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The molecular modeling of p-nitroanilinium perchlorate molecule was carried out by using B3LYP and HSEH1PBE levels
of density functional theory (DFT). The IR and Raman spectra were simulated and the assignments of vibrational modes were
performed on the basis of relative contribution of various internal co-ordinates. NBO analysis was performed to demonstrate
charge transfer, conjugative interactions and the formation of intramolecular hydrogen bonding interactions within PNAPC.
Obtained large dipole moment values showed that PNAPC is a highly polarizable complex, and the charge transfer occurs
within PNAPC. Hydrogen bonding and charge transfer interactions were also displayed by small HOMO-LUMO gap and
molecular electrostatic potential (MEP) surface. The strong evidences that the material can be used as an efficient nonlinear
optical (NLO) material of PNAPC were demonstrated by considerable polarizability and hyperpolarizability values obtained at
DFT levels.
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1. Introduction relative ease of device processing [6]. Hydrogen
bonding, which has a directional nature can ori-
ent the molecules in a head-to tail manner, and it
paves the way for the materials to exhibit NLO
character. Additionally, the donor-acceptor systems
show charge transfer between electron donating
and withdrawing groups, leading to high molecular
hyperpolarizability. Effective NLO materials have
been obtained by the incorporation of highly active
chromophore molecules which have a large molec-
ular hyperpolarizability. All of the factors such as
increased length, increased planarity and overall in-
creased conjugation and the strength of donors and
acceptors (i.e. the Hammett substituent-constant
parameters) play important roles in nonlinear op-
tics and are amenable to design of NLO com-
plex. The aromatic molecules have received par-
*E-mail: yatalay @sakarya.edu.tr ticular interest since they may exhibit large optical

Nonlinear optical (NLO) materials have gath-
ered great attention in recent years with respect to
their potential applications in various fields, such
as electro-optic modulation, frequency conversion,
optical parametric oscillations, optical communica-
tion and optical computing [1-4]. In these fields,
organic materials have some advantages over their
inorganic counterparts, and it is stated that or-
ganic materials may eventually replace the inor-
ganic ones in industrial applications [5]. The ad-
vantages of organic materials are that these materi-
als have higher electronic susceptibility (x) through
molecular hyperpolarizability ({3), facile modifi-
cation through standard synthetic methods and
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nonlinearities [7]. The polarizability of such sys-
tems can be enhanced through the rationalizing
substitution with donor and acceptor groups to
the opposite backbones of molecular systems. The
title compound consists of p-nitroanilinium and
perchlorate anion which are linked to each other
through N-H---O hydrogen bonds, formed by H
atoms covalently bonded to the N atom. The ni-
tro and ammonia groups are located at the opposite
backbones of aromatic ring, and the molecular sys-
tems reveal strong hydrogen bonding interactions.
The PNAPC molecule drew our attention due to the
important and interesting properties. For example,
the inter-molecular interactions such as hydrogen
bonding have significant influences on linear and
nonlinear optical properties of the molecules. Ad-
ditionally, the microscopic origin of nonlinearity in
the molecules is due to the presence of delocalized
7t electron systems connecting donor and acceptor
groups which enhance the necessary asymmetric
polarizability. Keeping the above mentioned state-
ments in mind, the PNAPC molecule was consid-
ered as a potential NLO material.

A number of papers reporting the theoretical
and experimental investigations on the structure
and vibration spectrum as well as the nonlinear op-
tical efficiency of nitroanilinium compounds have
appeared in the literature [8—12]. However, there is
no theoretical study about the structure, vibrational
assignments, electronic and nonlinear optical prop-
erties, natural bonding orbital analysis, molecular
surfaces and Mulliken charges for p-nitroanilinium
perchlorate molecule. In order to eliminate this
deficiency, a series of quantum chemical calcula-
tions were performed by using density functional
theory (DFT).

2. Computational details

The molecular modeling of the title molecule
was carried out for only one p-nitroanilinium per-
chlorate molecule based on the crystal structure
of the PNAPC taken from Cambridge Crystal-
lographic Data Center (CCDC 757,132). All of
the calculations were performed by using den-
sity functional theory (DFT) at Gaussian 09W

program package [13], and the output files were
visualized via GaaussView 5 software [14]. The
structural properties and vibration spectra of the
PNAPC were determined through the applications
of B3LYP and HSEHIPBE levels [15, 16] with
the 6-311++G(d,p) basis set [17]. The assignments
of vibration modes were performed on the ba-
sis of the relative contribution of various inter-
nal co-ordinates through the Gaussian 09W soft-
ware package with ‘InternalModes’ keyword. NBO
analysis was performed to display interaction be-
tween the ‘filled’ donor-type NBO and ‘empty’
acceptor-type NBO in the molecule. The HOMO
and LUMO energies, energy gap and related prop-
erties such as electronegativity, chemical hardness
and softness were predicted at the same levels and
basis set. DFT levels were also used to calculate
the dipole moment (), the mean polarizability (),
the anisotropy of the polarizability (Ax), and the
total first static hyperpolarizability (3). Molecular
electrostatic potential (MEP) surface and Mulliken
charges were also investigated by using DFT levels.

