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a b s t r a c t

In this work, the vibrational spectral analysis is carried out by using FTIR spectroscopy in the range 4000
e400 cm�1 (Z)-5-(4-nitrobenzyliden)-3-N(2-ethoxyphenyl)-2-thioxo-thiazolidin-4-one (ARNO) molecule.
Theoretical calculations were performed by using density functional theory (DFT) method using 6-31G
(d, p) and 6-311G (d, p) basis sets. The results of the calculations were applied to simulated spectra of the
title compound, which show excellent agreement with observed spectra. The first order hyper-
polarizability and related properties (m and a) for ARNO were also calculated. Stability of the molecule
has been analyzed by natural bond orbital (NBO) analysis. Mulliken population analysis on atomic
charges of the title compound has been carried out by the same method and basis sets. Finally, molecular
electrostatic potential (MEP) and HOMO-LUMO energy levels have been evaluated.

© 2017 Elsevier B.V. All rights reserved.
1. Introduction

Non-linear optical (NLO) effects arise from the interactions of
electromagnetic fields in various media to produce new fields
altered in phase, frequency, amplitude or other propagation char-
acteristics from the incident fields [1]. NLO is at the forefront of
current research because of its importance in providing the key
functions of frequency shifting, optical modulation, optical
switching, optical logic, and optical memory for the emerging
technologies in areas such as telecommunications, signal process-
ing, and optical interconnections [2e5]. Organic molecules that
exhibit extended p conjugation, in particular, show enhanced sec-
ond order NLO properties [6].
abcha).
The structure of the title compound, ARNO, has been studied by
single crystal Xeray spectroscopy [7]. To the best of our knowledge,
the literature survey reveals that the results based on quantum
chemical calculations and FT-IR spectral studies on the title com-
pound have not been reported, before. Herein, we have reported a
detailed interpretation of IR spectrum based on the experimental
and theoretical results of the compound, which are acceptable and
supportable to each other. We have also interpreted the calculated
spectra in terms of potential energy distribution (PED). This study
may reveal the molecule is not only finding its applications in
biological and pharmaceutical importance but also finds its
importance in NLO applications.
2. General remarks

2.1. Experimental details

FT-IR spectrum was recorded as KBr pellets on a JASCOFT/
IR4200 Fourier transform infrared spectrometer and the reported
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Table 1
The experimental [7] and calculated geometric parameters of the title compound.

Bond Lengths (Å) XRD [7] B3LYP∕6-31G(d,p) B3LYP∕6-311G(d,p)

S1eC10 1.753(3) 1.785 1.785
S1eC8 1.753(3) 1.761 1.762
S2eC10 1.626(3) 1.640 1.643
O1eN1 1.223(3) 1.230 1.231
O2eN1 1.227(4) 1.230 1.229
O3eC9 1.211(3) 1.212 1.213
O4eC16 1.364(3) 1.356 1.355
O4eC17 1.447(4) 1.432 1.419
N1eC3 1.473(4) 1.470 1.487
N2eC10 1.384(3) 1.378 1.377
N2eC9 1.398(4) 1.411 1.420
N2eC11 1.439(3) 1.437 1.435
C1eC2 1.383(4) 1.387 1.387
C1eC6 1.392(4) 1.410 1.412
C2eC3 1.382(4) 1.393 1.393
C3eC4 1.379(4) 1.393 1.395
C4eC5 1.394(4) 1.388 1.387
C5eC6 1.390(4) 1.411 1.411
C6eC7 1.472(4) 1.450 1.454
C7eC8 1.331(4) 1.352 1.352
C8eC9 1.494(4) 1.492 1.491
C11eC12 1.373(4) 1.388 1.389
C11eC16 1.404(4) 1.407 1.405
C12eC13 1.390(4) 1.395 1.395
C13eC14 1.378(5) 1.393 1.393
C14eC15 1.380(5) 1.396 1.395
C15eC16 1.399(4) 1.399 1.400
C17eC18 1.493(6) 1.717 1.720
Bond Angles (�)
C10eS1eC8 93.12(13) 92.8 92.8
C16eO4eC17 118.0(2) 118.9 118.9
O1eN1eO2 124.2(3) 124.8 124.8
O1eN1eC3 118.3(3) 117.6 117.6
O2eN1eC3 117.5(3) 117.7 117.6
C10eN2eC9 117.1(2) 116.9 117.5
C10eN2eC11 122.1(2) 122.2 122.4
C9eN2eC11 120.8(2) 119.7 119.8
C2eC1eC6 121.4(3) 122.0 121.5
C3eC2eC1 118.6(3) 118.4 118.5
C2eC3eC4 122.1(3) 121.9 121.8
C2eC3eN1 119.6(3) 119.5 119.1
C4eC3eN1 118.3(3) 118.8 119.0
C3eC4eC5 118.0(3) 118.1 119.1
C6eC5eC4 121.6(3) 121.0 120.9
C5eC6eC1 118.2(3) 118.0 118.1
C5eC6eC7 123.1(3) 123.9 124.5
C1eC6eC7 118.7(3) 118.0 117.3
C8eC7eC6 128.8(3) 133.3 131.3
C7eC8eC9 121.8(3) 120.2 119.2
C7eC8eS1 128.5(2) 134.0 135.0
C9eC8eS1 109.47(19) 109.7 109.8
O3eC9eN2 122.8(3) 123.8 123.7
O3eC9eC8 127.2(3) 126.1 126.2
N2eC9eC8 110.0(2) 111.1 110.1
C16eC11eN2 117.7(2) 117.6 118.4
O4eC16eC15 125.7(3) 125.6 125.4
O4eC16eC11 115.9(2) 115.9 115.9
Torsion angle(�)
C6eC1eC2eC3 �1.3(5) �0.24 �0.18
C1eC2eC3eC4 0.4(5) 0.23 �0.03
C1eC2eC3eN1 �179.3(3) �179.6 �179.9
O1eN1eC3eC2 �18.1(4) �17.9 �16.9
O2eN1eC3eC2 161.5(3) 160.0 163.8
O1eN1eC3eC4 162.2(3) 164.6 165.6
O2eN1eC3eC4 �18.2(4) �179.9 �179.9
C2eC1eC6eC5 1.3(5) 0.5 0.3
C4eC5eC6eC7 �179.8(3) �179.9 �179.9
C5eC6eC7eC8 21.0(5) 03.49 04.65
C1eC6eC7eC8 159.7(3) 177.7 176.7
C10eN2eC9eO3 178.2(3) �178.4 �178.3
C10eS1eC8eC7 �170.7(3) �178.4 �179.5
C10eN2eC11eC12 �82.7(3) �90.12 �91.02
C9eN2eC11eC12 99.2(3) 96.45 94.47
C10eN2eC11eC16 98.4(3) 99.32 90.13
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wavenumbers are given in cm�1. 1H and 13C NMR spectra in CDCl3
solution were recorded on a Bruker AC250 instrument at 298 K.
Chemical shifts are reported as d (ppm) relative to TMS as internal
standard [8].

