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The optimized structural parameters (bond lengths and bond angles), electronic, NLO, and spectroscopic
properties (FT-IR, UV'H and '*C NMR) of 5-bromo-1-(2-cyano-pyridin-4-yl)-1H-indazole-3-carboxylic acid di-
ethylamide were investigated by the B3LYP, B3PW91, and BPVS86 level of theory with the 6-311++4G(d,p) basis
set and were compared with the experimental values. The characterization of the covalent bond was carried out
with the Wiberg bond indices (WBIs) derived through the natural bond orbital analysis. The complete vibrational
frequencies have been made on the basis of the potential energy distribution (PED) obtained by the Vibrational
Energy Distribution Analysis 4 (VEDA4) program. Moreover, the electronic properties, such as the energies
of the frontier molecular orbitals (HOMO and LUMO), energy gap (AErLumo-nomo), global reactivity descrip-
tors (global hardness, global softness, chemical potential, and electrophilicity index), absorption wavelengths (\),
excitation energies (F) and oscillator strengths (f) were performed by the time-dependent density functional the-
ory (TD-DFT) in the chloroform solvent and gas phase. The major contributions to the electronic transitions
for the UV-Vis analysis were obtained using the Gauss-Sum 2.2 program Solvent effects on NMR tensors of the ti-
tle compound have been investigated at the B3LYP, BSPW91, and BPV86 levels using the chloroform solvent
and gas phase The weak interaction (Van der Waals), strong attraction (hydrogen bond) and strong repulsion
(steric effect) in the title compound were analyzed via the reduced density gradient (RDG) analysis using Multiwfn

software.
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1. Introduction

Indazoles are an important class of bicyclic nitrogen-
containing aromatic heterocycles and have attracted
a great deal of attention in the past as well as in recent
years due to their wide variety of biological properties.
The indazoles represent an important subunit in drugs
with a broad range of biological activities including an-
tibacterial [1], antifungal [2], antiviral [3], antihyperten-
sive [4], anticancer [5], anti-inflammatory [6], and im-
munomodulatory [7]. Indazoles with pyridine substituted
compounds also have anti-cancer properties [8].

Recently, the 5-bromo-1-(2-cyano-pyridin-4-yl)-1H-
indazole-3-carboxylic acid diethylamide was synthe-
sized and characterized with its FT-IR, 'H NMR,
13C NMR spectroscopy and X-ray diffraction studies [9].
However, to the best of our knowledge, no litera-
ture is yet available on the structural properties and
FT-IR, 'H NMR, 3C NMR, and UV-Vis spectroscopic
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techniques to fully determine the molecular structure by
the DFT methods. In this case, molecular geometry, vi-
brational spectra (FT-IR), nuclear magnetic resonance
(*H and '*C NMR) and NLO analysis, Mulliken and nat-
ural bond orbital (NBO) on atomic charges, molecular
electrostatic potential map (MEP) surface of the investi-
gated molecule have examined at the BSLYP, B3PW091,
and BPV86 levels of the density functional theory with
the 6-311++G(d,p) basis set. The total energy, HOMO
and LUMO energies, the AErumo—noMmo energy gap,
global reactivity descriptors like global hardness (7)),
global softness (o), chemical potential (P;), and elec-
trophilicity index (w) calculations in chloroform solvent
and gas phase, and ultraviolet and visible light (UV-Vis)
analysis were calculated with the TD-DFT calculations.
The essence of this study is briefly to investigate solvent
effects on NMR of the title compound using the B3LYP,
B3PW91, and BPV86 levels with the 6-311++G(d,p)
basis set in the chloroform solvent and gas phase. Re-
duced density gradient (RDG) of the title compound us-
ing the B3LYP/6-311++G(d,p) level was graphed which
showed related interaction in the molecule.
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The non-covalent interactions of the title com-
pound were studied using the reduced density gra-
dient (RDG) analysis of which filled color map
of electron density diagram was plotted using
the B3LYP/6-3114++G(d,p) level.

2. Computational details

All calculations were performed using the Gaussian
09 Rev. A 11.4 package program [10], and the obtained
results were visualized by the Gauss View Rev. 5.0.9 soft-
ware [11]. The molecular structure of the title molecule
in the ground state was optimized using the Den-
sity Functional Theory (DFT) with the Becke-3-Lee-
Yang—Parr (B3LYP) functional [12, 13], B3 PW91 [14—
16], and BPV86, which uses Perdew’s 1986 functional
with local correlation replaced by what was suggested
Vosko et al. [17-19] combined with the 6-311+-+G(d,p)
basis set (referred to as “large” basis). Moreover, the
molecular structure of the title molecule was studied
using the B3LYP, B3PW91, and BPVS86 levels with
the 6-311++G(d,p) basis set. The Wiberg bond in-
dece (WBI) [20] which is closely related to the bond
character was obtained from the natural bond orbital
(NBO) analysis [21] as implemented in Gaussian 09
with keyword “pop = nboread”. Detailed assignments
of vibrational modes were carried out based on per-
centage potential energy distribution (PED) analysis
using the VEDA4 program written by Jamroz [22].
The scale factors were used to obtain the best agree-
ment results between the calculated and experimental
frequencies. The vibrational frequencies for the title
compound were calculated with the B3LYP, B3PWO1,
and BPV86 levels with 6-311++G(d,p) basis set and
then computed frequencies were scaled by 0.9617,
0.966, and 1.014, respectively [23 — 25]. The func-
tions such as RDG and sgn(Az)p were calculated with
Multiwfn [26], and plotted with VMD program [27],
respectively.

In order to evaluate the agreement of different levels
of theory (B3LYP, B3PWO91, and BPV86) and experi-
mental data for the title compound , the linear correla-
tion coefficients (R?), the overall mean percent deviation
(MPD), and the root mean square deviation (RMSD)
values for structural and vibrational properties were
defined as follows [28]. The overall mean percent

deviation,
n
Z (|5lpheo _ 5§XP| /5§XP)
MPD = =1 x 100. (1)
n
The root mean square deviation,
5 (ot - o)’
RMSD =\ = , (2)

n
where §he, ptheo and §7°P, 7P are i-th theoretical and
corresponding experimental values, respectively, and n is
the number of the experimental or calculated data.

3. Results and discussion

3.1. Structural analysis

The  5-bromo-1-(2-cyano-pyridin-4-yl)-1H-indazole-
3-carboxylic acid diethylamide (C;38H16BrN5O) belongs
to triclinic system, with the P1 space group and the unit
cell parameters a=11.2330(2) A, b=11.6130(2) A,
c=15.4710(3) A, and V=1788.45(6) A3 [9]. The title
molecule possesses 5-bromo-1H-indazole core with
2-cyano-pyridine and carboxylic acid diethylamide sub-
stituents on the pyrazole ring. The single crystal struc-
ture and optimized geometries by the B3LYP, B3PW091,
and BPV86 levels of theory with the 6-3114++G(d,p)
basis set of the title molecule with atom numbering
are shown in Fig. 1. The selected theoretical opti-
mized structural parameters such as bond lengths and
bond angles of the title compound are obtained with
the DFT (B3LYP, B3PW91, and BPV86) methods with
the 6-3114++G(d,p) basis set as compared to experimen-
tal results observed from X-ray crystallography [9] and
the results are tabulated in Table I.
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Fig. 1. The single crystal structure [9] (a) the op-
timized molecular structure obtained at the B3LYP
(b) B3PW91 (c) and BPV86 (d) levels with the
6-311++G(d,p) basis set of the title compound .

A notable difference among the methods occurs
in the computed C-N, C=N and C=N bond lengths.
From Table I, it is found that the C12-N2, C6=N3
bond lengths in the pyrazole ring and C15-N4, C16=N4
bond lengths in 2-cyano-pyridine ring were found to
be 1.383(3), 1.304(3) A and 1.325(4), 1.331(4) A from
the X-ray [9], respectively. The computed bond lengths
were calculated at 1.389, 1.384, 1.396 A and 1.317,
1.315, 1.331 A for the C12-N2 and C6=N3 distances
in the pyrazole ring and at 1.331, 1.328, 1.340 A and
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TABLE I

Optimized geometrical parameters and Wiberg bond in-
deces (WBISs) in parenthesis (from NBO) of the title com-
pound calculated at the BSLYP, B3PW91, and BPV86
levels with the 6-311++G(d,p) basis set.

Parameters [Exp. [9]] B3LYP | B3PW9L [ BPVs6

Bond lengths [A]

