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A B S T R A C T

Quantum chemical calculations on energy and molecular structure of 2-amino-3-methyl-5-nitropyridine
(2A3M5NP) have been attempted by implementing DFT/B3LYP method using 6-311G (d,p), 6-311Gþþ (d,p)
and cc-pVTZ basis sets. The optimized geometry and the vibrational analysis for energetically most stable
configuration, are carried out theoretically by using B3LYP/cc-pVTZ basis set. The computed vibrational fre-
quencies were scaled by using scaling factors and compared with the experimental Fourier Transform Infra-Red
(FTIR) solid phase spectrum in the region 4000-400 cm�1 and FT-Raman spectrum in the region 4000-100 cm�1.
The complete vibrational assignments, analysis and correlation of fundamental modes of the compound have been
carried out using the potential energy distribution (PED). The intramolecular charge transfer, hyperconjugative
interaction of the compound is investigated from natural bonding orbital (NBO) analysis. The UV-Visible spec-
trum of 2A3M5NP was obtained with ethanol as a solvent. The electronic properties such as HOMO (Highest
Occupied Molecular Orbital) and LUMO (Lowest Unoccupied Molecular Orbital) energies are determined by
B3LYP/cc-pVTZ basis set. The electronic absorption spectrum of the compound was studied from UV-Visible
analysis by using time-dependent density functional theory (TD-DFT). The electron density distribution and
chemical reactive sites of 2A3M5NP were analyzed from molecular electrostatic potential (MEP) analysis and
frontier molecular orbital (FMO) analysis.
1. Introduction

Nitrogen based heterocyclic compounds play an important role in
biomedical research and drug designing due to their immense potential
against tumor cells. Pyridine is the most important nitrogen based het-
erocyclic ring system incorporated in the structure of many antimicrobial
pharmaceuticals. Pyridine nucleus is prevalent in most of the natural
products and is extremely important in the chemistry of biological sys-
tems. It plays a key role in catalyzing both biological and chemical sys-
tems. The wide-ranging biological activities are associated with many
pyridines and its derivatives which ensure the importance of the study of
this ring system. Pyridine exhibits antiproliferative [1], anti-HIV [2],
anti-bacterial [3], anti-malarial [4], anti-fungal [5], anti-oxidant [6] and
antitubulin activities [7, 8]. Pyridine forms the nucleus over 7000
existing drugs in pharmaceutical industries [9]. Pyridine derivatives
containing multi-functional groups such as streotonigrin, streptonigrone
and lavendamycin are reported as anti-cancer drugs and cerivastain is
se).
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reported as the HMG-CoA enzyme inhibitor [10]. In many enzymes of
living organisms, it is the prosthetic pyridine nucleotide (NADP) that is
involved in various oxidation-reduction processes. Pyridine congeners
are associated with different biological properties like pesticidal, insec-
ticidal and fungicidal [11]. 2-amino-3-cyano pyridine derivatives have
been identified as IKK-B-inhibitors along with their importance and
utility as intermediates in preparing a variety of heterocyclic compounds
[12]. 1H-pyrozolo [3,4-b] pyridines comprise a very interesting class of
compounds because of their significant and versatile biological and
pharmacological activities, such as antimicrobial, antimalarial, antiviral
and antiproliferative [13].

The vibrational spectroscopy like IR and FT-Raman techniques pro-
vide the useful information about the identification of biological system
at the molecular level. Both these techniques serve as a spectral finger-
print to study the detailed information of the biological system. On the
other hand, the Density functional theory (DFT) provides the theoretical
prediction of molecular stability and reactivity which are essential factors
ly 2019
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Fig. 1. The optimized geometry of the 2A3M5NP molecule at DFT/B3LYP level
cc-pVTZ basis set.

Table 1
The computed bond lengths (Å) of 2A3M5NP molecule at DFT/B3LYP 6-311G
(d,p), 6-311Gþþ(d,p) and cc-pVTZ basis sets.

Bond length (Å) Theoretical Experimental[a]

6-311G (d,p) 6-311Gþþ(d,p) cc-pVTZ

N1–C2 1.343 1.343 1.340 1.35
N1–C6 1.328 1.328 1.325 1.34
C2–C3 1.424 1.424 1.420 1.41
C2–N7 1.364 1.364 1.361 1.31
C3–C4 1.379 1.379 1.376 1.34
C3–C10 1.504 1.504 1.501 -
C4–C5 1.397 1.398 1.394 1.40
C4–H14 1.082 1.082 1.080 0.93
C5–C6 1.389 1.390 1.386 1.33
C5–N15 1.458 1.457 1.455 1.44
C6–H18 1.083 1.083 1.080 0.93
N7–H8 1.007 1.007 1.005 0.88
N7–H9 1.005 1.005 1.002 0.87
C10–H11 1.095 1.095 1.093 -
C10–H12 1.090 1.090 1.088 -
C10–H13 1.096 1.096 1.094 -
N15–O16 1.226 1.228 1.225 1.22
N15–O17 1.227 1.229 1.226 1.25

a Ref [19].

Table 2
The computed bond angles (�) of 2A3M5NP molecule at DFT/B3LYP 6-311G
(d,p), 6-311Gþþ(d,p) and cc-pVTZ basis sets.

