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a b s t r a c t

In this work, the experimental and theoretical vibrational spectra of 2-chloro-4-methylaniline (2Cl4MA,
C7H8NCl) were studied. FT-IR and FT-Raman spectra of 2Cl4MA in the liquid phase have been recorded
in the region 4000–400 cm−1 and 3500–50 cm−1, respectively. The structural and spectroscopic data of
the molecule in the ground state have been calculated by using Hartree-Fock (HF) and density functional
method (B3LYP) with the 6-31G(d), 6-31G(d,p), 6-31+G(d,p), 6-31++G(d,p) and 6-311G(d), 6-311G(d,p),
6-311+G(d,p), 6-311++G(d,p) basis sets. The vibrational frequencies have been calculated and scaled val-
-Chloro-4-methylaniline
nfrared and Raman spectra
ibrational frequencies

ues have been compared with experimental FT-IR and FT-Raman spectra. The observed and calculated
frequencies are found to be in good agreement. The complete assignments were performed on the basis
of the total energy distribution (TED) of the vibrational modes, calculated with scaled quantum mechan-
ics (SQM) method. The DFT-B3LYP/6-311++G(d,p) calculations have been found more reliable than the
ab initio HF/6-311++G(d,p) calculations for the vibrational study of 2Cl4MA. The optimized geometric
parameters (bond lengths and bond angles) were compared with experimental values of aniline and
p-methylaniline molecules.
. Introduction

Aniline is a molecular archetype of the aromatic amine. Aniline
nd its derivatives have been subjected to many different types of
cientific studies up to now. They have been widely used for phar-
aceutical manufacturing, electro-optical, chemical dye industries

nd for other commercial and industrial purposes, and have been
tudied extensively [1–3]. Some of the para-substituted derivatives
f aniline are commonly used local anesthetics, and among these
olecules the amino group plays an important role in the inter-

ctions with the receptor. Therefore, understanding of aniline and
ts derivative properties as well as the nature of reaction mechan-
cs, extensive experimental [4] and theoretical investigations have
ocused on elucidating the structure and normal vibrations of ani-
ine and its methyl derivatives [1–8]. Molecular geometry changes
ue to enhanced interaction between the amino group and the aro-
atic ring. The inclusion of a substituent group in aniline also leads
o the variation of charge distribution in the molecule, and conse-
uently this greatly affects the electronic, structural and vibrational
arameters [9].
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Vibrational assignment based FT-IR in the vapor, solution and
liquid phases and the Raman spectra in the liquid state have been
reported for aniline [10]. It is also known in the gas phase from
microwave spectroscopy [11,12] and in the solid state from X-ray
crystallography [13]. Its structure has been reported theoretically
using semi-empirical [14,15], ab initio methods [14,16,17]. Exten-
sive recent studies on vibrational spectra of substituted anilines
assigned [1,5,8,18–20] complete vibrational mode and frequency
analyses. Assignments of some bands observed in the infrared
spectrum of p-methylaniline are given in literature [4,21–25].
Vibrational modes and frequency analyses of m-methylaniline
have been studied by Altun et al. [1]. The vibrational spectra of
fluoromethylaniline [26,27] and chloromethylaniline [27,28] have
been reported. Shanker et al. [29] studied 2-chloro-6-methylaniline
(2Cl6MA) with polarized Raman and infrared spectra.

In spite of recent studies on vibrational spectra of aniline and
a number of substituted anilines, neither IR and Raman spectra
nor the quantum mechanical calculations for 2Cl4MA molecule
have been reported, so far. Therefore, we have undertaken the
detailed theoretical and experimental investigation of the vibra-

tional spectra of this molecule. Ab initio HF and density functional
B3LYP calculations have been performed to support our assign-
ment. A detailed interpretation of the vibrational spectra of 2Cl4MA
has been made on the basis of the total energy distribution
(TED).

http://www.sciencedirect.com/science/journal/13861425
http://www.elsevier.com/locate/saa
mailto:karabacak@aku.edu.tr
dx.doi.org/10.1016/j.saa.2008.12.047
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Table 1
Calculated energies and energy difference for 2Cl4MA by HF and DFT (B3LYP) methods.

Basis set levels HF B3LYP

Energy (Hartree) Energy differencesa (kcal/mol) Energy (Hartree) Energy differencesa (kcal/mol)

6-311++G(d,p) −783.77493123 0.000 −786.63802693 0.000
6-311+G(d,p) −783.77478208 0.094 −786.63792790 0.062
6-311G(d,p) −783.76801875 4.338 −786.63088021 4.485
6-311G(d) −783.75144863 14.736 −786.61517055 14.343
6-31++G(d,p) −783.69473519 50.324 −786.54624631 57.593
6-31+G(d,p) −783.69458208 50.420 −786.54610097 57.684
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31G(d,p), 6-31+G(d,p), 6-31++G(d,p) and 6-311G(d), 6-311G(d,p),
6-311+G(d,p), 6-311++G(d,p) basis sets are presented in Table 1.
As clearly seen from the values given in Table 1, on the calculated
energies, there is little difference between basis sets for 6-311 (or
6-31), use of the basis sets of larger sizes gives rise to increase
-31G(d,p) −783.68568689 56.002
-31G(d) −783.66761116 67.344

a Energies of the other basis sets relative to 6-311++G(d,p).