2.2. Computational details

The density functional theory [9] with the three-parameter
hybrid functional (B3) [10] for the exchange part and the Lee-
eYangeParr (LYP) correlation function [11], level ab initio calcula-
tions have been carried out in the present investigation, using
6e31G(d, p) and 6e311G(d, p) basis set with Gaussian 03 [12]
program package. An empirical, uniform scaling factor of 0.950
and 0.960 for the same basis sets respectively was used to offset the
systematic errors caused by basis set in completeness, neglect of
electron correlation and vibrational anharmonicity. A detailed
assignment of vibrational modes has been carried out on the basis
of potential energy distribution (PED) analysis [13,14].

Natural bond orbital (NBO) calculations of ARNO were per-
formed at the B3LYP/6-31G(d) level using the NBO 3.1 program [15]
included in the Gaussian 03 package. The energy of the first excited
has been calculated by TD-B3LYP method using 6e31G (d, p) and
6e311G (d, p) basis sets [16e19]. The polarizabilities and first order
hyperpolarizabilities for ARNO are calculated using B3LYP method
in conjunction with 6e31þþG(d, p) and 6-311þþG(d, p) basis sets,
based on the finite-field approach [20e24]. In the present of an
applied electric field, the energy of a system is the function of
electric field. The first hyperpolarizability is a third rank tensor that
can be described by 3� 3� 3 matrix. The 27 components of 3D
matrix can be reduced to 10 components due to the Kleinman
symmetry [25].

The components of b are defined as the coefficients in the taylor
series expansion of the energy in the external electric field. When
the electric field is weak and homogenous, this expansion becomes.

E ¼ E0 � miFi �
1
2
aijFiFj �

1
6
bijkFiFjFk �

1
24

gijklFiFjFkFl þ… (1)

where E0 is the energy of the unperturbed molecules, Fi is the field
at the origin mi, aij; bijk and gijkl are the components of dipole
moment, polarizability, first and second order hyperpolarizability,
respectively.

3. Results and discussion

3.1. Crystal structure

ARNO compound, (Z)-5-(4-nitrobenzyliden)-3-N(2-ethox-
yphenyl)-2-thioxo-thiazolidin-4-one (ARNO), crystallizes in space
group P1. From the single crystal X-ray diffraction data [7], it is
observed that the crystal belongs to triclinic system with the
following cell dimensions a ¼ 9.1289(19), b ¼ 9.3717(7),
c ¼ 12.136(3) Å, a ¼ 102.133, b ¼ 90.99 and g ¼ 117.165 (�),
V ¼ 895.4(3) Å3 and Z ¼ 2. The bond lengths, bond angles and
torsional angles obtained for the optimized molecular structure
of ARNO calculated at the B3LYP/6-31G (d, p) and B3LYP/6-311G
(d, p) levels are given in Table 1. It can be seen in Table 1,
B3LYP/6-31G (d, p) and B3LYP/6-311G (d, p) levels give similar
results for bond lengths to experimental ones [7]. These results
indicate that the values calculated by B3LYP method are quite
consistent with the experimental values. In Table 1, The CeC bond
lengths of phenyl ring have been calculated at the range of
1.387e1.410 Å by using B3LYP/6-31G (d, p) level and
1.387e1.411 Å by using B3LYP/6-311G (d, p) level. These bond
lengths have been reported to be found at the region of 1.378(4)-



Table 1 (continued )

Bond Lengths (Å) XRD [7] B3LYP∕6-31G(d,p) B3LYP∕6-311G(d,p)

C9eN2eC11eC16 �79.7(3) �82.21 �84.36
C17eO4eC16eC11 177.4(3) �178.20 �179.22
C14eC15eC16eO4 178.1(3) 179.0 179.9
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1.404(4) Å [7]. The thiophene ring CeS bond lengths have been
reported at 1.753(3) Å [7], and these bond lengths have been
calculated at the range of 1.785e1.761 Å by using B3LYP/6-31G(d,
p) and 1.785e1.762 Å by using B3LYP∕6-311G (d, p). The S2eC10
bond length reported to be 1.626(3) [7] has been calculated at
1.640 and 1.643 Å, showing the double bond character of this
bond. The bond length of SeC single bond in the thiazole ring has
been reported as 1.81 Å, while that of C]S double bond has been
declared at 1.61 Å [10]. The carbonyl group C]O bond lengths
observed at 1.211(3) Å [7] has been calculated as 1.212 and
1.213 Å by using B3LYP∕6-31G(d, p) and B3LYP∕6-311G (d, p)
levels, respectively. As for the calculated bond angles of ARNO,
both levels give similar result as consistent with experimentally
reported results [7]. The thiazole ring C10eS1eC8 bond angle
observed as 93.12(13) � has been calculated as 92.8� by using both
levels. The largest difference for the bond angles between the
experimental [7] and calculated results has been obtained for
C8eC7eC6 angle. This bond angle has been reported as 128.8(3) �

[7]. The corresponding values have been calculated as 133.3� and
131.3� by using B3LYP∕6-31G (d, p) and B3LYP∕6-311G (d, p)
levels, respectively. The bond angle for C16eO4eC17 reported to
be 118.0 (2) � has been also calculated as 118.9� by using both
levels.

The donor and acceptor moieties have been divided into two
planar systems. The donor part restricted between N1 and N2 forms
Fig. 1. (a) The experimental structure and (b) the theoretical structure using B3LYP/6-
311G(d,p) method for ARNO.
a planar structure, while the acceptor part found at the phenyl ring
and substituted tail group forms another planar structure.

The torsion angle C6eC7eC8eS1 has been calculated at-0.5167�

and 1.643�, the C11eC16eO4eC17 torsion angle has been calcu-
lated at �179.22� and �179.56� by using B3LYP∕6-31G (d, p) and
B3LYP∕6-311G (d, p) levels, respectively.

It can be also said that the computational levels used in this
paper gives quite comparable results for bond lengths, bond angles
and torsion angles for ARNO. The crystal structure and optimized
geometry were presented in Fig. 1.

3.2. Vibrational analysis

The ARNO molecule has 40 atoms and 114 normal vibrations
from 3249 to 12 cm�1, of which the strongest absorption mode is
mode 84(1393 cm�1, 474.7 kM/mol), and the weakest one is mode
4(44 cm�1, 0.036 kM/mol). Based on optimized geometries, the
vibrational frequencies have been calculated by the same method
and basis. The assignments of vibrational bands have been made by
using GausseView molecular visualization program, PED analysis
and Silverstein et al. [24]. Theoretical and experimental [7] vibra-
tional wavenumbers and the assignments of vibrational modes for
the title compound are shown in Table 2.

3.2.1. NO2 group vibrations
Aromatic nitro compounds have strong absorptions due to the

asymmetric and symmetric stretching vibrations appeared in the
range 1570e1485 and 1370e1320 cm�1 respectively [26]. In the
present molecule, the strong bands at 1527 cm�1by 6-31G** and
1525 cm�1 6-31G** basis sets are assigned to asymmetric
stretching mode of NO2and the band at 1324 cm�1assigned to
symmetric stretching mode of NO2. Aromatic nitro compounds
have a band of weaketoemedium intensity in the region
590e500 cm�1 [27] due to the rocking deformation in plane mode
of the NO2 group. This vibration band was observed at 504 cm�1.
The deformation vibrations of NO2 group (wagging and twisting)
contribute to several normal modes in the low frequency region
[28]. These bands were also found in the wavenumber region
around the characteristic position 749 cm�1 in FTeIR spectrum for
ARNO.

