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Abstract

Quantum mechanical calculations of ground state energy, vibration wavenumbers, and electronic absorption wavelengths of
N'-[(Z2)-(4-methylphenyl)methylidene]-4-nitrobenzohydrazide with C15H13N303 empirical formula was performed by using
Gaussian 09 program. Becke’s three-parameter exchange functional in conjunction with the Lee-Yang-Parr correlation functional
and Heyd-Scuseria-Ernzerhof functional levels of density functional theory (DFT) with the 6-311++G(d,p) basis set were used in
the performing of above mentioned calculations. The highest occupied and lowest unoccupied molecular orbital (HOMO and
LUMO) energies have been also calculated at the same levels. Stability of the molecule arising from hyperconjugative interac-
tions and charge delocalization has been analyzed using natural bond orbital (NBO) analysis. Nonlinear optical (NLO) behavior
of'the title molecule has been examined by the determining of electric dipole moment (1), polarizability (), and static first-order
hyperpolarizability (3). Finally, molecular electrostatic potential (MEP) surface as well as Mulliken and NBO atomic charges

were calculated by using Gaussian 09 program.
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1 Introduction

In recent times, extensive studies have been made on the syn-
thesis and crystal growth of nonlinear optical (NLO) material
because of their potential application in the field of telecom-
munication, optical signal processing and optical switching
[1]. Much attention has been given to organic nonlinear opti-
cal materials since the nonlinear optical responses in this
broad class of materials are microscopic in origin, offering
an opportunity to use theoretical modeling coupled with flex-
ibility to design and produce novel materials [1, 2]. Intensive
theoretical and experimental investigations on these materials
have played a vital role in bringing about understanding the
microscopic origin of nonlinear optical behavior of organic
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materials [3, 4]. For the higher nonlinear optical efficiency,
one requires highly polarizable molecular systems having
asymmetric charge distribution in the molecule, which are
substituted donor and acceptor groups at the ends of the mol-
ecule with noncentrosymmetric crystal structure [5].

Nonlinear optical properties of organic materials have been
known with their dependence on the polarizability nature of 7t-
bonds. The best way that enhances the delocalized 7t-electrons
in the conjugated system is recognized as the adding donor
and acceptor groups. It is well known that the conditions such
as the 7t-conjugated bridge lengths, the number of the aromat-
ic rings, and the substitution of molecular system with electron
donor or/and electron acceptor groups can lead to improve the
nonlinear optical efficiency [5].

In NMPMN, N'-[(Z)-(4-methyl phenyl)methylidene]-4-
nitrobenzohydrazide [6], the electron donor methyl group (-
CH3;) and electron acceptor nitro group (-NO;) have been
coordinated to the opposite ends of the conjugated system. It
was previously reported that the penetrations of electron donor
and acceptor groups to opposite sides increase the symmetric
and asymmetric charge distributions through the molecular
system [7]. The delocalization length between the methyl
and nitro substituted phenyl rings are remarkable in terms of
the high nonlinearity. The C=N, C=0, and N-N bonds have
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been also known to increase the intramolecular charge transfer
(ICT) including nonlinear optical activity of investigated
systems.

In the last decade, organic nonlinear optical materials struc-
tural, spectroscopic, electronic, and nonlinear optical proper-
ties have been reported by using theoretical methods [8—10].
Nonetheless, to the best of our knowledge, the theoretical
investigations on structural, spectroscopic, electronic, and
nonlinear optical properties of NMPMN have not been per-
formed yet. In the present paper, we used DFT theory in order
to investigate structural, spectroscopic, and electric properties
as well as NLO and natural bond orbital (NBO) analysis for
title molecule.

1.1 Computational Details

All of the quantum mechanical calculations were carried out
by using density functional theory (DFT) employing Becke’s
three-parameter exchange functional in conjunction with the
Lee-Yang-Parr correlation functional (B3LYP) [11, 12] and
the recommended version of the full Heyd-Scuseria-
Emzerhof functional (HSEH1PBE) [13] in conjunction with
6-311++G(d,p) basis set [14].

