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mal stability up to 188.82°C. Z-scan measurements using a CW laser determined
a third-order nonlinear susceptibility (x¥) of 3.06x107® e.s.u., along with optical
limiting behavior at a threshold of 3.91x10° Wem ™. Computational studies based
on density functional theory (DFT) provided insights into the electronic struc-
ture, charge distribution (FMO, NBO), and intermolecular interactions (QTAIM,
NCI). Time-dependent Hartree-Fock (TDHF) calculations yielded both static and
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hyperpolarizability. Notably, the first hyperpolarizability at 532 nm was 6.36
times greater than that of urea, while the second hyperpolarizability (0.349x10733
e.s.u.) closely matched experimental results in acetonitrile (0.128><10_33 e.s.u.).
These characterization and nonlinear optical evaluation presented herein estab-
lish MMB as a promising candidate for advanced optoelectronic devices, with
implications for future advancements in nonlinear optics and photonics.
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1 Introduction

In recent years, third-order nonlinear optical (NLO)
materials have attracted a lot of attention because of
their wide range of applications in advanced technolo-
gies such as optical limiting, optical switching, and
three-dimensional optical data storage [1, 2]. This
surge in interest has prompted extensive research into
the discovery and advancement of novel compounds
with elevated NLO susceptibilities. The interaction
between delocalized mt-electrons and incident electro-
magnetic fields is significant for nonlinear polariza-
tion mechanisms in organic molecules [3]. In the mid-
twentieth century, Diels and Alder’s pioneering work
[4] laid the foundation for the investigation of organic
materials with robust NLO responses, establishing
fundamental principles in nonlinear optics. Since
then, researchers have focused on enhancing these
materials’ NLO properties by strategically introduc-
ing electron-donor and electron-acceptor substituents.
This substitution improves polarizability and dipole
moment, which are critical factors for improving NLO
behaviour [5]. Schiff base ligands have been particu-
larly interesting because of their well-defined struc-
tures, which are stabilized by intermolecular forces
like hydrogen bonding and m-mt stacking [6]. Schiff
bases structural attributes make them versatile for
various uses, such as in thermoresistant materials and
pharmaceuticals [7]. These structural attributes con-
tribute to their wide range of biological applications,
including antioxidant, anticonvulsant, antibacterial,
and anti-schizophrenia activities [8]. Among Schiff
bases, thiazole derivatives stand out because of their
excellent pharmacological properties and ability to
interact with metal ions, enhancing their therapeutic
efficacy [9]. Thiazole compounds, for instance, have
demonstrated promising outcomes in anticancer stud-
ies, demonstrating potent cytotoxic effects against var-
ious cancer cell lines [10], and rendering them attrac-
tive candidates for therapeutic applications.

The potential for nonlinear optical applications
of Schiff bases containing thiazole motifs has been
increasingly highlighted by recent research. Thia-
zole’s distinctive properties, such as its rapid broad-
band electrical responsiveness and low dielectric con-
stant, make it a promising candidate for optoelectronic
applications [11]. Studies have focused on chromo-
phores containing mt-conjugated five-membered rings,
such as thiazole, pyrazine, and pyrimidine, which
frequently act as electron acceptors when paired with
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electron-donating groups or heterocycles to enhance
charge transfer and nonlinear optical (NLO) proper-
ties [12]. Fluorescence, solvatochromism, and notable
NLO behavior are among the characteristics of these
chromophores [13, 14]. Haroon et al. [15] developed
thiazole-based materials exhibiting high nonlinear
susceptibility, while Roposo et al. [16] synthesized
NLO-active chromophores featuring thiazole rings.
The structural impact of thiazole on charge transfer,
polarization, and donor—acceptor orientation has been
increasingly recognized as a crucial factor in enhanc-
ing NLO properties [17].

The research on thiazole-based Schiff bases under
continuous-wave (CW) laser excitation is still limited,
despite the significant progress made in the develop-
ment of Schiff base derivatives with NLO properties.
In particular, the relationship between molecular
structure and third-order NLO behaviour is still insuf-
ficiently understood through a combined experimen-
tal and computational approach. Consequently, the
purpose of this investigation is to create and evalu-
ate a novel Schiff base that contains thiazole in order
to provide a thorough comprehension of its spectro-
scopic, nonlinear optical, and structural characteris-
tics, thereby addressing this research gap.

The current work presents a newly synthesized
thiazole-based Schiff base, (E)-N’-(4-methylthiazol-
5-yl)methylenebenzohydrazide (MMB), intended
for improved third-order NLO properties, although
earlier research has examined crystal growth, linear
optical and structural properties, and pharmacologi-
cal applications of Schiff base derivatives [18-20]. In
contrast to previous studies, this one offers a thorough
grasp of the structure-property relationship govern-
ing nonlinear optical behaviour by combining experi-
mental Z-scan measurements with DFT simulations.
To the best of our knowledge, no prior reports have
been made on the synthesis, characterization, and
NLO evaluation of this particular compound (MMB)
under CW laser excitation.

The synthesized compound (MMB) was fully char-
acterized using single-crystal X-ray diffraction (SC-
XRD), NMR spectroscopy (*°C and 'H), UV-Vis-NIR
spectroscopy, photoluminescence (PL) measurements,
solvatochromic analysis, and thermogravimetric-dif-
ferential analysis (TG-DTA). The Z-scan method was
utilized to assess its third-order NLO characteristics.
This work offers a thorough understanding of the non-
linear optical behaviour of this thiazole-based Schiff
base and illustrates its potential for sophisticated
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Scheme 1 Synthesis route of MMB compound

optoelectronic applications by fusing experimental
research with DFT simulations.

2 Materials and methods
2.1 Experimental details
2.1.1 Material synthesis and crystal growth

All chemicals and solvents, including 4-methylthia-
zole-5-carboxaldehyde, benzohydrazide, and potas-
sium hydroxide, were procured from Sigma Aldrich
and used without further purification. The novel
compound, (E)-N'-((4-methylthiazol-5-yl)methyl-
ene)benzohydrazide, was synthesized via a reflux
method. A 1:1 molar ratio of 4-methylthiazole-5-car-
boxaldehyde (95 mg) and benzohydrazide (100 mg)
was dissolved in ethanol under constant stirring in
a round-bottom flask. Potassium hydroxide (41 mg)
was added as a base catalyst, and the reaction was
conducted under reflux for 8 h to promote complete
condensation. After the reaction was completed, the
mixture was allowed to cool to room temperature and
filtered using Whatman filter paper to separate any
solid impurities. The filtrate was then transferred to
a beaker, covered with parafilm (pierced with small
holes), and left to slowly evaporate at room tempera-
ture. After 15 days, the crystalline solids formed. These
crude crystals were subjected to successive recrystal-
lization from an ethanol solvent to further enhance
purity. The recrystallization yielded well-defined
pale yellow color, rectangular block-shaped crystals
suitable for structural analysis. The synthesis route
of MMB is depicted in Scheme 1, with corresponding
'H and *C NMR spectroscopic data available in the
supplementary section. A single-crystal, measuring
0.045 mmx0.085 mmx0.235 mm was selected for X-ray
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diffraction (XRD) analysis to determine the molecular
structure of the synthesized compound. A photograph
of the grown MMB single-crystal is shown in Fig. 1a.

2.1.2 Instrumentation

The MMB compound’s NMR spectra ('H and '*C)
were recorded in DMSO (Dimethyl sulfoxide) solvent
utilizing an Agilent 600MR DD2 NMR spectrometer.
The UV-vis absorption spectrum and solvatochromic
spectra of different solvents were analyzed between
270 and 480 nm using a Beckman Coulter-DU-73
UV-visible spectrophotometer. The MMB compound
PL was measured from 360 to 660 nm using the F-7000
FL spectrophotometer. Thermal properties of MMB
were investigated via TGA/DTA on a NETZSCH STA
2500 system, with measurements taken under a nitro-
gen atmosphere from 30 to 500°C at a heating rate of
10°C/min. The third-order nonlinear optical (NLO)
properties, including the nonlinear refractive index,
third-order susceptibility, and absorption coefficient,
were assessed using the Z-scan method with the HOL-
MARC Z-scan model HOEDLOE-03.

2.1.3 X-ray data collection and structure refinement

The crystal structure of MMB (C,,H;,N;0,5) was deter-
mined using single-crystal X-ray diffraction (SCXRD)
at ambient temperature. A suitable block-shaped
crystal measuring 0.045 mm x 0.085 mm x 0.235 mm
was carefully selected and mounted for analysis on
a Bruker D8 Venture diffractometer equipped with a
CuKa radiation source (A=1.54178 A) and a large-area
Photon III detector. SCXRD is a powerful technique
for elucidating the three-dimensional arrangement
of atoms in crystalline materials. When an incident
X-ray beam interacts with the crystal, constructive
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Fig. 1 (a)Photograph of the grown MMB single crystal, (b) ORTEP diagram, and (¢) Optimized structure of MMB

interference occurs according to Bragg’s law, produc-
ing a diffraction pattern. The intensities and positions
of these diffracted beams are used to reconstruct the
electron density within the unit cell, enabling precise
determination of atomic positions, bond lengths, bond
angles, and overall molecular geometry [21].