3. Results and discussion

3.1. Geometric optimization

The p-nitroanilinium perchlorate crystal syn-
thesized by Marchewka et al. crystallizes in P2;/c
space group of monoclinic system with a = 5.003
(10) A, b = 10.685 (2) A, ¢ = 17.914 (4) A,
B = 9444 (3)° and Z = 4 [8]. The opti-
mized structural parameters, bond length and bond
angle calculated for p-nitroanilinium perchlorate
molecule at B3LYP and HSEHIPBE levels us-
ing 6-311++G(d,p) basis set, compared with X-ray
diffraction results are presented in Table 1. The ex-
perimental structure with the labeling of atoms and
theoretical optimized structure are given Fig. la
and Fig. 1b, respectively.

The p-nitroanilinium perchlorate molecule has
electron withdrawing nitro group and electron do-
nating amino groups. Because of the electronic ef-
fects of push and pull type substituents the sym-
metry of the benzene ring is distorted. The elec-
tron donating substituents in the benzene ring,
yield ring angles smaller than 120° at the point of
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Table 1. Experimental and threotical bond lengths for p-nitroanilinium perchlorate.

XRD [8] DFT XRD [8] DFT

Bond Lengths (A) B3LYP HSEHIPBE|Bond Angles (°) B3LYP HSEHIPBE
Cl11-/01 1.4355(9) 1.4815 1.4638 |02-/C11-/04 109.99(6) 110.311 110.410
Cl1-/02 1.4419(9) 1.5329 1.5138 |03-/C11-/04 110.72(6) 110.312 110.122
Cl1-/03 1.4420(9) 1.5329 1.5094 |O5-/N2-/06 123.49(11) 125.309 125.535
Cl1-/04 1.4133(9) 1.4607 1.4441 |O6-/N2-/C4 118.43(10) 117.395 117.283
C1-/N1 1.4703(13)  1.4635 1.4518 |O5-/N2-/C4 118.05(11) 117.295 117.181
N2-/C4 1.4756(15)  1.4851 1.4747 |N2-/C4-/C3 118.68(11) 118.993 118.960
N2-/05 1.2147(15)  1.2229 1.2134 |N2-/C4-/C5 119.16(11) 118.631 118.567
N2-/06 1.2092(14) 1.2213 1.2119 |C3-/C4-/C5 122.14(11) 122.376 122.472
N1-/H11 0.879(16) 1.058 1.063 C4-/C5-/H5 121.2(8) 119.913 119.743
N1-/H12 0.793(14) 1.018 1.016 C6-/C5-/H5 120.1(8) 121.543 171.757
N1-/H13 0.901(15) 1.058 1.056 C4-/C5-/C6 118.72(12) 118.544 118.495
C1-/C2 1.3601(17)  1.3927 1.3895 |C5-/C6-/C1 119.37(12) 119.251 119.235
C2-/C3 1.3762(18)  1.3907 1.3868 |H6-/C6-Cl 118.8(8) 120.906 120.856
C3-/C4 1.3713(18)  1.3903 1.3865 |C6-/C1-/C2 121.56(11) 122.124 122.160
C4-/C5 1.3588(18)  1.3890 1.3851 |C6-/C1-/N1 119.53(10) 119.446 119.511
C5-/C6 1.3812(17)  1.3905 1.3866 |C2-/C1-/N1 118.88(10) 118.430 118.329
C1-/C6 1.3661(16)  1.3905 1.3873 |C4-/C3-/C2 118.71(12) 119.101 119.073
C2-/H2 0.829(11) 1.085 1.087 H3-/C3-/C2 119.4(9) 121.033 121.214
C4-/C3-/H3 121.8(9) 119.866 119.714 |C3-/C2-/C1 119.47(12) 118.604 118.566
C3-/H3 0.926(14) 1.081 1.082 C1-/C2-/H2 123.3(8) 121.075 121.041
C5-/H5 0.867(12) 1.080 1.082 C3-/C2-/H2 117.2(8) 120.321 120.393
C6-/H6 0.926(13) 1.084 1.085 C1-/N1-/H12 114.7(10)  113.128 112.919
R? 0.9524 0.9548 |C1-/N1-/HI1 110.0(10) 112.639 112.793
Bond Angles (°) C1-/N1-/H13 110.8(10) 113.127 112.904
01-/Cl1-/02 109.70(5) 108.613 108.729 |H12-/N1-/H13  109.5(13) 109.788 110.235
0O1-/Cl11-/03 108.77(5) 108.614 108.560 |HI12-/N1-/HI11  106.0(14) 109.790 110.117
01-/C11-/04 110.18(6) 113.022 112.989 |HI13-/N1-/HI11 105.3(13) 97.372 96.811
02-/C11-/03 107.42(5) 105.684 105.755 |R? 0.8674 0.8588

