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ABSTRACT

This study explores how different chemical substituents impact the nonlinear optical (NLO) behavior of
specialized thiazole-azo polymer thin films. Using the well-known Maker fringe technique, we dive into their
second- and third-harmonic generation capabilities (SHG and THG, respectively), revealing key NLO parameters
such as second- and third-order susceptibility. The findings show that these thiazole-azo polymers exhibit
impressive NLO responses, positioning them as strong candidates for advanced optoelectronic applications
driven by NLO phenomena. These materials, with their remarkable NLO enhancements, hold promise for the
future optical devices. To investigate the microscopic second- and third-order NLO phenomena of title structures,
we compute the electric dipole moments (), static and dynamic dipole polarizabilities («), second-order (f) and
third-order (y) hyperpolarizabilities using density functional theory (DFT). We calculate the frequency-
dependent second- (y'®) and third-order (3®) susceptibilities through the time-dependent Hartree-Fock
(TDHF) technique. The one-photon absorption (OPA) properties of the examined thin films are also computed,
and both theoretical and experimental UV-Vis spectra are presented. Furthermore, the outcomes of the analyzed
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and simulated OPA spectra, (X(2)) and (X(3)) susceptibilities are compared to highlight their compatibility. The
investigated materials demonstrate significant quadratic and cubic hyperpolarizabilities and susceptibilities with
non-zero values, showcasing substantial second- and third-order optical nonlinearity. To enhance understanding
of the molecular orbital (MO) structures, we interpret the highest occupied molecular orbitals (HOMOs), lowest
unoccupied molecular orbitals (LUMOs), and HOMO-LUMO energy gaps from DFT.

1. Introduction

Nonlinear optical (NLO) properties are critical in the development of
advanced photonic and optoelectronic technologies, including optical
switching, frequency doubling, and signal processing applications
[1-3]. Among the NLO processes, second harmonic generation (SHG)
and third harmonic generation (THG) are of the particular interest due
to their applicability in photonic devices [4]. SHG is widely used with
applications spanning both fundamental research and practical tech-
nologies [5]. It plays a key role in frequency doubling of laser light, such
as converting 1064 nm infrared output into visible green light at 532 nm
[6]. Additionally, SHG imaging is extensively employed in biomedical
fields for high-resolution, label-free visualization of non-
centrosymmetric biological structures like collagen, aiding in cancer
diagnostics and tissue pathology analysis [7-9]. Moreover, SHG is a
powerful tool for characterizing material symmetry, enabling rapid
detection of noncentrosymmetry in both crystalline and powdered
samples [10,11]. Furthermore, THG effects play a vital role in a range of
modern photonic applications [12]. These include phase conjugation
through wave mixing techniques, ultrafast laser pulse generation via
mode-locking, and NLO absorption phenomena such as two-photon
absorption (TPA) and reverse saturable absorption (RSA) [13-15].
TPA enables high-resolution 3D optical data storage and biomedical
imaging [16,17], while RSA is used in optical limiting to protect sensi-
tive components from high-intensity laser exposure [18]. Third order
nonlinearities are also fundamental to Q-switching, a technique for
generating high-energy laser pulses, as well as optical bistability, used in
optical switching and memory elements [19,20]. Other key THG effects
include the photorefractive effect, used in dynamic holography, and self-
phase modulation, which enables spectral broadening of pulses in op-
tical fibres [21-23]. Numerous materials exhibit NLO behaviour, and
the search for novel compounds with enhanced NLO responses still
continues.

Within the scope of NLO materials, polymers containing chromo-
phores, such as azobenzene derivatives, have garnered significant in-
terest due to their highly tuneable optical properties [24-32]. The
structural flexibility in azobenzene-containing polymers enables ad-
justments in their electronic and dipole configurations, making them
ideal candidates for effective second (SHG) and third harmonic gener-
ation (THG) responses, essential for NLO device applications [33-35].
The advantage of azobenzene polymers in the field of NLO lies in their
tuneable electronic structure, influenced by electron-donating or
electron-withdrawing substituents [35,36]. These substituents can
induce hypsochromic or bathochromic shifts, thus affecting the mate-
rials’ electronic transitions and the efficiency of NLO processes [37,38].
Such modifications are crucial in optimizing azobenzene polymers to
achieve desired NLO behaviours for specific applications. Azopolymers
also demonstrate notable compatibility with various polymer matrices
and copolymer units, allowing for the synthesis of hybrid materials with
tailored NLO responses [39,40]. This adaptability is beneficial in
creating materials that combine azobenzene’s NLO activity with the
mechanical or thermal stability of the polymer matrix, enhancing the
practical applications of these materials in areas like optical modulators,
holography, and data storage technologies [41-44]. In the recent years,
an increased attention has been devoted to thiazole-azo materials due to
the electron-withdrawing nature of the thiazole ring and its conjugated
characteristics [45]. This structural framework, which promotes an
enhanced intramolecular charge transfer (ICT), is particularly

advantageous for NLO applications [46,47]. Notably, recent literature
has underlined the potential of thiazole-azo materials for the integration
into the photonic devices [48-50], however a systematic theoretical and
experimental analysis on the NLO properties still remain limited.

The present study aims to introduce experimentally and theoretically
fundamental principles of NLO responses in thiazole-azo polymers,
focusing particularly on their SHG and THG characteristics. The selected
polymers (P1-P4) feature systematically varied substituents, ranging
from electron-withdrawing to electron-donating groups, to investigate
the structural property relationship and its influence on the NLO
behaviour of thiazole-azo systems. Firstly, utilizing the Maker fringe
technique, the research evaluates their NLO responses, comparing var-
iations in their second- and third-order susceptibilities across different
chemical structures. Given the increasing interest in thiazole-azo based
polymers for high-performance NLO applications, this study seeks to
clarify how molecular modifications impact their NLO behaviour,
positioning them as promising candidates for optoelectronic technolo-
gies. Secondly, the electric dipole moments, dispersion-free and
frequency-dependent dipole polarizabilities, second- and third-order
hyperpolarizability values and susceptibilities for the examined mate-
rials have been explored from DFT (y, static and dynamic «, B, y) and ab
initio (dynamic y® and y®) processes. Besides the optical nonlinearity
characteristics, the frontier MO energies (first and second) and OPA
wavelengths exposed to the lowest lying electronic transitions for title
materials have been presented by the DFT/ B3LYP and TD-SCF/ HF
techniques, respectively. The computed data on OPA wavelengths (Apqy)
(i.e. UV-Vis wavelengths), y® and y3® susceptibility have been
compared with the experimental conclusions introduced via the UV-Vis
spectral analyses, and the SHG and THG experiments. Our calculated
yields in this work have been also tried to match some data already
published for similar structures and with the consequences of reference
items utilized in NLO measurements.

2. Experimental methods
2.1. Optical absorption

UV-Vis absorption spectra were recorded with a UV-1800 spec-
trometer (Shimadzu) at room temperature within the range of 300 nm to
1100 nm.

