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a b s t r a c t

In this work, the vibrational spectral analysis was carried out by using FT-IR and FT-Raman spectroscopy
in the range 400–4000 and 50–3500 cm−1 respectively, for the title molecule. The structural and spectro-
scopic data of the molecule in the ground state were calculated by using density functional method using
6-311++G(d,p) basis set. The vibrational frequencies were calculated and scaled values were compared
eywords:
T-IR
T-Raman
H NMR
3C NMR
ED

with experimental FT-IR and FT-Raman spectra. The observed and calculated frequencies are found to be
in good agreement. The complete assignments of all the vibrational mode were performed on the basis of
the total energy distributions (TED). 13C and 1H NMR chemical shifts results were given and are in agree-
ment with the corresponding experimental values. The theoretically constructed FT-IR and FT-Raman
spectra exactly coincides with experimental one.

© 2010 Elsevier B.V. All rights reserved.

-Chloro-N-methylaniline

. Introduction

Aromatic amines, more generally anilines have been widely
sed as chemical dye industries, nano-cable manufacturing in
lectronic industries, coating by electro-polymerization in steel
ndustries pharmaceuticals’ manufacturing and other industrial
urposes [1–5]. Moreover, some derivatives of aniline are used
s local anesthetics in medicine. As a result, understanding of
hysical properties of aniline and its derivatives is crucial. The

arge numbers of experimental [6–8] and theoretical investigations
ave focused on elucidating the structure and normal vibrations
f aniline and its methyl derivatives [1–3,9–11]. The structure of
niline was reported theoretically using semi-empirical [12,13]
nd ab initio methods [12–15]. Vibrational analysis based on FT-IR
n vapour, solution and liquid phases and Raman spectra in liq-
id state have been reported for aniline [16]. It was also studied

n the gas phase from microwave spectroscopy [1,17] and in the
olid state from X-ray crystallography [18]. Reuben investigated
he isotopic multiplets in the 13C NMR spectra of aniline derivatives

nd nucleosides with partially deuterated amino groups based on
ffect of intra- and intermolecular hydrogen bonding [19]. Many
tudies [1,9,20–22] were performed recently to assign complete
ibrational mode and frequency analysis. Altun et al. also stud-

∗ Corresponding author. Tel.: +91 413 2281354.
E-mail address: sundaraganesan n2003@yahoo.co.in (N. Sundaraganesan).

386-1425/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.saa.2010.02.010
ied vibrational modes and frequency analysis of m-methylaniline
[1]. Some band observations of p-methylaniline in the IR spectrum
are given in the literature [6,23–26]. The vibrational spectrum of
chloromethyl aniline [25] and fluoromethyl aniline [27,28] is given
in the literature. Shanker et al. studied 2-chloro-6-methylaniline
using polarized Raman and IR spectra [29]. Barluenga et al. synthe-
sized 2-chloro-N-methylaniline and studied its 1H and 13C NMR
spectra [30]. The low temperatures 13C NMR spectra allowed the
determination of the rotational barrier of N-methyl aniline in solu-
tion was reported by Lunazzi et al. [31]. Barr et al. published a
study on 1H, 13C, 15N, 19F, 29Si NMR chemical shifts and coupling
constants for nine N-substituted anilines [32]. Jet-cooled Fourier-
transform microwave spectrum of N-methylaniline was recorded
in the region of 10–26 GHz. It is analyzed to determine rotational
constants and nuclear quadruple coupling constants by Fujitake
et al. [8]. They gave a brief and detailed explanation of spectral
analysis. Stein et al. reported that the two-dimensional solid state
NMR studies of poly(aniline) [33]. Recently we reported an exper-
imental and theoretical study on 1H, 13C and DEPT NMR spectra
of N1-methyl-2-chloroaniline and 2-chloro-6-methylaniline along
with IR, Raman and UV spectra [34,35].

