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The molecular structure of 1-(5-bromothiophen-2-yl)-3-(4-nitrophenyl)prop-2-en-1-one with C13HsBrNO3S
empirical formula was simulated using B3LYP and CAM-B3LYP levels of density functional theory. After BTNP
was optimized on the ground state, its characterization was enhanced via IR, NMR and UV-vis spectroscopies.
Conformational analysis was performed based on B3LYP level so as to find the stable conformers of BTNP. Elec-
tronic transitions were calculated, and the important contributions from the molecular orbitals to the electronic
transitions were investigated. HOMO and LUMO energies were calculated, and obtained energies displayed that
charge transfer occurs in BTNP. It was displayed that BTNP is an efficient NLO material due to the coplanar of
phenyl-nitro group and carbonyl group. NBO analysis also proved that charge transfer, conjugative interactions
and intramolecular hydrogen bonding interactions occur through BTNP.
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1. Introduction

In the past decades, organic compounds with large
m-electron delocalization have attracted extensive inter-
est from different study field such as physics and chem-
istry due to their large optical nonlinearity which make
them demanded materials for optical signal processing,
optical communication, photorefractivity, etc. [1-4]. Re-
cently, the search for new nonlinear optic (NLO) materi-
als has been intensified as a result of the growing demand
for such materials. These researches are more focused on
the organic compounds than their inorganic counterparts
due to their high nonlinearity, ultrafast response, high
damage resistance, higher possibility to adopt theoreti-
cal modeling and flexibility to design new molecules. In
this regard, many studies have been devoted to design
organic NLO materials [5, 6]. Accordingly, the search
for new NLO materials is the forefront study field. One
approach currently being explored by many researchers
is the substitution of benzene rings which are typical
D—n—A systems with an electron donating and/or elec-
tron withdrawing aromatic ring which can act a donor/
acceptor while modulating the 7 conjugated bridges.

Many experimental studies have reported that replac-
ing the benzene ring with five-membered heteroaromatic
rings, such as thiophene, pyrrole and thiazole, results in
an enhanced molecular hyperpolarizability [7, 8]. Addi-
tionally, recent theoretical calculations suggest that het-
erocyclic rings play an important role in the second-order
NLO properties of donor-acceptor compounds. In fact,
the changes of the molecular nonlinear activity of these
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hetero aromatic systems depend not only on the elec-
tronic nature of the aromatic rings, but also on the loca-
tion of these heterocycles in the system [9, 10].
Recently, Prabhu and co-workers [11] synthesized
1-(5-bromothiophen-2-yl)-3-(4-nitrophenyl) prop-2-en-
-l-one (BTNP) single crystal, and investigated its
structure by means of X-ray diffraction (XRD), Fourier
transform infrared (FTIR), NMR and UV-vis spec-
troscopies. In the present paper, we focus on the
simulating of these spectroscopic studies as well as
investigating of some properties related to NLO such
as hyperpolarizability. Natural bond orbital (NBO)
analysis is performed to investigate the interaction
among bonds and conjugative interactions or charge
transfer. Additionally, conformational analysis, highest
occupied-lowest unoccupied molecular orbit (HOMO-
LUMO) energies and molecular charges of BTNP are
investigated using quantum chemical calculations.

2. Computational details

The molecular simulation of BTNP was performed
using Gaussian 09 program [12] and the output files
were visualized by means of the Gaaussian View 5 soft-
ware [13]. The optimized structure and vibration spec-
tra of BTNP were predicted using BSLYP (Becke’s three-
-parameter hybrid model using the Lee-Yang-Parr corre-
lation functional) [14, 15] and CAM-B3LYP (long range
corrected version of B3LYP) [16] with 6-311++G(d,p)
basis set [17]. UV-vis spectra were simulated using
time dependent DFT levels (TD/B3LYP and TD/CAM-
-B3LYP), and the important contributions from molecu-
lar orbitals to the electronic transitions were calculated
using SWIZARD program [18]. '"H NMR and '*C NMR
chemical shifts are calculated within gauge-independent
atomic orbital (GIAO) approach [19] which is one of the
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most common approaches for calculating nuclear mag-
netic shielding tensors. NBO analysis was carried out to
investigation of intra- and intermolecular bonding and
interaction among bonds and conjugative interactions
or charge transfer in BTNP. Density functional theory
(DFT) levels were also used to calculate the dipole mo-
ment (u), the mean polarizability ({«)), the anisotropy
of the polarizability (A«), and the total first static hy-
perpolarizability ((£)). 3D molecular surfaces were sim-
ulated, and finally Mulliken and atomic polar tensor
(APT) charges were calculated using B3LYP level.