substitution and slightly larger than 120° at the or-
tho and meta positions [18] and vice versa. The
C-C bond lengths observed in the region of 1.3588
to 1.3812 A [8] have been calculated in the ranges
of 1.3890 to 1.3972 A and 1.3851 to 1.3890 A for
B3LYP and HSEHI1PBE levels, respectively. The
CI-O bond lengths were observed in the range of
1.4133 to 1.4420 A [8], while these bond lengths
have been calculated in the range of 1.4607 to
1.5329 A for B3LYP and 1.4441 to 1.5138 A for
HSEHI1PBE level. In our calculations, different
Cl-O bond lengths have been found for ClO4
group, since two O atoms (O12 and O13) reso-
nance in the hydrogen bonding N-H---O, led to
an increase in CI-O bond lengths. Due to elec-
tron withdrawing nature of the nitro group, the
bond angle at the point of C3-C4-C5 was found at

122.376° and 122.472°, respectively. Similarly, at
the point of attachment of electron donating amino
group, the bond angle of C5-C6-C1 was calcu-
lated at 122.124° and 122.160°, respectively. This
demonstrates that the lone pair of electrons of the
amino nitrogen is not delocalized into the ring, and
is completely involved in the hydrogen bonding
formation with ClO4 group. In order to compare
results obtained at B3LYP and HSEHI1PBE lev-
els with X-ray results [8], the R? values have been
presented in Table 1. According to these R? val-
ues, HSEH1PBE level gives closer results in bond
lengths, while B3LYP gives closer results in bond
angles.

Theoretical calculations display the presence of
two different intermolecular hydrogen bonding in-
teractions in PNAPC molecule. One of these is
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Table 2. The theoretical and experimental N1—H12.-
nitroanilinium perchlorate.

-02 and C2—H2---O2 interaction parameters for p-

D—H---A D—HA) H--AA D---AA) D—H--A()

XRD N1—H12---02 0.793(14) 2.242(14) 2.9992(14)  160.0(13)
C2—H2---02 0.829 2.642 3.262 132.7

B3LYP N1—HI2---02 1.058 1.718 2.660 145.5
N1—HI13---03 1.058 1.718 2.660 1455
C2—H2.--01 1.085 2413 3.469 162.3

HSEHIPBE N1—H12---02 1.063 1.662 2.662 147.3
N1—H]13---03 1.056 1.714 2.641 143.7
C2—H2---01 1.087 2.338 3.393 163.2

Fig. 1. (a) Experimental molecular structure, (b) op-
timized molecular structure of p-nitroanilinium
perchlorate obtained at B3LYP/6-311++G(d,p)
level.

between donor N1-H12 and acceptor O2 moieties,
while the second one is between donor N1-H13
and acceptor O3 moieties (Table 2). These inter-
molecular hydrogen bonding interactions play a vi-
tal role in constructing of PNAPC crystals. In addi-
tion to these hydrogen bonding interactions, short
C-H- - - O contacts predicted for PNAPC crystal are
presented in Table 2.

3.2. Vibrational assignments

The IR and Raman spectra for PNAPC
molecule have been simulated by using B3LYP
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Fig. 2. The comparison of FT-IR and calculated IR
spectra for p-nitroanilinium perchlorate.
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Fig. 3. The comparison of FT-Raman and calculated
Raman spectra for p-nitroanilinium perchlorate.

and HSEH1PBE levels and the obtained results are
given in Fig. 2 and Fig. 3 as compared with FT-IR
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and FT-Raman results [8]. The calculated vibration
frequencies, the percentage of relative contribution
of various internal co-ordinates and approximate
descriptions of normal modes are listed in Table 3.
Frequency calculations at the same levels of theory
revealed no imaginary frequencies, indicating that
an optimal geometry at these levels of approxima-
tion was found for PNAPC. It is well known that
DFT levels overestimate the vibration wavenum-
bers due to the neglecting of anharmonicity, lack of
electron correlation effects and basis set deficien-
cies [19]. So, the scaling factor 0.9614 [20] was
used providing closer results to the experimental
ones [8].

Hydogen bonding vibrations

According to theoretical calculations, there are
two types of intermolecular interactions (Table 3).
The NH stretching vibration for H atom which
does not involve hydrogen bonding is observed at
3155 cm™!, and this peak is calculated at 3381
and 3423 cm™!, for B3LYP and HSEH1PBE lev-
els, respectively. The other NH stretching peaks for
H atom involved in the hydrogen bonding interac-
tions were observed at 2712 and 2646 cm~' [8],
and the corresponding peak in the Raman spectrum
was observed at 2703 cm~!. These peaks were cal-
culated as 2849 and 2722 cm~! at B3LYP level,
2872 and 2700 cm~! at HSEH1PBE level, respec-
tively. Such a large shift between the NH stretch-
ing vibrations is due to weakening of bonds dur-
ing rotation of the ammonio group involved in the
hydrogen bonding interactions which bridges two
atoms that have higher electronegativity (such as O
and N) than hydrogen. These NH stretching vibra-
tions have the relative contribution of 84 to 78 % to
internal co-ordinates, and it can be said that these
peaks are quite pure modes. The in-plane bending
vibrations of N-H- - - O group observed at 1425 and
1375 ecm™! in IR spectrum [8] have been found
at 1539 and 1523 cm™! with the relative contri-
butions of 37 to 43 % to internal co-ordinates for
B3LYP, respectively. The peak belonging to out-of-
plane bending of N-H- - - O group was calculated at
992 and 1012 cm™~! as would be expected [8]. All
of the in-plane and out-of-plane bending hydrogen

