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Abstract

The static and dynamic (frequency-dependent) nonlinear optical (NLO) behaviors of a new complex of zinc (lI) ion,
[ZnCly(peta).] [peta: 4-Pyridinethioamide] were investigated using the density functional theory (DFT)/B3LYP method
with 6-311++G (d, p) basis set. Frontier molecular orbital (FMO) energies, band gap, and global reactivity descriptors were
calculated at the same levels using the 6-311++G (d, p) basis set. The relationship between molecular hardness and both
the static and dynamic first/second-order hyperpolarizabilities was analyzed using the DFT method. The dynamic NLO
parameters of the Zn (11) complex were computed at @ = 532 nm (0.0856 au) laser frequency.
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1. Introduction

Nonlinear optical (NLO) materials are essential for the
advancement of photonic devices, optical data storage,
and telecommunications [1]. It is easier for w systems
to access delocalized 7 electrons in compounds with
higher-order NLO characteristics. Materials having
high values for the NLO characteristic may be
processed easily and react quickly, which is crucial for
prospective uses in optoelectronics and photonics
technologies. Metal complexes, such as those of
copper, nickel, and zinc, are highly prized due to their
applications in optical and frequency switching,
optical modulation, optical communication, and
optical focusing [1-9].

Zinc complexes have become an important research
area in the development of nonlinear optical (NLO)
materials in recent years. The d'° electron
configuration of the Zn (1) ion provides a stable and
predictable electronic structure independent of
magnetic interactions, allowing ligand-based tuning
of NLO properties. A multitude of investigations have
been undertaken on Zn (II) complexes, especially
those incorporating n-conjugated ligands, to develop
systems  exhibiting  robust  second/third-order
nonlinear optical responses [9-12].

In previous work, the crystal structure of the Zn (1)

complex was reported using single crystal X-ray
diffraction (XRD) and FT-IR spectroscopy [13]. In
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this study, the static/dynamic nonlinear optical
parameters of the Zn (1) complex were calculated
using the DFT/B3LYP method. The frontier
molecular orbitals (FMOs) energies and energy gap,
chemical hardness, softness, and electronegativity of
the Zn(I1) complex in different media (gas phase,
ethanol, and methanol) were computed by the time-
dependent DFT (TD-DFT) applying the integral
equation formalism-polarised continuum model (IEF-
PCM).

2. Computational Details

All calculations were performed using the
GAUSSIAN 09W program [14] and visualised using
the GaussView05 program [15]. The DFT and TD-
DFT method B3LYP [16] hybrid functional with 6-
311++G (d, p) basis set were used to calculate the
static/dynamic nonlinear optical parameter, energy
gap, hardness, softness, and electronegativity.

3. Result and Discussion

3.1. Frontier Molecular Orbitals and Reactivity
Descriptors

The optimized geometries of the Zn (I1) complex and
peta [17] were performed using the DFT/B3LYP
method with 6-311++G (d, p) basis set. The structure
of the Zn (1) complex obtained as a result of XRD
structure analysis [13] and its optimized structure are
shown in Figure 1. The HOMO, LUMO, energy gap
(AE), chemical hardness (7), chemical potential (p),
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softness (s) and electronegativity (y) of the Zn(ll)
complex and peta were calculated using the TD-DFT
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method with B3LYP/6-311++G (d, p) level in the gas
phase, ethanol, and methanol.

Figure 1. XRD molecular structure and optimized geometric structure of the Zn (11) complex.

