. When the crystal momentum of
electrons and holes is the same in both the conduction band
and the valence band, the band difference is considered “di-
rect” [26, 27]. The direct band gap in compound 2 has higher
energy at the Brillouin zones, i.e., F, Q, and Z in the conduc-
tion band whereas relatively low energy observed at these
points in the valence band owing their least ability for the
emission (luminescence) [28]. These Brillouin zones represent
the reciprocal points just similar to Wigner-Seitz cells of the
Bravais lattice for the elaboration of their variations. In the
principle of band configuration, used in solid-state physics
to evaluate the energy levels in a solid, the Fermi level may
be assumed to be an electron’s potential energy level, meaning
that this energy level will have a 50% chance of being filled at
any given moment. A key consideration in the assessment of

electrical properties is the location of the Fermi level in com-
parison to band energy levels. The Fermi level does not nec-
essarily relate to a real energy level (the Fermi level exists in
the band gap in an insulator) nor does it allow band structure
to occur [29, 30].

Density of states

To estimate the contributions of individual orbitals (s and p
orbitals) towards the total absorption, total density of state
(TDOS) and partial density of state (PDOS) analyses were
performed for molecules 1-3. The TDOS study expressed
the total number of states present within the molecule. It can
be seen from Fig. 3 that compound 1 has the highest states
near 2 eV that correspond to their band gap energy.
Furthermore, s subshell involvement is less as compared to p
subshell while there is an intense peak observed at —5 eV in
which the role of p subshell is maximum. In compound 2,
there is an overall less amplitude of TDOS as compared to
other compounds in the study. The maximum TDOS is found
to be about 30 electrons/eV at —5 eV in compound 2. After
careful analysis, it is observed that compound 1 has maximum
contributions in TDOS from s and p orbitals that are higher
than the other two compounds. It is clear from Fig. 3 that the p
orbital played a major role in these compounds for the overall
TDOS. The s-orbitals are representing the energy bands in the
deeper valence band (VB) from — 3 to —2 eV in compound 1
with no participation in compounds 2 and 3. The p orbitals are
dominating the TDOS as well as the PDOS in VB as well as in
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Fig. 4 The dielectric function of compound 1 (on the left side), compound 2 (at the middle), and compound 3 (the on right side)
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Fig. 5 The UV-Vis spectra of compounds 1-3 (left to right) where the visible region is shown by color bars

conduction band (CB). The TDOS summary displays the
dominance of p orbitals near the Fermi level of compound 1.

Dielectric function

The entitled molecules first tested on 001, 100, 010 vectors
but it is found that there are no major differences in their
optical properties like dielectric function. That is why all the
calculations performed using polycrystalline. Dielectric func-
tion is an important factor to describe the properties of the
compound as it plays a chief role in the applications of charge
screening, capacitance, [31] and electrical charge storage. [32]
It has two parts, i.e., the real and imaginary parts that describe
the degree of polarization (dielectric constant) and dielectric
losses, respectively. [33] It was observed that compound 1 has
a maximum real dielectric value of 1.7 at the wavelength of
about 475 nm while the imaginary part has a maximum value
(1.1) at about 400 nm and then it becomes steady throughout
the graph. However, the compound 2 showed unusual varia-
tion in the real and imaginary parts of dielectric functions in
such a way that real part value falls up to 200 nm from 1.0 to
0.5 exhibiting their relaxation phenomenon and then exponen-
tially increases till 700 nm up to 2.5 value of the dielectric
function as molecules are unable to relax at high frequency
due to low dielectric constant value. Similarly, the compound
3 has a non-uniform trend of variation in the beginning as real
part varies from 1.0 to 0.5 at the wavelength of about 50 to

200 nm and then rapidly increases to 2.0 as the wavelength
increases and remains uniform after wavelength of 400 nm
whereas the imaginary part has maximum dielectric function
value (1.25) at about 350 nm that has been represented in
Fig. 4.

