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Abstract

Context In this study, we have developed four new chromophores (TM1-TM4) and performed quantum chemical calculations
to explore their nonlinear optical properties. Our focus was on understanding the impact of electron-donating substituents
on 1,3,4-oxadiazole derivative chromophores. The natural bond orbital analysis confirmed the interactions between donors
and acceptors as well as provided insights into intramolecular charge transfer. We also estimated dipole moment, linear
polarizability molecular electrostatic potential, UV—visible spectra, and first hyperpolarizability. Our results revealed that
TM1 with a strong and stable electron-donating group exhibited high first hyperpolarizability () 293,679.0178 x 1073 esu.
Additionally, TM1 exhibited a dipolar moment (1) of 5.66 Debye and polarizability (a) of 110.62x 1072* esu when measured
in dimethyl sulfoxide (DMSO) solvent. Furthermore, in a benzene solvent, TM1 showed a low energy band gap of 5.33 eV
by using the ®B97XD functional with a 6-311+ + G(d, p) basis set. Moreover, our study of intramolecular charge transfers
highlighted N, N dimethyl triphenylamine and carbazole as major electron-donating groups among the four 1,3,4-oxadiazole
derivative chromophores. This research illustrates the potential applications of these organic molecules in photonics due to
their versatile nature.

Methods The molecules were individually optimized using different functionals, including APFD, B3LYP, CAM B3LYP,
and ®B97XD combined with the 6311+ + G (d, p) basis set in Gaussian 16 software. These methods encompass long-range
functionals such as APFD and B3LYP, along with long-range corrected functionals like CAM B3LYP and ®B97XD. The
employed functionals of APFD, B3LYP, CAM B3LYP, and ®B97XD with the 6-311+ + G (d,p) basis set were used to extract
various properties such as geometrical structures, dipole moment, molecular electrostatic potential, and first hyperpolarizability
through precise density functional theory (DFT). Additionally, TD-DFT was utilized for obtaining UV-visible spectra. All
studies have been conducted in both gas and solvent phases.

Keywords Nonlinear optical materials - 1,3,4-oxadiazoles - First hyperpolarizability - NBO - HOMO LUMO - ICT -
Density functional theory (DFT) - TD DFT

Introduction

Organic materials received much more importance in

the emerging field of nonlinear optics [1-3], due to their
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first hyperpolarizability. The first hyperpolarizability is the
key factor for second-ordered NLO materials particularly
optoelectronic applications [10, 11]. The most effective
way of achieving the first hyperpolarizability is by choosing
conjugated & systems by introducing a combination of strong
electron donating and withdrawing groups by limited chain
length [12]. Organic materials studied extensively confirm
that with & conjugated push—pull type system is feasible
to modulate for their optical, electronic, and chemical
properties by adapting their molecular structure [13]. Higher
NLO properties have been demonstrated by D-n-A type NLO
organic chromophores. Here, D and A stand for functional
groups that donate and accept electrons, respectively, while &
denotes a conjugated bridge interaction through n-n* bonds
that promote charge transfer and increase NLO activity [14].

Amidst the variety of organic molecules important
for nonlinear optical (NLO) applications, certain com-
pounds with strong electron-withdrawing characteristics
like 1,3,4-oxadiazoles, thiosemicarbazones, imidazolium,
and benzimidazoles are notable due to their exceptional
second- and third-order NLO responses. These molecular
frameworks display high NLO activity because of their
significant ability to facilitate charge transfer within their
structure—a crucial feature for NLO materials. A recent
study has highlighted the considerable attention garnered
by derivatives of 1,3,4-oxadiazoles across diverse fields
such as optoelectronics and medicinal chemistry compounds
along with dye-sensitized solar cells (DSSC) [15-17]. These
derivatives are part of the heterocyclic moiety, belonging
to the family of organic compounds with significant elec-
tron transport properties, high thermal ability, oxidative
stability, and strong electron-withdrawing properties. They
also exhibit strong fluorescence with good quantum yield,
making them valuable in the development of materials for
electroluminescent applications and electron-transporting
materials [18, 19]. The study highlights the increasing focus
on pharmaceutical, optical, biological, optoelectronic, and
OLED applications of 1,3,4-oxadiazole derivatives while
noting a limited number of works reported on their second
nonlinear optical properties. S.S. Oliveira and colleagues
investigated the use of different group molecules with
1,3,4-oxadiazoles, reporting second-order NLO properties
with a first hyperpolarizability () of 24.0x 107° esu [20].
Khemalapure et al. conducted research on the spectroscopic,
optical, and NLO properties of 1,3,4-oxadiazole derivatives
[21]. Alongamo et al. studied the impact of substituents on
the charge transport and nonlinear optical (NLO) properties
of 1,3,4-oxadiazole derivatives [22]. Carella et al. explored
the use of thiophene rings with 1,3,4-oxadiazole chromo-
phores for second-order NLO properties [23]. Yi-Kai Fang
et al. focused on non-conjugated random copolymers with
pendant electron-donating 1,3,4-oxadiazole derivative moi-
eties [24]. Homocianu et al. conducted a study and review
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of fluorinated 1,3,4-oxadiazole derivatives, examining their
NLO parameters [25]. In a study by Dhannur et al., advanced
DFT methods were used to investigate the NLO properties
of D-n—A substituted bis-1,3,4-oxadiazoles [26]. The syn-
thesized molecules were both structurally confirmed through
spectroscopic techniques and showed significant NLO activ-
ity, with hyperpolarizability values exceeding that of stand-
ard benchmarks like urea by 55 times. These exceptional
characteristics highlight the potential usefulness of these
compounds in NLO applications. Additionally, the research
conducted by Homocianu et al. delved into the nonlinear
optical properties and metal ion sensing capabilities of a
polymer composed of 1,3,4-oxadiazole and bisphenol A
units. Utilizing UV-Vis absorption and fluorescence spec-
troscopies, the solvatochromic method revealed this poly-
mer’s significant NLO parameters (a=0.54 x 1073 esu,
$=2.99x10"% esu, and y=9.21 x 107> esu) [27]. Another
study by Silva et al. investigated two 1,3,4-oxadiazole deriv-
atives, demonstrating their substantial second-order optical
nonlinearity as seen in their first hyperpolarizability values
(106 x 107** esu and 126 x 1073* esu) [28]. These findings
collectively underscore the potential of these compounds for
advanced optoelectronic applications.

