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The molecular geometry and vibrational frequencies of (7-chloro-2-oxo-2H-chromen-4-yl)-methyl diethylcar-
bamodithioate in the ground state have been calculated by using the Hartree—Fock and density functional theory
methods (BSLYP and B3PW91) with 6-311++G(d,p) basis set. The results of the optimized molecular structure
are presented and compared with the experimental X-ray data. The calculated vibrational frequencies are used
to determine the types of molecular motions associated with each of the experimental bands observed. To inves-
tigate the nonlinear optics properties of the title compound, the polarizability and the first hyperpolarizability
are calculated using the density functional BSLYP method. The predicted nonlinear optical properties of the title
compound are greater than ones of urea. To determine conformational flexibility, molecular energy profile of the
title compound is obtained by B3LYP calculations with respect to selected degree of torsional freedom, which
is varied from —180° to +180° in steps of 10°. Besides, molecular electrostatic potential, natural bond orbitals,
natural atomic charges, frontier molecular orbitals, and several thermodynamic properties are performed by the

density functional theory methods.
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1. Introduction

Coumarins are obtained from both natural products
and synthetic methods and also their derivatives possess
potential biological activity such as antimicrobial [1], an-
tifungal [2], anti-HIV [3], antioxidant [4], anticancer [5],
antiviral [6], tuberculostatic 7], antitumor [8], antivas-
cular [9], TNF-« inhibitor [10], anticoagulant [11], es-
trogenic [12], anti-inflammatory [13], and anticonvulsant
activity [14, 15]. Some coumarin derivatives have also
been used in laser dyes, non-linear optical chromophores,
photoluminescent materials, fluorescent whiteners, fluo-
rescent probes, and solar energy collectors [16-21]. On
the other hand, it is known that they are used as addi-
tives in food and cosmetics [22].

Investigations into the structural stability of these
compounds using both experimental techniques and the-
oretical methods have been of interest for many years.
With recent advances in computer hardware and soft-
ware, it is possible to correctly describe the physico-
chemical properties of molecules from first principles us-
ing various computational techniques [23]. In recent
years, density functional theory (DFT) has been the
shooting star in theoretical calculations. The develop-
ment of ever better exchange-correlation functionals has
made it possible to calculate many molecular properties
with accuracies comparable to those of traditional cor-
related ab initio methods, at more favourable computa-
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tional costs [24]. Literature surveys have revealed the
high degree of accuracy of DFT methods in reproduc-
ing the experimental values in terms of geometry, dipole
moment, vibrational frequency, etc. [25-27].

In previous publication, the X-ray, infrared (IR),
'H-NMR of (7-chloro-2-oxo-2H-chromen-4-yl)-methyl di-
ethylcarbamodithioate were studied [28]. In spite of
it being very essential, as mentioned above, there is
no published theoretical calculation on (7-chloro-2-oxo-
2H-chromen-4-yl)-methyl diethylcarbamodithioate yet.
In the present study, the molecular structure, vibra-
tional spectra and assignments, frontier molecular orbital
energies, conformational properties, natural bond or-
bitals, natural atomic charges, nonlinear optical proper-
ties, and thermodynamical parameters were investigated
on (7-chloro-2-oxo-2H-chromen-4-yl)-methyl diethylcar-
bamodithioate. The aim of this study is to investigate
the spectral and structural properties of the coumarin
compound, (7-chloro-2-oxo-2H-chromen-4-yl)-methyl di-
ethylcarbamodithioate, using the Hartree—Fock (HF) and
DFT (B3LYP, B3PW91) calculations and then compare
our results with the available experimental work pub-
lished before.

2. Computational methods

The initial molecular geometry was directly taken from
the X-ray diffraction experimental result without any
constraints [28]. The geometry optimization is the first
step for the theoretical calculations. The geometry op-
timizations of the molecule were performed using the
HF and DFT (B3LYP and B3PW91) methods with the
6-311+-+G(d,p) basis set. Theoretical calculations of the
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title compound were performed using the Gaussian 09W
program [29]. The obtained vibrational frequencies were
scaled by 0.89 for HF, 0.96 for B3LYP, and 0.957 for
B3PWO91. The verification of the normal modes assign-
ment was made using the Gaussview molecular visual-
isation program [30]. In addition, the thermodynamic
properties, electronic properties, natural bond orbital
(NBO), HOMO-LUMO energies were calculated using
DFT/B3LYP method.

3. Results and discussion

3.1. Molecular structure

The crystal structure [28] and the theoretical geo-
metric structure of the title compound are shown in
Fig. 1a and b. The crystal structure of the title com-
pound is monoclinic and space group is P2;/c. The
crystal structure parameters of the title compound are
a = 7.7005(2) A, b = 23.3452(8) A, ¢ = 9.7016(3) A,
B = 110.349(2)°, and V = 1635.21(9) A® [28]. The
molecular structure of the title crystal belongs to C;
point group symmetry. The optimized parameters (bond
lengths, bond angles, and torsion angles) of the title com-
pound have been obtained by HF, BSLYP and B3PW91
methods with the 6-311++G(d,p) basis set. Theoret-
ical and experimental geometric parameters are listed
in Table I.
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Fig. 1. (a) The experimental geometric structure
of the title compound [28]. (b) The theoreti-
cal geometric structure of the title compound (with
B3LYP/6-3114++G(d,p) level). Visualization of this
structure has been carried out with ChemCraft soft-
ware [31].