2.2. Maker fringe

SHG and THG effects were investigated using a Maker fringe setup
[51-53]. An ultrafast Nd:YAG laser, operating at a wavelength 1064 nm
with beam diameter 40 pm, pulse duration of 30 ps, repetition rate of 10
Hz, resulting in a peak intensity of 239 GW/cm?, was used as the pump
source. SHG and THG Maker fringes were obtained by rotating thin films
on a rotational stage under two laser polarization configurations: sp
(perpendicular to the plane of incidence) and pp (parallel to the plane of
incidence), controlled by a Glan polarizer. During rotation, the sample
generated signal corresponding to ®, 2w, 3w, and higher-order har-
monics, which were then detected by a photomultiplier tube. Before the
signal reached the photomultiplier tube, the desired signal was filtered
through an interference filter: a 532 nm was used for SHG measure-
ments, and a 355 nm filter was used for THG measurements.
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Fig. 1. Optimized molecular models of the thiazole-azo copolymers P1-P4. C, N, H, O, S and Br atoms correspond to grey, blue, white, red, yellow and claret red ball-

shaped, respectively.

2.3. Corona poling

Methods such as the corona poling technique are widely used to
break the centrosymmetry in polymeric films by aligning polar chro-
mophores under an external electric field [54,55]. In this home-made
approach, thin films were heated to a temperature close to the glass
transition temperature (below 100 °C), and a high voltage of 6 kV was
applied. This process enables us to reorient the dipole moments in the
heated material of polymer molecules, aligning them with the direction
of the applied electric field. Once the corona poling system was deac-
tivated, the oriented dipole moments remained aligned.

3. Computational studies

Primarily, the tasks of geometry optimization have been exerted on
the title thiazole-azo polymers (see Fig. 1). Then, the electric dipole
moment, static and dynamic dipole polarizability, quadratic and cubic
hyperpolarizability —qualifications have been gotten operating

calculation procedures. The finite field (FF) method has been taken
advantage of calculating p, o, p and y [56]. The FF technique submits a
worthy venture to the hyperpolarizability tensors [57]. The geometry
optimization labors with 3-21G basis set, computations of p, a, f and y
with both 6-31 + G(d) diffused and polarized basis set and also 3-21 +
G diffused basis set for title molecules have been produced from
GAUSSIANO9W [58] program operating DFT/ B3LYP (geometry opti-
mizations and i, a, p, y values) and DFT/ PBE (j, a, B, y values). To
contrive the configurations of molecular structures for the title mate-
rials, we have operated the GaussView 5.0.9 [59] program for the
interface software of GAUSSIANO9W [58]. The efficiencies of DFT ap-
proximations have been openly sighted in the literature [60]. For
extracting the hyperpolarizability tensorial components of molecular
organic constitutions, the B3LYP functional is one of the most opportune
ways [61,62]. This functional is generally submitted to compose ad-
missible experimental arrangements [63]. To reveal the influence of
functional choices on , o, B, y results, the PBE that is gradient-corrected
correlation functional of Perdew, Burke and Ernzerhof [64] has been
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Fig. 2. Chemical structures of studied thiazole-azo copolymers P1 (a), P2 (b), P3 (c) and P4 (d).

also utilized in our DFT calculations. The equations (1-3), respectively,
have been exploited for computing the orientationally averaged
(isotropic) dipole polarizabilities (a), total first hyperpolarizabilities Bor
and averaged (isotropic) second hyperpolarizability (y) [65]:

(@) — (e + ayy + ) /3 (@))

1/2
Bor= | (Buss+ By + Baz)” + By + B+ Br)” + (Brsz + P+ ry) |
@

(r) =(1/5) {me + Vyyyy T Vazgz + 2 (fom + Vrexzz + Vym) } 3

The GAUSSIANO9W [58] program propagated the «(0;0), $(0;0,0) and
v(0;0,0,0) at ® = 0 and a(-0;0), P(-20;0,0), Y(-30;0,0,0) values of
tensor components at ® = 0.04282 atomic units (a.u.) (1064 nm) via the
DFT technique with basis sets 6-31 + G(d) and 3-21 + G. The
dispersion-free quadratic and cubic hyperpolarizability constituents
designated above are characterized as p(0;0,0) and y(0;0,0,0), respec-
tively. The SHG and THG groups in the DFT technique have been
employed to compute the p (-20;0,») and y(-30;0,0,0), respectively, at
o values of laser frequency operated in the NLO measurements.

We have discovered the isotropic (orientationally averaged) values
for the second- (x®(-»;0,0)) and third-order (X(3)(—m;m,—m,m)> suscep-
tibilities at ® = 0.04282 a.u. from electro-optics Pockels effect (EOPE)
group and optical Kerr effect (OKE) group, respectively, of the TDHF
method with 6-31 + G(d) and 3-21 + G basis sets enforced in the
GAMESS [66] program. The origins of Cartesian coordinate systems (x,y,
2) = (0,0,0) in all calculations here have been selected on the centres of
masses of P1-P4.

The TD-SCF/ HF approximation with cc-pVDZ basis set implemented
in the GAUSSIANO9W [58] program has accomplished the calculations
of transition wavelengths (Apqy) for the lowest lying electronic transi-
tions of P1-P4. To acknowledge the contact of NLO qualities with the

molecular forms; the first and second frontier MOs and their energy gaps
have also been accomplished from GAUSSIANO9W [58] program at
DFT/ B3LYP/ 6-31+G(d) level of theory. The HOMO-LUMO energy gap
(Eg) could be designated by the equation (4):

E; = Erumo — Eromo (C))

The correlation between the wavelengths of light emitted or absorbed
() from an item and HOMO-LUMO energy gaps (Ej) is characterized as
follows:

_hec
!

E, 5)

where h is Planck’ s constant and c is the speed of light.
4. Results and discussion
4.1. Samples preparation

The synthesis of thiazole-azo monomers has been previously re-
ported [67,68]. The copolymers, namely: P1; P2; P3; and P4 have been
synthesized by the method of free radical polymerization azo containing
methacrylic monomers and butyl methacrylate (BMA) in 10 % dime-
thylformamide (DMF) solution with azobisisobutyronitrile (AIBN) as
radical initiator at 80 °C (argon atmosphere) with monomers initial
mole ratios 1:1 and AIBN (1 wt% of monomer). The synthesis procedure
for the polymer is described in the Supporting Information (ESI). The
characteristic '"H NMR signals of the thiazole-azo monomers have been
previously reported [67,68]. In this study, NMR was used to determine
the molar ratio of the azo monomer to BMA in copolymers P1-P4 by
comparing the integrals of aromatic (6 6.5-8.5 ppm) and aliphatic
proton regions (Figs. S1-S4). Fourier-transform infrared (FTIR) spec-
troscopy was used to confirm the chemical structure of the synthesized
polymers. The corresponding spectra and analysis are presented in the
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Fig. 3. Experimental UV-Vis absorption spectra (a) for P1-P4 together with their corresponding theoretical data (b). The solid and dashed lines display the main
measurement and simulation absorption peaks obtained from the UV-Vis recording spectrophotometer and TD-SCF/ HF computations with cc-pVDZ basis set,

respectively.

Table 1

Maximum absorption peaks (Amay), Values of absorption coefficients at THG
(a355) and SHG (os32) wavelengths of studied P1-P4 thiazole-azo polymeric thin
films.