Till now a detailed analysis of vibrational frequencies, IR and

Raman spectra of 4-chloro-N-methylaniline (4-ClNMA) has not
been reported. As a result we set out experimental and theoretical
investigation of the vibrational and NMR spectra of this molecule.
The density functional theory (B3LYP) calculations have been per-
formed. We worked a detailed interpretation of the vibrational

http://www.sciencedirect.com/science/journal/13861425
http://www.elsevier.com/locate/saa
mailto:sundaraganesan_n2003@yahoo.co.in
dx.doi.org/10.1016/j.saa.2010.02.010
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man spectra of 4-chloro-N-methylaniline.
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The Raman activities (Si) calculated with Gaussian 03 program
[36] converted to relative Raman intensities (Ii) using the following
relationship derived from the intensity theory of Raman scattering
[40,41].
Fig. 1. The observed infrared and Ra

pectra of 4-ClNMA on the basis of calculated total energy distribu-
ion (TED).

. Experimental

The compound 4-chloro-N-methylaniline (4-ClNMA) in the
olid form was purchased from Sigma–Aldrich chemical Com-
any (U.S.A.) with a stated purity of greater than 98%, and it was
sed as such without further purification. The FT-Raman spectrum
f 4-ClNMA have been recorded using 1064 nm line of Nd:YAG
aser as excitation wavelength in the region 50–3500 cm−1 on a
rucker Model IFS 66V Spectrometer equipped with FRA 106 FT-
aman module accessory. The FT-IR spectrum of this compound
as recorded in the range of 400–4000 cm−1 on IFS 66V spec-

rometer using KBr pellet technique. The spectrum was recorded
t room temperature with scanning speed of 10 cm−1 min−1 and
he spectral resolution of 2.0 cm−1. The observed experimental FT-
R and FT-Raman spectra along with theoretical spectra are shown
n Figs. 1 and 2. The spectral measurements were carried out at
he Central ElectroChemical Research Institute (CECRI) Karaikudi,
amil Nadu, India. NMR experiments were performed in Varian
nfinity Plus spectrometer at 300 K. The compound was dissolved in
hloroform (CDCl3). Chemical shifts were reported in ppm relative
o tetramethylsilane (TMS) for 1H and 13C NMR spectra. 1H, 13C and
EPT NMR spectra were obtained at a base frequency of 75 MHz for

3C and 300 MHz for 1H nuclei and are shown in Figs. 3–5.

. Computational details

The entire calculations were performed at density functional
DFT) level on a Pentium IV/3.02 GHz personal computer using
aussian 03 [36] program package, invoking gradient geometry
ptimization [37]. The geometry of the title compound together
ith that of tetramethylsilane (TMS) is fully optimized. 1H and 13C
MR chemical shifts are calculated with GIAO approach [38] by
pplying B3LYP method. The theoretical 1H and 13C NMR chemi-
al shifts were obtained by substracting the GIAO calculations. 13C
sotropic magnetic shielding (IMS) of any X carbon atoms was made
ccording to value 13C IMS of TMS, CSX = IMSTMS − IMSX. The opti-
ized structural parameters were used in the vibrational frequency

alculations at DFT level using 6-311++G(d,p) basis set to character-
ze all stationary points as minima. Polarization functions have been
dded for the better treatment of the chlorine, methyl and N–H
roups. Analytic frequency calculations at the optimized geome-

ry were done to confirm the optimized structure to be an energy

inimum and to obtain theoretical vibrational spectra. The total
nergy distribution (TED) was calculated by using the scaled quan-
um mechanic (SQM) program [39] and the fundamental modes
ere characterized by their TED.
Fig. 2. The simulated Infrared and Raman spectra of 4-chloro-N-methylaniline
obtained by DFT (B3LYP).

3.1. Prediction of Raman intensities
Fig. 3. The experimental 13C NMR spectrum of 4-chloro-N-methylaniline (in CDCl3).
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Fig. 4. The experimental 1H NMR spectrum o
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tal structures have been solved, for example p-chloroaniline and
gas phase geometry of N1-methyl-2-chloroaniline [34,42]. As seen
from Table 1, most of the optimized bond lengths are slightly larger
and shorter than experimental values and the bond angles are
ig. 5. The experimental DEPT NMR spectra of 4-chloro-N-methylaniline (in CDCl3).

i = f (vo − vi)
4Si

vi[1 − exp(−hcvi/kt)]

here �o is the exciting wavenumber in cm−1, �i the vibrational
avenumber of the ith normal mode, h, c and k are fundamental

onstants, and f is a suitably chosen common normalization fac-
or for all peak intensities. For simulation of calculated FT-Raman
pectra have been plotted using pure Lorentizian band shape with
bandwidth (FWHM) of 10 cm−1 as shown in Fig. 2.