The role of NLO materials is crucial in modern photonic
applications, but the challenge lies in finding new com-
pounds with strong NLO response, good thermal stabil-
ity, and easy processing. Employing the density functional
theory method offers significant advantages in designing
materials and estimating their potential electronic, optical,
and NLO properties [29]. This study aimed to investigate
the second-order NLO properties of novel 1,3,4-oxadia-
zole derivatives using DFT. The specific objectives were
to design a series of D-n-A type push—pull chromophores
based on 1,3,-4-oxadiazole derivatives; evaluate the impact
of different donor groups on the NLO properties of these
chromophores; and identify structure—property relation-
ships that may lead to materials with enhanced NLO per-
formance. To achieve this goal, a set of four D-n-A type
push—pull 1,3,4-oxadiazole derivative chromophores (Fig. 1)
were designed, namely (Z)-4-(5-(4-(bis(4-(dimethylamino)
phenyl)amino)styryl)-1,3,4-oxadiazol-2-yl)phthalonitrile,
(E)-4-(5-(2-(10-propyl-10H-phenothiazin-3-yl)vinyl)-1,3,4-
oxadiazol-2-yl)phthalonitrile, (E)-4-(5-(2-(anthracen-
9-yl)vinyl)-1,3,4-oxadiazol-2-yl) phthalonitrile, and (E)-
4-(5-(4-(9H-carbazol-9-yl)styryl)-1,3,4-oxadiazol-2-yl)
phthalonitrile are abbreviated as TM1, TM2, TM3, and
TM4 to achieve second-order NLO properties. Additionally,
a series of donors including triphenylamine, phenothiazine,
anthracene, and carbazole, together with 1,3,4-oxadiazole
as a common withdrawing group, were employed to attain
exceptional second-order NLO properties. These substitu-
ents were chosen due to their robust electron-donating capa-
bilities, which are well-documented in the literature [30-35].
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Fig.1 1,3,4-oxadiazole deriva- HaC
tive chromophores TM1, TM2,
TM3, and TM4

The rationale behind the selection is rooted in their ability
to enhance the electron density on the conjugated 1,3,4-oxa-
diazole core, thereby having the potential to improve the
second-order nonlinear optical (NLO) properties of the
molecules. Triphenylamine is known for its strong electron-
donating nature and its stability, which makes it an excellent
candidate for electronic applications [35]. Carbazole is a
heteroaromatic compound recognized for its high thermal
stability and favorable electronic properties [34]. Carbazole
and triphenylamine units are commonly utilized in organic
donor materials due to their outstanding optical and elec-
tronic properties. The carbazole structure can be extensively
modified and is widely used in applications such as organic
light-emitting diodes [36, 37]. Phenothiazine provides a
unique combination of electron donation capability and
steric hindrance that influences molecular packing and elec-
tron transport [31]. Additionally, phenothiazine units with
strong electron-donating capacity have distinct electronic
properties; these have been frequently utilized as donor
groups in dye-sensitized solar cells (DSSCs). Anthracene,
a polycyclic aromatic hydrocarbon, contributes to extended
m-conjugation, potentially increasing NLO responses [32].
Each donor was carefully chosen to explore the effects of
different electronic and steric properties on the overall NLO
performance of the 1,3,4-oxadiazole derivatives. These sub-
stituents not only enhance the intramolecular charge transfer
but also contribute to the structural diversity of the com-
pounds, thus offering a broad perspective on structure—prop-
erty relationships in the context of NLO materials.