Selected molecular structure parameters TABLE I
Bond lengths |Exp. [28]| HF |B3LYP | B3PW91
Cl1-C14 1.735 1.739 | 1.753 1.740
S1-C5 1.783 1.791 | 1.821 1.806
S1-C6 1.806 1.822 | 1.838 1.823
S2-Cbh 1.662 1.673 | 1.671 1.665
01-C10 1.373 1.352 | 1.399 1.392
01-C9 1.379 1.346 | 1.360 1.354
02-C10 1.205 1.178 | 1.202 1.200
N1-C5 1.330 1.326 | 1.349 1.345
N1-C3 1.474 1.473 | 1.477 1.468
N1-C2 1.477 1.470 | 1.475 1.466
C1-C2 1.513 1.526 | 1.531 1.525
C3-C4 1.498 1.524 | 1.529 1.523
C6-C7 1.498 1.508 | 1.505 1.499
C7-C11 1.344 1.332 | 1.355 1.354
C7-C8 1.451 1.467 | 1.454 1.450
C8-C9 1.392 1.388 | 1.407 1.404
C8-C12 1.404 1.396 | 1.406 1.403
C9-C15 1.373 1.386 | 1.395 1.393
C10-C11 1.437 1.466 | 1.454 1.451
C12-C13 1.370 1.376 | 1.385 1.383
C13-C14 1.378 1.388 | 1.398 1.396
C14-C15 1.375 1.374 | 1.385 1.383
RMSE*® 0.0156 | 0.0184 | 0.0142
max. difference® 0.033 | 0.038 0.025
Bond angles |Exp. [28]| HF |B3LYP | B3PW91
C5-S1-C6 104.12 [105.72| 103.36 | 102.93
C10-01-C9 121.54 [123.26 | 122.37 | 122.40
C5-N1-C3 120.80 [120.94| 120.61 | 120.49
C5-N1-C2 123.70 [124.78 | 124.44 | 124.24
C3-N1-C2 115.40 [114.28 | 114.96 | 115.27
N1-C2-C1 112.40 [113.26| 113.42 | 113.39
N1-C2-H4 109.10 |106.46 | 106.64 | 106.69
N1-C2-H5 109.10 [109.68 | 108.97 | 108.88
N1-C3-C4 112.00 [112.71] 112.78 | 112.71
N1-C3-H6 109.20 |[106.51| 106.71 | 106.76
N1-C3-H7 109.20 [108.69 | 108.01 | 107.90
N1-C5-S2 124.23 [124.33| 124.38 | 124.23
N1-C5-S1 112.71 |113.63| 112.57 | 112.51
S2-C5-S1 123.04 [122.02| 123.04 | 123.24
C7-C6-S1 111.11 [113.43| 112.98 | 112.62
S1-C6-H11 109.40 |104.61| 105.35 | 105.85
S1-C6-H12 109.40 [107.97| 105.96 | 105.69
C11-C7-C8 118.60 |[118.79| 119.04 | 118.97
C11-C7-C6 120.90 [120.42| 120.01 | 120.12
C8-C7-C6 120.47 [120.78 | 120.95 | 120.91
C9-C8-C12 117.00 [117.58 | 117.48 | 117.60
C9-C8-C7 118.45 [117.42| 117.72 | 117.69
C12-C8-C7 124.50 [124.99| 124.79 | 124.71
C15-C9-01 115.93 |[116.09| 116.19 | 116.21
C15-C9-C8 122.90 [122.04| 121.87 | 121.77
01-C9-C8 121.17 [121.87| 121.94 | 122.03
02-C10-01 116.50 |[118.73| 117.61 | 117.62
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TABLE I (cont.)

Bond angles Exp. [28] HF B3LYP | B3PW91
02-C10-C11 126.20 124.86 | 126.45 126.35
01-C10-C11 117.40 116.41 | 115.94 116.03
C7-C11-C10 122.80 122.24 | 122.98 122.88
C13-C12-C8 121.10 121.57 | 121.62 121.61
C12-C13-C14 119.20 118.87 | 118.95 118.94
C15-C14-C13 122.10 121.48 | 121.56 121.52
C15-C14-Cl1 118.57 119.25 | 119.22 119.23
C13-C14-Cl1 119.29 119.28 | 119.23 119.25
C9-C15-C14 117.60 118.46 | 118.52 118.57
RMSE“ 1.0977 | 0.7483 | 0.7290
max. difference® 4.79 4.05 3.71

Torsion angles | Exp. [28]| HF B3LYP | B3PW91
C5-N1-C2-C1 —87.50 | —91.91 | —92.41 | —92.43
C3-N1-C2-C1 92.00 87.82 87.19 87.16
C5-N1-C3-C4 —89.00 | —89.64 | —89.69 | —89.47
C2-N1-C3-C4 91.40 90.62 90.69 90.92
C3-N1-C5-S2 1.60 0.98 1.59 1.51
C2-N1-C5-52 —178.90 | —179.30 | —178.83 | —178.92
C3-N1-C5-S1 —176.80 | —177.31 | —=176.83 | —176.93
C2-N1-C5-S1 2.70 2.41 2.75 2.65
C6-S1-C5-N1 —172.85 | —173.23 | —173.61 | —173.74
C6-S1-C5-S2 8.80 8.43 7.95 7.80
C7-C6-S1-C5h 93.46 95.77 100.75 101.23
S1-C6-C7-C11 —108.00 | —108.45 | —105.76 | —105.99
S1-C6-C7-C8 70.40 72.81 74.83 74.42
C11-C7-C8-C9 1.40 0.74 0.30 0.22
C6-C7-C8-C9 —177.00 | —179.50 | —179.72| —179.82
C11-C7-C8-C12 —178.60 | —178.67 | —179.47 | —179.60
C6-C7-C8-C12 2.90 0.09 —0.06 0.00
C10-01-C9-C15 —179.10 | —178.78 | =179.53 | —179.64
C10-01-C9-C8 0.80 —1.09 —0.44 -0.33
C12-C8-C9-C15 —2.10 —0.25 —0.03 0.01
C7-C8-C9-C15 177.90 179.70 | 179.82 179.82
C12-C8-C9-01 178.11 179.61 | 179.94 179.99
C7-C8-C9-01 —2.00 0.16 0.15 0.16
C9-01-C10-02 —179.30 | —179.03 | —179.67 | —179.78
C9-01-C10-C11 0.90 1.04 0.27 0.13
C8-C7-C11-C10 0.20 —0.78 —0.48 —0.42
C6-C7-C11-C10 178.60 179.54 | 179.90 179.97
02-C10-C11-C7 178.30 179.99 | 178.86 179.85
01-C10-C11-C7 —1.40 —0.08 0.20 0.26
C9-C8-C12-C13 1.70 0.16 0.07 0.05
C7-C8-C12-C13 —178.20 | —179.57 | —179.84 | —179.87
C8-C12-C13-C14 —-0.30 0.05 —0.01 —0.02
C12-C13-C14-C15| —0.80 —0.19 —0.10 —0.08
C12-C13-C14-Cl1 | 179.55 179.92 | 179.97 | 179.98
01-C9-C15-C14 —179.10 | —179.75 | —179.96 | —179.92
C8-C9-C15-C14 1.00 0.12 —0.07 —0.11
C13-C14-C15-C9 0.50 0.10 0.13 0.14
Cl1-C14-C15-C9 —179.90 | —180.00 | —179.93 | —179.92

Note:

“RMSE and maximum differences between the

bond lengths and angles computed using theoretical
methods and those obtained from X-ray diffraction.

As seen from Table I, most of the calculated bond
lengths, bond angles and torsion angles are slightly dif-
ferent from the experimental data. Comparative graphs
of the bond lengths, bond angles, and torsion angles are
presented in Figs. 2-4. We noted that the experimental
results belong to the solid phase and theoretical calcu-
lations belong to the gas phase. In the solid state, the
existence of the crystal field along with the intermolec-
ular interactions has connected the molecules together,
which results in differences in bond parameters between
the calculated and experimental values [32, 33]. The
biggest differences of bond lengths between the experi-
mental and the calculated values are obtained at S1-C5
bond, with the different values being 0.038 A for B3LYP,
01-C9 bond with a value 0.029 A for HF, and 0.025 A
for B3PW91 method. For the bond angles, the biggest
differences occur at S1-C6-H11 with the different values
being 4.761° for HF and 4.053° for B3LYP and S1-C6-
H12 bond angle with the different values being 3.713°
for BSPW91 method. If you look at the terms of un-
hydrogenated bond angles, the biggest differences occur
at C7-C6-S1 with the different values being 2.318° for
HF method, 1.868° for B3BLYP method, and 1.511° for
B3PW91 method and also O2-C10-O1 bond angle with
the different values being 2.233° for HF method, 1.109°
for BSLYP method, and 1.116° for BSPW91 method.
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Fig. 2. Bond length differences between experimental

and theoretical methods.