. Results and discussions

.1. Molecular geometry
As seen in Fig. 6, the numbering of atoms for title molecule is
iven. The optimized geometrical bond lengths, bond angles and
ihedral angles by DFT/B3LYP method with 6-311++G(d,p) as basis
et are listed in Table 1. Since the crystal structure of exact title
f 4-chloro-N-methylaniline (in CDCl3).

compound is not available till now, the optimized structure can
only be compared with other similar systems for which the crys-
Fig. 6. The theoretical geometric structure and atom numbering of 4-chloro-N-
methylaniline.
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Table 1
Optimized geometry of 4-chloro-N-methylaniline in ground state.

Parameters Exp.a, XRD Gas phase goem.b

Bond lengths (Å) B3LYP
C1–C2 1.37 1.395 1.393
C1–C6 1.37 1.392 1.388
C1–Cl16 1.41 1.763
C2–C3 1.385 1.387
C2–H7 1.083 1.083
C3–C4 1.40 1.421 1.408
C3–H17 1.086
C4–C5 1.409 1.405
C4–N9 1.40 1.376 1.388
C5–C6 1.391 1.394
C5–H8 1.082 1.082
C6–H15 1.084 1.083
N9–H10 1.007 1.008
N9–C11 1.448 1.451
C11–H12 1.090 1.090
C11–H13 1.099 1.099
C11–H14 1.095 1.094

Bond angles (◦)
C2–C1–C6 122.2 119.0 120.3
C2–C1–C16 119.7
C6–C1–Cl16 118.9 120.0
C1–C2–C3 120.0 119.7
C1–C2–H7 120.8 120.1
C3–C2–H7 119.1 120.0
C2–C3–C4 122.3 121.2
C2–C3–H17 119.3
C4–C3–H17 116.5 119.5
C3–C4–C5 118.9 121.2 118.0
C3–C4–N9 122.2 119.8
C5–C4–N9 120.6 121.2 122.2
C4–C5–C6 120.2 119.2 120.8
C4–C5–H8 119.4 120.5
C6–C5–H8 120. 118.8
C1–C6–C5 119.3 120.9 120.0
C1–C6–H15 120.0 120.1
C5–C6–H15 119. 119.9
C4–N9–H10 115.9 114.8
C4–N9–C11 123.0 122.2
H10–N9–C11 117.2 115.4
N9–C11–H12 108.4 108.6
N9–C11–H13 112.7 113.1
N9–C11–H14 111.1 110.8
H12–C11–H13 108.3 108.5
H12–C11–H14 107.6 107.5
H13–C11–H14 108.2 108.2

Dihedral angles (◦)
C(6)–C(1)–C(2)–C(3) 0.2
C(6)–C(1)–C(2)–H(7) −179.8
Cl(16)–C(1)–C(2)–C(3) −179.9
Cl(16)–C(1)–C(2)–H(7) −0.0
C(2)–C(1)–C(6)–C(5) 0.0
C(2)–C(1)–C(6)–H(15) 179.7
Cl(16)–C(1)–C(6)–C(5) −179.7
Cl(16)–C(1)–C(6)–H(15) −0.0
C(1)–C(2)–C(3)–C(4) −0.1
C(1)–C(2)–C(3)–H(17) 179.4
H(7)–C(2)–C(3)–C(4) 179.9
H(7)–C(2)–C(3)–H(17) −0.4
C(2)–C(3)–C(4)–C(5) −0.2
C(2)–C(3)–C(4)–N(9) 178.4 178.1
H(17)–C(3)–C(4)–C(5) −179.7
H(17)–C(3)–C(4)–N(9) −1.3
C(3)–C(4)–C(5)–C(6) 0.4
C(3)–C(4)–C(5)–H(8) −179.7
N(9)–C(4)–C(5)–C(6) −178.2 −177.8
N(9)–C(4)–C(5)–H(8) 1.9
C(3)–C(4)–N(9)–H(10) 19.2
C(3)–C(4)–N(9)–C(11) 167.5
C(5)–C(4)–N(9)–H(10) −162.3
C(5)–C(4)–N(9)–C(11) −14.1
C(4)–C(5)–C(6)–C(1) −0.3
C(4)–C(5)–C(6)–H(15) 179.8
H(8)–C(5)–C(6)–C(1) 179.80
H(8)–C(5)–C(6)–H(15) 0.0
C(4)–N(9)–C(11)–H(12) −176.1
C(4)–N(9)–C(11)–H(13) −55.5
C(4)–N(9)–C(11)–H(14) 66.15
H(10)–N(9)–C(11)–H(12) −27.9
H(10)–N(9)–C(11)–H(13) 92.5
H(10)–N(9)–C(11)–H(14) −145.8

