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HIGHLIGHTS

GRAPHICAL ABSTRACT

« Vibrational spectral investigation of
ADQF was carried out.

« Charge transfer interaction was
analysed.

e N-H-..0 and C-H- - -0 hydrogen
bonding was identified.

o The HOMO-LUMO are also analysed.

Vibrational analysis of the 7-Amino-2,4-dimethylquinolinium formate (ADQF) molecule was carried out using
FT-IR and FT-Raman spectroscopic techniques. The equilibrium geometry, harmonic vibrational wavenumbers,
various bonding features have been computed using density functional method. The calculated molecular
geometry parameters have been compared with XRD data. The detailed interpretation of the vibrational spectra
has been carried out by computing Potential Energy Distribution (PED). Stability of the molecule arising from
hyperconjugative interactions, charge delocalization have been analysed using Natural Bond Orbital (NBO)
analysis. The simulated spectra satisfactorily coincide with the experimental spectra.
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The molecular geometry, the normal mode frequencies and corresponding vibrational assignments, nat-
ural bond orbital analysis and the HOMO-LUMO analysis of 7-Amino-2,4-dimethylquinolinium formate
in the ground state were performed by B3LYP levels of theory using the 6-31G(d) basis set. The optimised
bond lengths and bond angles are in good agreement with the X-ray data. The vibrational spectra of the
title compound which is calculated by DFT method, reproduces vibrational wave numbers and intensities
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with an accuracy which allows reliable vibrational assignments. The possibility of N-H---O hydrogen
bonding was identified using NBO analysis. Natural bond orbital analysis confirms the presence of intra-
molecular charge transfer and the hydrogen bonding interaction.

© 2013 The Authors. Published by Elsevier B.V. Open access under CCRY-NC-ND license

Introduction

The theoretical ab initio and Density Functional Theory (DFT)
studies give information regarding the structural parameters, the
functional groups, orbital interactions and vibrational frequencies.
Hence, the investigation on the structure and fundamental vibra-
tions of quinoline and its derivatives are still being carried out,
increasingly [1-12]. The substituent’s effect in quinoline ring leads
to the variation of charge distribution in the molecule, and
consequently, this greatly affects the structural, electronic and
vibrational parameters. Quinolines are interesting because of their
potential uses in medicines, Quinoline and its derivatives are of
great interest in pharmacy, and some of them are used as antima-
larial drugs [13]. It is also immensely used as a reagent in analytical
chemistry. In spite of its above-mentioned importance, vibrational
spectroscopic studies on quinoline are not plentiful [14,15]. The
structural characteristics and vibrational spectroscopic analysis of
the Pharmaceutical compound under investigation, 7-Amino-2,4-
dimethylquinolinium formate (ADQF) has not been studied. Thus,
owing to the industrial and biological importance of substituted
quinolines, an extensive spectroscopic study on ADQF was carried
out using Fourier transform infrared (FTIR) and FT-Raman spectra.
The density functional theory is a popular post-HF approach for the
calculation of molecular structures, vibrational frequencies and
energies of molecules [16]. The DFT calculations with the hybrid
exchange-correlation functional B3LYP (Becke’s three parameter
(B3) exchange in conjunction with the Lee-Yang-Parr’s (LYP) cor-
relation functional) which are especially important in systems con-
taining extensive electron conjugation and/or electron lone pairs
[17-20]. Therefore the present investigation has been undertaken
to study the vibrational spectra of this molecule completely and
to identify the various modes with greater wave number accuracy.
Density Functional Theory (DFT) calculation has been performed to
compute the vibrational wave number [19]. The Natural Bond
Orbital (NBO) analysis explains the most important orbital
interactions in order to clarify general structural features. The Mul-
likan population analysis and the HOMO-LUMO energy are also
calculated.

Experimental

The infrared spectrum of the sample was recorded between
4000 and 400 cm~! on a Mattson 1000 FT-IR spectrometer which
was calibrated using polystyrene bands. The sample was prepared
as a KBr disc. The FT-Raman spectrum of the sample was recorded
between 3500 and 50 cm™! regions on a Bruker FRA 106/S FT-Ra-
man instrument using 1064 nm excitation from an Nd:YAG laser.
The detector is a liquid nitrogen cooled Ge detector.

Computational details

The density functional theory [21] with the three-parameter hy-
brid functional (B3) [22] for the exchange part and the Lee-Yang-
Parr (LYP) correlation function [23], level ab initio calculations have
been carried out in the present investigation, using 6-31G(d) and 6-
31++G(d, p) basis set with Gaussian 09 [24] program package. From
that the optimised structure and the vibrational frequencies were