Computational method

In this investigation, the quantum chemical calculations
were carried out using the Gaussian 16 program suite
[38]. Density functional theory (DFT) was employed for
all calculations. Initially, the geometries of chromophores
TM1-TM4 were optimized in C1 symmetry using DFT
functionals APFD, B3LYP, CAM-B3LYP, and ®B97XD.

The choice of APFD and B3LYP functionals was based
on their proven reliability in accurately predicting elec-
tronic properties across a wide range of molecular systems.
Specifically, APFD is known for its balanced treatment of
exchange—correlation energy while B3LYP demonstrates
general-purpose applicability across diverse chemical sys-
tems. For long-range corrected functionals, CAM-B3LYP
and ®B97XD were selected to account for significant long-
range electron—electron interactions crucial in studying NLO
properties. CAM-B3LYP allows tunable range-separation
parameters important for studies involving charge transfer
states while ®B97XD incorporates dispersion corrections
making it adept at modeling non-covalent interactions—an
essential factor given our novel 1,3,4-oxadiazole deriva-
tives. By combining these functions, we aimed to achieve
a comprehensive analysis ensuring reliability of geomet-
ric structures. Moreover, the complementary strengths of
these functionals, each meticulously chosen for their proven
competencies in different aspects of DFT calculations, coa-
lesce to offer an in-depth and accurate understanding of the
second-order NLO properties that are central to our study’s
objectives. Further stability analysis was conducted for each
wavefunction in the gas phase, with no imaginary frequency
found due to the various degrees of freedom of both struc-
ture and wavefunction. To examine the nonlinear optical
(NLO) behavior and other associated intramolecular charge
transfer properties of chromophores TM1-TM4, electrical
properties such as dipole moment (u), polarizability (), first
hyperpolarizability (f), natural bond orbital analysis (NBO),
and frontier molecular orbitals (FMO) for the ground state
were estimated using the time-independent DFT method. A
time-dependent TD-DFT method was utilized to approxi-
mate vertical energy transitions for the UV-visible spectra.
The estimated properties were derived from both the gase-
ous phase and five different solvent environments, includ-
ing acetonitrile, benzene, dichloromethane (DCM), dimethyl
sulfoxide (DMSO), and ethanol. The influence of solvents
was investigated using the universal solvent model (SMD)
[39]. This model efficiently captures polarization effects by
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considering the dielectric constant and surface tension of the
solvent, resulting in a more precise simulation of real-life
conditions where the NLO properties would be observed.
Throughout the study, the 6-311+4 4+ G (d, p) level basis set
with functionals was utilized to enhance precision and pro-
vide a detailed representation of molecular orbitals. In this
basis set, the polarization of hydrogen atoms is indicated by
d, while all other heavy atoms are represented by p.

Results and discussion
Dipole moment

The static dipole moment is greatly influenced by the struc-
ture and the electronegativity of the atoms present in the
structure, as well as the induced field [40]. The influence
of a polar solvent is also taken into consideration. Using
the same level theory, the ground state dipole moment of
chromophores TM1-TM4 is estimated. Generally, the
dipole moment increases as the polarity of the solvents
increases. The dipole moment values for TM1-TM4 are
calculated using Eq. (1) and are presented in Table 1, 2, 3,
and 4. The order of dipole moment values for TM1-TM4 is
TM1>TM2>TM4 >TM3.

Dipole moment, y = < W+ 2+ ,uf) * in Debye (1)

The effect of donor functional groups and solvents on
all the molecules is evident in the dipole moment values.
A higher dipole moment value is observed in TM1 due to
the substitution of the triphenylamine functional group,
which donates a greater number of partial charges from the
donor end. TM2 and TM4 also exhibit moderate donation
of partial charges, attributed to the phenothiazine and car-
bazole functional groups. Conversely, TM3 shows a lower
dipole moment value upon substitution of anthracene, as its
flat structure contributes to a low partial charge donation
compared to other chromophores. Additionally, the dipole
moment values increase in solvents, with remarkable values
observed in DMSO, following the order of solvent polarity
index [41].

Linear polarizability

The linear polarizability (a), also referred to as the first-
order NLO response, represents the system’s reaction to
an applied electric field [42]. It is associated with intra-
molecular charge transfer (ICT). When an external electric
field interacts with the surplus electrons in these systems, it
amplifies the dipole moments, thereby elevating the linear

Table 1 Calculated dipole moment () in Debye, polarizability (@) (in 1072* esu), and first hyperpolarizability (f) (in 1073* esu) at 6-311+ +G

(d, p) level basis set for TM1

Gas Solvent

Functional u (in Debye) a (107 esu) £ (107 esu) u (in Debye) a (107 esu) £ (1073 esu)

APFD 5.656915275 92.57449805 684,874.0051 Acetonitrile 6.525676831 128.6448126 1,418,404.302
Benzene 6.18694704 108.1409343 1,115,348.318
DCM 6.463941243 122.9671738 1,371,883.315
DMSO 6.543499283 129.1987914 1,430,799.79
Ethanol 6.483288577 127.6923927 1,391,785.541