. Experimental

The compound 2Cl4MA molecule was purchased from Acros
rganics Company with a stated purity of 99%. The FT-IR spectrum
f title molecule, being liquid at room temperature, was recorded
etween 4000 cm−1 and 400 cm−1 on a PerkinElmer FT-IR System
pectrum BX spectrometer calibrated using polystyrene bands. The
pectrum was recorded with a scanning speed of 10 cm−1 min−1

nd the spectral resolution of 4.0 cm−1. FT-Raman spectra of the
ample were recorded on a Bruker RFS 100/S FT-Raman instru-
ent using 1064 nm excitation from an Nd:YAG laser. The detector

s a liquid nitrogen cooled Ge detector. Five hundred scans were
ccumulated at 4 cm−1 resolution using a laser power of 100 mW.

. Calculations

The molecular structure of 2Cl4MA in the ground state (in vacuo)
s computed by performing both ab initio-HF and DFT/B3LYP with
-31G(d), 6-31G(d,p), 6-31+G(d,p), 6-31++G(d,p), and 6-311G(d), 6-
11G(d,p), 6-311+G(d,p), 6-311++G(d,p) basis sets. The optimized
tructural parameters were used in the vibrational frequency cal-
ulations at HF and DFT levels. The minimum energy of geometrical
tructure is obtained by using level 6-311++G(d,p) basis sets. There-
ore, we had discussion on calculated values by using these sets.
he calculated vibrational frequencies are scaled by 0.9050 for HF
30]. For B3LYP with 6-311++G(d,p) basis set, the wavenumbers in
he ranges from 4000 to 1700 cm−1 and lower than 1700 cm−1 are
caled with 0.958 and 0.983, respectively [31]. The total energy
istribution was calculated by using the SQM program and the
undamental vibrational modes were characterized by their TED.

The theoretical results have enabled us to make the detailed
ssignments of the experimental IR and Raman spectra of title
olecule. All the calculations are performed by using GaussView
olecular visualisation program [32] and GAUSSSIAN 03 program

ackage on the personal computer [33].

. Results and discussion

The molecule of 2Cl4MA, which has three substituents such that
he chloro atom and methyl group are at ortho- and para-position,
espectively, with respect to amino group attached to a planar ben-
ene ring, consists of 17 atoms, so it has 45 normal vibrational
odes. Its molecular structure has not been studied by any diffrac-

ion technique; therefore we have taken into account two different
ymmetries depending on the conformation of the NH2 and CH3
roups. In earlier theoretical studies of p-methylaniline, the exis-
ence of different rotamers with respect to torsion around C CH3

ond is possible due to small energy barrier between such rotamers,
o two geometries have been completely optimized at different lev-
ls of calculations [6,25], two methyl hydrogen on the same side of
he lone pair electrons of N (staggered form) and two methyl hydro-
ens on the same side of amino hydrogens (eclipsed form). The
−786.53167078 66.739
−786.51585917 76.661

energy difference as well as other geometry differences was found
negligible. Recently, Tzeng and Narayanan [4] and Ballesteros et al.
[6] have studied the conformations of aniline derivatives and they
have concluded that the amino group has a negligible effect on the
relative stability among the rotamers in the ground state. But our
results are not similar to this conclusion due to chloro substitution.
In the staggered and eclipsed form, 2Cl4MA molecule has imaginary
frequencies.

On the basis of Cs symmetry the 45 fundamental vibrations
of 2Cl4MA can be distributed as 31A′ + 14A′′. The vibrations of
the A′ species are in-plane and those of the A′′ species are out-
of-plane. If we take into account Cs symmetry of this molecule,
there are two imaginary frequencies corresponding to NH2
wagging and methyl rotation perpendicular to the ring plane
(CH3 torsion). NH2 plane is also parallel to the ring plane. The
structure at any level was not a minimum energy structure.
Two possessed imaginary frequencies of irreducible represen-
tation belong to A′′. But if the molecule was C1 there would
not be any relevant distribution and the molecule has true
minimum energy (for example, E(HF) = −783.77311944 a.u.,
E(B3LYP) = −786.63764480 a.u. for Cs symmetry and
E(HF) = −783.77493123 a.u., E(B3LYP) = −786.63802693 a.u. for
C1 symmetry by using 6-311++G(d,p)). By using the same methods
and the basis sets, it was seen that all the vibrational frequencies
of 2Cl4MA were positive. Therefore, we were confident that a
definite absolute minimum energy in the potential energy was
found. The C1 symmetry structure was the lowest in energy
at all levels. The calculated energies and energy difference for
title molecule, determined by HF and B3LYP level 6-31G(d), 6-
Fig. 1. Optimized geometry of 2Cl4MA structure and atoms numbering.
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n the differences between the calculated energies of the title
olecule. However, when we compared the 6-31 and 6-311 basis

ets the difference was large.
The molecular structure and numbering of the atoms of 2Cl4MA

olecule are shown in Fig. 1. The geometric parameters are com-
ared with the aniline and p-methylaniline [4,12,20,25,34] bond

engths and bond angles. The calculated vibrational frequencies are
ompared with the experimental FT-IR and FT-Raman spectra of
itle molecule.

