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Molecular structure, spectroscopic (FTIR, FTIR
gas phase, FT-Raman) first-order
hyperpolarizability and HOMO–LUMO analysis
of 4-methoxy-2-methyl benzoic acid
C. Meganathan,a S. Sebastian,b M. Kurt,c Keun Woo Leea

and N. Sundaraganesanb∗

Vibrational spectral analysis was carried out for 4-methoxy-2-methyl benzoic acid (4M2MBA) by using Fourier transform infrared
(FT-IR) (solid, gas phase) and FT-Raman spectroscopy in the range of 400–4000 and 10–3500 cm−1 respectively. The effects of
molecular association through O–H· · ·O hydrogen bonding have been described by the single dimer structure. The theoretical
computational density functional theory (DFT) and Hatree-Fock (HF) method were performed at 6–311++G(d,p) levels to
derive the equilibrium geometry, vibrational wavenumbers, infrared intensities and Raman scattering activities. The scaled
theoretical wavenumbers were also shown to be in good agreement with experimental data. The first-order hyperpolarizability
(β0) of this novel molecular system and related properties (β, α0 and �α) of 4M2MBA are calculated using the B3LYP/cc-pvdz
basis set, based on the finite-field approach. A detailed interpretation of the infrared and Raman spectra of 4M2MBA is reported.
The theoretical spectrograms for FT-IR and FT-Raman spectra of the title molecule were also constructed and compared with
the experimental one. Copyright c© 2010 John Wiley & Sons, Ltd.

Supporting information may be found in the online version of this article.
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Introduction

The derivatives of benzoic acids are biologically active substances
and are constituents of vitamin B-complex.[1] They are also
essential organic compound constituents of lenticular pigments
present in the eye lenses of humans and in certain diurnal
animals.[2] Benzoic acid is widely found in plants and animals
and is used in miticides, as contrast media in urology, for
cholocystrographic examination and in the manufacture of
pharmaceuticals. It also finds application in dyes, in curing tobacco,
in preserving fruit juices, in many esters, as a mordant in cloth
printing and as a reference standard in volumetric analysis. Benzoic
acid derivatives are used in medicine as a protective drug against
UV radiation in the diagnosis of gastrointestinal disorders and
therapeutically in fibrotic skin disorders.[3]

Benzoic acid derivatives play a useful role in mosquito control
by maintaining the vector population at a minimum level.[4]

Some of the benzoic acid derivatives find use as intermediate
compounds for a continuous spectrometric assay of conjugated
bile acid hydrolase.[5] Benzoic acid is used as an antifungal agent
for superficial fungus infection of skin. Together with salicylic acids
in ointments, it is also used for the treatment of ring worm in dogs
and other species.[6]

Para-chlorobenzoic acid, one of the fastest reacting and higher
melting acids, and organic materials such as 4-aminobenzoic acid
possess excellent UV ray absorption ability and they have been
used as sun care products.[7] Because of their wide applications, the
surface-enhanced Raman scattering studies,[8] vibrational spectra

of benzoic acid[9] and nitro derivatives have been extensively
investigated. Verma et al.[10] studied the infrared absorption
spectrum of m-fluorobenzoic acid with the help of nujol mull in the
region of 250–4000 cm−1. The assignments of the fundamentals
were proposed for this compound by assuming the Cs symmetry.
The Stokes as well as anti-Stokes laser Raman spectra of 2,3,5-
tri-iodobenzoic acid[11] have been recorded in the region of
150–4000 cm−1. Fourier transform infrared (FT-IR) spectra of the
above-mentioned compound have also been recorded in the solid
phase as well as liquid phase in the region of 400–4000 cm−1.
The vibrational analysis has been carried out by assuming Cs point
group symmetry.

