
INTRODUCTION

Phenol and its derivatives is the basic
structural unit in a wide variety of synthetic organic
compounds. They also add odour to drinking and
food processing water1 and have mutagenic and
carcinogenic effects2. The origin of phenol in the
environment is both industrial and natural. Phenol
pollution is associated with pulp and paper mills,
coal mines, refineries, wood preservation, plants
and various chemicals industries as well as their
wastewaters3. Due to their high inhibitory and
antibacterial activity, phenols may create problems
in the operation of biological treatment plants4.  4-
methylphenol has found considerable interest as a
chromophore and simple model of the aromatic
amino acid tyrosine5. Proton transfer, electron
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ABSTRACT

The IR and Raman spectra of 4-chloro-3-methylphenol have been recorded and analyzed.
The harmonic vibrational wavenumbers were calculated using Gaussian09 software. Calculations
were performed by HF and DFT levels using the standard 6-31G* basis. The calculated
wavenumbers (DFT) agree well with the observed wavenumbers. The data obtained from vibrational
wavenumber calculations are used to assign vibrational bands found in the IR and Raman spectra
of the title compound. The predicted infrared intensities, Raman activities and first hyperpolarizabilty
are reported.
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transfer and hydrogen transfer are important
processes in clusters of tyrosine. The electronic
ground state of 4-methyphenol has been
investigated by infrared6,7 and Raman
spectroscopy5,8, by stimulated emission of dip
spectroscopy9, and by dispersed fluorescence
spectroscopy10. In the present study the FT-IR, FT-
Raman and theoretical calculations of the
wavenumbers of the title compound are reported.

EXPERIMENTAL

The FT-IR spectrum was recorded using a
DR/Jasco FT-IR 6300 spectrometer. The spectral
resolution was 2 cm-1.  The FT-Raman spectrum was
obtained on a Bruker RFS 100/s, Germany. For
excitation of the spectrum the emission of Nd:YAG
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laser was used, excitation wavelength 1064 nm,
maximal power 150 mW.

Computational details
Calculations of the title compound were

carried out with Gaussian09 software program11

using the HF/6-31G* and B3LYP/6-31G* basis sets
to predict the molecular structure and vibrational
wavenumbers. The DFT hybrid B3LYP functional
method tends to overestimate the fundamental
modes; therefore scaling factors have to be used
for obtaining a considerably better agreement with
experimental data12. The wavenumber values
computed contain known systematic errors and we
therefore, have used the scaling factor values of
0.8929 and 0.9613 for HF and DFT basis sets12.
The assignment of the calculated wavenumbers is
aided by the animation option of Gaussview
program, which gives a visual presentation of the
vibrational modes13.

RESULTS AND DISCUSSION

IR and Raman spectra
The observed IR, Raman and calculated

(scaled) wavenumbers and assignments are given
in Table 1. The asymmetric stretching vibrations of
CH3 are expected in the range 2950-3050 cm-1 and
symmetric CH3 vibrations in the range14-16 of 2900-
2950 cm-1. The first of this results from the asymmetric
stretching υasCH3 mode in which two C-H bonds of
the methyl group are extending while the third one
is contracting. The second ar ises from the
symmetrical stretching υsCH3 in which all three of
the C-H bonds extend and contract in phase. The
asymmetric stretching modes of the methyl group
are calculated (DFT) to be 3018, 2995 cm-1 and the
symmetric mode at 2935 cm-1. The bands observed
at 3022, 2989, 2926 cm-1 in the IR spectrum are
assigned as stretching modes of the methyl group.
Two bending can occur within a methyl group. The
first of these, the symmetrical bending vibration,
involves the in-phase bending of the C-H bonds.
The second, the asymmetrical bending vibration,
involves out-of-phase bending of the C-H bonds.
The asymmetrical deformations are expected in the
range14 1400-1485 cm-1. The calculated values
(DFT) of δasCH3 modes are at 1489, 1469   cm-1. In
many molecules, the symmetric deformations δsCH3

appears with an intensity varying from medium to

strong and expected in the range14 1380 ± 25 cm-1.
The band observed at 1418 cm-1 in the IR spectrum
is assigned as the δsCH3 mode. The DFT calculations
give δsCH3 mode at 1414 cm-1. Aromatic molecules
display14 a methyl rock in the neighborhood 1045
cm-1. The second rock14 in the region 970 ± 70 cm-1

is more difficult to find among the C-H out-of-plane
deformations. In the present case, these ñCH3

modes are calculated at 1057 and 1026 cm-1. The
methyl torsions14 often assigned in the region 185 ±
65 cm-1.

The OH group provides three normal
vibrations υOH, δOH and γOH. The DFT calculations
give the δOH band at 3528 cm-1. The in-plane OH
deformation14 is expected in the region 1400 ± 40
cm-1 and the band at 1409 cm-1 (DFT) is assigned
as this mode. The stretching of the hydroxyl group
with respect to the phenyl moiety δC-O appears at
1293 cm-1 in Raman spectrum and the calculated
value is 1298 cm-1. This band is expected6, 15 in the
region 1220 ± 40 cm-1. The out-of-plane OH
deformation is observed at 928 cm-1 in the IR
spectrum and at 931 cm-1, theoretically, which is as
expected14.  For paracetamol17, δ(C-O) is reported
at 1240 cm-1.

