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A B S T R A C T

The current study delves into exploring the linear and nonlinear optical properties of (E)-3-(4-methylthiazole-5-
yl)-1-(3-nitrophenyl)prop-2-en-1-one (MNP) through a combined approach of theoretical predictions and
experimental observations. By employing single crystal X-ray diffraction analysis, the MNP’s crystal structure has
been confirmed, establishing its categorization as triclinic with the P-1 space group. The grown crystal was
characterized through UV–Vis studies, photoluminescence studies, and thermal analysis. The absorption spec-
trum of MNP was examined using UV–Vis analysis in various solvents, revealing a strong absorption peak be-
tween 335 and 357 nm, suggesting its suitability for UV-based optoelectronic applications also the MNP exhibits
good nonlinear optical (NLO) responses, including αCT, βCT, and γCT values, across different solvent environ-
ments. The examination of MNP’s third-order nonlinear optical properties and its optical limiting behavior was
conducted using the Z-scan technique with a continuous wave (CW) laser at 532 nm. The results revealed
substantial χ(3) values of 3.01×10− 6 esu, and an optical limiting threshold observed at 4.213×103 Wcm− 2. The
experimental results were corroborated by theoretical calculations derived from density functional theory (DFT).
DFT calculations were used to explore MNP’s electronic structure and charge distribution, utilizing FMO, MEP,
and NBO analysis. Furthermore, the time-dependent Hartree-Fock (TDHF) method was employed to compute the
static and dynamic linear polarizability (α) along with the first and second hyperpolarizability (β and γ) of MNP.
Notably, the first hyperpolarizability exceeded the urea standard by 91.03 times at a wavelength of 532 nm, and
the computed second-order hyperpolarizability value of 0.42×10− 32esu. closely matches the experimental ob-
servations in DMSO solvent (0.25×10− 31esu). Overall, the findings of these studies indicate that the synthesized
chalcone derivative material holds potential for optoelectronic applications.

1. Introduction

At the forefront era of contemporary materials science, researchers
are deeply engaged in exploring nonlinear optical (NLO) materials, with
due recognition as pivotal in advancing various technological domains,
including signal processing, optical communication, and laser systems
[1]. In recent years, we have witnessed a surge in interest in organic
materials, attributed to their distinctive molecular structures and

electronic properties. Among the various organic materials, chalcone
derivatives, distinguished by their heterocyclic aromatic ring, have
garnered attention for their potential in both NLO applications and
pharmaceutical industries [2–5]. As a part of our continuous interest in
looking for the different organic functional as hybrid component in-
clusion in the primary chalcones [6–8], we have made an intricate
design with an organic substituted heterocyclic thiazole ring as a
π-conjugated linker in the current chalcone material. The importance of
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such thiazole as a motif holds a pivotal position in drug design in the
pharmaceutical field, which owes due to its wide range of biological
activities, such as antifungal [9], anti-allergic [10], antihypertensive
[11], antiviral [12], antioxidant [13], antibacterial [14],
anti-schizophrenia [15], and anticancer [16] properties. Notably, thia-
zole is a key pharmacophore utilized in cancer therapy by drugs such as,
meloxicam [17], fanetizole [18], ritonavir [19–21], bleomycin [21], and
sulfathiazole [22]. Moreover, hydrazinyl thiazole, a derivative of thia-
zole, demonstrates substantial biological effects, encompassing anti-
malarial [23], antioxidant [24], antitumor [25], and antifungal [26]
activities.
Beyond their importance in biological applications, chalcone scaf-

folds with thiazole motifs have garnered considerable attention in the
field of NLO, drawing significant interest from both theoretical and
experimental researchers [5,27]. The properties of thiazole, such as its
ultrafast broadband electrical responsiveness and low dielectric con-
stants, are the driving force behind this renewed interest. These excep-
tional properties have garnered increased attention due to their
potential to lead to significant advancements in cutting-edge optoelec-
tronic technologies [28,29]. Recently, there have been reports of syn-
thesis and investigation of chromophores that feature a π-conjugated
five-membered heterocycle, like thiazole, pyrrole, and thiophene, as
the donor component, and a heterocyclic ring, such as pyrazine, pyr-
idazine, and pyrimidine, as the acceptor group [30]. These chromo-
phores have displayed a variety of properties, including solvatochromic,
fluorescence, photochromic, and NLO characteristics [31–33]. In the
literature, Raposo et al. [34] designed and synthesized a sequence of
π-conjugated systems with donor-acceptor substitution, utilizing 1-alkyl
(aryl) thienylpyrroles as donor units and functionalizing them with
various acceptor groups, including benzothiazolyl, dicyanovinyl, thia-
zolyldiazene, benzimidazolyl, and aryldiazene. Their study delved into
the materials’ electrochemical and optical behaviors, both linear and
nonlinear, unveiling their substantial potential for second-order NLO
and photochromic applications [35,36]. Naveena et al. [37] synthesized
a series of thiazole-based compounds. In this article, they highlight the
nonlinear optical (NLO) properties, optoelectronic materials, and their
potential applications in cutting-edge technologies. In parallel, thiazole
derivatives have emerged as noteworthy subjects of study, particularly
those featuring unsymmetrical thiazole rings and extended π-conjugated
systems [38]. These compounds have been observed to display signifi-
cant values in second harmonic generation [39,40], forming a promising
cornerstone for optoelectronic endeavors in both technology and in-
dustrial domains. Several experimental and theoretical investigations
have demonstrated that substituting the benzene ring in a chromophore
bridge with easily delocalizable heterocycles, such as pyrole, thiazole,
thiophene, and imidazole, increases molecular hyperpolarizability in
the resulting push-pull systems [41]. Moreover, experimental and
theoretical investigations have underscored the critical role of the
thiazole ring in NLO materials, elucidating its influence on parameters
such as asymmetric polarization, conformational linearity, conjugate
length, intermolecular charge transfer (ICT), and the positioning of
donor and acceptor groups, all of which significantly impact nonlinear
optical characteristics [42,43].
Acknowledging the significance of the aforementioned strategies,

employed in the selection of NLO-responsive molecule, we designed,
synthesized, and characterized a newly synthesized chalcone derivative,
(E)-3-(4-methylthiazole-5-yl)-1-(3-nitrophenyl)prop-2-en-1-one (MNP).
The compound is characterized using various techniques, namely SC-
XRD, NMR (13C and 1H), FT-IR, UV–Vis–NIR, photoluminescence, sol-
vatochromic studies, and TG-DTA. These investigations focus on un-
derstanding the compound’s structural, spectroscopic attributes and
thermal behaviors. The Z-scan method is employed to analyze the third-
order NLO characteristics. The amalgamation of experimental methods
and DFT simulations facilitates a comprehensive exploration of the NLO
characteristics of the MNP compound. Overall, the study aims to develop
and characterize new organic chalcone material with potent NLO

properties, particularly thiazole-linked systems, for potential use in
diverse optoelectronic technologies.

2. Materials and methods

2.1. Material synthesis and crystal growth

A new chalcone derivative, (E)-3-(4-methylthiazole-5-yl)-1-(3-
nitrophenyl)prop-2-en-1-one (MNP), was prepared through the Claisen-
Schmidt condensation technique. In a round-bottom flask, 3-nitro ace-
tophenone (0.01 mol) (1) and 4-methylthiazole-5-carboxaldehyde (0.01
mol) (2) were combined in a 1:1 ratio in an ethanol solvent. Subse-
quently, 10 ml of sodium hydroxide (NaOH) was introduced into the
mixture and agitated for 5 hours in an ice-cold bath. The progress of the
reaction and the compound’s purity were monitored using thin-layer
chromatography (TLC). On completion of the reaction, the resultant
compound was introduced into ice-cold water containing 2 ml of hy-
drochloric acid (HCl) and was allowed to settle and precipitate for 5
hours. The resultant product was obtained through filtration and then
subjected to air drying at room temperature for 24 hours. The obtained
crude product upon crystallization using ethyl acetate solvent, a good-
quality transparent pale yellowish color crystals obtained after 25
days with the dimensions 0.150 × 0.181 × 0.344 (mm)3. Fig. 1 depicts
the single crystal of grown MNP. The synthesis pathway of MNP (3) is
illustrated in Scheme 1, and its spectroscopic data (1H and 13C NMR) are
provided in the supporting information.

2.2. Experimental details

Single crystal XRD data for the MNP were acquired at standard room
temperature (293 K) employing a Bruker AXS kappa Apex2 CCD
Diffractometer with graphite monochromatic MoKα radiation (λ =

0.71073). The NMR spectra of the MNP compound, encompassing both
13C and 1H, were scrutinized using deuterated chloroform (CDCl3) as the
solvent. This analysis was conducted utilizing an Agilent 600 MR DD2
NMR spectrometer. The FTIR spectrum of the MNP sample was obtained
at ambient temperature using a ’PerkinElmer Spectrum Two’ spectro-
photometer. The analysis was conducted through the solution method
across the range of 4000-400 cm− 1 for the identification of functional
groups and to assess the formation of crystalline materials. The MNP’s
optical transmittance and solvatochromic spectrum were examined
within the 270–500 nm range using various solvents with a "Beckman
Coulter-DU 73″ UV–visible spectrophotometer. The F-7000-FL spectro-
photometer was utilized to record the photoluminescence (PL) spectrum
within the range from 375 to 750 nm. The MNP’s thermal properties
were studied using the TGA/DTA technique, with the NETZSCH STA
2500 instrument under a dry nitrogen (N2) atmosphere. The analysis
was conducted from 30◦C to 1400◦C with a heating rate set at 20◦C/min.
The third-order NLO studies of the studied compound (i.e., MNP) were
conducted using the Z-scan technique with the HOLMARC Z-scanModel:
HOEDLOE-03 to determine NLO parameters such as nonlinear optical
susceptibility (χ(3)), nonlinear refractive index (n2), and nonlinear ab-
sorption coefficient (β).