Sample Amax (nm) agss (cm ™) 532 (cm ™)
P1 431 2248 882

P2 436 2043 981

P3 327; 455 4372 1563

P4 335; 475 4859 5357

ESI (Figs. S5-S8). The differential scanning calorimetry (DSC) analysis
results, demonstrate that the thiazole-azo copolymers P1-P4 exhibit
glass transition temperatures (Tg) in the range of 90 to 98 °C. The size
exclusion chromatography (SEC) was utilized to measure the number-
average molecular weight (M,) and dispersity (D) for polymers P1-P4,
with polystyrene as the calibration standard. The dispersity values for
these synthesized polymers ranged from 1.7 to 1.9, indicating a
reasonable degree of polydispersity for the methacrylic polymers. The
molecular weights of the copolymers P1-P4 molecular rations, index of
polydispersity, glass transition temperatures (Tg) are summarized in
Table S1. The chemical structures of P1-P4 are displayed in Fig. 2.
Thiazole-azo polymeric thin films were deposited on BK7 glass substrate
using spin coating technique with 1000 rpm for 60 s from 10 wt% 1,2-
dichloroethane solution. Thickness of the thin films was determined
using profilometer (Dektak 6 M), and is equal to 1.30 pm for P1, 0.90 pm
for P2, 1.00 pm for P3, and 0.83 pm for P4. While auxiliary techniques
such as ellipsometry were not employed to cross-validate the thickness
measurements in this study, previous research on the same polymer
samples (though with different thin films) confirmed their homogeneity
and smoothness [68]. Thickness values of 353 & 1 nm, 479 + 1 nm, 645
+ 1 nm, and 555 + 1 nm for these samples were determined using
spectroscopic ellipsometry, and surface roughness measurements from
AFM (R,: 0.15-0.36 nm) confirmed the smoothness of these films, sup-
porting the reliability of the profilometer-derived thickness data for the
samples in this work [68].

4.2. Optical absorption spectroscopy

Fig. 3(a) presents the normalized absorption spectra recorded
experimentally via UV-Vis spectrophotometer of thiazole-azo polymeric
thin films, highlighting absorption bands within the range of 350 — 600
nm. Noticeable peaks in Fig. 3(a) appear at 431 nm for P1, 436 nm for
P2, 455 nm for P3, and 475 nm for P4, attributed to vibrational coupling
during the n — n* transition. Notably, P3 and P4 feature an additional

peak between 300 — 350 nm, with a maximum at 327 nm for P3 and 335
nm for P4, linked to electron-donor substituents in the aromatic 4-aryl-
1,3-thiazol-2-amine ring. The observed red shift in the absorption
wavelength for copolymer P4 is attributed to the extension of the
conjugation length within the polymer. Beyond 600 nm, thin films
exhibit excellent optical transparency, showing no absorption up to
1100 nm, making them ideal for applications at the fundamental laser
wavelength of 1064 nm (see Fig. 3(a)). However, the films absorb
strongly at second (532 nm) and third (355 nm) harmonic wavelengths,
potentially influencing harmonic generation. Absorption coefficients (o)
at these key wavelengths experimentally obtained (see Fig. 3(a)) are
provided in Table 1, illustrating the influence of material design on
harmonic generation efficiency. For comparison, the theoretical ab-
sorption spectra obtained via TD-SCF/HF calculations with the cc-pVDZ
basis set are shown in Fig. 3(b) and are discussed in detail in Section 4.5.

4.3. Second and third harmonic generations

NLO research was conducted based on SHG and THG effects. The
NLO signal, separated by an appropriate filter positioned just behind the
sample, was collected using a photomultiplier. To ensure measurement
accuracy and material integrity, experiments were performed at a laser
energy of 100 pJ, which is below damage thresholds reported in similar
studies (e.g., 150 pJ) [69], ensuring operation within the linear regime.
Moreover, while harmonic signal intensity increases with sample
thickness due to greater optical interaction path, the extracted NLO
susceptibility values remain independent of thickness, as they are
intrinsic material properties [70]. To reduce variability, samples with
comparable and uniform thickness were selected. Initially, the SHG and
THG signals of reference materials: Y-cut quartz slab and fused silica,
respectively, were measured (see Figs. S9-S10). Following this, the SHG
properties of thiazole-azo polymeric thin films were investigated. The
initial absence of SHG signal confirms that the polymer films are initially
centrosymmetric, as SHG is forbidden in such media under the electric-
dipole approximation. Upon application of the corona poling method, a
clear SHG response emerges (see Fig. 4), confirming the successful
alignment of molecular dipoles and the induction of non-
centrosymmetric order necessary for second-order NLO processes.
Notably, under pp polarization the SHG signal exhibited a significant
enhancement compared to sp polarization. This difference is due to the
varying values of the y® tensor elements relevant to each experimental
setup, specifically, X;%; and Xg& Theoretically, the ratio Xg%/ X%{ is
predicted to be approximately 3 for molecular systems [71].The
graphical analysis of the SHG responses indicates that the SHG in-
tensities remain consistent across the samples with various substituents,
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Fig. 4. SHG response as a function of incident angle of thiazole-azo thin P1 (a), P2 (b), P3 (c) and P4 (d) films before (unpoled) and after (poled) corona poling
technique in sp and pp polarization configurations at 1064 nm.
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Second- (y®) and third-order (x*) NLO susceptibilities obtained by experimental studies for sp and pp polarization configurations with ~ 0.1 % estimated error and
averaged (isotropic) second- ((X(z)(—m;m,o))) and third-order ((X(3)(—w;w,—w,m)>) NLO susceptibilities calculated by TDHF procedure using 6-31 + G(d) and 3-21 + G

basis sets at 1064 nm of P1-P4.

Sample @ (pm.vh %) (pm.v 1@ x 1022 (m2v?) (@) x10% (m2v—2)
sp pp 6-31 + G(d) 3-21 +G sp pp 6-31 + G(d) 3-21+G
P1 0.28 0.60 0.85 0.11 7.04 7.16 9.01 3.81
P2 0.31 0.89 1.03 0.19 9.81 10.05 12.77 5.88
P3 0.35 0.70 0.96 0.15 9.25 9.55 11.90 5.10
P4 0.49 1.03 2.11 0.20 10.64 11.05 13.00 6.20
a)
12
Reference material
1.0

0.8

0.6

X.(Z) (pmvl)

0.4

0.2

0.0

Pl P2 P3 P4

P1 P2 P3 P4

Fig. 6. Graphical representation of the second-order (left) and third-order (right) NLO susceptibility values of P1-P4 thiazole-azo thin films for sp and pp polarization

configurations at 1064 nm.

Table 3

The calculated electric dipole moments p (Debye) and dipole moment compo-
nents using DFT at B3LYP/ 6-31 + G(d), B3LYP/ 3-21 + G, PBE/ 6-31 + G(d),
PBE/ 3-21 + G levels of theory for P1-P4.

Table 4

Selected components of the static a(0;0) and (a)(0;0) (x10°%* esu) values
computed by DFT at B3LYP/ 6-31 + G(d), B3LYP/ 3-21 + G, PBE/ 6-31 + G(d),
PBE/ 3-21 + G levels of theory for P1-P4.