calculated. The binding energy (E) was calculated at the
6-31++G(d, p) level with correction for the Basis Set Superposition
Error (BSSE) using the counterpoise method [25]. The use of finite
basis in the calculation of molecular clusters by means of ab initio
method is responsible of what is known as Basis Set Superposition
Error (BSSE) [26,27]. This error is derived from the effective larger
basis set used to compute the monomers within the complexes
than the one used in the isolated monomers. Thus, the energy of
the complex is overestimated with respect to the isolated mono-
mers. The effect of the BSSE in weak interactions can be very impor-
tant [28]. Thus, a large number of studies have been devoted to deal
with this issue [29]. The most common method to evaluate the BSSE
is the full counterpoise method (CP) which evaluates the energy of
the monomers with the full basis set of the complex [30]. The 6-
31++G(d, p) basis set was chosen for being one of the most popular
basis sets used in the study of medium and large sized hydrogen
bonded systems, and also for yielding a very small BSSE [31] with
Counterpoise-corrected values. The calculated 6-31++G(d, p) basis
set counterpoise corrected energy is —725.7960 Hartree and the
counterpoise BSSE energy is 0.001202 Hartree. The optimised
structural parameters are used in the vibrational frequency calcula-
tions at the DFT levels to characterise all stationary points as min-
ima. Then vibrationally averaged nuclear positions of the
compound ADQF are used for harmonic vibrational frequency cal-
culations resulting in IR and Raman frequencies together with
intensities. Owing to the complexity of the molecule, the Potential
Energy Distribution (PED) is carried out to obtain complete infor-
mation of the molecular motions involved in the normal modes of
ADQF. The experimentally observed spectral data of the compound
ADQF is found to be in good agreement with the spectral data ob-
tained by quantum chemical calculations.

The vibrational modes are assigned on the basis of PED (Poten-
tial Energy Distribution) analysis using VEDA (Vibrational Energy
Distribution Analysis) program [32]. The calculated vibrational
wave numbers are scaled [33] with the scale factors in order to fig-
ure out how the calculated data are in agreement with those of the
experimental ones. The calculated vibrational frequencies is scaled
down by using the scaling factor 0.9613 [33] to offset the system-
atic error caused by neglecting anharmonicity and electron den-
sity. The calculated Raman activities (S;) have been converted to
relative Raman intensities (I;) using the following relationship de-
rived from the basic theory of Raman scattering [34,35]

P (CEDR
Vi {1 —exp (‘2;")]

where v, is the exciting frequency (in cm™! units), v; the vibrational
wave number of the ith normal mode, h, ¢ and k the universal con-
stants, and f is the suitably chosen common scaling factor for all the
peak intensities.

(1)

Results and discussion
Molecular geometry

The optimized molecular structures of ADQF is shown in Fig. 1.
The X-ray structure of ADQF molecule has been reported
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Fig. 1. Optimised molecular structure of ADQF.

previously [36]. Crystal structure parameters is triclinic, the space
group p1, with the unit-cell dimensions a = 7.2254 (19) A, b= 9.167
(3)A, c=9.3662 (19) A, o =66.70 (3)° and p = 89.88 (3)°. The struc-
ture parameters obtained by X-ray single crystal diffraction meth-
od and it compares the calculated geometric parameters with the
experimental data are given in Table 1. Based on this comparison,
the calculated bond lengths and bond angles of ADQF show good
agreement with the experimental data. As seen from Table 1, the
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calculated geometric parameters represent good approximations
to the XRD data on the whole. Most of the optimized bond lengths
are slightly longer than the experimental values and the bond an-
gles are slightly different from the experimental ones, because the
molecular states are different in the experimental and theoretical
processes. One isolated molecule is considered in gas phase in
the theoretical calculation, while many packing molecules are trea-
ted in condensed phase in the experimental measurement.

It is observed that the influence of the substituent on the molec-
ular parameters, particularly in the C-C bond distance of ring car-
bon atoms seems to be negligibly small except that C;—C5 (1.386 A)
and Cy9-Cq0 (1.345 A), where the CHj is attached with C4 and NH, is
attached with Cg. All other C-C bond distances calculated are in the
range 1.4021-1.4296 A, which shows the substituent effect on the
ring C-C bond. In ADQF the N-H bond length is measured as
~1.053 A by DFT method and 0.99 A by X-ray diffraction method,
the H---O distance is about ~1.701 A by DFT method and 1.69 A
by X-ray diffraction method. The above result confirms the possi-
bility of intermolecular N-H- - -O hydrogen bond. With the electron
donating substituents on the benzene ring, the symmetry of the
ring is distorted, yielding ring angles smaller than120° at the point
of substitution and slightly larger than 120° at the ortho and meta
positions [37]. The CCC bond angle where the CHs is connected,
show 118.57° while the angle of carbon where the NH, group is
linked, C;—Cg-Cg is by 118.87°. The bond angle Cs-C4-C;5 is slightly
lesser than that of C3-C4-C;7 and is due to the steric repulsion be-
tween methyl group and the neighbouring hydrogen atom, like
that bond angle C;-Cg-C;3 is slightly lesser than that of Co—Cg-
Cy3 and is due to the steric repulsion between NH; group and the
neighbouring hydrogen atom. The equilibrium structure for the
ground state shows that one of the methyl C-H bonds is parallel
to the ring plane. In amino group, the nitrogen atom is slightly
out-of-plane, with a torsional angle C,,-C3-C4—Ng and Cg—C5—C4-
Ny in the ca. 177.5 (or ca. 2.5°). A measure of this displacement

Table 1

Optimized geometrical parameters of ADQF on B3LYP/6-31G(d) and B3LYP/631++G(d,p) level along with experimental.
Bond Value (A) Bond angle  Value (°) Dihedral angle Value (°)
length  © bt B3LYP/6-31G(d) B3LYP/631++G(d,p) Expt.  B3LYP/6-31G(d) B3LYP/ Expt.  B3LYP/6- B3LYP/

631++G(d,p) 31G(d)  631++G(d,p)