FMO research was conducted to examine the
electronic characteristics of the peta and its Zn (lI)
compound, as well as to assess the impact of metal
coordination on the AE and chemical parameters (see
Table 1). The AE value for the Zn (Il) complex within
gas phase, ethanol, and methanol were calculated as
3.59 eV, 3.81 eV, and 3.82 eV, respectively. The AE
of the Zn (1) complex was calculated to be relatively
lower in the gas phase than in solvents (ethanol and
methanol). It can be said that the energy gap is slightly
increased due to the solvent effect. This parameter of

peta ligand within the gas phase, ethanol, and
methanol was computed as 3.84 eV, 4.03 eV, and 4.03
eV, respectively. When comparing the Zn (lI)
complex with peta, it is observed that the band gap
decreases. The reduction in the AE value indicates that
the title compound exhibits more electronic
polarizability and possibly improved chemical
reactivity relative to the peta, which may be beneficial
for NLO applications. The AE value calculated in the
ethanol and in the methanol is close to each other.

Table 1. The frontier molecular orbital energies and related properties for the Zn (I1) complex and peta.

TD-DFT/B3LYP/6-311++G (d, p) Gas phase Ethanol

Parameters Peta Complex Peta Complex

Enomo (eV) -6.2531 -6.6292 -6.4706 -6.5666

ELumo (eV) -2.4147 -3.0367 -2.4389 -2.7559

AE = Erumo-Eromo (V) 3.8384 3.5925 4.0317 3.8107

lonization potential [I = -Enomo] (€V) 6.2531 6.6292 6.4706 6.5666

Electron affinity [A = -ELumo] (V) 2.4147 3.0367 2.4389 2.7559

Electronegativity [y = (1+A)/2] (eV) 4.3339 4.8329 4.4547 4.6612

Chemical hardness [ # = (1-A)/2] (eV) 1.9192 1.7962 2.0158 1.9053

Chemical potential [u=-(1+A)/2] (eV) -4.3339 -4.8329 -4.4547 -4.6612

Softness [s = 1/25] (eV?) 0.2605 0.2783 0.2480 0.2624

The #, x, and n parameters of Zn (I1) complex in the
gas phase were computed as 1.7962, 4.8329, and -
4.8329 eV, respectively. These parameters were
calculated as 1.9192, 4.3339, and -4.3339 eV for peta,
respectively. The chemical hardness (1) of the Zn (II)
complex was determined to be lower than that of the
peta, indicating enhanced softness and hence greater
reactivity following complex formation. When the
calculations made in the gas phase were compared
with the calculations made in ethanol, it was seen that

the values in the solvent environment increased
slightly compared to the gas phase.

3.2. Static Nonlinear Optical (NLO) Properties

The static NLO parameters for the peta and
[ZnCl;(peta);] compound were computed at the
DFT/B3LYP/6-311++G (d, p) method. The dipole
moment (x) increased by nearly 2.2 times upon
coordination to the Zn (1) ion, from 3.81 Debye (peta)
to 8.49 Debye (the complex). As seen from Table 2,
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the static polarizability (o) was computed as 4.0660 X
102% esu for the Zn (11) complex and 1.6055 x 102
esu for peta.

The $ (0;0,0) value of the molecule was computed as
3.1342 x 10 esu, while that of the peta was
calculated as 7.3466 x 10 esu. Coordination-
induced electron density redistribution may result in a
more localized electronic structure, which would
lower P under static conditions [18, 19]. The prototype
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NLO material, urea, has a B value of 0.32 x 10 esu,
although the Zn (II) complex still has a greater p value
[20].

The v(0;0,0,0) value markedly increases from 20.8 x
10% esu (peta) to 72 x 10 esu (Zn (1) complex),
demonstrating that metal coordination substantially
boosts third-order nonlinear optical characteristics.
The y value of the Zn (II) compound was significantly
elevated in comparison to pNA (y = 15 x 10 esu)
and urea (y = 7 x 10°%® esu) [20, 21].

Table 2. The static NLO parameters of the peta and Zn (I1) complex using DFT/B3LYP/6-311++G (d, p) method.