bonding interactions were calculated as coupled
modes (Table 3).

Ring vibrations

It is well known that aromatic ring CH stretch-
ing vibrations occur at 3100 to 2880 cm~! [21].
The CH peaks observed in the region of 3135
to 3029 cm~! [8] have been calculated in the
range of 3102 to 3049 cm~! for B3LYP level and
3120 to 3055 cm™' for HSEHIPBE level. These
peaks are approximately pure vibration modes
with the contributions 81 to 72 %. Among these
peaks, the lowest wavenumber is responsible for
C2-H2 stretching vibration. This peak shifts to
lower wavenumber due to the C—H:---O contact.
The in-plane CH bending vibrations were calcu-
lated in the region of 1308 to 1056 cm~! as mostly
coupled modes, while out-of-plane ones were cal-
culated in the region of 980 to 794 cm~! by using
B3LYP level. The CC stretching modes of the ben-
zene ring are expected in the range from 1650 to
1200 cm~!. Marchewka et al. [8] reported the in-
frared bands at 1510, 1496, 1468, 1433 cm~! and
the Raman bands at 1509 and 1432 cm~! were as-
signed to ring stretching type of vibrations. These
CC peaks were calculated as coupled modes in
the range of 1606 to 1163 cm~! for B3LYP level
and 1641 to 1167 cm~' for HSEHIPBE Ilevel.
In-plane CC bending vibration was calculated at
1056 cm™~!, while out-of-plane bending was calcu-
lated at 1094 cm~! by using B3LYP level with the
relative contribution of 13 %.

Nitro group vibrations

In aromatic nitro compounds, symmetric and
asymmetric stretching vibrations of NO, group in-
volved in the intra molecular charge-transfer give
peaks in the range of 1570 to 1485 cm ™! and 1370
to 1320 cm™! [22, 23], respectively. These vibra-
tion peaks were observed at 1496 and 1241 cm™!,
respectively, and the corresponding second peak in
Raman spectrum was observed at 1246 cm~ ! [8].
In our calculations, the asymmetric N=O vibra-
tion was found at 1576 and 1597 cm~! by using
B3LYP and HSEHI1PBE levels, respectively. The
symmetric one was found at 1320 and 1374 cm™!
with the relative contribution of 44 %, respectively.



Optimized geometry, vibration spectra, nonlinear optical activity. ..

197

Table 3. The selected theoretical and experimental vibration frequencies for p-nitroanilinium perchlorate.