Bond angle (�) Theoretical Experimental[a]

6-311G (d,p) 6-311Gþþ(d,p) cc-pVTZ

C2–N1–C6 118.4 118.6 118.6 122.9
N1–C2–C3 123.4 123.4 123.3 117.3
N1–C2–N7 115.5 115.5 115.6 119.3
C3–C2–N7 120.9 120.9 120.8 123.4
C2–C3–C4 116.7 116.7 116.7 120.3
C2–C3–C10 120.8 121.0 120.9 -
C4–C3–C10 122.3 122.2 122.3 -
C3–C4–C5 119.4 119.5 119.5 118.9
C3–C4–H14 121.3 121.1 121.2 120.5
C5–C4–H14 119.1 119.2 119.2 120.5
C4–C5–C6 119.5 119.6 119.5 120.7
C4–C5–N15 120.1 120.1 120.1 119.4
C6–C5–N15 120.2 120.2 120.2 119.8
N1–C6–C5 122.1 122.0 122.0 119.6
N1–C6–H18 117.6 117.5 117.6 120.2
C5–C6–H18 120.1 120.3 120.2 120.2
C2–N7–H8 116.2 116.9 116.6 122.1
C2–N7–H9 120.8 121.1 120.7 124.1
H8–N7–H9 117.8 118.0 117.9 114.0
C3–C10–H11 111.3 111.4 111.4 -
C3–C10–H12 110.9 110.8 110.9 -
C3–C10–H13 111.6 111.7 111.6 -
H11–C10–H12 107.8 107.7 107.8 -
H11–C10–H13 107.4 107.5 107.3 -
H12–C10–H13 107.4 107.3 107.4 -
C5–N15–O16 117.8 117.9 117.9 116.7
C5–N15–O17 117.6 117.7 117.7 119.0
O16–N15–O17 124.5 124.3 124.3 122.5

a Ref [19].
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in the arena of molecular drug designing and helps us to understand the
chemical mechanism in biological systems [14, 15]. The compound,
2A3M5NP is a derivative of pyridine and to our best knowledge, no
quantum chemical investigations were carried out for this compound.
Considering all these aspects and the importance of the title compound
2A3M5NP, an attempt has been made to present a complete molecular
geometry, vibrational analysis and other related properties of 2A3M5NP
with the aid of quantum chemical calculations along with experimental
results. The density functional theory (DFT) calculations have also been
carried out to support the accuracy of wavenumber assignments. Detailed
interpretation of the vibrational spectra has also been done in the present
work which is validated with the calculation of potential energy distri-
bution (PED).

2. Experimental

The compound, 2-amino-3-methyl-5-nitropyridine (2A3M5NP) in
solid form was purchased from Sigma Aldrich (USA) with purity greater
than 99%. The compound is used as such without any further purifica-
tions. The FT-Raman spectrum of the compound is recorded in the region
from 4000 - 100 cm�1 using BRUKER RFS 27 FT-Raman spectrometer
with 1064 nm Nd:YAG laser source with a spectral resolution of 2 cm�1.
The Fourier transform infrared spectrum of 2A3M5NP is investigated at
room temperature in the region 4000-400 cm�1 using KBr method on
Shiraz FTIR spectrometer. The UV-Visible absorption spectrum was
recorded in the region 200–800 nm with ethanol as a solvent in SHI-
MADZU UV-2450 spectrophotometer.

3. Theory/calculation

All the quantum chemical investigations of 2A3M5NP are performed
using density functional theory (DFT) by Gaussian 03 program [16]. The
geometries of 2A3M5NP are optimized with the B3LYP-
exchange-correlation functional with 6-311G (d,p), 6-311Gþþ(d,p) and
cc-pVTZ basis sets. The DFT vibrational wavenumbers are calculated for
the lowest energy basis sets, cc-pVTZ to confirm the absence of imaginary
frequencies. The modes of vibrations are assigned by comparing the
experimental results with the graphical interface GaussView 5 program
[17]. The electronic properties of the molecule are studied using
time-dependent density functional theory (TD-DFT) and isodensity
polarizable continuum model (I-PCM). Investigations of various vibra-
tional parameters and the PED calculations are done by VEDA 4 program
[18] and the consistency of the experimental and theoretical values are
achieved by using different scaling factors.
2

4. Results and discussion

4.1. Molecular geometry

The title compound contains a nitro group, a methyl group and an
amine group attached with pyridine ring. The energies of the title com-
pound, 2A3M5NP are investigated by DFT/B3LYP level with different
basis sets 6-311G (d,p), 6-311Gþþ (d,p) and cc-pVTZ. The corresponding
energies are -547.617, -547.632 and -547.675 a. u respectively. The
computed optimized geometry of 2A3M5NP possesses a C1 point group



Table 3
Experimental and calculated frequencies of 2A3M5NP by DFT/B3LYP method with cc-pVTZ basis set.

S.No Experimental Theoretical IR
Intensity

Raman
Activity

Raman
Intensity

% PED assignments

FT-IR
(cm�1)

FT-Raman
(cm�1)

Unscaled
(cm�1)

Scaled
(cm�1)