3.2.2. Carbonyl group vibrations
It is well known that the carbonyl group exhibits a strong ab-

sorption band due to C]O stretching vibration and is observed in
the region 1850e1550 cm�1. Because of its high intensity and
relatively interference free region in which it occurs, this band is
easy to recognize. Infrared spectra of ARNO molecule, consists of
two major bands in carbonyl stretching region; infrared bands at
1717 cm�1. The calculated carbonyl stretching frequencies are
found very close to observed ones (see Table 2).

3.2.3. Methyl group vibrations
The methyl (CH3) groups absorb infrared radiation near 2960

and 2870 cm�1. In many cases, only one band in 2870e2850 cm�1

can be resolved when both CH3 and CH2 groups are present in the
molecule [29]. In our present work, the calculated vibrations
(mode nos. 105e102) by 6-31G (d, p) basis set are predicted in the
range 2986e2907 cm�1, and by 6-311G (d, p) basis set in the
range 2993e2920 cm�1. These vibrations are assigned as the CeH
stretching vibration of methyl group which is in good agreement
with our experimental work; the absorption band observed at
2978 cm�1 and 2884 cm�1 in FT-IR spectrum. In our present
work, the calculated vibrations (mode nos. 90, 88, 86 and 85) by
6-31G (d, p) basis set are predicted in the range 1439e1339 cm�1,
and by 6-311G (d, p) basis set in the range 1443e1348 cm�1.



Table 2
The observed (FTeIR) and calculated frequencies (cm�1), IR intensity (km mol�1) and probable assignments (characterized by PED) of ARNO.

No FTeIR B3LYP/6e31G(d,p) B3LYP/6e311G(d,p) Assignments with PED>10%

Unscaled (cm�1) Scaled (cm�1) IIR Unscaled (cm�1) Scaled (cm�1) IIR

114 3249 3086 2.337 3228 3099 2.792 n CH A (80)
113 3248 3086 0.825 3227 3098 1.392 n CH A (79)
112 3231 3069 7.461 3212 3083 6.269 n CH B (79)
111 3226 3064 4.408 3209 3080 3.451 n CH A (77)
110 3219 3059 13.22 3202 3074 12.01 n CH B (83)
109 3206 3045 11.34 3188 3060 11.28 n CH B (81)
108 3201 3041 3.927 3184 3056 3.521 n CH A (72)
107 3192 3032 4.695 3174 3047 4.252 n CH B (80)
106 3033 3168 3010 1.096 3150 3024 1.091 n CH (71)
105 3143 2986 18.63 3118 2993 21.61 nas CH3 (66)
104 2978 3136 2979 23.35 3110 2986 26.80 nas CH3 (74)
103 2929 3061 2908 23.35 3047 2925 19.97 nas CH2 (58) þ nas CH3 (10)
102 2884 3060 2907 13.04 3041 2920 14.17 ns CH3 (84)
101 2855 3018 2867 37.34 3007 2887 37.05 ns CH2 (73)
100 1717 1809 1718 207.6 1793 1721 233.8 n C]O (20) þ d N2CC (8) þ n C8eC9 (8)
99 1649 1668 1585 108.1 1653 1587 93.23 n CC A (19) þ d CCH A (14)þ d CCC A (10)
98 1661 1578 45.88 1646 1580 42.56 n CC B (23) þ dCCH B (25)þ dCCC B (11)
97 1659 1576 90.94 1643 1578 93.98 n CC A (15) þ d CCH A (17)
96 1643 1561 8.686 1629 1564 8.325 n CC A (21) þ d CCH A (27)þ d CCC A (10)
95 1642 1560 4.025 1629 1563 4.129 n CC B (28) þ dCCH B (30)þ dCCC B (13)
94 1597 1607 1527 94.97 1589 1525 137.3 nas NO2 (14)þ n CC A (25)þ d CCH A (26)þ d

CCC A (11)
93 1551 1473 66.60 1537 1476 65.28 n CC B (11) þ dCCH B (24)þ t CH2CH3(22)
92 1535 1458 14.71 1526 1465 19.30 n CC A (17) þ d CCH A (54)
91 1497 1532 1455 52.20 1520 1459 56.28 dCH2 (35) þ dCCH B (13)
90 1480 1515 1439 7.907 1504 1443 8.098 dCH3 (51) þ t OCCH3(13)
89 1500 1425 26.53 1490 1430 27.93 rCH B (36) þ n CC B (15)
88 1500 1425 6.590 1486 1427 8.842 dCH3 (66) þ t OCCH3(19)
87 1452 1379 15.58 1442 1385 14.26 d CCH A (43) þ n CC A (17)
86 1440 1368 38.79 1430 1373 39.92 dCH3 (33) þ dCCH3 (15)
85 1410 1339 7.108 1404 1348 3.050 dCH3 (34)þ dCCH3 (15)þ dCCH2 (11)þ

d OCH2 (10)
84 1394 1393 1324 474.7 1376 1321 258.1 ns NO2 (20) þ n CN1 (11) þ d NO2 (16)
83 1387 1318 7.087 1374 1319 54.43 d CCH A (15) þ n CC A (27) þ dCCH (9)þ

dC ¼ CH (9)
82 1341 1380 1311 368.9 1368 1313 530.1 dCCH B (12) þ n CN2 (10) þ n CBN2 (7)
81 1357 1289 30.59 1349 1295 27.37 r CH A (33) þ n CC A (15)
80 1355 1287 43.11 1336 1282 47.65 dCCH B (18) þ n CC B (35)
79 1329 1262 11.86 1324 1271 18.85 r CH A (46) þ n CC A (10)
78 1286 1321 1255 114.1 1312 1260 80.87 rCH B (36)þ n CO (7)
77 1309 1243 0.764 1307 1255 1.052 t CH2CH3(27) þ t COCH2(10) þ d OCH2

(15) þ dCCH2 (18)
76 1237 1300 1235 429.2 1288 1236 458.7 dCCH B (12) þ n CN2 (9)
75 1282 1218 463.0 1270 1219 470.6 dCCH B (13)
74 1253 1190 8.693 1245 1196 8.390 d CCH A (16)
73 1157 1217 1156 0.970 1213 1164 0.859 n CC A (13) þ d CCH A (56)
72 1193 1133 20.52 1188 1141 14.88 n CC B (11) þ dCCH B (64)
71 1187 1128 12.63 1181 1134 5.016 t CH2CH3(36) þ d OCH2 (11)
70 1111 1186 1126 208.1 1176 1129 252.3 dCCH B (17)
69 1151 1093 51.24 1144 1098 50.98 CH2CH3(13) þ dCCH B (15) þ dCCH3 (10)
68 1142 1085 3.857 1138 1092 6.172 d CCH A (35)
67 1131 1075 50.07 1126 1081 50.55 dCCH B (14)
66 1130 1074 58.90 1121 1076 77.16 n CC A (15)þ d CCH A (25) þ d CCC A(12) þ n

