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a b s t r a c t

In this work, we report anharmonic vibrational frequencies, molecular structure, NBO and HOMO, LUMO
analysis of naphthalene acetic acid (NAA). The optimized geometric bond lengths and bond angles
obtained by computation show good agreement with experimental X-ray data. The computed dimer
parameters also show good agreement with experimental data. Anharmonic frequencies of NAA were
eywords:
T-IR
T-Raman
nharmonic frequencies
imer

determined and analyzed by DFT level of theory utilizing 6-311+G(d,p) basis set. Good agreement between
the calculated and experimental spectra was obtained. Stability of the molecule arising from hypercon-
jugative interactions and charge delocalization have been analyzed using natural bond orbital (NBO)
analysis. The results show that charge in electron density (ED) in the �* and �* antibonding orbitals and
E2 energies. This confirms the occurrence of ICT (Intermolecular Charge Transfer) within the molecule.
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. Introduction

Naphthalene acetic acid derivatives are non-steroidal
nti-inflammatory drugs (NSAIDS) that exhibit favorable anti-
nflammatory, analgesia and antipyretic properties. The major
linical application on NSAIDS is their action as anti-inflammatory
gent in muscle skeletal disease [1]. 2-Acetonaphthalene provides
he best raw materials, for the preparation of 2-naphthoic acid. It
ndergoes electrophilic aromatic substitution reaction. It is used as
n intermediate for synthesis of pharmaceuticals, photochemicals,
lant growth hormones, insecticides, dyes and other organic
ompounds. It is used in different pathways for the degradation
f salicylic acid. Considerations of these factors leads to detailed
pectral investigation of NAA.

Harmonic frequencies that are calculated on the basis of quan-
um mechanical force field usually differ from observed frequencies
artly because of approximation in quantum mechanical meth-
ds and partly because of anharmonicity. Anharmonic treatment
ecomes important in biomolecular spectroscopy when dealing
ith complex molecular structures. With the development of
uantum chemical procedures rooted in the framework of den-
ity functional theory (DFT) and Hatree–Fock (HF) theory, reliable
nharmonic computations of vibrational frequencies for medium
nd large sized molecules in vacuum have become possible. The
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O energies also show that charge transfer occurs within the molecule.
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inclusion of anharmonic contribution reduces the absolute error.
Many workers have performed theoretical anharmonic calculations
on small and large molecules [2–4]. Structures and harmonic vibra-
tional frequencies of 2-naphthoic acid and 6-bromo-2-naphthoic
acid based on density functional theory calculations have been
reported by Krishnakumar et al. [5]. In our earlier study, we
reported the spectroscopic FT-IR gas phase, FT-Raman, hyper-
polarizability analysis of napthhoic acid by ab initio HF and
density functional methods [6]. Recently harmonic frequencies
of 1-naphthyl acetic acid computed using B3LYP/6-311+G(d,p)
method have been reported by Krishnakumar et al. [7]. In this
work the detailed molecular structure was not compared with X-
ray crystal data, and the earlier assignments of the spectra of NAA
are still ambiguous and contradictory. The aim of this investigation
is to study the anharmonic vibrational spectra of NAA, using density
functional calculations. This molecule is of considerable importance
from medical point of view. The understanding of vibrational spec-
trum might be helpful in understanding many medical processes.

2. Computational details

The density functional (DFT/B3LYP) at the 6-311+G(d,p) basis set
level was adopted to calculate the properties of the title molecule in

this work. All the calculations were performed using Gaussian 03W
program package [8] with the default convergence criteria, without
any constraint on the geometry [9]. The equilibrium geometry cor-
responding to the true minimum on the potential energy surface
(PES) has been obtained by solving self-consistent field equation

dx.doi.org/10.1016/j.saa.2010.06.034
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Table 1a
Geometrical parameters optimized in naphthaleneacetic acid bond length (Å), bond angle (◦) and dihedral angle (◦).

Parameters B3LYP/6-311+G(d,p) XRDa, naphthalene acetic acid Parameters B3LYP/6-311+G(d,p) XRDa, naphthalene acetic acid