1 3451 vs 3456vw 3727 3444 44.37 56.43 59.73 νas NH (100)
2 3320 s - 3599 3326 94.88 248.33 297.27 νs NH (100)
3 3262 w - 3211 3113 1.97 47.18 83.07 N CH (99)
4 3127 s 3063 vw 3199 3102 0.21 70.82 126.17 N CH (100)
5 2943 w 2946 w 3113 3018 9.33 55.30 107.66 νas CH (90)
6 2915 w 2916 w 3051 2958 16.39 90.07 187.01 νas CH (99)
7 2857 m - 3009 2917 27.10 220.74 478.74 νs CH (91)
8 - - 1651 1639 358.47 59.41 698.60 ν CC (27) þ β HNH (33)
9 1652 vs 1661 vs 1633 1621 73.97 6.96 84.24 δ HNH (29)
10 - 1601 s 1623 1611 110.90 18.65 229.16 νCC (24) þ β HNH (17)
11 1586 vs 1580 s 1567 1555 129.14 17.07 229.24 ν NO (63)
12 - 1491 m 1513 1501 29.10 6.70 98.27 β HCH (79)
13 1481 s 1476 m 1489 1478 8.28 7.63 116.54 δ HNH (79) þ τ HCCC (14)
14 - - 1478 1467 104.70 14.12 219.76 ν CN (19) þ β HCH (15)
15 - - 1462 1451 13.94 14.26 228.09 ν CN (19) þ ν CC (33) þ β HCN (11)
16 1422 m 1415 m 1422 1411 6.03 8.35 142.99 δ HCH (87)
17 1346 s 1351 s 1365 1355 513.96 287.54 5443.03 ν NO (62) þ β ONO (12)
18 - 1341 m 1357 1347 76.12 37.01 710.37 ν CN (51) þ β HCN (17)
19 - - 1343 1333 99.29 132.59 2610.82 ν CN (43) þ ν CC (14) þ β HNC (10)
20 1291 m 1296 vs 1295 1285 19.27 11.19 240.99 β HCC (33) þ β HCN (35)
21 1263 w 1210 w 1223 1214 27.36 23.83 587.87 ν CC (27) þ β CCC (29)
22 1105 m 1104 m 1125 1116 73.29 17.90 538.72 ν CC (27) þ ν CN (12) þ β HCC (31)
23 - - 1071 1063 1.43 0.04 1.58 β HCH (22) þ τ HCCC (74)
24 1036 m 1054 m 1047 1039 4.15 4.48 159.84 ν CN (23) þ β HNC (46)
25 1008 m - 1019 1011 10.54 3.89 147.67 β HCH (11) þ τ HCCC (52)
26 - 958 m 982 974 6.01 0.95 39.53 τ HCNC (78) þ τ CNCC (12)
27 938 w - 976 968 8.27 10.76 452.02 ν CC (28) þ ν CN (13)
28 916 w - 954 947 6.59 0.45 20.19 τ HCCC (71) þ τ CCCC (10)
29 824 w 828 m 843 836 18.83 1.56 91.52 δ ONO (41) þ β CNC (10) þ β CCC (14)
30 - 776 m 796 790 21.37 0.74 49.72 τ CNCC (13) þ γ OCON (13) þ γ NCNC (33)
31 768 m - 779 773 8.72 25.65 1794.28 ν CC (14) þ ν CN (11) þ β ONO (11) þ β NCC (15)
32 742 m - 768 762 3.62 1.12 81.00 γ OCON (70)
33 657 m 656 vw 661 656 6.80 2.06 207.77 ν CC (10)þ β CNC (12)þ βONO (12)þ βNCC (13)þ

β CCC (22)
34 558 s 553 vw 562 557 3.74 1.39 200.10 β ONC (43) þ β NCC (12)
35 - - 553 548 5.64 2.74 409.52 ν CC (10)þ β CCC (12)þ τHNCC (10)þ τNCCC (11)

þ γ NCNC (14)
36 532 m - 551 546 2.93 1.80 270.71 τ HNCC (61) þ γ CCCC (10)
37 - - 529 525 22.00 1.51 249.12 β ONC (78)
38 442 w 442vw 441 437 2.65 0.10 26.53 τHNCC (13)þ τ CCCC (26)þ τ CNCC (16)þ γ CCCC

(26)
39 423 m - 425 421 1.70 2.78 731.62 β ONC (26) þ β NCN (29) þ β CCC (17)
40 - - 368 365 1.72 3.17 1126.43 ν CN (40) þ β CNC (16) þ β ONO (11)
41 - - 328 325 35.00 0.63 286.68 τ CNCC (10)þ γNCCC (28)þ γ NCNC (15)þ γ CCCC

(23)
42 - - 307 304 4.74 1.76 919.64 β NCN (21) þ β CCC (45)
43 - - 282 280 209.39 4.38 2719.20 τ HNCC (84)
44 - - 205 203 1.17 0.39 482.09 β ONC (13) þ β CCC (11) þ β NCC (62)
45 - - 190 188 9.34 0.57 817.51 τ HCCC (76) þ γ NCCC (13)
46 - - 182 180 0.44 0.40 629.32 τ NCCC (24) þ τ CNCC (13) þ γ NCCC (15)

þ γ CCCC (26)
47 - - 105 104 0.22 0.96 4526.10 τ NCCC (46) þ τ CCCC (18) þ γ NCCC (22)
48 - - 61 60 0.09 0.16 2424.41 τ ONCC (90)

vs – very strong, s – strong, m – medium, w - weak, vw – very weak, b – broad, ν – stretching, νas – asymmetric stretching, νs– symmetric stretching, β-in plane bending,
τ-torsional, γ-out of plane bending, δ-scissoring/deformation, ω – wagging.
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symmetry. The optimised structure of 2A3M5NP compound using DFT/
B3LYP level with cc-pVTZ basis set is given in Fig. 1. The computed
geometrical parameters like bond length and bond angles are listed in
Table 1 and Table 2. The computed geometrical parameters are
compared with X-ray data of closely related molecule 2-amino-5-nitro-
pyridinium sulfamate [19]. From structural data, it is observed that
various bond distances of the title compound are found to be same for all
level calculations. The introduction of polarization and diffusion func-
tions show no significant changes in bond distances and bond angles.
From X-ray diffraction studies of pyridine compound, it is found that C–C
bond distances are 1.39 Å and C–N bond distances are 1.37 Å. The ring
C–C bond distances are similar to pyridine compound except for C2–C3¼
1.420 Å. This is due to the introduction of methyl group at C3 and amine
3

group at C2. The steric repulsion between the methyl group and amine
group leads to distortion for C–C bond distance. The variation between
bond distances N1–C2 ¼ 1.34 Å and N1–C6 ¼ 1.32 Å shows the ring C–N
bond distances distort and leads to delocalization of electrons in the ring.
4.2. Vibrational analysis