Data collection was carried out using a microfocus
sealed-tube X-ray source to provide high-intensity
illumination, and a multi-scan absorption correction
(SADABS) was applied to account for variations in
absorption, thereby enhancing data accuracy. The
dataset was processed with Bruker SAINT software,
yielding 2453 unique reflections for structure refine-
ment. The structure was solved by direct methods and
refined using full-matrix least-squares techniques in
SHELXS-97 and SHELXL-2018 [22]. All non-hydrogen
atoms were refined anisotropically, while hydrogen
atoms were positioned geometrically and refined
using a riding model. Refinement of 168 param-
eters against the 2453 reflections converged to final
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agreement factors of R=0.0350 (I>20(I)), wR2 =0.0859
(all data), and a goodness-of-fit on F? of 1.024, indicat-
ing excellent agreement between observed and calcu-
lated diffraction data. Thermal ellipsoid plots were
generated at the 50% probability level using Mercury
4.0 [23], and geometrical validation was performed
using PLATON [24]. The crystallographic data have
been deposited in the Cambridge Crystallographic
Data Centre (CCDC-2260305) and are available at:
http://www.ccdc.cam.ac.uk.

2.2 Computational details

The computational studies of the MMB compound,
including geometry optimization, electronic absorp-
tion spectra, NBO analysis, HOMO-LUMO energy
levels, and MEP analysis, were conducted using the
Gaussian 09 software package [25]. Visualizations
were performed with the GaussView 5 program. For
all the above-mentioned analyses, the DFT method
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was used in conjunction with the 6-311++G(d,p) basis
set for carbon, oxygen, hydrogen, and nitrogen atoms.
The electron density, o(r), at bond critical points was
calculated to gain insights into the bonding charac-
teristics between atoms in the molecule, achieved
through QTAIM analysis. The non-covalent interac-
tions of the MMB molecule were investigated through
RDG analysis using the Multiwfn 3.7 program [26],
with visual representations generated using VMD soft-
ware [27]. Additionally, the NLO properties, includ-
ing the dipole moment, linear polarizabilities, and first
and second hyperpolarizabilities were determined at
different wavelengths (i.e., various frequencies) utiliz-
ing the TDHF approach with the 6-311++G(d,p) basis
set in the GAMESS software [28].

3 Result and discussion
3.1 Crystal structure studies

The MMB crystal crystallizes in a monoclinic
crystal system, as revealed by single-crystal X-ray
diffraction analysis, and is categorized under the
P2,/c space group, with four molecules present in
each unit cell. The refined lattice parameters are:
a=4.8773(1) A, b=12.6252(3) A, c=21.2105(5) A,
a=90° [3=96.240(1)°, and y=90°, offering key
insights into the compound’s structural configuration.
Figure 1b presents the MMB’s ORTEP diagram at a
50% probability level, while detailed crystallographic
data and refinement information are provided in
Table 1. Structurally, the MMB compound consists
of a methyl-thiazole unit (S1-C2-N3-C4-C5-C6)
and a phenyl moiety (C12-C13-C14-C15-C16-C17),
connected by a methyleneformohydrazide group,
which serves as a bridging unit. In the MMB
structure, both the methyl-thiazole and phenyl rings
exhibit planarity. The maximum deviation observed
was 0.0044 A for the C6 atom and 0.0039 A for the
C17 atom of both the methyl-thiazole and phenyl
rings. The overall molecule adopts a non-planar
conformation, with an 18.94° dihedral angle between
the methylthiazole moiety and the phenyl ring. In
the MMB compound, the methyleneformohydrazide
group (0O11=C10H10-N9H9-N8H8=C7H?) exhibits
distinct bond characteristics based on the X-ray
diffraction (XRD) analysis. The bond lengths for
C12-C10, C10-N9, and N9-N8 were measured as 1.482
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A, 1.3457 10\, and 1.394 1&, respectively, confirming their
singlebond nature. On the other hand, the C10=011
and N8=C7 bonds were found to have lengths of 1.235
A and 1.274 A, respectively, indicating double-bond
character. The bond angles of N3—-C4-C5 (119.9°) and
C4-C6-51 (118.2°) in the methyl-thiazole ring suggest
a nearly planar trigonal geometry. The methyl group
attached to the thiazole ring (N3-C4-C5) exhibits a
slightly bent geometry, with a bond angle of 118.96°.
Furthermore, in the MMB structure, the methyl group
is positioned in a anti periplanar conformation relative
to the methyl-thiazole ring, as evidenced by the torsion
angle of 179.84° for C2-N3-C4-C5. Additionally, the
torsion angle of C12-C13-C14-C15 (-0.09°) reveals
that the ring adopts a -syn periplanar conformation.

The MMB compound’s geometry was optimized
using the B3LYP/6-311++G(d,p) method, as shown in
Fig. 1c. The optimized bond lengths and angles gener-
ally conform to the experimental data, although minor
deviations have been observed, particularly in the
N-C, S-C, C-C, O-C, and N-N bonds (See Table S1).
For example, in the phenyl rings C-C bond length
is approximately 1.391 A [29], and in our theoretical
calculations, these bond lengths in the phenyl ring of
MMB structure vary between 1.364 A and 1.405 A,
which is consistent with experimental values (1.362 A
to 1.393 A) and similar results have been observed in
previously reported literature [29, 30]. The selected
bond lengths, angles, and torsion angles for the MMB
compound are listed in Table S1. Notably, the dif-
ferences between experimental and theoretical bond
lengths do not exceed 0.04 A, and the deviations in
bond angles are within 2°.

The MMB crystal structure was stabilized by a
complex network of both intra and intermolecular
hydrogen bonds, as illustrated in Fig. 2. The com-
pound (E)-N’-((4-methylthiazol-5-yl)methylene)
benzohydrazide forms these interactions through
N-H...O, C-H...O, C-H...N and C-H... @ contact.
Notably, the nitrogen atom in the thiazole ring par-
ticipates in hydrogen bonding with a CH group
(C2-H2---N3), leading to a six-membered ring with
the graph set motif R§(6) (See Fig. 3c). The inclusion
of a water molecule facilitates the formation of addi-
tional R§(7) and R§(6) motifs involving the hydrazine
bridge, further enhancing the stability of the crystal (as
shown in Fig. 3c). Intramolecular interactions such as
C17-H17...011 (2.814 A) and N9-H9...C13 (2.880 A)
also contribute significantly to the overall structural
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Table 1 Crystal data an(.i Empirical formula C,H5N;0,S
structure refinement details -
of MMB Formula weight 263.31
Temperature 293
Wavelength 1.54178 A
Reflns. for cell determination 9848
0 range for the above 4.08° to 69.83°
Crystal system Monoclinic
Space group P2,/c
Cell dimensions af4.8773(1) A, b=12.6252(3)
A,

Volume

z

Density(calculated)
Absorption coefficient

Fooo
Crystal size

0 range for data collection
Index ranges

Reflections collected
Independent reflections
Absorption correction
Refinement method
Data/restraints/parameters
Goodness-of-fit on F?
Final R indices [I>2 o(])]
R indices (all data)
Extinction coefficient
Largest diff. peak and hole

c=21.2105(5) A

a=90°, p=96.240(1)°

¥=90°

1298.34 (5) A3

4

1.347 Mg m™3

2213 mm™!

552

0.045 mm x 0.085 mm x
0.235 mm

4.08° to 70.20°

-5<h<5

—15<k<15

—-25<1<25

23,541

2453

Multi-scan

full-matrix least-squares on F>

2453/0/168

1.024

RI=0.0350, wR2=0.0859

RI1=0.0454, wR2=0.0959

0.0011(3)

0.187; —0.159¢ A3

stability. Detailed information regarding hydrogen
bond interaction is given in Table 2. Furthermore,
the MMB crystal packing is reinforced by face-to-
face (Cgl-Cg2) interactions, where Cgl denotes the
centroids of the thiazole ring (51-C2-N3-C4-C6)
and Cg2 represents the centroids phenyl moiety
(C12-C13-C14-C15-C16-C17). The distance between
these centroids is 5.875 A, (symmetry operation: -X,
-1/2+Y, 1/2-Z). Additionally, a C5-H5B... Cg?2 interac-
tion is observed at a distance of 5.447 A, following the
symmetry operation 1+X, Y, Z. The hydrogen bonding
interaction and centroid interactions along the a-axis
are depicted in Fig. 3a and b.