C1-C2 1.490(6) | 1.530(1.024) | 1.523(1.007) [ 1.533(1.007)
C2-N1 1.462(4) | 1.473(0.933) | 1.465(0.933) | 1.476(0.935)
C3-N1 1.457(4) | 1.470(0.940) | 1.462(0.939) | 1.473(0.942)
C3-C4 1.491(5) | 1.530(1.022) | 1.524(1.004) | 1.533(1.008)
C5-01 1.225(3)| 1.232(1.590) | 1.229(1.581) | 1.244(1.578)
C5-N1 1.338(3)|1.362(1.215) | 1.358(1.238) | 1.371(1.240)
C5-C6 1.490(4) | 1.500(0.991) [ 1.495(0.983) | 1.500(0.988)
C6-N3 1.304(3)| 1.317(1.568) | 1.315(1.574) | 1.331(1.561)
C6-C7 1.425(3) | 1.440(1.167) | 1.436(1.159) | 1.444(1.164)
C7-C8 1.385(4) | 1.404(1.299) [ 1.401(1.284) | 1.409(1.288)
C7-C12 1.389(4) | 1.410(1.274) | 1.407(1.297) | 1.419(1.274)
C8-C9 1.359(4) | 1.381(1.477) | 1.379(1.477) | 1.390(1.467)
C9-C10 1.391(5) | 1.408(1.335) | 1.407(1.307) | 1.414(1.322)
C9-Brl 1.895(3)|1.917(1.039) | 1.901(1.043) | 1.918(1.049)
C10-C11  |1.362(5)|1.385(1.489) | 1.382(1.558) | 1.393(1.582)
C11-C12  |1.400(4)|1.401(1.319) | 1.399(0.976) | 1.406(1.499)
C12-N2 1.383(3)| 1.389(1.087) | 1.384(1.090) | 1.396(1.092)
C13-C17  |1.376(4)|1.398(1.353) | 1.395(1.346) | 1.404(1.343)
C13-C14  |1.381(4)|1.396(1.374) |1.394(1.360) | 1.404(1.351)
C13-N2 1.403(4) [ 1.406(1.025) | 1.401(1.035) | 1.409(1.041)
C14-C15  |1.368(4)|1.394(1.419)|1.392(1.422) | 1.400(1.423)
C15-N4 1.325(4) | 1.331(1.441) [ 1.328(1.422) | 1.340(1.422)
C16-N4 1.331(4)|1.342(1.361) |1.339(1.368) | 1.353(1.364)
C16-C17  |1.367(4)|1.394(1.404)|1.392(1.399) | 1.402(1.394)
C16-C18  |1.446(4)|1.442(1.063) | 1.439(1.051)|1.442(1.060)
C18-N5 1.128(4) [1.154(2.874) | 1.154(2.880) | 1.167(2.871)
N2-N3 1.371(2) | 1.365(1.141) | 1.356(1.130) | 1.374(1.133)
Rs 0.99666 0.99650 0.99593
MPD 1.22099 0.97750 1.69551
RMSD 0.01975 0.01652 0.08140
Bond angles [°]
NI-C2-Cl |112.7(3)] 113.05 113.00 112.92
01-C5-C6 |116.6(2) 116.66 116.79 116.98
N1-C3-C4 |113.2(3) 113.52 113.51 113.37
01-C5-N1 |122.3(3) 122.07 122.21 121.93
N1-C5-C6 |121.2(3) 121.27 121.00 121.09
C3-N1-C2 |117.2(2) 116.29 116.38 116.35
C5-N1-C3  |126.4(2) 126.84 126.75 126.90
C5-N1-C2  |116.1(2) 116.69 116.65 116.63
N3-C6-C7 |111.4(2)| 110.66 110.66 110.76
N3-N2-C12 |110.5(2) 111.08 111.33 111.39
N3-C6-C5 |125.1(2) 125.45 125.46 125.58
C7-C6-C5 |123.2(3) 123.78 123.75 123.57
C8-C7-C6 |133.3(3) 134.35 134.39 134.25
C12-C7-C6 |104.9(2) 104.91 104.80 105.04
C8-C7-C12 |121.8(2) 120.73 120.79 120.68
C9-C8-C7 |117.4(3) 117.17 117.11 117.08
C6-N3-N2 |106.8(2) 107.42 107.35 106.99
N3-N2-C13 |116.9(2) 118.82 118.87 118.73
C8-C9-Brl |118.9(2) 119.46 119.50 119.39
C11-C10-C9|121.6(3) 120.93 121.01 120.84

TABLE I cont.

Parameters | Exp. [9] | BSLYP | B3 PW91 BPV86
C8-C9-C10 121.5(3) | 122.28 122.24 122.43
N2-C12-C7 106.4(2) | 105.91 105.84 105.80
C10-C9-Brl 119.6(2) | 118.25 118.25 118.17
C7-C12-C11 | 119.9(3) | 121.43 121.48 121.53
C10-C11-C12 | 117.7(3) | 117.43 117.34 117.40
C17-C13-N2 | 119.5(2) | 119.72 119.68 119.66
N2-C12-C11 | 133.7(3) | 132.57 132.58 132.56
C15-C14-C13 | 119.1(3) | 118.45 118.36 118.36
C17-C13-C14 | 117.1(3) | 118.34 118.44 118.42
N4-C16-C17 | 125.8(3) | 124.43 124.59 124.64
C14-C13-N2 | 123.3(3) | 121.92 121.87 121.90
C17-C16-C18 | 119.3(3) | 118.90 118.77 118.81
N4-C15-C14 | 125.3(3) | 124.29 124.38 124.63
N5-C18-C16 | 178.8(4) | 178.23 178.23 178.28
N4-C16-C18 | 114.8(3) | 116.66 116.64 116.54
C16-C17-C13 | 118.6(3) | 118.01 117.87 117.95
C12-N2-C13 | 132.2(2) | 130.09 129.79 129.88
C15-N4-C16 | 114.1(3) | 116.46 116.35 115.98
R> 0.99641 | 0.99628 0.99656
MPD 0.66844 | 0.68407 0.66208
RMSD 0.99497 | 1.01203 0.94575

1.342, 1.339, 1.353 A for the C15-N4 and C16=N4 dis-
tances in the 2-cyano-pyridine ring using the B3LYP,
B3PW91, and BPV86 methods with the 6-3114++G(d,p)
basis set of the title compound, respectively. The ob-
tained C12-N2, C6=N3 bond lengths in the pyra-
zole ring are shorter than the C-N (1.443 A) sin-
gle bond length and are significantly longer than
the C=N (1.269 A) double bond length which suggests
a degree of electron delocalization, but it is consistent
with related structures [29, 30]. The obtained C-N
bond lengths for the title compound correspond well to
the delocalization of the C-N single and double bonds
(1.390(2) and 1.367(3) A), respectively, in the pyrazole
ring of the compound 4,6-bis(4-flurophenyl)-2-phenyl-
1H-indazol-3(2H)-one reported in the literature [31].
The calculated C16=N4 bond length is longer than
C15-N4. This is because the substituent group is at-
tached to the C16=N4 double bond. In our calcula-
tions, at the BSLYP, B3PW91, and BPV86 methods with
the 6-311++G(d,p) basis set, the cyano group C18=N5
bond length in 2-cyano-pyridine for the title compound
is 1.154, 1.154, and 1.167 A, respectively, whereas this
C18=N5 triple bond distance of the title compound
is 1.128(4) A [9]. These results confirm linearity which
is quite a common feature observed in carbonitrile com-
pounds [32].

The experimental N2-N3 (1.371(2) A) bond length
in the pyrazole ring of the title compound is indica-
tive of partial N-N single bond character [33] and this
bond length was calculated to be 1.365 A for the B3LYP,
1.356 A for the BSPW91, and 1.374 A for the BPVS86.
The bond length of N-N in the pyrazole ring is calculated
as 1.36 A using the BSLYP/6-311++G(d,p) method [33].
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As can be seen from Table I, the experimental C5=01
bond length of the carboxylic acid diethylamide is
found to be 1.225(3) A [9], whereas the calculated
bond length with the B3LYP, B3PW91, and BPV86
levels with the 6-311++G(d,p) basis set of the title
compound is 1.232, 1.224, and 1.244 A respectively.
Therefore it has partial double-bond character [34].
The C=0 bond length of amide-1 compound was calcu-
lated at 1.229 A for the B3LYP/6-31G++(d,p) method
by Alver et al. [35].

The Wiberg bond index (WBI) revealing the strength
of the covalent character, was provided by natural
bond orbital (NBO) analysis. The calculated Wiberg
bond indices [20] for the title compound are given
within parenthesis and compared in Table I. The WBIs
of the N2-N3 /C12-N2 bonds in the pyrazole ring
were calculated to be 1.141/1.087 (B3LYP), 1.130/1.090
(B3PW91), 1.133 / 1.092 (BPVS86), which are very
close to a covalent single bond (1.0). NBO analysis
resulted in WBIs values smaller than the typical co-
valent double bond (2.0) for C16=N4, C6=N3 bonds
(~ 1.364, ~ 1.568). The calculated WBI of C18=N5
bond in 2-cyano-pyridine ring for the title compound us-
ing B3LYP, B3PW91, and BVP86 methods was found
to be ~ 2.875, which is very close to a covalent triple
bond (3.0). Since a smaller WBI generally intimates
a weaker bond, C2-N1 and C3-N1 are found to be similar
(~ 0.933 and ~ 0.940), respectively. Thus these bonds
are interpreted as a weak covalent single bond.

The selected bond angles are summarized in Table I.
The bond angle O1-C5-N1 is 122.3(3)°. The bond
angle O1-C5-N1 calculated by the B3LYP, B3PW91,
and BVP86 methods with the 6-311++G(d,p) basis set
of the title compound is 122.07°, 122.21°, and 121.93°,
respectively. The bond angle determined from BPV86
method is slightly lower than that obtained from B3LYP
and B3PW91 methods.

In order to compare the theoretical results with the ex-
perimental results, the linear correlation coeffi-
cients (R?), the overall mean percent deviation (MPD),
and the root mean square deviation (RMSD) values
obtained with the B3LYP, B3PW91, and BPV86
methods at the 6-311++G(d,p) basis set for the title
compound. A comparison of the calculated and ex-
perimental optimized geometric parameters is given
in Table I. As the criteria of agreement the RZ
MPD, and RMS values were applied. The R?, MPD
and RMSD values have been obtained in the ranges
0.99666-0.99593, 0.97750-1.69551 and 0.01652-0.08140
(for bond lengths), and 0.99628-0.99656, 0.66208-0.68407
and 0.94575-1.01203 (for bond angles) of the title com-
pound, respectively. To assess the performance of all
used hybrid DFT methods in the prediction of the bond
lengths and angles of the title compound, the ranking
of these methods for the linear correlation coefficients,
the overall mean percent deviation, and the root mean
square deviation is: B3LYP > B3PW91 > BPVS86
(for bond lengths) and BPV86 > B3LYP > B3PW91

(for bond angles), BPV86 > B3LYP > B3PWOI1
(for bond lengths), B3SPW91 > B3LYP > BPVS86 (for
bond angles), BPV86 > B3LYP > B3PW91 (for bond
lengths), and B3PW91 > B3LYP > BPVS86 (for bond
angles), respectively.

The comparative graphs of bond lengths and bond an-
gles of the title molecule are presented in Fig. 2.