CN1 (8)
65 1075 1021 27.53 1068 1025 17.25 dCCH B (28) þ n CC B (16)
64 1034 1069 1016 41.47 1059 1017 65.16 dCCH B (14)þ n CC B (13)þ dCCC B (11) n CO

(12) þn CH2eCH3 (12)
63 1052 1000 12.85 1047 1005 10.28 t CNCCB (11) þ n C]S (6) þ n CS (7) þ dCCC

B (12)
62 1047 995 74.93 1042 1001 83.14 dCCH B (8) þ n C8C9 (5)
61 1028 977 1.067 1028 987 0.786 n CC A (18) þ dCCH A (28) þ dCCC A (34)
60 994 945 0.063 999 959 0.00 t CH A (47) þ tCCC A (13) þ tN1CCH (12)
59 982 933 0.885 993 953 1.723 tCH B (36) þ t CH A (29)
58 921 982 933 0.872 987 948 0.074 tCH B (36) þ t CH A (29)
57 946 899 11.66 950 912 0.079 tCH B (24)
56 945 898 18.40 947 909 14.91 u CH A (12) þ t CC]CH (10) þ t CCCH(17)
55 893 944 897 1.050 943 905 21.81 tCH B (49)
54 900 855 23.92 899 863 26.35 dCCH B (18)
53 867 824 21.06 872 837 44.17 uCH B (33)
52 820 864 821 17.40 865 830 4.609 u CH A (29) þ t CeCCHA(11)
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Table 2 (continued )

No FTeIR B3LYP/6e31G(d,p) B3LYP/6e311G(d,p) Assignments with PED>10%

Unscaled (cm�1) Scaled (cm�1) IIR Unscaled (cm�1) Scaled (cm�1) IIR

51 862 819 14.98 863 828 26.84 uCH B (27)
50 837 795 1.478 840 806 1.016 u CH A (49)þ tN1CCH (10)þ t CeCCHA(13)
49 837 795 7.214 837 804 5.084 CH2CH3(17)þ uCH B (17)
48 828 787 79.72 828 795 77.40 dCCH B (24)
47 800 760 20.37 797 765 16.56 dCCH B (22)
46 783 744 2.396 785 754 3.323 uCH B (26)
45 749 763 725 20.45 763 733 49.54 u CH A (21) þ dCCC A (19) þ uNO2 (10)
44 763 725 39.93 761 730 15.87 uCH B (48) þ dCCC B (10)
43 739 702 1.354 743 713 0.441 u CH A (10)
42 723 687 2.436 730 701 2.520 uCH B (20) þ dCCC B (25)
41 679 698 663 20.71 702 674 25.38 omega; CH A (20) þ dCCC A (24)
40 692 658 8.058 692 664 9.220 dCCC A (13) þ dCCC B (11)
39 663 630 24.95 663 636 23.99 dCCC B (19) þ dCCH B (14)
38 636 605 6.731 637 612 7.092 d CCH A (20) þ dCCC A (22)
37 586 616 585 16.11 616 591 17.41 tCCC B (19) þ tCCH B (16)
36 600 570 37.68 601 577 43.26 tCCC B (17) þ tCCH B (11)
35 585 556 1.025 587 564 1.710 tCH2CH3(15) þ tCBNC ¼ S(10)
34 540 558 531 4.122 561 538 2.961 tCH B (26) þ tCCC B (21)
33 547 519 19.74 546 524 23.20 tCH B (18) þ tCCC B (15)
32 534 507 5.477 533 510 1.394 u CH A (19) þ dCCC A (13)
31 504 531 505 1.068 529 508 10.21 r CH A (15) þ dCCC A (12) þ trNO2 (13)
30 511 486 0.084 509 489 0.378 t CBNC]S(5)
29 428 483 459 2.565 483 464 4.549 t CNCCB (10) þ tCH B (26) þ tCCC B (17)
28 447 424 0.832 442 424 1.349 u CH A (15)þ dCCC A (14)
27 431 410 8.115 431 414 7.066 n CeS (9)
26 398 417 396 0.385 415 399 0.313 t CH A (22) þ tCCC A (26)
25 411 390 10.31 409 393 9.701 dCCC A (15)
24 381 362 4.746 379 364 4.854 t OCCH3(5)
23 343 326 1.648 342 329 1.477 dCCCB(7)
22 335 318 4.002 334 321 3.839 dCCC B (11)
21 310 294 1.429 309 296 0.914 dCCCB(7)
20 306 290 0.684 303 291 0.531 t CeCCCA(7)
19 294 279 1.156 293 282 1.132 t CH2CH3(9)
18 263 250 0.399 261 251 0.390 t CH3(54) þ t OCCH3(28)
17 240 228 4.591 241 231 4.608 t CH3(18) þ tOCCH3(10)
16 193 184 1.821 192 185 1.567 dCCC B (11)
15 180 171 0.988 179 172 1.127 dCCC B (10)
14 173 165 0.745 172 165 0.664 t N1CCC A (6)
13 171 162 0.277 169 162 0.169 t N1CCC A (7)
12 160 152 0.357 159 153 0.306 t N1CCC A (5)
11 111 105 0.451 107 103 0.475 tCH3(19) þ t COCCB(26)
10 90 85 2.719 89 86 2.314 t S]CNC(7)
9 80 76 0.943 79 76 0.608 t CSC]C(5)
8 77 73 3.051 78 74 3.710 t COCCB(10)
7 65 62 0.040 65 62 0.072 tNO2 (56)
6 64 61 0.189 58 55 0.131 t CNCCB (17) þ t COCH2(20) þ t

COCCB(15) þ t COCC (10)
5 52 49 1.526 52 50 1.444 t CNCCB (10)
4 44 42 0.036 44 42 0.049 t CNCCB (11) þ t NCCCB (12)
3 21 20 0.123 24 23 0.167 t CCCH(21) þ t C]CeCCA(23)
2 18 17 0.327 19 18 0.278 t CNCCB (21) þ t C]CeCCA(11)
1 12 11 0.191 14 14 0.124 t CNCCB (41)

n: stretching; s, symmetric; as, asymmetric; u: wagging; t: twisting; d: bending; r: rocking; vibrational modes are based on potential energy distribution (PED) and
only contributions over 10% are given; unscaled and scaled frequencies are in unit of cm�1; IIR infrared inten. are in unit of km mol�1; aromatic A:
C9C11C13C14C16C18; aromatic B: C23C24C25C27C29C31.
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These vibrations are assigned to CH3 deformation which show
good agreement with our experimental work; the observed ab-
sorption band in FTeIR spectrum at 1480 cm�1. The methyl tor-
sion vibrations have a frequency range between 250 and
100 cm�1. In our present work, the calculated vibrations (mode
nos. 18, 17 and 11) by 6-31G (d, p) basis set are predicted in the
range 250e105 cm�1, and by 6-311G (d, p) basis set are predicted
in the range 251e103 cm�1. These vibrations are assigned to
the outeofeplane bending vibration(torsion mode) of methyl
group.
3.2.4. CeH vibrations
Aromatic compounds commonly exhibit multiple week bands in

the region 3100e3000 cm�1 due to aromatic CeH stretching vi-
brations [30]. The bands appeared at 3086 to3032 cm�1 have been
assigned to CeH ring stretching vibrations for ARNO. The CeH
ineplane and outeofeplane bending vibrations generally lie in the
range 1300e1000 cm�1 and 950e800 cm�1 [31,34], respectively.
The CeH ineplane bending vibrations are identified at 1458, 1379,
1156, and 1133 cm�1 the observed absorption band in IR spectrum
at 1157 cm�1. Therocking CeH ineplane bending vibrations are
identified at 1425, 1289 and1262 cm�1. The waging CeH