@ Springer

3.2 Optical studies
3.2.1 UV-Visible absorption studies

UV-Visible absorption spectroscopy is a crucial instru-
ment for determining the E, (Optical bandgap) and
examining the photophysical characteristics of mate-
rials, particularly in the context of optoelectronic appli-
cations. The optical bandgap energy (E,) signifies the
energy required to elevate an electron from its initial
state (ground state) to an excited state. To estimate E,,
Tauc’s method [31] is often applied, which relates to
the absorption coefficient () and the photon energy.
This relationship is mathematically expressed as,
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Fig. 2 Crystal packing of the MMB crystal is shown when viewed down c-axis

ahv=C ( hu—Eg)”, where h, C, and v are Planck’s con-
stant, proportionality constant, and photon frequency,
respectively. The exponent n takes a value of 1/2 (direct
transitions) and 2 (indirect transitions) [32, 33]. The
transmission spectrum of MMB revealed that the stud-
ied sample exhibited a high transmittance (98.92%)
across the visible region, with a cut-off of 331 nm (See
Fig. 4a). According to this cut-off wavelength, the
Tt — T* excitation is associated with strong electronic
transitions. This fusion of a well-defined cut-off and
high transmittance suggests that the MMB crystal has
minimal scattering losses, a low defect density, and
superior crystalline quality. Such optical properties
show that the material is ideal for applications involv-
ing optoelectronic and photonic devices.

The ‘a’ can be derived via the Beer-Lambert
law, expressed as o = % log %, which is found to
be 478.333 m™. To evaluate E, the plot of (aho)?

versus photon energy (hv) is used, as shown in Fig. 4b.
Extrapolated from the linear section of the curve until
it intersects the x-axis at a =0 gives the value of E,.
Therefore, the Eg of the MMB was measured to be
3.48 eV. Beyond determining the bandgap energy, it is
also possible to extract other linear optical properties
from the absorption data, including extinction coeffi-
cient (K), reflectance (R), refractive index (n,), complex
dielectric constant (£.) and optical conductivity (o,
) [34]. To characterize the linear optical properties of
MMB, calculations were performed at the absorption
peak wavelength (A=324 nm), corresponding to the
region where optical transitions occur. The extinction
coefficient (K), which is directly related to the absorp-
tion coefficient and describes the attenuation of elec-
tromagnetic waves within the medium, was calculated
using following relation:

@ Springer
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Fig. 3 Crystal packing interactions representation when viewed down a-axis: (a) C-H...O and N-H...O interactions (b) n...n and

C-H... winteractions and (c) motif with R;(6) and R;(7) network

A
K=%
4 (1)

Here, A=324 nm is absorption peak wavelength.
At this wavelength, the extinction coefficient (K) was
calculated to be 3.01 x 1078, This value is significantly
lower than those typically reported for highly absorbing
materials [35], indicating negligible optical absorption in
the crystal. Such minimal absorption demonstrates the
crystal’s excellent optical transparency and confirms its

@ Springer

potential for optoelectronic applications. The reflectance
and refractive index were then determined using the
following expressions [36];

_exp(—at) £ yJexp (—at)T — exp (=3a)T + exp (—2at)T?

R exp (—at)T + exp (—2at)T

)

_ —(1+R) +2yR

= "—a-%) ©
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Table 2 Intra and intermolecular hydrogen bonding geometry
(A, deg.) for the MMB crystal

D-H... A D-H H...A D...A D-H...A
C7-H7...018* 0.930 2.394 3.214 146.87
N9-H9...018* 0.860 2.095 2.922 161.13
C13-H13...018* 0.930 2.618 3.425 145.54
C2-H2...N3?* 0.930 2.605 3.435 149.02
C17-H17...011° 0.93 2.526 2.814 98.20
N9-H9...C13Y 0.860 2.546 2.880 104.21
Intermolecular interaction
®Intramolecular interaction
100
@ &
98.98%
80

Transmittance (%)
S (2]
o o

N
o
1

Cut off = 331 nm

0 T T T T T T

320 400 480 560 640 720 800 880
Wavelength (nm)

3.75
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Here, @ and T are the absorption coefficient and
transmittance respectively. Using reflectance data, the
refractive index (1), calculated using Eq. (3), is plotted
as a function of photon energy (hv) (see Fig. 4c). At a
wavelength of 532 nm, the 1y of MMB was measured to
be 1.16, a key parameter for evaluating the third-order
nonlinear optical susceptibility of the compound.

The complex dielectric constant (&.) of the MMB
crystal was determined from #y and K. The complex
dielectric constant (¢,) is defined as ¢, =¢, + ig;, where
£, = ng — KZis the real part of dielectric constant rep-
resents the material’s ability to store electric energy,
while g;= 2nyK is the imaginary part of dielectric
constant corresponds to energy loss due to absorp-
tion. The calculated values were ¢, = 1.345 and ¢; =

3.5

(b)

3.0 A
25 4
2.0 4

1.5 1

(ahv)? x 10° (€V2 m?)

1.0

0.5 4

0.0 T
2.0 2.5 3.0 3.5 4.0

Energy (hv) eV

(©

3.00 A

2.25

Refractive Index (n,)

-

[4

o
1

n, =1.16 at 532 nm

0.75 T T T

375 450 525 600

675 750 825 900

Wavelength (nm)

Fig. 4 (a) UV-Vis—NIR transmission spectrum, (b) Tauc’s plot of the MMB, and (c) Variation of n, versus A
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6.96x107%. The overall dielectric constant (e.) was
approximately 1.345, essentially equal to €, due to
the negligible contribution of ¢;. The very small value
of ¢; experiences negligible dielectric loss, which is
favorable for optical applications requiring minimal
attenuation.

Finally, the optical conductivity (o,,), which
describes the ability of the material to conduct optical
energy under the influence of an electromagnetic field,
was calculated using below expression [34]:

an,c
Uop = F, (4)

where c is the velocity of light (3x10® m/s). The calcu-
lated O,y Was found to be 1.32x10'° S/m, which confirms
that the MMB crystal can efficiently interact with light
while maintaining low energy loss, which is essential
for nonlinear optical and photonic device applications.
Overall, the combination of high transparency, low
absorption (o), negligible extinction coefficient (K),
moderate refractive index (1), low dielectric loss, and
optical conductivity (o,,) demonstrates that the MMB
crystal is an excellent candidate for advanced photonic
and nonlinear optical applications, such as frequency
conversion, optical modulation, and waveguiding.

3.2.2 Photoluminescence (PL) studies

Photoluminescence is a valuable technique for evalu-
ating the optical and electronic properties of organic

Wavelength (nm)

J Mater Sci: Mater Electron (2025) 36:1925

compounds. By measuring the emission of light subse-
quent to photon absorption, PL analysis provides cru-
cial insights into electronic energy levels and emission
processes, which are crucial for numerous optoelectronic
applications [37]. We investigate the PL characteristics of
the synthesized MMB compound, focusing on its emis-
sion spectrum and potential use in advanced photonic
devices. The PL spectrum, obtained at room temperature
with an excitation wavelength of 324 nm as determined
by UV-Vis-NIR studies, exhibits a distinct emission peak
at 448 nm (see Fig. 5a), indicating that the emitted light
is situated within the blue spectral region of the electro-
magnetic spectrum. Notably, no further emissions peaks
were observed, underscoring the high crystalline quality
of the MMB crystal. The fluorescence bandgap energy
was estimated for sharp intense spectra using the relation
Eg =hc/A, where A is the emission wavelength, and h and
c are universal constants. At 448 nm, the calculated fluo-
rescence bandgap energy is found to be 2.76 eV. Moreo-
ver, the fluorescence characteristics were analyzed by
utilizing the CIE chromaticity coordinate system, which
provides a visual representation of the emission charac-
teristics. The CIE diagram highlights the primary emis-
sion peak, indicating the dominant color of the emitted
light. As shown in Fig. 5b, the coordinates (X=0.16201,
Y =0.13688) fall within the blue region, marked by a cir-
cular symbol, demonstrating a noticeable color enhance-
ment. These findings suggest that the MMB compound
presents a promising prospect for blue light-emitting

CIE 1931
a 448 nm 520
(a) . (b)
0.8 -
Excitation wavelength = 324 nm o
—_ =
3 g
© T 0.6
= S
,é‘ S 500 580
» z T(K) 4000 30002500,
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Fig. 5 (a) PL spectrum, (b) CIE chromaticity coordinates of an emission spectrum
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materials, with potential applications in lighting and
display technologies.

3.3 TG-DTA measurements

The thermal behaviour of the MMB compound was
studied using TG and DTA in a dry nitrogen atmos-
phere, across a temperature range from 30 to 500°C, with
a heating rate of 10°C per minute. The corresponding
TG-DTA curves are shown in Fig. 6. The thermogravi-
metric analysis, as depicted in Fig. 6, demonstrates that
the MMB compound exhibits significant thermal stabil-
ity, with no indications of decomposition or weight loss
before 188.89°C. This indicates that there are no volatile
substances or crystalline water present in the crystal
lattice during growth. Two endothermic peaks appear
in the DTA curve at 103.78°C and 148.82°C without any
corresponding mass loss, suggesting that these events
may be associated with solid—solid transitions, struc-
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point of the compound, as it coincides with substantial
weight loss [38]. The thermal stability of the MMB mol-
ecule is compared with that of other organic molecules
containing hydrazide groups, as detailed in the litera-
ture [38-42], and is summarized in Table 3. Thus, the
findings from TG-DTA studies suggest that the MMB
material is suitable for nonlinear optical applications at
temperatures up to 188.89°C.