2.3. Computational details

The MNP compound’s quantum chemical calculations were executed
with Gaussian 09 software [44]. The molecular structure was optimized
through DFT at the B3LYP level, utilizing a 6–311++G(d,p) basis set.
The resulting optimized structure was visualized using GaussView6
[44]. The vibrational wavenumber was computed at the same level of
theory, and no imaginary frequencies were detected in the optimized
MNP structure. All the computed wavenumbers were interpreted
through the PED approach using the VEDA program [45]. The
HOMO-LUMO levels and Natural Bond Orbitals (NBO) analysis were
performed at the B3LYP/6–311++G(d,p) level to explain the
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intermolecular charge transfer within the molecule. The electrophilic
and nucleophilic regions of the molecule were determined through MEP
analysis. Furthermore, the NLO properties, including dipole moment (μ),
linear polarizabilities (α), and first and second hyperpolarizabilities (β
and γ), were calculated at various frequencies (i.e., different wave-
lengths) using the HF/6-31G(d,p) basis set via the GAMESS software
[46]. Total dipole moment (μ), the static and dynamic values of <α>,
Δα, <β>, and <γ>THG were calculated by the following relations.

μ=
(

μ2x + μ2y + μ2z
)1/2

(1)

< α> =
1
3
(
αxx +αyy+ αzz

)
(2)

Δα= 1̅
̅̅
2

√
[(

αxx+αyy
)2

+
(
αyy+αzz

)2
+(αzz+αxx)2+6

(
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)]1/2
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< β>=
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βxxx+βyyy+βzzz
)2

+
(
βyyy+βyzz+βyxx

)2
+
(
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)2
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(4)

< γ > THG=
1
5

[(
γxxxx+ γyyyy+ γzzzz

)
+ 2

(
γxxyy+ γxxzz+ γyyzz

)]
(5)

The conversion factors were applied to transform tensor components
from a.u. to e.s.u. The factor for α is 1 a.u. = 0.15×10− 24 esu, for β 1a.u.
= 8.64×10− 33 esu, and for γ 1a.u. = 5.04×10− 40 esu.

3. Results and discussion

3.1. Crystal structure description

A new pale-yellow crystal measuring 0.150×0.181×0.344 (mm)3

was chosen for crystallographic examination. It was delicately posi-
tioned on the goniometer of the Bruker Kappa APEX II single-crystal
XRD. The selected crystal underwent diffraction analysis at 293 K,

using a precisely calibrated monochromatic graphite-sealed tube,
covering the angular range from 2.80◦ to 29.63◦ (2.80◦ ≤ θ ≤ 29.63◦).
The crystal structure was determined using the direct method with the
SHELXS 18 program and subsequently refined using the SHELXL 18 [47]
program through full-matrix least squares on F2. The refinement process
involved 173 parameters and utilized 3555 distinct reflections, resulting
in a convergence with R = 0.0473 (wR = 0.1309) and a goodness-of-fit

Fig. 1. Photograph of grown MNP single crystal.

Scheme 1. Synthesis pathway of MNP.

Table 1
Crystal data and structure refinement details of MNP.

Empirical formula C13 H10 N2 O3 S
Formula weight 274.29
Temperature 298
Wavelength 0.71073 Å
Reflns. for cell determination 9996
θ range for the above 2.94◦–29.59◦

Crystal system triclinic
Space group P-1
Cell dimensions a = 7.7861 (9) Å, b = 8.2117 (9) Å,

c = 11.1908 (11) Å
α = 81.436 (4)◦, β = 84.720 (4)◦

γ = 63.052 (4)◦

Volume 630.46 (12) Å3

Z 2
Density (calculated) 1.445 Mg m− 3

Absorption coefficient 0.262 mm− 1

F000 284
Crystal size 0.150 mm ⨯ 0.181 mm ⨯ 0.344 mm
θ range for data collection 2.80◦–29.63◦

Index ranges − 10 ≤ h ≤ 10
− 11 ≤ k ≤ 11
− 15 ≤ l ≤ 15

Reflections collected 32509
Independent reflections 3555
Refinement method full-matrix least-squares on F2

Data/restraints/parameters 3543/0/173
Goodness-of-fit on F2 1.066
Final R indices [I > 2 σ(I)] R1 = 0.0473, wR2 = 0.1309
R indices (all data) R1 = 0.0570, wR2 = 0.1411
Largest diff. peak and hole 0.438; − 0.192 e Å− 3
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on F2 of 1.066. Thermal ellipsoidal plots were generated using Mercury
4.0 [48], and PLATON [49] was employed for geometrical calculations.
Table 1 presents a comprehensive overview of the crystallographic data,
measurement details, and refinement parameters. Meanwhile, Fig. 2
depicts the ORTEP representation of the MNP compound, rendered at a
50 % probability level.
The MNP compound exhibits a triclinic crystalline structure, as

determined by single crystal XRD analysis, and belongs to the P-1 space
group, with two molecules in each unit cell. The cell parameters are: a=
7.7861 (9) Å, b= 8.2117 (9) Å, c= 11.1908 (11) Å, α = 81.436 (4)◦, β =

84.720 (4)◦, γ = 63.052 (4)◦, providing essential structural details about
the compound’s arrangement. The MNP structure was formed by
methyl-thiazole (C1–C2–N3–C4–S5–C6) and nitrobenzene (N17 and
C11–C16) joined by acrylaldehyde, which acts as a bridge. The entire
molecule lies almost planar conformation, with a dihedral angle of
nearly 4◦ between the methyl-thiazole and nitrobenzene fragments. The
atoms C1 and C14 display the maximum deviation with of 0.008 Å and
0.181 Å from the methyl-thiazole and nitrobenzene respectively. The
carbon atoms (C11–C12–C13–C14–C15–C16) from nitrobenzene ring
and (C2–C4–C6) from thiazole ring of the compound exhibit sp2 hy-
bridization. The bond angle values of C14–C15–C16 (123.02◦), and
C16–C11–C12 (118.95◦) of the nitrobenzene ring indicate almost planar
trigonal geometry. The nitro groups (O18–N17–O19) attached to the
benzene ring show a bent geometry, with a bond angle of 124.7◦.
Additionally, the torsion angle values O18–N17–C15–C14 (158.6) and
O19–N17–C15–C16 (155.1) indicate that the ring adopts an + anti-
periplanar conformation.
The optimization of the MNP molecule’s geometry was carried out

utilizing the B3LYP method in conjunction with the 6–311++G(d,p)
basis set, and the resulting optimized structure is illustrated in Fig. 3.
While the optimized parameters, such as bond lengths and bond angles,
closely match with experimental findings, minor discrepancies are
observed in bonds such as C–C, O–N, N–C, and S–C bonds (see Table S1).
The carbon-carbon (C–C) bond length in the phenyl ring is about 1.398 Å
[50]. In our DFT analysis, C–C bond lengths in the same rings ranged
from 1.388 Å to 1.404 Å, closely matching with experimental values
(1.378 Å to 1.400 Å), and these results are also seen in the reported
compound [51]. Table S1 provides the selected bond lengths, bond an-
gles, and torsion angles for the MNP molecule. It is emphasized that, the
differences between the experimentally observed bond lengths and DFT
bond lengths should not exceed 0.03 Å while bond angles should not
exceed 0.96◦.
The crystal structure analysis revealed the presence of significant

C–H⋯O and C–H⋯N intermolecular interactions, along with C–H⋯O
and C–H⋯S intramolecular interactions. The intermolecular in-
teractions involving C1–H1⋯N3 lead to the formation of an eight-
membered ring, characterized by a graph set motif of R22 (8) (See

Fig. 4b). Detailed information about hydrogen bond interaction is pro-
vided in Table 2. In the crystal structure, hydrogen bonds are formed
through attractive forces between electronegative atoms and hydrogen
atoms. In supramolecular analysis, the molecule’s C12 and H12 atoms
serve as donors, and N3 and O18 atoms as acceptors. Importantly, weak
interactions occur between oxygen atoms of the nitro group with
hydrogen atoms. These interactions significantly contribute to the
molecule’s nonlinear optical effect [52]. Further, the title structure
stabilizes by Y-X … Cg1 and face-to-face (Cg1-Cg2/Cg2-Cg1) interac-
tion. Here, Cg1 and Cg2 represent the centroids of two distinct rings:
C2–N3–C4–S5–C6 (i.e., thiazole ring) and C11–C12–C13–C14–C15–C16
(i.e., phenyl ring). The Cg1-Cg2/Cg2-Cg1 distance found between the
thiazole ring and phenyl ring is 3.675 Å with symmetry operation: 2-X,
1-Y, 1-Z. Additionally, the molecule has N17–O18… π (Cg1) interaction
with a distance of 3.365 Å (symmetry operation: 2-X, -Y, 1-Z). The
hydrogen bond interactions, as viewed along the a-axis and
centroid-centroid interactions, are illustrated in Fig. 4a.