Bond length (A◦) C5–C4–H13 118.77 119.5
C1–C2 1.372 1.365(3) C4–C5–C6 119.44 119.03(16)
C1–C6 1.434 1.416(2) C4–C5–C7 121.40 121.88(18)
C1–C18 1.512 1.500(2) C6–C5–C7 119.17 119.08(19)
C2–C3 1.416 1.394(3) C1–C6–C5 118.94 118.88(15)
C2–H11 1.086 0.930 C1–C6–C10 122.73 123.38(16)
C3–C4 1.373 1.336(3) C5–C6–C10 118.33 117.74(16)
C3–H12 1.084 0.930 C5–C7–C8 120.96 121.2(2)
C4–C5 1.421 1.405(3) C5–C7–H14 118.61 119.4
C4–H13 1.085 0.930 C8–C7–H14 120.43 1194
C5–C6 1.418 1.422(2) C7–C8–C9 120.01 120.3(2)
C5–C7 1.422 1.406(3) C7–C8–H15 120.23 119.8
C6–C10 1.422 1.413(2) C9–C8–H15 119.76 119.8
C7–C8 1.372 1.341(4) C8–C9–C10 120.56 121.0(2)
C7–H14 1.085 0.930 C8–C9–H16 119.68 119.5
C8–C9 1.416 1.386(4) C10–C9–H16 119.76 119.5
C8–H15 1.084 0.930 C6–C10–C9 120.97 120.6(2)
C9–C10 1.372 1.360(3) C6–C10–H17 119.84 119.7
C9–H16 1.084 0.930 C9–C10–H17 119.18 119.7
C10–H17 1.083 0.930 C1–C18–H19 109.16 108.6
C18–H19 1.095 0.970 C1–C18–H20 112.33 108.6
C18–H20 1.090 0.970 C1–C18–C21 115.45 114.62(13)
C18–C21 1.535 1.500(2) H19–C18–H20 106.62 107.6
C21–O22 1.198 1.220(19) H19–C18–C21 106.13 108.6
C21–O23 1.353 1.2759(19) H20–C18–C21 106.64 108.6
O23–H24 0.968 0.93(3) C18–C21–O22 123.40 122.59(15)
Bond angle (◦) C18–C21–O23 115.56 114.75(14)
C2–C1–C6 119.26 118.83(15) O22–C21–O23 121.00 122.64(14)
C2–C2–C18 120.03 120.60(16) C21–O23–H24 109.47 114.4(17)
C6–C1–C18 120.71 120.57(15) Dihedral angle (◦)
C1–C2–C3 121.67 122.00(19) C2–C1–C6–C10 179.30 −179.14(15)
C1–C2–CH11 119.27 119.0 C18–C1–C6–C5 179.94 178.64(12)
C3–C2–H11 119.04 119.9
C2–C3–C4 120.01 120.17(19)
C2–C3–H12 119.51 119.9
C4–C3–CH12 120.48 119.9
C3–C4–C5 120.67 121.07(17)
C3–C4–CH13 120.56 119.5
Dihedral angle (◦) C1–C2–C3–C4 0.24 −0.6(3)
C2–C1–C18–H19 13.40 C1–C2–C3–H12 179.72
C2–C1–C18–H20 131.43 H11–C2–C3–C4 −178.67
C2–C1–C18–C21 −106.01 −110.23(16) C4–C5–C7–C8 179.57 −179.27(19)
C6–C1–C18–H19 −167.12 C1–C6–C10–C9 179.81 −179.13(17)
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C6–C1–C18–H20 −49.09
C6–C1–C18–C21 73.47 69.8(2)

a Taken from Ref. [15].

ffectively. The virbational spectra of the NAA have been obtained
y taking the second derivative of energy, computed analytically.
ultiple scaling of the force field has been performed by SQM

rocedure [10,11] to offset the systematic error caused by basis
et incompleteness, neglect of electron correlation and vibrational
nharmonicity [12]. The Potential Energy Distribution (PED) were
arried out with the MOLVIB program written by Sundius [13,14].
armonic frequencies were calculated at DFT (B3LYP) level of the-
ry. Vibrational frequencies computed at DFT level have reliable

ne-to-one correspondence to experimental IR and Raman fre-
uencies [7]. Anharmonic calculations have been performed using
he vibrational self-consistent field (VSCF) method which computes
he vibrational frequencies including anharmonic effects. This type
f calculation requires input from a previous harmonic vibrational

able 1b
ntermolecular hydrogen bonding parameters of NAA based on B3LYP/Aug-CC-PVDZ) me

O23–H24· · ·O46
O23–H24 H24–O46
0.951 Å (0.93) 2.222 Å (2.61)

O47–H48· · ·O22
O47–H48 H48–O22
0.956 Å (0.93(3)) 2.340 Å (2.87)

nside bracket experimental values.
1–C18–C21–O22 −146.90 24.3(3)
1–C18–C21–O23 35.49 −157.00(17)

computation. The wavenumbers obtained from the second-order
perturbation theory (PT2) have been used in this investigation.

The natural bonding orbitals (NBO) calculations [15] were per-
formed using NBO 3.1 program as implemented in the Gaussian
03W [8] package at the DFT/B3LYP/6-311+G(d,p) level in order to
understand various second-order interactions between the filled
orbitals of one subsystem and vacant orbitals of another subsys-
tem, which is a measure of the intermolecular delocalization or
hyper conjugation.
2.1. Molecular geometry

The crystal structure of the title NAA was originally determined
by Rajan [16] using intensity data estimated from Weissenberg

thod.

O23· · ·O46 O23–H24· · ·O46
3.234 Å (3.541(2)) 175.8◦ (177◦)

O47· · ·O28 O47–H48· · ·O22
3.321 Å (3.746(2)) 173.2◦ (168(3))
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ically chosen to include the highest possible percentage of the
ig. 1. (a) Molecular structure and atom numbering scheme adopted in this study
or naphthalene acetic acid monomer and (b) dimer formation.

lms. Li et al. [17] redetermination provides a structure with
ignificantly improved precision with respect to the geometric
arameters. In the crystal structure, intermolecular O–H· · ·O hydro-
en bonds, weak C–H· · ·O hydrogen bonds and C–H2 interactions
ink the molecules into a two-dimensional sheet lying parallel to
1 0 0). The structure is monoclinic of the space group P21/c, with
= 12.7079(19), b = 5.1464(8), c = 15.014(2) Å, Z = 4. The optimized
tructure parameters and dimer parameters of NAA calculated by
FT (B3LYP) with the 6-311+G(d,p) and Aug-CC-PVDZ basis set

how strong hydrogen bonding, which is listed in Tables 1a and 1b
espectively, in accordance with the atom numbering scheme for a
onomer (a) and dimer (b) given in Fig. 1a and b.
As there are three rotamers, viz., the around C1–C18, C18–C21

nd C21–O22, the NAA molecule can exist in two forms: trans and
is. The minimum among all possible minima subjected to inves-
igation has been identified through semi-empirical method. The
otal energy for cis form is equal to −613.89089 a.u. and for trans
orm is equal to −613.89299 a.u. by B3LYP/Aug-CC-PVDZ method.
f the two forms, the stable isomer is trans one since it possess

ower energy when compared with cis form.
Optimized geometry shows that NAA molecular structure

s not planar as it is evidence from O23–C21–C18–C1 and
22–C21–C18–C1 dihedral angles are 35.49◦ and −146.90◦ respec-

ively. This is due to the consequence of steric repulsion between

he hydrogen atom H24 with the oxygen atom. The calculated dihe-
ral angles C2–C1–C6–C10 (179.30◦), C9–C10–C6–C1 (179.81◦),
3–C4–C5–C7 (−179.87◦) and C8–C7–C5–C4 (179.57◦) show that
he naphthalene ring is coplanar.
ta Part A 77 (2010) 612–619