Table 3 Comparison of thermal stability bevaviour of MMB
with reported molecules

tural rearrangements, or minor relaxation phenomena Compound Thermal stability (C) ~ References
rather than volatilization or decomposition. A major sin- MMB 188.89 Present work
gle-step weight loss of 95.4% is occurs between 188.9°C 4CP4MPE 160.23 [38]
and 363.8C, leaving 2.5% residue around 454 5°C. The BCA 153.28 [39]
sharp endothermic peak at 313.85°C, occurring within 4MPNP 186.90 [40]
this decomposition region, corresponds to the thermal =~ THBSM 184.70 [41]
decomposition temperature rather than the melting =~ NEH 230.00 [42]
Fig. 6 TG-DTA curve of
MMB compound 188.89°C
100 - -0
o
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L
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=) i
Q 40 i L b = |
= g
--15 g
20
363.84°C S 2
- =20
0 - 313.85°C ?
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3.4 Solvatochromic studies

3.4.1 Effects of solvents on MMB’s fluorescence
and absorption spectrta

The solvatochromic behaviour of the MMB was inves-
tigated by analysing absorption and emission spectra
across a variety of solvents with varying polarities.
Solvatochromism describes the phenomenon in which
the electronic absorption or emission spectrum of a
compound changes in response to variations in sol-
vent polarity, providing insights into the solute—sol-
vent interactions [43]. In this study, the MMB com-
pound displayed positive solvatochromism, showing
bathochromic shifts in both absorption and emission
spectra as solvent polarity increased. These shifts
reflect the differential stabilization of MMB's ground
and excited states by solvent molecules. In the absorp-
tion spectra, MMB revealed minor bathochromic shifts
of 10 nm in the range of 324 to 334 nm from polar
solvent ethanol to non-polar solvent chloroform, as
depicted in Fig. 7a, indicating a slight stabilization of
the ground state. This behavior, typical of t — 7t* tran-
sitions, indicates that the ground state of MMB is rela-
tively unaffected by solvent polarity, a characteristic
observed in many organic chromophores where only
weak solvent-solute interactions occur in the ground
state [44]. Additionally, the molar extinction coef-
ficient (¢) and oscillator strength (f) were calculated
from the absorption spectra, varied with solvent polar-
ity. Methanol solvent produced the highest extinction
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(7]
Qo ——Toluene
< 1.0- o
—— Acetonitrile
0.5 -
0.0

T T T
330 360 390
Wavelength (nm)

¥ T
270 300

Intensity

T T T =
420 450 480
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coefficient of 5.32x10° Lmol 'em™!, while the oscilla-
tor strength peaked at 0.145 in acetonitrile, implying
stronger light absorption and higher transition prob-
abilities in more polar solvents. These findings suggest
that polar solvents enhance solute—solvent interac-
tions, particularly in the excited state, consistent with
the observed solvatochromic shifts.

In the emission spectra, MMB also exhibited
positive solvatochromism, exhibiting a bathochromic
shift of 32 nm, from 420 nm in non-polar toluene
to 452 nm in polar methanol (as depicted in Fig. 7b.
These bathochromic shifts indicate that polar
solvents provide greater stability to the excited
state of MMB, which results in a reduction in the
energy of emission. The augmentation of the Stokes
shift, which is the difference between absorption
and emission maxima, further supports this
observation, indicating that solvent interactions
are more efficacious in stabilizing the excited state
as compared to the ground state. For example, the
Stokes shift was 6586 cm™' in toluene and 8530 cm™
in ethanol. The FWHM of the emission peaks
increased with increasing solvent polarity, with
acetonitrile displaying the widest FWHM (68 nm)
suggesting enhanced vibrational relaxation in the
excited state in polar environments. The observed
solvatochromic shifts in MMB can be attributed to
stronger dipole-dipole interactions between the
solute and solvent, especially in polar solvents. These
interactions preferentially stabilize the excited state.

500
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4007 - Chloroform
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300 —DMSO
—EA
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100
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Fig. 7 (a) Absorption and (b) Emission spectra in different solvents for MMB
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Specific interactions, such as hydrogen bonding, may
also play a significant role in certain solvents, such as
ethyl acetate, where the shift was less pronounced.
Similar studies on organic chromophores show that
solvent polarity significantly affects photophysical
behavior. In general, the solvatochromic analysis
of the MMB compound exhibits solvent-dependent
bathochromic shifts in both absorption and
emission spectra, with polar solvents more
effectively stabilizing the excited state. These
findings emphasize the important role of solvent
choice in tuning the optical properties of MMB,
making it a promising candidate for applications in
optoelectronics and molecular sensing [45].

3.4.2 Calculation of NLO parameters (acr Ber and ycr)
from solvatochromic data

The solvatochromic method was employed to inves-
tigate the NLO characteristics of the MMB, revealing
significant variations influenced by solvent polarity.
The linear polarizability (acr) exhibited the lowest
value (2.66x107%* e.s.u.) in toluene and the highest
value (3.40x1072* e.s.u.) in acetonitrile. This variation
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charge transfer transitions, which are essential for
potential applications in nonlinear optics [46]. Addi-
tionally, the second hyperpolarizability (yct) was
determined, revealing the lowest values at 0.99x10~32
e.s.u. in toluene and the highest values at 1.28x1072
e.s.u. in acetonitrile. The observed increase in yr with
solvent polarity signifies that the solvent environment
significantly impacts electron polarization processes
within the MMB, enhancing its suitability for NLO
applications [47]. The formulas used for calculating
linear polarizability, first hyperpolarizability, and sec-
ond hyperpolarizability are described in my previous
article [11], while the calculated NLO parameters and
experimental photophysical parameters are summa-
rized in Tables 4 and 5.

Table 5 Transition dipole moment (p,), polarizabilities (acr),
first and second hyperpolarizabilities (- and ycr) of the MMB

Solvents Moy X aepX Ber X Yor X
107%%.s.u 107%*e.s.u 10%es.u 1073%.s.u

exemplifies the enhanced capability of more polar  Ethanol 8.70 2.83 1.81 1.02
solvents to stabilize the MMB structure, resulting in Chloroform  8.89 2.99 1.96 1.14
enhanced polarizability. First hyperpolarizability (3cr) Toluene 8.05 2.66 1.72 0.99
values were calculated, with the lowest at 1.72x10728 Acetonitrile  10.22 3.40 2.21 1.28
e.s.u. in toluene and the highest at 2.21x10™® e.s.u. ~ Methanol 9.85 3.30 2.16 1.26
in acetonitrile. The results suggest that the dielectric =~ Ethyl acetate  9.54 3.18 2.08 1.21
environment of the solvent is important for facilitating =~ DMSO 9.55 3.17 2.06 1.18
Table 4 Photophysical Solvents A m) 2 em™) A5 (m) A4 (em™)) FWHM (nm) ex 103 g
Properties of MMB abs abs emi emi Ly abs
Lmol ™ cm
Ethanol 324 30,864 448 22,321 56 5.10 0.126
Chloroform 334 29,940 450 22,222 62 4.82 0.125
Toluene 329 30,395 420 23,809 63 4.16 0.115
Acetonitrile 331 30,211 442 22,624 68 5.00 0.145
Methanol 333 30,030 452 22,123 62 5.32 0.139
Ethyl acetate 332 30,120 442 22,624 61 5.20 0.135
DMSO 330 30,303 428 23,364 64 4.96 0.136

4 Absorption maxima in nm

b Absorption maxima in cm”
“Emission maxima in nm

4 Absorption maxima in cm”

1

1

“Molar extinction coefficient at absorption maxima

£Q0scillator strength
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3.5 Hirshfeld surface (HS) analysis

HS analysis provides an insightful visualization of
molecular interactions within a crystal by mapping
distances between atoms using the d; (internal) and d,
(external) parameters. This analysis highlights regions
with different interaction strengths: red regions indi-
cate strong interactions, white neutral, and blue weak
forces. Understanding these interactions is crucial
for applications in nonlinear optics (NLO), where
the molecular arrangement directly influences opti-
cal behaviors such as the third harmonic generation
(THG) [48]. A key component of HS analysis is the
fingerprint plot—a 2D representation derived from the
surface that concisely displays intermolecular interac-
tions by quantifying atomic proximities and interac-
tion types. This plot can reveal critical forces such as
hydrogen bonding and m-mt stacking or other pivotal
molecular interactions [49].

In this study, HS analysis for the MMB com-
pound was conducted using Crystal Explorer 17 [50].