Assignments Experimental [8] B3LYP/6-311++G(d,p) HSEH1PBE/6-311++G(d,p)
(B3LYP/6-311++G(d,p)* FT-IR FT-Raman Scaled Iz IdR Scaled Ifx IdR
Freq® Freq®
v NH 84 3155 3381 59.42 66.00 3423 65.27 64.82
v CH 80 3135 3102 8.46 28.55 3120 9.11 48.29
v CH 81 3103 3101 6.36 109.61 3119 7.25 90.54
v CH 77 3089 3090 3053 4.10 85.65 3075 2.99 86.25
vCH72 3029 3049 54.22 114.18 3055 70.88 116.42
v N—H---080 2712 2703 2849  1693.79 481.98 2872  1469.67 386.53
vN—H:--0 78 2646 2722 146.04 19.59 2700 417.37 68.16
v CC 12+ 3 NH3 32 1605 1640 1606 61.92 12.01 1641 85.74 1.13
v CC 10+ 3 NH3 29 1591 1589 229.50 17.63 1613 142.67 59.71
v NO, 43 1496 1576 59.47 94.53 1597 238.16  64.33
3 HNH 69 1539 1538 1550 22.55 3.89 1579 125.16 2592
pCNH6+ 3 N—H---O 37 1425 1539 42280  57.07 1545 21.12 3.83
BCNH7+p3N—H---043 1375 1523 305.43 65.26 1528 496.23 81.48
v CC 64 1468 1470 73.80 3.08 1482 85.13 3.80
v CC 45 1433 1432 1411 5.25 0.88 1424 5.42 0.63
vNO; 44 +vNC13+vCC10 1241 1320 289.36  212.00 1374 32496 212.03
v CC32+ 3 HCC26 1312 1310 1308 47.29 7.08 1342 38.25 2.26
3 HCC 49 + 3 HNC 6 1297 1298 1288 4.89 0.48 1285 1.95 0.46
vCC13+vNC20 1203 1204 1174 24.23 56.56 1200 16.75 62.64
vCC15+vNC6+ 3 HCC62 1183 1183 1163 3.23 5.74 1167 8.02 5.15
3 HCC 30 1139 1101 6.84 3.14 1123 443.92 11.72
f HCC22+vNC 10 1121 1120 1074 16.18 66.37 1102 6.79 2.14
3 CCC13+ B HCC 19 1113 1111 1056 117.48 3.63 1094 47.15 48.10
vClO5+ 3 CNHS8 1077 1047 339.25 6.57 1058 31.99 0.52
vClO7+ 3 CNH8 1052 1052 1032 0.20 2.76 1041 2.64 2.92
B CNH7+vyN—H---032 980 992 6.14 0.57 1012 353.55 3.20
v CCCC 8 +y HCCC 47 +y HCCN 7 980 0.19 0.01 994 25.77 0.56
v CIO 38 928 928 944 330.79 3.37 984 1.50 0.01
v HCCH 16 + vy CCCC 15 + y HCCC 943 0.66 0.05 946 0.06 0.04
30 ++v HCCN 16
v HCCC 82 + vy CCCC 10 850 849 93.65 0.43 871 270.07 0.082
v CCCC 14 + 3 NO, 34 863 864 841 37.26 21.72 860 36.31 24.98
vYHCCC40+vyNCCH22+vyCCNHY9 831 809 116.94 0.49 838 33.15 0.45
v HCCC 25 +y NCCH 12 822 794 83.55 0.31 813 129.19  50.19
v CCCC 42 792 793 777 31.60 7.76 805 2.23 0.49
v NO; 51 739 741 749 104.24  51.85 788 18.51 3.15
v CCNO 42 4y CCCC 19 722 704 4.38 1.68 714 9.49 1.56
v CCNO 24 + vy CCCC 20 680 662 18.38 0.03 670 15.98 0.09

v, stretching; 3, in-plane bending; vy, out-of-plane bending.

2Vibrational modes are based on PED and only contributions over 3 % are given.

YScaled frequencies are in unit of cm™!.

°Iir infrared inten. are in unit of km-mol .

dIg Raman activ. are in unit of A*-amu~!.

The nitro group vibration peaks of PNAPC com-
plex were found as very close to that of simple
nitro compounds [24] due to the presence of nitro
group in free state. According to “internal modes”
analysis, in-plane bending vibration of nitro group
was found at 841 and 860 cm™!, with the relative

contribution of 34 %. The out-of-plane vibrations
were found at 744 and 788 cm~! with the relative
contribution of 51 %. The C-N stretching peak ob-
served at 1203 cm~! [8] is one of the most useful
peaks for distinguishing individual nitro contain-
ing compounds, and this peak was found at 1174
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Table 4. Second-order perturbation theory analysis of Fock matrix in NBO basic corresponding to the intermolec-

ular bonds for p-nitroanilinium perchlorate.

Donor (i) Acceptor (j) E(2)? (kcal/mol) E()-E()° (a.u.) F(i,j)° (a.u.)
B3LYP HSEHIPBE B3LYP HSEHIPBE B3LYP HSEHIPBE

o (C1-C6) 0" (C1-C2) 4.34 4.55 1.29 1.30 0.067 0.069
o (C1-C6) o* (C5-C6) 2.88 3.05 1.30 1.31 0.55 0.057
7 (C1-C6) " (C2-C3) 17.30 16.26 0.31 0.31 0.066 0.064
7 (C1-C6) " (C4-C5) 19.99 18.88 0.30 0.30 0.070 0.067
o (C4-C5) 0" (C3-C4) 4.64 491 1.29 1.30 0.069 0.071
o (C4-C5) o* (C5-C6) 2.56 2.71 1.29 1.30 0.051 0.053
7 (C4-C5) " (C1-C6) 19.13 17.97 0.28 0.27 0.065 0.063
7 (C4-C5) " (C5-C6) 20.61 19.61 0.30 0.29 0.071 0.069
7 (C4-C5) " (N2-05) 24.48 21.51 0.15 0.16 0.059 0.059
LP(3) 06 7 (N2-05) 164.96 161.35 0.14 0.15 0.139 0.139
LP(3) 02 o (N1-H12) 19.61 13.49 0.62 0.56 0.100 0.078
LP(3) O3 o* (N1-H13) 19.65 19.14 0.62 0.75 0.101 0.109

4 E(2) means energy of hyperconjugative interactions (stabilization energy).

b Energy difference between donor and acceptor i and j NBO orbitals.

¢ F(i,j) is the Fock matrix element between i and j NBO orbitals.

and 1200 cm~! for B3LYP and HSEH1PBE levels,
respectively.