Parameter Peta (esu) Zn (11) Complex (esu)
n 3.8135 Debye 8.4910 Debye

a (0;0) 1.6055 x102 4.0660 x10%

Aa (050) 3.7875 x10%® 7.6288 x102

B (0;0.0) 7.3466 x10%° 3.1342 x10%°

v (0;0.0.0) 20.8 x107% 72 x103¢

3.3. Frequency-Dependent NLO

The polarizability o (-o; ®) of the Zn (II) complex
(4.5243x1072 esu) is more than twice that of the peta
(1.7607x1072 esu) at an incident wavelength of 532
nm (Table 3). The first-order frequency-dependent
hyperpolarizability § (-o; ®, 0) of the Zn (II) complex
(27.536x10"% esu) was calculated to be approximately
9 times the static value, and this value was also found

to be approximately 9 times the f (-o; o, 0) value of
the peta.

The PB(-20;m,m), corresponding to the second
harmonic generation processes, increases
spectacularly from 18.818 107 esu (peta) to 120.450
x100 esu (Zn (I1) complex), possibly indicating more
efficient intramolecular charge transfer in the complex
under excitation by an external electric field.

Table 3. Frequency-dependent NLO parameters of the peta ligand and the Zn (I1) complex using DFT/B3LYP/6-311++G

(d,p) method.
Parameter Peta (esu) Zn (11) Complex (esu)
a (-0; o) 1.7607 x102 45243 x10%
Ao (-0; ®) 1.0808 x102 0.6042 x102®
B(-0;0,0) 3.125 x10% 27.536 x10%°
B(-20;0,0) 18.818 x10%° 120.450 x107%°

47.361 x10°%®
702.919 x107%®

Y (0;0,0,0)
Y (20;0,0,0)

393.253 x1073¢
4836.585 x107%¢

The second-order hyperpolarizability y(-0;®,0,0) of
the Zn (1) complex (393.253 x10%® esu) was
computed to be approximately 5 times the static value,
and this value was also found to be approximately 8
times the y(-o;®,0,0) value of the peta. The y (-
2w;0,0,0) value of the Zn(Il) complex was calculated
as 4836.585x10® esu. It is seen that the y (-2w;®,®,0)
value of the Zn(ll) complex increases approximately
7-fold compared to the y(-2m;®,®,0) value of the peta.
As a result, the static and dynamic NLO properties of
the Zn(Il) complex were increased compared to the
peta ligand, and the NLO properties were significantly
more remarkable compared to the literature for similar
structures [22, 23].

4. Conclusions

In the present paper, the static and dynamic
(frequency-dependent) NLO  properties, FMO
energies, and global reactivity descriptors of the Zn(ll)
complex have been investigated by using the DFT
method. The AE of the Zn (I1) complex was relatively
smaller than that of the peta ligand and similar
complexes. It was also observed that the use of solvent
(ethanol and methanol) affected this energy gap, albeit
slightly. The low energy gap between FMOs suggests
that charge transfer may occur within the Zn (1)
complex. The static and dynamic NLO parameters of
the Zn (1) complex were calculated to be higher than
those of the peta. At the same time, the dynamic NLO
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properties of the Zn (1) complex appear to be greater
than those in the static case. As a result, considering
these interesting properties of the Zn (1) complex, it

References

[1] Simsek, M., Avci, D., Sonmez, F., Basoglu, A.,
Tamer, O., & Atalay, Y. (2025). Unveiling the NLO
Potential of New Zn (II) Complex of 6-
Methylpyridine-2-Carboxaldehyde:
Experimental/DFT Study on Spectral, Static, and
Frequency-Dependent  Linear/Nonlinear  Optical
Parameters. Applied Organometallic
Chemistry, 39(2), e7798.