J Mater Sci: Mater Electron (2025) 36:1925

The results indicate that the d,,,,,, parameter, which
reflects normalized contact distances incorporating d;,
d,, and van der Waals radii, ranged from -0.5719 Ato
1.4582 A. The Hirshfeld surface analysis reveals deep
red spots on the surface, indicating strong interactions,
mainly associated with oxygen and nitrogen atoms.
This confirms their role in weak hydrogen bonding
(see Fig. 8a). This interpretation is supported by the
significant spike observed in the corresponding finger-
print plot. The low curvature regions on the HS indi-
cate the existence of close contacts, which may indicate
potential covalent bonding interactions. Additionally,
broad, flat blue regions on the surface imply the pres-
ence of -7t stacking interactions between molecules
(See Fig. 8b). The shape index provides further insight:
red triangular regions denote concave areas, indicat-
ing where atoms from neighboring stacked molecules
are interacting with the surface, while blue triangu-
lar regions (convex areas) correspond to the surface
atoms of the molecule, such as those in aromatic rings
(See Fig. 8c). Furthermore, the prominent circular

(b)

Fig. 8 Hirshfeld surfaces of the MMB crystal mapped with; (a )d,, (b )Curvedness and (c) Shape index
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Fig. 9 Fingerprint plots of the MMB showing (a) All interactions, (b) 2D fingerprint plot represented in a pie chart

depressions (deep red) observed at the edges of the
Hirshfeld surfaces are attributed to significant hydro-
gen bonding interactions. Conversely, red points on
the surface indicate short contacts, including C-H...N,
and C-H...O, interactions, which play a critical role in
stabilizing the crystal structure [51].

The fingerprint plot reveals that hydrogen-hydro-
gen (H-H) interactions are the most dominant,
accounting for 44.6% of the total intermolecular
contacts (See Fig. 9a). This is typical in organic com-
pounds, where such interactions play a key role in
stabilizing the molecular framework. Other signifi-
cant interactions comprise hydrogen-oxygen (H-O)
at 13.4% and carbon-hydrogen (C-H) at 13.2%, indi-
cating weak hydrogen (H) bonding and van der
Waals forces that aid in maintaining the structural
integrity. Interactions involving sulfur and nitro-
gen are also present, with H-S contributing 7% and
H-N 6.8%. Additionally, C-N and C-C interactions
account for 7.2% and 3.9%, respectively, highlighting
the role of covalent bonding and m-mt stacking. The
fingerprint plots of the MMB compound, showing all
interactions and a 2D fingerprint plot represented in
a pie chart, are displayed in Figs. 9a and b. Together,
these intermolecular forces, such as hydrogen bond-
ing, van der Waals interactions, and stacking, gov-
ern the packing and stability of the MMB crystal.
The significance of this structural stability lies in its
NLO characteristics, as the arrangement of molecules
directly influences the material’s response to external
optical stimuli [49].

3.6 Natural bond orbital (NBO) analysis

The NBO analysis is an important computational
technique used to examine the electronic structure
of molecules, focusing on electron delocalization
and intramolecular interactions. This study eluci-
dates key factors such as bonding characteristics,
charge transfer, and resonance stabilization, which
are essential for assessing molecular stability and
reactivity [52]. The comprehension of these elec-
tronic characteristics holds significant significance in
evaluating potential applications in nonlinear optics.
The NBO analysis for the studied compound was
conducted at the BSLYP/6-311++G(d,p) level using
Gaussian software, with significant results tabulated
in Table 6.

The results in Table 6 demonstrate that ICT (intra-
molecular charge transfer) interactions, particularly
between 1 and 7t* orbitals, are critical for stabiliz-
ing the molecule. The strongest interactions occur
between lone pairs (LP) and ©* orbitals, as well as 7t
to m* transitions. Notably, the interaction between
the lone pair (LP) on N8 and the 7* orbital of C7-016
results in a maximum stabilization energy (E?) of
46.14 kJ/mol, highlighting the effective electron-
donating ability of the nitrogen lone pair. This delo-
calization of electrons into the * orbital enhances the
overall stability by increasing the electron density in
the rt* orbital, thereby lowering the system’s energy.
Additionally other significant 7 to * interactions
were observed, such as; m(C1-C3) — [t*(C2-C6),
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Table 6 Sclected Lewis and Donar NBO (i) Ep (i)e)  Acceptor NBO (j) Ep()e) E®kI/mol AE*au  F(,j)Pau
non-Lewis interactions from
Second order perturbation 7 (C1-C3) 1.6426 * (C2-C6) 0.321 21.21 0.28 0.069
theory analysis of Fock n* (C4-CS) 0.37 20.17 0.27 0.066
matrix for MMB molecule 7 (C2-C6) 1.6470 n* (C1-C3) 0.2912 18.07 0.29 0.065

n* (C4-C5) 0.379 21.45 0.27 0.069
7 (C4-C5) 1.6590 w* (C1-C3) 0.293 18.92 0.29 0.067
w* (C2-C6) 0.321 18.66 0.28 0.065
¥ (C7-016) 0.291 17.38 0.29 0.064
 (N9-C10) 1.9273 n* (C11-C12) 0.334 9.20 0.36 0.055
7 (C14-N15) 1.8730 m* (C11-C12) 0.334 19.30 0.34 0.076
c (C11-S13) 1.9732 o* (C12-C24) 0.021 5.66 1.07 0.069
c (S13-C14) 1.9849 o* (C10-C11) 0.026 7.10 1.15 0.062
LP (1) N8 1.6637 n* (C7-016) 0.291 46.14 0.31 0.109
n* (N9-C10) 0.216 27.62 0.28 0.081
LP (1) N9 1.9180 o* (N8-H28) 0.037 8.55 0.79 0.074
o* (C10-H22) 0.035 10.54 0.81 0.083
LP (2) S13 1.6206 n* (C11-C12) 0.334 18.83 0.27 0.064
n* (C14-N15) 0.325 29.77 0.24 0.077
LP (1) N15 1.8994 o* (C11-C12) 0.034 6.69 0.94 0.072
c* (S13-C14) 0.062 14.20 0.57 0.081
LP (2) O16 1.8624 c* (C4-C7) 0.063 19.61 0.68 0.105
o* (C7-N8) 0.080 26.86 0.68 0.123

“Energy difference between donor orbital (i) and acceptor (j) orbital AE=E(i)-E(j) a.u

PF(i,j) is the Fock matrix element between i and j NBO orbitals in the a.u unit

*(C4-C5)], n(C2-C6) — [*(C1-C3), *(C4-C5)], and
(C4-C5) — [*(C1-C3), n*(C2-C6), m*(C7-016)].
The corresponding E® values for these interac-
tions are 21.21, 20.17, 18.07, 21.45, 18.92, 18.66, and
17.38 kJ/mol, respectively. These 7 to 7* transitions
promote electron delocalization across conjugated
systems, reinforcing resonance stability within the
molecular framework. This delocalization allows
for a redistribution of charge density, minimiz-
ing localized repulsion and stabilizing the entire
structure. Moreover, lone pair interactions signifi-
cantly contribute to the molecule’s stability through
hyperconjugative effects involving nitrogen and
sulfur atoms. Noteworthy interactions include LP
(1) N9 — ¢* (C10-H22), with an E? of 10.54 kJ/mol
and LP (2) S13—[n*(C14-N15), *(C11-C12) with
an E? of 29.77 and 18.83 kJ/mol respectively. These
interactions serve to stabilize the molecular struc-
ture by reducing electron repulsion and enhancing
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delocalization into nearby antibonding orbitals,
thereby effectively lowering the energy barrier for
rotation around the bonds and enhancing molecular
flexibility. In conclusion, the NBO analysis reveals
that extensive hyperconjugation and ICT interac-
tions significantly stabilize the electronic structure
of the MMB. The substantial charge transfer across
and lone pair orbitals underscores the importance of
these interactions in enhancing stability and suggests
the molecule’s potential in nonlinear optical (NLO)
applications due to its favourable charge transfer
characteristics [53].

3.7 Frontier molecular orbital (FMO)
and molecular electrostatic potential
(MESP) plot analysis

Frontier Molecular Orbital (FMO) study evalu-
ates the molecule’s kinetic stability and chemical
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Fig. 10 Frontier molecular orbitals plot for MMB
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reactivity using DFT and an appropriate basis set
[54]. In FMO theory, the HOMO represents the
molecule’s electron-donating capacity, whereas the
LUMO represents its electron-accepting capacity
[55]. The HOMO-LUMO energy gap gives impor-
tant information about the molecule’s reactivity and
stability [56]. Accordingly, the FMO analysis of MMB
reveals key insights into its electronic properties and
reactivity. It can be observed from Fig. 10 that the
HOMO energy of -6.669 eV indicates that the mole-
cule is stable and predominantly localized in the thi-
ozole moiety, requiring significant energy to donate
electrons. Conversely, the LUMO is delocalized in
the complete molecule, with an energy of -2.438 eV

Table 7 FMO’s energies with global chemical reactivity
descriptor (GCRD) properties

GCRD parameters Symbol and formulae Values
Epomo Ey (eV) - 6.669
E umo E. (eV) — 2438
AE; ymo-noMo E,=E 4 (V) 4231
Ionization potential I)  I=-Eygpe (€V) 6.669
Electron affinity (A) A=-E;ypo (€V) 2.438
Global Hardness (n) n=E_umo- Euomo)/2 V)  2.115
Softness (S) S=1/2n, (eV)™! 0.236
Chemical potential (1)  p=(E;ypmo+Euomo)/2 (€V)  —4.553
Electronegativity (x) X =—H (eV) 4.533
Electrophilicity (¥) w= p2/2r1, eV) 4.893

Page 17 0of 30 1925

indicating its potential to accept electrons, indicating
moderate electrophilic behavior. The HOMO-LUMO
gap of 4.231 eV suggests that MMB is chemically sta-
ble, but reactive enough to engage in electron trans-
fer processes. The ionization potential of 6.669 eV
confirms that MMB resists the loss of electrons,
while the electron affinity of 2.438 eV highlights
its moderate ability to gain electrons. The global
hardness of the molecule, calculated as 2.115 eV,
further underscores its stability, while its softness
value of 0.236 eV indicates a relatively low level
of reactivity. The chemical potential of —4.553 eV
suggests a stable electronic environment, and the
electronegativity of 4.533 eV indicates a balanced
electron-attracting ability. The energies of the FMO,
along with their global chemical reactivity descrip-
tor values, for the MMB molecule are presented in
Table 7. The localization of the HOMO on the thia-
zole donor unit and the delocalization of the LUMO
across the entire m-conjugated framework confirm an
efficient intramolecular charge transfer (ICT) path-
way within MMB. Such ICT processes, facilitated by
the moderate HOMO-LUMO energy gap, enhance
the molecule’s polarizability and nonlinear optical
susceptibility (x¥), thereby directly contributing to
the observed third-order NLO response under CW
excitation at 532 nm.

