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Abstract

Many organic chromophores possess excellent nonlinear optical (NLO) properties. In spite of this, the performance of these
chromophores in second-order nonlinear optical applications is limited due to the high symmetry and short dipole moment
of the parent molecules, which can lead to a weak response or high susceptibility to molecular orientation dependency. To
address this challenge, we designed a series of new [1,2,4] triazolo[3,4-b] [1,3,4] thiadiazole derivative chromophores C1—
C7 and studied their second-order NLO property through density functional theory (DFT) by substitution of different donor
functional groups. To this end, several hybrid functionals such as B3LYP/6-311+ +G (d, p), CAM B3LYP/6-311+ +G (d,
p), and ®B97XD/6-311 + + G (d, p) were employed to carry out quantum chemical calculations, which included calculations
and evaluations of frequency-dependent dipole moment, linear polarizability, and first hyperpolarizability values. In addition,
natural bond orbital (NBO) analysis, intramolecular charge transfer (ICT) mechanism, electronic charge density analysis,
highest occupied molecular orbital (HOMO), lowest unoccupied molecular orbital (LUMO), and vertical energy transitions
are studied with time-independent and time-dependent level density functional theory. The results demonstrate that C7 is the
most efficient chromophore among the other chromophores investigated, with a significant first hyperpolarizability value of
105,032.98 x 1074, This study provides insights into how to design second-order NLO active organic chromophores with
better performance for optoelectronic applications.

Keywords Nonlinear optical property (NLO) - Natural bond orbital (NBO) - [1, 2, 4] triazolo[3,4-b] [1, 3, 4] thiadiazole - Highest
occupied molecular orbital (HOMO) - Lowest unoccupied molecular orbital (LUMO) - Density functional theory (DFT)

Introduction highly NLO-influenced industrial applications ranging from

10° MHz to 10 THz [1-9]. The NLO response of an atom is

Nonlinear optical (NLO) materials are active compo-
nents of major modern photonic devices. They are used
in a wide range of applications such as frequency genera-
tion, high processing of optical information, handling of
high-density optical data storage devices, image process-
ing techniques, bio-imaging, laser technology, and other
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the effect of the electric potential experienced by its elec-
trons in NLO material systems [10, 11]. Second harmonic
generation (SHG) is one of the most extensively studied
phenomena in NLO materials and is employed for second-
order NLO effects. In addition, second-order nonlinear opti-
cal materials have a broad range of applications in biology,
material science, and medicine [12-14].

In recent years, numerous theoretical and experimen-
tal research groups have reported a significant number
of second-order NLO materials [15—-19]. In addition, the
current trends in organic NLO materials have piqued the
interest of numerous individuals due to their low cost,
adaptability to other materials, high mechanical strength,
and high photoelectric coefficients in comparison to other
conventional materials such as inorganic and other complex
material systems [20, 21]. In organic molecules, the NLO
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properties arise weak intramolecular bonding like van der
Waals, dipole—dipole interactions, and hydrogen bonds.
This interaction can cause the electrons to oscillate at very
high frequencies, leading to a large change in the optical
response of the molecule [22]. The nonlinear optics theory
is a crucial and effective tool for understanding and devel-
oping novel organic NLO materials [23]. NLO responses of
organic molecules can be several orders greater than those
of inorganic molecules in response to an applied electric
field [21, 24]. This large NLO response is due to the n-bond
system, which entails the delocalized distribution of electric
charges. In general, organic molecules that include conju-
gated ® bonds are more polarizable than those that do not
contain such bonds. This polarity results in an increased
molecular response to an applied electric field. In addition,
organic molecules are often less symmetrical than inorganic
molecules, providing more molecular disorder that can
contribute to increased NLO responses. However, design-
ing materials with large NLO responses is difficult due to
the limited conjugated chain length and the combination of
efficient charge donors and acceptors of effective functional
groups. The density functional theory (DFT) route allows for
a better understanding of D-n-A interactions and can lead to
the development of high hyperpolarizabilities of NLO active
organic compounds [25, 26].