It is well known that B3 is Becke’s three-parameter ex-
change correlation functional which uses three parameters to
mix in the exact Hartree-Fock exchange correlation and LYP
is the gradient-corrected correlational functional of Lee Yang
and Parr that recovers dynamic electron correlation. B3LYP
method is called first-generation method. On the other hand,
HSEHIPBE (it is deciphered as the Heyd—Scuseria
—Ernzerhof hybrid combined with Perdew, Burke, and
Emzerhof’s exchange and correlation functions), which is also
known as the HSE06 approach, is a second-generation meth-
od. HSEO6 is a range separated hybrid functional and the
slowly decaying long-ranged part of the Fock exchange inter-
action is replaced by the corresponding part of the PBE den-
sity functional counterpart. In the past decade, a number of
studies investigating the performance of hybrid density func-
tional theory functionals reported that HSEH1PBE level gives
very accurate results for both organic molecules and organo-
metallic complexes [15-18]. So, we decided to use both
B3LYP and HSEH1PBE levels in order to make a comparison
and provide more reliable results for geometric parameters,
spectroscopic, electronic, and nonlinear optical properties of
investigated structure. These calculations were performed by
GAUSSIAN 09 program [19], and the visualization parts were
conducted using GaussView 5 [20] program. The optimized
structures and vibration spectra of NMPMN [6] were deter-
mined by using B3LYP and HSEHI1PBE theory levels. The
frequency values were computed by DFT levels that contain
well-known systematic errors. Thus, the scaling factor of
0.9899 was used for both theory levels in order to repair dis-
crepancies between experimental and theoretical results [21].

The detailed assignments of vibrational frequencies were
made by the aid of potential energy distribution (PED) analy-
sis with VEDA [22, 23]. DFT levels were also used to calcu-
late the dipole moment (1), mean polarizability (<a:>), anisot-
ropy of the polarizability (A«), and first static
hyperpolarizability (</3>) [24]. Additionally, highest occupied
molecular orbital (HOMO)-lowest unoccupied molecular or-
bital (LUMO) energies and molecular charges of title mole-
cule were also investigated.

2 Results and Discussion

2.1 Geometric Structural Parameters of NMPMN
Molecule

The optimized molecular structure of NMPMN was calculated
by using DFT/B3LYP and DFT/HSEHIPBE theory levels
with 6-311++G (d,p) basis set. The illustrations of NMPMN
are given in Fig. 1. The title compound was synthesized by
Naseema et al. [6], but the crystal structure parameters such as
bond lengths and bond angles were not presented. In the pa-
per, therefore, experimental parameters of the analogous mol-
ecules [25, 26] were selected to compare with theoretical re-
sults which are given in Table 1. The experimental bond
lengths of C-N, C=0, and N=O were reported 1.441, 1.250,
and 1.232 A [25, 26]. The calculated values of corresponding
bond lengths 1.481, 1.222, and 1.224 A at B3LYP and 1.471,
1.218,and 1.214 A at HSEH1PBE theory level were obtained.
The bond angles O-N-O and C-N-O were observed at 122.6 °
and 122.5" [25, 26]. These angles were computed circa 125.0°
and 117.5” with both theory levels. When compared to exper-
imental results [6], theoretical methods estimate systematical-
ly longer bond lengths. However, it should be noted that the
experimental results belong to solid phase and the theoretical
calculations belong to gas phase.

2.2 Vibrational Assignments of NMPMN

The vibrational data of NMPMN molecule are tabulated in
Table 2. The free N-H stretching vibration is observed in the
region of 3600-3400 cm™'. The experimental N-H stretching
band appeared at 3353 cm ™' [6]. The computed wavenumber
for this vibration was found 3500 cm™ '(B3LYP) and
3529 cm ' (HSEHIPBE). The asymmetric and symmetric
C-H stretching vibrations of methyl group are assigned at
3033 cm ! [6]. These bands were calculated in the region of
2984-2906 cm . The IR active bands at 1531 and 1293 cm™"
were assigned to asymmetric and symmetric N-O stretching
vibrations of NMPMN molecule, which were calculated at
1519 and 1317 cm ! (B3LYP) and 1564 and 1371 cm !
(HSEHIPBE). The amide carbonyl group and aromatic C=C
stretching vibrations are observed at 1653 and 1560 cm ' [6].
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Fig. 1 a Experimental structure
and b theoretical structure of the \
title compound

The corresponding bands were calculated at 1658 and
1571 em ' in B3LYP and 1606 and 1566 c¢cm ' in
HSEHIPBE theory levels. The identification of C=N and C-
N vibrations is rather difficult since the mixing of vibrations
possible in this region. However, with help of theoretical cal-
culations, the band at 1613 cm ' was assigned to C=N
stretching vibration.