.1. Geometrical structure

The first task for a computational work was to determine the
ptimized geometry of 2Cl4MA molecule. The optimized struc-
ure parameters calculated ab initio HF and DFT (B3LYP) with
-31++G(d,p) and 6-311++G(d,p) basis sets are listed in Table 2 in
ccordance with the atom numbering scheme given in Fig. 1. As
een from the values given in Table 2, the increase in the basis set
eads to a slight shortening of their values. Our calculated results
how that the aromatic ring in 2Cl4MA is distorted from regular
exagon due to steric and electronic effects of electron donating
nd electron withdrawing substituted aniline.

To the best of our knowledge, experimental data on the geomet-
ic structure of 2Cl4MA are not available in the literature. Therefore,
e could not compare the calculation results given in Table 2
ith the experimental data. Only optimized geometric parameters

f 2Cl4MA are compared to those of aniline and p-methylaniline
4,20,25,34].

Several authors [35,36] have explained the changes in frequency
r bond length of the C H bond on substitution due to a change in
he charge distribution on the carbon atom of the benzene ring.
he substituents may be either of the electron withdrawing type (F,
l, and Br. . .) or of the electron donating type (CH3, C2H5. . .). The
arbon atoms are bonded to the hydrogen atoms with a � bond in
enzene and the substitution of a halogen for hydrogen reduces the
lectron density at the ring carbon atom. The ring carbon atoms in
ubstituted benzenes exert a larger attraction on the valence elec-
ron cloud of the hydrogen atom resulting in an increase in the C H
orce constant and a decrease in the corresponding bond length. The
everse holds well on substitution with electron donating groups.
he actual change in the C H bond length would be influenced by
he combined effects of the inductive–mesomeric interaction and
he electric dipole field of the polar substituent.

The equilibrium structure for the ground state shows that one
f the methyl C H bonds is parallel to the ring plane. In amino
roup, the nitrogen atom is slightly out-of-plane, with a torsional
ngle C2 C3 C4 N9 and C6 C5 C4 N9 in the ca. 177 (or ca. 3◦).
measure of this displacement is defined as the tilt angle [20].

xistence of this angle has been interpreted to be caused by asym-
etric interaction between the NH2 group and benzene ring plane

17]. However, the X-ray angle value for this angle in aniline, 4.6◦

13], is bigger than the theoretical value. This interaction is common
o all aniline derivatives [4,19].

The optimized N H bond length by HF and DFT with
-311++G(d,p) method is 0.995 and 1.009 Å, respectively. By
omparing these values with experimental value of 1.02 Å for p-
ethylaniline (1.07, 1.001, 1.021 Å for aniline), it is observed that

3LYP estimate the N H bond length better than HF, which under-
stimate this bond than experimental values.

The optimized bond lengths of C C in the ring in the range
rom 1.376 to 1.397 Å for HF, 1.387 to 1.405 Å for B3LYP with

-311++G(d,p) methods which are in good agreement with p-
ethylaniline (1.36–1.40 Å) and 1.380–1.404 Å for aniline. The

4 N9 bond distance of ca. 1.39 Å is just 0.04 Å lower than the
eported experimental value of 1.43 Å for p-methylaniline [4]. The

CH3 bond length is calculated underestimate for experimen-
cta Part A 72 (2009) 1076–1083

tal value for the title molecule at all the levels. This bond length
(C1 C10) the calculated value of ca. 1.51 Å is also found to deviate
negatively only by 0.04 Å in comparison with the corresponding
value in p-methylaniline [4].

The C Cl bond length indicates a considerable increase when
substituted in place of C H. This has been observed even in ben-
zene derivatives [37]. The C Cl bond length is found to be 1.767 Å
(B3LYP) and 1.752 Å (HF) by using 6-311++G(d,p). Bakiler et al. [38]
calculated this bond length 1.746 Å for 3-Cl-pyridine and 1.748 Å
for 2-Cl-pyridine by using force field calculations. Kurt et al. [39]
calculated C Cl bond length at 1.767 Å (B3LYP), 1.75 Å (HF) and
1.789 Å (BLYP) for 3-Cl-4MA. This bond length was also observed
1.735–1.744 Å range for similar molecules [40,41–44].