A limited number of second-order nonlinear optical
(NLO) active and biologically active D-n-A system
potential NLO organic compounds have been reported in
the literature [27-32]. Recently, [1,2,4] triazolo[3,4-b]
[1,3,4] thiadiazole, an azo class constituent unit of a few
chemical systems, has become of particular interest in this
system. It is believed that the majority of these molecules
have a m-conjugated bridge, which plays a crucial role
in the function of NLO. Even though these compounds
have the potential to become NLO materials, additional
research is required to evaluate whether or not this is
indeed possible. For instance, a series of new 6-sulfonyl-
1,2,4-triazolo[3,4-b][1,3,4]thiadiazole derivatives are
being investigated experimentally for the antibacterial
activity for photosynthesis-related proteins applications
[27]. Radwan et al. studied the biological characteristics
of 1,3,4-thiadiazole- and 1,2,4-triazole-3(4H)-thione-
containing salicylate compounds for antifungal applications
[28]. Additionally, 3,6-disubstituted-1,2,4-triazolo-1,3,4-
thiadiazole and 3,6-distributed 1,2,4-traizolo [3,4-b]1,3,4-
thiadiazole compound derivatives are showed excellent
antimicrobial activities [29, 30]. The results of experimental
research on 4-amino-5-mercapto-1,2,4-triazoles suggest
that these compounds are appropriate for use in anticancer
applications [33]. Similarly, the results of an experimental
study on the s-triazolo[3,4-b]-thiadiazole heterocycle
demonstrate a high degree of optical nonlinearity for
organic chromophores [34], suggesting that these NLO
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active compounds are present. [1,2,4] triazolo[3,4-b] [1,
3,4] thiadiazole heterocyclic ring as a molecule’s acceptor
exhibits excellent first hyperpolarizability, and this donor
and acceptor group combination increases mechanical and
thermal stability via polymeric crosslinking methods that are
highly NLO active [35, 36].

Previous studies demonstrated that [1,2,4] triazolo[3,4-
b] [1,3,4] thiadiazole is an azo class constituent unit of a
few chemical systems, with a planar geometry contains
highly electronegative hetero atoms, a delocalized elec-
tron system, and the ability to interact with active second
and fifth indispensable positions [27-30, 33, 34]. Triazolo
thiadiazole is a critical building block (Fig. 1) for second-
order NLO properties, with the ability to improve quad-
ratically second-order NLO properties by selecting the
optimal donor—acceptor combination. Numerous research
groups have concentrated on triazolo thiadiazole systems,
but their efforts have been limited to experimental studies
of biological active properties and a few other works on
theoretically reported NLO properties [27-30, 33, 34]. No
comprehensive theoretical studies of second-order NLO
properties have been conducted on the titled chromophores
C1-C7 (Fig. 2); thus, this work includes those studies. Sys-
tematic computational research of the internal charge trans-
fer mechanism (ICT) and second-order nonlinear optical
characteristics of the triazole thiazole bridge as a common
acceptor in C1-C7 is conducted. C1-C7 chromophores, as
illustrated in Fig. 2, display efficient NLO characteristics
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Fig. 1 Building block of triazolo thiadiazole structure
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Fig.2 Chromophores C1-C7

and are persistent. We made use of a time-dependent DFT
technique that is not only affordable but also very practica-
ble. Additionally, the influence of donor substitution on sec-
ond-order NLO properties was investigated using a variety
of donor functional groups, including quinoline-substituted
halogens, coumarin, methoxy, methyl, and triphenylamine.

Computational methods

All calculations in this work were carried out using the
Gaussian 16 program package [37]. Density functional
theory (DFT) forms the basis for our measurements. Ini-
tially, the structures of molecules C1-C7 were optimized
using the Becke Lee Yang and Parr hybrid functional
B3LYP/6-311+ 4+ G(d,p) level basis set in C1 symme-
try, with global threshold values taken into account in the
gaseous phase. The wavefunction stability of each of the

optimized structures was verified with the real eigenvalues
associated with each structure, and in this case, no negative
frequencies were observed. B3LYP has been widely used
as a feasible hybrid functional [38—40], but it does not yield
qualitative results. To improve accuracy, we used long range
corrected (LC) functionals in combination with B3LYP, such
as the CAM B3LYP [41] long range corrected with disper-
sive functional ®B97XD [42]. This combination of LC and
B3LYP, along with a triple zeta 63114 + G(d,p) level basis
set, is most suitable for the entire calculation, and minimizes
self-interaction errors. In order to accurately represent the
polarization of hydrogen atoms, a d-type basis set was chosen
for the fine molecular orbital representation. All other heavy
atoms were represented by p-type basis sets. To calculate
the molecular nonlinear optical properties of the molecules,
such as the dipole moment (u), polarizability (), first hyper-
polarizability (f), natural bond orbital analysis (NBO), and
frontier molecular orbitals (FMO), a time-independent DFT
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method was used to calculate the ground state properties.
To approximate the vertical energy transitions and to record
the UV-visible spectrum accurately, a time-dependent (TD-
DFT) method was employed [43].