Compound Functional/ Basis set Hx My . B Compound Functional/ Basis set Olyexe Qyy Oz (o)

P1 B3LYP/ 6-31 + G(d) 0.000 0.000 6.986 6.986 P1 B3LYP/ 6-31 + G(d) 53.828 43.569 50.888 49.428
B3LYP/ 3-21 + G 0.000 0.000 6.328 6.328 B3LYP/ 3-21 + G 51.546 41.762 48.245 47.185
PBE/ 6-31 + G(d) 0.000 0.000 3.163 3.163 PBE/ 6-31 + G(d) 33.843 30.991 28.900 31.245
PBE/ 3-21 + G 0.000 0.000 3.495 3.495 PBE/ 3-21 + G 33.851 29.527 28.851 30.743

P2 B3LYP/ 6-31 + G(d) 0.000 0.000 5.439 5.439 P2 B3LYP/ 6-31 + G(d) 54.725 51.191 49.565 51.827
B3LYP/ 3-21 + G 0.000 0.000 5.087 5.087 B3LYP/ 3-21 + G 52.649 49.126 46.782 49.519
PBE/ 6-31 + G(d) 0.000 0.000 3.192 3.192 PBE/ 6-31 + G(d) 38.090 38.639 26.391 34.374
PBE/ 3-21 + G 0.000 0.000 3.111 3.111 PBE/ 3-21 + G 36.355 36.346 24.077 32.259

P3 B3LYP/ 6-31 + G(d) 0.000 0.000 7.176 7.176 P3 B3LYP/ 6-31 + G(d) 52.553 44.700 58.292 51.848
B3LYP/ 3-21 + G 0.000 0.000 6.635 6.635 B3LYP/ 3-21 + G 50.365 42.408 55.847 49.540
PBE/ 6-31 + G(d) 0.000 0.000 3.209 3.209 PBE/ 6-31 + G(d) 32.285 30.785 36.104 33.058
PBE/ 3-21 + G 0.000 0.000 3.516 3.516 PBE/ 3-21 + G 32.890 28.878 35.872 32.547

P4 B3LYP/ 6-31 + G(d) 0.000 0.000 7.451 7.451 P4 B3LYP/ 6-31 + G(d) 56.256 56.571 62.845 58.558
B3LYP/ 3-21 + G 0.000 0.000 6.819 6.819 B3LYP/ 3-21 + G 53.710 54.232 59.953 55.965
PBE/ 6-31 + G(d) 0.000 0.000 5.137 5.137 PBE/ 6-31 + G(d) 35.437 38.519 39.259 37.738
PBE/ 3-21 + G 0.000 0.000 4.754 4.754 PBE/ 3-21 + G 34.572 37.173 38.249 36.665

including -H (P1), -Br (P2), and -OCHj3 (P3). This uniformity in SHG
signal intensity suggests that while the electronic properties of the
substituents vary, they do not significantly influence the overall SHG
efficiency within this polymer structure. The similarity in SHG response
across different substituents could be attributed to the inherent sym-
metry or electronic structure of the thiazole-azo polymer backbone,
which may play a dominant role in defining the NLO susceptibility. Even
though substituents like —Br, with higher polarizability, and -OCHg, an
electron-donating group, might be expected to alter the electron distri-
bution and thus the SHG signal, the consistent SHG intensities suggest
that the core electronic configuration and dipole alignment in the

polymer are maintained across modifications.

In the second stage, the measurement was repeated with a setting the
inference filter to 355 nm, allowing collection of the THG signal. The
results of the THG measurements conducted are presented in Fig. 5.
Generally, no significant changes in polarization measurements were
observed for these samples. Like the SHG studies, the relationships in the
third-order NLO response exhibited diversity with respect to sub-
stituents. On the other hand, THG trends show some variation among
samples, with a slight increase in THG response for the sample con-
taining the -H (P1) and -Br (P2) compared to the 2-methyl-5-benzothia-
zolyl and ~OCHjs substituent (P4 and P3) counterparts. It is essential to
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Table 5
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Selected components of the static $(0;0,0) and f;,(0;0,0) (x 1033 esu) values computed by DFT at B3LYP/ 6-31 + G(d), B3LYP/ 3-21 + G, PBE/ 6-31 + G(d), PBE/

3-21 + G levels of theory for P1-P4.

Compound Functional/ Basis set Brocx Byyy Byyz Brzz Bazz Brot

P1 B3LYP/ 6-31 + G(d) 831.775 269.140 —521.165 —170.757 —453.111 1936.553
B3LYP/ 3-21 + G 712.586 99.828 —274.936 —87.710 —291.194 1702.443
PBE/ 6-31 + G(d) 193.694 131.871 290.685 —184.530 —731.824 894.355
PBE/ 3-21 + G 303.408 262.071 353.076 —118.776 —510.207 1172.996

P2 B3LYP/ 6-31 + G(d) 418.335 —1431.430 —880.678 15.112 —1923.350 2167.263
B3LYP/ 3-21 + G 246.987 —1567.330 —783.302 89.553 —1497.160 2402.884
PBE/ 6-31 + G(d) —605.507 1151.050 —569.022 194.642 —803.747 2649.821
PBE/ 3-21 + G —276.483 —1166.760 263.442 260.875 —810.026 642.803

P3 B3LYP/ 6-31 + G(d) 735.979 —382.976 —2154.460 —1590.310 —994.967 2873.358
B3LYP/ 3-21 + G 730.672 —687.616 —2010.560 —1474.980 —804.437 2537.273
PBE/ 6-31 + G(d) 299.337 -2332.850 —1115.090 —1036.940 115.651 2719.425
PBE/ 3-21 + G 379.500 —1747.810 —1128.700 —1002.510 -16.773 2165.645

P4 B3LYP/ 6-31 + G(d) 879.381 1292.050 —2789.250 —1262.98 —1212.250 4253.807
B3LYP/ 3-21 + G 942.072 817.689 —2606.300 —1165.650 —1170.930 3722.352
PBE/ 6-31 + G(d) 403.184 —1447.980 —1134.450 —952.553 —1151.740 3085.297
PBE/ 3-21 + G 612.529 —932.566 —1317.230 —818.707 —1133.630 2766.502

Table 6

Selected components of the static y(0;0,0,0) and (y)(0;0,0,0) (x107 esu) values computed by DFT at B3LYP/ 6-31 + G(d), B3LYP/ 3-21 + G, PBE/ 6-31 + G(d), PBE/

3-21 + G levels of theory for P1-P4.

Compound Functional/ Basis set p— Vyyyy Vzzzz Yxxyy Yxxzz Vyyzz ()

P1 B3LYP/ 6-31 + G(d) 245.128 98.495 126.528 37.724 76.332 86.936 174.427
B3LYP/ 3-21 + G 217.779 93.082 111.701 34.173 69.785 77.160 156.960
PBE/ 6-31 + G(d) 117.592 119.783 86.713 18.480 34.131 17.914 93.028
PBE/ 3-21 + G 131.524 91.469 70.216 22.903 31.658 25.371 90.615

P2 B3LYP/ 6-31 + G(d) 265.461 193.395 165.745 4.756 56.938 82.332 182.531
B3LYP/ 3-21 + G 239.384 289.683 146.379 1.387 52.956 72.797 185.945
PBE/ 6-31 + G(d) 181.769 233.629 75.861 5.104 14.738 64.544 132.006
PBE/ 3-21 + G 180.216 222.166 78.716 0.116 19.222 12.270 108.863

P3 B3LYP/ 6-31 + G(d) 192.120 150.762 202.684 23.928 108.907 133.796 215.766
B3LYP/ 3-21 + G 168.683 142.297 183.278 21.168 98.446 127.047 197.516
PBE/ 6-31 + G(d) 62.039 175.186 131.867 6.324 63.129 57.420 124.568
PBE/ 3-21 + G 89.240 132.044 107.005 9.086 60.370 67.851 120.581

P4 B3LYP/ 6-31 + G(d) 157.605 254.351 220.415 63.301 123.004 161.493 265.593
B3LYP/ 3-21 + G 138.706 228.822 200.023 61.166 112.539 151.570 243.620
PBE/ 6-31 + G(d) 47.978 186.275 187.751 45.217 52.587 67.606 150.565
PBE/ 3-21 + G 58.991 160.043 151.428 43.746 53.797 73.390 142.466

calculate the values of ¥ and ¥ to determine which copolymers ex-
hibits the highest NLO response, which is provided in the next
subchapter.