The asymmetry of the benzene ring is also evident from the
negative deviation of C3 C4 C5 and C2 C1 C6 angles which are
calculated ca. 116◦ and 117◦ (HF and B3LYP) and positive devi-
ation of the remaining angles from the normal value of 120◦

(for example the C4–C5–C6 angle found to be bigger than ca. 2◦

hexagonal angles). Similar values were found to be other ani-
line derivatives which are m-methylaniline [1], o-methylaniline
[7], p-methylaniline [4] and 3-Cl-4MA [39]. As discussed Balles-
teros et al. [6] for p-methylaniline C2 C1 C10 is equal to the
C6 C1 C10 angle, and C3 C4 N9 is equal to C5 C4 N9, and
therefore no significant interaction between the methyl group and
amino group exists as it occurs in the m-methylaniline and contrary
to o-methylaniline where interaction exists between both groups.
Our calculated values are 121.2◦ and 121.3◦ for C2 C1 C10 and
C6 C1 C10, or 121.15◦ and 122.36◦ for C5 C4 N9 and C3 C4 N9,
by using B3LYP/6-311++G(d,p), respectively. This clearly shows that
the substitution of Cl group in place of hydrogen appreciably affects
the C2 C1 C10, C6 C1 C10, C5 C4 N9 and C3 C4 N9 bond
angles.

4.2. Vibrational spectra

In order to obtain the spectroscopic signature of 2Cl4MA
molecule, we performed a frequency calculation analysis. Calcula-
tions were made for a free molecule in vacuum, while experiments
were performed for liquid sample, so there are disagreements
between calculated and observed vibrational wavenumbers.

Experimental FT-IR and FT-Raman spectra are shown in Fig. 2.
The calculated IR spectra are shown in Fig. 3 for comparative
purposes, where the calculated intensity is plotted against the har-
monic vibrational frequencies and the calculated Raman spectra
are shown in Fig. 3 for comparative purposes, where the calculated
activity is plotted against the harmonic vibrational frequencies. The
experimental wavenumbers are tabulated in Table 3 together with
the calculated wavenumbers of studied molecule. The resulting
vibrational frequencies for the optimized geometries and the pro-
posed vibrational assignments as well as IR intensities and Raman
scattering activities are given in Table 3. The descriptions concern-
ing the assignments have also been showed in the last column of
Table 3. All of the calculated modes are numbered from the biggest
to the smallest frequency within each fundamental wave numbers,
�n, in the first column of the table. In the last column a detailed
description of the normal modes based on the total energy distri-
bution is given.

For 2Cl4MA group, the vibrational modes are N H stretching,
C H stretching, C Cl stretching, C N stretching, C C H bending,
C C C bending, C C N bending, C N H bending, ring bending,
ring breathing, NH2 scissoring, NH2 wagging, NH2 rocking, and ring

torsion modes.

The fundamental modes involving the amino group are
stretching and bending of NH bonds and torsion. Varsanyi [24]
expressed that the frequencies of the amino group appear around
3500–3300 cm−1 for the NH2 stretching, 1630–1610 cm−1 for
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Table 2
Optimized geometry of 2Cl4MA in the ground state.

Parameters Exp. [4] p-methylaniline Exp.a,b,c aniline 6-31++G(d,p) 6-311++G(d,p)

HF B3LYP HF B3LYP

Bond lengths (Å)
C1 C2 1.39 1.380, 1.394, 1.3933 1.383 1.399 1.381 1.395
C1 C6 1.39 1.404, 1.397, 1.403 1.395 1.404 1.394 1.400
C1 C10 1.55 1.511 1.512 1.511 1.510
C2 C3 1.40 1.386, 1.396, 1.3955 1.389 1.394 1.387 1.391
C2 H7 1.08 1.03, 1.082, 1.099 1.075 1.086 1.075 1.084
C3 C4 1.36 1.387 1.405 1.385 1.402
C3 Cl17 1.744, 1.745, 1.739d 1.751 1.767 1.752 1.767
C4 C5 1.39 1.404, 1.397, 1.403 1.399 1.408 1.397 1.405
C4 N9 1.43 1.398, 1.402, 1.4057 1.388 1.391 1.390 1.390
C5 C6 1.40 1.380, 1.394, 1.3933 1.378 1.391 1.376 1.387
C5 H8 1.08 1.05, 1.08, 1.099 1.076 1.087 1.076 1.085
C6 H16 1.08 0.95, 1.083, 1.099 1.077 1.087 1.077 1.085
N9 H14 1.02 1.07, 1.001, 1.021 0.995 1.011 0.995 1.009
N9 H15 1.02 1.07, 1.001, 1.021 0.995 1.010 0.995 1.009
C10 H11 1.09 1.086 1.095 1.086 1.094
C10 H12 1.09 1.086 1.098 1.086 1.096
C10 H13 1.09 1.084 1.094 1.084 1.092