Results and discussion
Intramolecular charge transfer mechanism

Intramolecular charge transfer (ICT) is an important pro-
cess in NLO materials. In this process, an electron is trans-
ferred from one molecule to another, causing the material
to become more electrically polarized, which can lead to
a change in the optical properties of the material. This
increased polarization can lead to a variety of changes in
the material’s optical properties, including an increase in its
NLO response [44, 45]. In organic molecules, ICT occurs
between electron donor (D) and electron acceptor (A) reac-
tive groups of the substituent ® conjugated linked to the
phenyl rings [44, 45]. Donor building blocks are critical to
achieving high NLO response, although acceptor units also
play a significant role. In addition, there is a wide range
of m-linkers that allows communication between donor and
acceptor units. Push—pull architecture is used to design
D-n-A organic compounds by incorporating appropriate D,
n-bridge, and A units. Increasing asymmetric electronic dis-
tribution, reducing charge recombination, inducing charge
separation, broadening the absorption range toward longer
wavelengths, and decreasing the HOMO-LUMO energy
gap all result in an improved NLO response when these
push—pull arrangements.

Here in this work [1,2,4] triazolo[3,4-b] [1,3,4] thia-
diazole is D-n-A type chromophores (C1-C7) investigated
to look into the stabilization, sensitivity, and charge trans-
fer characteristics in order to predict their NLO properties
with the help of ICT mechanism. We believed that NLO
properties arise due in C1-C7 chromophores (non-centro
symmetric) to ICT which involves the transfer of electron
density from D toward A units through n-bridge. In this con-
text, subsequent basic parameters (i) dipole moment (u), (ii)
linear polarizability (a), and (iii) first hyperpolarizability (5)
were calculated to better understand their NLO properties.

Dipole moment (u)

The NLO properties primarily set by the molecular dipole
moment (u), which is oriented arbitrarily in a molecular
frame. The dipole moment determines the magnitude of the
expected NLO coefficient which is greater in the excited
state than it is in the ground state due to surrounding
influencing media such as solvents, difference in energies
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Table 1 Calculated dipole moment (¢) in Debye, polarizability (@) (in
1072* esu), and first hyperpolarizability (8) (in 107> esu) calculated
at B3LYP/6-311+ +G (d, p)

Compound Dipole moment Polarizability First

() in Debye (a) 1072* esu  hyperpolarizability
(#) 107* esu

C1 2.57 70.86 9852

(67 2.57 69.32 9971.13
C3 2.64 66.58 10,985.9
C4 4.02 70.48 12,975.9
C5 1.54 61.59 30,551.3
Co6 3.6 71.73 31,843.9
C7 4.41 86.95 211,167

[46-48]. Equation (1) used to calculate the static dipole
moment of C1-C7 in the ground state.

1
Dipole moment, y = (ﬂi + ,ui + ,142) > in Debye €))

The computed values are in the range C5<C1~C2<C
3<C4<C6<CT7 (Tables 1, 2, 3), which suggest that C5
possesses the lowest dipole moment among the molecules.
This is because the coumarin-substituted molecule C5
possesses a dipolar structure, and the contribution of free
partial charges is low. Appreciable free partial charges in
halogens-substituted quinoline molecules C1, C2, and C3
are in increasing order, net dipole moment with respect to
decreasing order electronegativity para position-substituted
halogens. The molecule of C4 methoxy-substituted quinoline
contributes an extremely high amount of partial charges in
comparison to the molecule of C6 methyl-substituted qui-
noline. As a direct result of the existence of oxygen, which
causes it to produce an inductively positive impact, C4 is a
more polar molecule than C6. Triphenyl amine—substituted
C7 molecule is representing the most significant net dipole
moment among the all molecules C1-C7, because of its
good donating capacity [49].