N:-C; 1327 1.3804 1.38 N:-C-C5 119.53 119.2 119.0 N1-Co-G5-C4 -1.25 -0.28 -0.2
C,-C; 1386 13793 1.381 C,-C3-Cs 12126 122.3 1222 Cp-C3-C4—Cs 171 014 0
C3-C4 1378 1.4112 1.414 C3-C4-Cs 118.57 118 118.0 C17-C4-C5-Co 177.92 179.78 -180
C4-Cs 1.407 1.4425 1.442 C4-C5-Cg 119.23 118.7 118.6 Ci0-C5-Ce-C5 -0.7 0.09 0
Cs-Cs 142  1.4341 1.435 Cs-Ce-C;  121.97 1213 1213 N;-Cg-C7—Cs ~178.72 —-179.43 —179.6
Ce-C7 1391 1.398 1.399 Ce-C7-Cs 120.04 120.2 120.2 C4—C5-C19-Co 179.97 179.48 180
C;-Cg 1373 1.402 1.403 C7-Cs-Co 118.87 119.7 119.7 C3-C4-C5-Cqo -179.97 -179.03 -179.4
Cs—Co 1.429 1.4008 1.402 Cs-Co—Cyo 12094 120 119.9 C4—C5-Cqo-H11 —0.07 -043 -0.2
Co-Cio 1345 1.4001 1.403 Co-Cio-Hy; 119 1189 1188 Ni3-Cs=Co-Hi» 125 168 -1.7
Cio-Hi1 093  1.0872 1.086 Cio-Co-Hiz 11957 120.1 120.0 H16-C;-Cg-N;3  —1.43 419 39
Co-Hy2 0.928 1.0892 1.088 C7-Cg—Ny3 12234 1194 119.2 C;—Cg-Ni3-Hy4 0 -19.25 -18
Cs-Ny3 1355 1.4157 1413 Cs-Ni3-Hpa 119.94 1114 112.7 C;-Cg-Ni3-Hys  —179.99 —143.11 -145.7
Nqi3-Hqi4 0.86  1.0158 1.014 Cs-Ny3-Hys  120.03 112.7 113.9 C5-Co-C7-His -179.41 178.09 178.6
Nqi3-Hqis 0.86  1.0151 1.013 Cs-C7-Hie 120.01 118.9 119.1 Co-CG5-C4-Cyy -176.9 -179.6 -179.7
C;-Hig 093 1.0924 1.09 C3-C4-Ci7  119.84 1214 1213 C3-C4-Cy7-Hig  —129.54 -121.01 -120.8
Cs~Cp; 1501 1.5015 1.501 C4-Ci7-H;g 10948 1125 112.3 C3-C4~Cy7-Hjg  100.59 119.62 119.7
Cy7-His 096  1.1032 1.103 C4-Ci7-Hy9 10948 112.5 112.3 C3-C4-Cy7-Hzo -9.54 -0.68 -0.5
Ci7-Hio 096 1.1034 1.103 C4-Cy7-Hyo 109.45 111 110 N;-C,-C3-Hay 178.7 179.68 179.8
Ci-Hyo 0.96 1.0968 1.096 C,-C3-H,; 11938 1183 118.2 Cs-C1-C,-C,, 17894 17956 179.9
C3-H; 093 1.0888 1.088 N1-Co-Cy2 117.05 116 116.2 C3-C-Cyo-Has 42.17 -7.81 -13
C,-Cy; 1.493 1.5006 1.501 C,-Cy-Hys  109.46 110.6 110.3 C3-Cy-Cyo-Hag 42.17 —-12938 -1224
Co-Hp; 096 1.0954 1.094 Co-Cap-Hos  109.49 111.2 108.9 C3-Co-Cpo-Hps  162.16 112.98 162.6
Cy-Hase 096  1.0971 1.098 Cy-Ca-Hzs 10949 111.6 1114 C3-C-N;-Hae 175.91 -0.28 179
Cyy-Hys 096 1.0997 1.098 Co-Ni-Hys 12279 1185 119.0 C5-N;j-Hz-027  —20.01 —-12.56 -6.5
Ni-Hys 0.989 1.0532 1.049 Ni-Hp6-0; 10725 109.9 110.7 N;-Hp6-0,7-Cos 16044 —161.95 —169.4
H,6-0,; 1.687 1.7019 1.719 Ha6-057-Cos 123.87 1244 1254 Ha6-037-Ca3-0,9 166.71 —3.25 168.2
0,7-Cs 1.217 1.2668 1.27 0,7-C23-0,9 129.55 130.1 128.9 Ha6-027-Cas-H3p 12.26 176.81 14.3
Cos-029 121 1.2478 1.252 0,7-Cas—Hso 11527 113.8 1165
Cos-Hizo 093 1.1294 1.124
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Table 2
Second-order perturbation energy values between occupied and anti-bonding orbital of ADQF using NBO basis.
Donor (i) ED (e) Energy (i) (a.u.) Acceptor (j) ED (e) Energy (j) (a.u.) E(2)* (k] mol™) E(i)—E@)° (a.u.) F(Lj)* (a.u.)
T(C4-Cs) 0.8604 -0.09774 m*(C-C3) 0.1777 0.1725 73 709 234
m(Cs-C7) 0.8636 —0.10359 T (C4—Cs) 0.3800 0.1526 42 683 194
7*(Cs=Co) 0.2127 0.1685 52 709 200
LP1N; 0.8664 —0.10857 n*(C-C3) 0.1777 0.1725 70 735 231
n*(Ce—C7) 0.1858 0.1809 87 761 263
LP1N;3 0.9460 ~0.18018 7*(Cs=Co) 0.2127 0.1685 42 919 213
LP20,; 0.9228 -0.11811 G*(N1=Hzg) 0.0471 0.5963 62 1864 347
LP30,7 0.8158 —0.05978 G*(C28-039) 0.0222 0.7582 215 656 378
LP20,9 0.9337 —-0.05837 0*(Ca8-H3o) 0.0471 0.5501 42 1602 260

2 E(2) means energy of hyperconjugative interactions; cf. Eq. (2).
b Energy difference between donor and acceptor i and j NBO orbitals.
€ K(i,j) is the Fock matrix element between i and j NBO orbitals.

is defined as the tilt angle [37]. Existence of this angle has been
interpreted to be caused by asymmetric interaction between the
NH, group and benzene ring plane.