4.4. NLO susceptibility

Second- and third-order NLO susceptibilities were determined from
SHG and THG experiments, respectively, through the comparative
models. These models are based on comparison the generated har-
monics’ maximum intensity of studied material to that of the reference
material. In our case, we used 0.5 mm Y-cut quartz slab for SHG
experiment, and 1 mm fused silica for THG experiment. Moreover, as
previously mentioned, absorption at the wavelengths of 532 nm and
355 nm is significant, thus the equations to calculate NLO susceptibil-
ities include the linear absorption coefficient. The model to obtain
second-order NLO susceptibility is expressed from equation (6) [72]:

2 Lcoh I2m as32d
e i@ NE| ©®
Ref |1 — exp( - %‘)

where: ¥ is the second-order NLO susceptibility of the studied mate-
rial, Xf{ze)f =1.0 pm.V’1 [73] denotes the second-order NLO susceptibility
of the reference material, d represents the sample thickness, o532 sig-
nifies the linear absorption coefficient at a wavelength of 532 nm, I*°
denotes the SHG maximum intensity of the studied material, and 13%
signifies the maximum intensity of the reference material. L§} = 21.0
pm is the coherent length of the reference material, calculated from
equation (7):
coh }\m

Lret = 4 o |ny, — 1| 2
where: A, denotes the wavelength of the fundamental beam (1064 nm),
while ny, is refractive index of reference material at SHG wavelength



K. Waszkowska et al.

Table 7

Selected components of the frequency-dependent oa(-w;0) and values of
(o) (~0;0) (x102* esu) at ® = 0.04282 a.u. computed by computed by DFT at
B3LYP/ 6-31 + G(d), B3LYP/ 3-21 + G, PBE/ 6-31 + G(d), PBE/ 3-21 + G
levels of theory for P1-P4.

Compound Functional/ Basis set Oy oy Oy (o)

P1 B3LYP/ 6-31 + G(d) 54.639 44.090 51.465 50.065
B3LYP/ 3-21 + G 52.309 42.254 48.774 47.779
PBE/ 6-31 + G(d) 34.203 31.292 29.194 31.563
PBE/ 3-21 + G 34.240 29.808 29.122 31.057

P2 B3LYP/ 6-31 + G(d) 55.428 51.945 50.182 52.518
B3LYP/ 3-21 + G 53.316 49.844 47.344 50.168
PBE/ 6-31 + G(d) 38.477 39.051 26.719 34.749
PBE/ 3-21 + G 36.745 36.730 24.339 32.604

P3 B3LYP/ 6-31 + G(d) 53.234 45.393 59.024 52.550
B3LYP/ 3-21 + G 51.007 43.067 56.525 50.200
PBE/ 6-31 + G(d) 32.561 31.174 36.518 33.418
PBE/ 3-21 + G 33.206 29.240 36.257 32.901

P4 B3LYP/ 6-31 + G(d) 57.025 57.387 63.618 59.343
B3LYP/ 3-21 + G 54.440 55.005 60.668 56.704
PBE/ 6-31 + G(d) 35.762 38.962 39.731 38.152
PBE/ 3-21 + G 34.913 37.600 38.682 37.065

(1.4607) and n,, is refractive index at fundamental beam (1.4496).
To reveal third-order NLO susceptibility, the relation (8) was used
[74,75]:

0] d
@ o (2) () I < ®
X7 = Xref \ d 2o
Ref | 1 _ exp< _ (lszsd>

where: ¥ is the third-order NLO susceptibility of the studied material,
X%)f = 2.0 x 1022 m2V~2 [76] denotes the third-order NLO suscepti-
bility of the reference material, agss signifies the linear absorption co-
efficient at a wavelength of 355 nm, I°° denotes the THG maximum
intensity of the studied material, and Iﬁ’g’f signifies the maximum in-
tensity of the reference material, L} = 6.7 pm is the coherent length of
the reference material, calculated from equation (9):
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coh }‘M
Lt =6 [nge — 0| ©)
where: A, denotes the wavelength of the fundamental beam (1064 nm),
while ng,, is refractive index of reference material at THG wavelength
(1.4761) and n,, is refractive index at fundamental beam (1.4496).

The NLO susceptibility values found for both polarizations, x® and
X(B), are provided in Table 2. The obtained results reveal that changing
the substituent from —-H (P1) to —Br (P2) and -OCH3 (P3) enhances the
intensity of the SHG signal. Furthermore, the thiazole-azo polymer
containing the —Br substituent P2 demonstrated a higher SHG response
compared to the -OCH3 substituent P3, attributed to larger polariz-
ability of —Br compared to methoxy group -OCHs, which is electron-
donating group. Moreover, enhancement was observed compared to
the sample containing 2-methyl-5-benzothiazolyl moiety P4 in com-
parison to the phenyl ring sample P3. This enhancement is explained by
the extension of the conjugation length within the polymer. Moreover,
we suppose that the large THG values can be explained by increasing
electro-donating strength and more efficient charge transfer in P4. The
strongest THG enhancement was demonstrated by P4, which contains 2-
methyl-5-benzothiazolyl moiety and ~OCHj substituent. The obtained
values affirm that the values exhibit independence concerning the
applied polarization in THG experiment. To provide a better contrast of
the obtained second- and third-order NLO susceptibility values, their
graphical representations are presented in Fig. 6, marking the value for
the reference materials. Notably, P4 exhibited the strongest NLO
response, compared to reference materials widely used in NLO and
optoelectronics.

The obtained y® values were compared with similar styrylquinoline-
based polymers reported in the literature [77]. The X(Z) values for
polymers P1-P4, particularly in the pp polarization configuration,
demonstrate a notable increase in SHG response compared to Plggq
(0.21 pm.V~! for sp; 0.45 pm.V~! for pp) [77], a polymer without an
electron-acceptor substituent. In contrast to Plgyq [77], which lacks
significant SHG response due to the absence of strong electron-donating
or electron-withdrawing groups, the polymers P2 and P3 from this study
incorporate substituents such as -Br and ~OCHj3 that simply enhance
SHG due to their respective polarizability and electron-donating prop-
erties. For P24 (0.58 pm.V’1 for sp; 1.25 prn.V’1 for pp) [771, where a
strong electron-acceptor (NO) group is present, a larger NLO response
was noted in literature reports, attributed to improved electron

Selected components of the frequency-dependent (—2w;0,®) and B;o; (x 107 esu) values at = 0.04282 a.u. computed by DFT at B3LYP/ 6-31 + G(d), B3LYP/ 3-21 +

G, PBE/ 6-31 + G(d), PBE/ 3-21 + G levels of theory for P1-P4.