Table 2 Calculated dipole moment () in Debye, polarizability (a) (in
1072* esu), and first hyperpolarizability (8) (in 107 esu) calculated
at CAM B3LYP/6-311+ +G (d, p)

Compound Dipole moment Polarizability — First

() in Debye () 107 esu  hyperpolarizability
(#) 107** esu
C1 2.57 66.39 11,916.93
2 2.57 64.96 12,436.23
C3 2.63 62.45 10,098.67
C4 3.98 66.11 21,854.24
C5 1.53 58.16 7570.67
C6 3.56 67.28 32,801.62
c7 421 80.48 118,597.15
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Table 3 Calculated dipole moment (¢) in Debye, polarizability (@) (in
1072% esu), and first hyperpolarizability (8) (in 107> esu) calculated
at ©B97XD/6-311+ +G (d, p)

Compound Dipole moment  Polarizability — First

(u) in Debye () 1072 esu  hyperpolarizability
(B) 1073* esu
C1 2.58 66.18 12,748.26
(67 2.57 64.73 13,278.65
C3 2.65 66.22 11,648.35
Cc4 3.98 65.88 21,688.49
C5 1.55 50.02 5904.88
Co6 3.55 67.03 30,898.83
C7 4.19 80.00 105,032.98

Linear polarizability (a)

The optical response consistency is defined by the materials
electrical properties, namely linear polarizability (), which
is a measurable physical molecular property, describes the
induced dipole moment in the direction of applied external
field, and always tied to the structure, bonding effects, and net
dipole moment of the materials system. Linear polarizability
of output values are (Tables 1, 2, 3) estimated with Eq. (2).

a = <%) [axx +ay, + azz] in esu (2

The computed values of C1-C7 are found in increasing
order (Tables 1, 2, 3) of the net dipole moment, directly
proportional to the number of charges and size of the atom.
Amid quinoline-substituted molecules are found in increas-
ing order due to polarity of the molecules substituted with
halogens in size and contribution of partial charges; simi-
larly, triphenyl amine is more in donating charges than meth-
oxy- and methyl-substituted group molecules.

First hyperpolarizability

First hyperpolarizability (f) is principal key factor for describ-
ing strength of second-order NLO materials [50]. It is third
rank tensor, highly structure oriented in n-conjugated push—pull
path molecular systems. Total f of chromophores C1-C7 is
estimated at frequency-dependent applied field, energy as a
function of derivatives in theoretical frame using Eq. (3).

1

3)

Structurally, C1-C7 are non-centro symmetric in nature and
values of total § are found in order of C1 <C2<C3<C4<C
5<C6<C7 (Tables 1, 2, 3), C=N imine linkage acts as a ©
acceptor, connected at one end and acceptor triazolo thiadiazole
ring at another end. In C1-C4, halogens-substituted quinoline

ﬂmra[ = [(ﬁxn + ﬂxyy + :sz:)z + (ﬂyyy + ﬂxxy + ﬂyyz)z + (ﬂ:z: + ﬂ.b\z + ﬂyyz)z]

molecules, halogens show a dual nature, both donor and accep-
tor. The presence of electron deficient nitrogen in quinoline and
high electronegative halogens act as donor rather than accep-
tor, but the collective effect is donating. Therefore, the con-
tribution of charges is poor; first, hyperpolarizability is low
and increased within as electronegativity decreases in C1-C4.
C6 has a higher f value than C4, because of delocalization of
electrons and donating capacity of charge is more in methyl
group than methoxy. Magnitude of first hyperpolarizability is
increased in C5 coumarin-substituted molecules even though
has low dipole moment, due to presence of oxygen, which indi-
cates it is a good donor. Delocalization of & electrons is more
in triphenyl amine—substituted molecule C7 exhibiting larger
value lone pair delocalization and it has best donating capacity
of electrons.