Bond angles (◦)
C2 C1 C6 117.8 117.6, 118.92, 119.03 117.28 117.41 117.29 117.42
C2 C1 C10 121.62 121.19 121.59 121.25
C6 C1 C10 121.11 121.40 121.12 121.33
C1 C2 C3 121.5 122.1, 120.70, 120.69 121.17 120.97 121.13 120.94
C1 C2 H7 120.37 120.31 120.40 120.34
C3 C2 H7 118.46 118.72 118.47 118.72
C2 C3 C4 120.5 121.89 122.10 121.96 122.17
C2 C3 Cl17 118.40 118.86 118.33 118.80
C4 C3 Cl17 119.72 119.04 119.72 119.03
C3 C4 C5 120.3 117.9, 119.43, 119.01 116.70 116.50 116.64 116.43
C3 C4 N9 124.0, 120.28, 120.45 122.80 122.31 122.86 122.36
C5 C4 N9 120.45 121.14 120.44 121.15
C4 C5 C6 120.5 121.43 121.49 121.45 121.51
C4 C5 H8 118.78 118.66 118.75 118.63
C6 C5 H8 119.79 119.85 119.79 119.85
C1 C6 C5 119.2 119.7, 120.12, 120.28 121.54 121.54 121.53 121.53
C1 C6 H16 119.61 119.55 119.62 119.56
C5 C6 H16 118.84 118.91 118.85 118.91
C4 N9 H14 119.0, 115.94, – 115.83 116.16 115.52 116.08
C4 N9 H15 119.0, 115.94, – 114.82 115.83 114.48 115.74
H14 N9 H15 113 113.1, –, – 112.45 113.48 112.17 113.43
C1 C10 H11 111.20 111.35 111.15 111.33
C1 C10 H12 111.19 111.42 111.14 111.34
C1 C10 H13 111.10 111.38 111.11 111.34
H11 C10 H12 109.5 107.64 107.26 107.66 107.30
H11 C10 H13 109.5 107.78 107.80 107.82 107.82
H12 C10 H13 109.5 107.76 107.42 107.80 107.50
C6 C5 C4 N9 −177.54 −177.35 −177.53 −177.33
C2 C3 C4 N9 177.39 177.22 177.36 177.20

a
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C5 C4 N9 H15
C3 C4 N9 H14

From Ref. [13,20], bFrom Ref. [12], cFrom Ref. [25], dFrom Ref. [41].

he NH2 scissoring deformation, and 1090–1060 cm−1 for the
H2 rocking deformation. The mode �as(NH2) has higher fre-
uency compared to the �s(NH2) mode. In addition, the �s(NH2)
ode occurs with greater infrared intensity compared to the

as(NH2) mode (see Fig. 2). Also, the N H bond length in ani-
ine (1.07 Å) is bigger than the disubstituted benzene (for example
-methylaniline). Therefore, the asymmetric and symmetric NH2
tretching vibrations in aniline are higher than those of them. In
niline, these modes are assigned at 3500 and 3418 cm−1 antisym-
etric and symmetric stretching vibrations, respectively. In this

tudy, the NH2 asymmetric and symmetric stretches (�1 and �2)
t 3463 and 3375 cm−1 FT-IR are in agreement with the calculated

alues. As expected these two modes are pure stretching modes as
t is evident from TED column, they are almost contributing 100%.
n the Raman spectrum this absorption (NH2 stretching) is absent.
he NH2 asymmetric and symmetric stretching modes are assigned
435 and 3354 cm−1 for m-methylaniline [1], 3416 and 3333 cm−1
−26.67 −24.99 −27.33 −25.16
22.55 20.72 22.79 20.81

for p-methylaniline [25] and 3485 and 3396 cm−1 for 2Cl6MA [29].
About 1625 cm−1 value is observed for the amino scissoring band
for aniline [27], o-methylaniline [7], m-methylaniline [1] and p-
methylaniline [4,25]. We assigned this band (�9) at 1625 cm−1 both
FT-IR and FT-Raman. The computed value of NH2 scissoring is at
1636 cm−1 and deviates positively by 11 cm−1 from experimental
value. In the present investigation, the amino rocking band (�22)
is calculated 1078 cm−1 with DFT exactly coincides with experi-
mental value which is assigned at 1075 cm−1. In the literature, the
amino rocking band is observed 1077 cm−1 for m-methylaniline [1],
1074 cm−1 for p-methylaniline [25] and 1079 for 2Cl6MA [29].

Because of the mixing of several bands, the identification of C N

vibrations is a very difficult task. Silverstein et al. [45] assigned
C N stretching absorption in the region 1382–1266 cm−1 for aro-
matic amines. The C N stretching is observed at 1293 cm−1 [21].
Hence the band at 1298 cm−1 in FT-IR (and FT-Raman) spectrum is
assigned to C N stretching vibration. After scaled down computed
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Table 3
Comparison of the calculated and experimental (FT-IR and FT-Raman) vibrational spectra of 2Cl4MA.