"

—4— Experimental

19 —8-B3LYP6-311—G(dp)
—— BIPW91/6-311—G(dp)
18 ——BPV86/6.311—G(dp)

Bond Length (3)

=t Experimental
~@-B3LYP6-311—G(dp)
4~ B3PW91/6-311-G(dp)
== BPV$6/6-311+G(dp)

Bond Angles (°)

Fig. 2. The bond length and bond angle difference
between theoretical (B3LYP, B3PW91, and BPV86)
approaches.

8.2. Vibrational analysis

The theoretically predicted unscaled and scaled vi-
brational frequencies of the title compound are com-
puted using the B3LYP, B3PW91, and BPV86 function-
als with the 6-3114++G(d,p) basis set. Their assign-
ments along with potential energy distribution (PED)
contributions performed by means of VEDA 4 pro-
gram [22] are presented in Table II in comparison with
the experimental [9] results. The calculated assign-
ments are slightly different from the experimental val-
ues of the normal modes. Thus, the obtained frequen-
cies were scaled by 0.9668 at the BSLYP /6-311++G(d,p)
level [36], 1.014 at the BPV86/6-311++G(d,p) level [37],
and 0.966 at the B3PW91/6-311++G(d,p) [38], respec-
tively. The experimental and computational IR spectra
plotted for comparison purpose are shown in Fig. 3.
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TABLE II

Comparison of the observed FT-IR spectra [9] and calculated vibrational wavenumbers with potential energy distribution
(PED) using the B3LYP, B3PW91, and BPV86 methods with 6-311++G(d,p) basis set of the title compound.

No|  Assignments X219 B3LYP B3PW91 BPVS6
FT-IR |PED [%]|Unscaled| Scaled |PED [%]|Unscaled| Scaled |PED [%]|Unscaled | Scaled
1 |vs(CH)Ring1 3436.79 99 3235.39 |3127.98 99 3241.57 |3131.36 99 3159.62 |3203.85
2 |vs(CH)Ring2 99 3232.03 | 3124.73 99 3239.64 | 3129.49 99 3155.28 | 3199.46
3 |vs(CH)Ring1,2 95 3226.17 | 3119.06 95 3231.80 | 3121.92 92 3148.19 | 3192.27
4 |vs(CH)Ring1,2 99 3215.56 | 3108.80 99 3223.79 | 3114.18 98 3140.76 | 3184.73
5 | Vas(CH)Ring1 98 3199.83 | 3093.60 99 3208.30 | 3099.22 98 3127.34 | 3171.12
6 |Vas(CH)Ring2 3102.34 98 3164.66 |3059.59 98 3172.87 |3064.99 98 3087.46 |3130.68
7 |vas(CH2) 88 3139.84 | 3035.60 73 3146.38 | 3039.40 68 3063.17 | 3106.05
8 |vas(CH2), vas(CHs) | 32, 57 | 3124.11 | 3020.39 | 33, 62 | 3138.84 | 3032.12 | 17, 69 | 3057.98 | 3100.79
9 |vas(CH3) 88 3117.52 | 3014.02 81 3134.03 | 3027.47 80 3052.74 | 3095.48
10 |vas(CHs), vas(CH2) | 62, 36 | 3110.48 | 3007.22 | 44, 48 | 3125.37 | 3019.11 | 42, 48 | 3043.37 | 3085.98
11 |vas(CHs) 2983.92 96 3091.21 |2988.58 92 3110.67 |3004.91 90 3030.55 |3072.98
12 |vas(CHs) 2961.28 89 3086.70 {2984.22 82 3106.18 |3000.57 72 3026.88 |3069.26
13 |vs(CHa2) 93 3058.38 | 2956.84 96 3065.79 | 2961.55 96 2983.36 | 3025.13
14 |vs(CHs) 95 3029.86 | 2929.27 7 3043.94 | 2940.45 99 2967.67 | 3009.22
15 |vs(CHs) 2935.07 97 3033.56 |2932.85 87 3040.22 |2936.85 94 2966.32 |3007.85
16 |v(C=N) 2239.94 90 2346.48 |2268.58 89 2356.86 |2276.73 89 2252.82 |2284.36
17 |v(C=0) 1623.50 7 1671.50 [1616.01 78 1697.69 [1639.97 76 1614.54 [1637.14
18 |v(CC)Ring1 62 1636.53 | 1582.20 66 1654.76 | 1598.50 60 1586.75 | 1608.97
19 |v(CC)Ring2 1586.24 56 1621.87 |1568.02 59 1638.07 |1582.38 57 1569.30 |1591.27
20 |v(CC)Ring1,2 1557.06 31 1610.73 |1557.25 33 1627.96 [1572.61 45 1560.63 |[1582.45
21 |v(CC)Ring1,2 1509.33 32 1592.82 |1539.94 33 1609.97 [1555.23 34 1543.43 [1565.04
22 |v(CC), v(NC)ring1 | 1479.92| 11, 33 | 1530.92 |1480.09| 13, 33 | 1549.73 |1497.04| 11, 24 | 1473.13 |1493.75
23 |o(CHa) 42 1511.16 | 1460.99 11 1514.46 | 1462.97 11 1457.77 | 1478.18
24 |o(CHs), v(HCCN) 64, 11 | 1506.21 | 1456.20 | 57, 10 | 1499.09 | 1448.12 | 51, 10 | 1454.77 | 1475.14
25 |o(HCN) 15 1502.03 | 1452.16 17 1508.39 | 1457.11 10 1449.79 | 1470.09
26 |9(CHs) 46 1494.44 | 1444.83 46 1488.94 | 1438.32 22 1448.30 | 1468.58
27 |6(CHs) 61 1491.64 | 1442.12 46 1484.31 | 1433.84 24 1445.50 | 1465.74
28 |o(CHaz) 1424.40 10 1484.19 |1434.92 14 1471.82 [1421.78 17 1435.61 [1455.71
29 |o(CHa2) 48 1480.30 | 1431.15 21 1468.73 | 1418.79 45 1423.57 | 1443.50
30 |o(HCC), v(NC)ring1 | 1379.70 | 10, 14 | 1445.65 |1397.65| 14, 13 | 1451.01 |1401.68| 12, 31 | 1393.59 [1413.10
31 |(CHs) 1364.06 64 1411.69 |1364.82 37 1404.22 [1356.48 64 1359.81 [1378.85
32 | 3(CHzs) 36 1399.48 | 1353.02 11 1390.46 | 1343.18 35 1355.52 | 1374.50
33 [4(HCC) 1347.03 12 1398.34 |1351.92 10 1381.33 [1334.37 17 1337.56 [1356.29
34 | 7(HCNC) 1322.78 55 1381.48 |1335.62 50 1371.86 |1325.22 56 1329.72 11348.34
35 | 8(CHz2), B(HCN) 1295.21 | 23, 25 | 1338.42 |1293.98| 26, 24 | 1339.02 |1293.49| 26, 22 | 1294.54 |1312.66
36 |B(HCN), v(NC)ringz | 1276.04 | 41, 26 | 1316.86 |1273.14| 33,12 | 1316.88 |1272.11| 35, 12 | 1271.23 |1289.03
37 |v(NC)Ring2 10 1305.17 | 1261.84 12 1297.48 | 1253.37 11 1252.48 | 1270.02
38 [4(HCC) 1249.63 14 1274.04 |1231.74 17 1274.92 11231.57 24 1206.60 |[1223.49
39 |v(NC) 1215.73 32 1235.98 1194.95 34 1245.26 |1202.92 35 1195.60 [1212.34
40 |6(HCC), v(NN) 1181.40 | 18, 14 | 1199.65 |1159.82| 17,22 | 1207.21 |1166.17| 25, 16 | 1140.81 |1156.78
41 |o(HCC) 1156.82 44 1179.05 |1139.91 49 1177.88 |1137.83 43 1096.80 [1112.16
42 |6(HCC), v(NN) 1126.23 | 31,21 | 1134.91 |1097.23| 19,25 | 1143.95 |1105.06| 11, 32 | 1080.82 |{1095.95
43 |v(HCCN) 1095.67 31 1115.55 |1078.51 32 1114.24 11076.36 30 1078.57 [1093.67
44 |o(CCN), y(HCCN) |1072.01| 11,23 | 1099.55 [1063.05| 11,21 | 1100.12 |1062.72| 10, 20 | 1063.68 |1078.57
45 |v(CC) 15 1087.67 | 1051.56 18 1092.77 | 1055.62 12 1053.40 | 1068.15
46 |6(HCC) 1044.71 15 1063.60 |1028.29 17 1068.06 |1031.75 30 1029.94 [1044.36
47 |v(CC), v(NC) 992.36 | 22,11 | 1017.06 | 983.29 | 23, 12 | 1027.00 | 992.08 | 23, 11 990.47 [1004.34
48 |o(CCN), o(CNC) 40, 14 | 1007.05 | 973.62 | 42, 14 | 1009.32 | 975.00 | 34, 11 | 972.66 | 986.28
49 |7(HCNC), 7(HCCN)| 942.08 | 63,19 | 992.07 | 959.13 | 63,19 | 991.62 | 957.90 | 64,18 | 946.51 | 959.76
50 |o(CCC) 23 982.94 | 950.31 25 987.98 | 954.39 10 955.81 | 969.19
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TABLE II cont.