Frontier molecular orbitals

The highest occupied molecular orbitals (HOMO) and low-
est unoccupied molecular orbitals (LUMO) are in conjunction
termed as frontier molecular orbitals (FMO), which signifies
chemical reactivity and kinetic stability of the molecular sys-
tems [51, 52]. It provides the information of energetic behavior
and the ability to withdraw and donate an electron in addition
to the electron transport properties, dynamic stability, chemical
hardness, chemical reactivity, and softness of the molecules.
The larger the HOMO-LUMO gap (Ey,, = Ej ymo — Enomo)
signifies hard nature of the molecule, the smaller the gap soft
and more reactive and stable [53].

Figure 3 shows the FMO for = — n* interactions calcu-
lated at B3LYP/6-311+ + G (d, p) [with iso surface value
is —10e to 10e]. The negative charge phase (red color) and
positive charge phase (green color) patterns in Fig. 3 approx-
imated throughout the molecule using optimized structure
C1-C7. Values of C1-C7 follow a similar trend, in the
interval of 0.11-0.13 eV in (Table 4), a narrow energy gap
between observed due to stronger donating capacity in tri-
phenyl substituted molecules with strong acceptor and weak
donor. Strong acceptor in the rest of the molecules listed in
Table 4. Molecules HOMO orbital localized over triazolo
thiadiazole moiety and LUMO orbitals extended over the
substituted donor overlapped each other.

Chemical hardness is connected with HOMO-LUMO; it
is a measure of a molecule’s resistant to charge movement
and it is related to longevity and sensitivity [54, 55]. It can
be computed using Eq. (4)

1
n= 5[ Lumo — Eromo] (€]

Similarly, chemical softness is defined as the ability to
draw electron flow. It is tied to a polarizability characteristic
and can be determined utilizing Eq. (5)
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Table 4 Chemical hardness (;7) (in au™'), chemical softness (o) (in
au™"), HOMO and LUMO (in eV) for 1— nt* interactions calculated
at B3LYP/6-311+ +G (d, p)

Molecule Chemical Chemical HOMO LUMO Energy gap
hardness  softness V)

Cl1 0.06 16.67 -023 -0.11 0.12

C2 0.06 16.67 -023 -0.11 0.12

C3 0.06 16.67 -023 -0.11 0.12

C4 0.06 16.67 -023 -0.11 0.12

C4 0.05 20 -023 -0.11 0.12

Co6 0.065 16.67 -023 -0.10 0.13

C7 0.055 20 -020 -0.09 0.11

o=1 &)

n

The chromophores C1-C7 listed the values of chemical
softness and chemical hardness, also from HOMO-LUMO
band gap is very narrow; hence, they are soft in nature and
chemically reactive, aromatic, and polarizable. The low band-
gap energy of these conjugated chromophores makes them par-
ticularly suitable for prospective optoelectronic applications.

Natural bond orbitals

The natural bond orbital (NBO) analysis is a method that
is used to examine the molecular orbitals of a molecule.
This analysis can be used to determine the stability of a
molecule and to identify possible electron donors and

acceptors. The NBO analysis can also be used to determine
electronic structure of molecules. In this analysis, the orbit-
als of the molecule are divided into two categories: bond-
ing and antibonding. The bonding orbitals are those that
contribute to the formation of chemical bonds, while the
antibonding orbitals are those that oppose the formation of
chemical bonds. Moreover, it is estimated the redistribution
of electron density in different bonding and antibonding
situations. Second-order perturbation energy mechanism is
often applying to study the interaction between donor and
corresponding acceptor through NBO [56, 57]. It helps to
evaluate the stability of chemical bonding and the transfer
of charge in the molecule. It assessed with Eq. (6).

F2(i,))

€&

The quantities of E E® =4 (6)

where F2(i,j) represents the off-diagonal matrix elements,
g; gives the donor orbital’s occupancy, €; and ¢; provide the
values of donor and acceptor orbital energies. E® estimates
the magnitude of interaction between the donor and acceptor
orbitals; it also demonstrates delocalization across chemi-
cal species. Here we have listed (Table 5) some exceptional
interactions between bonding or lone pair. Lewis type NBO
occupied orbitals contrasted with non-Lewis type NBO
unoccupied orbitals of molecules. In C1-C7 molecules
n— 7 and 1 — n* (Table 5) which indicate contribution
of charge from lone pair of electrons to adjacent © bond
and & bond to corresponding conjugated ® bond signify the
interactions between different donors and acceptors across
chemical species.