3. Results and discussion

3.1. Geometric optimization and conformational
analysis

The BTNP crystal in triclinic system with a noncen-
trosymmetric space group P1, with unit cell parameters
a = 4.8093(4) A, b = 5.9428(6) A, ¢ = 11.5153(11) A,
a = 94.999(4), B = 95.780(3), v = 96.396(4)° and
V = 323.79(5) A® [11], was modeled in the ground state
using B3LYP and CAM-B3LYP levels. The optimized
structure obtained from B3LYP level along with the ex-
perimental one [11] was given in Fig. 1, and obtained
bond angles and lengths were presented in Table I as
compared with experimental data [11].

Fig. 1. (a) The molecular structure, showing the atom-
-numbering scheme [11], (b) the theoretical (obtained
from B3LYP level) geometric structure of BTNP.

In the case of free benzene, i.e. without substituent,
the bond lengths between the benzene ring carbon atoms
are almost equal. The changes in the bond length or fre-
quency and breakdown of regular hexagonal symmetry of
the benzene rings are attributed to the changes in charge
distribution on the carbon atoms of the benzene ring.
The substituent may be either electron withdrawing or
electron donating type. With a clearer explanation, Br
substituent is withdrawing in o electron sense but it is
7 electron donating. However, NOy group is simultane-
ously ¢ and 7 electron withdrawing [20]. The carbon
atoms are bonded to the hydrogen atoms with ¢ bond
in ring system and the substitution of the nitro group

TABLE I

Selected theoretical and experimental [11] bond lengths
(in A) for BTNP.

. Theoretical
Bond lengths | Experimental B3IYP | CAMLB3LYD
Br1-C11 1.874 (4) 1.885 1.874
S1-C11 1.686 (5) 1.730 1.718
S1-C10 1.724 (4) 1.750 1.735
02-N1 1.232 (7) 1.224 1.215
01-C9 1.225 (6) 1.225 1.216
03-N1 1.211 (6) 1.225 1.215
C11-C12 1.355 (7) 1.371 1.362
C10-C13 1.353 (7) 1.379 1.369
C10-C9 1.458 (6) 1.471 1.470
C9-C8 1.491 (6) 1.486 1.484
C8-C7 1.302 (7) 1.343 1.333
Cr-C4 1.468 (5) 1.462 1.469
C4-C3 1.380 (6) 1.406 1.397
C4-C5 1.393 (6) 1.407 1.399
C5-C6 1.382 (6) 1.385 1.380
C6—C1 1.376 (6) 1.393 1.386
C1-C2 1.371 (6) 1.389 1.382
C1-N1 1.454 (6) 1.477 1.473
C3-C2 1.380 (6) 1.388 1.384
C13-C12 1.411 (8) 1.418 1.414

decreases the electron density at the ring carbon atom.
In the substitution of benzene ring with the NO2 group,
the ring carbon atoms exist a large pull on the valence
electron cloud of the H atom resulting in a decrease in
the C-H bond lengths.

In BTNP crystal the calculated C—C bond lengths of
benzene ring vary in the ranges 1.385-1.407 A for B3LYP
level and 1.380-1.399 A for CAM-B3LYP level. The rea-
son of this difference originates from the substitution
of benzene ring. The S1-C11, S1-C10 and Brl-C11
bond lengths are observed as 1.686 (5), 1.724 (4) and
1.874 (4) A [11]. In our calculations, these bond lengths
were calculated as 1.730, 1.750, and 1.885 A for B3LYP
level. The O1-C9, O2-N1, and O3-N1 bond lengths were
defined by the bond lengths of 1.225 (6), 1.232 (7) and
1.211 (6) A [11], while these bonds were calculated as
1.225, 1.224, and 1.225 A for B3LYP level. The C4-C7
and C8-C9 bonds which have single bond character were
defined with the bond lengths of 1.462 and 1.486 A, while
C7-C8 bond which has single bond character was defined
by the bond length of 1.343 A for B3LYP level.

The conformational analysis has been performed to
determine the most stable conformers of BTNP using
B3LYP/6 — 31G(d) level. During the scan process, the
whole geometrical parameters were simultaneously re-
laxed, while the C3-C4-C7-C8 and S1-C10-C9-C8 di-
hedral angles were varied in steps of 10° ranging from 0°
to 360°.