NBO analysis

The Natural Bond Orbital (NBO) analysis has already been
proved to be an effective tool for chemical interpretation of hyper
conjugative interaction and electron density transfer from the
filled lone pair electron. DFT level computation is used to investi-
gate the various second order interaction between the filled orbi-
tals of one subsystem and vacant orbitals of another subsystem,
which is a measure of the delocalization or hyper conjugation
[38]. The main natural orbital interactions are analyzed with the
NBO 5.0 program [39]. The hyper conjugative interaction energy
is deduced from the second-order perturbation approach

2 F2
E@2) = -, OO 0 @
where (c|F|o)?, or F,-zj is the Fock matrix element between i and j
NBO orbitals, ¢, and ¢, are the energies of ¢ and ¢* NBO’s, and n,
is the population of the donor ¢ orbital.

The lowering of orbital energy due to the interaction between
doubly occupied orbitals and unoccupied ones is a very convenient
guide to interpret the molecular structure in the electronic point of
view. In energetic terms, hyper conjugation is an important effect
[40,41] in which an occupied Lewis-type natural bond orbital is
stabilized by overlapping with a non-Lewis-type orbital (either
one-centre Rydberg or two-centre anti-bonding NBO). This elec-
tron delocalization can be described as a charge transfer from a Le-
wis valence orbital (donor), with a decreasing of its occupancy, to a
non-Lewis orbital (acceptor).

Table 2 shows the most important interactions between Lewis
and non-Lewis orbitals with N and O lone pairs, the second-order
perturbation energy values, E(2), corresponding to these interac-
tions, and the overlap integral of each orbital pair. A very strong
interaction has been observed between the p type orbital containing
the lone electron pair of N; and the neighbour t*(C,-C3), ©*(Ce-C7)
anti-bonding orbital of the benzene ring. This interaction is respon-
sible for a pronounced decrease of the lone pair orbital occupancy
anti-bonding C,-C3 (0.177e), Cs—C; (0.1809e) than the other C-C
occupancy, and is possible to charge transfer N; from in the benzene
ring, which is a common molecular feature of this type of Pharma-
ceutical compound, which interaction is responsible for the Pharma-
ceutical activity of the ADQF compound. This interaction is
confirmed from the shortening of bond length N;-C; (1.380 A) and
N;-Cg (1.380 A) from the normal value. The intermolecular hyper
conjugative interactions are formed by the orbital overlap between
m(C-C) and w(C-C) bond orbitals, which results intramolecular

charge transfer (ICT) causing stabilization of the system. The orbital
interaction energy between m(C4-Cs)— ' (C-C3), m(Ce-C7) —
" (C4—Cs), m(Ce—C;) —» m*(Cg-Co) and m(Cg-Cq) —» T (Cs-C;) are
73.3, 41.8, 52.0 and 25.3 k] mol~!, respectively (Table 2). These
increasing interaction energies are due to the strong ICT interactions
leading to stabilization of the molecule.

The importance of hyper conjugative interaction and electron
density transfer (EDT) from filled lone electron pairs of the LP(Y)
of the “Lewis base” Y into the unfilled anti-bond o*(X-H) of the
“Lewis acid” X-H in X-H- - .Y hydrogen bonding system have been
already reported [42]. The intermolecular N-H- - -O hydrogen bond-
ing is formed due to the orbital overlap between the LP20,; and
G*(N1-Hyg) which results ICT causing stabilization of the H-bonded
systems. Thus the nature and strength of the intermolecular hydro-
gen bonding can be explored by studying the changes in electron
densities in vicinity of N-H hydrogen bonds. Hydrogen bonding
interaction leads to an increase in electron density (ED) of N-H
anti-bonding orbital. The increase of population in N-H anti-bond-
ing orbital weakens the N-H bond. The NBO analysis of ADQF
clearly shows the evidences of the formation H-bonded interaction
between oxygen lone electron pairs and ¢*(N-H) anti-bonding
orbital having the stabilization energy 62.2k]mol~!. The
magnitudes of charges transferred from lone pairs of LP20,; of
the hydrogen bonded O atoms into the anti-bonds &*(N;-Hae)
being the H-donors is significantly increased (0.04717e) upon
adding hydrogen bonded in ADQF unambiguous evidence about
the weakening of both bonds, their elongation and concomitant
red shifts of their stretching frequencies. The stabilization energy
E(2) associated with hyper conjugative interactions LP20,; and
*(N;-Hag) is obtained as 62.2 k] mol~!, which quantify the extend
of hydrogen bonding between the LP20,; and &*(N;-Hag). The
differences in E(2) energies are possibly due to the fact that the
accumulation of electron density in the N-H bond is not only
drawn from the LP O of hydrogen-acceptor but also from the entire
molecule, which leads to bond weakening and its elongation of
N;-Hag (1.053 A) bond from the normal value. An important con-
tribution for the molecular stabilization is further given by Oyg
through the overlap of lone pair n(LP3 O,;) with the c*(C5-057)
orbital. The energy contribution of LP20,9 — o*(C;-H;g) values is
41.8 k] mol~!. These energy E(2) values are chemically significant
and can be used as a measure of the intramolecular C-H- - -O hydro-
gen bonding interaction between the oxygen lone-pair and the
anti-bonding orbitals.