3.2. FTIR analysis

The molecule’s optimized geometry was subjected to vibrational
analysis in the gaseous phase. Fig. 5 illustrates the MNP compound’s
experimental and simulated FT-IR spectra, while Table 3 outlines the
chosen vibrational assignments. The theoretical wave numbers below
1700 cm− 1 are scaled by a factor of 0.983, and those above 1700 cm− 1

are scaled by 0.958 to enhance their alignment with the experimental
and simulated data [53]. Vibrational assignments with a PED greater
than 10 % are listed in Table 3. Chalcones are formed by linking two
aromatic rings via carbonyl groups, while aliphatic ketones exhibit C=O
stretching vibrations between 1730 and 1800 cm− 1 [54]. The chalcone
derivative exhibited carbonyl (C=O) stretching vibrations, exhibited a
computed peak at 1682 cm− 1 with an 88 % PED contribution, while
experimentally observed at 1800 cm− 1. Typically, in aromatic com-
pounds, C–H stretching vibrations are manifest around 3100-3000 cm− 1

[54]. In the FT-IR spectra, Compound MNP exhibited a distinct C–H
stretching signal for the methylthiazol group at 3094 cm− 1, consistent
with the computed values of 3017 cm− 1 with 82 % PED. The observed
stretching modes for C–C are recorded at 1657 and 1532 cm− 1, while the
associated DFT values are at 1589 and 1489 cm− 1, respectively [54].
Balachandran et al. [55] identified computed stretching vibrations of the
C–S mode at 750 cm− 1, which closely matched the DFT value of 805
cm− 1. The thiazole (C=N) bond’s stretching vibration was experimen-
tally noticed at 1657 cm− 1, whereas the calculated value was found to be
1589 cm− 1.
In-plane bending C–H vibrations, typically manifest in the range of

1300-1000 cm− 1, exhibiting a variety of intensities ranging from strong
to weak [56]. In our MNP molecule, the computed bending vibrations of

Fig. 2. ORTEP diagram at 50 % probability level.
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C–H in-plane are predicted to occur at 1282 and 1244 cm− 1, showing
remarkable consistency with the FT-IR bands observed at a strong in-
tensity around 1230 cm− 1. In the literature [57], it is reported that the
C–C–C in-plane bending vibration occurs within the range of 1000 to
600 cm− 1, and showed a theoretical absorption at 972 cm− 1 with a 29 %
PED. The DFT calculations predict asymmetric O–C–C stretching vi-
brations at 599 cm− 1 with 29 % of PED. The nitro group displays two
strong stretching vibrations: symmetric vibrations typically occurs be-
tween 1300 and 1390 cm− 1, while asymmetric vibrations are commonly

Fig. 3. Optimized structure of MNP.

Fig. 4. Crystal packing of the title compound is shown when viewed down a-axis. (a) i) C–H⋯O and C–H⋯N interactions (shown in blue dotted lines), ii) π … π
interactions (shown in red dotted lines), and (b) motif of R22 (8).

Table 2
Intra and intermolecular hydrogen bonding geometry (Å, deg.) for the MNP
crystal.

D–H … A D-H H … A D … A D-H … A

C12–H12⋯O18a 0.93 2.615 3.485 156.3
C1–H1B⋯N3a 0.98 2.598 3.547 171.01
C4–H4⋯O10a 0.93 2.543 3.088 115.95
C7–H7⋯O10b 0.93 2.370 2.744 103.70
C8–H8⋯S5b 0.93 2.937 3.252 101.48
C14–H14⋯O19b 0.93 2.491 2.740 95.42

a Intermolecular interaction.
b Intramolecular interaction.

Fig. 5. Experimental and theoretical FTIR spectrum of MNP.
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found in the range of 1500–1600 cm− 1 [58,59]. In our molecule, we
have identified strong absorption bands at 1574 cm− 1 corresponding to
the asymmetric stretching band and at 1346 cm− 1 for the symmetric
stretching band of the nitro group within the nitrophenyl group. Theo-
retical assignments place these vibration bands at 1536 cm− 1 and 1327
cm− 1 with a 34% and 43% PED contribution respectively. The torsional
vibration of the thiazole (C=N–C–C) bond was experimentally observed
at 697 cm− 1, whereas the calculated value at 627 cm− 1. Furthermore,
the calculated (S–C) stretching vibration was determined to be 805
cm− 1.

3.3. Optical studies

3.3.1. Optical bandgap and refractive index calculation
The optical characteristics of the MNP crystal were studied through

UV–Vis–NIR spectrum analysis employing a Beckman Coulter-DU-730
UV–Vis–NIR spectrophotometer, within the wavelength range of
300–800 nm, encompassing the 200–400 nm (UV region), and 400–800
nm (visible region). The sample was prepared by using ethanol as the
solvent. The MNP crystal showed 97.85% of transmittance at 800 nm
(See Fig. 6a). Fig. 6a displays the transmittance spectrum of the MNP
crystal, revealing that at 365 nm, the UV cut-off wavelength is detected.
The notable high transmittance in the crystal suggests minimal crystal
defects, indicating reduced optical losses within the crystal. These kinds
of crystals are well-suited for NLO applications. The MNP crystal’s linear
absorption coefficient (α) was obtained using the following formula
[60]:

α=
2.3026
t

log
1
T

(6)

Here, T represents the transmittance, and ’t’ denotes the sample thick-
ness. The determination of the optical band gap energy (Eg) is facilitated
through Tauc plot relations [61], which is shown below;

αhʋ = C (hʋ-Eg)n (7)

In the above Equation, Eg, C, and hʋ represent the optical band gap,
material constant, and photon energy, respectively. The parameter n in
Equation (7) characterizes the different types of electronic transitions.
Generally, the values 1/2, 2, 3/2, and 3 directly correlate with distinct
transition types: 1/2 for direct allowed transitions, 2 for indirect allowed
transitions, 3/2 for direct forbidden transitions, and 3 for indirect
forbidden transitions [62]. The optical band gap (Eg) of the MNP
molecule is calculated by plotting (αhʋ)2 against hʋ (photon energy), as
illustrated in Fig. 6b. Eg is derived by extending the linear portion of the
graph to the X-axis (i.e., α = 0). Therefore, the Eg of the MNP was
measured to be 3.23 eV.
The linear refractive index (n0) is a fundamental optical material

property in materials science, due to its significant association with the
material’s local field and the ion electronic polarizability, both crucial
factors that impact the material’s optical characteristics and behavior.
The linear optical properties namely, reflectance (R), linear refractive
index (n0), and extinction coefficient (K) of the MNP were determined.
Also, the linear refractive index is an essential parameter for deter-
mining third-order NLO parameters. The values of n0, K, and, R deter-
mined utilizing the corresponding mathematical expressions [63] as
shown below:

K=
αλ
4π (8)

R=
exp(− αt) ±

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
exp(− αt)T − exp(− 3αt)T+ exp(− 2αt)T2

√

exp(− αt)T+ exp(− 2αt)T (9)

n0=
− (1+ R) ± 2

̅̅̅̅
R

√

(1 − R)
(10)

Here, α and t are the same as mentioned in equation (7). The parameter
’K’ characterizes the light absorption behavior of chemical species at a
particular wavelength, thereby exerting a direct impact on the mate-
rial’s linear refractive index. The variation of the extinction coefficient
(K) and refractive index (n0) with wavelength, as illustrated in Fig. 6c
and d, provides valuable insights into the optical properties of the MNP.
The observed high value of extinction coefficient at 364 nm indicates
substantial light absorption due to electronic transitions, while the low
extinction coefficient values at longer wavelengths (around 800 nm)
suggest high transparency and minimal defects, which are beneficial for
nonlinear optical (NLO) applications [64]. The refractive index (n0),
calculated using Equation (10), was found to be 1.58 at 532 nm,
underscoring the material’s suitability for high-performance NLO ac-
tivities [65]. This refractive index value is crucial for determining the
third-order nonlinear optical susceptibility (χ(3)) of the MNP. Overall,
these optical properties highlight the MNP’s potential for advanced
photonic applications.

3.3.2. TD-DFT absorption calculations
To explore the electronic absorption characteristics of the MNP

compound, we utilized a time-dependent method at three distinct
theoretical levels: B3LYP, CAM-B3LYP, and wb97xd, utilizing a
6–311++G(d) basis set. These computational analyses were conducted
in a solvent environment (Ethanol) utilizing the Polarizable Continuum
Model (PCM) incorporating the Integral Equation Formalism variant
(IEFPCM). The optimizedMNP’s absorption spectrum computed at three
different methods, is depicted in Fig. 7. We determined the excitation
energies from the ground state to each excited state. Moreover, we
compared the theoretically calculated absorption spectra with the
experimentally obtained ones. The calculated maximum absorption
peaks of MNP at the TD-B3LYP/6-311+G(d) method were observed at
332 and 260 nm, which are close to the experimentally measured value
of 343 nm. The investigation using time-dependent DFT uncovers that
the absorption peaks at 332 nm and 260 nm arise from electron tran-
sitions: HOMO→LUMO+1 (91 %) and HOMO-6→LUMO (87 %),

Table 3
Selected comparison of experimental and calculated vibrational assignments of
MNP.

Wavenumber cm− 1 Vibrational Assignments with PED ≥10 %

Experimental DFT

Unscaled Scaled

3094 3149 3017 ν CH (82)
1800 1706 1682 ν OC (88)
1657 1659 1589 ν CN (55)
1574 1603 1536 ν ON (34)
1532 1554 1489 ν CC (38)

1467 1405 ν NC (30)
1346 1385 1327 ν ON (43)

1338 1282 β HCC (53)
1284 1270 1217 β HCN (20)
1230 1299 1244 β HCC (41)
1101 1133 1085 ν NC (12)

1054 1010 δ CCNC (12)
1015 972 β CCC (29)
998 956 γ HCCC (61)

959 959 919 β CNC (21)
840 805 ν SC (30)

821 816 782 γ HCNC (93)
782 749 β ONO (33)
769 737 δ OCON (33)

697 655 627 γ CNCC (39)
625 599 β OCC (24)
550 527 β SCN (17)
532 510 β ONC (50)
509 488 γ SCNC (56)
453 434 δ NCCC (18)
419 401 β CCN (27)
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respectively. Detailed UV–Vis absorption results for the MNP molecule,
including both experimental and computed data, are presented in
Table 4.