Table 1  The bond lengths (A) and angles (°) of the title compound
B3LYP/6-311++G(d,p) and HSEHIPBE/6-311++G(d,p)

Parameters Experimental [25, 26] Theoretical

B3LYP HSEHI1PBE
Bond lengths (A)
C29-N32 1.441 1.481 1471
C20-021 1.250 1.222 1.218
N32-033 1.232 1.224 1.214
N32-034 1.232 1.224 1.214
C20-N18 1.357 1.374 1.367
CI5-N17 1.341 1.287 1.283
N17-N18 1.379 1.373 1.359
N18-H19 0.960 1.000 1.000
Bond angles O
034-N32-033 122.6 124.9 125.1
C29-N32-033 122.5 117.5 117.4
N32-C29-C28 1144 118.9 118.8
C25-C29-C27 121.7 122.1 122.3
C23-C22-C24 117.3 119.5 119.7
C20-N18-H19 114.1 117.9 117.7
N17-N18-C20 126.2 130.9 130.6
N18-N17-C15 126.2 121 121.1

@ Springer

(b)

2.3 NMR studies of NMPMN

The computer simulation methods offer a powerful way to
predict and interpret the structure of large molecules. Gauge-
independent atomic orbital (GIAO) which is one of the most
common approach was performed to calculate the nuclear

Table 2 The experimental and calculated vibration frequencies of the
title compound

Assignments Wavenumbers (cmﬁl)
Experimental [6] Theoretical
B3LYP HSEHIPBE
v(C-H)sym 3033 3099 3090
3072 3072
3051 3055
2906 2927
v(C-H)asym 3033 3098 3117
3080 3098
3056 3074
3043 3058
3035 3057
2984 3016
2952 2986
V(N-H) 3353 3500 3529
v (N-O2)asym 1531 1519 1564
v (N-O2)sym 1293 1317 1371
v(C=C)amid 1653 1658 1606
v(C=N) 1613 1597 1598
v(C=C)aro 1560 1570 1566

v stretching, asym asymmetric, sym symmetric, aro aromatic ring, amid
amide carbonyl group
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magnetic shielding tensors. The isotropic shielding values
were used to calculate the isotropic chemical shifts with re-
spect to tetramethylsilane (TMS).The theoretical 'H and '*C
NMR chemical shifts of NMPMN were performed by the
means of B3LYP and HSEHI1PBE theory levels with 6-
311++G(d,p) basis set. The 'H and '>C NMR chemical shifts
are summarized in Table 3.

It is well known that aromatic carbons give signals at in the
range of 100—150 ppm [23]. '*C chemical shifts for all calcu-
lations were in the range of 168.47-26.84 ppm at B3LYP
level and 169.65 t0—25.68 ppm at HSHE1PBE level with 6-
311++G (d,p) level of the title molecule. In our calculations,
the calculated C20, C15, and C29 were higher than 150 ppm
due to the electronegativity features of N and O atoms.

"H chemical shift for all calculations were at the range of
11.49-2.67 ppm (B3LYP) and 11.39-2.74 ppm
(HSEH1PBE). The NMR peak of hydrogen attached or near-
by electron withdrawing atom or group appears in the down-
field. The proton signal originating from H16 was calculated
at 11.49 ppm for B3LYP and 11.39 ppm for HSEH1PBE.
Since the H31 and H30 protons nearer to electron withdraw-
ing NO, group than H28 and H26 protons, these protons give
peaks at the more downfield region. The other aromatic pro-
tons H7, H8, H9, and H10 give signals in expected regions

[27]. In this research, we have reported NMR spectral data of
title molecule to understanding chemical and nonlinear optical
properties of NMPMN.