No|  Assignments |22 19 B3LYP B3PW91 BPVS6

FT-IR |PED [%]|Unscaled |Scaled |PED [%] | Unscaled|Scaled | PED [%]|Unscaled| Scaled
51 |7(HCCC), 7(HCCN) | 44, 32 | 965.46 | 933.41 |44, 32| 963.72 | 930.95 |48, 37| 917.55 | 930.40
52 |v(CC) 56 948.34 | 916.86 52 955.62 | 923.13 52 924.41 | 937.35
53 |T(HCCC) 74 923.19 | 892.54 75 916.91 | 885.74 75 877.97 | 890.26
54 | T(HCCN) 881.70 72 913.48 |883.15 71 912.34 |881.32 71 869.88 | 882.06
55 |w(HCCN) 847.29 13 864.01 |835.32 26 866.89 |837.42 53 823.66 | 835.19
56 | T(HCCN) 824.07 15 856.98 |828.53 29 859.17 |829.96 15 780.89 | 791.82
57 |w(HCCC), w(HCCN)| 795.57 | 35,46 | 810.97 |784.05| 35,45 | 810.07 [782.53| 33,45 | 772.63 | 783.45
58 |7(ONCC) 32 797.78 | 771.29 37 797.64 | 770.52 15 762.71 | 773.39
59 |v(HCNC), 7(HCCN) | 14,21 | 788.07 | 761.91 | 0,23 | 783.06 | 756.44 |13, 17| 758.88 | 769.50
60 |y(HCON), v(HCNC) | 741.33 | 20,15 | 784.11 |758.08| 26,10 | 779.42 |752.92| 11,15 | 751.10 | 761.62
61 |T7(CCNC), 7(CNCC) | 17,28 | 756.93 | 731.80 |12,20| 759.30 | 733.48 |30, 16| 726.54 | 736.71
62 |7(ONCC), 7(NCCC) | 682.42 | 32,20 | 738.86 |714.33| 29,20 | 739.28 |714.14| 20,20 | 704.19 | 714.05
63 |B(CNC), B(CCC) 671.58 | 15,12 | 680.35 |657.76| 16, 13 | 681.14 |657.98| 12,11 | 658.53 | 667.75
64 |7(CCNC), 7(NCCC) | 638.56 | 17,24 660.93 |638.99| 17, 24 664.23 |641.65| 16, 20 635.59 | 644.49
65 |B(CCC) 607.27 10 615.03 |594.61 11 616.05 |595.10 13 594.84 | 603.17
66 |B(CCC) 574.80 21 596.73 |576.92 21 594.87 |574.64 14 576.68 | 584.75
67 |T(CCCC), 7(NCCC) | 37,15 | 580.51 | 561.24 |39, 14| 582.67 | 562.86 |33, 12| 559.80 | 567.64
68 | S(NCC) 30 577.88 | 558.69 31 578.30 | 558.64 18 557.14 | 564.94
69 |o(CCN) 509.39 48 510.32 |493.38 42 509.90 |492.56 42 494.91 | 501.84
70 |T(NCCC), 7(CCNC) | 488.77 | 32, 20 499.66 |483.07| 33, 19 499.77 |482.78| 13, 17 480.45 | 487.18
71 |v(CC), o(CNCQC) 28, 11 | 489.02 | 472.78 |27,11| 488.33 | 471.73 |23, 11| 473.56 | 480.19
72 |a(OCC) 13 462.42 | 447.07 13 463.07 | 447.33 11 446.29 | 452.54
73 |7(CCCCQC) 30 437.01 | 422.50 27 435.52 | 420.71 11 420.39 | 426.28
74 |o(OCC), o(CNC) 13,29 | 432.23 | 417.88 |11, 28| 430.64 | 416.00 |11, 13| 417.15 | 422.99
75 |T(NCCC), 7(CCNC) | 46, 16 | 378.81 366.23 |45, 16| 377.69 | 364.85 |43, 20| 359.05 | 364.08
76 |v(BrC) 22 342.94 | 331.55 22 345.45 | 333.70 21 333.36 | 338.03
77 |o(CCN) 42 332.56 | 321.52 41 330.12 | 318.90 43 323.11 | 327.63
78 |v(BrCCC) 14 299.77 | 289.82 15 300.77 | 290.54 13 289.82 | 293.88
79 |o(CCN) 10 277.00 | 267.80 11 27721 | 267.78 10 267.20 | 270.94
80 |o(BrCQC) 19 259.91 251.28 19 258.18 | 249.40 19 251.91 255.44
81 |y(HCCN) 44 225.93 | 218.43 41 225.39 | 217.73 48 219.56 | 222.63
82 |v(HCCN) 13 214.88 | 207.75 11 213.72 | 206.45 12 211.23 | 214.19
83 |a(BrCCQC) 12 185.07 | 178.93 12 183.61 177.37 12 180.14 | 182.66
84 |o(C=N) 13 152.54 | 147.48 12 152.72 147.53 13 147.02 149.09
85 |7(CCCC), v(CCNC) | 32,28 | 144.82 140.01 |31, 28| 144.66 139.74 | 0, 31 | 140.29 | 142.25
86 |o(C=N) 14 137.96 133.38 14 137.61 132.93 14 132.21 134.06
87 |v(CCCN) 24 129.26 124.97 24 128.69 124.31 22 124.73 | 126.48
88 |v(BrCCC) 15 101.19 97.83 16 100.50 97.08 17 96.86 98.22
89 |o(CCN) 19 92.72 89.64 15 95.03 91.80 18 87.37 88.59
90 |v(CCNC) 26 77.88 75.29 28 77.35 74.72 32 74.15 75.19
91 |y(NCCC) 62 12.80 12.38 64 10.62 10.26 63 14.03 14.23

v — stretching, f — in-plane bending, o — scissoring, 6 — rocking, v — out-of-plane bending,

T — twisting, w —

wagging, s — symmetric, as — antisymmetric. Potential energy distribution (PED) less then 10% are not shown.

3.2.1. C-H wvibrations

The heteroaromatic organic compounds commonly ex-
hibit multiple weak bands in the region 3100-3000 cm ™!,
which is the characteristic region for the ready identifi-
cation of C-H stretching vibrations and these vibrations
are not found to be affected due to the nature and
position of the substituent [39, 40|. In the present work,
the vibrations (v 1-4 and v 5-6) in Table II are assigned

to C—H symmetric and asymmetric stretching modes,
respectively. The theoretical vibrations due to C-H
symmetric and asymmetric stretching wavenumbers
were obtained in the range of 3127.98-3108.80 cm™!,
3131.36-3114.18 cm™!, 3203.85-3184.73 cm~! and
3093.60-3059.59  cm™!, 3099.22-3064.99  cm™!,
3171.12-3130.68 cm~! by the B3LYP/6-311++G(d,p),
B3PW91/6-311++G(d,p), and BPV86/6-311++G(d,p)
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of the title compound.

methods, respectively.  Similarly, the experimental
FT-IR spectra of the title compound are found at
3436.79 and 3102.34 cm~! [9]. As indicated by PED,
these (symmetric and asymmetric) modes are pure
stretching modes involving the exact contributions of
> 95%. Thus, the aromatic C-H stretching vibrations
remain unchanged due to the nature and position of
bromine substitution.

The C-H in—plane bending vibrations appear in the re-
gion 1500-1100 cm ™!, while the C—H out—of-plane vibra-
tions lie in the region 1000-750 cm ™! [41, 42]. In the title
compound, the calculated C-H in—plane bending vi-
brations frequencies using the B3LYP, B3PWO91, and
BPV86 levels with 6-311++G(d,p) basis set (mode
nos. 30, 38, 41, 46 and 33, 40, 42) were found to be
at 1397.65 (10%), 1401.68 (14%), 1413.10 (12%);
1231.74  (14%), 1231.57 (17%), 1223.49 (24%);
1139.91 (44%), 1137.83 (49%), 1112.16 (43%);
1028.29 (15%), 1031.75 (17%), 1044.36 (30%) cm™!
and 1351.92 (12%), 1334.37 (10%), 1356.29 (17%);
1159.82  (18%), 1166.17 (17%), 1156.78 (25%);
1097.23 (31%), 1105.06 (19%), 1095.95 (11%) cm™!
for ringl as 5-bromo-1H —indazole and ring2 as 2-cyano-
pyridine, respectively. The bands observed in the FT-IR
spectrum at 1379.70, 1249.63, 1156.82, 1044.71 cm™*
and 1347.03, 1181.40, 1126.23 cm ™! assigned to in—plane
bending vibrations for ringl and ring2, respectively [9].
In the present work, the C-H out—of-plane bending
vibrations were obtained in the range of 933.41-784.05,
930.95-782.53, 930.40-783.45 cm~! (mode mnos. 51, 53,

and 57) for ringl and 959.13-828.53, 957.90-829.96,
959.76-791.82 cm~! (mode nos. 49, 54, 55, and 56)
for ring2 using the B3LYP/6-3114++G(d,p), B3PW91/6-
311++G(d,p), and BPV86/6-3114++G(d,p) methods,
respectively. The FT-IR bands at 942.08, 881.70, 847.29,
824.07, 795.57 cm ™! are assigned to C-H out—of-plane
bending vibrations of the title compound.

3.2.2. CHs and CHy Vibrations

The stretching vibrations of CHs; and CHs
groups possess the asymmetric and symmetric
stretches are expected in the range 300-2900 and
29002800 cm ™! [43, 44], respectively. The asymmetric
stretching modes of the CHy and CHjs groups are usu-
ally observed at higher than the symmetric stretching
modes [45].

The asymmetric CHy and CHjs groups stretching
vibrations are observed at 2983.92 and 2961.28 cm™!,
while the symmetric CHy and CHgs groups stretching
vibrations are found at 2935.07 cm~! for the title com-
pound in the FT-IR spectrum [9]. The computed values
(mode nos. 7-12/13-15) in the region 3035.60-2984.22 /
2956.84-2932.85, 3039.40-3000.57 / 2961.55-2936.85,
3106.05-3069.26 / 3025.13-3007.85 cm~! with the con-
tributions of 32-96 / 93-97, 33-92 / 77-96, 17-90 /
94-99% are designated to asymmetric/symmetric
CH; and CHgs groups stretching vibrations using
the B3LYP/6-311++G(d,p), B3PW91/6-311++G(d,p),
and BPV86/6-311++G(d,p) methods, respectively.

The CHs and CHj3 groups in-plane/out-of-plane bend-
ing vibrations are fall within the computed wavenumber,
as shown in Table II.