In order to compare the theoretical results with the
experimental values, root mean square error (RMSE)
is used. Calculated RMSE for bond lengths and bond
angles are 0.0156 A and 1.0977° for HF, 0.0184 A
and 0.7483° for B3LYP, and 0.0142 A and 0.7290° for
B3PWO91, respectively. According to these results, it may
be concluded that the B3PW91 calculation well repro-
duce the bond lengths and angles of the title compound.
In spite of these differences, the DFT optimized geome-
tries represent a good approximation with the crystal
structure.
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Fig. 4. Dihedral angle differences between experimen-

tal and theoretical methods.

In order to define the preferential position of the low
energy structures using B3LYP/6-311++G(d,p) compu-
tations were performed as a function of the selected de-
grees of torsional freedom T (C7-C6-S1-C5). The re-
spective values of the selected degrees of torsional free-
dom T (C7-C6-S1-C5) is 93.46° in X-ray structure [28],
whereas the corresponding values in B3LYP optimized
geometry is 100.75°. Molecular energy profile with re-
spect to rotation about the selected torsion angles are
given in Fig. 5. According to the results, the low energy
domains for T (C7-C6-S1-C5) are located from —180°
to —120° and from 60° to 180°, which is in agrement with
the optimized geometry value. Energy difference between

M. Evecen, H. Tanak

the most favorable (—140°) and unfavorable (—70°)
conformers is found to be 25.67 eV when selected degree
of torsional freedom is considered. It must be remarked
that the conformational analysis of the title compound in
the selected torsion angle was separated near to its value
in the global minimum.
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Fig. 5. Potential energy profile using B3LYP/6-
311++G(d.p) method for the internal rotation around
the C6-S1 bond of the title compound. Visualization
of this structure has been carried out with ChemCraft
software [31].

3.2. Vibrational spectra

Harmonic vibrational frequencies were calculated us-
ing the HF, DFT/B3LYP and DFT/B3PW91 methods
with the 6-311+-+G(d,p) basis set. Simulated IR spectra
of the title compound are shown in Fig. 6. Using the
Gauss-View molecular visualisation program, the vibra-
tional band assignments were made. In order to facilitate
assignment of the observed peaks, we investigated the
vibrational frequencies and compared with experimental
results. The theoretical and experimental results were
tabulated in Table II.

The title compound Ci5H;4CINO5S; includes 37
atoms and therefore undergoes 105 normal modes of vi-
brations. Among the 105 normal modes of vibrations,
71 modes of vibrations are in plane and remaining 34
modes are out of plane. The bands that are in the
plane of the molecule are represented as A’ and out-
of-plane as A”. Thus, the 105 normal modes of vibra-
tions of the title compound are distributed as I,;, =
7T1A" + 34A”. Calculated vibrational frequencies are
scaled as 0.890, 0.960, and 0.957 for HF, B3LYP, and
B3PW091, respectively [34, 35]. The IR spectra contain
some characteristic bands of the stretching vibrations of
the C-H, C-Hjs, C-H,, C=0, C-0, C-C, C-N, and C-S
groups, which were analysed in a detailed way in the
following.
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Comparison of the experimental and cal- TABLE II

culated vibrational frequencies (cm™!)

Assignments® ]?;;‘ HF | B3LYP | B3PW91

v(C-H) s 3018| 3089 | 3089
»(C-H) s 3008| 3084 | 3083
v(C-H) as 2988 | 3065 | 3061
»(C-Hs) as + v(C-Ha) as 2024| 3001 | 3000
v(C-Hs) as + v(C-Ha) as 2879 | 2994 2986
v(C-Ha) s + v(C-Hs) as 2870| 2937 | 2932
v(C-Ha) s 2860| 2931 | 2926
v(C-Hy) s + v(C-Hs) s 2824| 2929 | 2914
v(C-Hs) s 2820| 2914 | 2913
v(C-Hs) as + v(C-Hg) s - 2912 2909
v(C=0) 1721|1777 | 1734 1748
»(C=C) R as + v(C-H) R 1594| 1570 | 1600
»(C=C) R's 1543 1517 | 1581
V(C-N) + §(C-Hy) 1483| 1466 | 1460
a(C-Hy) + a(C-Hs) 1453| 1447 | 1435
a(C-Hy) 1419| 1406 | 1415
Y(C-N) + a(C-Ha) 1407 1395 | 1392
»(C-C) R as 1382| 1375 | 1350
w(C-Hgs) 1347 | 1359 1347
¥(C-C) R as + v(C-H) R 1345| 1350 -
w(C-Ha) + w(C-Hs) 1257| 1336 | 1327
»(C-C) R 1248| 1296 | 1318
v(C-N) + §(C-Ha) + w(C-Hs) 1247| 1247 | 1246
v(C=8) + v(C-C)s + w(C-Hy) |1270|1196| 1226 | 1233
v(C-0-C) + v(C-H) R 1202 [1126] 1212 | 1214
~v(C-Hs) + v(C-N) 1074 1177 | 1181
a(C-H) R 1061| 1126 | 1122
~(C-Hs) + v(C-Hy) + v(C-N) 1048| 1120 | 1116
v(C-O) R as 1087 | 968 | 1101 1115
v(C—Cl) + ~(C-H) R 952 | 1054 | 1056
v(C-N) 941 | 1037 | 1042
»(C-C) + v(C-S) 877 | 972 988

Y(S-C-S) + v (C-C)s 860 | 940 952
0(C-H) R 874 924 917
»(C-O)R + §(C-H)R + v(C-Cl) 860 | 922 931
v(C-S) + v(C-N) 856 | 833 885 894
§(C-H) R 816 | 819 838
V(C-N) + v(C-S) 798 | 796 801
w(C-H) R 757 | 791 787
¥(S-CH,) s + v(C=0) 730 | 704 710
v(C-Cl) + v(C-S) s 675 | 616 | 609 613
v(C-S) s 367 | 361 365

@ v — stretching, a — scissoring, v — rocking, § — twisting,

w — wagging, s — symmetric, as — asymmetric, R — ring

3.2.1. C—-H wvibrations

C-H has a well known characteristic vibrational fre-
quency, the in-plane and out-of-plane bending vibrational
frequencies within characteristic region. Aromatic com-
pounds commonly exhibit multiple weak bands in the

region 3100-3000 cm~! [36] which is the characteristic
region for the ready identification of C—H stretching vi-
brations in plane. In this region, the bands are not
appreciably affected by the nature of the substituents.
In the present work, C—H aromatic stretchings are in the
expected region, lie within the range 3018-2988 cm ™~ by
HF, 3089-3065 cm~! by B3LYP, and 3089-3061 cm™!
by B3PW91. Besides, C-H in-plane and out-of-plane
bending vibrations lied in the range 1500-1100 cm™!
and 1000-750 cm ™! [37], respectively. In this case, four
bands are assigned to C-H in-plane bending vibrations
of title compound, identified at 1594, 1345, 1126, and
1061 cm~! by HF, 1570, 1350, 1212, and 1126 cm~! by
B3LYP and 1600, 1214, and 1122 cm~!' by B3PWO91.
The three out-of-plane twisting bending modes at 874,
860, and 816 cm~! by HF, 924, 922, and 819 cm™! by
B3LYP and 917, 931 and 838 cm™' by B3PW91 and an
out-of-plane wagging at 757 cm~! by HF, 791 cm~! by
B3LYP, and 787 cm~! by B3PW91 are observed.