The potential energy surface (PES) scans for these
dihedral angles are presented in Fig. 2. The minimum
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Fig. 2. One-dimensional potential energy surface

(PES) scan of the calculated energies vs. dihedral angle
of BTNP.
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Fig. 3. The highest and lowest energy conformations

and relative energies (in kcal/mol) of BTNP using
B3LYP level.

and maximum energy conformers on these potential en-
ergy surfaces are given in Fig. 3. The stationary points
were confirmed by the frequency analysis as minima with
all real frequencies and with no imaginary frequency im-
plying no transition state. For the rotation around the
S1-C10-C9-C8 dihedral angle, it was seen that there are
two maxima on the potential energy surface, which con-
sist of a local maximum and a global maximum. These
maxima were calculated at 269.98° and 449.98° with the
energy values of —3750.379 Ha. From Fig. 4, there were
two minima for the rotation around the S1-C10-C9-C8
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Fig. 4. The highest and lowest energy conformations

and energies (in Ha) of BTNP using B3LYP level.

dihedral angle. The local minimum point with the en-
ergy value of —3750.394 Ha was calculated at 359.98°,
while global minimum point with the energy value of
—3750.395 Ha was calculated at 179.98°. The highest
and lowest energy conformers and relative energies were
also given in Fig. 3. The relative energies to the most
stable conformer (E) for S1-C10-C9-C8 dihedral angle
were calculated 9.44, 0.86, and 9.83 for F, G, and H con-
formers, respectively.

3.2. Vibrational analysis

The vibration spectra of BTNP were simulated at
B3LYP and CAM-B3LYP levels with the 6-311++G(d,p)
basis set. It is well known that DFT levels overestimate
the vibrational frequencies, and this overestimation of
the computed wave numbers is quite systematic and can
be corrected by applying appropriate scaling factors or
scaling equations. In this connection, the scaling factors,
0.9899 for B3LYP and 0.9700 for CAM-B3LYP were used
to correct anharmonicity and neglected part of electron
correlation [21, 22]. The vibrational spectra along with
the experimental one [11] were presented in Fig. 5, and
the obtained data are summarized in Table II as com-
pared with the each other.

In the aromatic compounds, the C—H stretching vibra-
tions normally occur at 3100-3000 cm~'. In this region,
the bands are not affected appreciably by the nature of
substituents [23]. The C-H stretching vibration was ob-
served at 3078 cm~! [11], and these peaks were calcu-
lated at 3178 and 3163 cm~! for BSLYP level and 3171
and 3157 cm™! for CAM-B3LYP level. The aromatic
ring in-plane C-H bending vibrations are usually weak
and observed in the region 1300-1000 cm~!, while the
out-of-plane ones lie in the region 900-650 cm™! [24].
In our calculations in-plane C-H bending vibrations are
assigned at the wave number regions of 1329-1082 and



682 O. Tamer, D. Avei, Y. Atalay

8
g
&
g
I B3LYP i
-~ CAM-B3LYP i
,»»\‘|’\/~ \““\/ A r"hl
M ’ ‘* / /" {’h‘*v Wi
“”/ \'u " '”1
875 |
g . ',
£ 60
] \’ ' ;
= V
45
— FT-IR
30 —
4000 3500 3000 2500 2000 1750 1500 1250 1000 7% 500
Wavenumber (cm™)
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HBAH.

TABLE II
Selected experlmental [11] and theoretical vibration wave

numbers (in cm™') for BTNP.
Theoretical

Assignments Experimental B3LYP CAMB3LYP
Scaled b Scaled I°
freq.” IR | freq.® IR

vCH 3078 3178 6 3171 6
vCH — 3163 5 3157 4
vCO 1650 1689 206 1728 214
vCC +vNO 1569 1630 205 1669 230
vCC +vNO — 1618 99 1655 141
vNO 1519 1558 195 1601 166
vCC — 1543 56 1571 43
vCC 1404 1430 454 1449 400
vNO 1312 1354 91 1404 486
vNO +vCC +vNC — 1349 606 1347 164
vCC + BCH — 1329 146 1342 154
BCH — 1324 68 1321 38
BCH 1211 1228 86 1230 136
vCC + SCH - 1217 48 1223 83
BCH - 1209 106 1211 89
vCN 1103 1106 84 1120 57
BCH 1064 1082 66 1078 52
vCH 987 1015 28 1019 30
BCC — 984 139 1003 100
vCBr + BCC — 951 135 966 30
BCC + BNO 840 854 30 863 47
~CH 848 45 809 39
~CC + vCBr 756 761 131 757 74

v: stretching, B: bending, : out-of plane bending
@ Scaled frequencies are in unit of cm™
b Itr infrared intensities are in unit of km mol ™!,