3.2.3. C=0 Vibrations

The carbonyl (C=0) group stretching frequency ap-
pears strongly in the FT-IR spectrum in the range of
1800-1600 cm ™ [46] because of the high change in dipole
moment. The calculated absorption at 1616.01 (77%),
1639.97 (78%), and 1637.14 cm™! (76%) for the ti-
tle compound by the B3LYP, B3PW91, and BPV86
levels, respectively, is mode 17 which belongs to the
stretching of C=0 bond of carboxylic acid diethylamide
substituent on the pyrazole ring, respectively Strong
FT-IR absorption band at 1623.50 cm~! [9] is as-
signed to the carbonyl stretching vibration for the title
compound.

The C=0 in—plane bending vibrations of carboxylic
acid diethylamide substituent on the pyrazole ring (mode
nos. 72 and 74) are calculated at 447.07, 447.33,
452.54 cm~! and at 417.88, 416.00, 422.99 cm~! which
both have the PED values 13%, using the B3LYP,
B3PWO91, and BPV86 methods, respectively. In the
present work, the bands observed at 682.42 cm™! [9] in
the FT-IR spectrum and at 771.29, 770.52, 7773.39 cm ™!
and at 714.33, 714.14, 714.05 cm ™! theoretically, using
the B3LYP/6-311++G(d,p), B3PW91/6-311++G(d,p),
and BPV86/6-311++G(d,p) methods, are assigned as
~v (ONCC) carbonyl (C=0) group out—of-plane bending
vibrations with PED contributions of 32%.
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3.2.4. C-N, C=N, and N-N Vibrations

The C-N stretching modes are expected in the range
1100-1300 cm ™! of the vibrational spectrum, i.e., mix-
ing of several bands are possible in this region [47].
In the study done Sert et al. [48], the bands at 1410,
1387, 1336, 1269, 1206, 1089 cm~! were assigned to
C-N stretching vibration in the pyrazole ring. The the-
oretically computed values of v(NC) stretching vibra-
tions in pyrazole ring (ringl), 2-cyano-pyridine (ring2),
and carboxylic acid diethylamide (mode nos. 30, 36, and
39) are found at 1397.65 (14%) 1273.14 (26%), 1194.95
(32%) ecm~! for BSLYP; 1401.68 (13%) 1272.11 (12%),
1202.92 (34%) em ™! for BAPWI1; 1413.10 (31%) 1289.03
(12%), 1212.34 (35%) cm~! for BPV86 levels, respec-
tively. The C-N stretching vibrations in pyrazole ring
(ringl), 2-cyano-pyridine (ring2) and carboxylic acid di-
ethylamide of the title compound are assigned at 1379.70,
1276.04, and 1215.73 cm ™! [9] in the FT-IR spectrum.

For the aromatic compound which bears a cyano group
(C=N) attached to the ring, a band of good intensity
in the region 2260-2221 cm~! is assigned to v (C=N)
stretching vibration [49]. In the case of the title com-
pound the FT-IR band at 2239.94 cm~! was assigned
to v (C=N) stretching vibration [9]. In the present
study, the v (C=N) stretching mode (mode no. 16)
was calculated at 2268.58, 2276.73, and 2284.36 cm ™!
using the B3LYP, B3PW91, and BPVS86 levels with
90, 89, and 90% to PEDs respectively In plane bend-
ing mode of C=N group is calculated at 558.69,
558.64, and 564.94 cm~! using the B3LYP, B3PW9l1,
and BPV86 levels with the 6-311++G(d,p) basis set, re-
spectively. In out—of-plane bending vibrations of C=N
group (mode mnos. 70, 75) are calculated at 483.07,
366.23 cm ™! (32 46%) for B3LYP; 482.78, 364.85 cm ™!
(33 45%) for B3PW91; 487.18, 364.08 cm~! (13, 43%)
for BPV86.

Evecen et al. calculated this N-N stretching vi-
bration of the pyrazole ring as 1112 cm™! for the
B3LYP/6-311++G(d,p) method [50]. The N-N stretch-
ing vibration of the pyrazole ring was calculated at
1206 and 1180 cm™! using the B3LYP/6-311++G(d,p)
method by Sert et al. [48]. The experimental v (N-N)
stretching band (mode nos. 4 and 42) of the pyrazole
ring was observed at 1181.40 and 1126.23 cm™! in the
FT-IR spectrum [9]. The theoretically calculated values
were obtained at 1159.82 and 1097.23 cm~! for B3LYP,
1166.17 and 1105.06 cm~! for B3PW91, and 1156.78 and
1095.95 cm~! for BPVS86.

3.2.5. C-Br Vibrations

Bromine atom attached to an aromatic ring usu-
ally has stretching vibration mode (C-Br) expected
in the region 650-450 cm~! [51]. The C-Br stretch-
ing mode appears in the region 200-480 cm~! as re-
ported by Varsanyi [52]. In the spectra of the ti-
tle compound the v (C-Br) stretching vibration con-
tributes to the bands computed at 331.55, 333.70,
and 338.03 cm~! (which is contributing to 22, 21,
and 21%, respectively) by the B3LYP/6-311++G(d,p),

B3PW91/6-3114++G(d,p), and BPV86/6-311++G(d,p)
methods (mode 76, in Table II). According to the cal-
culated PED, the in-plane bending ¢ (BrCC) vibrations
in the title compound should be assigned to the band
at 251.28, 249.40, 255.44 cm~' and 178.93, 177.37,
182.66 cm™! (which are contributing to almost 19%
and 12% respectively) by the B3LYP, B3PW91, and
BPV86 methods (modes 80 and 83). The calcu-
lated bands at 289.82, 290.54, 293.88 cm~! and 97.83,
97.08, 98.22 cm~! which are contributing to 14, 15,
13% and 15, 16, 17% by the B3LYP/6-311++G(d,p),
B3PW91/6-311++G(d,p), and BPV86/6-311++G(d,p)
methods (modes 78 and 88) are assigned to C-Br out-of-
plane bending vibrations of the title compound, respec-
tively.

3.8. FMOs and Ultraviolet-Visible (UV-Vis)
spectral analysis

The frontier molecular orbitals (FMOs) called
the highest occupied molecular orbital (HOMO) and
the lowest unoccupied molecular orbital (LUMO) are
the main orbitals taking part in the electric and opti-
cal properties, as well as in the UV Vis spectra [53].
The HOMO (defined as an electron donation) presents
the outermost orbital filled by electrons and is directly re-
lated to the ionization potential/I, while the LUMO (de-
fined as an electron acceptance) implies the first empty
innermost orbital unfilled by electron and is directly re-
lated to the electron affinity/A. The 3D orbital pictures
of the FMOs obtained at the B3LYP/6-311++G(d,p),
B3PW91/6-311++G(d,p), and BPV86/6-311++G(d,p)
methods for the title compound are given in Fig. 4.
It is evident from Fig. 4, the LUMO spread over the whole
molecule except the CHs and CH3 groups and Br atom
whereas the region of HOMO spread approximately over
the entire molecule except for the cyano group of pyridine
ring, H atoms of rings, CHy and CHjs groups by the all
of the level of theories.

The density of state (DOS) of a molecule is the num-
ber of allowed electrons (or holes) per interval of energy
at each energy level to be occupied. We have used Gauss-
Sum 2.2 program [54] to calculate the group contributions
to the FMOs (HOMO and LUMO) The DOS diagrams
obtained at the B3LYP/6-311++G(d,p), B3PW91/6-
311++G(d,p), and BPV86/6-311++G(d,p) methods
of the title compound are plotted in Fig. 4. The DOS
spectrum is a simple view of the character of the molec-
ular orbitals in the energy gap of the molecule result-
ing from the simultaneous effect of acceptor and donor
group and to spacer effect on the electron delocaliza-
tion (Fig. 4). The green and red line in the DOS
spectrum indicates the occupied and virtual orbitals,
respectively.

The energy difference between the LUMO and HOMO
energies is called as energy gap (AFELUMO—HOMO)-
The HOMO-LUMO energy gap reveals the chemi-
cal reactivity and kinetic stability of the molecule.
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Fig. 4. The DOS, FMOs and 3D plot of the MEP obtained at the (a) B3LYP/6-311++G(d,p), (b) B3PW91/6-
311++G(d,p), and (c) BPV86 /6-311++G(d,p) methods for the title compound.
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TABLE III

Total energy (in a.u.), Enomo, Erumo, AELumo—noMO, lonization potential (1), electron affinity (A), global hardness
(n), chemical potential (P;), electrophilicity index (w), (all in €V), and global softness (o), (in eV™') values of the title

compound using the TD-DFT methods.

B3LYP/6-311++4G(d,p) B3PW91/6-311++G(d,p) BPV86/6-311++G(d,p)
Gas Chloroform Gas Chloroform Gas Chloroform
total energy —3618.795 —3618.809 —3618.361 —3618.374 —3619.162 —3619.174
Fuomo —6.833 —6.707 —6.870 —6.759 —6.105 —6.007
Erumo —2.580 —2.465 —2.593 —2.494 —3.347 —3.259
AFELUMO_HOMO 4.253 4.242 4.277 4.265 2.758 2.748
1 6.833 6.707 6.870 6.759 6.105 6.007
A 2.580 2.465 2.593 2.494 3.347 3.259
n 2.127 2.121 2.139 2.133 1.379 1.374
o 0.470 0.471 0.468 0.469 0.362 0.728
P; —4.707 —4.586 —4.732 —4.627 —4.726 —4.633
w 5.208 4.958 5.234 5.019 8.098 7.811
14000 TD-DFT/B3LYP/6-311++G1 140001 -
) TDDFI/BIPWILG3I-CED)| o | TDDFIEPVSS6311++Gidp)
o 120004 12000 4 — Gas — — Gas
E 10000 :g:lso . 10000 — Chloroform el — Chloroform
ls 8000 8000 4 5000
s 6000 6000 | sl
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4000 4000 4
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Fig. 5. The UV-Vis absorption spectrum in the gas phase and chloroform solvent of the title compound by TD-

DFT/B3LYP, TD-DFT/B3PW91, and TD-DFT/BPV86 methods with 6-311++G(d,p) basis set.