2.4 Electronic properties of NMPMN

The electronic absorption basically means the transition from
the ground to the first excited state and is mainly described by
one electron transitions from the HOMO to the LUMO. In
other words, HOMO is the orbital that acts as an electron
donor, whereas LUMO is an orbital that acts as electron ac-
ceptor. The energy values of HOMO and LUMO and their
energy gap reflect the chemical activity of the molecules.
The energy gap between HOMO and LUMO has been used
to prove the bioactivity from intramolecular charge transfer
[28].

HOMO and LUMO energies were calculated as — 6.4641
and —3.2486 eV for HSEH1PBE level while — 6.4422 and —
3.1480 eV for B3LYP level, respectively. It can be seen from
Fig. 2 that the energy band gap between the HOMO and
LUMO orbitals was predicted as 3.2155 eV by using
B3LYP/6-311++G (d, p) method. The mentioned value was
calculated as 3.2942 eV by using HSEH1PBE/6-311++G (d,

Table 3 Experimental and

theoretical chemical shift of the Atom Exp.[6] Theoretical Atom Exp. [6] Theoretical
title compound
B3LYP HSEHIPBE B3LYP HSEHIPBE

'H 13c

43-H 14.4 15.17 13.66 3-C 205.23 194.41 191.58
41-H 14.76 13.17 31-C 193.75 190.90
6-H 5.60 6.32 5.87 25-C 181.17 186.65 184.60
35-H 6.24 5.75 11-C 185.47 183.12
23-H 4.87 4.46 5-C 176.43 173.71
18-H 4.16 3.79 34-C 175.31 172.63
17-H 3.60 3.97 3.62 1-C 169.18 170.07 167.55
24-H 3.66 3.33 32-C 169.64 167.15
29-H 3.40 3.48 3.14 4-C 121.18 115.04 113.38
28-H 3.47 3.13 33-C 114.87 113.12
14-H 3.36 3.10 30-C 101.46 107.53 104.62
15-H 3.35 3.05 2-C 99.000 106.03 103.04
27-H 3.32 3.04 16-C 30.8 48.53 45.76
9-H 2.87 2.86 2.53 22-C 47.09 4431
20-H 2.86 2.51 19-C 36.98 3447
8-H 2.82 2.50 36-C 29.97 2497 24.13
38-H 2.82 2.50 7-C 2493 24.07
39-H 2.75 247 12-C 20.69 23.70 22.89
13-H 2.69 237 26-C 23.13 2236
21-H 2.00 2.46 220

10-H 242 2.18

37-H 233 2.07
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Fig. 2 HOMO and LUMO
energies of the title compound

p) method. Low levels of HOMO-LUMO energy gap can
give rise to the more charge transportation.

2.5 Electrical properties of NMPMN

The intramolecular charge transfer from the electron donat-
ing group to the eclectron withdrawing group through
single-double bond can induce large variations of both
the molecular dipole moment as and the molecular polar-
izability, making IR and Raman activities strong at the
same time. The C=0, C-N, and C=C stretching vibrations
were found to be strong and simultaneously active in IR.
Additionally, the movement of 7t electron from donating
group to the withdrawing group makes the highly polariz-
able molecule. Accordingly, intramolecular charge transfer
interactions might be responsible for the nonlinear optical
(NLO) properties. NLO properties get enhanced by the
substitution of molecule with carbonyl and hydroxyl
groups which are involved in hydrogen bond interactions.

We investigate the values of the total static dipole moment
(), the mean polarizability (<a>), the anisotropy of the po-
larizability (A«), and the mean first-order hyperpolarizability
(<0>) which were calculated as follows [24],

p= (szﬂzyz +uzz)1/2 "
(o) = (lex + ayy, + azz)/3 o)
0 = ([ + (mae) + man] ) 0

1/2
(4)

Table 4 presents obtained NLO parameters for the title
compound compared with those for para-nitro-aniline
(pNA) molecule [29, 30] which is a typical NLO material.
These values were calculated by using B3LYP at

B=(82+8>+57)

@ Springer

Erunmo=-3.2486 eV

B3LYP

AE= 3.2155 eV

Enomo=-6.4641 eV

5.1724 Debye, 36.6 x 10 ** esu, and 41.1 x 10"** esu, respec-
tively. In addition, mentioned values are 4.9422 Debye,
36.1x 10>* esu, and 40.5 x 10>* esu, with HSEH1PBE, re-
spectively. As seen in these values, high 3 can be explained by
a slight rise in the donor strength of the title molecule, which
also red shifts the charge-transfer transition and thus rising the
near-resonance enhancement of 3 [31-33].