Table 3
The experimental and calculated 1H and 13C NMR spectra for ARNO

Chemical shifts

Experimental 6e31G(d,p) 6e311G(d,p)

1H
H1 7.53 7.8925 7.7447
H2 8.51 8.815 8.5813
H4 8.53 8.9066 8.6931
H5 7.53 8.0267 7.7142
H7 7.79 7.8421 7.7000
H12 7.50 7.4986 7.3238
H13 7.40 7.4153 7.2507
H14 7.45 7.833 7.6839
H15 7.08 7.1497 6.9453
H17A 4.11 4.2484 3.9062
H17B 4.06 4.2484 3.9387
H18A 1.42 1.782 1.5134
H18B 1.40 1.716 1.4558
H18C 1.38 1.3642 1.1712
13C
C1 128.35 128.288 141.204
C2 129.12 117.64 130.922
C3 147.96 141.007 155.434
C4 131.63 118.11 131.250
C5 121.00 121.938 134.919
C6 130.95 132.438 146.862
C7 123.26 123.189 135.276
C8 129.77 128.37 140.161
C9 167.19 158.982 174.495
C10 191.65 192.044 206.008
C11 131.63 118.556 132.988
C12 124.46 123.77 138.215
C13 113.48 112.866 126.349
C14 139.44 123.77 138.365
C15 113.48 104.596 115.627
C16 154.21 147.485 163.768
C17 64.43 60.3382 67.7673
C18 14.17 12.9652 17.1665
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outeofeplane bending vibrations are identified at 824,821, 795,
and 725 cm�1 the observed absorption band in FTeIR spectrum at
820 cm�1. CeN vibrations.

Silverstein et al. [27] assigned CeN stretching absorption in the
region 1382e1266 cm�1 for aromatic amines. In benzotrizole, the
CeN stretching vibrations are found to be present at 1382 and
1307 cm�1 [31]. In the present study, a very strong band at
1341 cm�1in FT-IR has been assigned to triazole CeN stretching
vibration. The theoretically computed value of CeN stretching vi-
bration is defined as 1311 cm�1.

3.2.5. CeC vibrations
The CeC stretching vibration is in general appear in the

spectral range 1650 to 1200 cm�1 [32e34]. The computed vi-
brations (mode 99) is assigned to CeC stretching vibration at
1585 cm�1 using B3LYP/6e311G (d, p) which is comparable to
experimental data at 1649 cm�1. The computed vibrations
(modes 68, 65 and 61) are assigned to CeCeC in plane vibrations
at 1085, 1021 and 977 cm�1 using B3LYP/6e31G (d, p). The
computed vibrations (modes 37,34, 29 and 26) are assigned to
CeCeC out of plane vibrations at 585, 531, 459 and 398 cm�1

using B3LYP/6e31G (d, p) which are comparable to experimental
data at 586, 540, 428 and 398 cm�1.

3.2.6. CH2 group vibrations
The asymmetric CeH stretching mode of CH2 group is
expected in the region [35] around 2940 cm�1and the symmetric
around the region 2860 cm�1. In ARNO the CH2 asymmetric
stretching mode is found at 2929 cm�1 in FTeIR spectra. The
symmetric stretching modes also observed in FTeIR spectra at
2855 cm�1. The calculated wave numbers of the above modes are
2908 cm�1 (58%) and cm�1 (73%) using B3LYP/6e31G (d, p)
respectively for CH2 asymmetric and symmetric stretching
modes. The scissoring vibration of CH2 were reported at 1609,
1575, 1560, 1542 cm�1 in FT-IR spectra [17,26]. The computed
values of CH2 give wave number at 1497 cm�1 by B3LYP/6e31G
(d, p) method (mode no. 91).

3.3. 1H and 13C NMR spectra

In this study, relative chemical shifts were calculated by using
the corresponding TMS shielding calculated at the same theo-
retical level and basis sets [36]. 1H and 13C chemical shifts for
ARNO computed by B3LYP/6-31G(d, p) and B3LYP/6-311G(d, p)
are listed in Table 3, as compared with previously reported
experimental data. According to the comparison between
experimental and calculated data, the calculated 1H and 13C
chemical shifts are in acceptable agreement with the experi-
mental results [8].

In this work, the peaks originated from the aromatic carbons
have been calculated at the ranges of 104.596e147.485 by B3LYP/
6e31G (d, p) and 115.627e163.768 ppm by B3LYP/6e311G (d, p) for
ARNOmolecule. The sulphur (S), nitrogen (N) and oxygen (O) atoms
which have high electronegative property polarize the electron
distribution in its bond to the adjacent carbon atom and decreases
the electron density at the bridge for the title molecule. Therefore,
C3, C9, C10 and C16 atoms give peaks at the downfield regions in
NMR spectrum. The chemical shift values for the aliphatic C atoms
observed as 64.43 and 14.17 ppm have been calculated as 67.7673
and 17.1665 ppm, respectively.

As for the 1H NMR spectrum, a substantial agreements between
the experimental [8] and theoretical results have been achieved for
ARNO molecule. Aromatic proton signals observed at the range of
8.53e7.08 ppm have been calculated at the regions of
8.9066e7.1497 ppm by B3LYP/6-31G (d, p) and 8.6931e6.9453 ppm
by B3LYP/6-311G (d, p). As would be expected, the aliphatic CH2
and CH3 protons give NMR signals to be moderately lower than
aromatic ones.

3.4. Natural bond orbital analysis

NBO analysis provides an efficient method for studying
intraeand interemolecular bonding and interaction among
bonds, and also provides a convenient basis for investigating
charge transfer or conjugative interaction in molecular systems
[37e40]. The seconde order Fockematrix was carried out to
evaluate different types of donoreacceptor interactions and their
stabilization energies in the NBO basis [41]. The interactions
result in a loss of occupancy from the localized NBO of the
idealized Lewis structure into an empty noneLewis orbital. For
each donor (i) and acceptor (j), the stabilization energy E(2)

associated with the delocalization ði/jÞ is determined as

Eð2Þ ¼ DEij ¼ qi
F2ði;jÞ
εj � εi

(2)

where qi q is the donor orbital occupancy; εj; εi are the diagonal
elements and Fði;jÞ is the off diagonal NBO Fock matrix element.