The decrease in the value of AFEpumo—nomo indi-
cates strong molecular interaction within the molecule
due to intramolecular charge transfer (ICT) from
donor to acceptor atom. The total energy, HOMO
and LUMO energies, and the AEpumo_HOMO €nergy
gap calculations in the chloroform solvent and gas
phase were performed by time-dependent density func-
tional theory (TD-DFT) and the values are presented
in Table III. The energy gap values are found to be
4.253, 4.277, 2.758 eV in the gas phase and 4.242,
4.265, 2.748 eV in the chloroform solvent obtained
at B3LYP/6-311++G(d,p), B3PW91/6-311++G(d,p),
and BPV86/6-311++G(d,p) methods of the title com-
pound, respectively. By the three DFT-functionals,
the AELumo_nomo energy gaps in the gas phase and
chloroform solvent are both decreased in the order:
B3PW91 > B3LYP > BPV86. The TD-DFT/BPV8&6
method in the gas phase and chloroform solvent has
the lowest energy gap values compared to those cal-
culated by the B3PW91, B3LYP levels. Moreover,
lower values in the energy gap of the HOMO-LUMO
explain the eventual charge transfer interaction
within the molecule. For the title compound, the
AFErumo_unomo values decrease as the phase changes

from gas to solvent. According to the results, the title
compound in the gas phase is more stable than in the so-
lution phase.

The UV-Visible spectral analyses of the title com-
pound has been investigated by the theoretical cal-
culations. The time dependent DFT (TD-DFT)
calculations at the B3LYP, B3PW91, and BPV86
levels on electronic absorption spectra have been
used to find out the absorption wavelengths (A, nm),
excitation energies (FE, €V) oscillator strengths (f),
and major orbital transitions of the title compound
for the gas phase molecule as well as in chloroform sol-
vent. The oscillator strengths, absorption wavelengths,
excitation energies, their assignments, and contri-
butions were calculated using the TD-DFT/B3LYP,
TD-DFT/B3PW91, and TD-DFT/BPV86 methods with
the 6-311++G(d,p) basis set with chloroform solvent
and the gas phase are given in Table IV. The major
contributions of the HOMO-LUMO transitions were
calculated using the Gauss-Sum 2.2 program [54] based
on the obtained TD-DFT results. The simulated
absorption spectrum of the title compound was carried
out in various methods with the chloroform solvent and
gas phase and these results are presented in Fig. 5.
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TABLE IV

Calculation UV?Vis spectra of the title compound using the TD-DFT/B3LYP, TD-DFT/B3PW91, and TD-DFT/BPV86
methods with the 6-3114++G(d,p) basis set in gas phase and chloroform solvent (H—L — HOMO—LUMO).

Methods Transition % A [nm] E [eV] f [a.u]
B3LYP/6-311++G(d,p) H—L 96 Gas 329.73 3.7601 0.2196
97 Chloroform 333.79 3.7144 0.2914

H-1-L 84 Gas 312.28 3.9703 0.0172

57 Chloroform 306.93 4.0394 0.0463

H-L +1 88 Gas 307.25 4.0353 0.0293

61 Chloroform 310.01 3.9993 0.0338

H-1-L+1 88 Gas 285.24 4.3466 0.0045

55 Chloroform 284.63 4.3559 0.0194

B3PW91/6-311++G(d,p) H—L 96 Gas 327.53 3.7854 0.2138
97 Chloroform 331.55 3.7395 0.2817

H-1-L 87 Gas 312.28 3.9703 0.0191

73 Chloroform 309.24 4.0093 0.0222

H-L +1 90 Gas 305.13 4.0633 0.0365

75 Chloroform 305.46 4.0589 0.0696

H-1-L+1 90 Gas 285.46 4.3433 0.0042

7 Chloroform 284.19 4.3627 0.0127

BPV86/6-311++G(d,p) H—L 92 Gas 439.63 2.8202 0.0027
85 Chloroform 440.94 2.8118 0.0137

H-1-L 61 Gas 414.82 2.9889 0.0586

78 Chloroform 413.08 3.0014 0.1145

H-L + 1 90 Gas 396.02 3.1307 0.0056

83 Chloroform 391.30 3.1685 0.0233

H-1-L+1 62 Gas 379.69 3.2654 0.0418

69 Chloroform 371.68 3.3357 0.0809

The maximum calculated absorption spectra of the ti-
tle compound consists of an intense transition band
(by TD-DFT with the B3LYP / B3PW91 / BPV8&6 lev-
els) at 329.73 / 327.53 / 439.63 and 333.79 / 331.55 /
440.94 nm (3.7601 / 3.7854 / 2.8202 eV and 3.7144 /
3.7395 / 2.8118 €V) with oscillation strength values
of 0.2196 / 0.2138 / 0.0027 and 0.2914 / 0.2817 / 0.0137
in the gas and chloroform, respectively. These transitions
in the gas and chloroform correspond to 99 / 96 / 92%
and 97 / 97 / 85% contributions from HOMO to LUMO
orbital (m — m* transitions) for with a charge transfer
(CT) character from electron-donor to electron-acceptor,
respectively.

3.4. Molecular electrostatic potential (MEP) analysis

The molecular charge distribution was represented
by the map of molecular electrostatic potential (MEP)
which helps in predicting the sites for the nucleophilic
and electrophilic attack in the molecule. The nega-
tive (red, orange, and yellow) regions of the MEP are
related to the electrophilic reactivity and the positive
(blue color) ones belong to the nucleophilic reactivity.
The 3D plots of molecular electrostatic potential cal-
culated at the B3LYP, B3PW91, and BPV86 methods
for the title compound are shown in Fig. 4. The color

code maps of the title compound are predicted in be-
tween —0.04965, —0.04981, and —0.04841 a.u (deepest
red) and 0.04965, 0.04981, and 0.04841 a.u (deepest blue)
for the B3LYP, B3PW091, and BPV86 methods, respec-
tively. As can be seen in Fig. 4, the region of neg-
ative charge is displayed in red color and it is found
around the electronegative oxygen and Br atoms, N atom
of cyano group, and N atom of pyridine ring in the title
compound for the BSLYP, B3PW91, and BPV86 meth-
ods. The red color region is susceptible to electrophilic
attack. The MEP maps of the studied molecule clearly
show that the maximum positive potential region (blue)
is localized on the hydrogen atoms. The blue color re-
gion represents a strong positive region and is prone to
nucleophilic attack.

8.5. Global Reactivity Descriptors

According to Koopmans’ theorem [55], a de-
tailed investigation of quantum molecular descriptors
of the title compound using the TD-DFT/B3LYP,
TD-DFT/B3PW91, and TD-DFT/BPV86 methods with
the 6-311++G(d,p) basis set with the chloroform
solvent and gas phase such as ionization potential
(I = *EHOMO), electron afﬁnity (A = *ELUMO)a
global hardness (n = (I — A)/2), chemical potential
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(P, = —(I + A)/2), electrophilicity index (w = P?/2n),
and global softness (0 = P;/(2n)) was calculated and
listed in Table III. The global hardness (1) and global
softness (o) correspond to the energy gap between
the EFrumo and Fpomo energies have been associated
with the stability of the chemical system. A molecule
with a small energy gap has high chemical reactiv-
ity than a hard one because it could easily offer elec-
trons to an acceptor [56]. The values of n/o of the ti-
tle compound are found to be 2.127/0.470, 2.139/0.468,
1.379/0.362 and 2.121/0.471, 2.133/0.469, 1.374/0.728
in the gas phase and chloroform solvent obtained
with the TD-DFT/B3LYP, TD-DFT/B3PW091, and TD-
DFT/BPV86 methods, respectively. As can be seen
from the results the global hardness/softness values
of the studied molecule decrease/increase when solvent
is taken into account. The results of large n and
AErumo_uomo values obtained by the TD-DFT meth-
ods also support the stability of the title molecule in gas
phase.

3.6. Mulliken and natural population analyses

The atomic charges have an important role in the ap-
plication of quantum chemical calculations of a molec-
ular system due to change in dipole moment, polar-
izability, electronic structure, vibrational spectra, and
more properties for a molecular system [57]. Our in-
terest here is the comparison of different methods to de-
scribe the electron distribution of the title compound.
The atomic charge values obtained by Mulliken and Nat-
ural bond orbital (NBO) analysis for the title compound
calculated with the B3LYP, B3PW91, and BPVS86 levels
with the 6-311++G(d,p) basis set are listed in Table V.
The represented graphical form of the results is shown in
Fig. 6. The change in the charge distribution in Fig. 6
shows a response to using a broad variety of methods
(B3LYP, B3PW91, and BPV86).

According to the Mulliken and NBO methods, the N3,
N5, O1 atoms have negative atomic charges —0.063e and
—0.263¢ / —0.174e and —0.289¢ / —0.287¢ and —0.641e
for the B3LYP level, -0.020e and -0.272¢ / —0.175¢ and
—0.290e / —0.267¢ and —0.64le for the B3PWO1
level, and —0.117e and —0.266e / —0.146e and
—0.281e / —0.256e and —0.615e for the BPVS86 level.
The results are in good agreement with each other and
with MEP results.

According to Mulliken and NBO charge’s plot (Fig. 6)
all of the hydrogen atoms have net positive charges.
In the title compound, the H8 atom in the 5-bromo-
1H-indazole has the highest positive charge -calcu-
lated at the B3LYP, B3PW91, and BPV86 levels with
the 6-311++G(d,p) basis set compared with other hy-
drogen atoms due to the electron-withdrawing nature
of the O1 atom. The O1 and N3 display strong elec-
tronegativity, the theoretical Mulliken and NBO atomic
charges of H8 / H3a found to be 0.283¢ and 0.258¢/0.213¢
and 0.215e for the B3LYP level, 0.324e and 0.214e/0.252¢
and 0.193¢ for the B3PW91 level, and 0.285¢ and

TABLE V

Comparative of Mulliken and NBO atomic charges of the
title compound obtained by the B3LYP, B3PW91, and
BPVS86 levels with the 6-311++G(d,p) basis set.