Vibrational analysis

The vibrational spectral analysis is performed on the basis of
the characteristic vibrations of the amino group, hydroxyl group,
carbonyl group and methyl group. The computed wave numbers,
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Calculated and observed vibrational frequencies for ADQF and their tentative assignment.

Veal (cmil)

31G(d)

VR (€M) Vgaman (cm™')  Assignment PED (%)

631++G(d,p)

3461
3367
3058
3038
3028
2996
2990
2966
2953
2903
2876
2854
2753
2610
1672
1623
1619
1586
1561
1521
1479
1463
1443
1440
1439
1420
1388
1386
1376
1370
1334
1323
1316
1296
1237
1208
1144
1115
1087
1039
1029
1025
1014
1009
966
947
943
912
852
837
816
803
766
740
735
707
699
683
633
595
540
500
487
476
448
400
365
287
284
267
240
231
197

3503 3367 s 3483 w N13-Hi4 stretch (53%) + Ny3—H;s stretch (45%)
3402 3173 s 3183 w Ny3-Hj4 stretch (46%) + Ny3-H;s stretch (53%)
3063 - 3069 m Co—Hy; stretch (11%) + C10-H;; stretch (89%)
3040 - C3-Hy; stretch (99%)
3031 - - Co-Hj; stretch (89%) + C1o-Hyy stretch (11%)
3008 - - Cy2-Hys stretch (42%) + Ca5—Hay stretch (16%) + C;—Hqg stretch (40%)
2988 - - Nq3-Hq4 stretch (46%) + Ny3-Hys stretch (53%) + C;5—Has stretch (30%) + C;—Hig stretch (59%)
2960 2916 w 2920 m Cy7-Hao stretch (91%)
2940 - - Cyp-Hag4 stretch (60%) + Coo—Has stretch (53%) + Cap—Has stretch (23%)
2900 - - Ca2-Hys stretch (70%) + Cap—Hay stretch (13%) + Coo—Has stretch (14%)
2859 - 2850 w Cq17-Hyg stretch (51%) + C;7-Hyg stretch (47%)
2845 - - Cy7-Hyg stretch (48%) + C17-Hyg stretch (43%)
2836 2781 m - N;-Ha stretch (93%)
2656 2696 m 2699 vw Cyg—Hj3p stretch (97%)
1623 1648 vs 1655 w 039-Cyg stretch (46%) + 0,7-Cpg stretch (28%) + Hyg—N;-Cg bend (11%)
1592 1629 vs 1630 m 0,7-Cag stretch (46%) + Hys—N;-Cg bend (39%) + N;-H6-0,7 bend (13%)
1591 - - H14-N;3-Hys bend (78%)
1574 1596 vvs 1576 m C,-C;3 stretch (14%) + Cg—C7 stretch (17%) + Cg—Cq stretch (15%)
1549 1513 m - C,-Cj3 stretch (17%) + C;—-Cg stretch (22%) + Hy6-C;-Cg bend (14%)
1503 1478 w 1473 s C5-C;p stretch (19%) + H;1-Cy0-Co bend (15%)
1453 - H,1-C3-C; bend (24%) + N1—C; stretch (14%) + C3-C4 stretch (16%)
1439 1463 m - Cap-Ha4~Co-Hys out (10%) + Hyg—Cy7-Hyg bend (11%) + Hy4—Cap-C, bend (13%) + Hy4—Cay-Has bend (36%)
1422 1432 w - Cy7-H;9-C4-Hyo out (11%) Hy3-Cy7-Hyo bend (84%)
1417 1397 w 1398 w Ha4-C32-C; bend (12%) + Hp3-C2-Co-C5 tors (26%)
1412 - - H33-C22-C2-C3 tors (21%) + Hy4—Ca2—Co—Cs tors (18%)
1405 - - H12-Co-Cyp bend (11%) + H;1-C;o—Cg bend (11%) + C;—Cg stretch (10%) + Cg—C5 stretch (12%)
1375 - Cap-Ha4-Co-Hys out (18%) + Hy3-Cap—-C, bend (20%) + Hp4—Can—Has bend (22%) + Ha4-Caz-Has bend (22%)
1367 1383 m - Cy7-H19-C4-Hys out (11%) + Hig—Cy7-Hig bend (47%) + Hy0-C17-C4 bend (13%)
1355 - - H30-C28-049 bend (66%)
1339 - - H30-C28-029 bend (19%) + C;7-Hq9-C4-H;g out (15%) + Hy3—Cy7-Hqo bend (14%) + Hyo-C;7-C4 bend (13%)
1329 1337 s 1369 vvs H12-Co—-Cyp0 bend (11%) + H;1—-C19—Cy bend (11%) + C;—Cg stretch (10%) + Cg—C5 stretch (12%)