Table 5 Some selected

. Interactions Cl Cc2 C3 C4 C5 Cco C7

most effective second-order

perturbation (E?) interactions N33 Te30.C31 1.85 - - - - - -

are listed for evaluation of

hyperconjugation energies Nl eso-csn ) 1.95 ) . ) ) )

(kcal/mol) calculated at NE33-TC29-C30 - - 4.35 - - - -

B3LYP/6-311+ +G(d, p) N033-TC30-C31 - - - 12.03 - - -
No33-Me2s5-c27 - - - - 2.88 - -
o ~Tetc3 - - - - - 5.51 -
Te31-c357TC27-032 - - - - - 53.39 -
Te31-c357TC27-032 - - - - - 2.83 -
NNiTci4—cie - - - - - - 29.73
Tcis—ci6-c15-c17 - - - - - - 231.01
Te27-0287C23-C25 - - - - 13 - -
Teo6 N8~ C23-C24 9.55 9.62 1.40 16.80 - 9.26 -
Teao 30T 2527 23.06 18.21 5.63 22.31 - 14.56 -
o122 T 13 1.13 1.14 1.15 1.22 1.67 9.92 10.64
Moo cs.co 23.78 23.78 2084 22.82 - 26.65 -
Tes o T C7-Ns 20.80 20.82 22.08 22.80 - 21.45 -
Tt N3 Cl5-Cle 7.06 7.08 5.08 8.63 25.76 81.10 16.28
Total charge 87.23 82.6 60.53 83.07 73.04 225.38 287.66

Molecular electrostatic potential (MEP)
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The most efficient charge transfer occurs in T4 6
Ters_c17- Charge flow from donor triphenyl ring to accep-
tor triazolo thiadiazole through phenyl ring with avail value
231 kcal/mole in chromophore C7. Similarly, mc3,_c35-
Teo7_c3p Teflects interactions C6 values 53.90 kcal/mole,
as ©— n* interactions followed a similar path in C1, C2,
C3, and C4 molecules (Fig. 4). Charge transfer of C1-C7
values is in the sequence of C3<C5<C2<C4<Cl1<C6
< C7. Halogens enclosed moieties least in charge of over-
all charge transfer due to their dual nature they behave as
acceptor instead of donor indicates lower hyperpolarizabil-
ity. Triphenylamine has massive charge transfer, indicates
a higher degree of hyperpolarizability which is superior to
other molecules such as C4, C5, and C6 in terms of hyper-
polarizability value. It has a high electron-donating ability
due to their extended conjugation and delocalization charges
and nitrogen lone pair effect. C6 is higher than halogen-
substituted molecules due to their extended conjugation with

a combination of the substantial donor C1, C2, C3, and C4
have relatively lower than C6 due to presence of halogens.
A molecular electrostatic potential is a valuable method
for analyzing reactive nature and assessing electron density. It
illustrates the concept of electrophilic and nucleophilic reac-
tive cites in intramolecular interactions [58]. MEP surface
C1-C7, the surface and curve, are shown in Fig. 5 and Fig. 6
and it is obtained using a B3LYP/6-311+ + G (d, p) level
basis set for optimised geometry. The electrostatic potential
surface of C1-C7 is shown in Fig. 5. The negative regions
(red, yellow, and green) show electrophilic reactivity, while
the positive regions (blue) are showing nucleophilic reactiv-
ity (Fig. 5). C1-C7 chromophore structures are similar except
for the donor part (Fig. 5). The electron density is higher
in the acceptor triazole thiadiazole region, where the N=N
bond exists, and lower in the donor triazole thiadiazole area,
where the C-H bond exists. This demonstrates that the donat-
ing (blue) part of C1-C7 is nucleophilic and implies more

C1

c2

Vit

c3 Cc7

3

Fig.5 Electrostatic potential surface C1-C7
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Fig.6 Electrostatic potential curves C1-C7

chances of intramolecular interactions at N=N, C-H bond
connecting regions. Additionally, the O=C region of C5
coumarin-substituted molecules is a denser acceptor region
and can interact next to adjacent C-H bonds. The C1-C7
MEP curve shows a C-H bond expanded potential positive
curve (Fig. 6) toward a negative region N=N; at this point,
the possibility of intramolecular interactions can occur.