Since, large deviation from experimental C–H bond lengths may
arise from the low scattering factors of hydrogen atoms in the
X-ray diffraction experiment, we did not include lack of C–H exper-
imental bond length. This overestimation is also verified by in our
calculation as represented in Table 1a. The experimental values of
C–H bond lengths is ∼0.9300 Å [17] while the value in the theoret-
ical results are bigger than ∼0.7 Å. The interaction of the carboxylic
acid group on the naphthalene ring is of great importance in deter-
mining its structure and vibrational properties. It is observed that
the influence of the substituent on the molecule play a vital role
particularly in the C–C bond distance of the ring carbon atoms. As
it is evident from the bond lengths of C1–C2 and C1–C6 (ring 1)
is 1.372 and 1.434 Å, show slight deviation when compared with
C6–C10 and C9–C10 of 1.422 and 1.372 Å (for ring 2), and symme-
try of naphthalene ring is distorted, yielding ring angles smaller and
larger than the normal value of 120◦ exactly at the substitution as
shown in Table 1a. The C1–C2–C6 angle is 119.26◦ and C6–C10–C9
angle is 120.97◦ for ring 1 and 2.

The Cacetic–Ccarboxylicacid i.e. (C18–C21) bond length calculated
by B3LYP/6-311+G(d,p) method is 1.535 Å is longer than that of X-
ray data of similar molecule by 0.35 Å. The C21–O22 and O23–H24
bond length computed by B3LYP/6-311+G(d,p) method was 1.198
and 0.968 Å respectively. In international tables for crystallography
[18] the C O bond length in the carboxylic acid group confirming
to the average value are tabulated for an aromatic carboxylic acid
in which C O is 1.266(20) Å and C–O is 1.305(20) Å. Our group
also predicted the corresponding bond length in naphthoic acid are
1.218 and 1.362 Å by B3LYP method [6]. For the title molecule, the
corresponding bond length are 1.220(19) and 1.275(19) [17], which
are calculated as 1.198 and 1.353 Å by B3LYP method. Overall com-
puted data by B3LYP/6-311+G(d,p) method show good agreement
with X-ray data of NAA molecule [17].

From the theoretical values, it can be found that most of the
optimized bond lengths are slightly higher than the experimen-
tal values. The largest deviations of bond lengths and bond angles
between the theoretical values and experimental ones are 0.183
and 1.6 Å. The deviations can be attributed to the fact that the the-
oretical calculations were aimed at the isolated molecules in the
gaseous phase and the experimental results were aimed at the
molecule in the solid state. Despite these differences, the calcu-
lated geometrical parameters represents good approximation, and
they are the basis for the calculations of other parameters such as
vibrational frequencies and NBO analysis.

2.2. Hydrogen bonding

The structures shows the presence of intermolecular hydro-
gen bond interaction in NAA as shown in Fig. 1(b). In our present
study the hydrogen bond analysis is carried out by B3LYP/Aug-CC-
PVDZ method as shown in Table 1b. The strong hydrogen bond
type of interaction between O23–H24· · ·O46 and O47–H48· · ·O22 is
observed, the distance between O23· · ·O46 and O47· · ·O28 is about
3.234 and 3.321 Å respectively, are well within the range <3.0 Å
for hydrogen interaction [19]. The other parameters i.e. the bond
angles between the hydrogen bonding are also shown in Table 1b.

2.3. NBO analysis

NBO analysis provides the most accurate possible ‘natural Lewis
structure’ picture of �, because all orbital details are mathemat-
electron density. A useful aspect of the NBO method is that it gives
information about interactions in both filled and virtual orbital
spaces that could enhance the analysis of intra- and intermolecular
interactions.
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Table 2a
Second-order perturbation theory analysis of Fock matrix in NBO basis for NAA.

Donor (i) Type ED/e Acceptor (j) Type ED/e E(2)a (kJ/mol) E(j) − E(i)b (a.u.) F(i,j)c (a.u.)

C1–C2 � 1.96610 C1–C6 �* 0.029 5.53 1.26 0.074
C1–C18 �* 0.037 5.74 1.35 0.079
C2–C3 �* 0.016 3.17 1.25 0.056
C6–C10 �* 0.026 3.27 1.24 0.057
C18–H19 �* 0.038 6.80 0.72 0.067
C18–H20 �* 0.041 7.05 0.70 0.067

� 1.68995 C3–C4 �* 0.270 19.06 0.28 0.066
C5–C6 �* 0.485 18.86 0.29 0.069

C1–C6 � 1.95437 C1–C2 �* 0.029 4.79 1.25 0.069
C1–C18 �* 0.037 6.28 1.36 0.083

C1–C18 � 1.93729 C18–H19 �* 0.038 6.39 1.24 0.080
C18–H20 �* 0.041 6.23 1.22 0.078
C18–C21 �* 0.042 12.30 1.39 0.118

C3–C4 � 1.97891 C2–C3 �* 0.016 2.77 1.25 0.047
C2–H11 �* 0.013 2.15 1.29 0.047

� 1.71829 C1–C2 �* 0.303 19.03 0.29 0.067
C5–C6 �* 0.485 17.95 0.29 0.068

C5–C6 � 1.96281 C1–C6 �* 0.037 5.12 1.26 0.072
C4–C5 �* 0.024 4.39 1.25 0.066
C5–C7 �* 0.024 4.28 1.25 0.066
C6–C10 �* 0.026 4.46 1.25 0.067