ClO, anions vibrations

Perchloric acid has one hydroxyl group and
three double-bonded oxygen atoms on the central
Cl atom. The loss of the hydroxyl proton results
in a negative charge shared by the four oxygens.
The intermolecular charge transfer from the donor
to acceptor group can induce large deviation of
both the molecular dipole moment and the molecu-
lar polarizability, and produce very active IR and
Raman peaks. The Cl-O stretching vibration for
perchlorate anion observed at 928 cm™! was cal-
culated at 944 and 984 cm~! by using B3LYP and
HSEHI1PBE levels with the relative contribution
of 38 %.

3.3. NBO analysis

NBO analysis is used to provide a clear descrip-
tion of the stabilizing interactions between filled
(donor) and empty (acceptor) orbitals and desta-
bilizing interactions between filled orbitals [25],
and it could enhance the analysis of intra- and
intermolecular interactions. NBO theory also al-
lows the assignment of the hybridization of atomic
lone pairs and of the atoms involved in bond
orbitals. The hyperconjugative interaction energy

was deduced from the second-order perturbation
approach [26, 27]. For each donor (i) and accep-
tor (j), the stabilization energy E(?) associated with
the delocalization i — j is estimated as:
F(ij)’
& —E&;

E®) = AE;; = g, ()
where q; is the donor orbital occupancy, €; and €;
the diagonal elements and F(i,]) is the off diagonal
NBO Fock matrix element. NBO analysis was per-
formed to elucidate the intramolecular, hybridiza-
tion and delocalization of electron density within
PNAPC by using B3LYP and HSEH1PBE levels
with the 6-311++G(d,p) basis set. The second or-
der perturbation theory analysis of Fock matrix in
NBO shows strong intermolecular hyper conjuga-
tive interactions presented in Table 4. In NBO anal-
ysis, the larger energy values of hyper conjuga-
tive interactions (E(2)), the more intensive is the
interaction between electron donors and electron
acceptors, i.e. the more donating tendency from
electron donors to electron acceptors, the greater
the extent of conjugation of the whole system.
NBO analysis indicates the strong intramolecular
hyperconjugative interactions formed by the orbital
overlap between bonding and antibonding orbitals,
leading to inter and intramolecular charge trans-
fer (Table 4). There occurs a strong intramolecular
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hyperconjugative interaction of 7t electrons from
(C4-C5) to 7 (N2-O5) with the energy val-
ues of 24.48 and 21.51 kcal/mol at B3LYP and
HSEH1PBE levels, respectively. The intramolec-
ular hyperconjugative interaction of o (C1-C6)
distributes to o* (CI1-C2) and (C5-C6), lead-
ing to stabilization of 4.34 and 2.88 kcal/mol,
respectively. This enhances further conjugation
with antibonding orbital of 7* (C2-C3) and 7*
(C4-C5) which leads to strong delocalization of
17.30 and 19.99 kcal/mol, respectively. Interac-
tions of the same kind were also calculated for
PNAPC molecule (Table 4). These interactions re-
sulted in molecular charge transfer causing sta-
bilization of PNAPC, and the large hypercon-
jugative interaction energies values are the in-
dicators of weakening of the respective bonds.
NBO analysis clearly explains the formation of
H-bonded interaction between the LP(O) and
0" (N-H) antibonding orbitals. The stabilization en-
ergies E(2) associated with hyperconjugative in-
teractions LP(3) O2 — o*(N1-H12) and LP(3)
03 — o*(N1-H13), were equal to 19.61 and
19.65 kcal/mol, which quantify the extent of inter-
molecular hydrogen bonding (Table 4).

3.4. Nonlinear optical studies

Density functional theory calculations have
been proven to be a useful tool in the descrip-
tion of the relation among the electronic structure
and its NLO response of a molecular system. The
DFT approach allows the definition of molecular
NLO properties as an inexpensive way to design
molecules by analyzing their potential and deter-
mine the hyperpolarizability tensors of molecules
before synthesis of the molecules [28, 29]. The
significance of the polarizability and the first hy-
perpolarizability of a molecular system depends
on the efficient electronic communication between
donating and withdrawing groups, due to the fact
that it is the basis to intramolecular charge trans-
fer [30]. The intramolecular charge transfer from
the donating to the withdrawing group through
a conjugated path can induce large variations in
both the molecular dipole moment and molecu-
lar polarizability, making IR and Raman activ-
ity strong at the same time [31]. Furthermore,