The molecule, 2A3M5NP consists of 18 atoms and have (3N-6), that is
48 normal modes of vibration which are both IR and Raman active. The
neglect of anharmonicity, incomplete treatment of electron-correlation
functional and deficiency of basis sets lead to the theoretically pre-
dicted frequencies overestimated than the experimentally observed fre-
quencies [20]. The scaling factor is introduced to improve a good



Fig. 2. The combined theoretical and experimental FTIR spectra of
2A3M5NP molecule.

Fig. 3. The combined theoretical and experimental FT-Raman spectra of
2A3M5NP molecule.
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agreement between the predicted frequencies and observed frequencies.
The region below 1800 cm�1 is termed as the fingerprint region and the
region has large density of states leads to congestion of absorption peaks.
So a special attention is given to this region. In the present work, different
scaling factors were introduced [21, 22]. The scaling factors 0.9242,
0.9697 and 0.9927 are used for N–H stretching, C–H stretching and other
modes respectively. The scaling factor (λ) is calculated from the equation,

λ ¼
PN

i

�
νcal�νexp

�
PN

i ðνcalÞ2
(1)

where N is the number of vibrational modes, νcal and νexp are the calcu-
lated and the experimental wavenumbers respectively.

The vibrational assignments of 2A3M5NP molecule have been made
by using GaussView software and the potential energy distribution (PED)
calculations are carried out by using VEDA software. The vibrational
assignments of 2A3M5NP along with IR intensity, Raman activity, Raman
intensity and potential energy distributions are shown in Table 3. The
combined experimental and theoretical FTIR and FT-Raman spectra of
2A3M5NP are shown in Fig. 2 and Fig. 3.

4.2.1. NH2 vibrations
The primary amines give rise to six modes of vibrations namely

asymmetric stretching, symmetric stretching, deformation, rocking,
4

wagging and torsional. In primary amine, the N–H stretching modes are
expected in the region 3500-3300 cm�1 [23,24]. The symmetric and
asymmetric modes are associated with an empirical relationship [25],
and from this equation, it is confirmed that the asymmetric mode is al-
ways higher in wavenumber than the symmetric mode of vibration.

νsym ¼ 345.5 þ 0.876 νasym (2)

In the present study, the asymmetric N–H stretching mode of vibra-
tion is observed at 3451 cm�1 in FTIR with very strong intensity while in
FT-Raman spectrum, the peak is observed with very weak intensity at
3456 cm�1. The symmetric N–H stretching mode of vibration is observed
at 3320 cm�1in FTIR with strong intensity. The NH2 deformation or
scissoring mode of vibration usually falls in the range 1650–1580 cm�1

[25,26]. In case of 4-amino-2-methylquinoline, the vibrational mode at
1659 cm�1 is assigned to NH2 deformation mode [27]. In the present
work, the very strong intensity absorption peak observed at 1652 cm�1 in
FTIR and 1661 cm�1in FT-Raman are assigned to NH2 deformation
modes. The corresponding calculated wavenumbers agree well with the
observed ones. The NH2 rocking mode is observed at 1036 cm�1 in FTIR
and at 1054 cm�1 in FT-Raman. The NH2 wagging mode usually appears
to be in the range from 910 cm�1 to 665 cm�1 [28,29]. In present work,
the NH2 wagging mode and the NH2 twisting mode are absent in both
FTIR and FT-Raman spectra. The wagging mode is assigned to 282 cm�1

from the DFT computed result.

4.2.2. CH3 vibrations
The methyl group is associated with seven vibrational modes namely

asymmetric stretching, symmetric stretching, asymmetric deformation,
symmetric deformation, rocking, wagging and twisting. The absorption
of methyl group results in a medium to strong intensity bands in the
region 3000-2800 cm�1 for both IR and FT-Raman [25]. The asymmetric
C–H stretching is expected in the region 3010-2900 cm�1 whereas, the
symmetric C–H stretching around 2950-2850 cm�1 [30]. The position of
the symmetric C–H stretching may change due to the presence of the
adjacent group in the molecule and the presence of electronegative atoms
or groups adjacent can alter the methyl symmetric band significantly
[25]. In 4-Bromomethyl-5-methyl-1,3-dioxol-2-one, CH vibrational
modes occur at 3034 cm�1, 2927 cm�1 in FTIR and at 3035cm�1, 2924
cm�1 in FT-Raman are assigned to asymmetric C–H stretching vibrations
[31]. In the present work, medium intensity FTIR absorption peaks at
2943 cm�1 and 2915 cm�1 and very weak intensity FT-Raman absorption
peaks at 2946 cm�1 and 2916 cm�1 are assigned to asymmetric CH3
stretching mode and the medium intensity FTIR absorption peak at 2857
cm�1 is assigned to symmetric CH3 stretching mode. The asymmetric
methyl deformation modes occur in the region 1470-1400 cm�1 with
medium to strong intensity whereas, the symmetric CH3 deformation
modes are expected near 1370 cm�1 [24]. In the present work, the strong
intensity absorption peak arises at 1481 cm�1 in FTIR and the medium
intense peak at 1476 cm�1 in FT-Raman are assigned to asymmetric
methyl group deformation modes. The medium intense peak at 1422
cm�1 in FTIR and 1415 cm�1 in FT-Raman are assigned to symmetric
methyl group deformation modes of vibration. The shift in the frequency
is due to the presence of the amine and nitro group within the molecule.
The CH3 rocking and wagging modes are assigned from the DFT
computed wavenumbers. These assignments are compared with litera-
tures [32, 33, 34].