Rastogi et al.[12] recorded and studied the infrared absorption
spectra of 2-chloro-5-nitrobenzoic and 3,5-dinitrobenzoic acids
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in the solid phase in the region of 200–4000 cm−1. The
spectra have been analysed assuming Cs point group symmetry
and observed fundamentals have been assigned to different
normal modes of vibrations. Ahamed et al.[13] recorded the
laser Raman and FT-IR spectra of 3,5-dinitrobenzoic acid in the
regions of 250–4000 and 50–4000 cm−1 respectively. Recently,
we[14] have investigated the structure, harmonic wavenumbers
and vibrational mode assignments for 2-chlorobenzoic acid
monomer using HF and density functional theory (DFT) methods
employing the 6-311++G(d,p) basis set. A literature survey
reveals that to the best of our knowledge no ab initio HF/DFT
wavenumber and structural parameter calculation of 4-methoxy-2-
methylbenzoic acid (4M2MBA) has been reported so far. Therefore,
the present investigation was undertaken to study the vibrational
spectra, highest occupied molecular orbital (HOMO), lowest
unoccupied molecular orbital (LUMO) analysis and first-order
hyperpolarizability of this non linear optics (NLO) active molecule
completely and to identify the various normal modes with greater
wavenumber accuracy.

Experimental

The compound 4M2MBA in the solid form was purchased
from Sigma–Aldrich Chemical Company (USA), with a stated
purity of greater than 98% and it was used as such without
further purification. The FT-Raman spectrum of 4M2MBA has
been recorded using the 1064-nm line of an Nd : YAG laser
as excitation wavelength in the region of 10–3500 cm−1 on a
Brucker model IFS 66V spectrophotometer equipped with an FRA
106 FT-Raman module accessory. The FT-IR gas-phase spectrum
was also recorded by gas chromatography coupled to an FT-IR
instrument (Brucker, vector). The FT-IR spectrum of this compound
was recorded in the range of 400–4000 cm−1 on an IFS 66 V
spectrophotometer using the KBr pellet technique. The spectrum
was recorded at room temperature, with a scanning speed of
10 cm−1 min−1 and a spectral resolution of 2.0 cm−1. The observed
experimental FT-IR (solid and gas) and FT-Raman spectra along
with the theoretical spectra are shown in Figs 1–4. The spectral
measurements were carried out at the Central Electrochemical
Research Institute (CECRI), Karaikudy, Tamil Nadu, India.
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Figure 1. FT-IR (solid phase) spectrum of 4-methoxy-2-methylbenzoic acid.
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Figure 2. FT-IR (gas phase) spectrum of 4-methoxy-2-methylbenzoic acid.

Computational Details

The first task of the computational work was to determine the
optimized geometry of the compound. Both the geometry opti-
mizations and wavenumber calculations for 4M2MBA monomer
and dimer were carried out using both ab initio HF and the hybrid
density functional B3LYP (Becke–Lee–Young–Parr composite of
exchange correlation) functional with the 6-311++G(d,p) basis
set, using the Gaussian 03 W[15] program package, invoking gradi-
ent geometry optimization.[16] Geometries of the model 4M2MBA
have been first optimized with full relaxation on the potential
energy surfaces at the HF/6-31G(d,p) level and the resultant ge-
ometries have been used as inputs for further calculations at the
DFT(B3LYP) level. Polarization functions have been added for the
better treatment of the methoxy, methyl and carboxyl groups.
Analytic frequency calculations at the optimized geometry were
done to conform the optimized structure to be an energy minimum
and to obtain the theoretical vibrational spectra. The total energy
distribution (TED) was calculated by using the scaled quantum
mechanics (SQM) program[17,18] and the fundamental vibrational
modes were characterized by their TED.

Prediction of Raman intensities and hyperpolarizability

The Raman activities (Si), calculated with the Gaussian 03
program,[15] were converted to relative Raman intensities (Ii) using
the following relationship derived from the intensity theory of
Raman scattering.[19,20]

Ii = f (vo − vi)
4Si

vi[1 − exp(−hcvi/kt)]
(1)

where νo is the exciting wavenumber in cm−1, ν i the vibrational
wavenumber of the ith normal mode, h, c and k are fundamental
constants and f is a suitably chosen common normalization factor
for all peak intensities. For simulation, calculated FT-Raman spectra
have been plotted using pure Lorentizian band shape with a
bandwidth (FWHM) of 10 cm−1, as shown in Fig. 4.

The first hyperpolarizability (β0) of this novel molecular system
and related properties (β , α0 and �α) of 4M2MBA are calculated
using the CC/PVDZ/6-31G(d,p) basis set, based on the finite-field
approach. In the presence of an applied electric field, the energy of
a system is a function of the electric field. First, hyperpolarizability
is a third-rank tensor that can be described by a 3×3×3 matrix. The

wileyonlinelibrary.com/journal/jrs Copyright c© 2010 John Wiley & Sons, Ltd. J. Raman Spectrosc. 2010, 41, 1369–1378
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Figure 3. Comparison of observed and computed FT-IR spectrum of 4-
methoxy-2-methylbenzoic acid.