B3LYP 5.964357304 94.04360488 718,867.5922 Acetonitrile 6.961000945 130.7435151 1,527,947.643
Benzene 6.546190255 109.9044744 1,192,029.721
DCM 6.877887993 124.9840485 1,477,289.297
DMSO 6.980179484 131.3108816 1,541,961.428
Ethanol 6.917459552 129.7790206 1,499,537.741

CAM B3LYP 5.075833058 81.2780704 2,081,110.4077 Acetonitrile 5.770678906 110.5025648 13,570,888,673
Benzene 5.487510731 93.0465733 284,689.1525
DCM 5.716142321 105.4483815 331,301.5379
DMSO 5.785352927 110.9482837 344,264.0797
Ethanol 5.737906282 109.7680578 338,632.303

®B97XD 4.970521381 80.80797773 178,565.4547 Acetonitrile 5.646734512 110.1741953 292,221.684
Benzene 5.368994323 92.53231709  242,337.5547
DCM 5.592708052 105.0360819 282,453.237
DMSO 5.661639924 110.6229904 293,679.0178
Ethanol 5.614068287 109.437225 289,247.5797
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Table 2 Calculated dipole moment (i) in Debye, polarizability (@) (in 1072* esu), and first hyperpolarizability () (in 107 esu) at 6-311+ +G
(d, p) level basis set for TM2

Gas Solvent

Functional u (in Debye) a (107%* esu) S (1073 esu) u (in Debye) a (1072* esu) (1073 esu)

APFD 3.906145452 71.18572408 278,029.0844 Acetonitrile 4395087572 98.16928154  581,989.6119
Benzene 421751177 82.5307672 439,379.3586
DCM 4366423025 93.84045153  553,854.2528
DMSO 4.401214231 98.56918209  587,261.9838
Ethanol 4378560421 97.45866235  568,878.4239

B3LYP 3.913528698 72.64927624 306,673.7491 Acetonitrile 4.41663455 100.5350062 660,140.5319
Benzene 4234772549 84.40563726  492,641.5994
DCM 4387607871 96.08120408  626,721.5188
DMSO 4.423089642 100.9510802 666,326.8747
Ethanol 4399264806 99.7895364 644,835.2726

CAM B3LYP 3.472894589 64.24249118 112,795.0372 Acetonitrile 3.830072501 87.30876912  193,940.1775
Benzene 3.700052845 73.58966682  158,309.5462
DCM 3.808553993 83.41698638  186,900.8782
DMSO 3.834001522 87.65214973  195,477.3838
Ethanol 3.820713867 86.72749476  189,828.3945

®B97XD 3.43359274 63.93808397 96,552.52168 Acetonitrile Acetonitrile 3782430099  87.09072033
Benzene Benzene 3.654976405  73.25709335
DCM DCM 3761383733  83.14697489
DMSO DMSO 3786069461  87.43539356
Ethanol Ethanol 3.774125975  86.51337471

Table 3 Calculated dipole moment () in Debye, polarizability (@) (in 1072* esu), and first hyperpolarizability (f) (in 1073* esu) at 6-311+ +G
(d, p) level basis set for TM3

Gas Solvent

Functional u (in Debye) a (107 esu) p (1073 esu) u (in Debye) a (1072 esu) s (1073 esu)

APFD 2.835043094 72.6488499 236,941.0927 Acetonitrile 3.168462768 100.1772019 379,844.3082
Benzene 3.060610009 84.04385216  327,936.5531
DCM 3.15585538 95.65959439  372,588.0655
DMSO 3.175203187 100.5840353 382,998.848
Ethanol 3.153405409 99.47998216  372,279.9919

B3LYP 2.825994249 73.82588179 255,935.4009 Acetonitrile 3.17767039 101.9501069 411,776.941
Benzene 3.058611538 85.4704096 354,993.169
DCM 3.161902417 97.33545224  403,713.2249
DMSO 3.184652381 102.3694692 415,387.9149
Ethanol 3.162710631 101.2305314 403,556.6419

CAM B3LYP 2.559139809 65.91589317 85,094.02962 Acetonitrile 2.848886977 90.51155045 123,298.1606
Benzene 2.747550527 75.79551955 110,629.9766
DCM 2.834872587 86.32514253 121,781.3485
DMSO 2.854947071 90.87333641 124,222.5526
Ethanol 2.835881546 89.90508136  121,101.74

®B97XD 2.527016124 65.7275624 72,171.88172 Acetonitrile 2.816099096 90.55912113 104,561.1828
Benzene 2.714940245 75.65287781 93,869.20438
DCM 2.802313308 86.30503364  103,323.8379
DMSO 2.822072383 90.92382203 105,306.3838
Ethanol 2.802854429 89.95031999  102,712.9757
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Table 4 Calculated dipole moment (i) in Debye, polarizability (@) (in 1072* esu), and first hyperpolarizability () (in 107 esu) at 6-311+ +G