3.3.3. Photoluminescence studies
The production of good-quality and defect-free NLO crystals presents

a formidable challenge for researchers. Laboratory-grown single crystals
often exhibit elevated levels of defects and impurities in comparison to
their naturally occurring crystals. Considering the wide-ranging appli-
cations of MNP crystals in photonics, it is imperative to investigate the
origins of impurities and defects, as well as their effects on electronic
properties. Such understanding is pivotal for refining growth parameters

Fig. 6. (a) UV–Vis–NIR transmission spectrum, (b) Tauc’s plot of the MNP crystal), (c) Variation of extinction coefficient (K) with wavelength (λ), (d) Variation of n0
versus λ.

Fig. 7. Theoretical UV–vis absorption spectrum under the TD-DFT method at
different levels of theory with a 6–311++G(d) basis set.

Table 4
Experimental and calculated results of UV–Vis absorption of MNP using TD-
DFT/B3LYP method.

Experimental Wavelength
(nm)

λex
(nm)

E
(eV)

f Major transitions

343 332.50 3.72 0.9068 HOMO→L+1 (91 %)
– 260.38 4.76 0.128 HOMO-6→LUMO

(87 %)

K. Venkatesha et al. Optical Materials 157 (2024) 116068 

7 



and achieving defect-free crystals with favorable optical properties.
Photoluminescence spectroscopy is an optical technique employed to
analyze defects, study band edge peaks, and explore the crystals’ elec-
tronic properties. In the present investigations, the MNP’s PL spectrum
was captured at ambient temperature using an F-7000 FL Spectropho-
tometer with an excitation wavelength of 340 nm, as observed in Fig. 8.
The studied crystal consists of multiple conjugated C]C bonds (i.e.,
Benzene derivative) having delocalized π-electrons. The C]C bonds
exhibit unique energy differences between their ground and excited
states, leading to the emission of various radiation modes within the
visible spectrum [66]. Fig. 8 reveals that the high-intense emission peak
was observed at 435 nm, corresponding to an energy gap of 2.8 eV,
which is in the blue wavelength region of the visible spectrum and there
was no any additional peak observed in the spectrum, indicating the
excellent crystalline perfection of the growing MNP crystal. This emis-
sion peak characterizes π–π* electronic transitions, attributed to the
presence of π-electrons in carbon double bonds [67]. Moreover, the
Commission Internationale de l’Eclairage (CIE) diagram provides a vi-
sual representation of the major emission peak, accentuating the pre-
dominant color. In this diagram, the higher emission peak was plotted
onto the CIE coordinates (X, Y), unveiling a blue emission color that
spans the entire visible range of the electromagnetic spectrum. The
corresponding coordinates (X, Y) of the MNP compound were identified
as (0.21578, 0.21943), as illustrated in Fig. 8. In conclusion, the results
of the PL studies suggest that the MNP crystal holds potential for ap-
plications in blue light-emitting diodes.

3.4. TG-DTA analysis

The MNP compound’s thermal properties were investigated using
thermogravimetric (TG) and differential thermal analysis (DTA). The
investigations were conducted utilizing a NETZSCH STA 449F3 thermal
analyzer within a controlled nitrogen atmosphere, encompassing tem-
peratures from 30 to 1400 ◦C, with a heating rate of 20◦C/min. The TG/
DTA curve derived from these experiments is illustrated in Fig. 9. The
MNP sample was thermally stable up to 186.62◦C. Initially, the TGA
curve showed no significant weight loss, with only a minor weight loss
observed below 186.62◦C, likely due to the release of adsorbed water
molecules. A sharp endothermic peak was detected at 282.91◦C, corre-
sponding to the material’s melting point. The presence of this sharp and
well-defined endothermic peak at 282.91◦C indicates the sample’s high
purity and crystalline nature [68]. Another notable endothermic peak at
370.81◦C suggests a phase transition before melting. The decomposition
of the MNP compound occurs in different phases. In the first phase, a

clear endothermic peak observed on the DTA curve correlates with the
TG graph showing a weight loss (20.75%) between 186.62◦C and
306.64◦C, which is associated with the decomposition of CH3 and CO
groups [69]. The second phase of weight loss occurs between 306.64◦C
and 746.58◦C, with an approximate weight loss of 26.15%, indicating
the maximum rate of decomposition in this temperature range. In the
final phase, a 10.06% weight loss was observed between 746.58◦C and
1400◦C. The final residue at the end is approximately 40.07 % by
weight. The studied compound’s thermal stability is compared with the
other thiazole derivative molecules reported in the literature [70–73], as
given in Table 5. Hence, the result of TG-DTA analysis suggested that the
studied material can be used for NLO application up to 186.62◦C.

3.5. Thermodynamic properties

The MNP’s thermodynamic properties, including rotational con-
stants, specific heat capacity (CV), thermal energy (E), entropy (S), and
zero point vibrational energy (ZPVE) are presented in Table S2
(supplementary material). These values were calculated at standard
room temperature (298 K) and atmospheric pressure (1.00 atms) using
different methods namely, B3LYP, CAM/B3LYP, and HF employing the
6–311++G(d,p) basis set. The table data reveals slightly lower values
for total energy, vibrational, translational, and rotational parameters in
the HF method compared to the B3LYP or CAM-B3LYP methods.
Moreover, across all methods, the rotational constants and rotational
temperature values remain unchanged. Using the theoretical harmonic
frequencies of the MNP molecule, the statistical thermodynamic pa-
rameters, namely Cv, S, and H were calculated at temperatures ranging
from 100 to 1000 K, and the resulting values are detailed in Table 6.
From this table, we noticed that the increase in heat capacity, entropy,
and enthalpy with increasing temperatures is associated with the
heightened molecular vibration accompanying the ascending
temperature.
Quadratic formulas were applied to fit correlation equations relating

to heat capacities, entropies, enthalpy changes, and temperatures. The

Fig. 8. PL spectrum (inset is the CIE chromaticity coordinates of an emission
spectrum) of MNP.

Fig. 9. TG-DTA curve of MNP molecule.

Table 5
Comparison of thermal stability of MNP with reported organic molecule.

Compound Thermal stability (◦C) References

MNP 186.62 Present work
2BTFBA 130 [70]
2BTBA 110 [70]
p-PhTT 200 [71]
BTDPA 200 [72]
BTMT 233 [73]
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fitting factors (R2) corresponding to these thermodynamic properties
were found to be 0.99698, 0.97986, and 0.98785, respectively. Fig. 10
displays the correlation plots, accompanied by the corresponding fitting
equations outlined below:

S = 279.10 + 1.088T− 0.00028 T2 (R2 = 0.99698)

Cp = 31.346 + 0.926T + 0.00040T2 (R2 = 0.97986)

H = − 11.659 + 0.133T + 0.00024T2 (R2 = 0.98785)

The provided thermodynamic data offer significant utility for future
research on the MNP compound. They facilitate the calculation of
additional thermodynamic energies (i.e., Gibbs free energies) and sup-
port the estimation of chemical reaction directions by the second law of
thermodynamics within the realm of the thermochemical field. Noted
that all computations were conducted in the gaseous phase, precluding
their application to solutions.

3.6. Natural Bond Orbital (NBO) analysis

NBO method stands as a pivotal tool in analyzing interactions be-
tween chemical bonds and investigating charge transfer phenomena
within molecular systems. Its significance lies in its capacity to offer
detailed insights into interactions involving both occupied and virtual
orbitals, thereby enhancing our understanding of intra and intermolec-
ular bonding dynamics. Furthermore, NBO analysis enables precise
characterization of changes in charge densities within proton donor and
acceptor orbitals, with a particular focus on bonding and antibonding
orbitals. This analytical prowess highlights the importance of NBO

methodology in unraveling complex molecular structures and their
electronic properties, thus contributing significantly to the field of
chemical research. The stabilizing donor-acceptor interactions manifest
through the delocalization of electron density between lone pair orbitals
and Rydberg orbitals (i.e., occupied Lewis and unoccupied non-Lewis
NBO orbitals). To quantitatively assess these interactions, the stabili-
zation energy E(2) is employed. This energy is determined via an analysis
of the Fock matrix utilizing second-order perturbation theory within the
NBO framework. The formula utilized for estimating the stabilizing
energy E(2) pertinent to electron delocalization between each donor NBO
(i) and acceptor NBO (j) is outlined as follows:

E(2) =ΔE(2)ij = qiF2(i, j)
/

εj − εi (11)

In the above equation, qi represents the occupancy of the donor
orbital, and F (i, j) stands for the off-diagonal NBO Fock matrix. Mean-
while, εi and εj denote the diagonal elements (orbital energies). A
greater E(2) value signifies a more pronounced interaction between the
electron donor and acceptor, suggesting an increased inclination for
electron transfer from the donor to the acceptor, as well as enhanced
conjugation within the molecular system. Utilizing Gaussian 09 software
at the B3LYP/6–311++ G(d,p) level, the NBO calculation for the MNP
molecule was conducted, and the notable findings are summarized in
Table 7.
The outcomes of our investigation reveal that intermolecular charge

transfer (ICT) interactions involving π orbitals yield the most pro-
nounced stabilization energy, either through the LP to π* or π to π*
pathways. Notably, the interaction with the highest energy level is
observed in the LP(2)O19→π*(N17–O18) transition, exhibiting a stabi-
lization energy (E(2)) value of 669.230 kJ/mol. Furthermore, our
investigation identifies several noteworthy π to π* overlapping in-
teractions within the molecular system. Specifically, we observe in-
teractions such as: π(C1–C2) →[π*(C3–C4), π*(C5–C6)], π(C3–C4)→[π*
(C1–C2), π*(C5–C6), π*(N17–O18)], π(C5–C6)→[π*(C1–C2), π(C3–C4),
π*(C7–O9)], and π(C8–C10)→[π*(C7–O9), π*(C11–C12)], with E(2)

values 78.533, 91.420, 89.286, 69.789, 104.6, 73.847, 94.265, 47.572,
81.588, and 52.551 kJ/mol, respectively. The important delocalization
in the molecule is indicated by the electron density of the two conju-
gated systems. For example, the intra-molecular hyperconjugation
interaction of σ[(C11–S15) and (C10–H25)] distribute to σ*[(C12–C16)
and (C11–S15)] with E(2) of 23.095 and 25.480 kJ/mol. In addition, the
charge transfer of lone pair LP (2) of the O9 and O18 atom to anti-
bonding orbitals [σ*(C5–C7), σ*(C7–C8)] and σ*(C3–N17) showed E(2)

of 86.483, 75.772 and 51.170 kJ/mol respectively. Similarly, the lone
pair transition of LP (2) of the S15 atom to π*[(C11–C12) and
(N13–C14)] showed considerable E(2) of 75.646 and 124.683 kJ/mol.
Thus, the NBO findings indicate that the MNP molecule has strong
donor-acceptor interactions suggesting good NLO properties [74].