1308 - 1346 m 037-C28-039 bend (13%) + 0,7-Cyg stretch (52%) + O9-Cag stretch (26%)
1303 1314 m 1312w C3-C4 stretch (28%)
1285 - - N;-Cs stretch (18%) + H;s-C;-Cg bend (18%) + H;,-Co—-C;0 bend (10%)
1277 1242 m 1242 w C5-Cyp stretch (10%) + Hy1-C10-Co bend (12%)
1224 1210 w 1199 w N;3-Cg stretch (19%) + N;-Cg stretch (16%) + Hy1-C10-Co bend (20%)
1198 1170 w 1167 w C;—Cy;y stretch (12%) + Co—Cyg stretch (16%) + Hy;—C3-C; bend (18%) + H1,-Co—Cyo bend (12%)
1147 - - Hy4-N13-Cg bend (45%) + Hi,—-Co—Cyo bend (10%)
1104 1115w H;4-N;3-Cg bend (10%) + Co-C; stretch (31%) + H;2-Co—Cy bend (25%)
1088 1077 w 1078 w C4-Cy7 stretch (20%) + Hy0-C17-C4 bend (17%)
1034 1033 w 1027 w H14-N;3-Cg bend (66%) + Hy3-Ca2-Co—Cs tors (17%)
1013 - - Cp8-037-0,9-H3p out (93%)
1011 - - H;5-C;7-Hyo bend (11%) + C;7-H;9-C4—Hy out (77%)
998 - - Ha3-C5,-C; bend (32%) + Ca5-Ha4-Co-Hps out (21%)
997 1001 vw 1001 w Cg-Cy stretch (14%)
965 976 wv 980 w Cy-N;-H,6-0,7 tors (39%) + Hyg—N;-C,-C3 out (20%)
946 935 w 936 w Cy7-Hj9-C4-Hyg out (21%) + C3-C4 stretch (16%) + Hyo—Cq7-C4 bend (16%)
905 887 vw - C7-Cs—Cs—Hy6 out (63%) + C7—H16-029-Cag out (14%)
893 - - N;-C; stretch (20%) + C,—Cy; stretch (14%) + C;-Cg stretch (12%)
831 846 m - C3-C,-N; bend (12%) + C;-N;-Cg bend (33%) + C;-Cs-N; bend (11%)
797 834 m - Hi2-Co—-Cg-Ny3 tors (11%) + Hy1—C1o-Co—Ny2 tors (82%)
755 - - Hy1-C3-C4-Cy5 tors (79%)
746 791 m 793 m Ny3-Hy4-Cg—H;s out (42%) + Hy-Co—Cg—Ny3 tors (21%)
724 761 w 759 w Ni3-H14-Cg-Hys out (12%) + Hy1-C3-C4—Cy7 tors (40%) + Cs—Cs—C7-Cg tors (32%)
716 - - 0,7-C25-029 bend (78%)
697 720 w 721 m H;,-Co-Cg-Nj3 tors (40%) + C5—Cs—C;-Cg tors (19%)
664 - - Cs—Cg stretch (15%) + C3-C,—N; bend (12%) + Cs—C;0-Co bend (15%)
649 666 w 666 m N13-Cg stretch (16%) + Cg—Cy9—Cqo bend (19%)
591 - 646 w C4-Cy7 stretch (10%) + Ny3-Cg stretch (18% + C3-C4-Cs bend (12%) + C3-C,—-N; bend (10%)
541 595 m - Cg-C7-Cs-N; tors (17%) + C;—Cg—Co—Cyq tors (40%) + Cs—C;—Cg—Cy3 tors (10%)
521 539 w 546 w C3-C5-N;-Cg tors (13%) + C4—C3-C5-Nj tors (53%)
492 - 518 w C;-Ce—N; bend (10%) + C5s-C4—Cy7 bend (21%) + C3-C,—Cy; bend (27%)
481 - 500 w C5-C10-Co-Cg tors (29%) + C3—C,-N;-Cg tors (29%)
459 476 w 477 w C7-Cs-N; bend (11%) + C;-Cg-Njy3 bend (13%)
422 449 w 445 vs Cg-C5 stretch (10%) + C;-Cg-Cg bend (23%) + C5-C19-Cy bend (10%)
389 - - C5-C19-Co-Cg tors (35%) + C3—C,—N;-Cg tors (11%) + Cs-C¢—C;-Cg tors (12%)
345 - - C3-C4-Cs bend (15%) + C3-C,-N; bend (14%) + C;-Cg-N;3 bend (23%) + C3-C,-C,, bend (11%)
283 - 388 w C7-Cg—Co—Cy tors (13%) + Ce—C7-Cg—Ny3 tors (13%) + C4—C3-Co—-Cyy tors (26%)
267 - 283 w C;-Cg—Ny3 bend (19%) + C5-C4~Cy7 bend (17%) + C3-C,-Cy;, bend (14%)
263 - 253 w H4-N;3-Cg-C7 tors (81%)
229 - C7-Cs-N7 bend (16%) + Cs—C4—Cq7 bend (28%)
216 - - Cg—C7-Cs-Nj tors (36%) + C;-N;-Cg—C5 tors (10%) + Cg—C7—Cs—Ny3 tors (21%)
198 - 220 w Cy-C3-C4-Cy7 tors (27%) + C4—C3-Cy—Cyy tors (19%) + Ce—C7-Cg-Ny3 tors (10%) + Hy9-C7-C4—C3 tors (19%)