the molecular hyperpolarizability can be enhanced
in organic molecules by substitutions with NHj
and NO; groups, which are involved in hy-
drogen bond interactions. The N=0O, C=C and
N-H stretching vibrations were calculated as
strong and simultaneously active in IR and Raman
spectra. So, the calculated stretching vibrations
clearly demonstrate the presence of charge transfer
interactions in PNAPC, making highly polarizable
molecule. The first hyperpolarizability (f3), dipole
moment (p) and polarizability («) were calculated
using B3LYP and HSEH1PBE 6-311++G(d,p) ba-
sis set on the basis of the finite-field approach [32-
34]. Dipole moment of a molecule was used to
study the intermolecular interactions. Additionally,
dipole moment as a reflector of the molecular
charge distribution can be used as descriptor to de-
pict the charge movement across the molecule de-
pending upon the centers of positive and negative
charges. The dipole moment for PNAPC molecule
were calculated as 7.244 and 7.216 Debye by us-
ing B3LYP and HSEHIPBE levels, respectively.
Theoretical values indicate that dipole moments
are dominant in the x and y directions but negli-
gible in z direction. The magnitude of the molec-
ular polarizability (&) and hyperpolarizability (3)
are the important key factors in a NLO system.
The computed (3 values of PNAPC were found as
11.272 x 10739 and 10.220 x 1073Y esu by using
B3LYP and HSEHI1PBE Ilevels, respectively. Urea
and PNA were the prototypical molecules used in
the study of the NLO properties of molecular sys-
tems and are frequently used as a threshold value
for comparative purposes [35-37]. Obtained hy-
perpolarizability values are given in Table 5, in
comparison with urea and PNA. From Table 5, the
PNAPC molecule exhibits significant NLO charac-
ter as compared with urea and PNA molecules [35].
Therefore, the PNAPC complex might be a poten-
tial excellent nonlinear optical material. The NLO
results also indicate the electrons of the studied
molecule can be easily polarized with changing en-
vironments such as lights and fields.

3.5. Frontier molecular orbitals (FMOs)

The frontier molecular orbitals play an im-
portant role in the electric and optical properties
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Table 5. Total static dipol moment (i, in Debye), the mean polarizability ({c), in 1

0~2* esu), the anisotropy of

the polarizability (Ax, in 1072* esu), the mean first-order hyperpolarizability ((B), in 1073* esu) for

p-nitroanilinium perchlorate.

Property B3LYP/6-311++G(d,p) HSEHIPBE/6-311++G(d,p)
Iy —4.940 —4911
by 5.288 5277
I ~0.318 ~0.313
m 7.244 7.216
O 26.782 26.077
Ay 19.729 19.336
O 11.703 11.349
<a> 19.405 18.921
Ax 48.193 46.937
Bxx ~11.267 -10.218
Byyy 0.177 0.138
0.265 0.120
<B> 11.272 10.220
< B> (pNA) 14.39 [35, 36]
< B > (Urea) 0.13 [37]

Table 6. The frontier orbital energies, electronegativity, hardness and softness for p-nitroanilinium perchlorate.

B3LYP/6-311++G(d,p)

HSEH1PBE/6-311++G(d,p)

Enomo (V) —8.2281
ELUMO (CV) —3.6830
AE 4.5451
X (eV) 5.9555
M (eV) 2.2725
S(evVh 0.2200

—8.1285
—3.7505
4.3780
5.9395
2.1890
0.2284

for of molecular systems. The HOMO represents
the ability to donate an electron, while LUMO
represents the ability to accept an electron. The
small energy gap between the HOMO and LUMO
leads to efficient electronic charge transfer from
donating groups to withdrawing groups, making
the molecule highly polarizable.

According to Fig. 4, HOMO is mainly local-
ized over the perchlorate group, however LUMO
is characterized by a charge distribution on ni-
troanilinium group. So, the HOMO— LUMO tran-
sition implies an electron density transfer from per-
chlorate to the remaining parts of PNAPC complex.
The HOMO and LUMO were simulated by using
B3LYP and HSEHI1PBE levels, and illustrations
obtained at B3LYP level are presented in Fig. 4.
The HOMO and LUMO energies were calculated

as —8.2281 and —3.6830 eV at B3LYP level,
—8.1285 and —3.7505 eV at HSEHIPBE level,
respectively (Table 6). The energy gap between
the HOMO and LUMO were found as 4.5451 and
4.3780 eV. These energies indicate the lowering of
energy gap and also reflect the NLO activity of
PNAPC. Furthermore, the chemical hardness (1)
is a good indicator of the chemical stability. The
soft molecules are more polarizable than the hard
ones since they need small energy to excite one
electron from a ground state to excited state. Elec-
tronegativity (x) and chemical hardness (1) can be
calculated using the frontier molecular orbital en-
ergies [38, 39]. The x and m values were calcu-
lated as 5.9555 and 2.2775 eV at B3LYP level (Ta-
ble 6). Consequently, PNAPC molecule is a polar-
izable complex and also can be used as an efficient
NLO material.
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Fig. 4. Frontier molecular orbital pictures and ener-
gies for p-nitroanilinium perchlorate obtained at
B3LYP/6-311++G(d,p).

-0.122 M— = M ().]122

Fig. 5. 3D plot of molecular electrostatic potential
(MEP) surface for p-nitroanilinium perchlorate
obtained at B3LYP/6-311++G(d,p).