Mode no. HF/6311++G(d,p) B3LYP/6311++G(d,p) Experimental TEDc

Unscaled
frequency

Scaled
frequencya

Iinfrared SRaman Unscaled
frequency

Scaled
frequencyb

Iinfrared SRaman FT-IR FT-Raman

�1 3898 3527 29.3 36.5 3676 3521 27.5 44.6 3463 �NH(100) asym.
�2 3797 3436 33.0 128.2 3573 3423 28.8 183.4 3375 �NH(100) sym.
�3 3347 3029 3.7 75.1 3184 3050 2.4 89.7 3051 �CH(99) ring
�4 3331 3014 20.7 139.1 3170 3037 17.2 158.2 �CH(99) ring
�5 3311 2996 12.1 55.7 3153 3021 11.3 64.0 3025 �CH(100) ring
�6 3240 2932 24.5 59.1 3099 2969 16.9 64.5 �CH2 of CH3(98) asym.
�7 3212 2907 27.8 90.3 3070 2941 19.7 103.4 2921 2921 �CH3(100) asym.
�8 3164 2863 48.6 220.5 3019 2892 42.7 311.6 2860 �CH3(100) sym.
�9 1816 1643 116.0 44.7 1664 1636 115.3 57.3 1625 1625 �NH2(40) + �CC(33) ring + ıCNH(13) + �CN(6)
�10 1790 1620 17.0 13.5 1640 1612 22.4 11.6 1605 �CC(35) ring + �NH2(33) + ıCNH(20)
�11 1755 1588 10.1 4.2 1602 1575 6.7 3.8 1581 �CC(67) ring + ıCCC(5) + ıCCH(4) + NH2(4) rock
�12 1662 1504 117.0 2.4 1537 1511 124.3 2.0 1508 ıCCH(41) ring + �CC(31) ring + �CN(10) + �C CH3(4)
�13 1617 1463 18.0 7.4 1499 1473 17.1 8.1 CH of CH3 asym. bend(51) + �HCCC(24) + ıCCH(10)
�14 1604 1452 6.1 10.2 1488 1463 6.9 11.7 1455 CH of CH3 asym. bend(57) + �HCCC(27) + �CCH(12)
�15 1546 1399 8.7 2.2 1435 1410 5.4 2.5 1408 �CC(37) ring + ıCCH(19) ring + ıCCN(3) + �CCC(3)
�16 1539 1393 5.3 11.2 1417 1393 0.1 24.9 1380 1380 CH3 sym. bend(52) + ıCCH(45)
�17 1432 1296 17.0 2.1 1341 1318 9.2 5.1 1309 �CC(60) ring + ıCNH(18) + ıCCH(13)
�18 1391 1259 45.6 19.9 1327 1304 49.8 13.1 1298 1298 ıCH(35) ring + �CN(29) + �CC(19)
�19 1323 1197 16.2 6.6 1287 1265 14.2 8.1 1258 1259 �CC(36) ring + ıCCH(30) + �C NH2(15) + �C CH3(4)
�20 1309 1185 0.9 2.7 1230 1209 11.0 11.7 1212 1212 �C CH3(34) + ıCCH(27) + �CC(16) ring + ıCCC(3)
�21 1222 1106 12.4 4.7 1180 1160 10.3 1.5 1155 ıCH(65) + NH2(30) rock + �CC(18) ring
�22 1187 1075 34.4 1.7 1096 1078 12.9 2.5 1075 NH2(47) rock + �CC(18) ring + ıCCH(9) + �CCl(4) + ıCCC(4)
�23 1164 1054 2.4 0.0 1062 1044 5.8 2.0 1046 CH3(57) rock + �CCC(20) + �CH(3)
�24 1138 1030 12.2 1.6 1056 1038 13.6 0.7 ıCCC(26) ring + �CC(24) ring + ıCCH(23) + NH2(7) rock + �CCl(4)
�25 1076 974 1.4 0.2 1012 994 14.9 1.4 996 CH3(54) rock + �CCCH(19) + �CC(12) asym. ring
�26 1074 972 28.7 4.5 950 934 0.5 0.3 941 �CH(75) + �CCC(10)
�27 998 904 6.4 0.4 892 877 17.6 26.1 888 890 �CC(42) ring breath + �C CH3(13) + �CCl(13) + �C NH2(8) + ıCCC(9)
�28 954 864 14.8 22.7 884 869 8.1 1.0 871 �CH(58) + �CCC(22)
�29 917 830 54.8 0.5 822 808 38.6 0.1 812 �CH(80) + �CCC(10)
�30 830 751 11.6 3.4 780 767 13.5 4.8 770 772 �C CH3(19) + �C NH2(19) + ıCCC(16) ring + �CC(12) ring + �CCl(5)
�31 808 731 6.7 3.6 729 716 1.0 2.0 714 �CCCC(44) ring + �CH(26) + �CCN(13)
�32 744 673 13.6 9.7 695 684 9.7 9.0 686 685 ıCCC(50) ring def. + �CC(15) ring + �CCl(11) + �C CH3(4)
�33 664 601 204.6 3.1 576 566 27.6 0.6 554 �CCC(20) ring + ωNH2(19) + �CCCH(19) + ωCH3(7) + �NCCCl(7)
�34 614 556 91.0 1.3 538 529 258.4 3.3 ωNH2(75) + �CCC(13) ring
�35 530 479 1.7 6.2 490 482 4.4 5.8 494 493 ıC NH2(47) + �CCl(17) + ıC CH3(11) + �CC(6) + ıCCCl(4)
�36 508 460 2.2 11.9 477 469 4.1 10.6 473 476 ıCCC(45) + ıC CH3(17) + �CC(11) + ıC NH2(8)
�37 496 449 15.2 0.2 447 439 14.7 0.3 437 �CCCC(48) ring + �CCCH(17) + �CCCN(9) + �CCCCl(7)
�38 432 391 0.9 4.6 402 395 0.9 4.1 401 400 �CCl(29) + ıCCC(23) ring + ıC-CH3(18) + ıCCCl(11)
�39 367 332 4.0 1.5 344 338 7.6 0.5 337 NH2 twist(70) + �CCCN(16) + �CCCC(6)
�40 319 288 7.9 0.8 320 314 16.9 1.1 NH2 twist(57) + �CCCN(10) + �CCCC(10) + �HCCN(4)
�41 290 262 17.8 0.3 296 291 3.4 0.7 296 ıC CH3(36) + ıC NH2(33) + ıCCCl(8) + �CCl(7)
�42 247 224 0.7 1.5 232 228 0.2 2.0 234 ıCCl(64) + ıC CH3(21)
�43 198 180 2.5 1.0 180 177 2.4 1.0 190 o.o.p. torsion (C Cl(44) + C C(17) + C N(9))
�44 147 133 2.7 0.5 133 131 2.5 0.7 126 �CCCC(24) ring + �CCCCl(19) + �CCC NH2(19) + �CCC CH3(18)
�45 48 43 0.1 0.3 19 19 0.2 0.6 82 �CH3(99)
� (RMS) 27.432 16.132
R2 0.9990 0.9999