The aliphatic CCl bonds absorb15 at 830-
560 cm-1 and putting more than one chlorine on a
carbon atom raises the CCl wavenumber. The CCl2
stretching mode is reported at around 738 cm-1 for
dichloromethane6,15 and scissoring mode δCCl2
around 284 cm-1. Arslan et al.18 reported υCCl at
683 cm-1 (experimentally) and at 711, 736, 687, 697
cm-1 theoretically. The deformation bands of CCl are
reported18 at 431, 435, 441 and 443 cm-1. In the
present case the bands at 601 cm-1 (DFT) and 604
cm-1 (IR) are assigned as υCCl bands. The
deformation bands of the CCl are assigned below
400 cm-1.

The benzene ring possesses six ring
stretching vibrations, of which the four with the
highest wavenumbers (occurring near 1600, 1580,
1490 and 1440 cm-1) are good group vibrations.
With heavy substituents, the bands tend to shift to
somewhat lower wavenumbers. In the absence of
ring conjugation, the band at 1580 cm-1 is usually
weaker than that at 1600 cm-1. In the case of C=O
substitution, the band near 1490 cm-1 can be very



349ULAHANNAN et al., Orient. J. Chem.,  Vol. 29(1), 347-352 (2013)

Table 1: Calculated wavnumbers (scaled), observed IR and Raman bands and assignments

HF/6-31G* B3LYP/6-31G* IR Raman Assign-

υυυυυ(cm-1) IRI RA υυυυυ(cm-1) IRI RA υυυυυ(cm-1) υυυυυ(cm-1) ments
Intensity Raman intensity Raman

activity activity

3614 80.22 110.49 3528 33.02 143.52 υOH
3053 2.83 142.89 3125 3.13 151.55 υCH
3036 0.90 51.18 3109 1.38 55.62 υCH
2996 17.08 83.45 3062 18.17 86.39 3066 3061 υCH
2934 19.52 57.28 3018 16.20 52.31 3022 υasCH3

2921 13.72 72.93 2995 12.50 75.03 2989 υasCH3

2861 20.21 136.58 2935 18.04 155.04 2926 υsCH3

1613 35.91 18.77 1595 8.84 14.80 1601 υPh
1607 27.24 10.28 1589 32.65 16.92 1585 υPh
1499 84.55 3.29 1489 66.06 8.03 1497 δasCH3

1470 7.48 8.73 1469 7.26 4.75 1470 δasCH3

1468 8.27 21.52 1468 8.63 20.93 υPh
1421 21.53 10.23 1414 47.02 7.86 1418 δsCH3

1415 47.66 4.94 1409 21.91 16.49 δOH
1303 5.26 1.85 1321 3.85 1.92 1322 υPh
1257 68.70 6.20 1298 6.86 5.15 1293 υCO
1230 13.31 3.31 1252 26.32 6.93 1260 1248 υPh
1165 35.42 1.30 1179 7.35 4.73 1172 δCH
1129 139.76 1.32 1135 274.52 1.86 1133 1134 δCH
1117 110.21 1.89 1123 8.42 2.86 δCH
1079 7.88 0.52 1057 6.09 0.68 1055 1049 ρCH3

1033 51.72 8.34 1026 47.85 7.67 1030 ρCH3

1029 0.03 0.39 1010 4.30 2.20 1008 υCC
1012 2.80 1.39 950 0.03 0.70 γCH
927 0.35 6.46 931 1.05 6.02 928 γOH
895 51.83 2.12 835 35.62 2.21 842 γCH
872 45.11 1.96 820 22.97 3.61 γCH
741 0.02 0.34 725 0.97 17.32 728 731 υPh
725 1.21 19.29 695 0.37 0.40 γPh
603 43.53 3.03 601 39.38 1.42 604 υCCl
597 1.24 0.25 570 1.46 0.11 566 561 δPh(X)
540 0.95 13.34 541 0.77 11.97 γPh(X)
469 14.03 1.11 466 11.21 1.12 470 γPh(X)
462 10.60 0.06 446 7.52 0.02 442 δPh(X)
360 7.73 13.79 358 7.56 11.84 γPh(X)
337 16.05 1.72 355 173.13 4.31 348 δPh(X)
293 205.64 2.74 320 0.01 0.65 δCCl
292 1.22 0.21 292 0.79 0.16 tCH3

229 2.51 1.10 227 2.10 1.07 225 tCH3

210 0.03 2.92 206 0.10 2.88 γCCl
141 0.17 0.10 135 0.31 0.16 tCOH
118 0.02 0.93 115 0.04 1.02 109 tPh