[2] Shkir, M., Muhammad, S., AlFaify, S., Irfan, A.,
Patil, P. S., Arora, M., ... & Jingping, Z. (2015). An
investigation on the key features of a D—n—A type
novel chalcone derivative for opto-electronic
applications. RSC advances, 5(106), 87320-87332.
[3] Shkir, M., AlFaify, S., Arora, M., Ganesh, V.,
Abbas, H., & Yabhia, I. S. (2018). A first principles
study of key electronic, optical, second and third order
nonlinear optical properties of 3-(4-chlorophenyl)-1-
(pyridin-3-yl) prop-2-en-1-one: a novel D-n-A type
chalcone derivative. Journal of Computational
Electronics, 17(1), 9-20.

[4] Kamaal, S., Mehkoom, M., Ali, A., Afzal, S. M.,
Alam, M. J.,, Ahmad, S., & Ahmad, M. (2021).
Potential third-order nonlinear optical response
facilitated by intramolecular charge transfer in a
simple schiff base molecule: experimental and
theoretical exploration. ACS omega, 6(9), 6185-6194.
[5] Irfan, A., Al-Sehemi, A. G., Assiri, M. A., & Ullah,
S. (2020). Exploration the effect of metal and electron
withdrawing groups on charge transport and
optoelectronic nature of schiff base Ni (I1), Cu (I1) and
Zn (I1) complexes at molecular and solid-state bulk
scales. Materials  Science  in  Semiconductor
Processing, 107, 104855.

[6] Avci, D., Ozge, O., Basoglu, A., Sonmez, F.,
Tamer, O., Dege, N., & Atalay, Y. (2023). Synthesis,
crystal structures, and DFT calculations: novel Mn
(11, Co (1) and Ni (1) complexes of N-(pyridin-2-
ylmethylene) methanamine with isothiocyanate as
promising optical materials. Optical and Quantum
Electronics, 55(5), 408.

[7] Chemla, D. S., & Zyss, J. (Eds.) (1987). Nonlinear
Optical Properties of Organic Molecules and
Crystals. Academic Press.

[8] Prasad, P. N., & Williams,
Introduction to Nonlinear Optical
Molecules and Polymers. Wiley.

[9] Fatima, Z., Basha, H. A., & Khan, S. A. (2023). A
Review: An Overview on third-order nonlinear optical
and optical limiting  properties of  Schiff
Bases. Journal of Molecular Structure, 1292, 136062.

D. J. (1991).
Effects in

Volume 14(2), December 2025, pp 281-285

can be said that it may have many areas of use in the
future.

[10] Kuzyk, M. G. (2009). Using fundamental
principles to understand and optimize nonlinear-
optical materials .J. Mater. Chem., 19, 7444-7465.
[11] Nonato, A., Teles, G. G. S, Silva, C. C., Silva, R.
X., Rodriguez-Hernandez, J. S., Paschoal, C. W. A,
... & Santos, C. C. (2025). Resonant Raman scattering
and optical absorption studies of Zn (I) impurities in
L-alanine single crystal. Physica B: Condensed
Matter, 417699.

[12] Simsek, M., Avci, D., Sénmez, F., Tamer, O.,
Basoglu, A., & Atalay, Y. (2025). Synthesis, spectral
characterization, Z-scan and NLO detection
sensitivity and applications of various DFT

calculation methods on a new Zn (II)
complex. Inorganic  Chemistry ~ Communications,
115555.

[13] Vural, H. (2016). Experimental and theoretical
investigation of spectroscopic properties of Zn(ll)
complex  with  4-Pyridinethioamide. = Sakarya
University Journal of Science, 20(3), 489-495.