3.6. Molecular surfaces

The molecular electrostatic potential (MEP) is
a very useful descriptor for determining reactive
sites for electrophilic and nucleophilic reactions
as well as hydrogen-bonding interactions [40]. It
is well known that MEP simultaneously displays
molecular size, shape as well as positive, nega-
tive and neutral electrostatic potential region. The
color scheme for the MEP surface is red (electron-
rich or partially negative charge), blue (electron-
deficient or partially positive charge), light blue

(b

Fig. 6. 3D plot of electrostatic surface potential
(ESP) and contour plot of ESP (blue) for
p-nitroanilinium  perchlorate  obtained at
B3LYP/6-311++G(d,p) level.

(slightly electron-deficient region), yellow (slightly
electron-rich region), respectively. Areas of low po-
tential, red, are characterized by an abundance of
electrons. Areas of high potential, blue, are charac-
terized by a relative absence of electrons. The MEP
surface for PNAPC was simulated at B3LYP/6-
311++G(d,p) basis set, and depicted in Fig. 5.

As can be seen from the MEP surface of
PNAPC, while the regions having the most nega-
tive potential are over the perchlorate group, oxy-
gen and chloride atoms with a maximum value of
—0.122 a.u., the regions having the most positive
potential are over the hydrogen atoms of ammo-
nia group with a maximum value of 40.122 a.u.
So, the MEP clearly indicates the formation of the
intermolecular hydrogen bonding interactions. In
Fig. 5, the negative MEP is also localized over ni-
trogen and oxygen atoms of the nitro group and
is reflected as a yellowish color, while the posi-
tive MEP is localized over the ring of hydrogen
atoms and is reflected as bluish. This is an ex-
pected behavior, since electrostatic potential corre-
lates with electronegativity and partial charges. The
electrostatic surface potential (ESP) and the con-
tour plot of ESP were simulated by using B3LYP/6-
311++G(d,p) level. The polarization effect is also
visible in these illustrations as can be seen in Fig. 6.

3.7. Mulliken atomic charges

The Mulliken atomic charge is directly re-
lated to the vibrational properties of the molecular
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Fig. 7. Comparative of Mulliken atomic charges for p-

nitroanilinium perchlorate obtained at B3LYP
and HSEHIPBE levels with 6-311++G(d,p) ba-
sis set.

systems, and explains how the electronic structure
changes under atomic displacement; it is therefore
related directly to the chemical bonds present in the
molecule [41]. It affects dipole moment, polariz-
ability, electronic structure and much more proper-
ties of molecular systems.

Mulliken atomic charges calculated at the
B3LYP and HSEH1PBE levels with the 6-311++G
(d, p) are collected in Fig. 7. The maximum neg-
ative charge belongs to O2 and O3 atoms and its
value is —0.541. The maximum positive charge be-
longing to CI atom is 1.128. The atomic charges
of all hydrogen atoms in the NH3 group are pos-
itive. The atomic charges of two hydrogen atoms
involved in the hydrogen bonding interaction are
0.323, while the third is 0.266. So, the H atoms in-
volved in the hydrogen bonding interactions have
higher positive charge than the third one. These
charge variations clearly reveal the existence of
N-H---O intermolecular hydrogen bonding. The
electron withdrawing character of NO;, group in
PNAPC is demonstrated by the decrease of electron
density on ring carbon atom. The N1 atom has neg-
ative charge, while the N2 atom has positive charge
due to the electronegativity of oxygen atoms. From
Fig. 7, the carbon atoms have either positive or neg-
ative charges between —0.054 and 0.128, while all
of the ring hydrogen atoms have positive charge.

4. Conclusions

The optimized molecular geometry as well as
the IR and Raman spectra were obtained at B3LYP
and HSEH1PBE levels of density functional the-
ory (DFT). The obtained structural and vibrational
results can replace the experimental ones. Due to
hydrogen bonding interactions between nitroanilin-
ium and perchlorate moieties, PNAPC was oriented
in a head-to tail manner, leading to an improve-
ment of nonlinear optical properties. Some reduc-
tions in the wavenumbers of NH stretching vibra-
tions was defined and that was an indicator of hy-
drogen bonding interactions within PNAPC. Ad-
ditionally, it was demonstrated that the donating
and withdrawing groups also contribute to NLO
properties of PNAPC. The calculated vibration fre-
quencies, the relative contributions to internal co-
ordinates and approximate descriptions of normal
modes were performed using Gaussian 09W. The
obtained strong peaks responsible for the N=0O,
C=C and N-H stretching vibrations were highly
active in IR and Raman spectra. These active peaks
can improve the NLO properties of PNAPC by
increasing polarizability of PNAPC. The strong
intramolecular hyperconjugative interactions were
found in NBO analysis, leading to inter and in-
tramolecular charge transfers. The negative regions
are mainly localized on the perchlorate group while
the positive region is over ammonia group hydro-
gens. Accordingly, the MEP confirms the existence
of intermolecular N—H- - - O interactions observed
in the solid state.
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