Absorption and conductivity

In chemistry, absorption of radiation is associated with the
excitation of atoms, particles, or charge species from the
ground state to an excited state and also responsible for the
conduction of electricity. [34] Hence, the absorption spectra of
each molecule were calculated in which compound 2 has the
maximum absorption at about 250 nm while the compound 1
and compound 3 have less intense absorptions near 300 nm.
As the absorption significantly occurs in the visible region
(see Fig. 5), so the collection of solar radiation for solar cell
applications is significant from these compounds. These com-
pounds can also play a significant role in the image sensor of
the ordinary visible camera and ultraviolet security camera as
absorption of these molecules also falls under the UV-Visible
regions. These molecules can also be used as UV sensors as
well as to filter the infrared radiations in the fields of aero-
space, military, biological, industrial, and communication.
[35]

When the conductivities of these molecules were calculat-
ed and compared, it was found that no molecule starts
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Fig. 6 The real and imaginary conductivities of compounds 1, 2, and 3 (from left to right)
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Fig. 7 Refractive index (n) and extinction coefficient (k) of compounds 1, 2, and 3

conduction before 40 nm owing to that there is electronic
delocalization at a lower wavelength. According to Fig. 6,
the real and imaginary parts of conductivity for these three
compounds have almost equal magnitude up to the range of
150-200 nm and then imaginary and real conductivities in-
crease oppositely at 200-225 nm that are related to their di-
electric functions. The values of the imaginary part fall
representing the enhancement of capacitance property while
the real part of conductivity increase that represents the elec-
trical volume in compound 1. In the case of compound 2, there
are two sharp peaks observed at 100 nm for the real and
imaginary conductivities of about 0.4 and —0.01 fs', respec-
tively. Then afterward, imaginary and real conductivities in-
crease up to 200 nm and then real conductivity gradually
decreases while imaginary conductivity falls exponentially
indicating their ability to store electrical charge. A similar
pattern was observed in compound 3, where a small change
occurs in both conductivities up to 200 nm while the maxi-
mum conductivity of about 0.58 fs~' observed at 350 nm.
Interestingly, these compounds have uniform conductivities
including both real and imaginary parts in the visible range.

Refractive index (n) and extinction coefficient (k)

Refractive index (n) describes the movement of electromag-
netic radiation when it passes through the medium and chang-
es occur as incident light reflected from the medium indicating
their thickness that is illustrated in Fig. 7. The refractive index
is inversely related to the thickness of the material in such a

way that an increase in the number of layers results in the
lowering of the refractive index and extinction coefficient.
[36] It was observed that refractive index variation starts from
50 nm at about 1.0 that gradually decreases up to 275 nm then
increases to 450 nm at about 1.45 and remains steady up to
1000 nm indicating uniform geometry in compound 1.
Similarly, in compound 2, there is a sharp peak of extinction
coefficient and refractive index while the refractive index in-
creases to 1.7 in the range of 600—-1000 nm. Meanwhile, the
extinction coefficient decreases exponentially up to 0.1 at
about 1000 nm. Interestingly, compound 3 has intermediate
values of refractive index and extinction coefficient and come
very close to each other at about 0.6 in the range of 200 nm
and then move smoothly on the visible region with n near 1.5
and k at about 0.15.

Reflectivity and loss function

The reflectivity of a material is related to its absorption coef-
ficient. When the reflectivity of our selected molecules was
compared with each other, it was observed that compound 1
has maximum reflectivity (0.05) in the range of 250-400 nm
indicating the width of the compound while compound 2 ex-
hibits an intense peak of reflectivity at 200 nm and there is a
broad peak observed in compound 3 starting from 200 nm and
maximum at about 300 nm, corresponding to their absorption
coefficient as described above. [37] The collected results are
shown in Fig. 8.
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Fig. 8 The reflectivity of compound 1 (on the left side), compound 2 (at the middle), and compound 3 (on the right side)
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Fig. 9 The loss function of compounds 1-3 (from left to right)

Similarly, when the loss function of these compounds was
compared, it was found that their peaks are much intense and
sharper than reflectivity. Compound 1 exhibits unavailing loss
function at about 0.8 representing excitations having a maxi-
mum range near 300 nm. The compound 2 showed extraordi-
narily higher value of loss function nearly 1.6 that is found at
sharp 200 nm. Meanwhile, compound 3 has a broad range of
loss function (1.0) that is higher than the compound 1 as there
is more area under the curve that correspond to their excita-
tions of electrons in the ultraviolet region [38] that is shown in
Fig. 9.

Third-order NLO polarizability and susceptibility

Nonlinear optical materials are playing a crucial role in the
modern hi-tech era. Their applications range from laser fre-
quency modulation to digital data writing and telecommuni-
cations, etc. Organic compounds are considered novel candi-
dates for the linear and nonlinear optical (NLO) microscopic
polarizability at the molecular level and macroscopic suscep-
tibility at bulk levels. [39, 40] These organic compounds have
unique features like donor-7t-accepter groups and substantial
response in light-matter interactions. [41] The above discus-
sion reveals that entitled molecules possess good optoelec-
tronic properties so we have calculated NLO properties of
compounds 1-3. Unlike the several previous NLO studies,
which reported only NLO polarizabilities of organic mole-
cules, herein, we have also calculated the third-order NLO
susceptibilities (x°) at bulk using Lorentz approximation.
The third-order NLO susceptibility corresponds to linear re-
fractive index as given in the following Eq. 6.