The three-dimensional Molecular Electrostatic
Potential (MESP) graphic depicts the electronic struc-
ture of a molecule by displaying the distribution of
electron density and polarization. This method is
very beneficial for detecting nucleophilic and elec-
trophilic sites in the molecule. Figure 11 depicts
the MESP values for compound MMB with a color
gradient having a potential value transitioning
from negative to positive, represented by a change

7.518e¢-2 N | I 7.518e-2

Fig. 11 Molecular Electrostatic potential plot (MESP) plot for
MMB
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from deep red to deep blue. In this graphic, the blue
patches exhibit positive potential values, signifying
electron-deficient (or positively charged) areas with
decreased electron density. On the other hand, red
patches indicate negative potential values, indicat-
ing electron-rich (negatively charged) zones with
increased electron density [57, 58]. Figure 11 illus-
trates that a deep red region is present around the
oxygen atom of the water molecule, which is crucial
for serving as a nucleophile attacker. Conversely, the
lighter blue patches surrounding hydrogen atoms
indicate electron-deficient regions, which are prone
to electrophilic interactions. The oxygen atom pre-
sent in the molecule serves as a reactive site probe for
both intra and intermolecular interactions.

3.8 Quantum theory of atoms in molecule
(QTAIM) and noncovalent interactions
(NCI)

The QTAIM is a valuable approach for understanding
weak interactions such as halide and hydrogen (H)
bonding, C-H...m interactions, aromatic ring stack-
ing (m-mt stacking), as well as electrostatic and disper-
sion forces. It is a powerful tool for understanding the
non-covalent interactions that influence the electronic
structure and stability of molecules. This is crucial
for determining their nonlinear optical properties. By
examining bond critical points (BCPs) and the distri-
bution of electron density, QTAIM reveals the nature
of weak interactions including, hydrogen (H) bond-
ing, C-H...7w interactions, and m-7t stacking. These

J Mater Sci: Mater Electron (2025) 36:1925

interactions play a significant role in enhancing charge
delocalization, polarizability, and ICT pathways,
which are all key factors in the NLO response. For
instance, m-mt stacking can extend conjugation across
aromatic systems, increasing dipole moments and
hyperpolarizability-essential features for materials
exhibiting strong NLO behaviour. Furthermore, non-
covalent interactions stabilize specific conformations
that optimize charge transfer, enhancing NLO proper-
ties. Hence, understanding and designing molecules
with enhanced NLO effects requires a comprehensive
understanding of electronic density and molecular
topology [26, 59].

The topological parameters of the molecule are
depicted in Table 8. Consequently, the molecule is
characterized by three distinct interactions, namely
C7-016...H31, C11-513...H30, and C10-H22...H25
with their respective bond critical points (as depicted
in Fig. 12). All three interactions have bond critical
points with a (3, -1) topology, which indicates a bond
path connecting the atoms and a minimum electron
density along the bond path. The C11-513...H30 inter-
action has the highest electron density (0.0359 a.u.),
indicating a stronger interaction compared to the
others. While C7-016...H31 has a moderate electron
density (0.0234 a.u.), while C10-H22...H25 shows the
weakest interaction (0.00846 a.u.). The ratio -G(r)/V(r)
helps to identify the nature of the bond. For C7-O16...
H31, the ratio is close to 1 (1.005), suggesting a weak
covalent nature. The C11-513...H30 interaction has
a ratio of 1.687, and C10-H22...H25 has 1.474, both
indicating non-covalent interactions (likely van der

Table 8 QTAIM-derived topological analysis with respective bond critical points for the MMB compound

Interactions C7-016...H31 C11-S13...H30 C10-H22...H25
Bond Critical Point BCP 65 66 36
Bond Critical Point type 3,-1 3,-1 G3,-1
Electron Density pgcp(a.u.) 0.0234 0.0359 0.00846
Lagrangian Kinetic Energy G(r) (a.u.): 0.0176 0.00238 0.00643
Potential Energy Density V(r) (a.u.): —-0.0175 —0.00141 0.00436
“G()/V(r): 1.005 1.687 1.474
A 17A 0.226 0.143 0.174
Energy Density E(r) 0.000135 0.000965 0.00206
Laplacian of Electron Density V2p(a.u.) 0.0711 0.0101 0.0339
Total ESP (a.u.) 0.112 —0.0498 0.0936
Eigenvalues of Hessian matrix (A;>0,A, <0,A; <0) 0.13144, — 0.0304, 0.0188, — 0.00275, 0.0463,
—0.0298 —0.00269 —0.00425,
—0.00810
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Fig. 12 Bond Critical Point
for the MMB compound

Waals or hydrogen bonding). The eigenvalues for all
three interactions are less than 1, confirming they are
non-covalent. Covalent bonds usually have values
greater than 1. The C7-O16...H31 interaction exhib-
its a positive ESP (0.112 a.u.), indicating a region of
electron-rich density, while C11-513...H30 exhibits a
negative ESP (—0.0498 a.u.), indicating a more attrac-
tive electrostatic interaction. The interaction C11-513...
H30 is the strongest non-covalent interaction based on
electron density and energy parameters. The C7-O16...
H31 interaction is moderately strong and has covalent-
like characteristics, while C10-H22...H25 is the weak-
est, with a distorted electron density. All interactions
are non-covalent, with different contributions to the
overall stability of the molecule.

Non-covalent interactions (NClIs) are crucial in
highlighting the NLO properties of compounds
[60]. The Reduced Density Gradient (RDG) analysis
serves as a topological tool to reveal NCls, including
hydrogen (H) bonds, van der Waals interactions and,
steric effects. RDG is mathematically expressed as:

1 Vo)
i’ ()

R(r) = ;
2(372)3 p(r)3

where R(r) is a function of the electron density p()
and its gradient, representing the density’s inhomo-
geneity at any given point in space r. Reduced Density
Gradient (RDG) scatter plot, typically used to identify
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and visualize non-covalent interactions (NClIs) in
molecular systems. The RDG isosurface was examined
using the Multiwfn software [26], while VMD software
[27] was employed for visualization. The RDG plot
is generated by graphing R(r) versus (sign(A2) p(r)).
Accordingly, the molecular structure with RDG iso-
surfaces (See Fig. 13) is visualized using colour coding
to highlight different types of non-covalent interac-
tions. The green isosurfaces represent weak interac-
tions, such as van der Waals forces, between atoms
that are not forming strong bonds but still influencing
each other. The red isosurface formation within the
aromatic rings indicates regions of steric repulsion.
Lastly, the bluish-green to red regions suggest a mixed
region, where both weak interactions (van der Waals)
and repulsive forces (steric effects) are present. This is
due to the existence of functional groups, where space
is limited, but weak bonds still form. Similarly, the
multiple spikes and regions in a scattered plot (Fig. 13)
show a clear division of interactions. The negative
spikes signify strong attractive interactions, and the
positive spikes indicate steric repulsions.

3.9 Nonlinear optical studies
3.9.1 Third-order nonlinear optical studies

In this study, we examined the nonlinear optical
response of the MMB compound using the Z-scan
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Fig. 13 Non-covalent interactions isosurfaces of electron density and, 2D scattered map of RDG vs sign(A2)p(r)

technique, which is a powerful and sensitive tool for
investigating nonlinear absorption and refraction in
materials. The method involves translating a sample
along the propagation axis of a focused laser beam and
monitoring the transmitted intensity as a function of
the sample’s position relative to the focal plane [61].
At positions far from focus, the intensity is low and
nonlinear effects are negligible. As the sample moves
closer to the focus, the intensity increases, giving rise
to observable nonlinear behavior. For this investiga-
tion, a continuous-wave (CW) diode-pumped solid-
state laser operating at 532 nm with an output power
of 100 mW was employed. The laser beam, which had
a Gaussian profile and operated in the TEM,, mode,
was focused using a 130 mm focal length lens, result-
ing in a beam waist of 0.00293 cm. The Rayleigh range
was determined to be 1.27 mm, and the peak intensity
at the focal point reached approximately 14.78 kW/
cm?.