a Taken from Ref. [42].
b Taken from Refs. [34,42].
Part A 75 (2010) 1523–1529

slightly different from experimental ones, because the molecular
states are different during experimental and theoretical process,
one isolated molecule is considered in gas phase during theo-
retical calculation, while many packing molecules are treated in
condensed phase during the experimental measurements.

In the title molecule studied here introduction of two sub-
stituent groups on the benzene ring causes some changes in the
ring C–C bond distances and also the position of the substituents
in the benzene ring as well as its electron donor/acceptor capabil-
ities plays a vital role on the structural and electronic properties
of the molecules. The methyl group and chlorine atom are referred
as electron-donating and electron-accepting substituents in aro-
matic ring systems. The carbon atoms are bonded to the hydrogen
atoms with � bond in benzene and substitution of a Cl and CH3
groups for hydrogen reduces the electron density at the ring car-
bon atom. The ring carbon atoms in substituted benzenes exert
a large attraction on the valence electron cloud of the hydrogen
atom resulting in an increase in the C–H force constants and a
decrease in the corresponding bond length. The reverse holds well
on substitution with electron-donating groups. The actual change
in the C–H bond length would be influenced by the combined
effects of the inductive-mesomeric interaction and the electric
dipole field of the polar substituent. In this study the C–H bond
lengths were calculated at 1.082, 1.083, 1.083 and 1.086 Å for the
ring.

As seen in Table 1, the interaction between the aminomethyl
group and the aromatic ring produces a small displacement of
the nitrogen atom out-of-plane of benzene ring with a torsional
angle of N9–C4–C5–C6 in the ca. −177◦. The same trend is not
exhibited in the other part of the ring because of substitution
of chlorine atom as shown in Table 1 (Cl16–C1–C6–C5 = −179.8◦)
with an electron-donating and electron-withdrawing substituents
at the para positions. The symmetry of the benzene ring is dis-
torted, yielding ring angles smaller than 120◦ and slightly larger
than 120◦ at the point of substitution. Similar values are found to
be present in other aniline derivatives which are m-methylaniline
[26], o-methylaniline [11] and p-methylaniline [6]. The C4–N9 bond

distance of ca. 1.388 ´̊A is just 0.042 ´̊A lower than the reported exper-

imental value of 1.43 ´̊A for p-methylaniline [3].

4.2. Vibrational spectral analysis

Vibrational spectral assignments have been performed on the
recorded FT-IR and FT-Raman spectra based on theoretically pre-
dicted wavenumbers by density functional (B3LYP) method using
6-311++G(d,p) basis set have been collected in Table 2. On the basis
of a Cs symmetry the 45 fundamental vibrations of 4-ClNMA 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 the Cs symmetry of this molecule, there are two imaginary
frequencies correspond to N-CH3 out-of-plane bending and methyl
rotation perpendicular to the ring plane. The structure at any level
was not a minimum energy structure. Two imaginary frequencies of
irreducible representation belong to A′′. But if the molecule were C1,
there would not be any relevant distribution whereas the molecule
has a true minimum energy E(B3LYP) = −786.62535 a.u. for C1 sym-
metry and E(B3LYP) = −786.62120 a.u. for Cs symmetry by using
6-311++G(d,p). By using the same method and basis set, it was
seen that all the vibrational frequencies were positive. Therefore,
we were confident that a definite absolute minimum energy in the

potential surface was found. The C1 symmetry structure was the
lowest energy at all levels. All fundamental vibrations are active in
both IR and Raman. We know that ab initio HF and DFT potentials
systematically overestimate the vibrational wavenumbers. These
discrepancies are corrected either by computing anharmonic cor-
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Table 2
Comparison calculated and experimental (FT-IR and FT-Raman) vibrational spectra and related assignments of 4-chloro-N-methylainiline.