(d, p) level basis set for TM4

Gas Solvent

Functional u (in Debye) a (107%* esu) S (1073 esu) u (in Debye) a (1072* esu) (1073 esu)

APFD 3.088552215 60.4586149 128,571.0189 Acetonitrile 3.607023251 87.73741809 247,432.7184
Benzene 3.391692455 71.57637194 197,780.7412
DCM 3.567453638 83.22301837 239,267.6528
DMSO 3.613037037 88.13572466 249,829.4094
Ethanol 3.592146224 87.05482994 241,387.9769

B3LYP 3.140793139 61.7668004 145,373.1205 Acetonitrile 3.678499225 89.90927415 291,257.6586
Benzene 3.455654278 73.25976961 228,462.4054
DCM 3.637488197 85.26617106 280,443.0504
DMSO 3.685109915 90.32171762 294,183.6345
Ethanol 3.66285037 89.19421961 283,904.143

CAM B3LYP 2.862341311 55.60551142 45,939.39056 Acetonitrile 3.322753791 79.74244006 77,034.70233
Benzene 3.122761311 65.24451156 64,371.82235
DCM 3.28401923 75.64522947 74,808.29039
DMSO 3.327597734 80.09208816 77,685.03903
Ethanol 3.311096615 79.16497472 75,468.94047

®B97XD 2.80011183 55.31493074 37,060.18502 Acetonitrile 3.261120646 79.52523096 61,784.27212
Benzene 3.057162781 64.93012449 51,676.28543
DCM 3.22088405 75.38267751 60,008.94205
DMSO 3.265819314 79.87583749 62,252.26967
Ethanol 3.250121443 78.94992024 60,653.44855

polarizability and first-order hyperpolarizability, which can
be calculated using Eq. (2).

o= <%> [axx t+a, + azz] esu 2)

Tables 1, 2, 3, and 4 display the a values for com-
pounds TM1 to TM4. It is evident that the o value for
TM4 is 55.31493074 x 107>* esu in the gaseous phase and
79.87583749 x 10~** esu in DMSO, which represents the
lowest value among the estimated series of compounds.
In contrast, TM1 exhibits the most polarizable nature,
with significantly higher values of 80.80797773 x 10~*
esu in the gaseous phase and 110.6229904 X 10~>* esu in
DMSO. Meanwhile, TM2 and TM3 demonstrate « values
of 63.93808397 x 107 esu and 65.7275624 X 107** esu
in the gaseous phase, and 87.43539356 x 107>* esu and
90.92382203 x 1072* esu in DMSO, respectively. Overall,
the compounds exhibit comparable o« values, with the trend
being TM1>TM3 >TM2 > TM4 in both gaseous and sol-
vent phases.

First hyperpolarizability
The first hyperpolarizability is a third-rank tensor repre-

sented by a 3 X3 X3 matrix. This matrix contains 27 com-
ponents, which can be reduced to 10 components due to
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Kleinman symmetry. The first hyperpolarizability is a key
factor in determining the strength of second-order nonlinear
optical (NLO) materials [43]. The static first hyperpolariz-
ability of the designed molecules TM1-TM4 has been com-
puted using Eq. (3) to analyze their NLO responses, and the
results are presented in Table 1, 2, 3, and 4. Initially, we esti-
mated the first hyperpolarizability of TM1-TM4 molecules
using the four hybrid functionals mentioned above, both in
gas and in five solvents using the solvatochromic method.
The results indicated that the order of first hyperpolarizabil-
ity is TM1>TM2 >TM3 > TM4 and the first hyperpolariz-
ability increases as the polarity of the solvents increases.

1
2

3)

Due to the substitution of a dimethyl-attached triph-
enylamine functional group as a donor, the first hyperpo-
larizability value is higher in TM1. This is attributed to
the greater contribution of charges from the lone pair of
electrons from nitrogen and methyl groups. The molecule
has a good donating capacity among all four molecules.
Additionally, TM2 and TM3 are attached with phenothia-
zine and anthracene respectively, both are good donors due
to their donating capacity, resulting in a lower contribu-
tion of charges compared to TM1. Furthermore, the first

ﬁmlal = [(ﬂxxx + ﬁxyy + ﬁ);zz)z + (ﬂyyy + ﬂmy + ﬁyyz)2 + (ﬂzzz + ﬂxxz + ﬁy,\'z)z]
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FMO