1342-1078 cm ™! for B3LYP and CAM-B3LYP levels, re-
spectively. The peak at 848 cm ™! for B3LYP is assigned
as the out of plane C-H bending vibration.

The IR spectrum shows the characteristic absorp-
tion bands at 1650 cm~! due to C=O group of
a,B-unsaturated carbonyl compound [11], and that
prove the formation of 1-(5-bromothiophen-2-yl)-3-(4-

-nitrophenyl)prop-2-en-1-one. This characteristic C=0
band is calculated at 1689 cm~! for B3LYP level and
1728 cm~! for CAM-B3LYP level. The NO, stretch-
ing vibrations which are another characteristic vibration
mode were observed at 1519 cm~! for asymmetric stretch
and 1312 cm™! for symmetric stretch [11]. It is well
known that asymmetric vibrations appear at higher fre-
quencies than symmetric ones for nitro group vibrations.
These vibrations were assigned at 1558 and 1354 ¢cm ™!
for BSLYP level and 1601 and 1404 cm~! for CCAM-
-B3LYP level, respectively.

The ring C=C stretching vibrations usually occur in
the region 1625-1280 cm~! [25]. For aromatic six-
-membered rings such as benzene, there are two or
three bands in this region due to skeletal vibrations, the
strongest one at about 1500 cm~! [26]. The peak ob-
served at 1569 cm~! was assigned the C=C stretching
vibration [11]. This vibration mode was calculated at
the ranges of 1630-1217 cm ™! for B3LYP level and 1669
1223 cm~! for CAM-B3LYP level. The calculated peaks
at 984 and 854 cm ! for B3LYP level were attributed to
in plane C-C bending vibrations. The out of plane C—C
vibration was calculated at 761 and 757 cm ™! for B3LYP
and CAM-B3LYP levels, respectively.

3.3. NMR studies

GIAO method which is used in calculating nuclear
magnetic shielding tensors has proven to be quite ac-
cepted and accurate, in particular when applied in the
context of highly correlated ab initio methods. The char-
acterization of BTNP was further enhanced by the use
of 'H and '*C NMR calculations, and obtained chemical
shift data were compared with experimental ones [11] in
Table III.

The oxygen reduces the electron density of carbon
atom C9, so its *C NMR peak was calculated in the
downfield at 181.33 and 181.46 ppm for B3LYP and
CAM-B3LYP levels, respectively. The carbon atoms
C11, C10, and C1 were also calculated in the down
field due to the deshielding effect of the electronegative
atoms Brl, S1, and N1 atoms. These carbons give sig-
nals at 161.35, 161.05, and 156.13 ppm for B3LYP level
and 155.65, 155.30, and 152.77 ppm for CAM-B3LYP
level, respectively. Aromatic carbons gave signals in over-
lapped areas of the spectrum with chemical shift values
from 100 to 150 ppm [27]. In our calculations, aromatic
carbons gave signals in the range of 146.78-128.49 ppm
for B3BLYP and 146.17-126.53 ppm CAM-B3LYP. The in-
fluence of electronegative bromine, nitrogen, sulfur and
oxygen atoms on C8 was negligibly small and thus was
observed in the upfield at 123.31 and 121.38 ppm, respec-
tively.

The NMR peak of hydrogen attached or nearby elec-
tron withdrawing atom or group appears in the down-
field. The proton signals originating from H6 and H2
atoms were observed at 8.29 and 8.28 ppm [11]. These
signals are calculated at 8.61 and 8.27 ppm for B3LYP
and 8.68 and 8.49 ppm for CAM-B3LYP level, respec-
tively. Since the H6 and H2 protons are nearer to electron
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TABLE III

Theoretical and experimental [11] *C and 'H isotropic
chemical shifts (with respect to TMS, all values in ppm)
for BTNP.