� 1.52249 C1–C2 �* 0.303 18.95 0.28 0.069
C3–C4 �* 0.270 17.04 0.27 0.064
C7–C8 �* 0.272 17.71 0.27 0.065
C9–C10 �* 0.281 18.04 0.27 0.065

C7–C8 � 1.97929 C5–C6 �* 0.485 17.56 0.30 0.068
C9–C10 �* 0.281 20.37 0.28 0.067

C9–C10 � 1.72466 C5–C6 �* 0.485 17.77 0.30 0.069
C7–C8 �* 0.272 18.73 0.28 0.065

C18–H19 � 1.92729 C21–O23 �* 0.078 12.98 0.94 0.099
O22 LP(1) 1.98298 C21–O23 �* 0.078 16.13 0.65 0.092
O23 LP(1) 1.97201 C18–C21 �* 0.042 5.67 1.21 0.074

LP(2) 1.80423 C21–O22 �* 0.160 17.22 0.59 0.091
C3–C4 �* 0.27012 C1–C2 �* 0.303 224.10 0.01 0.080

C5–C6 �* 0.485 246.44 0.01 0.081
C7–C8 �* 0.27158 C5–C6 �* 0.485 195.63 0.02 0.082
C9–C10 �* 0.28139 C5–C6 �* 0.485 164.89 0.02 0.081
C21–O22 � 0.11869 C21–O22 �* 0.160 710.20 0.02 0.266

a (2)
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E means energy of hyper conjugative interaction (stabilization energy).
b Energy difference between donor and acceptor i and j NBO orbitals.
c F(i,j) is the Fock matrix element between i and j NBO orbitals.

The second-order Fock matrix was carried out to evaluate the
onor–acceptor interactions in the NBO analysis [20]. The inter-
ctions result is a loss of occupancy from the localized NBO of the
dealized Lewis structure into an empty non-Lewis orbital. For each
onor (i) and acceptor (j), the stabilization energy E(2) associated
ith the delocalization i → j is estimated as

2 = �Eij = qi
F(i,j)2

εj−εi

here qi is the donor orbital occupancy, εi and εj are diagonal
lements and F(i, j) is the off diagonal NBO Fock matrix element.

Natural bond orbital analysis provides an efficient method for
tudying intra- and intermolecular bonding and interaction among
onds, and also provides a convenient basis for investigating charge
ransfer or conjugative interaction in molecular systems. Some
lectron donor orbital, acceptor orbital and the interacting stabi-
ization energy resulted from the second-order micro-disturbance
heory are reported [21,22]. The larger the E(2) value, the more
ntensive is the interaction between electron donors and electron
cceptors, i.e. the more donating tendency from electron donors to
lectron acceptors and the greater the extent of conjugation of the

hole system. Delocalization of electron density between occupied

ewis-type (bond or lone pair) NBO orbitals and formally unoccu-
ied (antibond or Rydgberg) non-Lewis NBO orbitals correspond
o a stabilizing donor–acceptor interaction. NBO analysis has been
erformed on the molecule at the DFT/B3LYP/6-311+G(d,p) level in
order to elucidate the intramolecular, rehybridization and delocal-
ization of electron density within the molecule. The intramolecular
interaction are formed by the orbital overlap between �(C–C)
and �*(C–C) and �(C–C) and �*(C–C) bond orbital which results
intramolecular charge transfer (ICT) causing stabilization of the
system. These interactions are observed as increase in electron den-
sity (ED) in C–C antibonding orbital that weakens the respective
bonds. The electron density of conjugated bond of naphthalene ring
(∼1.97e) clearly demonstrate strong delocalization.

The strong intramolecular hyper conjugation interaction of the
� and � electrons of C–C, C–H and C–O to the anti C–C, C–H and
C–O bond of the ring as well as acetic and acid group leads to
stabilization of some part of the ring as evident from Table 2a.
The intramolecular hyperconjugative interaction of the �(C1–C2)
distribute to �*(C1–C8), (C1–C18), (C2–C3), (C6–C10), (C18–H19),
(C18–H20) leading to stabilization of 5.0 kJ/mol. This enhanced fur-
ther conjugate with antibonding orbital of �*(C3–C4) and (C5–C6)
which leads to strong delocalization of 19.06 and 18.86 kJ/mol,
respectively. The same kind of interaction is calculated in the
C3–C4, C1–C18 and C5–C6 bond for NAA as shown in Table 2a. The
most interaction energy, related to the resonance in the molecule,

is electron donating from the LP(1)O22, LP(1)O23, LP(2)O23 to the
anitbonding acceptor �*(C21–O23), (C18–C21) and �*(C21–O22) of
the acid group leads to moderate stabilization energy of ∼15 kJ/mol
is shown in Table 2a. The �*(C7–C8) and (C9–C10) of the NBO con-
jugated with �*(C5–C6) resulting to an enormous stabilization of
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Table 2b
Second-order perturbation energies E(2) (donor → acceptor) for NAA.

Donor (i) Acceptor (j) E(2)a (kJ/mol) E(j) − E(i)b (a.u.) F(i,j)c (a.u.)