No. Experimental B3LYP TED (≥10%)

IR Ra Scaled IIR SRa IRa

1 82 vs 80 1.97 0.41 74.23 �(ring-NHCH3) (57) + �CCl (12)
2 134 0.54 0.23 17.17 �(ring-NHCH3) (78)
3 186 w 182 2.12 1.96 88.25 r(ring-NHCH3) (63) + �CCCl (19)
4 209 0.30 1.26 46.31 �CH3 (85)
5 294 w 285 21.04 3.27 75.52 �CCCl (43) + �C-N-CH3 (33) + �NH (11)
6 315 1.68 0.42 8.4 �Cl-ring-N (72)
7 359 2.56 7.08 118 �CCC (33) + �CCl (27) + �CCCl (13) + �CCN (12)
8 366 s 371 108.06 2.53 40.42 �NH (77)
9 412 w 417 0.18 0.09 1.22 �(CH)ring (99)

10 507 w 506 15.36 0.55 5.76 �CCC (72)
11 511 38.05 0.65 6.73 �CNC (21) + �NH (19) + �CCl (13)
12 628 w 632 4.57 3.09 24.08 �CCC (77)
13 641w 647 15.79 4.56 34.45 �CCC (55) + �CCl (19)
14 698 w 709 2.11 0.10 0.66 �CCC (51) + �CH (27)
15 793 0.15 0.38 2.17 �(CH)ring (97)
16 805 s 804 3.53 28.97 162.69 �CCC (46) + �CN (15)
17 816 s 812 61.94 1.09 6.02 �(CH)ring (71)
18 925 w 923 0.46 0.04 0.184 �(CH)ring (80)
19 939 0.01 0.11 0.49 �(CH)ring (88)
20 1002 w 996w 999 7.70 3.93 16.11 �CCC (85)
21 1060w 1056 w 1056 11.85 15.01 56.16 �N-CH3 (50) + �CC (16) + �r-CH3 (14)
22 1093m 1095 s 1086 35.54 24.21 87.43 �CC (43) + �CCl (16)
23 1107 4.67 0.65 2.28 �(CH)ring (41) + �CC (22) + rN-CH3 (10)
24 1117m 1118 m 1126 9.83 1.82 6.22 �CH3 (95)
25 1155 ms 1158 10.82 1.26 4.11 rN-CH3 (56) + �N-CH3 (14)
26 1178 w 1177 w 1182 21.85 7.03 22.23 �(CH)ring (75) + �CC (19)
27 1260 ms 1269 53.17 3.05 8.607 �CC (43) + �CN (27) + �NH (10)
28 1295 ms 1295 w 1300 3.80 2.49 6.74 �(CH)ring (71) + �CC (23)
29 1318 m 1320 78.74 11.58 30.61 �CC (42) + �CN (23) + �(CH)ring (10)
30 1395 w 1401 8.05 1.07 2.55 �CC (35) + �(CH)ring (25)
31 1431m 1430 w 1443 5.69 6.16 13.99 �CH3 (91)
32 1448 s 1461 13.84 14.50 32.21 �CH2 (86)
33 1469 w 1480 9.83 2.83 6.155 �CH2 (37) + �NH (27)
34 1504 w 1498 6.30 7.46 15.88 �CH2 (57)
35 1512 261.65 2.48 5.18 �NH (20) + �(CC) (17) + �(CH)ring (16) + �CN (13)
36 1588 1.72 2.42 4.62 �asym(CCC) (65) + �NH (11)

37 1604 s 1600 s 1615 81.04 76.27 141.59 �C = C (80)
1734 w 100 Overtone/combination
1866 w 44.69 Overtone/combination
2360 w 48.52 Overtone/combination
2576 w 35.23 Overtone/combination
2814 w 2809 vw 19.24 Overtone/combination

38 2886 m 2851 84.01 217.11 34.96 �(CH)methyl (100)
39 2930 w 2923 34.71 99.72 55.23 �(CH)methyl (100)
40 2986 w 2980 w 2983 20.98 114.89 29.42 �(CH)methyl (96)
41 3022 w 3025 13.62 87.02 74.23 �(CH)ring (100)
42 3054 w 3054 5.42 48.92 17.17 �(CH)ring (100)
43 3067 s 3063 4.19 89.63 88.25 �(CH)ring (98)
44 3069 4.98 142.41 46.31 �(CH)ring (98)
45 3428 s 3474 25.84 114.09 75.52 �NH (100)