3.2.2. Methyl group vibrations (C-Hs)

The title molecule possesses two C-Hgs group. The
C-H methyl group stretching vibrations are highly
localized and generally observed in the range 3000-
2900 cm ™! [38, 39]. In this study, the asymmetric bands
with high peaks are found at 2924, 2879, and 2870 cm ™!
by HF, 3001, 2994, 2937, and 2912 cm~! by B3LYP and
3000, 2986, 2932, and 2909 cm~! by BSPW91, while it is
found at 2824 and 2820 cm ™! by HF, 2929 and 2914 cm ™!
by B3LYP and 2914, and 2913 cm~! by B3PW91 sym-
metric stretching vibrations. In this investigation, the
scissoring bending mode is found at 1453 cm~! by HF,
1447 em ™! by B3LYP, and 1435 cm ™! by B3PW91, while
observing two rocking frequency identified at 1074 and
1048 cm~! by HF, 1177, and 1120 cm ™! by B3LYP and
1181 and 1116 cm~! by B3PW91. C-Hj three wagging
vibrations are also found at 1347, 1257, and 1247 cm™!
by HF and 1359, 1336, and 1247 cm~! by B3LYP and
1347, 1327, and 1246 cm ! by B3PW91. This assignment
is authenticated by the literature [40, 41].

3.2.8. Methylene vibrations (C-Hs)

In our present work, six stretching, three scissoring,
and one rocking out-of-plane deformation vibrations, two
wagging and two twisting in plane methylene vibration
are found. In literature, the symmetric C—Hs stretch-
ing vibrations are generally observed between 3000 and
2900 cm~! [42]. In agreement with this, C—Hy asymmet-
ric modes are observed sharply at 2924 and 2879 cm ™!
by HF, 3001 and 2937 cm~! by B3LYP, and 3000 and
2932 cm ™! by B3PW91 while symmetric modes are found
at 2870, 2860, and 2824 cm~! by HF, 2937, 2931, and
2929 cm~! by B3LYP and 2932, 2926, and 2914 cm~!
observed by B3PW91. An extra symmetric vibration is
observed at 2909 cm~! only by B3PW91. The C-H,
three scissoring in plane deformation vibrations are at
1453, 1419, and 1407 cm~! by HF, at 1447, 1406, and
1395 cm~! by B3LYP and at 1435, 1415, and 1392 cm ™!
by B3PW91. A rocking vibration is found at 1048 cm ™!,
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1120 cm™!, and 1116 cm™! band by HF, B3LYP and
B3PWO1, respectively. The two C-H; wagging vibra-
tions are at 1257 and 1196 cm~! by HF, at 1336 and
1226 cm~! by B3LYP, and at 1327 and 1233 cm™! by
B3PWO1. Lastly two twisting vibrations are at 1483 and
1247 cm~! by HF, at 1466 and 1247 cm~! by B3LYP,
and at 1460 and 1246 cm~! by B3PW91.

3.2.4. C=0, C-0 vibrations

C = O and C — —O vibrations are more effective
to investigate the various factors in ring aromatic com-
pounds. Frequencies of the C=O stretching absorp-
tion has a greater degree than intermolecular H bond-
ing because of the different electro-negativities of C and
O [43]. The C=O0 vibration appears in the expected range
and shows that it is not affected much by other vibra-
tions. The characteristic infrared absorption frequency
of C=0 in carbonyl group are normally strong in inten-
sity and found in the region 1800-1690 cm~! [44]. In
the present study, C=O0O stretching vibration is identi-
fied at 1777 cm~' for HF, 1734 cm~! for B3LYP, and
1748 cm~! for B3PWO1 as a strong band. These results
are in agreement with experimental value of 1721 cm™!.
C-0O stretching band of the aromatic ring in IR spec-
trum is characterized by the frequencies around 1270-
1230 cm ™! [45]. For aromatic rings, the C-O vibrations
are observed at 1126 (1212, 1214), 968 (1101, 1115), and
860 (922, 931) ecm~! by HF (B3LYP, B3PW91) meth-
ods. These assignments were also supported by the ex-
perimental values of 1202 and 1087 cm®! [28].

3.2.5. C-N wvibrations

Silverstein et al. [44] identified the C-N stretching
absorption in the region 1382-1266 cm™! for aromatic
amines. Tecklenburg et al. [46] have located the C-N
symmetric stretch in the region 1120-1150 em~'. The
C-N stretchings are also found to be present at 1248
and 1199 cm~! by Pajak et al. [47]. In the present
study, all C-N stretching vibration are observed sharply
at 1483, 1407, 1248, 1074, 941, 833, and 798 cm ™! (1466,
1395, 1247, 1177, 1037, 885, and 796 cm™!; 1460, 1392,
1246, 1181, 1042, 894, and 801 cm~!) by HF (B3LYP;
B3PW91) methods. As seen in Table II, C-N stretching
vibrations are in agreement with experimental value.

3.2.6. C=C and C-C vibrations

The aromatic stretching vibrations are very promi-
nent, as the involved double C=C bond is in conjuga-
tion with the ring. In literature, the ring C=C and C-C
stretching vibrations are expected in the region 1620-
1390 cm ™! [48] and 16251280 cm ™! [49]. In the present
work, the frequencies observed at 1594, (1570, 1600), and
1543 cm ™! (1517, 1581 cm~1) have been assigned to C=C
stretching vibrations by HF (B3LYP;B3PW91) methods
and the values are almost in the expected region. The
C-C stretching vibrations of title compound are observed
with very strong intensity at 1382, 1345, 1248, 1196,
877, and 860 cm~! (1375, 1350, 1296, 1226, 1037, and
940 cm™1; 1350, 1318, 1233, 988, and 952 cm~!) by HF
(B3LYP;B3PW91) method.

3.2.7. C=S and C-S vibrations

The absorption bands of C=S group is obtained by
Silverstein et al. in the region 1563-700 cm™! [50]
and the absorption bands of C-S group in the range
670-930 cm~! by Colthup et al. [51, 52| with a moderate
intensity. The experimental C=S vibration mode were
observed to be 1270 cm~! while C-S vibration modes
are at 856 and 675 cm~! [28]. In this study, C=S vi-
bration mode has been calculated at 1196 cm~! by HF,
1226 cm~! by B3LYP, and 1233 cm ™' by B3PW91. The
C-S stretching mode are calculated at 877, 860, 833,
616, and 367 cm~! (with HF), and 972, 940, 885, 609,
and 361 cm~! by B3LYP and 988, 952, 894, 613, and
365 cm~! by B3PW91. These vibrations coincide satis-
factorily with the literature and also experimental values
(see Table II).