�; stretching, ı; in-plane bending, �; out-of-plane (o.o.p.) bending, �; scissoring, ω; wagging, �; torsion.
[Frequency (cm−1), IR intensities; Iinfrared (Km/mol), Raman scattering activities; SRaman (Å amu−1)].

a Scale factor of 0.9050 was used for HF/6-311++G(d,p) basis set [30].
b Wavenumbers in the ranges from 4000 to 1700 cm−1 and lower than 1700 cm−1 are scaled with 0.958 and 0.983 for B3LYP/6-311++G(d,p) basis set, respectively [31].
c Total energy distribution.
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Fig. 2. Experimental FT-IR and FT-Raman spectra of 2Cl4MA.
alue (�18) of C N stretching vibration also is 1304 cm−1 nearer
o the observed value. The TED for this mode suggests that this is
mixed mode. For p-methylaniline, Altun et al. [25] assigned this
and at 1267 cm−1 FT-IR (1271 cm−1 FT-Raman).

ig. 3. Comparison of calculated frequencies in cm−1 normalized IR intensities and Rama
ere obtained by using HF and DFT (B3LYP) methods with 6-311++G(d,p).
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The heteroaromatic structure shows the presence of C H and
N H stretching vibrations above 3000 cm−1 which is the character-
istic region for ready identification of this structure [45,46]. These
are usual range of appearance for NH2, CH3 and ring C H stretch-
ing vibrations. Accordingly, in the present study, the three adjacent
hydrogen atoms left around the ring of the 2Cl4MA give rise to three
C H stretching modes (�3–�5), three C H in-plane bending (�18,
�20, �21) and three C H out-of-plane bending (�26, �28, �29) vibra-
tions which correspond to modes of C2 H7, C5 H8, and C6 H16
units. The vibrations �3–�5 assigned to C H stretching are in agree-
ment with the literature [45]. The C H stretching band assigned
3015 and 3034 cm−1 for m-methylaniline [1] and 3008, 3020, and
3056 cm−1 for p-methylaniline [25]. In this work, we calculated
B3LYP frequencies to be 3021, 3037, and 3050 cm−1 (ring C H str.)
for benzene ring. The C H in-plane bending frequencies appear in
the range of 1000–1300 cm−1 and C H out-of-plane bending vibra-
tion in the range 750–1000 cm−1 [47]. Hence the CH in-plane bends
is assigned to the FT-IR bands at 1298, 1212 and 1155 cm−1 (modes
18, 20, and 21), the calculated values 1304, 1209 and 1160 cm−1

show excellent agreement with the experimental values. The CH
out-of-plane bends are assigned to the FT-IR bands in the range
from 941 to 812 cm−1. Both the in-plane and out-of-plane bending
vibrations are described as mixed modes. In general the aromatic
C H vibrations (stretching, in-plane and out-of-plane vibrations)
calculated theoretically are in good agreement with experimentally
accepted values [1,24–26,45–48]. The calculated mode (�45) is CH3
torsional mode, and it is to be noted here that this is a pure mode.

A major coincidence of theoretical values with that of exper-
imental evaluations is found in the symmetric and asymmetric
vibrations of the CH3 moiety (�8 and �7). The asymmetric stretch-
ing for the NH2, CH2 and CH3 has the magnitude higher than
the symmetric stretching [48]. For benzene derivates containing
a CH3 group two bands, which antisymmetrical and symmetrical
stretching occurs about 2900 and 2850 cm−1, respectively [29]. The
calculated (�8) at about 2863 cm−1 at HF level, while DFT estimates
it at 2892 cm−1. The asymmetric CH3 stretch (�7) calculated at HF
after scaling down gives the value of 2907 cm−1 that is nearer to
the observed value of 2921 cm−1 in both FT-IR and FT-Raman. But

n activities at each level of theory considered for 2Cl4MA. These theoretical spectra
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FT gives high estimate of this frequency at 2941 cm−1. The TED of
hese modes is 100%. Altun et al. [1] assigned these bands at 2919
nd 2857 cm−1 for m-methylaniline. These bands were observed
t 2984 (also 2935) and 2886 cm−1 for 2Cl6MA by Shanker et al.
29]. In the present investigation, the methyl CH3 bending mode
bserved at 1455 cm−1. These vibration frequencies were calculated
o be 1452 and 1463 cm−1 and assigned modes �13 and �14. The
H3 rocking mode is observed at 1045 and 1059 cm−1 for 2Cl6MA
y Shanker et al. [29]. We assigned this band at 1046 cm−1 FT-IR.
his �23 mode calculated to be 1044 cm−1 with DFT method is in
greement with experimental value. The methyl group assignments
roposed in this study are also in agreement with the literature
alues [1,8,12,25,29,39,45,48].