(continued on next page)
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Table 3 (continued)
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Veal (cm™1) ViR (€M) Vgaman (cm™')  Assignment PED (%)
31G(d)  631++G(d,p)
184 170 - 178 w 0,7-Ha stretch (80%)
173 162 - 164 w Hyg-C17—Ca=Cs tors (65%) + Hag=027-Cag—0sg tors (11%)
157 120 142 w Hy6-027-C28-04g tors (63%)
116 115 - - Hag-Oo7-Cag bend (70%)
108 99 - - Cy=C5-C4=Cy7 tOTS (20%) + Has~Caz=Ca—Cs tors (12%) + Hag—Cap—Ca—Cs tors (23%) + Cs~Co—N;—C tors (11%)
08 98 - - Haa—Ca—Co—Cs tors (32%)
94 94 - - Ca=C5=Cy=Cyy tors (12%) + Cy=Ny=Cg=Cy tors (41%) + Cg—Cy—Cg—Ny3 tors (15%)
65 54 - - Hag-Nqy—Ce bend (14%) + Ny~Hg-057 bend (55%) + Hag-057-Cag bend (13%)
44 42 - - C;~Co~Cg-Hyg out (11%) + Cy—Hy6-09-Csg out (52%)
36 37 - - Hag=N1~Co-Cs out (51%) + Co—Ny~Hog-057 tors (22%)
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Fig. 2. (a) Experimental and (b) simulated FT-IR spectra of ADQF in the range 4000-400 cm™’.
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Fig. 3. (a) Experimental and (b) simulated FT-Raman spectra of ADQF in the range 3500-50 cm ™.

their IR intensities and Raman activity corresponding to different
modes are listed in Table 3 along with detailed assignments. The

observed and simulated FT-IR and Raman spectra and selected
vibrational normal modes are shown in Figs. 2 and 3.
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Amino group vibrations

The fundamental modes involving the amino group are stretch-
ing and bending of NH bonds, torsion and inversion. The title mol-
ecule under investigation possesses one NH; group and hence one
expects one symmetric and one asymmetric N-H stretching vibra-
tions. In all the primary aromatic amines the N-H stretching fre-
quency occurs in the region 3300-3500cm~! [43,44]. The
antisymmetric v,s stretching mode appears to be higher wave
number than the symmetric vs. In ADQF the NH, asymmetric
stretching vibration is observed in IR at 3367 as a medium band,
the symmetric stretching vibration is observed in IR at
3173 cm™! and in Raman at 3183 cm™'. The frequency lowering
present in the molecule is due the intermolecular interaction.
The characteristic frequency of the NH; scissoring vibration is usu-
ally located in the range 1650-1600 cm™~'. The very strong band
observed in IR at 1596 cm~! and weak band observed in Raman
at 1576 cm™! is assigned to the NH, scissoring vibration. The other
NH, bending modes are tabulated.

Methyl group vibration

Methyl group vibrations are generally referred to as electron
donating substituent in the aromatic rings system, the asymmetric
C-H stretching mode of CH3 is expected around 2980 cm ™' and the
CH; symmetric stretching is expected at 2870 cm~! [45,46]. The
Me1l asymmetric stretching is observed as weak band in Raman
at 2850 cm™~ . The symmetric stretching mode of Me1 is observed
2781 cm~! in IR. The shifting of the methyl stretching wave num-
ber is due to the influence of electronic effect resulting from the
hyper conjugation and induction of methyl group in the aromatic
ring [47]. Hyper conjugation causes the interaction of the orbital
of the methyl group with 7 orbital of an aromatic ring system
[47]. The asymmetric bending of Me2 is observed at 1397 cm~!
in IR and at 1398 cm~! in Raman as a medium band. The asymmet-
ric bending of Me1 is observed at 1383 cm ™' in IR as a medium
band. These characteristic frequencies are in close agreement with
those reported for the similar compounds [48]. The Band observed
at 935 cm~!inIR and 936 cm ™' in Raman is CH; out of plane bend-
ing modes. The bonds at 283 cm™! in FT-Raman are assigned to
methyl twisting mode.

Carbonyl group vibrations

The carbonyl group stretching vibrations give rise to the charac-
teristic bands in IR and Raman. The intensity of these bands can in-
crease because of the formation of hydrogen bonds. The carbonyl
group vibration is observed in the region 1760-1730cm™!
[49,50]. The strong band at 1648 cm~! in IR and a weak band at
1655 cm~! in Raman are assigned to carbonyl C,g—0,q Stretching
mode. The C,3-0,7; stretching mode is observed in IR at
1629 cm~' as a strong band and in Raman at 1630 cm ! as a med-
ium band. From that both C,5-0,7, and C5-0,9 stretching vibra-
tions are lowering from the normal value. The red shifting of
carbonyl stretching mode is attributed to the fact that the carbonyl
group chelate with the other nucleophilic group, thereby forming
both intra- and intermolecular hydrogen bonding in the crystal.
The C,3-0,7 stretching in lowering is due to the formation of N-
H.--O hydrogen bonding in the molecule. The C-O out of plane

bending is identified as weak band in Raman at 142 cm™ .

C-N vibrations

The ring C-N stretching vibration occurs in the region 1310-
1290 cm ™' [43]. Thus, the bands observed at 1314 cm™! (IR) and

1312 cm™~ ' (Raman) is from the ring C-N stretching. The C-N bend-
ing is observed in IR at 846 cm~! as a weak band.