27 components of the 3D matrix can be reduced to 10 components
due to the Kleinman symmetry.[21] It can be given in the lower
tetrahedral format. It is obvious that the lower part of the 3 × 3 × 3
matrixes is a tetrahedral. The components of β are defined as the
coefficients in the Taylor series expansion of the energy in the
external electric field. When the external electric field is weak and
homogeneous, the expansion becomes

E = E0 − µαFα − 1/2ααβ FαFβ − 1/6βαβγ FαFβ Fγ + · · · (2)

where E0 is the energy of the unperturbed molecules, Fα is the
field at the origin and µα , ααβ and βαβγ are the components of
dipole moment, polarizability and the first hyperpolarizabilities
respectively. The total static dipole moment µ, the mean
polarizability α0, the anisotropy of the polarizability �α and the
mean first hyperpolarizability β0, using the x, y, z components, are
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Figure 4. Comparison of observed and computed FT-Raman spectrum of
4-methoxy-2-methylbenzoic acid.

defined as

µ = (µ2
x + µ2

y + µ2
z)1/2 (3)

α0 = αxx + αyy + αzz

3
(4)

α = 2−1/2[(αxx − αyy)2 + (αyy − αzz)2 + (αzz − αxx)2

+ 6α2xx]1/2 (5)

β0 = (β2
x + β2

y + β2
z)1/2 (6)

and

βx = βxxx + βxyy + βxzz (7)

βy = βyyy + βxxy + βyzz (8)

βz = βzzz + βxxz + βyyz (9)

The total molecular dipole moment and mean first hyperpo-
larizability of 4M2MBA are 2.925 Debye and 1.5 × 10−30 esu
respectively, as shown in Table S1 (Supporting Information). The
total molecular dipole moment (µ) and mean first hyperpolariz-
ability (β) are given directly as 2.9215 Debye and 1.5 × 10−30 esu
respectively, as shown in Table S1 (Supporting Information). The
total dipole moment of the title molecule is approximately two
times greater than that of urea and the first hyperpolarizability of
title molecule is four times greater than that of urea (µ and β of
urea are 1.3732 Debye and 0.3728 × 10−30 esu obtained by the
HF/6-31G(d,p) method).

Results and Discussions

Molecular geometry

The numbering of atoms for monomer and dimer is given in
Fig. 5(a) and (b). The optimized geometrical parameter bond
lengths and bond angles by ab initio HF, DFT/B3LYP with
6-311++G(d,p) as the basis set are listed in Table S2 (Supporting
Information). As the crystal structure of the exact title compound is
not available as yet, the optimized structure can only be compared

J. Raman Spectrosc. 2010, 41, 1369–1378 Copyright c© 2010 John Wiley & Sons, Ltd. wileyonlinelibrary.com/journal/jrs
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(a)

(b)

Figure 5. (a) Atom numbering system adopted in this study for 4-methoxy-2-methylbenzoic acid; (b) dimer structure of 4-methoxy-2-methylbenzoic
acid.

with other similar systems for which the crystal structures have
been solved, e.g. 2,6-dimethoxy benzoic acid.[22] As seen from
Table S2 (Supporting Information), most of the optimized bond
lengths are slightly longer than the experimental values, and
the bond angles are slightly different from experimental ones
because the molecular states are different during experimental
and theoretical processes. One isolated molecule is considered
in the gas phase during theoretical calculation, while many
packing molecules are treated in the condensed phase during
the experimental measurements.

In the title molecule studied here, the introduction of three
substituent groups on the benzene ring causes some changes
in the ring C–C bond distances and also in the position of the
substituents in the benzene ring. Also, its electron donor/acceptor
capabilities play a very important role in shaping the structural
and electronic properties of the molecules. The methyl groups are
referred to as electron-donating substituents in the aromatic ring
system. The methyl group shares its loan pair electrons with the p
electrons in a ring and the methyl group interacts with the nearby
π systems. The methyl and phenoxy groups may produce intra-
molecular interactions with carboxylic acid and the H atom in the

meta position. This interaction can affect the regular hexagonal
structure, as is evident from calculated bond angles shown in Table
S2 (Supporting Information), i.e. C2–C1–C6 and C3–C4–C5 are
119.08◦ and 119.66◦; the same effect is also observed on the other
side of the ring, as shown in Table S2 (Supporting Information).