FTIR spectrum of the title compound is obtained by
HF, B3LYP and B3PW91 methods, and shown in Fig. 6.
It can be concluded from Fig. 6 and Table II that ex-
cept for HF method, other methods agree with each
other and experiment, which comes from the fact that
HF is not a correlated method. It is seen from Ta-
ble II that calculated vibrational frequencies of the ti-
tle compund agree well with the available experimental
literature and we conclude that other presented vibra-
tional frequencies in this work can be a reference for
experimentalists.
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3.3. Natural bond orbital analysis

We have executed NBO analysis for investigating
charge transfer or conjugative interaction in molecular
systems. NBO analysis was made using a program avail-
able in Gaussian 09W. Some electron donor orbital, ac-
ceptor orbital, and the interacting stabilization energy
resulting from the second-order micro-disturbance theory
are tabulated [53, 54]. The larger the mean of E() value
is, the more intensive is the interaction between electron
donors and electron acceptors [55]. The stabilization en-
ergy F() associated with i (donor) — j (acceptor) delo-
calization is given by the following equation [56, 57]:

(Fij)°

€5 — &
where g; is the donor orbital occupancy, €;,¢; are di-
agonal elements (orbital energies), and Fj; is the off-
diagonal NBO Fock matrix element. In order to investi-
gate the intramolecular interaction, the stabilization en-
ergies of the title compound were performed using the
second-order perturbation theory. The results of second-
order perturbation theory analysis of the Fock matrix at
B3LYP/6-311++G(d,p) level of theory are collected in
Table III. For Table III, the stabilization energies larger
than 3 keal/mol have been chosen [58].

The NBO analysis has revealed that the intramolec-
ular interactions which are formed by the orbital over-
lap between bonding (C-S), (C-N), (C-C), and (C-H)
and anti-bonding (C-Cl), (C-S), (C-0O), (C-N), (C-C),
and (C-H) orbital which results in intramolecular charge
transfer causing stabilization of the compound. These in-
teractions are observed as an increase in electron density
(ED) in (C-S), (C-C), (C-H), and (C-O) anti-bonding
orbital that weakens the respective bonds. The electron
density of dietilamina fragment (~1.98e) clearly demon-
strates strong delocalization. Similarly, the ED of conju-
gated bond of 2H-chromene ring (~1.98e) clearly shows
strong delocalization inside the compound [58]. Also, the
hyperconjugative interactions of the 0 — ¢* and ¢ — 7*
transitions occur from various bonds in the compound.
For example, the hyperconjugative interaction of the
0(C9-C15) distribute to o*(C14-C15) and o*(C15-H16)
show stabilization energy of 38.23 and 9.04 kcal/mol.
For chromen, in the case of ¢(C14-C15) orbital the
0*(C9-C15) and 7*(C14-C15) shows stabilization en-
ergy of 18.05 and 23.70 kecal/mol. Also o(C15-H16) or-
bital the ¢*(C8-C12), ¢*(C9-C15), ¢*(C14-C15) and
0*(C15-H16) show stabilization energy of 20.73, 26.30,
54.71, and 34.55 kcal/mol, respectively. The other
hyperconjugative interaction of the &(C15-H16) en-
hanced further conjugate with antibonding orbital of
7* (C14-C15), which results to strong delocalization
of 28.98 kcal /mol.

7 bonds must consist of p atomic orbitals of C, O, and
N atoms, naturally. In the studied compound, middle
degrees intramolecular hyperconjugative interactions
of m-electrons occur with greater energy contributions
from C7-C11 — 7*(02-C10) (22.35 kcal/mol); C8-C9

— 7*(C7-C11) (15.59 kcal/mol) + =*(C12-C13)
(20.19  kcal/mol) and C14-C15 — 7*(C8-C9)
(17.92 kcal /mol) + 7*(C4-H10) (16.53 kcal/mol). In ad-
dition, the 7*(02-C10), 7*(C7-C11) and 7*(C12-C13)
NBO conjugates with respective bonds of 7*(C7-C11),
7*(C8-C9) and o*(C12-C13), resulting to a stabilization
of 100.07, 49.00, and 97.80 kcal/mol, respectively. The
7*(C8-C9) bond weakly interacts with o* (C14-C15)
with the energy 10.25 kcal/mol while 7*(C14-C15)
bond strongly interacts with o* (C14-C15) with the
energy 141.19 kcal/mol. This enhanced further con-
jugation with antibonding orbital from 7*(C14-C15)

0*(C15-H16), which results to strong delocalization
of 407.02 kcal/mol.

The stronger intramolecular interactions of 7*-elec-
trons occur with the greater energy contributions
from C14-C15 — ¢*(C15-H16) (407.02 kcal/mol) and
0*(C14-C15) (141.19 kcal/mol). The interaction energy
related to the resonance in the present molecule involves
electron density transfer from lone pair of S2 to anti-
bonding LP*(1)(C5) atom to the enormous stabilization
(up to 510.28 kcal/mol). It is found that the weaker
lone pairs of N1 go to anti-bonding LP*(1)(C5) atom
(185.64 keal/mol). In addition, the weaker lone pairs S1,
02, and O1 donate its electrons to the LP(1), o, and
m-type antibonding orbital.

3.4. Atomic charge analysis

In order to investigate the electron population of
each atom of the title compound, the Mulliken atomic
charges of the compound were calculated using the
DFT/B3LYP method with the 6-3114++G (d,p) basis
set [59]. To investigate the solvent effect for the atomic
charge distributions of title compound, based on the
B3LYP/6-311++G(d,p) model and PCM method, five
solvents (chloroform, ethanol, methanol, DMSO, and wa-
ter) were selected and the calculated values are shown in
Table IV. The Mulliken atomic charges plots are shown
in Fig. 7.
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Selected second-order perturbation energies E® associated with i — 7 delocalization in gas phase TABLE III