Ring vibration

The carbon-hydrogen stretching vibrations give rise to bands in
the region 3000-3100 cm™! in all aromatic compounds [51-53].
The intense band in Raman at 3069 cm™! is assigned for ring C-H
stretching wave number. The C-H in plane vibrations is appearing
in the region 1000-1290 cm™'. The strong band observed in IR at
1337 cm™! and in Raman at 1369 cm™! is assigned the C-H in
plane bending of ADQF. The series of bands observed in IR at
1170 and 1033 cm~' and in Raman at 1199, 1167, 1115 and
1027 cm™! are assigned to the ring C-H in plane bending ring.
The C-H out of plane vibration of the ring is observed in the region
770-730 cm~! and for the tri substituted ring is 800-760 cm . In
ADQF the C-H out of plane vibration are observed in IR at 834,
791 cm™! as medium band and is observed in Raman at 793 as a
medium band. The C3-H;; stretching is observed as a weak band
IR at 2916 cm™! and as medium band in Raman at 2920 cm™'.
The C3-H,; out of plane bending is observed at 761 cm™~' as a weak
band in IR and Raman.

The ring C-C stretching vibration occurs in the region 1625-
1430 cm™!' [50]. For six membered aromatic rings, there are two
or three bands in this region due to skeletal vibration; the stron-
gest usually being about 1500 cm™". In the case where the ring is
conjugated further, a band is about 1580 cm~'. The C-C stretching
of ring is observed at 1513 cm ™! in IR as a medium band. The same
band is observed in IR at 1478 cm~! as a weak band and in Raman
at 1473 cm™! as the strong band. The aromatic ring deformation
vibrations appear in the region of 625-605cm~! for the mono
substituted ring and 475-425cm™! for the trisubstituted ring.
The series of weak band observed in IR at 666, 595, 539,
449 cm~! and medium to strong band in Raman at 666, 546,
445 cm~! are assigned to the C-C ring deformation.

Low-wave number hydrogen-bond vibrations

The attractive interaction between the hydrogen donor group
and the acceptor moiety leads to the occurrence of new vibrational
degrees of freedom, the so-called hydrogen bond modes. Such
modes are connected with elongations changing the A. - -B distance
and/or the relative orientation of the hydrogen-bonded groups.
Thus, they provide direct insight into the structure of the hydrogen
bonds and into the processes of bond formation and cleavage. As
such modes are characterized by a high reduced mass of the oscil-
lator and a small force constant determined by the comparably
weak attractive interaction along the hydrogen bond, hydrogen
bond modes [54] occur at low wave numbers in the range between
50 and 300 cm™'. An interesting feature of these vibrations is the
occurrence of an intense Raman band in the low-wave number re-
gion 164 cm™! corresponding to the H.--O stretching. This shows
that there is a possibility of N-H.--O hydrogen bonding present
in the ADQF molecule.

HOMO-LUMO energy gap

In principle, there are several ways to calculate the excitation
energies. The first, and the simplest one, involves the difference be-
tween the highest occupied molecular orbital (HOMO) and the
lowest unoccupied molecular orbital (LUMO) of a neutral system.
This form corresponds to the frozen orbital approximation, as the
ground state properties are used to calculate excitation values.
The HOMO-LUMO energy gap for ADQF has been calculated DFT
level. The Eigen values of LUMO-HOMO energy gap reflect the
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Fig. 4. HOMO and LUMO plot of ADQF.

chemical activity of the molecule. The atomic orbital compositions
of the molecular orbitals are sketched in Fig. 4. The calculated ener-
gies and the energy gap is

HOMO energy = —6.019 eV
LUMO energy = —4.474 eV
HOMO—LUMO energy gap = 1.544 eV

The decrease in the HOMO and LUMO energy gap explains the
eventual charge transfer interaction taking place within the mole-
cule, due to the strong electron-accepting ability of the electron-
acceptor group. It is worth noting that HOMOs have an overall ©
bonding character along with a considerable non-bonding charac-
ter and LUMOs have an anti-bonding m* character. The strong
charge transfer interaction is responsible for the bioactivity of
the molecule.

Conclusion

A complete vibrational analysis of ADQF was performed using
DFT calculations at B3LYP/6-31G* and B3LYP/6-31++G** levels in
order to elucidate the structural activity relationship. FT-IR and
FT-Raman spectra have been recorded and the detailed vibrational
assignments were presented. The molecular geometry, vibrational
frequencies, infrared intensities and Raman intensities of ADQF in
the ground state have been calculated by using density functional
theory. The hydrogen bonds network has been thoroughly ana-
lyzed using NBO analysis. The transfer of ED from the lone pair
oxygen to the anti-bonding orbital of N-H bond produces strong
evidences for two hydrogen bonds. The molecular hydrogen bond-
ing and charge transfer interaction present in the molecule gives
the important of ADQF that brings about most interesting Pharma-
ceutical activity. The natural bond orbital analysis confirms the
hyper conjugation interaction and the possibility of N-H---O and
C-H.- -0 interaction. The lowering of carbonyl mode and the low
wave number hydrogen bonds shows the occurrence of N-H-.--O
hydrogen bonds. The assignment of most of the normal modes
agrees well with the theoretical wave numbers. The HOMO-LUMO
energy gap has a substantial influence on the ICT and the calcu-
lated value is found to be 1.544 eV. The lowering of HOMO-LUMO
energy gap, a quantum-chemical descriptor, explains the charge
transfer interactions taking place within the molecule through
strong N-H- - -0 and C-H- - -O hydrogen bonding which is prove that
the ADQF is bioactive and pharmaceutical in nature.
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