The C–C bond distances vary by 0.01 Å in the most extreme
cases within the same method of calculations. Thus, e.g. the
shortest C–C bond of 1.381 Å was calculated by using the
HF/6-311++G(d,p) method, whereas the longest C–C bond was
calculated as 1.421 Å by using the B3LYP/6-311++G(d,p) method.
These values are in good agreement with the data obtained
for substituted benzenes.[23] For example, in nicotinic acid, the
shortest C–C bond was 1.383 Å, while the longest was 1.406 Å. In
the carboxylic group, the calculated value Caro –C19 is in the region
of 1.486 Å by the HF/6-311++G(d,p) method and 1.484 Å by the
B3LYP/6-311++G (d,p) method, which are in excellent agreement
with the experimental value of 1.485 Å. The C19 –O20 bond length
calculated at 1.213 Å by the B3LYP/6-311++G(d,p) method is
in good agreement with the literature structural data.[24 – 26] The
calculated C19 –O21 bond distance in 4M2MBA is characteristic of
the C–O (H) bond length, which is not involved in the hydrogen-

wileyonlinelibrary.com/journal/jrs Copyright c© 2010 John Wiley & Sons, Ltd. J. Raman Spectrosc. 2010, 41, 1369–1378
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bonding system and has a value in the range of 1.329–1.360 ´Å by
both methods.

Although theoretical results are not exactly close to the
experimental values for the compound, it is generally accepted
that bond lengths and bond angles depend on the method and
the basis set used in the calculations; the calculated geometric
parameters also represent good approximations and can be
used as a foundation to calculate the other parameters for the
compounds.

Hydrogen bonding

The structures show the presence of inter-molecular hydrogen
bond interaction in 4M2MBA, as shown in Fig. 5(b). In our present
study, the hydrogen bond analysis has been carried out by the
B3LYP/6-311++G(d,p) method, as shown in Table S2 (Supporting
Information). The weak hydrogen bond type of interaction
between O21· · ·H22–O35 and O33–H34· · ·O20 is observed and
the distance between O21· · ·O35 and 033· · ·O20 is about 3.055
and 3.066 Å respectively; the above are well within the range of
<3.0 Å for hydrogen interaction.[27] The other parameters, i.e the
bond angles between the hydrogen bonding are also shown in
Table S2 (Supporting Information).

Vibrational analysis

The molecule 4-methoxy-2-methylbenzoic acid is a trisubstituted
aromatic system. The vibrational bands observed in the infrared
region are very sharp, broad and less intense. According to the
theoretical calculations, the 4M2MBA possesses a planar structure
of Cs point group symmetry. In this point group, two types of
vibrations occur, namely symmetric (A/) and antisymmetric (A//).
All the 60 fundamental vibrations are active in both IR absorption
and Raman scattering.

The observed and calculated vibrational wavenumbers using
HF and DFT(B3LYP/6-311++G(d,p), along with their relative
intensities and Raman scattering activities, are given in Table 1.
In the last column, a detailed description of the normal modes
based on the TED is given. Furthermore, none of the predicted
vibrational spectra have any imaginary wavenumber, implying
that the optimized geometry is located at the local lowest point
on the potential energy surface. We know that ab initio HF
and DFT potentials systematically overestimate the vibrational
wavenumbers. These discrepancies are corrected by computing
anharmonic corrections explicitly, by introducing a scaled field[28]

or directly scaling the calculated wavenumbers with the proper
factor.[29] Considering systematic errors with scaling factors of 0.96
and 0.89, we calibrated the vibrational wavenumbers calculated
by the B3LYP and HF methods. After scaling with a scaling factor,
the deviation from the experiments was less than 10 cm−1, with
few exceptions.