Donor Acceptor E® E(j) — E(3) F(i,j
orbital (7) Type ED/e orbital (j) Type ED/e [kcal/mol]® ( [)a.u.]b( [a.u.]2
S1-C5 o 1.97504 N1-C9 % 0.03588 5.32 0.96 0.064
S1-C6 o 1.96681 C7-C11 T 0.15842 3.86 0.63 0.046
S2-Ch o 1.98253 N1-C2 % 0.03816 4.74 1.04 0.063
02-C10 m 1.97860 C7-C11 e 0.15842 5.42 0.41 0.044
N1-C2 o 1.98252 S2-C5 % 0.02215 3.69 1.03 0.055
N1-C3 o 1.97936 S1-Ch o 0.11755 3.81 0.87 0.053
C1-H2 o 1.98361 N1-C2 o* 0.03816 4.27 0.82 0.053
C2-H4 o 1.97972 N1-C5 o 0.06467 3.79 0.98 0.055
C3-H6 o 1.98027 N1-C5 o 0.06467 3.96 0.97 0.056
C4-H8 o 1.98318 N1-C3 o 0.03588 4.12 0.81 0.052
C6-H12 o 1.97947 C7-C8 o* 0.03387 4.25 1.07 0.060
C7-C11 o 1.97650 C7-C8 % 0.03387 3.51 1.29 0.060
C7-C11 o 1.97650 C8-C12 o 0.02242 3.08 1.62 0.063
C7-C11 m 1.80323 S1-C6 o 0.02682 4.71 0.42 0.042
C7-C11 ™ 1.80323 02-C10 e 0.27517 22.35 0.30 0.074
C7-C11 s 1.80323 C8-C9 T 0.42909 7.99 0.36 0.051
C8-C9 o 1.97114 C6-C7 o* 0.02868 3.12 1.11 0.053
C8-C9 o 1.97114 C8-C12 o* 0.02242 3.89 1.59 0.070
C8-C9 o 1.97114 C9-C15 % 0.02222 4.73 1.50 0.075
C8-C9 m 1.59279 C7-C11 e 0.15842 15.59 0.30 0.066
C8-C9 s 1.59279 C12-C13 T 0.30508 20.19 0.30 0.071
C8-C12 o 1.96930 01-C9 O 0.03147 3.77 1.05 0.056
C8-C12 o 1.96930 C7-C8 o* 0.03387 3.92 1.25 0.063
C8-C12 o 1.96930 C8-C9 o 0.03488 3.61 1.24 0.060
C8-C12 o 1.96930 C12-C13 o 0.01535 3.38 1.27 0.059
C9-C15 o 1.96576 Cl1-C14 % 0.03113 4.54 0.86 0.056
C9-C15 o 1.96576 01-C10 % 0.12872 4.80 1.03 0.064
C9-C15 o 1.96576 C4-H10 o 0.00746 3.15 1.22 0.056
C9-C15 o 1.96576 C7-C8 o 0.03387 6.51 1.27 0.081
C9-C15 o 1.96576 C8-C9 o 0.03488 4.36 1.26 0.066
C9-C15 o 1.96576 C8-C12 % 0.02242 7.47 1.60 0.098
C9-C15 o 1.96576 C9-C15 % 0.02222 4.91 1.51 0.077
C9-C15 o 1.96576 C10-C11 % 0.05423 4.43 1.34 0.069
C9-C15 o 1.96576 C14-C15 o* 0.02596 38.23 4.26 0.361
C9-C15 o 1.96576 C15-H16 % 0.01243 9.04 4.09 0.173
C10-C11 o 1.98150 C6-C7 o 0.02868 4.35 1.09 0.062
C10-C11 o 1.98150 C7-C11 % 0.01954 3.01 1.32 0.056
C11-H13 o 1.97363 01-C10 o 0.12872 4.06 0.83 0.053
C11-H13 o 1.97363 C7-C8 o* 0.03387 5.01 1.07 0.065
C12-H14 o 1.97782 C8-C9 % 0.03488 4.05 1.07 0.059
Cl12-H14 o 1.97782 C13-C14 o 0.02840 3.41 1.08 0.054
C12-C13 o 1.96814 Cl1-C14 % 0.03113 4.95 0.86 0.058
C12-C13 o 1.96814 C7-C8 o* 0.03387 3.42 1.26 0.059
C12-C13 o 1.96814 C13-C14 o 0.02840 3.55 1.26 0.060
C12-C13 T 1.70063 C8-C9 T 0.42909 13.79 0.34 0.063
C13-H15 o 1.97842 C8-C12 % 0.02242 3.27 1.41 0.061
C14-C15 o 1.97616 01-C9 o 0.03147 5.14 1.09 0.067
C14-C15 o 1.97616 C8-C12 % 0.02242 6.83 1.62 0.094
C14-C15 o 1.97616 C9-C15 % 0.02222 18.05 1.53 0.148
C14-C15 o 1.97616 C10-C11 o* 0.05423 3.00 1.36 0.057
C14-C15 o 1.97616 C13-H15 o 0.01329 4.85 1.19 0.068
C14-C15 o 1.97616 C13-C14 o 0.02840 4.10 1.29 0.065
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TABLE III (cont.)

Donor Acceptor E® E(j) — E(7) F(i,5)
orbital (z) Type ED/e orbital (j) Type ED/e [kcal/mol]® [a.u.]® [a.u.]¢
C14-C15 o 1.97616 C14-C15 o* 0.02596 10.26 4.28 0.187
C14-C15 o 1.97616 C14-C15 o* 0.02596 10.26 4.28 0.187
C14-C15 o 1.97616 C14-C15 T 0.37626 23.70 3.44 0.281
C14-C15 o 1.97616 C15-H16 o* 0.01243 .17 4.11 0.154
C14-C15 T 1.69984 C8-C9 T 0.42909 17.92 0.35 0.074
C14-C15 T 1.69984 C12-C13 T 0.30508 16.53 0.31 0.064
C15-H16 o 1.97465 C4-H10 o* 0.00746 8.20 1.02 0.082
C15-H16 o 1.97465 C7-C8 o* 0.03387 3.97 1.06 0.058
C15-H16 o 1.97465 C8-C9 o* 0.03488 4.15 1.05 0.059
C15-H16 o 1.97465 C8-C9 T 0.42909 8.13 0.59 0.069
C15-H16 o 1.97465 C8-C12 o* 0.02242 20.73 1.39 0.152
C15-H16 o 1.97465 C9-C15 o* 0.02222 26.30 1.30 0.165
C15-H16 o 1.97465 C10-C11 o* 0.05423 12.02 1.13 0.105
C15-H16 o 1.97465 C13-C14 o* 0.02840 5.12 1.06 0.066
C15-H16 o 1.97465 C14-C15 o* 0.02596 54.71 4.06 0.421
C15-H16 o 1.97465 C14-C15 T 0.37626 28.98 3.22 0.300
C15-H16 o 1.97465 C15-H16 o* 0.01243 34.55 3.89 0.328
cl1 LP(2) 1.97119 C13-C14 o* 0.02840 4.19 0.87 0.054
S1 LP(1) 1.97230 S2-C5h o* 0.02215 6.41 0.93 0.069
S1 LP(2) 1.81471 C5 LP*(1) 0.97108 60.19 0.08 0.079
S1 LP(2) 1.81471 C6-CT7 o* 0.02868 3.72 0.65 0.046
S2 LP(1) 1.97762 S1-C5h o* 0.11755 4.36 0.85 0.056
S2 LP(1) 1.97762 N1-C5 ox* 0.06467 3.82 1.17 0.060
S2 LP(2) 1.82279 S1-Ch o* 0.11755 16.29 0.34 0.067
S2 LP(2) 1.82279 N1-C5 o* 0.06467 11.15 0.66 0.079
S2 LP(2) 1.82279 C6-H12 o* 0.03148 3.74 0.61 0.044
S2 LP(3) 1.52985 Ch LP*(1) 0.97108 510.28 0.02 0.107
o1 LP(1) 1.96328 C8-C9 o* 0.03488 6.60 1.08 0.075
o1 LP(1) 1.96328 C10-C11 o* 0.05423 3.88 1.16 0.060
o1 LP(2) 1.74190 02-C10 T 0.27517 33.47 0.35 0.098
o1 LP(2) 1.74190 C8-C9 T* 0.42909 26.24 0.41 0.097
02 LP(2) 1.82922 01-C10 o* 0.12872 38.15 0.56 0.132
02 LP(2) 1.82922 C10-C11 o* 0.05423 13.08 0.87 0.098
N1 LP(1) | 1.60725 | C5 LP*(1) | 0.97108 185.64 0.09 0.135
N1 LP(1) 1.60725 C1-C2 o* 0.01404 5.70 0.63 0.059
N1 LP(1) 1.60725 C3-C4 o* 0.01228 5.29 0.64 0.058
01-C10 o* 0.12872 01-C9 o* 0.03147 20.65 0.04 0.087
02-C10 T 0.27517 C7-C11 Tk 0.15842 100.07 0.02 0.076
Cc7-C11 Tk 0.15842 C8-C9 T 0.42909 49.00 0.04 0.073
C8-C9 T 0.42909 C4-H10 o* 0.00746 3.51 0.42 0.074
C8-C9 T 0.42909 C8-C12 o* 0.02242 7.13 0.80 0.142
C8-C9 T 0.42909 C9-C15 o* 0.02222 6.06 0.71 0.123
C8-C9 T 0.42909 C10-C11 o* 0.05423 5.07 0.54 0.095
C8-C9 T* 0.42909 C14-C15 o* 0.02596 10.25 3.46 0.353
C8-C9 Tk 0.42909 C14-C15 T 0.37626 6.96 2.62 0.190
C8-C9 T 0.42909 C15-H16 o* 0.01243 8.92 3.30 0.326
C12-C13 T* 0.30508 C8-C9 T 0.42909 97.80 0.05 0.101
C14-C15 T* 0.37626 C14-C15 o* 0.02596 141.19 0.84 0.686
C14-C15 T 0.37626 C15-H16 o* 0.01243 407.02 0.67 1.060