[14] Gaussian 09, Revision A.1, M.J. Frisch, G.W.
Trucks, H.B. Schlegel, G.E. Scuseria, M.A. Robb, J.R.
Cheeseman, G. Scalmani, V. Barone, B. Mennucci,
G.A. Petersson, H. Nakatsuji, M. Caricato, X. Li, H.P.
Hratchian, A.F. 1zmaylov, J. Bloino, G. Zheng, J.L.
Sonnenberg, M. Hada, M. Ehara, K. Toyota, R.
Fukuda, J. Hasegawa, M. Ishida, T. Nakajima, Y.
Honda, O. Kitao, H. Nakai, T. Vreven, JA.
Montgomery, Jr., J.E. Peralta, F. Ogliaro, M.
Bearpark, J.J. Heyd, E. Brothers, K.N. Kudin, V.N.
Staroverov, R. Kobayashi, J. Normand, K.
Raghavachari, A. Rendell, J.C. Burant, S.S. lyengar,
J. Tomasi, M. Cossi, N. Rega, J.M. Millam, M. Klene,
J.E. Knox, J.B. Cross, V. Bakken, C. Adamo, J.
Jaramillo, R. Gomperts, R.E. Stratmann, O. Yazyev,
A.J. Austin, R. Cammi, C. Pomelli, J.W. Ochterski,
R.L. Martin, K. Morokuma, V.G. Zakrzewski, G.A.
Voth, P. Salvador, J.J. Dannenberg, S. Dapprich, A.D.
Daniels, O. Farkas, J.B. Foresman, J.V. Ortiz, J.
Cioslowski, D.J. Fox, Gaussian, Inc., Wallingford CT,
20009.

[15] GaussView, Version 5, Roy Dennington, Todd
Keith and John Millam, Semichem Inc., Shawnee
Mission KS, 2009.

[16] C. Lee, W. Yang, R.G. Parr, Phys. Rev. B37
(1988), 785-789.

[17] Eccles, K. S., Morrison, R. E., Maguire, A. R., &
Lawrence, S. E. (2014). Crystal landscape of primary
aromatic thioamides. Crystal growth & design, 14(6),
2753-2762.

284

Vural / Computational Study of Static and Dynamic Nonlinear Optical Properties of the Zn (1) Complex



Journal of Engineering Research and Applied Sciences

[18] Simsek, M., Tamer, O., Dege, N., Avci, D.,
Mahmoody, H., & Atalay, Y. (2024). A new mixed-
ligand zinc (1) complex of 3-hydroxy and 4-chloro
substituted pyridine-2-carboxylic acid: Synthesis,
characterization, NLO  properties and DFT
calculation. Materials Today Communications, 38,
108021.

[19] Vural, H., & Tamer, O. (2026). Crystal structure,
spectroscopic insights, nonlinear optical behavior, and
DNA docking of a new Zn (II) complex of 5-
methylpyridine-2-carboxylic acid. Dyes and
Pigments, 113382.

[20] Cheng, L. T., Tam, W., Stevenson, S. H.,
Meredith, G. R., Rikken, G., & Marder, S. R. (1991).
Experimental investigations of organic molecular
nonlinear optical polarizabilities. 1. Methods and
results on benzene and stilbene derivatives. The
Journal of Physical Chemistry, 95(26), 10631-10643.

Volume 14(2), December 2025, pp 281-285

[21] Ledoux, I. and J. Zyss,(1982). Influence of the
molecular environment in solution measurements of
the second-order optical susceptibility for urea and
derivatives. Chemical Physics, 73(1-2): p. 203-213.
[22] Simsek, M., Tamer, O., Dege, N., Avci, D.,
Mahmoody, H., & Atalay, Y. (2024). A new mixed-
ligand zinc (1) complex of 3-hydroxy and 4-chloro
substituted pyridine-2-carboxylic acid: Synthesis,
characterization, NLO properties and DFT
calculation. Materials Today Communications, 38,
108021.

[23] Tamer, O., Dege, N., Avci, D., & Atalay, Y.
(2023). The static and frequency-dependent second-
and third-order nonlinear optical properties of Zn (II)
and Ni (II) complexes of 4-methoxypyridine-2-
carboxylic acid: A detailed experimental and
theoretical study. Applied Organometallic
Chemistry, 37(9), e7206.

285

Vural / Computational Study of Static and Dynamic Nonlinear Optical Properties of the Zn (1) Complex