4.2.3. NO2 vibrations
The nitro group attached to the pyridine ring constitutes asymmetric

stretching, symmetric stretching, deformation, wagging, rocking,
twisting modes of vibrations. The asymmetric and symmetric stretching
modes of nitro group are expected in the regions 1570-1485 cm�1 and
1370-1320 cm�1 respectively [25]. From literature, the asymmetric
modes are found around 1530 cm�1 whereas the symmetric stretching
mode are observed around 1350 cm�1 in FTIR as well as in FT-Raman



Fig. 4. The correlation diagram for the experimental and theoretical wavenumbers of 2A3M5NP molecule.
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spectrum [35, 36, 37]. The methyl group which is a part of the molecular
system acts as an electron donating group and further leads to some shifts
in vibrational modes of nitro group [37].

In the present work, the asymmetric stretching of nitro group is
observed as strong intensity band at 1586 cm�1 in FTIR and at 1580 cm�1

in FT-Raman spectrum. The symmetric stretching mode is observed at
1346 cm�1 and 1351 cm�1 in FTIR and FT-Raman spectrum respectively.
The deformation mode of nitro group is expected around 850 cm�1. Here,
the NO2 deformation modes are assigned to 824 cm�1 in FTIR and 828
cm�1 in FT-Raman spectrum. The NO2 wagging mode is observed at 742
cm�1 in FTIR. A strong intense absorption peak found in FTIR spectrum is
assigned to the rocking mode of NO2. The twisting mode is very difficult
to find out in both the FTIR and FT-Raman spectra and hence they are
predicted from DFT calculations. All the vibrational modes are compared
with the theoretical frequencies calculated from DFT.

4.2.4. C–H vibrations
The C–H stretching vibrations of aromatic compounds show absorp-

tion bands in the region 3100-3000 cm�1 [25]. The band in this region is
not affected by the nature of substituents. According to the literature
survey, the FTIR spectrum shows a medium to strong intensity bands
whereas the FT-Raman spectrum shows strong intensity bands. In this
work, the molecule 2A3M5NP consists of two C–H groups in the ring
corresponding to two C–H stretching modes, two in-plane bendingmodes
and two out of plane bending modes of vibrations respectively. The
medium and strong intensity absorption peaks located at 3262 cm�1 and
3127 cm�1 in FTIR spectrum is assigned to C–H stretching vibrations.
These modes are absent in FT-Raman spectrum. The increase in the
wavenumber is due to the inductive/mesomeric effect of the substituent
in the ring. The C–H in-plane bending vibrations for pyridine compound
are expected in the regions 1300-1180 cm�1 and 1100-1000 cm�1 [38].
A medium intensity FTIR peak at 1290 cm�1, 1105 cm�1 and strong
intensity FT-Raman peaks at 1296 cm�1, 1104 cm�1 are assigned to C–H
in-plane bending vibrations and these modes are exactly agreeing with
the theoretically calculated wavenumbers 1285 cm�1 and 1116 cm�1.
The number of adjacent hydrogens in the aromatic ring decides the
number of C–H out of plane bending modes. These C–H out of plane
bending modes of pyridine ring are located in the region 1000 to 700
cm�1 [39]. The experimental FTIR peak at 916 cm�1 and FT-Raman
peaks at 958 cm�1 are assigned to C–H out of plane bending vibrations.

4.2.5. C–C, C–N, C–NH2, C–CH3, C–NO2 vibrations
The interaction between ring C–C and C–N stretching vibrations re-

sults in two strong to medium intense absorption peaks about 100 cm�1

apart. The separation of C–N vibrational modes is simply a difficult task
because it intermixes with other C–C vibrational modes [29]. For pyri-
dine molecule, these vibrational modes occur over the regions
1615-1575 cm�1 and 1520-1465 cm�1 [40]. In the present work, there
are no significant absorption peaks due to the substitutions. All the C–C
and C–N stretching modes were calculated from DFT results. The
5

stretching C–NH2 vibrations appeared at 1341 cm�1 in FT-Raman spec-
trum with medium intensity. The in-plane C–NH2 bending mode has
appeared at 423 cm�1 of FTIR spectrum. The stretching C–CH3 vibrations
appeared at 1263 cm�1 in FTIR spectrum with medium intensity. All the
assignments agree well with literature values [34, 41].

4.2.6. Ring breathing vibration
The ring breathing of pyridine and pyridine derivatives is found in the

region 900-750 cm�1 [34]. In the present work, the vibrational mode
observed at 768 cm�1in FTIR is assigned to ring breathing mode. The
error distribution of the scaled, calculated vibrational frequencies and
experimentally observed frequencies were given with the help of histo-
gram. By implementing different scaling factors for different functional
groups leads to minimizing the errors between scaled and experimental
frequencies. The root-mean square (RMS) deviation is evaluated and the
correlation coefficient R is calculated for the compound. These RMS
value helps to understand the appreciable errors between theoretical and
experimental wavenumbers.