Atom Experimental Theoretical
B3LYP \ CAMB3LYP
'H
H6 8.29 8.61 .68
H2 8.28 8.27 8.49
H5 7.78 8.15 8.25
H7 7.30 8.05 8.21
H3 7.78 7.70 7.74
H13 7.70 7.51 757
H8 7.18 7.44 7.55
H12 7.80 7.01 7.03
13C
C9 - 181.33 131,46
Cl11 - 161.35 155.65
C10 - 161.05 155.30
C1 - 156.13 15977
C4 - 146.78 146.17
C7 - 145.71 144.15
C3 - 138.38 136.21
C12 - 134.68 132.01
C13 - 132.87 131.64
C2 - 129.62 198.38
C6 - 129.05 127.67
C5 - 128.49 126.53
Cs - 123.31 121.38

withdrawing NOs group than H5 and H3 protons, these
protons give peaks at the more downfield region. The
other aromatic protons, H3, H5, H12, and H13, gave sig-
nals in the expected region [28]. The H7 and H8 proton
signals observed at 7.30 and 7.18 ppm [11] were calcu-
lated at 8.05 and 7.44 ppm for B3LYP, respectively.

3.4. Electronic properties

The HOMO and LUMO energies are very important
parameters for quantum chemistry. LUMO, which is an
electron acceptor, represents the ability to obtain an elec-
tron, while HOMO, which is an electron donor, repre-
sents the ability to donate an electron [29]. Energy gap
between HOMO and LUMO characterizes the molecular
chemical stability and it is a critical parameter in deter-
mining molecular electrical transport properties because
it is a measure of electron conductivity.

HOMO and LUMO energies were calculated as —7.078
and —3.515 eV for B3LYP level and —8.462 and
—2.298 eV for CAM-B3LYP level, respectively. The en-
ergy gap between the HOMO and LUMO orbital was
predicted as 3.563 and 6.164 eV, respectively. It is
well known that lower HOMO-LUMO gap results in
better charge transportation. Frontier molecular or-
bitals (FMOs) are given in Fig. 6. From Fig. 6,
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Fig. 6. The frontier molecular orbitals of BTNP (ob-

tained from B3LYP).

HOMO orbitals are localized on mainly 7(SC4Hs) (56%)
and 7(Br) (31%). LUMO orbitals are located on
7 (C-C)ring (32%), 7" (N=0) (29%), =*(C=C) (18%),
and 7*(C=0) (11%).

Electronegativity (x) and chemical hardness (7)) were
also predicted by using the frontier molecular orbital en-
ergies [30-32]. While x value was calculated as 1.7815 eV
and 3.082 eV, n values was calculated as 5.2965 eV and
5.3800 eV for B3LYP and CAM-B3LYP levels, respec-
tively. For any two molecules, electron will be partially
transferred from the one of low x to that of high y (elec-
trons flow from high chemical potential to low chemical
potential).

TABLE IV

Theoretical and experimental [11] electronic transitions,
oscillator strength and major contributions for the title
compound.

Experimental Theoretical
[nm] B3LYP CAM-B3LYP | Major contributions
420 385 | 0.4220 | 308 | 1.1297 H-2 — L(+99%)
- 334 | 0.5688 | — - H-2 — L+1(+92%)

H:HOMO, L:LUMO

The UV-vis spectra of the title compound were calcu-
lated using the time dependent density functional the-
ory (TD-DFT). Major contributions to the electronic
transitions were designated with the aid of SWIZARD
program, and obtained results were given in Table IV.
The absorption band experimentally observed at 420 nm
was calculated at 385 and 334 nm for B3LYP level and
308 nm for CAM-B3LYP level. The absorption peak cal-
culated at 385 nm for BSLYP was formed by the tran-
sition from HOMO-2 orbital to the LUMO orbital with
the 99% purity. From Fig. 6, the transition of H-2 — L
is represented by the transitions from w(SC4Hs) (60%)
and 7(C=0) (38%) to the 7*(C—C)ying (32%), 7*(N=0)
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(29%), ©*(C=C) (18%) and 7«*(C=0) (11%). Thus,
these transitions proved that the charge transfer occurs
in BTNP.

3.5. NBO analysis

NBO analysis provides an efficient method for study-
ing intra- and inter molecular bonding and interaction
among bonds, and provides a convenient basis for in-
vestigating charge transfer or conjugative interaction in
molecular systems [33]. The larger E(2) value implies
the more intensive interaction between electron donors
and electron acceptors, in other words, the more donat-
ing tendency from electron donors to electron acceptors

J
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and the greater the extent of conjugation of the whole
system.