Compound Functional/ Basis set Broxx Byyy Brzz Bx By Bz Brot

P1 B3LYP/ 6-31 + G(d) —0.555 —0.087 —1.059 —2.568 2.652 —3.510 5.094
B3LYP/ 3-21 + G —0.398 —0.411 —0.802 —2.532 1.687 —0.962 3.191
PBE/ 6-31 + G(d) —0.035 0.094 —0.860 —2.618 1.892 0.185 3.235
PBE/ 3-21 + G 0.014 0.188 —0.658 —2.058 2.922 1.228 3.779

P2 B3LYP/ 6-31 + G(d) —0.256 —2.644 —3.046 —2.498 —5.212 —8.194 10.027
B3LYP/ 3-21 + G —0.300 —2.878 —2.343 —2.331 —6.078 —5.363 8.434
PBE/ 6-31 + G(d) —0.844 1.398 —0.772 —4.099 6.376 —4.124 8.629
PBE/ 3-21 + G —0.518 —1.269 —0.896 -1.786 —2.418 —0.328 3.024

P3 B3LYP/ 6-31 + G(d) —0.613 —2.222 -1.671 —14.815 —12.582 —9.056 21.443
B3LYP/ 3-21 + G —0.294 —2.762 —1.353 —13.011 —13.898 —6.964 20.272
PBE/ 6-31 + G(d) 0.187 —3.126 0.255 —6.295 —9.958 —1.032 11.826
PBE/ 3-21 + G 0.158 —2.476 —0.031 —6.104 -8.218 —1.230 10.311

P4 B3LYP/ 6-31 + G(d) -1.134 0.908 —2.094 —13.203 0.580 —15.444 20.327
B3LYP/ 3-21 + G —0.741 0.061 -1.929 —12.381 -1.967 —13.370 18.328
PBE/ 6-31 + G(d) 0.307 —1.945 —1.436 —7.860 —2.577 —7.860 11.411
PBE/ 3-21 + G 0.441 —1.377 —1.417 —6.303 —0.971 —7.906 10.158

Urea 0.45 [83]
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Table 9
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Selected components of the frequency-dependent y(-3w;0,»,0) and (y)(-30;0,0,0) (X 107 esu) values at ® = 0.04282 a.u. computed by DFT at B3LYP/ 6-31 + G(d),

B3LYP/ 3-21 + G, PBE/ 6-31 + G(d), PBE/ 3-21 + G levels of theory for P1-P4.

Compound Functional/ Basis set - Yyyyy Yazzz Yooy Yroxzz Yyyzz (v)

P1 B3LYP/ 6-31 + G(d) 465.269 160.511 168.893 86.376 117.687 116.364 287.105
B3LYP/ 3-21 + G 407.482 155.394 151.068 77.793 109.384 102.791 258.776
PBE/ 6-31 + G(d) 160.594 149.490 117.233 23.516 52.072 21.788 124.410
PBE/ 3-21 + G 185.483 114.968 90.458 30.323 46.276 30.536 121.036

P2 B3LYP/ 6-31 + G(d) 418.420 465.912 250.991 39.157 107.505 113.480 331.121
B3LYP/ 3-21 + G 376.396 462.260 22.084 32.335 99.693 101.658 265.662
PBE/ 6-31 + G(d) 237.902 291.904 114.203 5.002 32.435 88.115 179.023
PBE/ 3-21 + G 239.083 278.720 109.966 1.149 35.444 18.404 147.553

P3 B3LYP/ 6-31 + G(d) 347.816 341.533 277.724 113.736 170.023 190.117 382.965
B3LYP/ 3-21 + G 300.500 333.336 251.535 98.897 152.005 179.103 349.076
PBE/ 6-31 + G(d) 81.075 242.510 186.524 13.211 87.591 71.966 171.129
PBE/ 3-21 + G 122.365 187.946 142.196 20.150 83.164 84.301 165.547

P4 B3LYP/ 6-31 + G(d) 358.757 420.989 308.558 159.475 190.643 235.196 451.786
B3LYP/ 3-21 + G 313.721 390.639 281.213 151.163 173.824 217.741 414.206
PBE/ 6-31 + G(d) 64.807 243.440 263.843 58.979 74.104 87.423 202.620
PBE/ 3-21 + G 84.451 209.922 205.326 58.847 74.987 93.198 190.753

p-NA 127.1 [84]

delocalization. However, among P2 and P3, polymer P4 from this study
shows the highest value (1.03 pm.V ™), likely due to the optimized
dipole alignment and backbone structure achieved by incorporating a 2-
methyl-5-benzothiazolyl moiety, which facilitates charge transfer. These
results suggest that while substituents in P2 and P3 polymers moder-
ately enhance the SHG response, further improvements, as seen with P4,
can be achieved with structures that more effectively enable charge
transfer. This information enables the design of polymers with opti-
mized charge transfer, significantly enhancing the efficiency of SHG.

4.5. Computational results and discussion

Quantum chemical calculations have been notified to be available in
the depiction of affairs between the electronic structure of items and
their optical nonlinearity receptions [78-81]. The theoretical venture
allows the assignment of molecular NLO behaviour in a ready technique
to plan the structures by testing their talents before syntheses and to
appoint hyperpolarizability tensorial portions. The tensor values for
hyperpolarizabilities of materials could be declared making use of an
adequate theoretical approach. The hyperpolarizability tensors clarify
the answer of compounds to an outer electric field. The NLO characters
at molecular equalities are established from their static and dynamic
hyperpolarizability tensors of components. After conveniently ascer-
tained the geometry optimizations of P1-P4 shown in Fig. 1, the ten-
sorial constituents for f and y values were calculated from FF technique.
Because the static and dynamic quadratic and cubic hyper-
polarizabilities relate to the operated functional of DFT, the dispersion-
free and frequency-dependent p and y components were obtained at the
DFT criterion utilizing B3LYP functional. In general, the larger dipole
moments have direct relevancies with greater projections of py: amounts
[82]. The electric dipole moments, notable components for dispersion-
free dipole polarizabilities, quadratic and cubic hyperpolarizabilities
computed on P1-P4 are exposed in Tables 3-6, respectively. In this
study, the dipole polarizability, second- and third-order hyper-
polarizability values were calculated by means of the first (o values),
second (B values) and third (y values) quantitative derivatives of the
electric dipole moments according to the enforced field strength in FF
approximation. It can be noticed from Table 3 that the calculated p
values for the title polymers acted in the following order P4 =~ P3 > P1
> P2 (with B3LYP/ 6-31 + G(d)), P4 = P3 > P1 > P2 (with B3LYP/
3-21 +G), P4 > P3 > P1 =~ P2 (with PBE/ 6-31 + G(d)), P4 >P3 =~ P1
> P2 (with PBE/ 3-21 + G). It is seen that the highest p values have been
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obtained at B3LYP/ 6-31 + G(d) level for P1-P4. To utilize the combi-
nation of B3LYP functional and 6-31 + G(d) basis set among the
examined materials produced the greatest p value for P4 (see Table 3).
The computed data for static (a) values in Table 4 have been found in the
following order P4 > P3 =~ P2 > P1 (with B3LYP/ 6-31 + G(d)), P4 >
P3 =~ P2 > P1 (with B3LYP/ 3-21 + G), P4 > P2 > P3 > P1 (with PBE/
6-31 + G(d)), P4 > P3 =~ P2 > P1 (with PBE/ 3-21 + G). The greatest
(o) values have been acquired at B3LYP/ 6-31 + G(d) level for P1-P4.
The combination of B3LYP functional and 6-31 + G(d) basis set among
P1-P4 gave the highest value of (a) for P4 (see Table 4). The outputs of
static Bt values in Table 5 have been ascertained in the order of P4 >
P3 > P2 > P1 (with B3LYP/ 6-31 + G(d)), P4 > P3 > P2 > P1 (with
B3LYP/ 3-21 + G), P4 > P3 > P2 > P1 (with PBE/ 6-31 + G(d)), P4 >
P3 > P1 > P2 (with PBE/ 3-21 + G). The highest By results have been
gotten at B3LYP/ 6-31 + G(d) level for P1, P3, P4 and at PBE/ 6-31 + G
(d) level for P2. The combination of B3LYP functional and 6-31 + G(d)
basis set among P1-P4 yielded the greatest conclusion of By for P4 (see
Table 5). The static (y) results in Table 6 have been devised in the order
of P4 > P3 > P2 > P1 (with B3LYP/ 6-31 + G(d)), P4 > P3 > P2 > P1
(with B3LYP/ 3-21 + G), P4 > P2 > P3 > P1 (with PBE/ 6-31 + G(d)),
P4 > P3 > P2 > P1 (with PBE/ 3-21 + G). The greatest outputs of (y)
have been arisen at B3LYP/ 6-31 + G(d) level for P1, P3, P4 and at
B3LYP/ 3-21 + G level for P2. The combination of B3LYP functional and
6-31 + G(d) basis set among P1-P4 generated the highest data of (y) for
P4 (see Table 6).