C–H vibrations

The heteroaromatic structure shows the presence of C–H
stretching vibration in the region of 3100–3000 cm−1, which
is the characteristic region for the ready identification of C–H
stretching vibration.[30,31] In this region, the bands are not affected
appreciably by the nature of the substituent. As the 4M2MBA is
a trisubstituted aromatic system, it has one isolated and two
adjacent C–H moieties. The three expected C–H stretching
vibrations correspond to stretching modes of C3 –H, C5 –H

and C6 –H units. Hence, in our present work, the FT-Raman
band observed at 3077 cm−1 is assigned to a C–H stretching
vibration. The scaled vibration (mode nos: 59–57) by the B3LYP/6-
311++G(d,p) method predicted at 3106, 3091 and 3080 cm−1

shows very good agreement with recorded spectral data. The HF
level after scaling down gives wavenumber values of 3072, 3057
and 3046 cm−1, and mode numbers 54–57 (Table 1) are assigned
to the C–H stretching vibration. As expected, these modes are
pure stretching modes as evident from the TED column; they
contribute l00%.

The in-plane aromatic C–H bending vibration occurs in the
region of 1300–1000 cm−1; the bands are sharp but have weak-to-
medium intensity. The C–H in-plane bending vibration computed
at 1270, 1229 and 1175 cm−1 (mode nos: 37–35) by the B3LYP
method shows excellent agreement with FT-IR bands at 1251,
1248 and 1199 cm−1 in the FT-Raman and 1249 cm−1 in the FT-IR
gas phase.

The bands observed at 853 and 775 cm−1 in FT-IR (gas phase)
and 869, 834 and 774 cm−1 in FT-IR solid phase are assigned to
C–H out-of-plane bending vibrations for 4M2MBA. This also shows
good agreement with theoretically scaled harmonic wavenumber
values at 851, 801 and 759 cm−1 by the B3LYP method.

O–CH3 group vibrations

The C–H stretching vibrations in the methoxy group of bands
observed in FT-IR (solid phase) at 2977, 2828, 2838 cm−1 and
2853 cm−1 in FTIR (gas phase) and FT-Raman values at 2971, 2929
and 2838 cm−1 are assigned to C–H asymmetric and symmetric
stretching vibrations. The TED corresponding to these vibrations
contributes 100% without any contribution from other vibrations,
as shown in Table 1. The theoretically scaled values (mode nos:
51–53) are also in good agreement with the experimental
values. The theoretically predicted value of 1454 cm−1 by the
B3LYP/6-311++G(d,p) method (mode no: 46) is assigned to
the CH3 deformation mode and is in good agreement with
the experimental value of 1455 cm−1 in FTIR (solid phase) and
1461 cm−1 in FTIR (gas phase). The calculated TED for the CH3

deformation is only 63% and this mode is combined with other
vibrations, as shown in Table 1. The very strong band at 1129 cm−1

in FTIR (gas phase) assigned as CH3 twisting vibration is in
excellent agreement with the theoretically calculated value by
the B3LYP/6-311++G(d,p) method at 1127 cm−1 (mode no: 32).
The vibrational wavenumbers at 235 and 143 cm−1 in FT-Raman
are assigned to the CH3 in-plane bending vibration and the out-of-
plane bending vibration respectively. The O–CH3 vibration mode
is assigned at ∼1040 cm−1 for anisole[32] and in the region of
1000–1100 cm−1 for anisole and its derivatives.[33 – 36] This mode
is assigned at 1026, 909 and 995 cm−1 for o-, m- and p-methoxy
benzaldehydes, respectively. In our case, the O–CH3 stretching
mode is assigned to a weak FT-IR band at 1050 cm−1 (solid
phase) and at 1044 cm−1 FT-IR band (gas phase). The theoretically
computed value at 1062 cm−1 (mode no: 30) coincides with the
experimental results. The C–O–CH3 angle bending mode has been
assigned close to 300 cm−1 for anisole by Owen and Hester[37] and
at 421 cm−1 for p-methoxy benzaldehyde by Campaqnaro and
Wood.[38] Rao et al.[33 – 36] have proposed an assignment for this
mode in the region of 300–670 cm−1 for anisole and its derivatives.
As this mode lies in the region of the ring planar C–C–C angle
bending modes, a strong mixing amongst these two modes and
other planar modes is expected. Singh and Yadav[39] assigned the
C–O–CH3 angle bending mode at 341, 382 and 430 cm−1 for the