3.7. Frontier molecular orbitals (FMO) and global chemical descriptors
(GCRD)

The FMO energies for MNP in its ground state were determined using
the B3LYP/6-311G++(d,p) theoretical approach. Fig. 11 provides a
comprehensive visual depiction of both occupied and unoccupied mo-
lecular orbitals, elucidating their roles in facilitating electronic transi-
tions within the MNP molecule. Highest Occupied Molecular Orbital
(HOMO) and the Lowest Unoccupied Molecular Orbital (LUMO) are
fundamental parameters that profoundly influence the chemical
behavior and stability of molecules. This study investigates their pivotal
roles in governing molecular reactivity and kinetic stability. As outlined
in existing literature, the HOMO functions as an electron acceptor,
acting as a nucleophile, while the LUMO serves as an electron donor,
functioning as an electrophile. The energy gap between these orbitals is
a critical determinant of a molecule’s chemical stability [75]. Beyond its
stability implications, this gap significantly influences molecular

Table 6
Thermodynamic properties of MNP compound at different temperature.

T (K) S (J/mol.K) Cp (J/mol.K) ddH (kJ/mol)

100 380.875 124.385 8.261
200 488.717 195.781 24.227
298 580.614 269.370 47.057
300 582.285 270.736 47.557
400 669.923 340.277 78.187
500 752.341 398.577 115.231
600 829.311 445.418 157.519
700 900.892 482.892 204.002
800 967.422 513.218 253.859
900 1029.354 538.117 306.466
1000 1087.154 558.822 361.343

Fig. 10. Correlation graph of thermodynamic properties at different tempera-
tures for MNP.
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electrical transport properties and the measurement of electron con-
ductivity. Table 8 shows the computed HOMO and LUMO values, as well
as other global chemical descriptor values for the MNP molecule. A
smaller energy gap indicates good chemical reactivity, while a larger
energy gap signifies greater kinetic stability [76]. For the MNP mole-
cule, the energy gap was measured at 3.790 eV, indicating that the
studied molecule has good chemical stability and enhanced nonlinear
optical activities. Fig. 11 shows molecular orbitals densities are present

in the MNP molecule. Except for the nitrobenzene ring, the HOMO lo-
calizes throughout the entire molecule. The LUMO density, on the other
hand, is localized on a nitrobenzene ring, thiazole ring and an oxygen
atom.
Using HOMO-LUMO energies (i.e., FMO’s energies), the global

chemical descriptors parameters can be calculated. The GCRD parame-
ters encompass ionization potential (I), electron affinity (A), global
hardness (ɳ), softness (S), chemical potential (μ), electronegativity (χ),

Table 7
Selected Lewis and non-Lewis interactions from Second order perturbation theory analysis of Fock matrix for MNP molecule.

Donar NBO (i) ED (i)(e) Acceptor NBO (j) ED (j)(e) E(2) kJ/mol ΔEa a.u. F (i,j)b a.u.

π (C1–C2) 1.6423 π* (C3–C4) 0.3425 78.5336 0.28 0.065
π* (C5–C6) 0.3426 91.4204 0.28 0.070

π (C3–C4) 1.6410 π* (C1–C2) 0.2912 89.2865 0.29 0.071
π* (C5–C6) 0.3426 69.7891 0.29 0.062
π* (N17–O18) 0.6158 104.6 0.14 0.058

π (C5–C6) 1.6274 π* (C1–C2) 0.2912 73.8476 0.28 0.064
π* (C3–C4) 0.3425 94.26552 0.28 0.071
π* (C7–O9) 0.1855 47.57208 0.28 0.053

σ (C10–H25) 1.9679 σ*(C11–S15) 0.0291 25.4805 0.73 0.060
π (C8–C10) 1.8341 π* (C7–O9) 0.1855 81.588 0.30 0.068

π* (C11–C12) 0.3306 52.55104 0.29 0.056
σ (C11–S15) 1.9744 σ*(C12–C16) 0.0208 23.09568 1.07 0.069
π (C11–C12) 1.7717 π* (C8–C10) 0.1414 75.1864 0.31 0.068

π* (N13–C14) 0.3263 53.1786 0.26 0.053
π (N13–C14) 1.8668 π* (C11–C12) 0.3306 82.67584 0.34 0.077
LP (2) O9 1.8900 σ*(C5–C7) 0.0699 86.4832 0.67 0.106

σ*(C7–C8) 0.0527 75.77224 0.71 0.102
LP (1) N13 1.8978 σ*(C14–S15) 0.0623 59.87304 0.57 0.081
LP (2) S15 1.6235 π* (C11–C12) 0.3306 75.6467 0.27 0.063

π* (N13–C14) 0.3263 124.6832 0.24 0.077
LP (2) O18 1.8974 σ*(C3–N17) 0.1047 51.17032 0.56 0.074
LP (2) O19 1.4492 π* (N17–O18) 0.6158 669.2308 0.14 0.137

a Energy difference between donor orbital (i) and acceptor (j) orbital ΔE = E(i)-E(j) a.u.
b F (i,j) is the Fock matrix element between i and j NBO orbitals in the a.u unit.

Fig. 11. Frontier molecular orbitals plot for MNP.
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electrophilicity (ᴪ), each defined by their respective equations as out-
lined below [77]:

I = -EHOMO (eV),

A = -ELUMO (eV),

ɳ = (ELUMO- EHOMO)/2 (eV),

S = 1/2ɳ (eV)− 1,

μ = (ELUMO + EHOMO)/2 (eV),

χ = − μ (eV) and ᴪ = μ2/2ɳ (eV).

The parameters mentioned above have been computed and are dis-
played in Table 8. The determination of a chemical hardness value of
1.89 eV, alongside a softness of 0.263 eV− 1, suggests the presence of
charge transfer phenomena within the MNP molecular system. Addi-
tionally, the MNP compound’s chemical stability is underscored by its
chemical potential (μ) and an electrophilicity index (ᴪ), which were
computed and found − 4.976 eV, and 6.533 eV respectively. The
computed global reactivity descriptor properties indicate that the MNP
compound exhibits notable stability and good chemical potency.

3.8. Molecular electrostatic potential (MEP)

A visual representation of the MEP for MNP is depicted in Fig. 12.
This MEP map serves as a valuable tool for elucidating the molecule’s
reactive sites and inherent polarity. Within the MNP molecule, the po-
tential ranges from − 4.842x10− 2 to 4.842x10− 2. The map illustrates the
molecule’s potentials using a color gradient, ranging from red to yellow,
green, and finally blue, in ascending order (i.e., red < yellow < green <
blue) [78]. Notably, the red-shaded regions surrounding the oxygen

atoms in the carbonyl and nitrobenzene groups, which correspond to
areas of low potential, signify the electrophilic nature of these atoms. In
contrast, the hydrogen atoms in the thiazole and nitrobenzene rings are
encircled by intensely blue-colored regions, indicating their nucleo-
philic nature.

3.9. Solvatochromic studies

3.9.1. Solvent effects on absorption and fluorescence spectra of MNP
The UV–visible absorption and fluorescence spectra of MNP were

recorded at ambient temperature in different solvents with different
polarities. Fig. 13a–b depict the absorption and emission spectra of a
studied compound in selected solvents. Detailed spectral data for each
solvent are summarized in Tables 9 and 10. Solvent parameters namely
dielectric constant, polarity, and polarizability play a vital role in po-
sition, changes in intensity, and size of absorption and fluorescence
spectra. As observed in Fig. 13a–b, the studied compound shows a broad
absorption band extending from 335 to 357 nm from methanol to
DMSO. Whereas, its emission spectrum also exhibits a broad emissions
band ranging from 428 to 447 nm from acetonitrile to methanol, which
originated from π to π∗ and n to π∗ transition taking place between the
electron donor and the electron acceptor group, highlighting the ICT
properties [79]. In Fig. 13b, it is evident that as the polarity of the sol-
vent increases, the fluorescence emission peak experiences a bath-
ochromic shift, affirming a π→π* transition. The shift towards longer
wavelengths in the fluorescence emission peak occurs when the excited
state charge distribution of the solute differs significantly from its
ground state charge distribution and interacts more intensely with polar
solvents [44]. Conversely, the minor shift observed in the absorption
spectra across all solvents suggests that the energy distribution of the
ground state remains relatively unchanged compared to the excited
state. This phenomenon is likely due to the less polar nature of the
nitrobenzene derivative in its ground state. The significant change in
emission indicates that the dipole moment of the excited state surpasses
that of the ground state. In such instances, the relaxed excited state
experiences energetic stabilization, resulting in a notable redshift in
fluorescence [80].
In conclusion, the emission spectra exhibit greater sensitivity to

solvent polarity, than absorption spectra. This sensitivity underscores
the occurrence of photoinduced ICT within the singlet excited state,
facilitated by the transfer of charge from the electron-donating group to
the electron acceptor carbonyl (C=O) group of the chromophore.
Moreover, the polar solvents ability to stabilize the highly dipolar
excited state assists in the existence of π-π* transitions in the MNP
compound. We observe that the intensity of MNP’s emission spectra

Table 8
FMO’s energies with global reactivity descriptor properties.