Tables 7-9, respectively, define a few substantial calculated constit-
uents for dynamic dipole polarizabilities, first and second hyper-
polarizabilities of P1-P4. The calculated data for dynamic (a) values in
Table 7 have been obtained in the following order P4 > P3 =~ P2 > P1
(with B3LYP/ 6-31 + G(d)), P4 > P3 = P2 > P1 (with B3LYP/ 3-21 +
G), P4 > P2 > P3 > P1 (with PBE/ 6-31 + G(d)), P4 > P3 = P2 > P1
(with PBE/ 3-21 + G). The highest frequency-dependent (a) values have
been obtained at B3LYP/ 6-31 + G(d) level for P1-P4. The combination
of B3LYP functional and 6-31 + G(d) basis set among P1-P4 produced
the highest value of dynamic (a) for P4 (see Table 7). The results for
dynamic Byt values in Table 8 have been found in the order of P4 =~ P3
> P2 > P1 (with B3LYP/ 6-31 + G(d)), P3 > P4 > P2 > P1 (with
B3LYP/ 3-21 + G), P4 =~ P3 > P2 > P1 (with PBE/ 6-31 + G(d)), P4 =
P3 > P1 =~ P2 (with PBE/ 3-21 + G). The greatest dynamic f, con-
clusions have been yielded at B3LYP/ 6-31 + G(d) level for P1-P4. The
combination of B3LYP functional and 6-31 + G(d) basis set among P1-
P4 gave the highest outcomes of ot for P4 =~ P3 (see Table 8). The
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Table 10

The OPA wavelengths (4,4, nm) of the lowest transition, oscillator strengths (f)
and compositions in terms of MO contributions calculated from TD-SCF/ HF
method with cc-pVDZ basis set for P1-P4.

Compound State Mnax f Composition”

P1 s1 416.73 0.0357 H-7 - L
H7->L+7
H-6 - L
H-5-1L
H5-L+7
H-2-1L
H-1-1L
H-L
H->L+7
H-13 - L
H-8->L
H8->L+7
H-6 - L
H-5-L
HS5-L+7
H-1-1L
H-L
H-L+7
H-12 > 1L
H-7 - L
H-7-L+7
H-6 - L
H-5-1L
H5->L+7
H-1-L
H-L
H-12 > L
H-7 - L
H-6 - L
H-5-1L
H-L
H-L+1
H-14 - L
H-8—-L
H-7->L
H-6 - L
H-5-1L
H-4->1L
H-1-1L
H-L
H-14 - L
H-8-1L
H-7 - L
H-6 - L
H-5-1L
H-L
H->L+2

P2 S1 416.83 0.0365

P3 S1 423.45 0.0481

S2 352.28 0.0399

P4 S1 420.58 0.0429

S2 360.26 0.0213

# H=HOMO, L = LUMO.

Table 11

The calculated first (HOMO, LUMO) and second ((HOMO-1), (LUMO + 1))
frontier MO energies and energy gaps Eg in eV unit using DFT at B3LYP/ 6-31 +
G(d) level of theory for P1-P4.

P1 P2 P3 P4
HOMO —-5.66 -5.77 —5.42 —-5.38
LUMO —2.60 —2.73 —2.54 —2.55
E; [HOMO-LUMO] 3.06 3.04 2.88 2.83
HOMO-1 -6.73 —6.77 —6.38 —6.35
LUMO + 1 -1.29 —1.45 -1.17 -1.31
Eg [(HOMO-1)-(LUMO + 1)] 5.44 5.32 5.21 5.04

dynamic (y) results in Table 9 have been computed in the order of P4 >
P3 > P2 > P1 (with B3LYP/ 6-31 + G(d)), P4 > P3 > P2 > P1 (with
B3LYP/ 3-21 + G), P4 > P2 > P3 > P1 (with PBE/ 6-31 + G(d)), P4 >
P3 > P2 > P1 (with PBE/ 3-21 + G). The highest outcomes of dynamic
(y) have been produced at B3LYP/ 6-31 + G(d) level for P1-P4. The
combination of B3LYP functional and 6-31 + G(d) basis set among the
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investigated compounds here created the greatest conclusion of dynamic
(y) for P4 (see Table 9).

Our computed data on dynamic quadratic hyperpolarizabilities
could be equated with the outcome of urea that is famed as a capacity
standard to uncover the second-order NLO quality. The dynamic B
values computed at B3LYP/ 6-31 + G(d) level with the highest data for
P3 and P4 have been found 47 and 45, respectively, times higher, that is
the greatest factors among the examined structures here, than the first
hyperpolarizability of urea (feq = 0.45 X 1070 esu) affirmed by Ledoux
et al. [83], but the other examined polymers calculated at B3LYP/ 6-31
+ G(d) level have been obtained 22 for P2 and 11 for P1 times higher
than that of urea (see Table 8). The largest dynamic (y) value was
perceived for P4 with ~OCHj electron-donating group and 2-methyl-5-
benzothiazolyl moiety that taken away better interaction in the
enquired structures and consequently advanced charge transfer guiding
to great third-order optical nonlinearity efficiencies. The frequency-
dependent (y) values calculated at B3LYP/ 6-31 + G(d) level with the
highest data for title polymers are about factors of 3.5 for P4, 3 for P3,
2.6 for P2 and 2.2 for P1 greater than the cubic hyperpolarizability of
para-nitroaniline (p-NA) (ypna = 1.271 x 1035 esu) expressed in
Ref. [84] that is one of the resource substances used in third-order NLO
area (see Table 9).