Within unit 1
LP(1)O22 �*(C18–C21) 4.83 0.65 0.05
LP(1)O22 �*(C21–O22) 10.88 0.74 0.08
LP(1)O23 �*(C21–O22) 69.28 0.28 0.12
From unit 1 to unit 2
LP(1)O22 �*(O47–H48) 4.34 0.96 0.05
LP(1)O22 �*(O47–H48) 106.02 1.27 0.32
LP(1)O23 �*(C45–O46) 0.07 0.89 0.007
LP(2)O23 �*(C45–O46) 0.22 0.35 0.008
From unit 2 to unit 1
LP(1)O46 �*(O23–H24) 12.15 0.95 0.09
LP(2)O46 �*(O23–H24) 56.49 1.11 0.22
LP(2)O47 �*(C21–O22) 0.20 0.36 0.01
LP(2)O47 �*(C21–O22) 0.06 0.52 0.07
Within unit 2
LP(2)O46 �*(C42–C45) 14.76 0.90 0.10
LP(2)O46 �*(C45–O47) 6.29 1.02 0.07
LP(2)O47 �*(C45–O46) 28.85 0.43 0.10
LP(2)O47 �*(O47–H48) 25.71 1.02 0.14

1
c
b

t
b
T
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t
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a E(2) means energy of hyper conjugative interaction (stabilization energy).
b Energy difference between donor and acceptor i and j NBO orbitals.
c F(i,j) is the Fock matrix element between i and j NBO orbitals.

95.63 and 164.89 kJ/mol respectively. The another interaction is
alculated at �(C21–O22) with �*(C21–O22) shows enormous sta-
ilization energy of 710.20 kJ/mol.

The importance of hyper conjugation and electron density
ransfer from lone electron pairs of the Y atom to the X–H anti-
onding orbital in the X–H· · ·Y system has been reported [23].
he intermolecular O–H· · ·O hydrogen bonding is formed by the
rbital overlap between the n(O) and �*(O–H) which results
ntramolecular charge transfer (ICT) causing stabilization of the H-
onded systems. Hence hydrogen bonding interaction leads to an

ncrease in electron (ED) of O–H antibonding orbital. The increase
f the population of C–O antibonding orbital weakens the C–O
ond.

Thus the nature and strength of the intermolecular hydrogen
onding can be explored by studying the changes in elec-
ron density in the vicinity of O· · ·H hydrogen bonds. The NBO
nalysis of NAA clearly explains the evidences of the forma-
ion of strong H-bonded interaction between the LP(O) and
*(O–H) antibonding orbitals. The stabilization energy E(2) associ-
ted with hyperconjugative interaction n1 (O22) → �*(O47–H48),
1 (O22) → �*(O47–H48) and n1 (O46) → �*O23–H24 and n2
O46) → �*O23–H24 are obtained as 4.34, 106.02 and 12.15,
6.49 kJ/mol respectively are shown in Table 2b which quantify
he extend of intermolecular hydrogen bonding. The differences
n E(2) energies are reasonably due to fact that the accrual of elec-
ron density in the O–H bond is not only drawn from the n(O) of
ydrogen-acceptor but also from the whole molecule.

.4. Vibrational spectral analysis

The naphthaleneacetic acid molecule shows Cs point group
ymmetry. Its 66 modes of vibration can accordingly be classified
nto the irreducible representation 45A′ + 21A′′. Not much attempt
as been made in the past to provide a detailed and a complete
ssignment to the vibrational modes. While Krishnakumar et al.
7] presumed a Cs point group structure for the molecule and pro-
ided assignments to some of the more intense vibrational bands

sing harmonic vibrational frequencies. The present work deals
ith complete vibrational analysis on the basis of DFT calculated

nharmonic frequencies. The results of B3LYP/6-311+G(d,p) cal-
ulations are given in Table 3 and compared with experimental
ata.
2.4.1. C–H vibrations
The hetero aromatic structure shows the presence of C–H

stretching vibration in the region 3100–3000 cm−1 which is the
characteristic region for the ready identification of C–H stretch-
ing vibration [24,25]. In this region the bands are not affected
appreciably by the nature of substituent. Two benzene rings are
fused together in NAA molecule, it has seven adjacent C–H moi-
eties. The expected seven C–H stretching vibrations corresponding
to stretching modes of C2–H, C3–H, C4–H, C7–H, C8–H, C9–H and
C10–H units. The weak bands in FT-IR at 3068, 3054, 3066 cm−1

as a strong band and 3051 cm−1 in FT-Raman spectrum is assigned
to C–H stretching vibration. The anharmonic vibrations (mode nos.
2–8) by B3LYP/6-311+G(d,p) method predict at 3065, 3058, 3033,
3020, 3010, 3001 and 3000 cm−1 fall within the recorded spec-
tral range. As expected these modes are pure stretching modes
as it is evident from PED column, they are exactly contributing
to 99%.

The in-plane aromatic C–H bending vibration occurs in the
region 1400–1000 cm−1, the bands are sharp but are weak to
medium intensity. The C–H in-plane-bending anharmonic vibra-
tions computed at 1424, 1394, 1265, 1232, 1187, 1178, 1153 and
1045 cm−1 (mode nos. 18–19, 24–25, 27–30 and 33) by B3LYP
method show excellent agreement with medium FT-IR band at
1410, 1265, 1252 cm−1 and 1275, 1232, 1189, 1171 cm−1 in FT-
Raman spectrum. The PED corresponds to this mode is a mixed
mode as it is evident from Table 3.

The band observed at 1010, 979, 931, 878, 800 cm−1 in FT-IR and
1018, 979, 949 and 876 cm−1 in FT-Raman spectrum are assigned
to C–H out-of-plane bending vibrations for NAA. This also shows
good agreement with theoretical anharmonic wavenumber values
at 1025–804 cm−1 (mode nos. 34–40 and 41) by B3LYP method. The
PED also show mixed contribution of approximately 80% for these
vibrations.