The interactions result in a loss of occupancy from the
localized NBO of the idealized Lewis structure into an
empty non-Lewis orbital. For each donor (i) and accep-
tor (j), the stabilization energy F(2) associated with the
delocalization i — j is estimated as [34]:
F(i, )2

_(m)/ ) (1)
€ —&
where g; is the donor orbital occupancy, €; and ¢; are di-
agonal elements and F'(4, ) is the off-diagonal NBO Fock
matrix element.

Second-order perturbation theory analysis of Fock matrix on NBO basis for BTNP TABLE V
(obtained from B3LYP level).

ED(i ED(i E(2)" E(j) - E@G)" | F(ij)
Type Donor (eg : Type Acceptor (eg : [kcal/mol] ( [a.u.] g [a(.u.]
o C11-C12 1.98657 o* C12-C13 0.36560 2.73 1.29 0.053
0 C11-C12 1.83025 " C11-C12 0.04159 1.36 0.29 0.019
™ C11-C12 1.83025 " C10-C13 0.35047 15.76 0.31 0.065
™ C10-C13 1.79343 * C11-C12 0.04159 15.11 0.27 0.060
0 C10-C13 1.79343 " C9-01 0.23602 20.82 0.30 0.071
o C7-C8 1.97527 c* N1-0O2 0.05462 35.59 5.66 0.409
™ C7-C8 1.83702 ™ C9-01 0.23602 19.48 0.30 0.069
™ C7-C8 1.83702 " C3-C4 0.36008 12.68 0.30 0.058
™ C7-C8 1.83702 * N1-02 0.62424 4.29 1.76 0.088
o C7-C4 1.97535 o N1-02 0.05462 25.51 5.59 0.346
o C7-H7 1.97271 o N1-0O2 0.05462 73.88 5.41 0.568
0 C3-C4 1.59664 ™ C7-C8 0.09509 15.37 0.30 0.066
™ C3-C4 1.59664 " C5-C6 0.26972 17.45 0.28 0.065
™ C3-C4 1.59664 " C1-C2 0.37200 23.22 0.27 0.071
™ C5-C6 1.66482 * C3-C4 0.36008 20.50 0.29 0.066
™ C5-C6 1.66482 * C1-C2 0.37200 19.74 0.28 0.067
0 C1-C2 1.64055 * C3-C4 0.36008 18.02 0.30 0.065
™ C1-C2 1.64055 * C5-C6 0.26972 19.74 0.30 0.070
o C1-C2 1.97568 o* C2-C3 0.01367 2.68 1.30 0.053
o C1-C2 1.97568 o* C1-C6 0.02258 4.67 1.28 0.069
LP(2) S1 1.58926 " C11-C12 0.04159 25.85 0.24 0.071
LP(2) S1 1.58926 * C10-C13 0.35047 21.40 0.26 0.067
LP(3) Brl 1.91978 " C11-C12 0.04159 12.02 0.29 0.057
LP(2) O1 1.88504 o* C9-C10 0.06103 18.00 0.71 0.103
LP(2) O1 1.88504 * C8-C9 0.06164 19.42 0.68 0.104
LP(2) O3 1.89935 o* C1-N1 0.10606 12.07 0.57 0.074
LP(2) 02 1.89889 o C1-N1 0.10606 12.21 0.57 0.075
LP(2) 02 1.89889 o* N1-03 0.05488 18.71 0.73 0.106

ED=electron density.
¢ E(2) means energy of hyperconjugative interactions (stabilization energy).
® Energy difference between donor and acceptor i and j NBO orbitals.

¢ F(t,7) is the Fock matrix element between i and j NBO orbitals.

The strong intramolecular hyperconjugative interac-
tion of the o and 7 electrons of C—C to the anti C—C

(

bond of the benzene ring leads to stabilization of some
part of the benzene ring as evident from Table V. For ex-
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ample, the intramolecular hyperconjugative interaction
of o (C1-C2) distributes to o* (C2-C3) and (C1-C6)
leading to stabilization of 2.68 and 4.67 kcal/mol, re-
spectively. This enhances further conjugation with anti-
bonding orbital of 7* (C3-C4), 7* (C5-C6), which leads
to strong delocalization of 18.02 and 19.74 kcal/mol, re-
spectively. The intramolecular interactions are formed
by the orbital overlap between the lone pair LP(2) O1
and antibond ¢*(C9-C10) and 7*(C8-C9) orbitals which
results in intramolecular charge transfer (ICT) caus-
ing stabilization of the system. NBO analysis shows
that intramolecular charge transfer in BTNP from
m(C3-C4) to 7*(C1-C2) with the stabilization energy of
23.22 kcal/mol and from 7(C5-C6) to 7*(C3-C4) with
the stabilization energy of 20.50 kcal/mol. The other ex-
amples of these interactions are summarized in Table V.