S 700 cm
I plane-
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a

calefactor: wavenumber in ranges from 4000 to 400 cm−1 and lower than 1
RIR—IRIntensity(K mmol−1), IRam—Raman intensity (Arb units), �—stretching; �—in-

ections explicitly or by introducing scaling factor for B3LYP with
-311+G(d,p) basis set, the wavenumbers in the ranges from 4000
o 1700 cm−1 and lower than 1700 cm−1 are scaled with 0.958
nd 0.983, respectively [43]. After scaling with a scaling factor,
he deviation from the experiment is less than 10 cm−1 with a few
xceptions.

.2.1. C–H vibrations
The heteroaromatic structure show the presence of C–H

tretching vibrations in the region 3100–3000 cm−1 which is the

haracteristic region for the ready identification of C–H stretching
ibrations [44]. In this region, the bands are not affected apprecia-
ly by the nature of substituents. The 4-ClNMA has two adjacent
romatic C–H units on both sides of ring. The C2–H, C3–H, C5–H
nd C6–H stretching vibrations corresponds to mode nos. 44, 43,
−1 are scaled with 0.958 and 0.983 for B3LYP/6-311++G(d,p) basis set [43],
bending; �—out-of-plane bending; �—wagging; �—rocking; t—twisting; �—torsion.

42 and 41 in the region 3069–3025 cm−1 by B3LYP method show
excellent agreement with FT-IR spectrum at 3054, 3022 cm−1 and
3067 cm−1 in FT-Raman spectrum.

The aromatic C–H in-plane bending modes of benzene and its
derivatives are observed in the region 1300–100 cm−1 [44]. The
bands are observed in the FT-IR spectrum at 1295 and 1178 cm−1

and their counter part of the FT-Raman spectrum at 1295 and
1177 cm−1 are assigned to C–H in-plane bending vibration. The the-
oretically computed B3LYP method at 1300, 1182 and 1107 cm−1

(modes nos. 28, 26 and 23) show good agreement with recorded

as well as literature data [34]. The bands observed at 925 and
816 cm−1 in FT-IR spectrum are assigned to C–H out-of-plane bend-
ing vibrations for 4-ClNMA. These also show good agreement with
theoretically scaled harmonic wavenumber values at 939, 923, 812
and 793 cm−1 by B3LYP method.
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.2.2. Phenyl ring modes
The ring carbon–carbon stretching vibration occurs in the region

625–1430 cm−1. In general, the bands are of variable intensity and
bserved at 1625–1590, 1590–1575, 1540–1470, 1460–1430 and
380–1280 cm−1 from the frequency ranges given by Varsanyi [44]
or the five bands in the region. In the present work, the frequencies
bserved in the FT-IR spectrum at 1395, 1318 and 1260 cm−1 are
ssigned to C–C stretching vibrations. The same vibrations in the FT-
aman spectrum are absent. The ring breathing mode at 1093 cm−1

n FT-IR and the same vibration in FT-Raman at 1095 cm−1 coincide
xactly with B3LYP predicted value at 1086 cm−1 (mode no. 22). The
ED of this vibration is a mixed mode as it is evident from Table 2
ixed with C–Cl stretching mode. The in-plane deformations are

t higher frequencies than those of out-of-plane vibrations. Shi-
anouchi et al. [45] gave the frequency data for this vibrations for

ifferent benzene derivatives as a result of normal coordinate anal-
sis. The bands at 805, 698, 641, 628 and 507 cm−1 in both FT-IR
nd FT-Raman spectra are assigned to C–C–C deformation of phenyl
ing. The theoretically computed C–C–C out-of-plane and in-plane
ending vibrational modes have been found to be consistent with
ecorded spectral value. The TED of these vibrations are not pure
odes as it is evident from the last column of TED in Table 2.