Properties Symbol and formula Values

EHOMO EH (eV) − 6.871
ELUMO EL (eV) − 3.081
ΔELUMO-HOMO Eg = EL-H (eV) 3.790
Ionization potential (I) I = -EHOMO (eV) 6.871
Electron affinity (A) A = -ELUMO (eV) 3.081
Global Hardness (ɳ) ɳ=(ELUMO- EHOMO)/2 (eV) 1.895
Softness (S) S = 1/2ɳ (eV)− 1 0.263
Chemical potential (μ) μ =(ELUMO + EHOMO)/2 (eV) − 4.976
Electronegativity (χ) χ = − μ (eV) 4.976
Electrophilicity (ᴪ) ᴪ = μ2/2ɳ (eV) 6.533

Fig. 12. The molecular electrostatic potential surface.
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varies significantly across solvents, with maximal intensity observed in
nonpolar solvents and minimal intensity in polar solvents, owing to
solute-solvent interactions, particularly hydrogen bonding. Further-
more, the experimental photophysical parameters including molar
extinction coefficient (ε), full-width half maximum (FWHM), transition
dipole moment (μeg), and oscillator strength (f) of the MNP molecule in
different solvents, were computed and listed in Table 9.

3.10. Nonlinear optical (NLO) studies

Contemporary researchers consider organic nonlinear optical chro-
mophores a compelling area of exploration. D-π-A molecules exhibit a
marked polarization of electron clouds, indicative of ICT between end
groups, thereby enhancing the molecule’s NLO properties. Experimental
determination of NLO properties typically involves sophisticated and
expensive techniques such as electric field induced second harmonic
generation (EFISH) and hyper-Rayleigh scattering (HRS) at specific
wavelengths [81,82]. Additionally, two other methods are there, one is
the solvatochromic method and the other is the DFT computational
method, which offers primary insights into the NLO properties of
organic molecules through spectroscopic data analysis and computa-
tional modeling, respectively. Our study leveraged both techniques,
employing the solvatochromic and DFT methods to investigate the NLO
behavior of the MNP molecule and also found the NLO parameters (α, β,
and γ) across different solvent environments.

3.10.1. Calculation of αCT, βCT and γSD from solvatochromic method
Linear polarizability (αCT): Solvatochromic data serves as the pri-

mary source of information for comprehending the microscopic molec-
ular mechanisms that arise from the interaction between a solute and
different microenvironments. The evaluation of the αCT for the synthe-
sized MNP utilized a two-level model. The calculation of αCT along with

Fig. 13. (a) Absorption and (b) Emission spectra in different solvents for MNP.

Table 9
Experimental photophysical properties of MNP.

Solvents λaabs (nm) λbabs (cm
− 1) λcemi (nm) λdemi (cm

− 1) FWHM (nm) εe × 103 Lmol − 1 cm− 1 fgabs

Ethanol 343 29154 437 22883 90 5.30 0.187
DMS 357 28011 438 22831 91 5.72 0.192
Toluene 345 28985 435 22988 88 5.86 0.201
Methanol 335 29850 447 22371 80 5.20 0.171
Acetonitrile 337 29673 428 23364 86 5.34 0.186
Ethyl acetate 337 29673 435 22988 84 5.31 0.182
Chloroform 346 28901 442 22624 94 4.80 0.175

aAbsorption maxima in nm.
bAbsorption maxima in cm− 1.
cEmission maxima in nm.
dAbsorption maxima in cm− 1.
gOscillator strength.
eMolar extinction coefficient at absorption maxima.

Table 10
Transition dipole moment (μeg), polarizability (αCT), first and second hyper-
polarizability (βCT and γCT) of the MNP compound.

Solvents μ2eg x 10
− 35e.

s.u
αCT x 10− 24e.
s.u

βCT x 10
− 28e.

s.u
γCT x 10

− 32e.
s.u

Ethanol 1.36 4.69 2.30 1.00
DMS 1.45 5.21 2.65 1.20
Toluene 1.47 5.10 2.51 1.13
Methanol 1.22 4.11 1.96 0.84
Acetonitrile 1.33 4.51 2.17 0.92
Ethyl
acetate

1.30 4.42 2.12 0.90

Chloroform 1.28 4.46 2.20 0.96
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the determination of the charge transfer state’s dipole moment (μeg),
was derived using the following equation [83,84];

αxx= αct = 2
μ2eg
Eeg

= 2
μ2egλeg
hc

(12)

μ2eg =
3e2h
8π2mcX

f
ʋmax

(13)

In equations (12) and (13), the subscript ’x’ refers to the direction of
charge transfer, with ’c’ representing the speed of light in a vacuum, λeg
indicating the transition wavelength from the ground to an excited state,
μge being the transition dipole moment, ’m’ denoting the electron mass,
and Eeg signifying the energy of the ground-to-excited-state transition.
The absorption frequency is represented by ʋmax= ΔE, and ’e’ is denoted
as the electron charge. The oscillator strength (f) is calculated by inte-
grating the absorption coefficient of the absorption band. Consequently,
the values for the oscillator strength (f), molar extinction coefficient (ε),
transition dipole moment (μeg), and linear polarizability (αCT) of MNP
are provided in Table 10. Notably, the MNP exhibits higher αCT values
(5.21x10− 24esu) in DMSO, while lower αCT values (4.11x10− 24esu) in
methanol.

First hyperpolarizability (βCT): Qudar has introduced a two-level
model for calculating solvent-dependent hyperpolarizability, which
can be written in the following expression [85,86]:

βxxx= βCT =
3

2h2c2
ϑ2egμ2egΔμCT

(
ϑ2eg − ϑ2L

) (
ϑ2eg − 4ϑ2L

) (14)

Here, ϑL represents the incident radiation frequency, ϑeg is the transition
frequency, and ΔμCT is the difference in dipole moments from the
excited state to the ground state. The value of ΔμCT is determined using
equation (13) and is derived based on MacRae’s theory [87,88]. The
hyperpolarizability derived by this equation signifies the dominant
tensor component, βxxx, emphasizing the charge-transfer transition,
often denoted as βCT. In the absence of laser excitation (i.e., ʋL=0),
equation (14) reduces into the expression for static hyperpolarizability,
which is given below;

βxxx= βCT =
3
2

μ2egΔμCT
E2eg

(15)

Finally, βCT or βxxx is determined by substituting the values of E2eg, μ2,eg
and ΔμCT into equation (15) in different microenvironments. The
resulting βCT values are listed in Table 10. The MNP molecule’s highest
and lowest first-order hyperpolarizability values were found in DMSO (i.
e., 2.65×10− 32esu) and methanol (1.96×10− 32esu), respectively. The
first-order hyperpolarizability values obtained through the sol-
vatochromic method (see Table 10) rely on certain assumptions,
providing only an approximate estimate of the dominant tensor
component in the charge transfer direction-significant contributor to the
overall hyperpolarizability. Despite their approximation, these values
offer advantages over other sophisticated and expensive methods.

Second hyperpolarizability (γSD): The investigation of the
molecular-level second-order hyperpolarizability 〈γ〉SD, resulting from
π-electron polarization within the non-resonant domain, initially
employed a three-level model outlined in literature [89–91]. Subse-
quently, to enhance the efficiency of determining 〈γ〉 SD, a
quasi-two-level model was adopted, utilizing density matrix formalism
to derive a more streamlined and simplified expression [91].

〈γ〉SD=
1
E3eg

μ2eg
(

Δμ − Δμ2eg
)

(16)

Where μge and Eeg are the same as mentioned in equation (12). The
calculated 〈γ〉 SD values for the MNP molecule in different solvents are
tabulated in Table 10. Table 10 shows the MNP exhibits higher 〈γ〉 SD

values (1.20×10− 32esu) in DMSO, while lower 〈γ〉 SD values
(0.84×10− 32esu) in methanol.