2.4.2. Methylene group vibrations
For the assignments of CH2 group frequencies, basically six fun-

damentals can be associated to each CH2 group namely, CH2 sym,

symmetric stretch, CH2 asym, asymmetric stretch, CH2 scis, scissor-
ing and CH2 rock, rocking modes which belong to polarized in-plane
vibrations of A′ species. In addition to that CH2 wag, wagging and
CH2 twist, twisting modes of CH2 group would be expected to be
depolarized for out-of-plane bending vibrations.
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Table 3
Vibrational wavenumbers obtained for NAA at B3LYP/6-311+G(d,p) method [harmonic and anharmonic (cm−1), IRint (K mmol−1)].

Mode nos. Species Experimentala (cm−1) Theoretical wavenumber (cm−1) (PED ≥ 10%)

FT-IR FT-Raman Harmonica Anharmonic

1 A′ 3425w 3433 3534 OH str(100)
2 A′′ 3073w 3083 3065 CH str(99)
3 A′ 3068w 3066s 3066 3058 CH str(99)
4 A′ 3054w 3051w 3040 3033 CH str(99)
5 A′ 3019 3020 CH str(99)
6 A′ 2968 3010 CH str(99)
7 A′ 3012w 3013w 2934 3001 CH str(99)
8 A′ 3003w 2922 3000 CH str(99)
9 A′ 2949w 3004 2948 C–H in CH2 str(50), CH2asy str(43)

10 A′ 2912w 2946 2918 C–H in CH2 str(57), CH2sym str(43)
11 A′ 1696vs 1674w 1667 1723 C O str(84)
12 A′ 1631w 1624w 1654 1622 C–C str(64), C–H ipb(18)
13 A′ 1597m 1602w 1635 1602 C–C str(66), C–H ipb(26)
14 A′ 1584vs 1591 1579 C–C str(69), C–H ipb(14)
15 A′ 1509s 1552 1513 C–C str(52), C–H ipb(40)
16 A′ 1536 1467 C–H ipb(57), C–C str(36)
17 A′ 1447ms 1518 1435 CH2 sci(95)
18 A′ 1410s 1410w 1508 1424 C–H ipb(56), C–C str(30)
19 A′ 1480 1394 C–H ipb(64), C–C str(22)
20 A′ 1385w 1362vs 1455 1364 C–C str(25), CH2 wag(19), C–O ipb(11),
21 A′ 1346m 1405 1351 C–C str(59), C–O ipb(12),
22 A′ 1291w 1383 1279 C–C str(34), C–O ipb(14), C–H ipb(13)
23 A′ 1339w 1366 1287 CH2 wag(29), C–H ipb(21), C–C str(21), C–CH2 str(12)
24 A′ 1265m 1275vw 1357 1265 C–H ipb(38), C–C str(25), Ring 1 tridef(15)
25 A′ 1252ms 1232w 1335 1232 C–H ipb(33), C–C str(25), Ring 1 tridef(13)
26 A′ 1218vs 1214w 1321 1216 CH2 twi(34), C–H ipb(20), C–C str(11)
27 A′ 1189w 1298 1187 C–H ipb(48), C–C str(16), CH2 twi(34)
28 A′ 1171w 1297 1178 C–H ipb(79), C–C str(17)
29 A′ 1163w 1256 1173 CH2 twi(29), C–O ipb(16), C–O str(16)
30 A′ 1151w 1236 1153 C–H ipb(43), C–C str(30), Ring 1 tridef(15)
31 A′ 1135w 1219 1136 C–C str(60), C–H ipb(24), CH2 twi(10)
32 A′ 1073w 1081s 1193 1078 C–C str(68), C–H ipb(11),
33 A′ 1055w 1168 1045 C–H ipb(25), Ring 1 tridef(19), C–C str(17)
34 A′′ 1010w 1018m 1163 1025 C–H opb(77), Ring 2 tridef(10)
35 A′ 1149 985 C–H opb(84)
36 A′ 979w 979vw 1130 978 C–H opb(89)
37 A′ 949w 1121 958 C–H opb(80), C–C str(18)
38 A′′ 931ms 1084 919 C–H opb(39), CH2 rock(24)
39 A′′ 1072 912 C–H opb(64), CH2 rock(18)
40 A′ 878w 876w 1060 879 C–H opb(76),Ring 1 puck(10)
41 A′ 856w 853w 1040 870 C–COOH str(27), C–O str(23), CH2 rock(20)
42 A′′ 828w 1024 837 C–COOH opb(81), C–H opb(10)
43 A′′ 800m 1007 804 C–H opb(21), Ring 1 tridef(13), C–CH2 str(12), Ring 2 tridef(10)
44 A′′ 968 794 Ring 1 puck(25), C–H ipb(18)
45 A′′ 780vs 775w 952 783 C–C str(18), Ring 1 tridef(16), Ring 2 tridef(12)
46 A′′ 754w 742w 937 741 Ring 2 puck(19), C–C str(17), C–O opb(16), Ring 1 puck(10)
47 A′′ 851 733 C–H opb(84)
48 A′′ 690m 692s 830 675 C–O opb(19),C–H opb(17)
49 A′ 624ms 781 629 Ring 2 puck(28), Ring 1 puck(26), t Ring 1(19), C–H opb(12)
50 A′ 607w 746 607 C–O opb(44), C–CH2 opb(41),
51 A′′ 564w 732 581 Ring 2 puck(28), Ring 1 puck(26), t Ring 1(19), C–H opb(12)
52 A′ 536s 539m 688 540 t Ring 1(30), C–H opb(20), t Ring 1(16), C–CH2 opb(16), t Ring 2(11)
53 A′ 675 527 Ring 2 asy def(38), C–H opb(12),CCC obp(11)
54 A′ 516w 514vs 643 517 Ring 1 asy def(31), C–C str(25)
55 A′ 502w 502ms 622 490 t Ring 2(36), t Ring 1(22)
56 A′′ 488w 602 473 wag C–C(68)
57 A′′ 429w 570 428 wag C–O(58) CCC ipb(20)
58 A′′ 412w 416w 555 419 wag C–O(58) CCC ipb(18)
59 A′′ 355w 541 358 C–COOH ipb(54), CCC ipb(10)
60 A′′ 290w 502 278 CH2 (twisting) (61)
61 A′′ 257w 489 260 tRsym(56)
62 A′′ 180w 455 174 C–COOH opb(48), CCC opb(18)
63 A′′ 358 148 tRsym(56)tRtrig(20)
64 A′′ 298 72 tRaym(55)tRtrig(20)
65 A′′ 256 37 tRasym(56)tRsym(20)
66 A′′ 180 53 Butterfly(71)