J. Raman Spectrosc. 2010, 41, 1369–1378 Copyright c© 2010 John Wiley & Sons, Ltd. wileyonlinelibrary.com/journal/jrs
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o-, m- and p-methoxy benzaldehydes, respectively. In accordance
with above conclusion, we have assigned the theoretically
predicted value by the B3LYP/6-311++G(d,p) method at 348 cm−1

(mode no: 11) as the C–O–CH3 angle bending mode, which
coincides with the band at 344 cm−1 observed in the FT-Raman
spectrum. The torsional mode of the O–CH3 group was observed
for anisole at 100 cm−1 by some workers.[40 – 42] Balafour[32]

assigned this mode at 82 cm−1, and Lakshmaiah and Rao[34]

calculated this mode to be at 58 cm−1 for anisole. This mode at
54 cm−1 in FT-Raman is assigned to the O–CH3 torsional mode in
our title molecule.

Methyl group vibrations

The title molecule 4M2MBA possesses one CH3 group in the
second position. For the assignments of CH3 group wavenumbers,
one can expect that the nine fundamentals can be associated with
each CH3 group, namely the symmetrical stretching in CH3 (CH3

sym. stretching); asymmetrical stretching (i.e. in-plane hydrogen
stretching mode); the symmetrical (CH3 sym. deformation) and
asymmetrical (CH3 asy. deformation) deformation modes; the in-
plane rocking (CH3 ipr), out-of-plane rocking (CH3 opr) and twisting
t(CH3) bending modes.

The C–H stretching mode in CH3 occurs at lower wavenumbers
than those of the aromatic ring (3000–3100 cm−1). The asymmet-
ric C-H stretching mode of the CH3 group is expected in the region
of 2980 cm−1 and the symmetric[43 – 46] one is expected in the re-
gion of 2870 cm−1. For 2-methylpridine, the CH3 stretching mode is
at approximately 3000–2900 cm−1, the in-plane deformations are
at 1450–1370 cm−1 and the rocking mode is at1 1040–900 cm−1.
In case of 2-flouro-5-methylbenzonitrile, the CH3 stretching is at
approximately 3000–2890 cm−1, the in-plane deformation is at
1430–1380 cm−1 and the rocking mode is at 1020–980 cm−1.[2]

In accordance with the above conclusion, the theoretically pre-
dicted asymmetric and symmetric stretching vibrations in CH3

are at 3035, 3011 and 3002 cm−1 by the B3LYP/6-311++G(d,p)
method (mode nos: 56–54). The FT-IR band at 3006 cm−1 repre-
sents the asymmetric CH3 stretching vibration. The counterpart
in FT-Raman is at 3007 cm−1. As expected, these three modes are
pure stretching modes as is evident from the TED column; they
contribute l00%.

For the methylsubstituted benzene derivatives, the asym-
metric and symmetric deformation vibrations of the methyl
group normally appear in the region of 1465–1440 cm−1 and
1390–1370 cm−1 respectively.[1 – 3] The wavenumbers of the
modes involving the CH3 deformation vibrations agree with the
commonly accepted region of these vibrations.[46,47] According
to the work by Long and Jeorge[48] on 4-methyl pyridine, the
wavenumbers at 1041 and 974 cm−1 in the FT-Raman spectrum
are assigned to the rocking modes of CH3. The rocking vibrations
of the CH3 group in 4M2MBA appear as independent vibrations.
These modes usually appear[31] in the region of 1070–1010 cm−1.
The weak band in FT-IR (gas phase) at 931 and a weak band at
926 cm−1 in the FT-Raman spectrumare are attributed to the CH3

rocking mode. The theoretically calculated value by the B3LYP/6-
311++G(d,p) method at 948 cm−1 shows excellent agreement
with the experimental observation. As the CH3 torsional mode
is expected to be below 400 cm−1, the computed bands at 69
and 100 cm−1 are assigned to this mode; for the same vibration,
the FT-Raman spectral measurements show a very weak band at
54 cm−1.