Table 4
Second order perturbation theory analysis of fock matrix in NBO basis for ARNO.

Donor (i) Type ED (i) (e) Acceptor (j) Type ED (j) (e) E(2)a (kcal mol�1) (EjeEi)b (a.u) F(i, j)c (a.u)

N1eO1 p 1.98497 O2 LP(3) 1.44330 12.30 0.18 0.078
N1eO1 p 1.98497 N1eO1 p* 0.62920 7.42 0.32 0.052
C1eC6 p 1.58730 C2eC3 p* 0.38290 23.29 0.27 0.071

C5eC4 p* 0.27619 17.35 0.28 0.064
C7eC8 p* 0.21559 19.18 0.28 0.068

C2eC3 p 1.62963 N1eO1 p* 0.62920 27.56 0.15 0.061
C1eC6 p* 0.37887 18.85 0.29 0.066
C5eC4 p* 0.27619 20.00 0.29 0.070

C5eC4 p 1.65927 C1eC6 p* 0.37887 20.24 0.28 0.068
C2eC3 p* 0.38290 19.68 0.28 0.067

C7eC8 p 1.83195 O3eC9 p* 0.27023 19.67 0.30 0.070
C1eC6 p* 0.37887 11.36 0.31 0.056

C11eC12 p 1.71501 C13eC14 p* 0.33190 15.65 0.30 0.061
C15eC16 p* 0.38363 21.71 0.29 0.072

C13eC14 p 1.67167 C11eC12 p* 0.36237 23.83 0.28 0.073
C15eC16 p* 0.38363 17.34 0.27 0.062

C15eC16 p 1.64812 C11eC12 p* 0.36237 17.20 0.29 0.063
C13eC14 p* 0.33190 22.55 0.29 0.073

S1 LP(2) 1.71876 S2eC10 p* 0.39355 31.79 0.18 0.070
C7eC8 p* 0.21559 21.52 0.28 0.070

S2 LP(2) 1.85506 S1eC10 s* 0.08559 13.62 0.36 0.063
N2eC10 s* 0.08449 13.40 0.61 0.082

N2 LP(1) 1.58888 S2eC10 p* 0.39355 70.71 0.20 0.106
O3eC9 p* 0.27023 47.98 0.28 0.107
C11eC16 s* 0.03452 5.94 0.83 0.069

O2 LP(2) 1.89769 N1eO1 s* 0.05672 19.23 0.71 0.105
N1eC2 s* 0.10466 12.68 0.57 0.076

O2 LP(3) 1.44330 N1eO1 p* 0.62920 164.02 0.14 0.139
O1 LP(2) 1.89765 N1eO2 s* 0.05676 19.25 0.71 0.105

N1eC3 s* 0.10466 12.70 0.57 0.076
O3 LP(2) 1.83739 N2eC9 s* 0.10525 31.08 0.65 0.129

C8eC9 s* 0.07950 21.33 0.66 0.108
O4 LP(1) 1.96216 C15eC16 s* 0.02632 7.50 1.11 0.082
O4 LP(2) 1.83545 C15eC16 p* 0.38363 32.60 0.34 0.099

LP: lone pair.
a E(2) means energy of hyperconjugative interaction (stabilization energy).
b Energy difference between donor and acceptor i and j NBO orbitals.
c F(i, j) is the Fock matrix element between i and j NBO orbitals.

Fig. 2. Experimental and calculated IR spectra for ARNO.
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The larger the E(2) value, the more intensive is the interaction
between electron donors and electron acceptors, i.e., the more
the donating tendency from electron donors to electron accep-
tors, the greater the extent of conjugation of the whole system
[42,43]. Delocalization of electron density between occupied
Lewis-type (bond or lone pair) and formally unoccupied (anti-
bond or Rydgberg) noneLewis NBO orbitals correspond to a
stabilizing donor-acceptor interaction. The intramolecular, rehy-
bridization and delocalization of electron density (ED) within the
title compound calculated by B3LYP/6-31G (d, p) methods are
shown in Table 4. The stabilization energy E(2) associated with
hyperconjugative interaction are shown in Table 4 which quan-
tify the extend of intermolecular hydrogen bonding. The large
E(2) value indicates the strong interaction between electron
donors and electron acceptors. The strong intramolecular
hyperconjugation interaction of the s and p electrons of CeC to
the anti CeC bond in the ring leads to stabilization of some part
of the ring as evident from Table 4. For example, the intra mo-
lecular hyperconjugative interaction of p C2eC3 distribute to p*
N1eO1, p* C1eC6 and p* C5eC4 leading to stabilization energy
of 27.56, 18.85 and 20.00 kcal/mol. The another hyperconjugative
interaction of LP(2) (S1) with s* (S2eC10) leads to the stabili-
zation energy of ~31.79 kJ/mol. The biggest hyperconjugative
energy (164.02 kcal/mol) has been calculated for the interaction
between LP(3) (O5) and s* (N1eO1). The LP (1) N2 / p*
(S2eC10) and LP (1) N4 / p* (O3eC9) interaction energies are
70.71 and 47.98 kcal/mol which clearly show the evidence for the
elongation of the bond S2eC10 and O3eC9, respectively. These
larger energies imply the hyperconjugation interaction between
the electron donating groups to the acceptor.

The electron density (ED) at the conjugated p bonds
(~1.59e1.66e) and p* bonds (~0.28e0.38e) of the aromatic benzene
ring clearly showed that the strong delocalization leading to sta-
bilization some part of the ring (C1eC6). The ED for the other ring



Fig. 3. Mulliken and NBO atomic charges for ARNO obtained by B3LYP level in conjunction with 6-31G(d,p) and 6-311G(d,p) basis sets.

Table 5
Calculated molecular dipole moment, polarizability and hyperpolarizability for
ARNO.

Parameters B3LYP/6e31G (d,p) B3LYP/6e311G (d,p)

m(D) 5.50 5.54
a (a.u) 295.93 307.23
a � 10�24(esu) 43.9 45.5
b(a.u) 4292.04 4103.59
b � 10�30(esu) 37.08 35.45
b � 10�30(esu) 7.356 [52]
b � 10�30(esu) 23.80 [53]
b � 10�30(esu) 2.154 [54]

K. Toubal et al. / Journal of Molecular Structure 1147 (2017) 569e581576
(C11eC16) have been obtained at the range of ~1.65e1.72e for p
bonds () and ~0.33e0.38e for p* bonds (see Fig. 2).