The MMB sample was prepared by dispersing the
compound in double-distilled (DD) water, which
served as the solvent. The solution was sonicated to
ensure homogeneity and then taken in a 1 mm quartz
cuvette for measurements. The linear transmittance of
the sample at 532 nm was measured prior to the Z-scan
study and found to be 98%, confirming negligible
linear absorption. Importantly, we also verified that
the NLO contribution of the solvent (DD water) under
the same excitation conditions (532 nm, 0.01478 MW/
cm?) is negligible. This conclusion is supported by
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both direct measurement and established literature
reports that show water exhibits near-zero third-
order nonlinear susceptibility in the visible region.
Furthermore, the linear refractive index (n,) of the
prepared solution was measured using an Abbe’s
refractometer (Na D line, 589 nm) at 32.7°C, confirming
no anomalous effects were introduced by the solvent
medium.

Under continuous-wave (CW) laser excitation at
532 nm, the nonlinear optical response of the MMB
compound is predominantly governed by thermally
induced mechanisms. Continuous photon absorption
generates localized heating within the sample, pro-
ducing a temperature gradient that modulates the
refractive index through the thermal lensing effect,
as originally reported by Sheik-Bahae et al. [62]. This
thermally driven refractive index variation not only
influences the nonlinear refraction but also enhances
intensity-dependent absorption, leading to reverse
saturable absorption (RSA), where the excited state
absorption surpasses the ground-state absorption at
higher intensities, consistent with previous studies
[63]. The OA Z-scan traces obtained in this work con-
firm the RSA behavior, which accounts for the opti-
cal limiting properties observed in the MMB material.
Overall, these thermal effects govern both the nonlin-
ear refractive index (n,) and the nonlinear absorption
coefficient (B), thereby determining the effective third-
order nonlinear optical susceptibility (y*¥) under CW
excitation.
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Similar nonlinear effects have been reported in ear-
lier studies, including the work of H. A. Badran et al.,
[64] where the nonlinear optical behavior of organic
material was investigated using the Z-scan technique
with a CW laser. In their study, thermal lensing played
a key role in the observed nonlinear refraction, and the
corresponding third-order nonlinear optical param-
eters were estimated based on the experimental data.
Furthermore, H. Motiei et al. [65] provided a numeri-
cal and experimental analysis of thermal diffusion in
CW Z-scan studies, confirming that thermal phase dis-
tortions strongly influence both OA and CA traces,
and proposed to accurately extract thermally induced
1, and B values for y® determination. Following these
established approaches, the present study interprets
the calculated #, and § values of the MMB compound

] @ 3
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as nonlinear coefficients, and these were subsequently
used to estimate the magnitude of the effective third-
order susceptibility . These parameters are particu-
larly relevant for evaluating the suitability of materials
for low-power optical limiting and NLO applications.

Z-scan measurements of the MMB material were
carried out in both open-aperture (OA) and closed-
aperture (CA) configurations (Figs. 14a and b). The OA
scan probes thermally induced nonlinear absorption,
while the CA scan is sensitive to nonlinear refraction.
The CA curve shows the combined effect of nonlinear
refraction and absorption, whereas the CA/OA ratio
removes the contribution of nonlinear absorption,
allowing an accurate determination of the nonlinear
refractive index (1n,) (see Fig. 14c) [66]. The valley
observed in the OA trace indicates enhanced
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Fig. 14 (a) Closed, (b) open, (c¢) Ratio of closed to open-aperture Z-scan patterns and (d) optical limiting pattern of MMB
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absorption at higher intensities, while the
characteristic peak to valley pattern in the CA/OA
ratio confirms a self-defocusing behavior, consistent
with a negative n, arising from thermal effects [67].
The nonlinear refractive index was quantified by

analyzing the transmittance difference between the
peak and valley <ATp_U) of the CA/OA ratio curve,
which is mathematically related to the phase shift

along the optical axis at the focal point, as described
by the following equation;

agl AT,_,

"= Gaea o> ©

Here, S denotes the linear transmittance of the aper-
ture, which is determined using below equation:

S=1-exp —ﬁ 7)
w;

In this formula, 7, denotes the aperture radius,
while w, indicates the beam radius. The experimental
data were fitted to a well-established Eq. (8) [68], yield-
ing a A¢ value of 0.42 +0.001.

T = 4xAg
AT 1+ 2)(9+22) ®)
Using the CA data, the 1, was derived as follows:

Agp

ny = KloLeﬁ, (9)

where K, I, and L,y represent the wave number, laser
intensity, and sample effective thickness, respectively.
The 11, of MMB was found to be (0.485 +0.02)x10~? cm?
WL The nonlinear absorption coefficient (f) for the
MMB compound was derived from the OA Z-scan
results, and a theoretical fit was performed Eq. 11,

Table 9 Third-order nonlinear optical parameters of MMB

J Mater Sci: Mater Electron (2025) 36:1925

demonstrating the presence of RSA. The calculation
of § was performed using Eq. (10), as provided below.

24/2AT
P iy 0o

Toa= : I (11)
1+<ﬁxL6ﬁ[ 0 ])

1+x2

In the above equation, AT is the valley values in
the OA curve. The computed  values of the MMB
compound was determined to be (0.0183 +0.04)x 1074
(cm/W). The connection between f and n, (nonlinear
refractive index) is derived from the real and imagi-
nary parts of the @, given by the following relation-
ships [68]:

10~*(egc?ngn,)

;(1(3) = . (em? /W) (12)
10—2 2 2/1
472

Table 10 Comparison of X(3) values of MMB with reported non-
linear optical materials

Molecules Third-order susceptibility — References
x?)

MMB 3.06x 1078 esu Present work
4APANP 1.80x 1078 esu [35]
AMP4N 2.48x1078 esu [36]
VMST 9.69x 1072 esu [69]
DMSB 1.60x 1078 esu [70]

AAP 6.20x 107 esu [71]

4MSS 5.02x107 esu [72]
DMPMS 3.12x 102 esu [73]
BTHBA 2.54x107 esu [74]

Parameters

Values

Nonlinear refractive index (n,)
Nonlinear absorption coefficient (/)
Real part of third-order nonlinear optical susceptibility (Re (X3))

Imaginary part of third-order nonlinear optical susceptibility (Im (X3))

Third-order nonlinear optical susceptibility (X(3))

(0.485+0.02)x 10 cm?>W~!
(0.0183+0.04)x 10~ cmW™!
(1.62+0.087)x 108 e.s.u.
(2.59+0.06)x 108 e.s.u.
(3.06+0.04)x 108 e.s.u.
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where A, ng, ¢, and ¢, are the universal constant. The
magnitude of the y® is then calculated as:

¥ = \/(11(3)>2 " <11(3))2 (e.s.u.) (14)

The calculated y® value, along with other NLO
parameters (1, and ) are summarized in Table 9. The
obtained y® value of MMB is compared with other
reported NLO materials [35, 36, 69-74] under CW
excitation at 532 nm, as listed in Table 10. The com-
parison shows that MMB exhibits a relatively high y®

value (3.06x107% e.s.u.), demonstrating a strong third-
order nonlinear response compared to the other NLO
materials. This study highlights the competitive NLO
performance of MMB, which can be attributed to its
molecular structure and thermal lensing effects under
CW excitation, emphasizing its potential for optical
limiting and other third-order NLO applications [75].

3.9.2 Optical limiting (OL) study

The increasing integration of lasers in modern
technologies has led to a growing need for devices
capable of protecting sensitive optical systems from
damaging laser intensities. Such devices, known
as optical limiters, are crucial for safeguarding
components. Materials exhibiting RSA properties
are particularly suitable for OL applications. In this
study, we investigated the OL performance of the
MMB compound using open-aperture (OA) Z-scan
data under continuous-wave (CW) laser excitation. A
significant reduction in transmittance was observed

Page 23 0f 30 1925

near the focal point (Z=0), indicating a strong
nonlinear absorption response. This reduction is
attributed to thermally induced effects —specifically,
localized heating due to continuous light absorption,
which enhances the material’s absorption and leads
to a decrease in transmitted intensity. These thermal
effects resemble RSA behavior and are effective for OL
applications under CW conditions.

To evaluate the variation in beam intensity along
the optical axis, the position-dependent intensity I(z)
was computed using the following equation:

E.
I(z) = 4VIn2(—2*—) (15)

732a(z)?

where w (z) = wg [1+(z/z,) is being a beam radius.
The OL curves for the MMB sample are illustrated in
Fig. 14(d). The OL threshold values were established
under continuous-wave (CW) excitation, resulting in
(3.906 + 0.03)x10° Wem ™2, which further emphasizes
the material’s suitability for OL applications. Recent
studies have utilized the Z-scan method via CW laser
conditions at 532 nm have reported similar optical
limiting (OL) properties. For instance, S. Pratheba
et al. reported threshold values of 3.44x10°> Wem ™ for
4MPB [76], and Ananda et al. found values of 3.437x10°
Wem™ for BCA [39]. The threshold value of our MMB
compound is consistent with these findings, indicating
its strong potential for OL applications.