The HOMO and LUMO, known as frontier molecular orbit-
als, are widely utilized for assessing the electronic and opti-
cal properties of molecules. They provide essential informa-
tion regarding the spectroscopic and chemical characteristics
of molecules [44, 45]. The stability of the molecule is linked
to the energy variances of its orbitals. This information, pre-
sented in Table 5, along with the molecule’s electronic struc-
ture (Fig. 2), aids in evaluating its diverse chemical proper-
ties. Here, we have calculated the HOMO-LUMO band gap
energies of the TM1-TM4 chromophores at ground state,
which are listed in Table 5 and depicted in Fig. 2, showing
the FMO for © — n* transitions computed for the ground
state of the compounds. Frontier molecular orbitals with
energy values closely situated to one another exhibit excep-
tionally polarizable characteristics, as indicated by the nega-
tive charge phase (red) and positive charge phase (green)
patterns, suggesting their high reactivity. The HOMO covers
the oxadiazole group, while the LUMO extends beyond it,
indicating an electrophilic or nucleophilic region, facilitating
attainable intramolecular interactions. Given the similar pat-
terns and small energy gaps exhibited by all the molecules,
it is probable that they are highly reactive. Furthermore,
chemical parameters such as chemical hardness, reactiv-
ity, and softness of the molecules were computed using the
HOMO-LUMO and are listed in Table 5.

Chemical hardness is a measure of a chemical species’
resistance to changes in its electronic configuration, indicat-
ing the stability and electronegativity of its atoms [46, 47].
The chromophores TM1-TM4, listed in Table 5, provide the
values of chemical hardness and chemical softness, which
are obtained using Eqgs. (4) and (5).

@ Springer

The HOMO-LUMO band gap exhibits a very low value,
leading to softness in nature and high chemical reactivity,
along with aromatic and polarizable properties [48]. This
low bandgap energy of conjugated chromophores makes
them highly suitable for potential optoelectronic applica-
tions. Additionally, chemical softness, which is the opposite
of hardness, denotes the capacity to attract electron flow. It
is associated with a polarizability attribute and can be cal-
culated using Eq. 5. Softness is closely linked to the polar-
izability of the system, implying that a more polarizable
chemical system is expected to be softer [49, 50].

NBO

The natural bond orbital (NBO) tool is utilized to analyze
both intra- and inter-molecular interactions, providing valu-
able insights into the interactions of filled and virtual orbit-
als. It allows for the precise determination of a molecule’s
Lewis structure by maximizing the electron density per-
centage of an orbital [51-53]. Furthermore, it facilitates the
extraction of data on variations in charge densities of donor
and acceptor protons, particularly in bonding and antibond-
ing orbitals. The tool also calculates intra-molecular charge
transfer and determines effective interactions between the
Lewis-type occupied NBO orbital (bonding) and non-Lewis
unoccupied NBO orbital (anti-bonding) using the same level
theory in both gas and solvent phases with detailed results
presented in Table 6 as well as Tables S1, S2, and S3 from
Supplementary Information. Another useful aspect is that
it provides information about interactions in both filled and
virtual orbital spaces which enhances analysis of intra- or
inter-molecular interactions. Delocalization of electron
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Table 6 Some selected
most effective second-order

perturbation (E2) transitions of N1 G 1.72849 C2 o* 0.94567  100.80 0.20 0.154
TM1 chromophore are listed for

Donor (i) Type ED(e) Acceptor (j) Type ED(e) E (2)a (kJ/mol) E(G)—E@G) F(G))

evaluation of hyporconjugation - 172849  C2-C3 - 0.02522 0.93 0.95 0.028
energies (keal/mol) calculated at - 172849  C2-C4 - 0.02460 0.89 0.95 0.028
©B9ITXD/6-311+ +G(d, p) - 172849 C8-C9 - 0.02730 5.04 0.98 0.067
- 172849  C8-C9 T 039332 1245 039 0.064

- 172849  C8-C10 - 0.02775 5.11 0.98 0.067

- 172849 Cl4-C15 - 0.02661 5.01 0.95 0.066

- 172849 Cl4-Cl6 - 0.02731 4.89 0.98 0.066

- 172849 Cl4-Cl6  =* 039546 1221 0.39 0.064

N20 o 176074 CI0-C12  «* 034755 0.65 0.40 0.015
- 176074 CI11-C13 - 041768 5131 0.39 0.133

N21 o 176116 CI5-C17  n* 034492 0.68 0.40 0.015
- 176116 CI8-C19 - 041771 51.23 0.39 0.132

029 o 197037 C28-N30  o*  0.03072 470 130 0.070
- 197037 C31-N32 - 0.28503 4.66 136 0.071

- 197037 C31-C33 - 0.03385 0.54 123 0.023

x 171322 C28-N30 =% 031229  46.09 0.48 0.133

- 171322 C31-N32 - 028503 49.86 0.49 0.139

- 171322 C41-N42 & 0.05802 1.24 0.89 0.032

N30 o 193044 C28-029  o* 005094 1214 0.89 0.093
- 193044 C31-N32 - 0.03385 5.26 1.14 0.070

N32 o 193858  C2 of 094567 115 038 0.027
- 193858 N21-C25 - 0.01434 4.09 091 0.055