Abbreviations used R: ring; ss: symmetric stretching; b: bending; d: deformation; asy: asymmetric; waging; t: torsion; trig: trigonal; �: stretching, ipb-in-plane bending,
opb-out-of-plane bending.

a Taken from Ref. [7].



6 ica Ac

l
i
t
a
a
R
t
b
s
t
R
a
p
a
a
s
s
e

d
w
i
1
t
t
w
t
s
m
p
i
t

m
t
a
a
i
T
a
1
B
t
(

2

i
g
T
k
C
b
t
o
n
e
g
I
s
n
∼
i
e

18 E. Kavitha et al. / Spectrochim

The C–H stretching vibrations of the methylene group is at
ower frequencies than those of the aromatic C–H ring stretch-
ng. The asymmetric CH2 stretching vibration generally observed in
he region 3000–2900 cm−1, while the CH2 symmetric stretch will
ppear between 2900 and 2800 cm−1 [26,27]. The CH2 asymmetric
nd symmetric stretching vibrations are observed in FT-IR and FT-
aman spectrum as a weak intensity bands as seen in Table 3 for our
itle molecule. The band 2949 cm−1 in FT-Raman spectrum and the
and at 2912 cm−1 in FT-IR are assigned to CH2 asymmetric and
ymmetric stretching vibration. However, in view of our results,
he assignment of CH2 asymmetric stretching band, suggested in
ef. [7] should be corrected (The FT-Raman band at 3073 cm−1 was
ssigned to a asymmetric stretching of CH2). The theoretically com-
uted anharmonic wavenumbers by B3LYP/6-311+G(d,p) method
t 2948 and 2918 cm−1(mode nos. 9 and 10) are assigned to CH2
symmetric and symmetric stretching vibrations for C18H2 unit as
hown in Table 3. The PED corresponding to both (asymmetric and
ymmetric) type of vibrations show as a pure mode of 98% as it is
vident from Table 3.

In the present assignment the CH2 bending modes follow, in
ecreasing wavenumber, the general order CH2 deformation > CH2
agging > CH2 twist > CH2 rock. Since the bending modes involv-

ng hydrogen atom attached to the central carbon falls into the
450–875 cm−1 range, there is extensive vibrational coupling of
hese modes with CH2 deformations particularly with the CH2
wist. It is notable that both CH2 scissoring and CH2 rocking modes
ere sensitive to the molecular confirmation. For cyclohexane,

he CH2 scissoring mode has been assigned to the medium inten-
ity IR band at about 1450 cm−1 was assigned to CH2 scissoring
ode [28]. In our title molecule the anharmonic frequency com-

uted by B3LYP/6-311+G(d,p) method at 1435 cm−1 (mode no. 17)
s assigned to CH2 scissoring. The calculated PED corresponding to
his mode show that this mode is a pure mode with 95%.

The CH2 wagging vibrations computed by B3LYP/6-311+G(d,p)
ethod at 1364 cm−1(mode no. 20). The PED corresponding to

his modes is only 20%. The CH2 twisting vibrations are observed
s a weak band in FT-Raman spectrum at 1189 cm−1. The PED
nalysis identifies the CH2 twisting vibration combined with C–H
n-plane bending and C–C stretching vibrations as evident from
able 3. The PED corresponding to this mode is 34%. The computed
nharmonic wavenumber for this mode falls within the range of
187 cm−1(mode no. 27). The CH2 rocking vibrations computed by
3LYP method show good agreement with experimental observa-
ions. The PED corresponds to the CH2 rocking vibration is ∼20%
mode nos. 38–39).

.4.3. COOH vibrations
Carboxylic acid dimer is formed by strong hydrogen bonding

n the solid and liquid state. Vibrational analysis of carboxylic acid
roup is made on the basis of carbonyl group and hydroxyl group.
he C O stretch of carboxylic acids is identical to the C O stretch in
etones, which is expected in the region 1740–1660 cm−1 [29]. The

O bond formed by P�–P� between C and O, internal hydrogen
onding reduces the frequencies of the C O stretching absorption
o a greater degree than does intermolecular H bonding because
f the different electro-negativities of C and O, the bonding are
ot equally distributed between the two atoms. The lone pair of
lectrons on oxygen also determines the nature of the carbonyl
roups. In our present study a very strong band observed in FT-
R spectrum at 1696 cm−1 is assigned to C O stretching vibrations

how moderate agreement with B3LYP value at 1723 cm−1 (mode
o. 11). The B3LYP predicted value show a small deviation of about
27 cm−1with FT-IR data. But the PED corresponds to this vibration

s 84%. The harmonic wavenumber predicted at 1667 cm−1 show
xcellent agreement with experimental data.
ta Part A 77 (2010) 612–619