RMS ¼ 1
n� 1

Xn

i

�
ϑcal
i � ϑexp

i

�2
(3)

An error of 14.33 for FTIR and 8.01 for FT-Raman data is observed
from RMS value and the error may be due to the fact that the experi-
mental data is taken in solid phase whereas the computed data is in the
gaseous phase. The correlation diagram of FTIR and FT-Raman is given in
Fig. 4.

4.3. Natural bonding orbital analysis

Natural bonding orbital (NBO) analysis provides an efficient theo-
retical information about intra and intermolecular charge transfer (ICT)
and a valuable information about conjugation and hyperconjugation of
the molecular system. The analysis also provides the nature of bonds and
their hybridization based on the electron occupancy between the corre-
sponding bonds [42]. The delocalization effect of the electrons in the
molecular system can be identified by analysing the second order
perturbation results provided by the NBO 3.1 program [43]. The Fock
matrix analysis provides the information about donor-acceptor orbitals
interaction and their stabilization energies and the energy E (2) repre-
sents the off-diagonal NBO Fock matrix element

Eð2Þ¼ ΔEij ¼ qi

�
Fij

�2
�
Ej � Ei

� (4)

where qi is the donor orbital occupancy, Fij is the donor-acceptor inter-
action and Ej and Ei are the donor and the acceptor orbital energies
respectively. The π type orbitals are weaker than the σ type orbitals
resulting in lowering of electron occupancy with associated atoms [44].
Second order perturbation theory analysis of Fock matrix of 2A3M5NP
using NBO analysis is presented in Table 4.



Table 4
Second order perturbation theory analysis of Fock matrix on NBO basis for 2A3M5NP at B3LYP/cc-pVTZ basis set.

Donor (i) ED/e Acceptor (j) aE(2) kcal/mol bE(j)-E(i) a.u. cF (i,j) a.u.

σ (N1–C2) 1.98266 σ* (C2–C3) 2.25 1.32 0.049
σ* (C3–C10) 2.38 1.21 0.048
σ* (C6–H18) 2.29 1.24 0.048
σ* (N7–H9) 2.09 1.24 0.045

π (N1–C2) 1.67863 π* (C3–C4) 9.15 0.33 0.05
π* (C5–C6) 33.56 0.32 0.093

σ (N1–C6) 1.98356 σ* (C2–N7) 4.13 1.28 0.065
σ* (C5–N15) 2.98 1.13 0.053

σ (C2–C3) 1.97574 σ* (C3–C4) 2.07 1.26 0.046
σ* (C4–H14) 3.22 1.12 0.054
σ* (N7–H8) 2.32 1.11 0.046

σ (C2–N7) 1.99088 σ* (N1–C6) 2.83 1.37 0.056
σ (C3–C4) 1.97354 σ* (C2–C3) 2.02 1.21 0.044

σ* (C2–N7) 3.88 1.16 0.06
σ* (C4–C5) 2.3 1.25 0.048
σ* (C5–N15) 4.35 1.01 0.06

π (C3–C4) 1.70667 π* (N1–C2) 28.12 0.26 0.08
π* (C5–C6) 14.67 0.28 0.058
π* (C10–H11) 3.03 0.63 0.042
π* (C10–H13) 3.22 0.63 0.043

σ (C3–C10) 1.98182 σ* (N1–C2) 3.45 1.15 0.056
σ* (C3–C4) 2.13 1.2 0.045
σ* (C4–C5) 2.89 1.17 0.052

σ (C4–C5) 1.97639 σ* (C3–C4) 2.2 1.27 0.047
σ* (C3–C10) 4.58 1.09 0.063
σ* (C5–C6) 3.23 1.24 0.057
σ* (C6–H18) 2.25 1.13 0.045
σ* (N15–O16) 2.31 1.14 0.046

σ (C4–H14) 1.97356 σ* (C2–C3) 5.07 1.02 0.064
σ* (C5–C6) 4.55 1.06 0.062

σ (C4–C6) 1.98293 σ* (C4–C5) 3.28 1.24 0.057
σ* (C4–H14) 2.53 1.14 0.048
σ* (N15–O17) 2.34 1.15 0.047

π (C5–C6) 1.64619 π* (N1–C2) 11.95 0.26 0.051
π* (C3–C4) 23.41 0.3 0.076
π* (N15–O16) 28.9 0.15 0.064

σ (C5–N15) 1.9896 σ* (N1–C6) 1.7 1.33 0.042
σ* (C3–C4) 1.74 1.35 0.043
σ* (C4–C5) 0.73 1.32 0.028
σ* (C5–C6) 0.61 1.33 0.026

σ (C6–H18) 1.97543 σ* (N1–C2) 6.01 1.03 0.07
σ* (C4–C5) 4.6 1.04 0.062

σ (N7–H8) 1.98863 σ* (C2–C3) 4.67 1.16 0.066
σ (N7–H9) 1.98802 σ* (N1–C2) 3.88 1.19 0.061
σ (C10–H11) 1.97911 σ* (C3–C4) 2.45 1.07 0.046

σ* (C3–C4) 3.24 0.54 0.04
σ (C10–H12) 1.98696 σ* (C2–C3) 5.44 1 0.067
σ (C10–H13) 1.97859 σ* (C3–C4) 2.3 1.07 0.044