- 193858 C33-C34 - 0.02190 0.96 1.05 0.029

C4C6 o 197153 NI-C2 ot 0.03746 4.41 133 0.068
Cc6-C7 o 1.96775 C5-C7 ot 0.02146 428 1.40 0.069
8C9 o 197143 C10-C12  o* 001306  39.69 0.39 0.112
C-Cll o 1.97465 NI1-C8 ot 0.03886 4.83 1.29 0.071
Cl0-C12 = 171717 CII-C13  x* 041768  33.03 0.39 0.105
N21-C25 o 198823 C35-C37 =« 026945 2007.65 0.22 0.637
029-C31 o 198979 C35-C37  «* 026945  10.09 0.04 0.019
N30-N32 o 197111  C35-C37  «* 026945  839.75 036 0.521
C31-C33 o 199091 C33-C35  of 002309 1077.94 0.09 0.278
C33-C35 o 196730 C33-C35  o* 002309 3652.23 0.12 0.585
C37-C38 o 196739 C38-C41  o* 002966 283547 0.09 0.457
C38-C4l o 197928 C33-C35 o 002309 417.04 0.16 0.232
C4I-N42 = 198764 C33-C35 o 002309 2664.19 0.09 0.447
C28-N30 = 1.86608 C26-C27  «*  0.17130 5520 0.05 0.097
C33-C34 = 161998 C38-C41  o* 002966  394.67 191 1789
C35-C37 = 163135 C33-C35 o 002309  792.02 0.29 1.116
C36-C38 = 164732  C37-C38  m*  0.02308 1493.61 17.48 9.454
C36-C38 = 164732 C41-N42 &% 005802  38.06 22.68 1.658

* symbol represents antibonding orbital representation

density between occupied NBO (bond or lone pair) and
unoccupied NBO corresponds to stabilizing donor—acceptor
interaction can be observed with estimation possible through
second-order perturbation theory. Furthermore, conducting where F2? (i,j) represents the off-diagonal matrix elements,
second-order perturbation theory on molecules allows for g, gives the donor orbitals occupancy, e ; and ¢&; provide
the calculation of stabilization energy using Eq. (6) [54]. the values of donor and acceptor orbital energies, and E®

Fi.))

2
E()_qz
81—{‘:1

(6)
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Fig.3 Schematic charge in flow
in molecule TM1

estimates the magnitude of the interaction between the donor
and acceptor orbitals. There are different types of electronic
transitions, in that four different typical electronic transi-
tions are observed 6 — ¢*, 1 —>n*, LP—o*, and LP —n*
The most significant electronic transitions are found as
among the above-mentioned transitions, while is examined
as t— n* are the least prominent, LP —¢* and LP — n*
and o — c*are noticed as slightly dominant transitions. In
the case of chromophore TM1 (Fig. 3), the most striking
6 — o* transitions are C33-C35 and C37-C38, with stabi-
lization energies at 3652.23 and 2835.47 kcal mol ™!, respec-
tively. Examining the weaker transitions, significant values

Fig.4 Electrostatic potential
surface TM1-TM4 obtained at @ ?
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are also observed at 4.28 and 4.41 kcal mol~! for transi-

tions C6—C7 and C4-C6, respectively. Notable resonance
transitions for discussion include N20 — C2, which shows
the highest stabilization energy of 100.80 kcal mol™!, and
N20— C10-C12, exhibiting the lowest stabilization energy
of 0.65 kcal mol™! (Table 6). The most effective transitions
are observed at 3652.23 kJ/mol, 2001.29 kJ/mol, 2414 kJ/
mol, and 2016.45 kJ/mol in TM1, TM2, TM3, and TM4,
respectively. Additionally, two types of donors and three
types of acceptors are observed, with the T — n* transitions
in both molecules contributing to high polarization, further
influencing the NLO activity of the molecule.

; ‘o\ *%” ¢\
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Fig.5 Electrostatic potential
Curve TM1-TM4 obtained at
®B97XD/6-311+ +G (d, p)
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MEP

The molecular electrostatic potential (MEP) surfaces are
essential in the field of optoelectronics, as they help ana-
lyze and understand the electronic structures of organic
materials. The distribution of electron density around
these molecules is crucial for understanding their reac-
tive behavior. MEP maps use color gradation to display
a molecule’s size, structure, and positive, negative, and
neutral electrostatic potential areas. These maps can iden-
tify regions where charged reagents will electrophilically
attack organic compounds. Figure 4 depicts theoretical
maps showing the distribution of electrostatic potential
on the base ring plane obtained using density functional
theory with a level basis set. Additionally, Fig. 5 presents
a three-dimensional representation indicating positive
nucleophilic sites (in blue), proton-rich electrophilic sites
(in red), and electrically neutral regions (in white). The
electrophilic cloud predominantly exists on oxygen and
nitrogen atoms, encompassing groups such as 1,3,4-oxa-
diazole. In contrast, the nucleophilic cloud regions extend
through the donor region surrounding hydrogen atoms like
triphenylamine and carbazole [26]. Notably, the extension

around the oxadiazole group has shown a strong positive
charge while triphenyl amine exhibits a negatively charged
region which signifies intramolecular charge transfer-
based dipole moment orientation.