C–C vibrations

The ring C–C stretching vibrations occur in the region of
1625–1430 cm−1. In general, the bands are of variable inten-
sity and are observed at 1625–1590, 1590–1575, 1540–1470,
1465–1430 and 1380–1280 cm−1 from the wavenumber ranges
given by Varsanyi[43] for the five bands in this region. In the present
work, the wavenumbers observed in the FTIR spectrum at 1610,
1568 and 1507 cm−1 have been assigned to C C stretching vibra-
tions. The C C corresponding vibrations appear in the FT-Raman
spectrum at 1612, 1573 and 1502 cm−1. The same vibrations are
observed in the FT-IR gas phase spectrum at 1602 and 1503 cm−1.
The theoretically computed values at 1590, 1543 and 1473 cm−1

show an excellent agreement with experimental data by the
B3LYP/6-311++G(d,p) method (mode nos: 49–47). The TED, cor-
responding to all C–C vibrations, lies between 30 and 65%, as
shown in Table 1, with a combination of C–H in-plane bending in
this region. The very strong band at 726 cm−1 is observed in the FT-
Raman spectrum of 4M2MBA corresponding to the ring-breathing
vibration. The theoretically predicted ring-breathing vibration at
720 cm−1 by the B3LYP/6-311++G(d,p) method and at 730 cm−1

by the HF/6-311++G(d,p) (mode no: 21) coincide with the ex-
perimental observation. The TED contribution for this vibration is
43%. The in-plane deformation vibration is at higher wavenum-
bers than the out-of-plane vibrations. Shimanouchi et al.[40] gave
the wavenumber data for these vibrations for different benzene
derivatives as a result of normal coordinate analysis. The bands ob-
served at 694 and 669 cm−1 are assigned to C–C–C deformation
vibrations of the phenyl ring. The theoretically computed values
at 699, 684, 585, 542 and 442 cm−1 by the B3LYP/6-311++G(d,p)
(mode nos: 20–18, 15, 13) method are in excellent agreement with
the experimental data. The TED contribution for this mode is a
mixed mode, as is evident from Table 1.

COOH vibrations

The O–H group in acid gives rise to three vibrations (stretching,
in-plane and out-of-plane bending vibrations). The O–H group
vibrations are likely to be the most sensitive to the environment,
hence they show pronounced shifts in the spectra of the hydrogen-
bonded species. The O–H stretching band is characterized by
a very broad band appearing approximately at 3400 cm−1.
The broad-shoulder band observed at 3354 cm−1 in the FTIR
solid phase has its origin in the O–H stretching vibration.
However, the calculated wavenumber shows a positive deviation
of about 284 cm−1 by the B3LYP/6-311++G(d,p) method when
compared with our experimental data, which may have been
due to the presence of strong intermolecular hydrogen bonding.
According to TED results, the O–H stretching is a pure mode
contributing 100%. The very strong band appearing at 1750 cm−1

is assigned as the C O stretching vibration in the FTIR gas-phase
spectrum. The theoretically computed value of 1768 cm−1 by
the HF/6-311++G(d,p) method shows very good agreement with
experimental results. According to TED results, the O–H in-plane
and out-of-plane bending vibrations are described as mixed mode
vibrations shown in Table 1. The O–H in-plane bending occurs
between 1440 and 1395 cm−1 and the out-of-plane bending
occurs between 960 and 875 cm−1. Strong bands at 1161 cm−1 in
FT-IR (solid phase), 1178 cm−1 in FTIR (gas phase) and 1163 cm−1

in FT-Raman are assigned as O–H in-plane bending vibrations
and the bands at 576 and 579 cm−1 in FTIR (solid phase) and FT-
Raman, respectively, are assigned as O–H out-of-plane bending
vibrations for the present molecule. The thoretically computed

wileyonlinelibrary.com/journal/jrs Copyright c© 2010 John Wiley & Sons, Ltd. J. Raman Spectrosc. 2010, 41, 1369–1378
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value of 1170 cm−1 (mode no: 34) is in very good agreement
for the O-H in-plane bending vibration and this vibration mixes
with C–C stretching vibrations. The calculated value of the O–H
out-of-plane bending vibration at 575 cm−1 (mode no: 17) is also
in excellent agreement with experimental one and this vibration
also mixes with the C–C–C out-of-plane bending mode. The
present assignments agree very well with the values available in
the literature.[49 – 51]