2.6 Molecular surfaces of NMPMN

Molecular electrostatic potential (MEP) was used in order
to grasp the molecular interactions. MEP has been
established extensively as a useful quantity to explain
the hydrogen bonding, reactivity, and structure activity
of molecular systems [34]. The three-dimensional distri-
bution of MEP was very helpful in that negative regions
can be regarded as nucleophilic centers, whereas regions
with positive electrostatic potential were potential electro-
philic sites. Moreover, the electrostatic potential made the
polarization of the electron density visible [33]. The MEP
surface which was a plot of electrostatic potential mapped
onto the iso-clectron density surface simultaneously dis-
plays molecular shape, size, and electrostatic potential
values [34]. The color scheme for the MEP surface was
red electron-rich or partially negative charge, blue
electron-deficient or partially positive charge, light blue-
slightly electron-deficient region, and yellow slightly
electron-rich region, respectively. Areas of low potential,
represented by red, were characterized by an abundance
of electrons. Areas of high potential, represented by blue,
were characterized by a relative absence of electrons. To
predict reactive sites for electrophilic and nucleophilic
attack for the title molecule, the 3D plot of MEP simulat-
ed by using B3LYP and HSEHIPBE levels with 6-311++
G(d) basis set is given in Fig. 3. The polarization effect is
clearly visible in Fig. 3.
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Fig.3 The molecular electrostatic
potential (MEP) surface of the ti-
tle compound

2.7 Mulliken Charge and NBO analysis of NMPMN

Atomic charges and charge transfer were used as a concept in
chemical reasoning about molecular behavior and reactivity.
Thus, atomic charges continue to play an important role in
quantum chemistry and much research continues to being
done to refine the concept of an atomic charge. Since the
description of charge populations of atomic orbitals by
Mulliken [35] were widely used tools for the interpretation
of the internal structure of molecular orbitals, it is clear that
Mulliken populations yield one of the simplest pictures of
charge distribution and Mulliken charges render net atomic
populations in the molecule [34]. The Mulliken charge distri-
butions of the title molecule has been calculated at B3LY P/6-
311++G (d,p) and HSEH1PBE/6-311++G(d,p) methods. The
results are given in Fig. 4. As can be seen from the Fig. 4, the
magnitudes of the carbon Mulliken charges, found to be either
positive or negative, were noted to change from — 0.698258 to
0.803743 for title molecule. Since the C3 and C23 carbon
atoms have higher positive charge than other carbons. The
H19 atom exhibited the largest positive charge among hydro-
gen atoms due to the bounding to N atom.

The natural bond analysis is performed to understand var-
ious second-order interactions between the filled orbitals of
one subsystem and vacant orbitals of another subsystem,
which is a measure of the intermolecular delocalization or
hyperconjugations. NBO analysis gives information about
the intermolecular and intramolecular bonding, besides inter-
actions among bonds [35].

To identify the NBO second-order perturbation stabiliza-
tion energy £, the following parameters are used:

F(ij)?
;¢

E® = AE;j =g, (5)

where g; is the donor orbital occupancy, ; and ¢; are diagonal
elements, and F (i.j) is the off-diagonal NBO matrix element.

Table 5 provides an overview of the possible intense inter-
actions. Table 5 indicates that there is a strong
hyperconjugative interaction 7t* (C22-C23) — 7" (C24-
C27) and 7t (N32-033) — ¢™ (N32-033) for the title mole-
cule, and their interaction energies were found as 160.05 and

163.59 kcal mol ' for HSEH1PBE method, respectively. The
energy contributions of LP1 (N18) — 7t* (C20-0O21) and LP2
(021) — o™ (N18-C20) interactions were calculated as 63.80
and 27.13 kecal mol ™! for HSEH1PBE method. In addition, it
is important to recognize that there is a possibility for delocal-
ization of alone pair (LP) of electrons. It is likely that the
strong delocalization is a result of the electron density of con-
jugated bond of aromatic ring.