3.10.2. Third-order nonlinear optical studies
In an era where technological advancements push the boundaries of

innovation, the manipulation of light holds unparalleled significance
across myriad domains. Among the diverse applications of light-matter
interactions, optical limiting emerges as a crucial tool, offering a
means to control and mitigate the adverse effects of intense light sour-
ces. Optical limiting, at its core, represents the ability to regulate the
transmission or absorption of light, particularly in response to high-
intensity pulses or beams. This phenomenon finds relevance in diverse
scenarios, from protecting sensitive optical instruments to safeguarding
human eyesight from potentially harmful laser radiation. By harnessing
nonlinear optical processes within suitable materials, optical limiters
exhibit a remarkable capacity to attenuate incident light, thereby pre-
venting damage or distortion downstream. The foundation of optical
limiting lies in the nonlinear optical properties of materials, wherein the
response to light becomes increasingly nonlinear as the intensity rises.
The expression of this nonlinear behavior occurs through mechanisms
like nonlinear absorption, scattering, and refraction, all of which
contribute to the attenuation of high-intensity light. By exploiting these
nonlinear effects, researchers engineer materials with tailored optical
limiting capabilities, paving the way for applications across various
sectors, including telecommunications, laser safety, and photonic device
protection. Z-Scan analysis, a powerful technique ingrained in nonlinear
optics, stands as the first choice, offering researchers a window into the
studies of the NLO behavior of materials. In the exploration of material
properties, researchers often encounter phenomena that defy conven-
tional linear optical theories. Nonlinear optical processes, characterized
by interactions between lasers and matter that lead to nonlinear re-
sponses, are ubiquitous in numerous materials, ranging from semi-
conductors to biological systems. Understanding and harnessing these
nonlinear effects is crucial for applications spanning from laser tech-
nology to biological imaging. In this realm, the present communication
showed the suitability of MNP for optical limiting applications by
investigating its nonlinear optical behavior under continuous wave laser
irradiation.
A Z-scan experiment was set up using a 100 mW, CW diode-pumped

solid-state laser with a wavelength of 532 nm, operating in TEM00 mode
with a Gaussian profile. A convex lens with a focal length of 130 mmwas
used to further focus the laser beam along the Z-axis, generating the
beam waist of 0.00293 cm, Rayleigh range (z0) of 1.27 mm, and peak
intensity of 14.78 kW/cm2 at the focal point for the experimental setup
[92]. A single mole of the MNP aqueous solution is employed for the
analysis. After sonication for 15 min, the sample is moved to a glass
cuvette with a 1 mm optical path length (L). As a result, the condition z0
< L for the thin sample approximation is met. The transmittance in-
tensity of the Z-translated sample was measured in two Z-scan modes:
closed-aperture (CA) and open-aperture (OA). The CA mode considers
both nonlinear absorption and refraction, while the OA mode only
measures nonlinear absorption. The ratio between CA and OA patterns
reflects the extent of nonlinear refraction. Fig. 14a, b, and 14c display
the CA, OA, and ratio of CA to OA Z-Scan patterns of MNP. The collected
data is represented by spherical dots, and the theoretical estimate is
shown by the solid line described by equations (18)–(20). The material’s
intrinsic self-defocusing behavior is evident as it exhibits maximum in-
tensity prior to reaching the focal point, followed by a gradual decrease
as it progresses towards positive Z positions. The negative focal length
observed in the induced lens highlights the material’s negative NLO
attributes. Continuous-wave (CW) lasers can induce various nonlinear
optical effects due to their constant light output. One significant effect is
the thermal effect, which results from the absorption of laser light by the
medium and the subsequent conversion of this light into heat. Although
the Z-scan experiment doesn’t exactly tell us the origin of optical
nonlinearity, there is plenty of scientific evidence to suggest that CW
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laser excitation leads to thermally generated nonlinear optical effects
[93,94]. These effects can include thermal lensing, thermo-optic coef-
ficient, thermal birefringence, thermal expansion, nonlinear absorption,
and self-action effects [95–97]. The self-defocusing signature of the
Z-scan experiment supports the idea that optical nonlinearity in the
experiment is of thermal origin. To determine the nonlinear refractive
index the peak-to-valley difference

(
ΔTp− ʋ

)
is utilized, and it is corre-

lated with the on-axis phase shift (Δϕ) via an empirical relationship
established by Sheik-Bahae et al. [98].

ΔTp− ʋ=0.406 (1 − S)0.25 |Δϕ| (17)

The linear aperture transmittance is mathematically expressed as S
= 1- exp (− 2 r2a/ω2a), where ra and ωa represent the aperture radius and
beam radius respectively. By fitting experimental data to an established
relation [98], the Δϕ value was found to be 0.48±0.001.

TCA=
4xΔφ

(1+ x2) (9+ x2)
(18)

The following Equation (19) was utilized to calculate the magnitude
of the nonlinear refractive index;

n2=
Δφ

KI0Leff
(
cm2

/
W
)

(19)

Where K=2π/λ represents the wave vector, I0 refers to the laser in-
tensity, Leff = 1 - e(− α0t)/α0 representing the sample’s effective thickness
and α0 denotes the linear optical absorption. The magnitude of the n2 of
MNP was measured at (1.356±0.02)×10− 8 cm2W− 1, considering the
described experimental setup and laser configuration.
Conversely, the Z-scan pattern acquired under open aperture cir-

cumstances shows the reverse saturable absorption (RSA), validating the
appropriateness of the MNP material for effective optical limiting (OL)
purposes. The MNP’s nonlinear absorption coefficient was determined
through curve fitting analysis utilizing the data from the OA Z-scan and
the corresponding equation given as,

TOA =
1

1+
(

β × Leff
[

I0
1+x2

]) (20)

In the above equation, β represents the nonlinear absorption coefficient,
I0 and Leff is same as equation (19). Therefore, the magnitude of β for

Fig. 14. (a) Closed, (b) open, (c) closed to open aperture Z-scan patterns and (d) optical limiting pattern of MNP.
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MNP is determined as (1.03±0.04)×10− 4 cmW− 1. The relationship be-
tween the β and n2 is established through their connection to the real and
imaginary parts of the third-order nonlinear susceptibility (χ(3)) using
the following relation [99].

χ(3)
R =

10− 4
(
ε0c2n20n2

)

π
(
cm2

/
W
)

(21)

χ(3)
I =

10− 2
(
ε0c2n20λβ

)

4π2 (cm /W) (22)

χ(3) =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
(

χ(3)
R

)2
+
(

χ(3)
I

)2
√

(esu) (23)

The values n2, β, and χ(3) have been compiled in Table 11. Errors in a
Z-scan experiment can arise from various sources. Some common rea-
sons for possible errors are beam alignment, sample quality, positioning
errors, laser stability, detector sensitivity, thermal effects, and polari-
zation effects. However, much effort has been made to avoid such errors
during the experiments through careful experimental design, calibra-
tion, and control of environmental conditions to minimize these errors
and improve accuracy. Comparing NLO parameters with existing liter-
ature can be complex due to variations in material properties, mea-
surement wavelengths, intensities, and experimental setups. For
accurate comparisons, it’s crucial to use consistent experimental pro-
cedures. In our study, the third-order nonlinear susceptibility χ(3) of the
MNP compound was measured as 3.01×10− 6 esu. This value is notably
higher than those reported for other organic NLO materials [63,96,
99–104], as summarized in Table 12. This finding indicates that the
MNP compound exhibits a superior nonlinear optical response
compared to existing materials, underscoring its potential for advanced
photonic applications [105].
MNP is a compound with intriguing third-order nonlinear optical

properties. These properties stem from its molecular structure, which
exhibits conjugated aromatic rings and functional groups capable of
participating in nonlinear optical processes. The molecule has an
abundance of delocalized π-electrons, which significantly boost its
nonlinear optical behaviour through self-phase modulation. This mod-
ulation causes a nonlinear phase shift in light passing through amedium,
leading to spectral broadening and the creation of new frequencies.
Additionally, the structural stability of the molecule is enhanced by its
donor-hydrogen-acceptor configuration, which promotes charge delo-
calization through a push-pull mechanism. This, in turn, leads to
improved nonlinear optical absorption and, ultimately, enhances the
optical limiting capability. Moreover, materials demonstrating reverse
saturable absorption can serve as optical limiters by exhibiting reduced
transmittance as input intensity increases. Fig. 14d displays the optical
limiting curve of MNP, illustrating the normalized transmittance against
the input intensities. The position-dependent input intensity values are
computed using the below relation,

I (z)=4
̅̅̅̅̅̅̅̅̅
ln 2

√
(

Ein
π3/2 ω(z)2

)

(24)

Where ω (z) = ω20 [1 + (z/z0)2] and ω0 is the beam radius [92]. The
material shows a calculated onset optical limiting threshold value of
(4.213±0.2)×103 Wcm− 2 for 532 nm indicating that this material is a
strong contender for optical limiting applications. The value of the op-
tical limiting threshold was calculated by fitting the experimental data
using equation (24). After reviewing the literature, we found reports on
optical limiting investigations of organic molecules using the Z-scan
technique with a 532 nm under CW laser. Notably, S. Ananda et al. [63,
77,106] and Pratheba et al. [99,107] have reported optical limiting
thresholds of 2.511×103 Wcm− 2 for CDA [77], 3.437×103 Wcm− 2 for
BCA [63], 7.632×103 Wcm− 2 for 4MBA [106] and 3.44×103 Wcm− 2 for
4MPB [99]. Our findings indicate that the MNP compound’s optical
limiting threshold value is well within the range of these reported values
under similar experimental conditions (532 nm CW laser).

3.10.3. Computational NLO
To understand the NLO behavior of any material, it is essential to

understand its molecular properties, including dipole moments (μ),
polarizability (α), and hyperpolarizabilities (β and γ). In this context,
quantum chemical calculations are pivotal for understanding electronic
structures and establishing correlations with NLO behavior. In this
study, we present the computed values of static dipole moments (μ),
static and dynamic polarizabilities (α), and hyperpolarizabilities (β and
γ) at different input frequencies namely; ω = 0 a.u., ω = 0.04282 a.u., ω
= 0.05695 a.u., and ω = 0.08564 a.u. Detailed results are provided in
Tables 13–15. Upon observation, all tensor components exhibited non-
zero values in a specific direction. The axial x-components, including
polarizability (αxx), first and second hyperpolarizabilities (βxxx and
γxxxx), were identified as dominant longitudinal components, supported
by their mean values. The predominant contribution originating from
the x-component towards the average values provides evidence for
charge transfer interaction occurring along the X-axis in the MNP
compound [108]. Strong donor-acceptor configuration in the molecular
system resulted in a high value of dipole moment (μ). The calculated
dipole moment for the studied molecule was found to be 7.012 Debye.
The MNP’s tensor components along the x, y, and z axis have been

employed for computing the static polarizability [α(0; 0)] at λ = 0 (ω =

0 a.u.). Additionally, three different wavelengths have been used to
estimate the dynamic polarizability [α(-ω; ω)], with λ = 1064 nm, 800
nm, and 532 nm, respectively. The obtained values are presented in
Table 13. From Table 13, the static isotropic (αtotal) and anisotropic
polarizability (Δα) were found to be 2.63×10− 23 esu and 6.65×10− 23
esu and these values are 5.35 and 32.92 times larger than the corre-
sponding values for the urea molecule (αtot = 0.49102×10− 23 esu and
Δα = 0.2020006×10− 23 esu) [109]. The dynamic values of αtotal and Δα
at three different frequencies, namely, ω = 0.08564, ω = 0.05695 and ω
= 0.04282 are 2.867×10− 23 esu, 2.727×10− 23 esu, and 2.686×10− 23

esu, and 7.273×10− 23 esu, 6.894×10− 23 esu, and 6.783×10− 23 esu,
respectively. Notably, the dynamic αtotal and Δα values are observed to
be higher than static values. These results highlight the direct influence
of incident frequencies on the MNP’s polarizability [106].
The augmentation of intra-charge transfer and resonant effect within

the MNP molecule heightens the second-order nonlinearity,

Table 11
Third-order nonlinear optical parameters of MNP.