Table 11 Dipole moment,

Dipole moment
static and dynamic P W

Polarizability (o)

polarizability by TDHF at Components Values (Debye) Components w=0 ®»=0.04282 »=0.08564
6-3114+G(d,p) of MMB A=1064 nm A=532nm
1y —2.058 Oy 266.20 272.75 296.82
Hy —6.859 Oy 168.73 170.29 175.32
W, 0.444 Qyy 72.72 72.96 73.69
Oy, —-4.21 —4.52 -5.67
Meotal 7.175 ay, 2.02 2.06 2.18
o, 12.87 13.04 13.59
Olyorar &-U 169.21 172.00 181.95
Uy X 107550 2.53 2.58 272
Ao a.u 426.29 433.67 460.21
Aax107 esu 6.39 6.50 6.90
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Table 12 The static and dynamic first-order hyperpolarizability
by TDHF/6-311++G(d,p) level

Components w=0 ®»=0.04282 ®»=0.08564
A=1064 nm A=532 nm
Brxx —10.64 —245 956.0
Bryy 26.84 17.65 —480.36
Bzz 0.94 —-4.03 —169.81
Byyy 55.17 59.02 98.92
By 21.75 23.07 36.46
Byxx —183.80 —229.69 —578.49
B, —11.46 -11.77 —13.42
Brxx —23.18 —28.78 - 61.12
By 10.47 —22.09 62.45
By 294.06 124.40 93,561.71
By 11,422.65 21,782.42 196,343.81
B, 584.21 887.11 4233.64
fau 110.90 150.97 542.34
Bx 1073 esu 0.95 1.30 4.68

Table 13 The static second hyperpolarizability v(0;0,0,0) and
frequency-dependent second hyperpolarizability y(—3w;0, ®, ®)
at 6-3114++G(d,p)) method (TDHF)

Components 0=0 »=0.04282 w=0.08564

A=1064 nm A=532 nm
. 147,639.20  317,790.80 3,406,277
Tyyyy 5404.79 6531.12 36.414.49
Ysrrs 490.96 560.61 1117.54
Vxxyy 6118.03 11,180.08 14,865.99
Yo 485.58 915.58 — 7407.81
Vyyz 460.74 588.23 5465.83
yau 33,532.73 70,050.05 693,931.36
yx 1070 esu 16.90 35.30 349.74

3.9.3 Theoretical NLO studies

Computational techniques play a crucial role in inves-
tigating the NLO properties of complex molecular
structures, enabling the prediction of their behavior
under various electromagnetic fields. Methods such
as TDHF and DFT provide accurate calculations of
key NLO parameters, including polarizability («),
first hyperpolarizability (8), and second hyperpolar-
izability (y) [77]. These theoretical approaches not only
complement experimental findings but also elucidate
molecular interactions and charge transfer processes
that govern NLO behavior [78]. As the demand for
advanced photonic materials grows, computational
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NLO research identifies promising candidates for
applications in optoelectronics and telecommuni-
cations [79]. In this study, we investigate the NLO
characteristics of the MMB molecule using the TDHF
method within the GAMESS software suite. Using the
6-311++G(d, p) basis set, we conduct calculations at
various frequencies to determine «, §, and y at various
frequencies (w =0, 0.04282 and 0.08564 a.u). Detailed
results are present in Tables 11, 12, and 13. The results
reveal that all tensor components demonstrated non-
zero values in specific spatial directions. Notably, the
x-axis components such as a,,, B,y and V,.,,, emerged
as the most prominent contributors, especially for lon-
gitudinal measurements. These dominant values pro-
vide evidence of a charge transfer mechanism along
the x-direction in the MMB molecule. The molecule’s
donor-acceptor configuration significantly influenced
the dipole moment, which was calculated to be 7.175
Debye.

The static polarizability at w =0 a.u. was calcu-
lated using the tensor components along the x, y,
and z axes. Dynamic polarizability was further cal-
culated at two different frequencies: 0.04282 a.u.
and 0.08564 a.u., with the results summarized in
Table 11. The static polarizability values (a,,,,; and
Aa) were determined to be 2.53x107% e.s.u. and
6.39x107% e.s.u., respectively. Additionally, the
dynamic values for a,,, and Aa at 0.04282 a.u. were
found to be 2.58 x 10723, and 6.50x10~2 e.s.u., while
at 0.08564 a.u., they were found to be 2.72 x 1072,
and 6.90 x 1072 The orientation-averaged isotropic
and anisotropic values, along with the responses of
all tensor components, exhibit an increasing with
increased input frequency. Notably, the dynamic
polarizability values exceed the corresponding static
values, indicating that the molecule’s polarizability
is influenced by the applied electromagnetic field.
This observation underscores the frequency-depend-
ent nature of molecular polarizability [80].

In MMB molecule, the increase in ICT and
resonance interactions leads to a pronounced
amplification of their NLO response, resulting
in a considerable enhancement of second-order
nonlinearity (8). As shown in Table 12, the static
first hyperpolarizability (0;0,0) is calculated
to be 0.9583x10™" while the dynamic first
hyperpolarizability f(-2w,;w,w) is evaluated at two
different frequecncies: 1.30x10™" e.s.u. at w = 0.04282
a.u, and 4.68x10™ e.s.u. at w =0.08564 a.u. and
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these values are 1.76 and 6.36 times higher than the
urea (0.73512x107°° e.s.u.) [81], respectively. The
second-order hyperpolarizability components of
the MMB molecule, both static and dynamic, have
been calculated at different frequencies, and the
results are presented in Table 13. These molecular
gamma (y) values depend on several factors such
as m-electron delocalization, molecular structure,
and the type of substituents. The MMB molecule’s
donor-acceptor m-conjugated system enables charge
transfer through the phenyl rings, thereby impacting
its nonlinear optical properties. The phenyl rings
act as essential intermediaries, especially in the
presence of donor—acceptor substituents, leading to
non-zero static and dynamic hyperpolarizabilities,
which reflect the molecule’s NLO behavior on a
microscopic scale [81]. The MMB’s computed value
of y(0; 0, 0, 0) was determined to be 20.865x107°¢
e.s.u. Additionally, the dynamic y (3w; w, w, @) was
evaluated at two distinct frequencies (0.04282 a.u.
and 0.08564 a.u.), yielding values of 35.30x107%
e.s.u. and 349.74x107 e.s.u., respectively.
From the Tables 12 and 13, it is noted that as the
input frequency decreases, the first and second
hyperpolarizability components within the MMB
molecule also decrease. Overall the findings
suggest that the studied molecule holds promise for
nonlinear optical (NLO) applications.

4 Conclusion

In summary, the MMB crystal, a novel organic com-
pound, was synthesized through the reflux method,
and its structural and spectroscopic characteristics
were thoroughly characterized by NMR and single-
crystal XRD. Structural analysis confirmed that MMB
crystallizes in the P2;/c space group. MMB's optical
studies reveal that the studied crystals display sig-
nificant transparency (98%) and minimal absorp-
tion throughout the visible spectrum, with a cut-off
observed at 331 nm. Additionally, the optical band
gap (E,) was determined to be 3.48 eV via Tauc’s
plot from the UV-Vis spectra. Photoluminescence
results show that MMB emits blue light, underscor-
ing its potential as a promising candidate for blue
LED applications. The solvatochromic studies showed
that nonpolar solvents exhibit higher values of a 7,
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Bcr and y - compared to polar solvents. In the MMB
compound in acetonitrile solvent, these values were
found to be 3.40 x107*, 2.21 x107%*, and 1.28x107>
e.s.u. Thermogravimetric analysis (TGA) indicated
that the studied compound remains thermally stable
up to 188.89°C. The calculated HOMO-LUMO energy
gap (E,=4.148 eV) indicates enhanced ICT interactions
within the MMB molecule. Additionally, the GCRD
measurements reveal a significant hardness value
of 2.074 eV, suggesting the molecule’s stability and
low chemical reactivity. Natural Bond Orbital (NBO)
analysis identified that the most prominent interaction
arises from the intramolecular charge transfer (ICT)
between lone pairs on (N8) and 7* (C7-016) bond,
with stabilization energy of 46.14 kJ/mol. QTAIM and
NCI analyses confirmed the presence of noncovalent
interactions, including hydrogen bonds and van der
Waals forces. The Z-scan results demonstrate that the
MMB compound exhibits both RSA and self-defocus-
ing behavior under CW laser irradiation. The MMB
compound’s OL value ((3.906 + 0.03)x 10° Wem-2) fur-
ther highlights its potential for OL applications. Addi-
tionally, the MMB's first and second hyperpolarizabil-
ity values suggest strong NLO behavior. Collectively,
these findings underscore MMB as a promising mate-
rial for use in photonic devices, NLO device fabrica-
tion, and electro-optical technologies.
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