—a— MULLIKEN
1,0 4 —e— NBO
(a)
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B3LYP/6-311++G(d,p). b HSEH1PBE/6-
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Table 4 Nonlinear

optical property values Property B3LYP HSEHIPBE
of the title compound

I 5.1724 4.9422

Iz 2.44a 2.44a

<a> 36.6 36.1

Ao 41.1 40.5

<a> 22b 22b

<> 69.1 60.6

<B> 15.5¢ 15.5¢

Total static dipole moment (i, in Debye),
the mean polarizability (<a>, in 10—
24 esu), the anisotropy of the polarizability
(A, in 10-24 esu), and the mean first-
order hyperpolarizability (<4>, in 10—
30 esu) for the all of columns. a, b, and ¢
are theoretically defined values for para-
nitro-aniline (pNA) molecule

Table 5 Second-order perturbation theory analysis of the Fock matrix
in NBO basis of the title compound

Type Donor Type Acceptor  E® (kcal mol ")
B3LYP HSEHIPBE

s Cl1-C2 ¥ C3-C4 18.23 17.11
s Cl1-C2 o+ C5-C6 21.04 19.84
s C3-C4 ¥ C1-C2 19.24 18.27
s C3-C4 o C5-C6 18.13 17.04
s C3-C4 ¥ C15-N17 20.44 20.01
s C5-C6 ¥ C1-C2 17.41 16.34
s C5-C6 T C3-C4 22.25 20.79
s C22-C23  m* C20-021 14.31 19.29
s C22-C23  m* C24-C27 17.11 16.12
s C22-C23  m* C25-C29 2243 23.04
s C24-C27  m* C22-C23 21.74 20.26
s C24-C27  m* C25-C29 21.68 16.26
s C25-C29  m* C22-C23 18.14 18.03
s C25-C29  mr* C24-C27 18.73 38.73
s N32-033 LP3) 034 11.65 12.03
LP(1) NI8 ot C15-N17 25.28 26.17
LP(1) NI8 T+ C20-021 54.89 63.80
LP2) 021 o N18-C20 25.32 27.13
LP2) 021 o C20-C22 18.79 18.36
s CI15-N17  7* C3-C4 69.15 68.79
s C22-C23  m* C24-C27 158.67 160.05
¥ C25-C29  m* C24-C27 120.96 113.01
o* C29-N32  m* N32-033 68.27 66.37
¥ N32-033  o* C27-H31 57.41 63.32
¥ N32-033  o* N32-033  156.26 163.59
¥ N32-033  o* N32-034 10231 109.53

E® means energy of hyperconjugative interactions (stabilization energy)

@ Springer

3 Conclusions

In this study, molecular structure, natural bonding orbital
(NBO) analysis harmonic vibrational frequencies, 'H and
13C NMR chemical shifts, HOMO and LUMO energy analy-
sis, molecular electrostatic potential maps (MEP), Mulliken
charges and the natural bonding orbital (NBO), electric dipole
moment (1), polarizability («), the first-order hyper polariz-
ability (), and electronic and thermodynamic properties of
the title molecule have been calculated by using
HSEH1PBE/6-311++G(d,p) and B3LYP/6-311++G(d,p)
methods. The small differences were observed between the
theoretical and experimental structural parameters and the vi-
brational wavenumbers. However, it should be noted that the
experimental section was performed in solid phase while the-
oretical calculations were performed in gas phase. NBO anal-
ysis was carried out by B3LYP method in detail. NBO analy-
sis indicated that there are strong hyperconjugative interac-
tions that resulted in intramolecular charge transfer causing
stabilization of the title molecule. Nonlinear optical behavior
of the examined compound was investigated by the determi-
nation of the electric dipole moment i, the polarizability «,
and the hyperpolarizability 3 using B3LYP methods. So, it is
demonstrated that the investigated compound can be used as a
NLO material.
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