The energy contribution LP(2) S1 — 7*(C11-C12),
LP(3) Brl — 7n*(C11-C12), LP(2) 02 — o¢*(N1-03)
and LP(2) O3 — ¢*(N1-03) are 28.85, 12.02, 18.71, and
12.07 kcal/mol, respectively, and hence there is a pos-
sibility for delocalization of lone pair (LP) of electrons.
These interactions are observed as increase in electron
density (ED) in C-C antibonding orbital that weakens
the respective bonds. The electron density of conjugated
bond of aromatic ring (=~ 1.99¢) clearly demonstrates
strong delocalization. The increased electron density at
the bromine atom leads to the elongation of C-Br bond
and a lowering of the C-Br stretching wave number. The
electron density (ED) is transferred from the n(Br) to the
antibonding 7* orbital of the C—C bond, explaining both
the elongation and the red shift.

3.6. Electric properties

Dipole moment is an important parameter in struc-
tural chemistry, and it can be used as a descriptor to
illustrate the charge transfer through the molecule. The
direction of the dipole moment vector in a molecule de-
pends on the centers of positive and negative charges.
The dipole moment for BTNP is calculated as 3.9696 D
for B3BLYP level and 3.6290 D for CAM-B3LYP level with
maximum contribution from x. In z directions, dipole
moment can be negligible (see in Table VI).

The intramolecular charge transfer from the elec-
tron donating group to the electron withdrawing group
through single-double bond can induce large variations of
both the molecular dipole moment as well as molecular
polarizability, making IR and Raman activity strong at
the same time. As can be seen in Table II, the C=0,
N=0, and C=C stretching vibrations were found to be
strong and simultaneously active in IR. These vibrations
were calculated at 1689, 1630, and 1558 cm ™! for B3LYP,
respectively. Accordingly, these active stretching vibra-
tion modes demonstrate that charge transfer occurs in
BTNP. Additionally, the transfer of 7 electron from do-
nating group to the withdrawing group makes the highly
polarizable molecule. Accordingly, intramolecular charge
transfer interactions may be responsible for the NLO
properties. NLO properties get enhanced by the substi-
tution of molecule with carbonyl and nitro group which

TABLE VI

Total static dipole moment (i, in D), the mean po-
larizability ({), in 1072* esu), the anisotropy of the
polarizability (Aa, in 1072* esu), the mean first-order
hyperpolarizability ((8), in 1073° esu) for BTNP.

Property | B3LYP CAM-B3LYP
L 3.4684 3.0872
Ly —1.9306 ~1.9077
fhe —0.0166 0.0004
m 3.9696 3.6290
m 2.44°
Quz 66.620 58.374
Qyy 30.420 29.695
Qs 15.615 15.379
) 37.552 34.483
Aa 45.448 20.280
(@) 22°
B —41.544 ~17.953
By 7.281 5.574
B- 0.361 0.312
(B) 42.179 18.801
(B) 15.5¢

@b.¢ pNA results taken from [36, 37].

are involved in hydrogen bond interactions [35]. It is be-
lieved that this type of hydrogen bonding is the main
source of non-linear crystal like urea [36]. The mean po-
larizability value was calculated as 37.552 x 10724 and
34.483 x 10724 esu, respectively. These values equal to
1.5 times of that of para-nitro-aniline (pNA) molecule
which is a typical NLO material [37, 38]. The hyperpo-
larizability value was calculated as 42.179 x 10730 esu for
B3LYP level and 18.801 x 1073 esu for CAM-B3LYP
level.