υ-stretching; δ-in-plane deformation; γ-out-of-plane deformation, t-torsion; as-asymmetric; s-symmetric;
Ph-phenyl ring; X-substituent sensitive.
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weak. The fifth ring stretching vibration is active near
1315 ± 65 cm-1, a region that overlaps strongly with
that of the CH in-plane deformation. The sixth ring
stretching vibration, or the ring breathing mode,
appears as a weak band near 1000 cm-1, in mono-
, 1,3-di- and 1,3,5-trisubstituted benzenes. In the
otherwise substituted benzenes, however, this
vibration is substituent sensitive and difficult to
distinguish from the ring in-plane deformation6,14.
In the otherwise substituted benzenes, however,
this vibration is substituent-sensitive and difficult to
distinguish from other modes. In asymmetric tri-
substitued benzenes, when all the three
substituents are light, the wavenumber interval of
the breathing mode6 is between 500 and 600 cm-1.
When all the three substituents are heavy, the
wavenumber appears above 1100 cm-1. In the case
of mixed substituents, the wavenumber is expected6

to appear between 600 and 750 cm-1. For the title
compound, the phenyl ring breathing mode is
observed at 725 cm-1 theoretically and at 728 cm-1

in the IR spectrum and at 731 cm-1 in the Raman
spectrum. The phenyl  ring stretching modes υPh
are observed at 1601, 1322, 1260 cm-1 in the IR
spectrum, at 1585,  1248 cm-1 in the Raman
spectrum and at 1595,  1589, 1468, 1321, 1252
cm-1  theoretically.  The CH out-of-plane
deformations14 are observed between 1000 and
700 cm-1. Generally, the CH out-of-plane
deformations with the highest wavenumbers are
weaker than those absorbing at lower
wavenumbers. The bands observed at  842 cm-1

(IR) and 950, 835,  820 cm-1  (DFT) are  assigned to

this modes.  For tri-substituted benzenes the δCH
modes are seen in the range14 1290-1050 cm-1.
Bands observed at 1172, 1133 cm-1 in the IR
spectrum and at 1134, cm-1 in the Raman spectrum
are assigned as δCH modes.  The DFT calculation
gives these modes at 1179, 1135, 1123 cm-1. The
substituent sensitive modes are also identified and
assigned (Table 1).

First hyperpolarizability
Non-linear optics deals with the interaction

of applied electromagnetic fields in various materials
to generate new electromagnetic fields, altered in
wavenumber, phase or other physical properties18.
Many organic molecules, containing conjugated ð
electrons and characterized by large values of
molecular first hyperpolarizabilities, were analyzed
by means of vibrational spectroscopy20-21. Analysis
of organic molecules having conjugated π-electron
systems and large hyperpolarizability using infrared
and Raman spectroscopies has evolved as a
subject of research22. 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 27 components of the 3D matrix can be
reduced to 10 components due to the Kleinman
symmetry23. The calculated first hyperpolarizability
of the title compound is 0.282  10-30 esu. We conclude
that the title compound is an attractive object for
future studies of non linear optical properties.
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In order to investigate the performance of
vibrational wavenumbers of the title compound, the
root mean square (RMS) value between the
calculated and observed wavenumbers were
calculated. The RMS values of wavenumbers were
calculated using the following expression24.

( )2exp1

1

n
calc
i i

i

RMS
n

υ υ= −
− ∑

The RMS error of the observed IR and
Raman bands are found to37.65, 28.39 for HF and
5.08, 5.60 for DFT methods, respectively. The small
differences between experimental and calculated
vibrational modes are observed. This is due to the
fact that experimental results belong to solid phase
and theoretical calculations belong to gaseous
phase.

Frontier molecular orbitals
The analysis of the wavefunction indicates

that the electron absorption corresponds to a
transition from the ground to the first excited state
and is mainly described by one electron excitation
from the HOMO to LUMO. Both the HOMO and the
LUMO are the main orbital taking part in chemical
reaction. The HOMO energy characterizes the
capability of electron giving; LUMO characterizes
the capability of electron accepting24. The frontier
orbital gap helps to characterize the chemical
reactivity, optical polarizability and chemical

hardness-softness of a molecule26.  Surfaces for
the frontier orbitals were drawn to understand the
bonding scheme of the title compound. The
calculated HOMO and LUMO energies are -7.884
and -4.449 eV. The chemical hardness and softness
of a molecule is a good indication of the chemical
stability of the molecule. From the HOMO-LUMO
energy gap, one can find whether the molecule is
hard of soft. The molecules having large energy
gap are known as hard and molecules having a
small energy gap are known as soft molecules. The
soft molecules are more polarizable than the hard
ones because they need small energy to excitation.
The hardness value25 of a molecule can be
determined as η = (-HOMO+LUMO)/2. The value of
η of the title molecule is 1.718eV. Hence we
conclude that the title compound belongs to hard
material.

CONCLUSION

The optimized molecular structure,
vibrational wavenumbers, corresponding
vibrational assignments of the title compound have
been investigated experimentally and theoretically
using Gaussian09 software package. The observed
wavenumbers were found to be in agreement with
calculated (DFT) values. The predicted infrared
intensities, Raman activities and first
hyperpolarizability values are repor ted. The
calculated first hyperpolarizability value shows that
the title compound is suitable for further studies of
nonlinear optics.
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