[l
X = 3| M (6)

where x* is the third-order NLO susceptibility, N is the num-
ber density of molecules, 7, is the linear refractive index,
while ~ is the molecular third-order NLO polarizability of
the compounds 1-3 as calculated using PBE0/6-311G* level
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of theory. The calculated results of compounds 1-3 are given
in Table 1 along with nonlinear optical properties of p-NA,
which is a prototype organic molecule, often used as a refer-
ence in comparison to newly designed organic compounds.

To analyze the reliability of these systems, x° values of the
entitled systems are also compared with the fullerene (Cgy:
x3=7 x 10712 esu) [42], 8HQNP (°=35.08 x 10™'? esu)
[10], DBA (x’= 0.01 x 107'? esu) [43], and Me-ANC
(x’=0.08 x 10~ esu) [44]. The " values of the selected mol-
ecules are arranged as DBA < Me-ANC < p-NA <1< Cgp< 3
< 8HQNP < 2. There is a direct relationship among the third-
order NLO polarizabilities (vy), refractive indices (n), and
third-order NLO susceptibilities (x°). After careful analysis
of Table 1, it is observed that compound 2 showed the highest
values of X3 (64.0 x 102 esu) and v (663.4 x 1073¢ esu) as
compared to compounds 1, 3, p-NA, Me-ANC, 8HQNP, and
DBA. The calculated values of third-order NLO susceptibili-
ties at bulk are 162, 2324, and 896 times higher as compared
to the ° the amplitude of p-NA for the compounds 1, 2, and 3,
respectively. Therefore, it is concluded that if the compounds
have higher values of v and #, there will be a surge in the value
of x°. Hence, this comparison suggests that these compounds
can be used as efficient materials in the field of nonlinear
optics (NLO) and other optical applications.

Table 1  The calculated values of third-order polarizability (-y), unit cell
density per unit volume (D), density number (N), refractive index (n), and
third-order NLO susceptibilities (x*) of compounds 1, 2, and 3

Compounds vy D N n X

103 esu  Mg/m®  10%° 107" esu
Compound 1 201.2 0.68 7.36 1.2 692
Compound 2 663.4 0.74 6.70 1.6  64.00
Compound 3 4444 1.52 7.21 14 2630
p-NA 20.4 1.43 6235 09 2.64[45]
Fullerene Cqo < 300 0.12 - 2 7.00 [42]
SHQNP cale. 15.9 1.58 - 2.5 35.08[10]
DBA ¥ - - - 14 0.01[43]
Me-ANC ¢ 12.9 127 - - 0.08 [44]
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Conclusions

In the present investigation, the quantum chemical study for
compounds 1, 2, and 3 have been performed to evaluate their
potential as efficient optoelectronic and NLO materials. The
molecular third-order NLO polarizabilities were found to be
201.2x107°%, 663.4 x 10°°, and 444.4x 10>° esu for com-
pounds 1-3, respectively, at PBE0/6-311G* level of theory.
The calculated molecular third-order NLO polarizabilities
were used along with bulk-level solid-state parameters to ap-
proximate their third-order NLO susceptibilities (a bulk-level
property). The bulk NLO susceptibilities were calculated to be
6.92x107'%, 64.0 x 102, and 26.30 x 10" esu for com-
pounds 1-3, respectively. It is also found that compound 2
has maximum absorption with a sharp peak in non-vacuum
UV region at about 250 nm as compared to the compounds 1
and 3, which have peaks near-visible region ranges from 300
to 450 nm. For compound 2, its dielectric function exhibited
higher value in the real and imaginary parts (unlike com-
pounds 1 and 3) where real part height values range from
1.0 to 0.5 at 200 nm while 2.5 amplitude was observed at
700 nm. For compound 2, its refractive index was found
to be 1.7 in the range of 600—-1000 nm. The band gap
of compound 2 has an intermediate energy of 1.765 eV
as compared to compounds 1 and 3 that can be used for
semiconducting properties. From the above discussion, it
is concluded that compound 2 possesses much better
optoelectronic and NLO properties as compared to com-
pounds 1 and 3, and some reference molecules as
discussed. In short, the entitled compounds are useful
and these can play a key role for efficient optical and
NLO properties both in single molecular state and in
solid-state as well.
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