In this work, the orientationally averaged (isotropic) values of sec-
ond- and third-order susceptibilities for P1-P4 have been theoretically
computed (see Table 2). The calculated consequences for <X(2)> and (X(3)>
utilizing 6-31 + G(d) and 3-21 + G basis sets are well-coherent with
their corresponding experimental outcomes, presenting a propagation in
sort order P4 > P2 > P3 > P1. The best fit with the measured data (X(Z),
X(B)) has been calculated using the 6-31 + G(d) diffused and polarized
basis set. Both the measured @, ¥® and also computed (X(Z)), (X(3)>
with 6-31 + G(d) and 3-21 + G basis sets exhibit that the quadratic and
cubic susceptibilities have the largest and lowest values in the case of P4
(largest) with ~OCH3 electron-donating group and 2-methyl-5-benzo-
thiazolyl moiety and P1 (lowest) with —H, respectively. The lowest
(for P1) and largest (for P4) second- and third-order susceptibility
conclusions (experimentally ¥, y® and theoretically (@), (4®)) have
been analysed on the same structures with their corresponding micro-
scopic data (static and dynamic By, and (y)), revealing lowest static and
dynamic By and (y) for P1 at PBE/ 6-31 + G(d) level (static fop),
B3LYP/ 3-21 + G level (dynamic Byp), PBE/ 3-21 + G level (static and
dynamic (y)) and also, largest static and dynamic P, and (y) for P4 at
B3LYP/ 6-31 + G(d) level (static s and (y)) and for P3 =~ P4 at B3LYP/
6-31 + G(d) level (dynamic By and for P4 at B3LYP/ 6-31 + G(d) level
(dynamic (y)) (see Tables 2,5,6,8,9). Altering the substituents in the
studied structures here from -H for P1 to —OCH3 electron-donating
group and 2-methyl-5-benzothiazolyl moiety for P4 has effectuated
the increments on the quadratic and cubic susceptibilities and hyper-
polarizabilities (Tables 2,5,6,8,9).

We have computed the vertical pass energies from the ground level
to each excited level for P1-P4, providing the OPA spectra. Fig. 3(b) also
exposes the calculated wavelengths (1) from TD-SCF/ HF method
with cc-pVDZ basis set for the largest values of optical absorptions. The
computationally ascertained Amqy results of title polymers have under-
standably well fitted with their corresponding data obtained from
measurements, showing transitions in the domains of UV for P3 and P4
and Visible for P1-P4 (see Fig. 3(a) and (b)). Table 10 lists the computed
maximum absorption wavelengths, oscillator strengths and major con-
tributions belonging to the electronic transmissions of P1-P4. The title
compounds possess compact simulated significant absorption peaks
nestled at Apq = 416.73 nm for P1, Ape = 416.83 nm for P2, Angy =
423.45 and 352.28 nm for P3, Anee = 420.58 and 360.26 nm for P4 with
non-zero and relatively great oscillator strengths (Fig. 3(b) and
Table 10). Further, to receive some anticipation of the MO attributes, the
HOMO and LUMO energies for P1-P4 have been surveyed. The theo-
retically gained consequences of title compounds on first and second
frontier MO energies and their energy gaps are tabulated in Table 11.
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LUMO+1

LUMO

HOMO

HOMO-1

P1

P4

Fig. 7. Selected frontier molecular orbitals of P1-P4 calculated by DFT at B3LYP/ 6-31 + G(d) level of theory.

The plots for all created MOs are submitted in Fig. 7. As realized, when a
matter is illuminated through a wavelength of light (1) with energy
equal to HOMO-LUMO energy gap (Ey), 4 is radiated or absorbed and the
energy is operated to transmit any electron from the HOMO to the
LUMO. The HOMO-LUMO energy gap for a thiazole-based polymer
donor (namely PSZ) was reported by DFT/ B3LYP as 2.0 eV in Ref. [85].
Osman [86] calculated the HOMO-LUMO energy gaps as E; = 2.426,
2.440, 2.235 eV for A, B, C three thiazole azo dyes, respectively, from
DFT/ B3LYP. Our calculated conclusions on HOMO-LUMO energy gaps
of P1-P4 (E; = 3.06 (P1), 3.04 (P2), 2.88 (P3), 2.83 eV (P4)) is under-
standably adjacent to the appraised data for similar thiazole-azo mate-
rials by Ref. [85,86] (see Table 11).

Since the quadratic and cubic NLO responses are affected by charge
transfer stimulations covering HOMO and LUMO, the higher second-
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and third-order hyperpolarizability components and susceptibilities can
be maintained by lower HOMO-LUMO energy gaps [87]. In this way, it
might be supposed that all investigated materials with pretty low
HOMO-LUMO energy gaps with the lowest value for P4, could have
quadratic and cubic NLO properties with non-zero and rather great re-
actions with the highest values for P4 (see Tables 2,5,6,8,9,11). The
HOMOs and HOMO-1 s of P1-P4 are almost identical and expressly
seated on both aromatic 4-aryl-1,3-thiazol-2-amine rings and also
electron-donating for P1, P3 and P4 and electron-withdrawing groups
for P2 linked to aromatic moieties, while the LUMOs and LUMO + 1 s
are especially nestled on aromatic 4-aryl-1,3-thiazol-2-amine rings and
partly on electron-donating for P1, P3 and P4 and electron-withdrawing
groups for P2 linked to aromatic moieties (see Fig. 7).
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5. Conclusions

This study investigated the impact of various chemical substituents
on the NLO performance of thiazole-azo polymer thin films, specifically
their SHG and THG properties. The results show that these polymers
exhibit significant NLO responses, with the highest efficiency observed
for P4, which benefited from optimized charge transfer facilitated by the
2-methyl-5-benzothiazolyl moiety. SHG studies demonstrated similar
intensity across polymers P1-P4, highlighting the importance of the
polymer backbone’s intrinsic symmetry and electronic structure.
Comparing our findings with previous styrylquinoline-based polymers,
thiazole-azo polymers exhibited higher SHG values than counterparts
like P1g¢q [77]. The influence of substituents was also evident, with P4
outperforming the others in both SHG and THG responses. The molec-
ular design, particularly the electron-donating and electron-
withdrawing substituents, played a key role in optimizing the charge
transfer properties, further enhancing NLO efficiency. Theoretical cal-
culations provided insights into the second- and third-order suscepti-
bilities, which were well aligned with experimental data. The best
agreement between the experimental and theoretical results for the
optical nonlinearity behaviour of the studied materials was obtained
using the 6-31 + G(d) diffused and polarized basis set, combined with
the B3LYP functional operated in our computations. While discrepancies
between experimental and theoretical values may arise from computa-
tional approximations, it should be noted that some numerical differ-
ences may also result from inefficiencies in basis set and functional
choices. Our basis set and functional preferences in computational
studies may not fully match the molecular states of P1-P4 observed
experimentally. Nonetheless, the chosen methodology offers a successful
description of the molecular states and NLO properties. Besides, sources
of experimental errors, such as laser power fluctuations, may also
contribute to differences between the measured and calculated values.
These findings suggest that thiazole-azo polymers, with tailored mo-
lecular designs, are promising candidates for advanced optoelectronic
and NLO applications.
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