100000 - Gas
Acetonitrile
Benzene
80000 ——DCM
_ ——DMSO
Z —— Ethanol
~ 60000
Q
o
c
]
£ 40000~
0
Qo
<
20000 -
0 4J
L) L L] L} L]
0 100 200 300 400 500 600

Wavelength(nm)

Fig.6 UV-Vis spectrum of TM1 recorded at ®B3LYP/6-311+ +G
(d, p) with n=50 (n is number of excited states and wavelength in
nm)
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Table 7 UV-Vis spectrum, oscillator strength recorded at ®B3LYP/6-311 + + G (d, p) with n=>50 (n is the number of excited states)

Compound ™1 ™2 ™3 ™4 ™1 ™2 ™3 ™4

Wavelength (nm) 382.4609501 349.07 333.57 376.28 Acetonitrile 385.76 353.52 33241 380.34
Benzene 394.81 358.61 339.33 385.43
DCM 389.12 355.61 334.75 382.31
DMSO 387.36 354.78 333.56 381.7
Ethanol 385.19 353.1 332.32 380.18

Oscillator strength 1.370904024 1.1575 1.5435 0.4499 Acetonitrile 1.4857 1.3855 1.8557 0.5081
Benzene 1.4977 1.3913 1.8012 0.5481
DCM 1.4957 1.3978 1.8516 0.5252
DMSO 1.4968 1.4058 1.8694 0.5202
Ethanol 1.4942 1.3909 1.8608 0.5085

UV-Vis spectrum

The UV-Vis absorbance spectra provide valuable insights
into the conjugation, transitions, and the nature of charge
transfer processes in organic molecules [55]. It is worth not-
ing that all the chromophores TM1-TM4 exhibit absorp-
tion maxima (4,,,,) within the ultraviolet region (Fig. 6 and
Figs. S1, S2, and S3).

UV-visible spectra were obtained using the TD-DFT
method in DMSO, resulting in an enhanced value.
Chromophores with donor functional groups containing
delocalized = electrons typically exhibit electronic transitions of
the n—n* and 1 —7* types. As shown in Fig. 6, TM1 exhibits
absorption at 4,,,,, in the ultraviolet region due to the presence
of the 1,3,4-oxadiazole ring in the molecule’s structure. The
extended aromatic structure reduces the HOMO-LUMO
gap, leading to a shift in the wavelength [56]. The oscillator
strength indicates the effective number of electrons involved in
transitions from the ground state to the excited state, resulting
in the absorption area in the spectrum. Smaller oscillator
strength leads to new transitions, as reflected in the oscillator
strength values mentioned in Table 7. These values were found
to be in the range associated with the solvents ethanol, DMSO,
DCM, benzene, and acetonitrile, and were correlated with the
hyperchromic effect of the TM1 sample in the solvent.

Overall, the investigation into the second-order nonlinear
optical (NLO) properties of novel 1,3,4-oxadiazole
derivatives, conducted through density functional theory
(DFT), has yielded promising results that are indicative
of their potential in various advanced optoelectronic
applications. The study has successfully demonstrated
that these derivatives exhibit significant NLO responses,
which are highly desirable in the field for the development
of efficient and compact optical devices specifically
highlighting their utility in organic light-emitting diodes
(OLEDs), photovoltaic cells, and as electro-optic modulators
due to their promising second-order NLO properties. The

@ Springer

theoretical framework provided by DFT has proven to
be a powerful tool in predicting and understanding the
electronic characteristics that govern the NLO behavior
of these materials, laying a foundational basis for further
experimental validation and application-driven research.

Conclusion

In conclusion, our study delved into the examination of
second-order NLO properties in 1,3,4-oxadiazole derivative
chromophores with various donor functional groups. The
findings revealed significantly high hyperpolarizability and
dipole moment values in TM1 and TM4 molecules when
substituted with strong electron-donating groups such as
triphenylamine and carbazole in DMSO solvent. Notably,
TM1 demonstrated an exceptional first hyperpolarizability
() of 293,679.0178 x 10734 esu alongside a dipole moment
() of 5.66 Debye and polarizability () of 110.62x 1072*
esu when assessed in dimethyl sulfoxide (DMSO).
Furthermore, under benzene solvent conditions utilizing
®B97XD functional with a basis set of 6-311 + + G(d,p),
TM1 exhibited a low energy band gap measuring at 5.33 eV
while NBO analysis confirmed the highest charge transfer
value at E2 kJ/mol respectively. These molecules exhibit
strong absorption maxima in the ultraviolet region and a
lower HOMO-LUMO energy gap due to their aromatic
structure. The derivatives also demonstrate good thermal
stability, indicating the potential for enhancing nonlinear
optical (NLO) response through structural tailoring with
different electron-rich donor substituents. Moreover, the
observed lower energy gap suggests possible intermolecular
charge transfer within the n-conjugated molecular system,
further supporting their promising NLO candidacy.

Supplementary Information The online version contains supplementary
material available at https://doi.org/10.1007/s00894-024-05910-7.
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