3.5. Atomic charge distributions

The reliable determination of the atomic charge populations is
an important method for the investigation of several physico-
chemical properties of molecular systems. Mulliken method [44]
known as the oldest atomic charge analysis method is the
cheapest and fastest way to obtain atomic charges. An important
deficiency of Mulliken analysis is that the total charge is divided
the canonical orbitals equally amongst the participating atoms
without polarization effects. Another deficiency of Mulliken
method is that it is very basis set dependent method. As for
Natural bond orbital (NBO) analysis, it is known as a more reliable
method since it considers the electron density and polarization
effect. In NBO analysis, the localized natural atomic orbitals are
used to describe the computed electron density [45]. The Mulliken
and NBO atomic charges for the non-H atoms of ARNO calculated
at the B3LYP using 6�31G (d, p) and 6�311G (d, p) levels are
presented in Fig. 3. According to Fig. 3, Mulliken and NBO charge
analysis methods give similar results to each other. The most
positive charges has been found over carbonyl group C9 atom due
to the bonding of electronegative O atom. Likewise, the N1 atom
have large negative charge due to the coordination of O1 and O2
atoms. The methyl C atom (C18) has the biggest negative charge in
ARNO molecule, since C18 is surrounded by the proton. The other
negative charge centers can be calculated over the electronegative
atoms such as N2, O3 and O4. All of the hydrogen atoms have been
found to be carry positive charges, so these atoms have not been
given in Fig. 3.

3.6. Nonelinear optical effects

NLO effects arise from the interactions of electromagnetic fields
in various media to produce new fields altered in phase, frequency,
amplitude or other propagation characteristics from the incident
fields. NLO is at the forefront of current research because of its
importance in providing the key functions of frequency shifting,
optical modulation, optical switching, optical logic, and optical
memory for the emerging technologies in areas such as telecom-
munications, signal processing, and optical interconnections
[46e49]. The non-linear optical response of an isolated molecule in
an electric field EiðuÞ can be represented as a Taylor series
expansion of the total dipole moment, mtot , induced by the field:

mtot ¼ m0 þ aijEj þ bijkEjEk þ… (3)

Where aij is the linear polarizability, m0 is the permanent dipole
moment and bijk are the first hyperpolarizability tensor compo-
nents. The isotropic (or average) linear polarizability is defined as
[47]:

atot ¼
�
axx þ ayy þ azz

��
3 (4)

first hyperpolarizability is a third rank tensor that can be described
by 3� 3� 3 matrix. The 27 components of 3D matrix can be
reduced to 10 components due to the Kleinman symmetry [50].

(bxyy ¼ byxy ¼ byyx ¼ byzz ¼ byzy ¼ bzyy; … Likewise other per-
mutations also take same value). The output from Gaussian 09
provides 10 components of this matrix as.
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bxxx ; bxxy ; bxyy ; byyy ; bxxz ; bxyz ; byyz ; bxzz ;byzz ; bzzz , respec-
tively. The components of the first hyperpolarizability can be
calculated using the following equation [51]:

bi ¼ biii þ
1
3

X
isj

�
bijj þ bjij þ bjji

�
(5)

Using the x, y and z components of b, the magnitude of the first
hyperpolarizability tensor can be calculated by:

btot ¼
�
b2x þ b2y þ b2z

�1 =

2
(6)

The complete equation for calculating the magnitude of b from
Gaussian 03 output is given a follows:

btot

�
¼

�
b2xxx þ b2xyy þ b2xzz

�2 þ �
b2xxy þ b2yyy þ b2yzz

�2þ

¼
�
b2xxz þ b2yyz þ b2zzz

�2�1 =

2

(7)

The calculated values of the polarizabilities and the hyper-
polarizabilities from Gaussian 03 output have been converted from
atomic units (a.u) into electrostatic units (esu):(a:
1a.u. ¼ 0.1482 � 10�24 esu; b: 1a.u. ¼ 8.6393 � 10�33 esu). The
electronic dipole moment (mi: i ¼ x, y, z), the polarizability aij and
the first hyperpolarizability bijk are shown in Table 5.

The total molecular dipole moment and first order hyper-
polarizability are 5.4957 Debye and 37.08 � 10�30 esu obtained by
B3LYP/6-31G (d, p), respectively and are depicted in Table 5.

The calculated polarizability aij have non zero values and was
dominated by the diagonal components. Total polarizability (atot)
calculated as 4.39 � 10�24 esu. The first hyperpolarizability value b
of the title compound is equal to 35.45 � 10�30 esu obtained by
B3LYP/6-311G (d, p). The hyperpolarizability b dominated by the
longitudinal components of bxxx. Domination of particular
component indicates on a substantial delocalization of charges in
this direction.

Organic p-systems with an electron donor (D) and an electron
Table 6
Total energy (au), Dipole moment m (D), Polarizability a � 10�23(esu), First static
hyperpolarizability b � 10�30(esu) and HOMOeLUMO gap (eV) with the changing
dihedral angle (C10eN2eC11eC16) for ARNO.

Ф B3LYP/6-31G(d)

Energy mtot atot btot gap

00 �1900.95568 5.241 3.80 4.47 3.74
10 �1900.95702 5.260 3.82 4.34 3.72
20 �1900.95849 5.282 3.85 4.04 3.69
30 �1900.96097 5.319 3.88 3.64 3.65
40 �1900.96183 5.341 3.91 3.80 3.61
50 �1900.96383 5.385 3.95 4.95 3.56
60 �1900.96562 5.430 3.98 7.07 3.51
70 �1900.96789 5.482 4.02 9.82 3.47
80 �1900.96934 5.534 4.05 12.82 3.43
90 �1900.97053 5.585 4.08 15.79 3.39
100 �1900.97085 5.630 4.10 18.61 3.34
110 �1900.97131 5.671 4.13 21.25 3.31
120 �1900.97185 5.706 4.14 23.46 3.28
130 �1900.97204 5.729 4.16 25.28 3.26
140 �1900.97198 5.737 4.16 26.42 3.25
150 �1900.97206 5.735 4.17 27.25 3.25
160 �1900.95332 5.721 4.15 27.29 3.32
170 �1900.97249 5.699 4.16 26.98 3.25
180 �1900.97332 5.669 4.15 25.93 3.27
acceptor (A) represent an important class of the pushepull systems.
DeA interaction, widely known as intramolecular charge-transfer
(ICT), in such DepeA molecules explain how the even more
distinct optoelectronic properties occurs. From Fig. 4, the electron
delocalization in ground state has been restricted between N1 and
N2. In the first excited state, the electron delocalization has been
found to be over the phenyl ring and substituted tail group. It can be
said that the donor and acceptor moieties for ARNO are separated
from each other. ICT from the ground state, HOMO (donor part), to
the first excited state, LUMO (acceptor part), may be one of the
reasons for considerable b parameter of ARNO. Another reason for
considerable b parameter for ARNO is the extent of electron delo-
calization. It is well known that the extension of benzene de-
rivatives has permitted an increase in the number of p electrons
and their delocalization length, which lead to remarkable increase
in the b value. As a consequence, the reason for high b parameter
can be clearly explained by the above mentioned conditions (see
Fig. 5).

The a and b parameters have been calculated as 43.9� 10�24 esu
and 37.08 � 10�30 esu by using B3LYP/6-31G (d, p) level, respec-
tively. The same parameters have been obtained as
45.5 � 10�24 esu, 35.45 � 10�30 esu by using B3LYP/6-311G (d,
p),respectively. Gobinath and Xavier [52] have calculated the b
parameter for 3-methylbezothiazole-2-thione (3MBT2T) molecule
by using B3LYP/6-311þþG(d, p) level, and reported as
7.356 � 10�30 esu. In our previous study, the b parameter for 1-(4-
chlorophenyl)-3-(4-chlorophenyl)-2-propen-1-one calculated by
B3LYP/6-311þþG (d, p) has been reported as 28.80 � 10�30 esu
[53]. The same parameter for 3-methylbezothiazole-2-thione
molecule has been calculated as 2.154 � 10�30 esu by using
B3LYP/6-311þþG (d, p) level [54]. When compared with the b
parameter for ARNOwith the similar compounds [52e54], it can be
said that the ARNO has better nonlinear optical properties.