.2.3. C–Cl vibrations
The vibrations belonging to the bond between the ring and halo-

en atoms are worth to discuss here since mixing of vibrations
re possible due to the lowering of molecular symmetry and the
resence of heavy atoms on periphery of the molecule [46,47].
he assignment of C–Cl stretching and deformation vibrations have
een made by comparison with similar molecules, p-bromophenol
49] and the halogen substituted benzene derivatives [45]. Mooney
48,49] assigned vibrations of C–X group (X = Cl, Br, I) in the fre-
uency range 1129–480 cm−1. The C–Cl stretching vibration gives,
trong bands in the region 710–505 cm−1. Compounds with more
han one chlorine atom exhibit very strong bands due to asym-

etric and symmetric stretching modes. Vibrational coupling with
ther groups may result in a shift in the absorption to as high as
40 cm−1. For simple organic chlorine compounds, C–Cl absorp-
ions are in the region 750–700 cm−1, whereas for the trans and
auche forms [49,50] they are near at 650 cm−1. In the FT-IR spec-
rum of our title molecule 4-ClNMA at 641 cm−1 is assigned to C–Cl
tretching vibration. The theoretical calculation by B3LYP method
t 647 cm−1 exactly correlates with experimental observation. The
ED of this vibration show strong mixing with C–C–C in-plane
ending as shown in Table 2.

.2.4. Methyl group vibration
The molecule 4-chloro-N-methylaniline possesses one CH3

roup. For the assignments of CH3 group frequency one can expect
he nine fundamentals that can be associated to each CH3 group,
amely the symmetrical stretching in CH3 (CH3 sym. stretching);
he asymmetrical stretching (CH3 asym. stretching); the sym-

etrical (CH3 sym. deformation) and asymmetrical (CH3 asym.
eformation) deformations modes; in-plane rocking (CH3 ipr), out-
f-plane rocking (CH3 opr) and twisting (tCH3) bending modes.

The C–H stretching in CH3 group occurs at lower wavenum-
ers than those of aromatic ring (3000–3100 cm−1). The symmetric
–H stretching mode of CH3 group is expected in the region
round 2980 cm−1 and symmetric [51–53] one is expected around
he region 2810 cm−1. For 2-methylpyridine the CH3 stretching
s around 1450–1370 cm−1 and rocking 1020–980 cm−1 [54]. In

ccordance with the above conclusion, the theoretically predicted
symmetric and symmetric stretching vibrations in CH3 is at 2983,
923 and 2851 cm−1 by B3LYP/6-311++G(d,p) method (mode nos.
0-38). The FT-IR band at 2986, 2930 and 2886 represents the asym-
etric and symmetric stretching vibrations are exactly correlated
Part A 75 (2010) 1523–1529

with theoretical data. The counterpart in FT-Raman at 2980 cm−1

corresponds to asymmetric stretching in CH3 group. As expected
these three modes are pure stretching modes as it is evident from
TED column, they are almost contributing to 100%.

For the methyl substituted benzene derivatives the asymmetric
and symmetric deformation vibrations of methyl group normally
appear in the region 1465–1440 and 1390–1370 cm−1, respectively
[54,55]. The wavenumbers of the modes involving the CH3 defor-
mation vibration agree with the commonly accepted region of these
vibrations [56,57]. The work carried by Long and Joerge [58] on 4-
methylpyridine, the frequency of 1041 and 974 cm−1 in FT-Raman
are assigned to the rocking modes of CH3. The rocking vibrations
of the CH3 group in 4-ClNMA appear as independent vibrations.
These modes usually appear [54] in the region 1070–1020 cm−1.
The weak band in FT-IR at 1117 and a weak band at 1118 cm−1

in FT-Raman are attributed to the CH3 rocking mode. The theo-
retical value by B3LYP/6-311++G(d,p) method at 1126 cm−1 (mode
no. 24) shows excellent agreement with the experimental observa-
tion. As expected the CH3 torsional mode appear below 400 cm−1,
the computed band at 209 cm−1 by B3LYP method show excellent
correlation with literature data, however for the same mode, the
experimental bands are absent due to overcrowding of low fre-
quency vibration. The TED for this vibration is almost contributing
to 85% as shown in Table 2.

4.2.5. N–H vibration
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 [59,60]. These
are usual ranges for CH3, NH2 and C–H vibrations. The N–H stretch-
ing vibrations occur in the region 3200–3500 cm−1. The scaled
N–H stretch is calculated at 3474 cm−1 and the experimental value
observed at 3428 cm−1 in FT-IR. The TED of these vibrations is
exactly contributing to 100% as shown in last column of Table 2. The
N–CH3 stretching vibration is calculated at 1056 cm−1. This vibra-
tion also shows exact correlation with experimental observation at
1060 cm−1 in FT-IR and 1056 cm−1 in FT-Raman spectrum.