σ* (C3–C4) 3.31 0.54 0.04
σ (N15–O16) 1.99563 σ* (C4–C5) 1.15 1.59 0.038
π (N15–O16) 1.98639 π* (C5–C6) 3.07 0.45 0.036

π* (N15–O16) 7.82 0.32 0.054
σ (N15–O17) 1.99589 σ* (C5–C6) 1.04 1.59 0.037

σ* (C5–N15) 0.51 1.35 0.024
n (N1) 1.90505 σ* (C2–C3) 13.14 0.84 0.095

σ* (C2–N7) 4 0.79 0.051
σ* (C5–C6) 11.22 0.88 0.09
σ* (C6–H18) 3.94 0.76 0.05

n (N7) 1.76357 π* (N1–C2) 47.02 0.28 0.108
n (O16) 1.97976 σ* (C5–N15) 4.69 1.07 0.065

σ* (N15–O17) 2.84 1.21 0.053
n (O16) 1.89609 σ* (C5–N15) 14.7 0.56 0.081

σ* (N15–O17) 19.5 0.7 0.106
n (O17) 1.97983 σ* (C5–N15) 4.61 1.07 0.064

σ* (N15–O16) 2.81 1.21 0.053
n (O17) 1.89652 σ* (C5–N15) 14.69 0.57 0.081

σ* (N15–O16) 19.33 0.71 0.106
n (O17) 1.46425 π* (N15–O16) 160.85 0.14 0.139

a E (2) means energy for hyperconjugative energy (stabilization energy).
b Energy difference between donor (i) and acceptor (j) NBO orbitals.
c F (i,j) is the Fock matrix element between i & j NBO orbitals.
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Fig. 5. The observed and calculated absorbance spectra of 2A3M5NP molecule
in ethanol.

Table 5
The calculated and experimental UV-visible parameters of 2A3M5NP molecule.

Experimental
Wavelength λ (nm) in
ethanol

Transition Calculated with B3LYP/cc-pVTZ level in
ethanol

λ max
(nm)

Excitation
energy (eV)

f (Oscillator
strength)

220 π → π* 253.62 4.8886 0.1814
345 n → π* 350.03 3.5421 0.3545

S. Sivaprakash et al. Heliyon 5 (2019) e02149
In the present work, the electron occupancy of σ bonds and π bonds
are in the range of 1.97354e to 1.99589e and 1.64619e to 1.98639e for
2A3M5NP molecule. The Lewis bonding donor orbital π(N1–C2) in-
teracts with non-Lewis anti-bonding acceptor orbital π*(C5–C6) with a
strong delocalization energy of 33.56 kcal/mol rather than π*(C3–C4)
Fig. 6. The frontier molecular orbitals
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orbital. The bonding orbital π(C5–C6) interacts with non-bonding orbital
π*(N15–O16) with greater stabilization energy of 28.90 kcal/mol. The
Lewis bonding donor orbital π(C3–C4) interacts with non-Lewis anti-
bonding acceptor orbitals π*(N1–C2) and π*(C5–C6) with a delocaliza-
tion energy of 28.12 kcal/mol and 14.67 kcal/mol respectively. The
delocalization of electrons favours π*(N1–C2) greatly due to the presence
of electronegative atom. Concerning about the lone pair electrons delo-
calization, the lone pair electrons of the amine group nitrogen n (N7)
leads to a strong interaction with π*(N1–C2) with a strong stabilization
energy of 47.02 kcal/mol. In the nitro group, the lone pair electrons of n
(O17) lead to a strong interaction with π*(N15–O16) with a strong
delocalization energy of 160.85 kcal/mol. The positive (þM) and nega-
tive (-M) mesomeric effect of the amine group and the nitro group act as
an electron donor and electron acceptor respectively [45]. The nitrogen
of nitro group act as an electron sink, showing a maximum electron
occupancy.

4.4. UV-visible analysis

The time dependent density functional theory (TD-DFT) is applied to
investigate the excited state properties of the molecular system. The
electronic absorption spectrum of 2A3M5NP was simulated with TD-DFT
with B3LYP/cc-pVTZ basis set with ethanol as solvent. The combined
experimental and computed UV-Visible absorption spectra of 2A3M5NP
is given in Fig. 5. The experimental spectrum shows the absorption peaks
at 220 nm and 345 nmwhich correspond to π→ π* and n→ π* transitions
respectively. The computed spectra show the absorption peaks appeared
at 253 nm and 350 nm with an excitation energy of 4.88 eV and 3.54 eV
respectively. In Table 5, the computed results of absorption spectrum are
tabulated along with excited energies and oscillator strengths.

4.5. Frontier molecular orbital analysis

The highest occupied molecular orbital (HOMO) and lowest unoc-
cupied molecular orbital (LUMO) are termed as the frontier molecular
orbitals (FMO). The HOMO is logically viewed as nucleophilic or electron
donating orbital and directly related to the ionization potential, while the
LUMO is electrophilic and electron accepting orbitals related to the
of 2A3M5NP molecule in ethanol.



Table 6
The chemical reactive descriptors of 2A3M5NP molecule.