The free hydroxyl group absorbs strongly in the region
3700–3584 cm−1, whereas the existence of intermolecular hydro-
gen bond formation can lower the O–H stretching frequency in
the range 3500–3200 cm−1 with increase in intensity and breadth
[30,31]. In the hydrogen-bonded dimer, the O–H stretching band of
the COOH group in the IR spectrum centers around 3000 cm−1 and
it is superimposed on the C–H stretching bands [32]. In our earlier
study of ferulic acid [33] in the condensed state is characterized
by a strongly bonded O–H group (O–H· · ·O = 2.09 Å) with a broad
O–H stretching band near 3000 cm−1, which is superimposed on
the C–H stretching bands. The broad wings of the O–H stretching
band can be seen on either side of the C–H bands. The stretch-
ing vibrational wavenumber of free O–H is practically unchanged,
while that of the bound O–H is red shifted. The red shift of the
O–H stretching wavenumber is due to the formation of strong
O–H· · ·O hydrogen bonds by hyperconjucation between carbonyl
oxygen lone electron pairs and �*O–H antibonding orbitals. This is
due to the increase of electron density occurring at �*C O and the
antibonding orbitals �* and the �*O–H. Consequently, these bonds
become weaker and are elongated, and the respective stretching
vibrational wavenumbers are red shifted [34]. Similarly in our case
also the theoretical calculations of monomer predict the anhar-
monic wavenumber at 3534 cm−1 (mode no. 1) by B3LYP method
is assigned to O–H stretching vibration, however the recorded FT-
IR broad band at 3425 cm−1 show deviation about ∼100 cm−1 is
assigned to O–H stretching vibration this may be due to presence
of strong hydrogen bonding in the COOH group. The present assign-
ment agree very well with the values available in literature [35–37],
the PED corresponds to this vibrations is exactly pure one con-
tributing to 100%. The C–COOH in-plane and out-of-plane bending
vibration computed value is in good agreement with experimental
observations.

2.4.4. C–C vibrations
Naphthalene ring stretching vibrations are expected in the

region 1620–1390 cm−1. Naphthalene ring vibrations are found to
make a major contribution in the IR and Raman spectra [38,39],
the frequency observed in FT-IR spectrum at 1631, 1597, 1385,
1346, 1291 cm−1 and 1624, 1602, 1584, 1362 cm−1 have been
assigned to C–C stretching vibrations. The theoretically predicted
anharmonic frequencies at 1622–1279 cm−1(mode nos. 12–14 and
20–22) by B3LYP/6-311+G(d,p) method show excellent agreement
with experimental data. These vibrations are mixed up with C–H in-
plane-bending vibrations as shown in Table 3. The PED corresponds
to this vibrations is a mixed modes as evident from Table 3.

2.4.5. C–COOH vibrations
In p-chlorobenzoic acid, the band at 1175 cm−1 in FT-IR gas

phase spectrum and medium absorption band at 1186 cm−1 in
FT-Raman spectrum corresponds to C–COOH stretching vibration
[40]. In our previous study of naphthoic acid [6], the band pre-
dicted at 1189 cm−1 by B3LYP method was assigned to C–COOH
stretching vibration which is coupled with C–H in-plane-bending
vibrations. In our present study the anharmonic frequency pre-
dicted at 870 cm−1 by B3LYP/6-311+G(d,p) method is assigned to
C–COOH stretching vibration which is in exact correlation with
recorded FT-IR value at 856 cm−1 (mode no. 41). The predicted
value of 870 cm−1 show deviation ∼299 cm−1 from literature value
may be due to mixing of this vibration with CH2 rocking vibra-
tion. The vibrational mode nos. 59 and 62 by B3LYP method at 358

and 174 cm−1 are assigned to C–COOH in-plane bending and out-
of-plane bending vibrations show good agreement with recorded
FT-Raman spectral data at 355 and 180 cm−1 respectively as well
as literature data [41]. The PED of these modes are mixed one as it
is shown in Table 3.
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ig. 2. The atomic orbital compositions of the frontier molecular orbital for NAA.

.5. HOMO, LUMO analysis

Both the highest occupied molecular orbital (HOMO) and low-
st unoccupied molecular orbital (LUMO) are the main orbital take
art in chemical stability [41]. The HOMO represents the ability
o donate an electron, LUMO as an electron acceptor represents
he ability to obtain an electron. The HOMO and LUMO energy
alculated by B3LYP/6-311+G(d,p) method as shown below. This
lectronic absorption corresponds to the transition from the ground
o the first excited state and is mainly described by one electron
xcitation from the highest occupied molecular orbital (HOMO) to
he lowest unoccupied molecular orbital (LUMO).

The HOMO is located over the acid group, the HOMO → LUMO
ransition implies an electron density transfer to ring from acid
roup. Moreover, these orbital significantly overlap in their position
or NAA. The atomic orbital compositions of the frontier molecular
rbital are sketched in Fig. 2.

OMO energy (B3LYP) = 5.9364 eV

UMO energy (B3LYP) = 1.8580 eV

OMO–LUMO energy gap (B3LYP) = 4.0784 eV

The calculated self-consistent field (SCF) energy of NAA is
631.927448 a.u. The HOMO and LUMO energy gap explains the
ventual charge transfer interactions taking place within the
olecule.
. Conclusions

Anharmonic vibrational analysis has been made in the present
ork for proper frequency assignments for naphthalene acetic acid.

[

[

[
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The equilibrium geometries of NAA have been determined and
compared with X-ray crystal data. Anharmonic frequencies of NAA
were determined and analyzed by DFT level of theory utilizing 6-
311+G(d,p) basis set. Good agreement between the calculated and
experimental spectra was obtained. The DFT/B3LYP/6-311+G(d,p)
spectrum showed better agreement with experimental spec-
trum. However, the difference between the observed and scaled
wavenumber values of O–H fundamental is very large, due to the
fact that the presence of the intermolecular hydrogen bonds. The
detailed anharmonic frequencies assignment of NAA, presented
in this work has clarified several ambiguities in the previously
reported investigation of the experimental spectra. NBO result
reflects the charge transfer mainly due to O–H and N–H group.
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