Parameters Values

Nonlinear refractive index (n2) (1.356 ± 0.02) × 10− 8

cm2 W− 1

Nonlinear absorption coefficient (β) (1.03 ± 0.04) × 10− 4 cm
W− 1

Real part of third-order nonlinear optical susceptibility
(Re (χ3))

(8.57 ± 0.082) × 10− 7

esu
Imaginary part of third-order nonlinear optical
susceptibility (Im (χ3))

(2.89 ± 0.06) × 10− 6 esu

Third-order nonlinear optical susceptibility (χ(3)) (3.01 ± 0.04) × 10− 6 esu
Optical limiting threshold value (4.213± 0.2)× 10− 31 esu

Table 12
Comparison of χ(3) values of MNP with reported nonlinear optical materials.

Molecules Third order susceptibility (χ(3)) References

MNP 3.01 × 10− 6 esu Present work
CT 0.87 × 10− 6 esu [99]
FAMFC 0.21 × 10− 6 esu [100]
BCA 2.43 × 10− 6 esu [63]
A5CP5 4.201 × 10− 7 esu [101]
4AP4NP 1.80 × 10− 8 esu [102]
2APB 2.91 × 10− 8 esu [96]
AAP 6.20 × 10− 9 esu [103]
P2CNB 4.428 × 10− 10 esu [104]
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contributing to the behavior of the first hyperpolarizability parameter.
The static β (0; 0, 0) for the studied molecule was found to be
9.121×10− 30 esu which is 17.78 times larger than the urea molecule
(0.51286×10− 30 esu). The dynamic β(-2ω; ω, ω) is computed at three
different frequencies and the values are 66.920×10− 30 esu at ω =

0.08564, 17.921×10− 30 esu at ω = 0.05695, and 13.640×10− 30 esu at ω
= 0, 0.04282, which are 91.03, 24.378 and 18.55 times larger than the
urea molecule (0.73512×10− 30 esu) [110]. The static and dynamic
first-order hyperpolarizability values are presented in Table 14.
The MNP molecule’s static and dynamic second-order hyper-

polarizability tensor components (γ(0; 0, 0, 0) and, γ(3ω; ω, ω, ω)), have
been computed at frequencies ω = 0, 0.04282, 0.05695, and 0.08564, as
detailed in Table 15. The molecular γ values are contingent upon various
factors, including the π-electron conjugation, the molecule’s dimen-
sionality, and the nature of substituents. The presence of a donor-
acceptor π-conjugated bridge system in MNP facilitates charge transfer

via the phenyl rings from the substituent groups, thereby influencing the
NLO properties. The phenyl rings play a crucial bridging role, particu-
larly in the presence of donor-acceptor substituents, contributing
significantly to the non-zero values observed for both static and dynamic
hyperpolarizabilities in the MNP molecule, reflecting microscopic NLO
responses [111]. The calculated γ(0; 0, 0, 0), for the studied molecule is
found to be 20.865×10− 36 esu. Similarly, the dynamic γ(3ω; ω, ω, ω), is
calculated at various wavelengths: λ = 1064 nm λ = 800 nm, and λ =

532 nm respectively, and the results are tabulated accordingly in
Table 15. Notably, as the applied frequency rises, there is a concurrent
increase in the dynamic second-order hyperpolarizability. Finally, the
outcomes observed for the MNP molecule appear potential in NLO
applications.

4. Conclusion

In summary, a good-quality, optically transparent MNP, an organic
NLO crystal was synthesized and grown using the slow evaporation
solution method. Single crystal XRD studies revealed that MNP crys-
tallized in the P-1 space group. The MNP’s optical properties were
investigated using UV–Vis analysis, unveiling a high transparency and
low absorption in the visible spectrum, with a cut-off wavelength
determined to be 365 nm. Additionally, utilizing reflectance data and
Tauc’s relation, the crystal’s energy band gap was found to be 3.23 eV.
The photoluminescence spectrumwas utilized to examine crystal defects
and their origin. The determination of the CIE coordinate based on the
luminescence spectrum confirmed the MNP crystal’s capacity for emit-
ting blue light. The solvatochromic analysis provided insights into the
crystal’s polarity and its solvent response, highlighting higher αCT, βCT,
and γCT values in polar solvents compared to nonpolar solvents. Spe-
cifically, for theMNPmolecule in DMSO solvent, the higher αCT, βCT, and
γCT values were observed and the values are 5.21×10− 24 esu,
2.65×10− 32 esu, and 1.20×10− 32 esu, respectively. The computational
absorption wavelength (332.50 nm) was obtained through the TD-DFT
method, which was compared with the experimental absorption wave-
length (343 nm). The energy gap, (i.e., EHOMO-LUMO= 3.79 eV), suggests
a heightened presence of ICT interactions within the molecule. More-
over, a GCRD analysis highlights a notable global hardness value of
1.895 eV, affirming enhanced stability and lower chemical reactivity in
the molecule. The NBO analysis revealed a significant stabilization en-
ergy of 669.230 kJ/mol, indicating ICT interactions in the MNP mole-
cule facilitated by a strong orbital overlap between the lone pair on
(O19) and the antibonding orbital of π*(N17–O18). The Z-scan experi-
mental findings show that under CW laser irradiation at 532 nm, the
materials exhibit both two-photon absorption and negative nonlinear
refraction properties. The measured optical limiting value (OL) of the
MNP compound, (i.e., 4.213 × 103 Wcm− 2), indicates its suitability for
utilization in optical limiting applications. The studied compound shows
higher values of first and second hyperpolarizabilities, indicating
favorable potential for nonlinear optical (NLO) behavior. Thus, the

Table 13
Dipole moment, static and dynamic polarizability by TDHF at 6-31G of MNP.

Dipole moment (μ) Polarizability (α)

Components Values (Debye) Components ω = 0 ω = 0.04282 ω = 0.05695 ω = 0.08564

λ = 1064 nm λ = 800 nm λ = 532 nm

μx 4.574 αxx 279.73 287.41 293.88 316.24
μy − 5.257 αxy − 9.07 − 10.08 − 10.97 − 14.26
μz 0.782 αyy 176.85 178.89 180.54 185.76

αxz 4.43 4.52 4.60 4.87
μtotal 7.012 αyz − 5.48 − 5.58 − 5.67 − 5.94

αzz 70.71 70.93 71.11 71.63
αtotal a.u. 175.76 179.08 181.84 191.21
αtotal × 10− 23 esu 2.63 2.68 2.72 2.86
Δα a.u. 443.39 452.22 459.61 484.81
Δα × 10− 23 esu 6.65 6.78 6.89 7.27

Table 14
The static and dynamic first-order hyperpolarizability by TDHF/6- 311G level.

Components ω = 0 ω = 0.04282 ω = 0.05695 ω = 0.08564

λ = 1064 nm λ = 800 nm λ = 532 nm

βxxx 671.23 1094.09 1731.63 67621.01
βxyy 181.44 249.49 338.88 7098.09
βxzz − 16.62 − 21.02 − 27.21 − 595.05
βyyy 60.51 51.71 36.07 − 1602.60
βyzz 22.26 24.14 26.34 167.73
βyxx − 725.69 − 935.93 − 1198.20 − 17896.23
βzzz − 0.93 − 1.02 1.15 − 9.26
βzxx 68.91 84.15 101.94 1047.89
βzyy − 21.39 − 22.09 − 22.38 62.45
βx 836.06 1322.56 2043.30 74124.05
βy − 642.91 − 860.07 347.74 − 19331.11
βz 46.58 61.03 80.72 1101.08
β a.u. 1055.70 1578.80 2074.25 76611.22
β × 10− 30 esu 9.12 13.64 17.92 66.92

Table 15
The static second hyperpolarizability γ(0; 0,0,0) and frequency-dependent sec-
ond hyperpolarizability γ(-3ω; ω, ω, ω) at 6-311G method (TDHF).

Components ω = 0 ω = 0.04282 ω = 0.05695 ω = 0.08564

λ = 1064 nm λ = 800 nm λ = 532 nm

γxxxx 169643.13 469184.97 142284822.40 3588119424.00
γyyyy 4354.51 6682.27 698051.96 31863935.83
γzzzz 239.03 277.59 217.88 − 7067.13
γxxyy 15329.28 36083.56 9163762.08 311390756.30
γxxzz 616.45 1135.60 154798.35 − 22288928.60
γyyzz 433.43 573.27 23619.47 − 2216914.14
γ a.u. 41399.00 110345.94 32333490.42 838749224.00
γ × 10− 36 esu 20.86 55.61 162.96 4227.10
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results from various studies suggest that the MNP molecule holds
promise as a significant material for applications in photonics, nonlinear
optics (NLO), and electro-optics.
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