Parameters B3LYP/cc-pVTZ (in Vacuum)

EHOMO (eV) -6.6902
ELUMO (eV) -2.3210
EHOMO – ELUMO (eV) 4.3692
Ionization Potential [I ¼ -EHOMO] (eV) 6.6902
Electron affinity [A ¼ -ELUMO] (eV) 2.3210
Chemical hardness [η ¼ (I – A)/2 ] (eV) 2.1846
Electronegativity [ μ ¼ -(I þ A)/2 ] (eV) -4.5056
Softness [ξ ¼ 1/2η] (eV) 0.2288
Electrophilicity index [ ω ¼ μ2/2η ] (eV) 4.6462

Fig. 7. The density of states spectrum of 2A3M5NP molecule.
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electron affinity of the molecule [46, 47]. Especially for conjugated
molecules, the information about the frontier molecular orbitals helps to
know the charge transfer between the electron donor group and electron
acceptor group through the π-conjugated path [48]. Fig. 6 depicts the
HOMO and LUMO plots of 2A3M5NP molecule. The electronic transport
property of the molecule is governed by the energy difference between
the HOMO and LUMO orbitals. The energy gap of 2A3M5NP is found to
be 4.3692 eV. In HOMO-LUMO plot, the red colour represents the posi-
tive phase of the orbital and the green colour represents the negative
phase of the orbital. In HOMO, the electrons are fully localized on the
entire amine group. A partial localization of electrons was seen on pyr-
idine ring, methyl group and nitro group. The nitro group nitrogen (N15)
is entirely free from electron localization. In LUMO, the localization of
electrons is found on the entire nitro group. A partial localization is found
Fig. 8. a) The total electron density surface mapping of 2A3M5NP molecule. b) The
of 2A3M5NP.
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on pyridine ring and amine group. The methyl group is free from the
electron localization. The knowledge of the frontier molecular orbitals
helps us to know about the chemical reactivity and stability of the
molecule. The stability of the molecule plays an important role in
bio-medically important drug designing. The difference between the
EHOMO and ELUMO is termed as the energy gap of the molecule. A smaller
energy gap leads to the molecule to be less stable andmore reactive while
large energy gap leads to more stable and less reactive system [49].

From Koopman's theorem, the chemical reactive descriptors like,
ionization potential (I ¼ -EHOMO) ¼ 6.6902 eV, electron affinity (A ¼
-ELUMO) ¼ 2.3210 eV, chemical hardness (η) ¼ ½ (ELUMO-EHOMO) ¼
2.1846 eV, chemical potential (μ) ¼ ½ (ELUMO þ EHOMO) ¼ -4.5056 eV,
electrophilicity index (ω) ¼ (μ2/2η) ¼ 4.6462 eV and electronegativity
(χ)¼ (-μ)¼ 4.5056 eV of the molecule are evaluated by using EHOMO and
ELUMO energies and are presented in Table 6. Fig. 7 shows the density of
states (DOS) spectrum of the 2A3M5NP molecule. The DOS spectrum is
generated using Gauss sum package [50]. The DOS spectrum provides the
visual understanding of occupied molecular orbitals and unoccupied
molecular orbitals of the corresponding molecule.

4.6. Molecular electrostatic potential analysis

The molecular electrostatic potential (MEP), V(r) is the potential
energy of a test proton located at a particular distance from the molecule.
The MEP analysis is used to predict the shape, size and reactivity of the
molecule in 3-dimensional representation using the interaction energy
between the charge distribution of the molecule and the unit positive test
charge located at a distance RA [51].

VðrÞ¼
X
A

ZA

jRA � rj �
Z

ρðr'Þ
jr ' � rj dr' (5)

where ZA represents the charge of the nucleus A located at a distance of
RA and ρ(r’) represents the charge density at the point r’. The MEP
analysis helps us to understand the molecular properties, charge density
and relative polarity of the molecule in a visual way. The colour codes
represent the positive and negative potential on the molecular surface.
The red colour denotes the maximum negative potential region whereas
the blue colour denotes the maximum positive potential region of the
molecule. The colour green represents the zero potential areas of the
corresponding molecule. Here, the 3D molecular electrostatic potential
mapping of 2A3M5NP is presented in Fig. 8. The oxygen atoms O16 and
O17 of nitro group acquire a maximum negative potential and make the
site as a nucleophilic attack region. The (–M) mesomeric effect of nitro
group results the region with more electronic charge leads to red in
colour. On the other hand, the hydrogens H8 and H9 of amine group
show the maximum positive potential region and leads to a probable
electrophilic attack region with a blue colour surrounding. The delocal-
ization of the electrons inside the pyridine ring is clearly demonstrated by
contour mapping of 2A3M5NP molecule. c) The electrostatic potential surface
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the greenish colour of the molecule.

5. Conclusion

The molecular geometry optimization of 2A3M5NP compound is
carried out using DFT/B3LYP method with 6-311G (d,p), 6-311Gþþ
(d,p) and cc-pVTZ basis sets. The optimized parameters like bond dis-
tances and bond angles of the compound are calculated. The vibrational
analysis of the compound is performed for the minimum energy and the
computed wavenumbers are compared with the experimental wave-
numbers. The UV-Visible spectrum of the molecule is investigated and
the absorption peaks are found at 220 nm and 345 nm and correspond to
π→ π* and n→ π* transitions respectively. The NBO analysis provides the
intra molecular charge transfer of the molecule. The amine group act as
an electron-donor whereas the nitro group act as an electron-acceptor.
The energy gap between the LUMO (Lowest Unoccupied Molecular
Orbital) and HOMO (Highest Occupied Molecular Orbital) is observed as
4.3692 eV. The chemical reactive descriptors are analysed from frontier
molecular orbital (FMO) analysis. The reactive sites of 2A3M5NP is
analysed by molecular electrostatic potential (MEP) mapping results the
oxygens O16 and O17 are nucleophilic sites. The present investigation
provides the complete structural information and vibrational analysis of
2A3M5NP compound which may useful for further studies.
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