o« O, energy of hyper conjugative interactions.
® Energy difference between donor and acceptor i and j NBO orbitals.
¢ Fyj; is the Fock matrix element between ¢ and j NBO orbitals.
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Mulliken atomic charges of the title compound in gas phase and solution phase TABLE IV
In gas phase In solution phase B3LYP/6-311++G(d,p)
Atom B3LYP Chloroform Ethanol Methanol DMSO Water
6-311++G(d,p) (e =4.71) (e = 24.55) (e = 32.61) (e = 46.82) (e = 78.36)
Cl1 0.469 0.453 0.448 0.448 0.447 0.447
S1 —0.019 —0.034 —0.032 —0.032 —0.031 —0.031
S2 —0.561 —0.610 —0.639 —0.641 —0.644 —0.646
01 —0.121 —0.132 —0.136 —0.137 —0.137 —0.137
02 —0.259 —0.332 —0.360 —0.361 —0.363 —0.365
N1 0.481 0.491 0.493 0.494 0.494 0.494
C1 —0.366 —0.382 —0.390 —0.390 —0.391 —0.391
H1 0.143 0.152 0.155 0.155 0.156 0.156
C2 —0.335 —0.325 —0.318 —0.317 —0.317 —0.316
H2 0.147 0.146 0.145 0.145 0.145 0.145
C3 —0.188 —0.185 —0.189 —0.189 —0.190 —0.190
H3 0.144 0.152 0.154 0.154 0.155 0.155
C4 —0.392 —0.408 —0.413 —0.413 —0.414 —0.414
H4 0.171 0.188 0.194 0.194 0.195 0.195
C5 —0.481 —0.474 —0.466 —0.465 —0.464 —0.464
C6 0.042 —0.011 —0.044 —0.046 —0.049 —0.051
C7 0.939 0.989 1.023 1.026 1.028 1.031
C8 0.601 0.589 0.581 0.580 0.580 0.579
C9 —1.228 —1.224 —1.215 —1.215 —1.214 —1.213
H5 0.164 0.169 0.172 0.172 0.172 0.172
C10 0.151 0.204 0.226 0.227 0.229 0.230
H6 0.135 0.155 0.163 0.164 0.164 0.165
Cl11 —0.069 —0.101 —0.124 —0.126 —0.128 —0.131
C12 —0.507 —0.500 —0.493 —0.492 —0.491 —0.491
H7 0.152 0.146 0.143 0.142 0.142 0.142
C13 —0.846 —0.850 —0.861 —0.862 —0.863 —0.864
Cl14 0.572 0.564 0.563 0.563 0.563 0.563
HS8 0.150 0.158 0.161 0.161 0.161 0.161
H9 0.161 0.151 0.146 0.146 0.145 0.145
C15 —0.529 —0.526 —0.517 —0.517 —0.516 —0.515
H10 0.127 0.137 0.142 0.143 0.143 0.143
H11 0.311 0.334 0.343 0.344 0.344 0.345
H12 0.115 0.126 0.137 0.138 0.140 0.141
H13 0.226 0.227 0.223 0.223 0.222 0.222
H14 0.080 0.109 0.118 0.118 0.119 0.119
H15 0.197 0.218 0.227 0.227 0.228 0.228
H16 0.223 0.237 0.240 0.240 0.240 0.240

The Mulliken analysis shows that carbon atoms at-
tached with oxygen and nitrogen atoms are positive, how-
ever, the other carbon atoms have more negative charges.
All hydrogen atoms have a positive charge and the oxy-
gen and sulfur atoms are negatively charged. The car-
bon atoms attached with hydrogen atoms are negative,
whereas C7, C8, C10, and C14 atoms are positively
charged in all phases. The other carbon atoms have
more negative atomic charges. The maximum positive
atomic charge is obtained for C7 atom of carbonyl group
when compared with all other atoms. C6 atom has only
positive charge in gas phase. This behavior may be the

result of C10=02 double bond character and electroneg-
ativity of binding ring. Besides, in solution phase, the
atomic charge values of the S1, S2, N1, O1, 02, C1, C4,
C7, C10, C11, and C13 atoms are bigger than those in
gas phase while their atomic charge values will increase
with the increase in the polarity of the solvent except for
methanol phase. Whereas, values of Cl1, C2, C5, C8,
C9, C12, and C15 almost decrease with the increasing
polarity of the solvent. These situation may be helpful
to construct interesting metal complexes with different
coordinate geometries [60].
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3.5. Nonlinear optical effects

Nonlinear optics (NLO) is at the forefront of cur-
rent research because of its importance in providing
the key functions of frequency shifting, optical mod-
ulation, optical switching, optical logic, and optical
memory for emerging technologies in areas such as
telecommunications, signal processing, and optical inter-
connections [58, 61, 62].

The calculations of the total molecular dipole mo-
ment (uiot), linear polarizability (cuot), and first-order
hyperpolarizability (Biot) from the Gaussian output
have been explained in detail previously [63], and DFT
has been used extensively as an effective method to
investigate organic NLO materials [64]. The polar
properties of the title compound were calculated at the
B3LYP/6-311++G(d,p) level using the Gaussian 09W
program package. The calculated values of pitot, ator and
Brot for the title compound are 7.470 D, 38.342 A3, and
4.917 x 1073% esu which are greater than those of urea
(the o, ot and Bior, of urea are 3.878 D, 5.042 A3 and
0.77 x 1073% esu obtained by B3LYP/6-311++G(d,p)
method). Theoretically, the first-order hyperpolarizabil-
ity of the title compound is of 6.38 times magnitude of
urea. When it is compared to the related compounds
in the literature, the calculated value of [,z of the
title compound is bigger than that of 9-methoxy-2H-
furo[3,2-g|chromen-2-one (Bt = 4.8988 x 1072 esu cal-
culated with B3LYP/6-311++G(d,p) method) [65] and
3-(1-(((methoxycarbonyl)oxy)imino)ethyl)-2H-chromen-
2-one (Bt = 1.403 x 1073 esu calculated with
B3LYP/6-311++G(d,p) method) [66]. These results
indicate that the title compound is a good candidate of
NLO material.