The ring stretching vibrations are very much important in the
pectrum of benzene and its derivatives are highly characteristic
f the aromatic ring itself. When the ring modes in toluene [49]
nd aniline [7,20], which contain one substituent group attached to
n aromatic ring, are compared to each other, it is seen that most
f the aniline modes are found slightly higher in frequency than
hat of the toluene modes. However, most of the ring modes of
oluene or aniline are found to have significantly lower frequencies
n 2Cl4MA, which is disubstituted in benzene. For example, the ring

odes labeled �3, �5, �11, �15, �26 and �36 downshift, respectively,
rom 3079 cm−1 (3084 cm−1), 3072 cm−1 (3074 cm−1), 1587 cm−1

1590 cm−1), 1445 cm−1 (1468 cm−1), 961 cm−1 (996 cm−1) and
22 cm−1 (526 cm−1) in toluene [49] (aniline) [7,20] to 3051, 3025,
581, 1408, 941 and 476 cm−1 in 2Cl4MA. The frequency changes
n the modes �11, �15, �26, and �36 are due to the changes in the
orce constant-reduced mass ratio resulting mainly from different
xtents of mixing between vibrations of the ring and substituent
roups. The frequency reduction seen in the pure ring modes (�3
nd �5) with the inclusion of a substituent group to aniline or
oluene can be explained based on the corresponding changes in the
educed masses and force constants. Vibrations between 1400 and
650 cm−1 in benzene derivates are assigned ring carbon–carbon
tretching modes. In the present investigation, the CC stretching
odes are calculated at 1612 and 1575 cm−1 which were observed

t 1605 and 1581 cm−1 (�10–�11) in the FT-IR spectrum. As revealed
y TED, the ring-breathing mode at 888 cm−1 coincides satisfac-
orily with the very strong FT-Raman band at 861 cm−1 [50]. The
ing assignments proposed in this study are also in agreement with
iterature values [1,8,20,25,29,39,49,50].

Some vibrational modes were shown to be Cl-sensitive modes
hereas others were calculated in a narrow frequency range for
ethylanilines. Involving the ring-halogen modes is related par-

ially to Cl C stretching and bending modes. These modes are
n 200–600 cm−1 frequency range as reported by Varsanyi [24].

e may, therefore, assign the band 401 cm−1 FT-IR (400 cm−1 FT-
aman) to the �(C Cl) and calculated 395 cm−1 this mode (�38)·
ccording to the calculated TED, our calculations show that there

s no pure �(C Cl) band in this range. The bending C Cl mode was
ocated at 280–294 cm−1 for chloro derivatives [42]. However, the
alculated bending modes are 228 cm−1 (i.p.) and 177 cm−1 (o.o.p.)
or B3LYP. The remainder of the observed and calculated frequencies
s shown in Table 3.

The infrared intensity for the title molecule from experimental
undamentals at 1508 cm−1 is very strong, secondly, theoreti-
al intensity of these fundamentals is very strong fundamentals
or HF and B3LYP methods. This fundamental’s intensity is 117.0
nd 124.3 km mol−1 for HF and B3LYP methods, respectively (see
able 3).
We present RMS (�) and correlation values to make comparison
ith experimental data, based on the calculations at the bottom

f Table 3. After scaling, the RMS errors between the observed
nd scaled frequencies of the molecule are found to be 27.432 and
6.132 cm−1 and the plots are linear with a unit slope and the cor-

[

[
[
[
[
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relation (R2) values are found to be 0.9990 and 0.9999 for HF and
B3LYP methods, respectively. It is noticed that this means that the
experimental fundamentals are in better agreement with the scaled
fundamentals and the B3LYP/6-311++G(d,p) calculation is better
than HF/6-311++G(d,p) method.

5. Conclusion

In the present work, we have performed the experimental and
theoretical vibrational analysis of 2Cl4MA, for the first time. The
molecular geometry, vibrational frequencies, infrared intensities
and Raman scattering activities of the molecule in the ground
state have been calculated by using ab initio HF and DFT (B3LYP)
methods with 6-31G(d), 6-31G(d,p), 6-31+G(d,p), 6-31++G(d,p), 6-
311G(d), 6-311G(d,p), 6-311+G(d,p), and 6-311++G(d,p) basis sets.
The vibrational frequencies were calculated and scaled values (6-
311++G(d,p) basis set) have been compared with the experimental
FT-IR and FT-Raman spectra. The observed and the calculated fre-
quencies are found to be in good agreement.
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