Atoms B3LYP B3PW91 BPV86
Mulliken| NBO |Mulliken| NBO |Mulliken| NBO
C1 —0.413 |—0.585| —0.505 |—0.556| —0.457 |—0.569
C2 —0.185 |—-0.173| —0.258 |—0.138| —0.230 |—0.153
C3 —0.305 |—0.172| —0.374 |—0.128| —0.358 |—0.152
C4 —0.478 |—-0.581| —0.612 |—0.558| —0.519 |—0.567
C5 —0.546 | 0.652 | —0.729 | 0.634 | —0.755 | 0.598
C6 —0.244 | 0.125 | —0.271 | 0.135 | —0.187 | 0.119
Cr 0.773 |—0.080| 0.880 |[-0.092| 0.810 |-0.069
C8 —0.400 |—0.170| —0.487 |—0.142| —0.450 |—0.153
C9 0.081 |—0.126| 0.016 |[—0.119| 0.044 |-—0.099
C10 —0.566 |—0.184| —0.759 |—0.206| —0.714 |—0.192
Cl11 —0.179 |—-0.228| —0.172 | 0.656 | —0.197 | —0.638
C12 0.276 0.162 0.256 |—0.238| 0.323 0.148
C13 —-0.262 | 0.202 | —0.261 | 0.226 | —0.313 | 0.212
Cl4 0.250 |—-0.252| 0.313 |[-0.233| 0.366 |-—0.228
C15 —0.104 | 0.078 | —0.177 | 0.106 | —0.216 | 0.093
C16 0.503 0.084 | 0.473 0.113 0.359 0.103
C17 0.340 |—-0.195| 0.391 |[-0.199| 0.439 |-0.196
C18 —1.385 | 0.280 | —1.616 | 0.272 | —1.461 | 0.265
N1 0.135 |—0.486| 0.286 |[—0.449| 0.240 |-0.423
N2 0.559 |—-0.224| 0.705 |[-0.237| 0.705 |-0.200
N3 —0.063 |—-0.263| —0.020 |—0.272| —0.117 | —0.266
N4 0.056 |—0.421| 0.118 |[-0.413| 0.128 |-0.402
N5 —0.174 | —-0.289| —0.175 |—=0.290| —0.146 |—0.281
o1 —0.287 | —0.641| —0.267 |—0.641| —0.256 |—0.615
Brl —0.176 | 0.076 | —0.243 | 0.081 | —0.194 | 0.088
Hla 0.182 0.214 | 0.207 | 0.204 | 0.196 0.200
H1b 0.148 0.205 0.173 0.193 0.165 0.198
Hlc 0.125 0.192 0.144 0.182 0.136 0.187
H2a 0.200 0.223 | 0.230 0.198 0.214 0.202
H2b 0.138 0.188 | 0.166 0.173 0.152 0.178
H3a 0.213 0.215 0.252 0.193 0.230 0.199
H3b 0.157 | 0.189 | 0.191 0.173 0.178 0.179
H4a 0.178 0.207 | 0.210 0.197 | 0.196 0.201
H4b 0.150 0.206 | 0.173 0.194 | 0.165 0.199
H4c 0.129 0.197 | 0.149 0.187 | 0.139 0.191
H8 0.283 0.258 | 0.324 0.214 | 0.285 0.216
H10 0.234 | 0.228 | 0.279 0.178 0.248 0.195
H11 0.154 | 0.219 | 0.193 0.327 | 0.160 0.179
H14 0.195 0.224 | 0.236 0.184 | 0.201 0.187
H15 0.207 | 0.197 | 0.248 0.162 0.226 0.164
H17 0.262 0.250 | 0.314 0.215 0.265 0.217

0.216¢/0.230e and 0.199¢ for the BPV86 level exhibited
the largest positive charges, respectively. As can be seen
for RDG results, this is due to the presence of strong in-
tramolecular hydrogen bonds and steric interactions be-
tween O1---H8 and N3.--H3a.

While the C18 and Brl atomic charges derived from
Mulliken are negative, the NBO atomic charges indicate
positive values. Figure 6 shows that the NBO atomic
charges are more reliable to the differences in the molec-
ular systems than Mulliken’s net charges.
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Fig. 6. Histogram of Mulliken and NBO atomic
charges using the B3LYP, BSPW91, and BPV86 levels
with the 6-311+-+G(d,p) basis set of the title compound.

3.7. YH and '3C NMR calculations

Nuclear magnetic resonance (NMR) spectroscopy is
a useful tool for determinations of molecular struc-
tures of organic molecules developed during the last
40 years [58]. The chemical shifts of 'H and 13C NMR
of C and H were calculated using the gauge-independent
atomic orbital (GIAO) method with respect to tetram-
ethylsilane (TMS), in the investigated gas phase, chlo-
roform solvent and compared with experimental 'H and
13C chemical shift values [9]. The *H and '*C spectrum
of the tetramethylsilane (TMS) molecule was calculated
using the same methods used as a reference. The 'H
and 3C chemical shift values were converted to the TMS
scale by subtracting the calculated absolute chemical
shielding of TMS which are calculated at the same lev-
els (6%, = 65MS — 57 where 62, is the chemical shift,
8% . is the absolute shielding and §5M%is the absolute
shielding of TMS). The experimental [9] and theoreti-
cal 'H and '3C chemical shifts calculated at the BSLYP,
B3PW091, and BPVS86 levels with the 6-311++G(d,p) ba-
sis set in the gas phase and chloroform solvent for the title
compound are tabulated in Table VI. The atoms of the ti-
tle compound were numbered according to Fig. 1.

The chemical shift of C5 for the title compound
shows the maximum value (161.24 ppm) among the
other carbon atoms experimentally [9] and computed
(167.20/168.55, 165.08/166.37, and 161.59/162.79 ppm)
bigger than the other carbon chemical shifts theoret-
ically using the B3LYP, B3PW91, and BPV86 levels
with the 6-311++G(d,p) basis set in the gas/chloroform,
respectively. This supports the high positive charges

(0.652, 0.634, and 0.598) prediction by NBO obtained
with the BSLYP, B3PW91, and BPV86 levels of the title
compound, which is mainly due to the O atom attached
to this carbon atom. The chemical shift values of C1,
C4 and C2, C3 are smaller than the other aromatic car-
bons because of the substitution of methyl and methylene
groups. The 13C NMR spectrum having methyl (CHjz)
and methylene (CHy) signals show that the peaks of CHj
carbons are smaller than those of CHy carbon atoms.
From the '3C NMR spectrum, the signals of the CHy
(C2, C3) and CH3 (C1, C4) group of the title com-
pound are observed at 41.11, 43.37 and 12.75, 14.72 ppm.
The computed values are shown in the same parallel
as seen in Table VI. The computed and recorded results
are in very good agreement for similar structures [59].
The computed chemical shift of the C atom in the cyano
group using the B3LYP, B3PWO91, and BPV86 levels
of the title compound was 122.28/124.87, 123.19/125.68,
and 121.73/124.09 ppm in gas phase/chloroform solvent
and the corresponding experimental value is 116.64 ppm,
respectively.

The values of the chemical shift for hydrogen atoms
which are attached with benzene ring are in the interval
between 7 and 8 ppm [60]. For 2-styrylpyrydine,
IIla and IIlc, the chemical shift for H atom (H3)
in the pyridine ring was calculated at 8.9 ppm us-
ing the B3LYP/6-311++G(d,p) in both gas phase
and CDCls solvent [61]. There are three H atoms
in the pyridine ring whose values are 7.93, 8.82,
8.42 ppm experimentally [9], the corresponding theoreti-
cal values using the B3LYP, BSPW91, and BPV86 levels
of the title compound lie between 7.80-8.95/8.12-9.06,
7.88-9.00/8.20-9.11, and 7.71-8.85/8.02-8.95 ppm in
gas phase/chloroform solvent, respectively. These
values in the pyridine ring are closer to the expected
values for hydrogen atoms which are attached with
benzene ring. The six H atoms of the two methyl
groups give signals to 1.26 and 1.37 ppm experimen-
tally [9], while the calculated values using the B3LYP,
B3PW91, BPV86 levels of the title compound are in
the range 1.02-1.74/1.09-1.61, 1.00-1.73/1.06-1.60,
1.01-1.60/1.08-1.48 ppm  and 1.18-1.86,/1.22-1.85,
1.12-1.86/1.16-1.83, 1.22-1.78/1.25-1.75 ppm in gas
phase/chloroform solvent, respectively. This is in agree-
ment with the literature value [62]. When the chemical
shifts in the gas phase and chloroform solvent are
compared, there is no appreciable difference observed
in the chemical shifts. Hence, the effect of the solvent
on the chemical shifts of various atoms for the title
compound is negligibly small.