3.6. MEP analysis

Electrostatic potential maps enable us to visualize
the charge distributions of molecules and charge related
properties of molecules. They also allow us to visualize
the size, shape, and bond character of molecules. This
knowledge of the charge distributions can be used to de-
termine how molecules interact with one another. Also,
the MEP is a useful feature to study reactivity given that
an approaching electrophile will be initially attracted to
negative regions (where the electron distribution effect is
dominant). In the majority of the MEP, while areas of
low potential, red, are characterized by an abundance of
electrons, areas of high potential, blue, are characterized
by a relative absence of electrons. Intermediary colors
represent intermediary electrostatic potentials. Also the
MEP is very useful in research of molecular structure
with its physicochemical property relationship [67]. In
this study, 3D plots of MEP of the title molecule are
illustrated in Fig. 8.

As shown in Fig. 8, the electron density of the oxygen
atoms is higher than the others. The negative regions in
the molecule were found around the O2 atom. The neg-
ative V(r) value is —0.102 a.u. for O2 atom which is the
most negative region. Therefore, it can be predicted that

-0.008 a.u.

Fig. 8. The total electron density mapped with the
electrostatic potential surface of the title compound.

an electrophile would preferably attack the title molecule
at the O2 position. On the other hand, a maximum pos-
itive region is localized on the benzene ring with Cl atom
in which values of hydrogens atoms (H14 and H15) are
40.065 a.u. indicating a possible site. Similarly, Cl1
and C15 values are +0.054 a.u. and +0.037 a.u., re-
spectively. Additionally, the hydrogens in methile (near
the C2 atom) have values ranging from +0.038 a.u. to
+0.042 a.u. The MEP results of the title compound are
in agreement with the literature [68].

According to these results, the MEP map indicated
that the negative potential sites are on keto group and
the positive potential sites are around the Cl and hydro-
gen atoms. These sites give information concerning the
region from where the compound can have intermolecu-
lar interactions [58]. So, Fig. 8 confirms the existence of
the intermolecular C—H...O interactions.

3.7. Frontier molecular orbital analysis

The frontier molecular orbitals play an important
role in the electric and optical properties as well as
in UV-vis spectra and chemical reactions [69]. Fig-
ure 9 shows the distributions and energy levels of the
HOMO-1, HOMO, LUMO and LUMO+1 orbitals com-
puted at the B3LYP/6-311++G(d,p) level for the title
compound.

From the figure, HOMO-1 clouds are delocalised on
the sulfur atoms and near the chromene ring while
HOMO clouds are delocalised on the sulfur atoms. For
the LUMO, the electrons are mainly delocalised on the
7-chloro-2-oxo-2H-chromen ring. The value of the energy
separation between the HOMO and LUMO is 3.9149 eV.
This large HOMO-LUMO gap could give us informa-
tion about high excitation energies for many of excited
states, stability, and a high chemical hardness for the title
compound [70].
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ELumo = -2.248 eV
AEgsp = 3.972 eV

Enomo = -6.221 eV

-6.121 —
LUMO+1

LUMO
(First Excited
State)

HOMO
(Ground
State)

-0.065 — HOMO-1

Fig. 9. Molecular orbital surfaces and energy levels
given in parentheses for the HOMO-1, HOMO, LUMO,
and LUMO+1 of the title compound computed at
B3LYP/6-3114++G(d,p) level.

3.8. Thermodynamic properties

Vibrational analysis and statistical thermodynamics,
the standard thermodynamic functions entropy (S2,),
heat capacity (Cy,,), and enthalpy (H),) were obtained
using basis of B3LYP/6-311++G(d,p) moving the energy
situation like frontier molecular orbital analysis and are
listed in Table V. The scale factor for frequencies is 0.96
which is used for an accurate prediction in determining
the thermodynamic functions. The table shows that the
59, Cp 1y and HY), increase at any temperature from 200
to 600 K, because the intensities of the molecular vibra-
tion increase with the increase of temperature.

The correlations between these thermodynamic prop-
erties and temperatures T are shown in Fig. 10. The
correlation equations are as follows:

Cy = 1.99445 + 0.309037 — 1.50319 x 10T,
(R? = 0.99989)

SO = 69.3273 + 0.330247 — 8.83606 x 10~°T?2,
(R?=1)

HY = —1.98092 + 0.026087 — 9.50872 x 10~°T?2,

(R% = 0.99995)

These equations will be helpful for the further studies of
the title compound.

TABLE V

Thermodynamic properties at different temperatures at
B3LYP/6-3114++G(d,p) level

T H,, Cpm Sm
[K] | [keal mol™']| [cal mol™* K™']| [cal mol™* K1)
200 7.2 58.2 131.8
250 10.5 69.6 146.4
298.15 14.2 80.5 160.0
300 14.3 80.9 160.5
350 18.7 91.7 174.1
400 23.7 101.7 187.3
450 29.1 110.9 200.0
500 34.9 119.1 212.3
550 41.2 126.5 224.2
600 47.8 133.1 235.7
250
—a— Enthalpy A
1—e— Heat Capacity - AT
@ 200 - |—A— Entropy e
g e
S AT
g
T 1504 A‘
© A .
3] .
% 100 L ¢ ’
& o
E —"
o 5041 =
ﬁ - /*///.
,,—-///l’/"‘ i
0 74/_/4.'/_/ T v T v T T T
200 300 400 500 600

Temperature (K)

Fig. 10. Correlation graphics of thermodynamic prop-
erties and temperatures.

4. Conclusions

In this study, we tested the different HF, B3LYP, and
B3PWO1 levels of theory using the 6-311+-+G(d,p) basis
set. The computed geometric parameters and vibrational
frequencies of the title compound have been compared
with experimental data. This study demonstrates that
DFT calculations are a good approach for understanding
the molecular structure and vibrational spectra of the
title molecule, in which the experimental and theoretical
results support each other.

The MEP map shows that the negative potential sites
are on electronegative atoms and that the positive poten-
tial sites are around the hydrogen atoms. These sites give
information about the region from where the compound
can have intramolecular interactions. The value of the
energy separation between the HOMO and LUMO is very
large and this energy gap gives significant informations
about the title compound. The NBO analysis revealed
that 7m*-electrons with the greater energy contributions
from C20-C21 — o¢*(C21-H16) (407.02 kcal/mol) and
c*(C20-C21)(141.19 kecal/mol). Also, molecule involves
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electron density transfer from lone pair of S3 to anti-
bonding LP*(1)(C11) atom to achieve enormous stabi-

lization (up to 510.28 kcal/mol).

Besides, charge dis-

tribution of title compound is performed comparatively
by using of the natural population analysis in several sol-
vents and gas phase. The correlations between the statis-
tical thermodynamic properties (enthalpy, entropy, heat
capacity) and temperatures are also obtained. We hope
that our paper will be helpful to analyze and synthesize
new materials.
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