4.2.6. C–N stretching vibration
The C–N stretching frequency is a rather difficult task since there

are problems in identifying these frequencies from other vibrations.
Silverstein et al. [59] identified the C–N stretching absorption in the
region 1382–1266 cm−1 for aromatic amines. The C–N stretching is
observed at 1293 cm−1 [61]. Hence the band at 1260 cm−1 in FT-IR
spectrum is assigned to C–N stretching vibration. The theoretically
predicted scaled value at 1269 cm−1 (mode no. 27) show excellent
agreement with experimental data. The TED of this vibration sug-
gests that this is a mixed mode with C–C stretching vibration. It has
also some contribution in the mode no. 29.

4.2.7. NMR spectra
The isotropic chemical shifts are frequently used as an aid in

identification of relative ionic species. It is recognized that accu-
rate predictions of molecular geometries are essential for reliable
calculations of magnetic properties. The experimental and calcu-
lated values for 13C and 1H NMR are shown in Table 3. As in
Fig. 6, the studied molecule shows seven different carbon atoms.
Taking into account that the range of 13C NMR chemical shift
for analogous organic molecules usually is >100 ppm [62,63], the
accuracy ensures reliable interpretation of spectroscopic parame-
ters. In the present work, 13C NMR chemical shifts in the ring for

the title molecule are >100 ppm, as they would be expected (in
Table 3). Nitrogen atom shows electronegative property. Therefore,
the chemical shift value of C4 which is in the ring has been observed
at 145.7 ppm. C–N calculated (with respect to TMS) 155.2 ppm. Sim-
ilarly, five carbon peaks in the ring are observed from 113.63 to
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Table 3
The experimental and predicted 13C and 1H isotropic chemical shifts (with respect
to TMS, all values in ppm) for 4-ClNMA.

Atom Exp. B3LYP Atom Exp. B3LYP

C(1) 122.70 132.91 H(7) 6.524 7.30
C(2) 129.22 133.63 H(8) 7.148 6.64
C(3) 113.63 119.34 H(10) 3.618 4.13
C(4) 145.70 155.19 H(12) 2.889 2.85
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C(5) 113.63 112.54 H(13) 2.736 2.57
C(6) 129.22 134.34 H(14) 2.886 2.83
C(11) 29.70 30.41 H(15) 6.516 7.43

H(17) 7.141 6.82

29.2 ppm are calculated from 112.54 to 134.34 ppm. Moreover,
he pairs C3/C5 as well as C2/C6 are expected to be isochronous due
o signal averaging, and only two signals for the C–H carbons are
xpected. This results also support our theoretical results as shown
n Table 3. Besides, another carbon peak is calculated at 31.41 ppm,
hat is observed at 29.70 ppm (N-CH3).

The studied molecule has four hydrogen atoms in the ring, three
ydrogen atoms attached to the carbon atom of methyl group and
ne hydrogen attached in the nitrogen atom. In the 1H NMR spec-
ra just one type of protons appears at 2.80 ppm as a singlet (CH3),
here as the chemical shift value (with respect to TMS) of 2.85, 2.74

nd 2.83 ppm have been determined by using B3LYP/6-311++G(d,p)
ethod, the values are listed in Table 3. The remainder of the

bserved and calculated 1H NMR isotropic chemical shift value are
isted in Table 3. As can be seen from Table 3, there is a very good
greement between experimental and theoretical chemical shift
esults for the title molecule. The signal at 1.56 ppm is due to H2O
n CDCl3.

. Conclusion

The optimized molecular structures, vibrational frequencies and
orresponding vibrational assignments of 4-ClNMA have been cal-
ulated using B3LYP/6-311++G(d,p) method. Comparison of the
xperimental and calculated spectra of the molecule showed that
FT-B3LYP method is in good agreement with experimental data.
n the basis of agreement between the calculated and observed

esults, assignments of fundamental vibrational modes of 4-ClNMA
ere examined and some assignments were proposed. This study
emonstrates that scaled DFT/B3LYP calculations are powerful
pproach for understanding the vibrational spectra of medium
ized organic compounds. 1H and 13C NMR chemical shifts have
een compared with experimental values.
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