UV-Vis spectra

The UV-visible spectrum is crucial in understanding the opti-
cal properties of a conjugated chemical species. The spec-
trum recorded using TD-DFT B3LYP/6-311+ +G (d, p) level
basis set, with both the wavelength and oscillator strength of
C1-C7 listed in Table 6 [43]. It is shown in Table 6 how the
different donors’ groups in its substitution have an effect on
the first m-n* electronic transitions in the sequence of mol-
ecules. A bathochromic transition shift is observed from C1
to C7, and followed as C4<C6<C5<C3<C2<C1<(C7.
The strength of the corresponding oscillator illustrates that
HOMO-LUMO transitions dominate significant changes in
the intensities of these electronic transitions. Elevated wave-
length absorbed as a consequence of enhanced conjugated
structure in the donor part of C7, visible for the t-n* character.

Figure 7 shows the UV-Vis spectrum recorded at
B3LYP/6-311+ + G (d, p) with 30 number of excited
states. The wavelength of absorbance throughout the vio-
let and blue color region of the spectrum extends (Fig. 7).
Because of the presence of strong donors and strong
acceptors in C7, bathochromic shift in C7 occurs in the
visible spectrum region, whereas strong acceptors are pre-
sent in the remaining of the molecules (C1-C6), resulting
in bathochromic shift in the ultraviolet spectrum region.

The transitions of C1-C7 chromophores are primarily
derived from the HOMO — LUMO transition, which is con-
sistent with the laws of most D-n-A organic compounds in
their structure. It is noteworthy from the prior discussion that
the decreasing order of S is consistent with the decreasing
order of average polarizability, which is further consistent with
the growing order of the HOMO-LUMO energy gap, as previ-
ously discussed. Furthermore, it is evident and widely known
that the larger HOMO-LUMO gap of C6 chromophore exhib-
its weak NLO response, whereas the lower HOMO-LUMO
gap of C7 chromophore exhibits the maximum NLO response,
as previously stated. In light of the preceding discussion, it is
clear that managing the type of n-bridges and acceptor units
is an essential method for the development of visually appeal-
ing NLO materials. According to our expectations, this new

Table 6 UV-Vis spectrum, oscillator strength recorded at B3ALYP/6-311+ + G (d, p) with n=30 (number of states) wavelength (nm)

Compound Cl C2 C3 C4 C5 Co C7
Wavelength 397.74 397.47 395.81 389.64 394.47 393.17 435.53
Oscillator strength 0.7750 0.7621 0.7457 0.8398 0.4934 0.9735 1.1037
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understanding of the effects of n-bridges and acceptor units on
NLO properties will be utilized to the construction of innova-
tive NLO materials with optical and photoelectric tools are
excellent performance in modern advanced applications.

Conclusions

Nonlinear optical (NLO) materials are of great interest in
photon-based communication, sensing, and biomedical appli-
cations. These plasmonic compounds are typically designed
to achieve a desired NLO property. Optimized geometry and
stability of structures of C1-C7 molecules are checked at
ground state, and studied their second-order NLO proper-
ties with DFT and TD-DFT method. NLO active triazolo
thiadiazole chromophores substitutional impact on second-
order NLO coefficients extensively by different donor groups.
Methoxy methyl and triphenylamine donor substitution mol-
ecules show massive charge transfer and first hyperpolariz-
ability values 21,688.49 x 10~ esu, 30,898.83 x 107* esu,
and 105,032.98 x 107>* esu respectively. The HOMO and
LUMO energy levels of chromophores indicate that electron
transfer can take place with low bandgap molecules, mak-
ing them more stable and chemically reactive. This makes
them suitable for photophysical and optoelectronic appli-
cations. Furthermore, intramolecular interactions induce a
redshift in the UV-visible spectrum due to the strong donor
triphenylamine in C7, which enhances the nonlinear optical

@ Springer
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(NLO) response. These findings suggest that the choice of
donor and acceptor can have a significant effect on the first
hyperpolarizability, making these chromophores promising
NLO materials for Second Harmonic Generation-based Pho-
tonic devices, such as memory devices. Theoretical calcula-
tions and approximations were carried out in the gas phase
using the hybrid functionals, with the most suitable method
being ®B97XD for NLO property calculations. These results
encourage further experimental studies.
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