3.8. Nonlinear Optical (NLO) Properties

Nonlinear optical (NLO) materials have been exten-
sively researched due to their potential applications
in the field of optoelectronic such as optical communica-
tion, optical computing, optical switching, optical modu-
lation, optical logic, and dynamic image processing [63].
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Theoretical and experimental [9] *H and **C isotropic chemical shifts (with respect to TMS, TABLE VI
all values in ppm) in gas phase and chloroform solvent for the title compound.
Calculated
Atoms B3LYP/6-311++G(d.p) B3PW91/6-311++G(d.p) BPV86,6-311++G(d.p) Exp. [9]
Gas Chloroform Gas Chloroform Gas Chloroform
Hla 1.74 1.61 1.73 1.60 1.60 1.48 1.26
H1b 1.02 1.09 1.00 1.06 1.01 1.08 1.26
Hlc 1.10 1.20 1.09 1.18 1.07 1.16 1.26
H2a 4.44 4.35 4.44 4.34 4.58 4.47 3.79
H2b 2.84 3.01 2.85 3.00 2.88 3.03 3.61
H3a 4.37 4.40 4.32 4.33 4.67 4.67 3.74
H3b 3.11 3.23 3.09 3.21 3.25 3.36 3.66
H4a 1.86 1.85 1.86 1.83 1.78 1.75 1.37
H4b 1.18 1.22 1.12 1.16 1.22 1.25 1.37
H4c 1.57 1.61 1.54 1.58 1.54 1.58 1.37
HS 9.27 9.15 9.28 9.16 9.21 9.10 8.13
H10 7.73 7.85 7.79 7.91 7.59 7.71 7.74
H11 7.80 8.06 7.88 8.13 7.76 8.00 7.64
H14 7.80 8.12 7.88 8.20 7.71 8.02 7.93
H15 8.95 9.06 9.00 9.11 8.85 8.95 8.82
H17 8.41 8.60 8.45 8.63 8.35 8.52 8.42
C1 12.89 13.23 12.58 12.92 12.61 12.98 12.75
C2 45.44 45.96 43.78 44.30 45.49 46.08 41.11
C3 46.50 47.15 45.31 45.94 46.96 47.68 43.37
C4 16.23 16.40 15.96 16.13 15.55 15.75 14.72
C5 167.20 168.55 165.08 166.37 161.59 162.79 161.24
C6 149.86 150.10 147.62 147.84 145.11 145.54 143.09
Cc7 136.95 137.10 135.26 135.37 134.96 135.15 128.07
C8 137.07 136.06 135.78 134.81 133.62 132.68 132.27
C9 144.24 143.42 141.19 140.43 142.81 142.09 117.04
C10 138.28 138.96 137.30 138.03 134.15 135.01 111.64
C11 114.52 116.94 113.89 116.30 112.14 114.53 126.48
C12 144.70 145.89 142.30 143.46 140.18 141.37 137.49
C13 154.77 155.72 152.82 153.74 150.00 150.98 147.08
Cl4 120.30 123.50 119.70 122.86 117.13 120.32 119.53
C15 158.43 159.73 157.40 158.75 155.64 157.00 152.44
C16 144.17 142.65 142.64 141.19 140.57 139.29 135.37
C17 128.93 131.12 128.25 130.38 126.20 128.43 117.52
C18 122.28 124.87 123.19 125.68 121.73 124.09 116.64
In order to investigate the effects of the B3LYP, = (’ui + Mi + MZ)l/Q ; (3)
B3PW91, and BPVS86 levels on the NLO properties
of the studied compound, the dipole moments (u), (@) = (a4 ayy + @22) /3, (4)
the polarizabilities («), the anisotropy of the polariz-
abilities ({(Aa)), and the mean first-order hyperpolariz- V2 9 9
abilities (8) of the title compound were calculated using (Aa) = 9 [ (Qwe = ayy)” + (ayy — @)
the finite-field approach and are presented in Table VII. 9 511/2
The mean first-order hyperpolarizability is a third-rank +(azz — Qge)” + 6 (aﬁy +al, + 0‘132) ] ) (5)

tensor that can be described by a 3 x 3 x 3 matrix.
The 27 components of the 3D matrix can be reduced
to 10 components due to Kleinman symmetry [64].

The p, (o), (Aa), and § values using the Cartesian

coordinates are given as follows [65]:

/
+ (ﬁzzz + Bzmz + Bzyy)2 } ' 2-

B = [ (Buaw + Bayy + Broze) + (Byyy + Byez + Byaz)’

(6)
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TABLE VII

Dipole moment g (in D), mean polarizabity («) (in a.u.
and esu), the anisotropic of the polarizability (A«) (in
a.u.) and the mean first-order hyperpolarizability 3
(in a.u. and esu) values obtained using the B3LYP/6-
311++G(d,p), B3PW91/6-311++G(d,p), and BPV86/6-
311++G(d,p) methods in gas phase.

Parameters B3LYP B3PW91 BPV8&6

w [D] 4.2592 4.4089 4.1551

(a) [a.u.] 288.3068 | 284.6878 306.4107

(a) x10~24 [esu] 42.7271 42.1907 45.4101
(Aa) [a.u] 205.5657 | 202.0617 228.8948
(Aa)x10724 [esu] | 30.4648 29.9455 33.9222
B [a.u] 1774.7952 | 1810.8563 | 3031.1104
Brot X 10730 [esu] 15.3330 15.6445 26.1867

Btot /Burea 41 42 70

To have polarizability and mean first-order hyperpo-
larizability tensors (0uz, Qay, Oyy, Oz, Oy, 04y and
ﬁzzz; ﬁzxw B:L’yya Byyy7 ﬁzzm ﬁzym ﬁyym ﬁzzm ﬁyzm
B..») are utilized a frequency job of GAUSSIAN-09W
output [10]. The polarizability and the mean first-
order hyperpolarizability values of the Gaussian out-
put are given as atomic units (a.u.), but they have
been changed into electronic units (esu) by the fol-
lowing factors: 1 au. = 0.1482 x 107?* esu for a,
1 au. = 8.6393 x 10733 esu for 3 [66].

In this study the mean first-order hyperpolarizabil-
ity (8) values were calculated at 15.3330 x 10730,

15.6445 x 10739, and  26.1867 x 1073° esu using
the B3LYP, B3PW91, and BPV86 levels with
the 6-3114++G(d,p) basis set, respectively. The de-

creasing order of the 5 is BPV86 > B3PW91 > B3LYP.
As seen in Table III, the energy gaps between the HOMO
and LUMO orbitals of the title compound are decreased
in the order: B3LYP (4.253 ¢V) > B3PW91 (4.277 ¢V) >
BPV86 (2.758 €V). As expected, the lower is the HOMO-
LUMO energy gap the larger is the 8 value [67]. Urea
is one of the standard molecules used in the study
of the nonlinear optical (NLO) properties of molecular
systems and is thus frequently used as a threshold
value for comparative studies [68]. The calculated mean
first-order hyperpolarizability values using the B3LYP,
B3PW91 and BPVS86 levels for the title compound are
about 41, 55, and 70 times greater than that of the stan-
dard NLO material urea (0.3728 x 1073% esu). This large
hyperpolarizability value of the title compound indicates
that it has considerable NLO properties. The obtained
results are evidence for the fact that the title compound
can be subjected to future studies to probe its NLO
properties.

3.9. Reduced Density Gradient (RDG) analysis

Reduced density gradient (RDG) as a dimensionless
quantity is used to explore weak interactions in real space
based on the electron density and its derivatives [69].
The RDG is given by the equation

L V) -
2 (37r7“2)1/3 p(r)*/3

where p(r) is electron density and Vp(r) is the gradi-
ent of p(r) at the point . The plot of p(r) against
sign Ao give the information about the nature and
strength of the interactions which are measured in terms
of the value of density at low gradient spikes. The large
and negative values of sgn(As)p are indicative of stronger
attractive interactions (such as dipole—dipole or hydrogen
bonding), while positive ones are indicative of strong re-
pulsion interactions. Values near zero indicate very weak
Van der Waals interactions. The sign of Ao, the sec-
ond greatest eigenvalue of the Hessian matrix of the p(r),
is used to discriminate bonded (A3 < 0) from non-bonded
(A2 < 0) interactions [69]. A2 is typically negative (posi-
tive) for attractive (repulsive) interactions.

RDG(r) =

2.00

1.80F

P U S S S S S SR S
-0.03 -0.02 -0.01 0.00 001 0.02 003 0.04 0.05

sign(4,) p

Van der Walls Strong repulsion:

Strong attraction

H-Bond, Halogen-bond interaction Steric effect in ring and cage

Fig. 7. The reduced density gradient diagram of the ti-
tle compound using the B3LYP /6-311++G(d,p) level.

The 3D RDG isosurfaces of the title compound are
shown in Fig. 7. The software utilized for plotting RDG
isosurface is Multiwfn software [26] and it was plotted
by VMD program [27]. The RDG analysis was drawn
with an isosurface value of 0.5 as illustrated in Fig. 7.
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From the RDG isosurface in Fig. 7, the interactions
of the region marked by red reflect a strong repulsion
(steric effect) in all centers of the ring systems. The color
from blue to red indicates from stronger attraction to re-
pulsion, respectively. Within the indazole and pyridine
rings for the title compound, the strong steric effect is in-
dicated by red color. The green with slight brown circles
can be identified as Van der Waals (VDW) weak attrac-
tive interaction due to hydrogen-hydrogen interaction.

4. Conclusions

The detailed interpretations of the molecular struc-
ture, vibrational harmonic frequencies, PED assign-
ments, NLO, NMR, Mulliken, and natural bond or-
bital (NBO) analysis of the title compound were pre-
sented using the B3LYP, B3PW91, and BPVS86 levels
with the 6-311++4G(d,p) basis set in this paper. The the-
oretical geometrical parameters and vibrational frequen-
cies with the PED contributions of the title compound
were computed by the BSLYP, BSPW91, and BPVS86 cal-
culations with a good accuracy when compared with ex-
perimental analysis. In order to understand electronic
transitions and quantum descriptors of the title com-
pound, TD-DFT calculations on electronic absorption
spectra in the gas phase and chloroform solvent were per-
formed. The lower values of HOMO-LUMO energy gap
explain the presence of NLO effect and biological activ-
ity of the title compound. The NBO charge distribution
study shows the presence of strong intramolecular hydro-
gen bonds and steric interactions between O1--- H8 with
the maximum negative and positive charges, respectively.
The reduced density gradient (RDG) approach was im-
plemented to analyze the weak attractive interactions,
strong attraction, and steric repulsion existed in the title
compound.
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