HOMO, LUMO analysis

Many organic molecules that contain conjugated π electrons
are characterized as hyperpolarizabilities and were analyzed by
means of vibrational spectroscopy.[52,53] In most of the cases, even
in the absence of an inversion center, the strongest bands in the
Raman spectrum are weak in the IR spectrum and vice versa.
The experimental spectroscopic behavior described above is well
accounted for by ab initio calculations in π -conjugated systems
that predict exceptionally large Raman and infrared intensities
for the same normal modes.[53] The normal modes of vibrations
reveal that the relevant modes can be described as in-plane
symmetric stretching vibrations of single C–C bonds, C O bonds
and shrinking of C–C double bonds. These vibrations spread
over the whole π -conjugated path with relevant amplitudes from
almost all the constituent parts of the molecule, which involves
the intramolecular charge transfer from the donor to the acceptor
and gives rise to a large variation of the dipole moment, thus
gaining a strong infrared activity, on the other hand, in the
Raman spectrum. The π -electron cloud movement from donor
to acceptor can make the molecule highly polarized through the
single–double path when it changes from the ground state to the
first excited state. It is also observed in our title molecule that the
bands in the FT-IR spectrum when compared with their Raman
counterparts show that the relative intensities in IR and Raman
spectra result from the electron cloud movement through the
π -conjugated framework from the electron donor to the electron-
acceptor groups. The analysis of the wave function indicates that
the electron absorption corresponds to the transition from the
ground to the first excited state and is mainly described by the
one-electron excitation from the HOMO to the LUMO. The HOMO,
of π nature (i.e. aromatic ring), is delocalized over the whole
C–C bond. By contrast, the LUMO is located over the aromatic
ring; consequently, the HOMO → LUMO transition implies an
electron density transfer to methoxy and carboxylic groups from
the aromatic ring. Moreover, these orbitals significantly overlap in
their position for 4M2MBA. The atomic orbital compositions of the
frontier molecular orbital are sketched in Fig. 6.

The HOMO–LUMO energy gap of 4M2MBA was calculated at the
B3LYP/6-31(d,p) level and it reveals that the energy gap reflects the
chemical activity of the molecule as shown in Table S1 (Supporting
Information). LUMO as an electron acceptor represents the ability
to obtain an electron, while HOMO represents the ability to donate
an electron.

HOMO energy = −0.24845 a.u.

LUMO energy = −0.04830 a.u.

HOMO–LUMO energy gap = −0.20015 a.u.

The calculated self-consistent field (SCF) energy of 4M2MBA is
−574.82999 a.u. Moreover, the lowering in the HOMO and LUMO
energy gap explains the eventual charge transfer interactions that
take place within the molecule.

HOMO PLOT
(Ground state)

LUMO PLOT
(First excited state)

EHOMO = -0.24845  a.u

∆E = -0.20015 a.u

ELUMO = -0.04830  a.u

Figure 6. Atomic orbital compositions of the frontier molecular orbital for
4-methoxy-2-methylbenzoic acid.

Conclusions

This paper presents the experimental and theoretical vibrational
IR and Raman spectra of the title molecule. The FT-IR (gas and solid
phase) and FT-Raman spectra have been recorded in the range
of 400–4000 cm−1 and 10–3500 cm−1, respectively. Because of
the lack of experimental information on the geometric structure
available in the literature, theoretical calculations were compared
with those of a similar molecule. All observed vibrational bands
have been discussed and assigned with the help of TED values
on the basis of our calculations. The molecular geometry at all
the vibrational wavenumbers of 4M2MBA in the ground state
have been calculated by using the HF density functional method
at the B3LYP/6-311G(d,p) level. A complete assignment of the
fundamentals was proposed on the basis of the TED calculations.
Furthermore, the thermodynamic, non-linear optical, first-order
hyperpolarizabilities and total dipole moment properties of the
compound have been calculated in order to get an insight into the
compound. We hope that the results are of assistance in the quest
for experimental and theoretical evidence for the title molecule is
reaction intermediates and for non-linear optical and photo-elastic
materials.
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[52] Y. Atalay, D. Avci, A. Başoǧlu, Struct. Chem. 2008, 19, 239.
[53] T. Vijayakumar, I. Hubert Joe, C. P. R. Nair, V. S. Jayakumar, Chem.

Phys. 2008, 343, 83.

wileyonlinelibrary.com/journal/jrs Copyright c© 2010 John Wiley & Sons, Ltd. J. Raman Spectrosc. 2010, 41, 1369–1378