3.7. Frontier molecular orbitals (FMOs)

The highest occupied molecular orbitals (HOMOs) and the
lowestelying unoccupiedmolecular orbitals (LUMOs) are named as
frontier molecular orbitals (FMOs). The FMOs play an important
role in the optical and electric properties, as well as in quantum
chemistry and UVeVIS spectra [55]. The HOMO represents the
ability to donate an electron, LUMO as an electron acceptor rep-
resents the ability to obtain an electron. The energy gap between
HOMO and LUMO determines the kinetic stability, chemical reac-
tivity and optical polarizability and chemical hardness softness of a
molecule [56]. The patterns of the HOMO and LUMO for the title
compound calculated with the B3LYP/6-31G (d, p) level are given in
Fig. 4. The positive phase is symbolized with red while the negative
phase is symbolized with green. As can be seen that Fig. 4, HOMO
and LUMO energies of the title compound are calculated as e

6.336512 and e 3.163904 eV for B3LYP/6e31G (d, p) level. The
energy gaps between the HOMO and LUMO are calculated to be e

3.172608 eV.
The ARNO was investigated as a function of the twist angle and

calculated the dipole moments (m), polarizabilities (a) and
hyperpolarizabilities (b), the twist angles ranging from 0 to 180�.
The data for the title compound is shown in Table 4. The study
shows that by changing the dihedral angle (C10eN2eC11eC16)
should reduce the HOMOeLUMO energy gap for a particular
dihedral angle allowing the molecular orbitals to overlap to have a
proper electronic communication through conjugation. This is
obvious when the frontier molecular orbital energies are studied
using the GAUSSIAN 03. The variation of HOMOeLUMO energy



Fig. 7. Molecular electrostatic potential for ARNO.

Fig. 5. The selected dihedral angle F C10 eN2e C11e C16 in ARNO.

Fig. 4. The frontier molecular orbitals for ARNO obtained by B3LYP method.

Fig. 6. The variation of linear and nonlinear optical properties with the changing
dihedral angle for ARNO.
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gap with the dihedral angle for ARNO is given in Fig. 6. This will
clearly show that the maximum hyperpolarizability is obtained for
a non-planar structure. It is also seen that from Fig. 4 there is an
inverse relationship between hyperpolarizability and the HOMO-
eLUMO gap.

3.8. Molecular electrostatic potential

The molecular electrostatic potential (MEP) is welleknown as
a rigorously defined expectation quantity which is measured as
the firsteorder interaction between the molecular charge (elec-
trons and nuclei) distribution and a positive unit charge at any
point in space surrounding the molecule. An important feature of
the electrostatic potential is that it is a real physical property that
can be determined experimentally by diffraction methods, as well
as computationally [54,58]. To predict reactive sites for electro-
philic and nucleophilic attack for the investigated molecule, MEP
was calculated at the B3LYP/6e31G (d, p) optimized geometry.
The negative (red and yellow) regions of MEP were related to
electrophilic reactivity and the positive (blue) ones to nucleo-
philic reactivity shown in Fig. 7. As a shown in Fig. 7, there are
several possible sites for electrophilic attacks over the O5, O6, O7
and S2 atoms. The maximum negative electrostatic potential is
substantially over the O7 atom because of the strong intermo-
lecular hydrogen bond as can be seen from the MEP map of the
title molecule, while regions having the negative potential are
over the electronegative atoms, the regions having the positive
potential are over the hydrogen atoms. Red and blue regions in
the MEP map refer to the regions of negative and positive po-
tentials and correspond to the electron rich and electron-poor
regions, respectively, whereas the green color signifies the
neutral electrostatic potential. The MEP surface provides neces-
sary information about the reactivity of hard sites for the



Table 7
Thermodynamic parameters of ARNO calculated at B3LYP(6e31G(d, p)/6e311G(d, p))method.

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

6e31G(d,p) 6e311G(d,p) 6e31G(d,p) 6e311G(d,p) 6e31G(d,p) 6e311G(d,p)

100.00 454.03 451.04 170.32 169.72 11.02 10.98
200.00 604.60 600.77 277.47 275.49 33.36 33.19
298.15 735.62 730.83 385.44 382.76 65.91 65.51
300.00 738.01 733.21 387.42 384.74 66.63 66.22
400.00 863.46 857.88 486.83 484.17 110.48 109.80
500.00 981.20 975.05 568.38 565.99 163.39 162.46
600.00 1090.77 1084.21 633.00 630.91 223.59 222.43
700.00 1192.34 1185.49 684.31 682.48 289.55 288.19
800.00 1286.52 1279.43 725.65 724.02 360.12 358.59
900.00 1374.00 1366.73 759.45 757.99 434.43 432.75
1000.00 1455.51 1448.09 787.44 786.12 511.81 509.99

Fig. 8. Correlation graphic of entropy, heat capacity, enthalpy and temperature for ARNO.
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investigated molecule (see Table 6).

3.9. Thermo-dynamical properties

The correlations between the statistical thermodynamics and
temperature were also obtained. It is seen that the heat capacities,
entropies and enthalpies increase when increasing temperature of
a molecule and it also results that the intensity of the molecular
vibrations increase with temperature. The standard statistical
thermodynamic functions i, standard heat capacities, standard
entropies and standard enthalpy changes (0/T) were obtained
and are listed in Table 5. As can be seen from Table 7, the standard
heat capacities, entropies and enthalpy changes increase at any
temperature from 100.00 to 1000.00 K, since increasing the tem-
perature causes an increase in the intensity of the molecular vi-
bration. The correlation graphs are shown in Fig. 8. All the
thermodynamic data supply helpful information for the further
study on the ARNO. They can be used to compute the other ther-
modynamic energies according to relationships of thermodynamic
functions and estimate directions of chemical reactions according
to the second law of thermodynamics in thermoechemical field
[59].

4. Conclusion

This work presents the experimental and theoretical vibra-
tional IR spectra of the title compound. All observed vibrational
bands have been discussed and assigned on the basis on our DFT
calculations. Scaled theoretical wavenumbers and PED results
were quite useful for the reliable assignments of normal modes of
vibrations. Furthermore, the first-order hyperpolarizabilities, to-
tal dipole moment, NBO and HOMO-LUMO energy gap have been
calculated by using B3LYP methods with 6-31G (d, p) and 6-311G
(d, p) basis sets in order to get an insight into the compound. The
MEP map shows that the negative potential sites are on elec-
tronegative atoms while the positive potential sites are around
the hydrogen atoms. The nonlinear optical properties revealed by
theoretical calculations indicate that the studied compounds are
good candidates of nonlinear optical materials.
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