3.7. Molecular surfaces

Molecular electrostatic potential (MEP) for a molecule
gives information about the presence of intra- and in-
termolecular interactions, predicts the reactive sites and
relative reactivities towards electrophilic attack. It also
provides a visual method to understand the relative po-
larity of the molecule. To predict reactive sites for elec-
trophilic and nucleophilic attack for BTNP, the MEP was
simulated at the BSLYP/6-31G(d) level. The negative
(red and yellow) regions of the MEP are related to elec-
trophilic reactivity while the positive (blue) regions to
nucleophilic reactivity. With the more clear expression,
the color scheme for the MEP surface is as follows: red for
electron rich, partially negative charge; blue for electron
deficient, partially positive charge; light blue for slightly
electron deficient region; yellow for slightly electron rich
region; green for neutral; respectively.

As it can be seen from Fig. 7, negative region is mainly
localized over the oxygen atoms of the nitro and carbonyl
group as well as the S and Br atoms, indicating a possible
site for electrophilic attack. The maximum positive re-
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Fig. 7. (a) Molecular electrostatic potential (MEP)
and (b) electrostatic surface potential (ESP).

gion is localized on hydrogens of H-C=C-H group, indi-
cating a possible site for nucleophilic attack. These sites
give information about the region from where the com-
pound can have intermolecular interactions. Therefore,
Fig. 7 confirms the existence of intermolecular C-H--- O
and C-H---S interactions observed in the solid state.

3.8. Mulliken and APT and NBO charges

Atomic charges play an important role in quantum
chemistry and much research continues to being done to
refine the concept of an atomic charge. Mulliken atomic
charge [39] populations give one of the simplest pictures
of charge distribution and the Mulliken charges predict
net atomic charges in the molecule. Atomic polar ten-
sor (APT) is known as sum of charge tensor and charge
flux tensor, leading to a charge—charge flux model [40].
The APT charges are independent of the basis sets used
in the calculations whereas the Mulliken charges depend
on the basis sets. Mulliken APT and NBO charges were
calculated using B3LYP level, and obtained results are
given in Fig. 8 as compared with each other.

14 M 1
1.2 4 | —=— Mulliken’

10 e APT /
05 ——NBO i
0.6
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o \
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Fig. 8. Comparative of the Mulliken, APT, and NBO
plots of BTNP (obtained from B3LYP level).

As can be seen from Fig. 8, C9 atom belonging to car-
bonyl group and N1 atom belonging to nitro group have

more positive charge than other atoms, because of the
electronegativity property of oxygen atom. All the pro-
tons have a positive charge while the oxygen atoms have
negative charges. The charges of the carbon atoms were
found to be either positive or negative. When compared
the NBO, APT and the Mulliken charges for HBAH, it
can be said that there is a general agreement for all atoms
except that some C atoms.

4. Conclusions

A complete structural, vibrational and electronic in-
vestigation along with NBO and NLO analysis have been
performed on the title complex using B3LYP and CAM-
-B3LYP levels with the 6-311++G(d,p) basis set. Con-
sidering that experimental and the theoretical studies are
performed in different phase, it can be said that there
is a good agreement between the experimental [11] and
theoretical data. While the C-C bond lengths are al-
most equal to each other in the free benzene ring, it
was demonstrated that these bond lengths for BTNP
vary in the ranges 1.385-1.407 A for B3LYP level and
1.380-1.399 A for CAM-B3LYP level due to the substi-
tution of benzene ring. Conformational analysis was per-
formed, and the most stable conformers of BTNP were
obtained. 'H and '3C NMR chemical shift calculations
were performed to provide more reliable characterization.
The carbon atoms bounding to oxygen, nitrogen, sul-
fur, and bromine atoms give peaks at more downfield
regions due to the electronegativity properties of these
atoms. The other aromatic carbon atoms give peaks in
the range of 100-150 ppm, as would be expected. Nonlin-
ear optical behavior of BTNP was investigated by means
of the determination of the electric dipole moment, the
polarizability and the hyperpolarizability. NBO analy-
sis shows that the charge transfer, conjugative interac-
tion occurs in BTNP. NLO analysis shows that BTNP
can be used as an efficient NLO material. 3D molecu-
lar surfaces were simulated in order to obtain informa-
tion about negative and positive regions which are pos-
sible sites for electrophilic and nucleophilic attack, re-
spectively. These sites give information about the region
from where the compound can have intermolecular inter-
actions. These surfaces confirm the existence of inter-
molecular C-H--- O and C—H - - - S interactions observed
in the solid state. As a result, this paper gives informa-
tion concerning structural, spectroscopic and electronic
properties of BTNP using DFT levels for the first time,
this study also provides the ground for the future inves-
tigations.
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