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Vibrational spectra of aniline in gas phase: An ab-initio study
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ABSTRACT

Vibrational frequencies of aniline in gas phase have been calculated and each of their modes
of vibration assigned properly at RHF and DFT with 6-31G(d) basis set. In the present study, it has
been observed that the 6-31G(d) basis set at both RHF and DFT levels of calculations provides better
agreement to the experimental findings as compared to other basis sets. Simultaneously, Density
functional theory is found to be superior to its counterpart Hartree Fock method .
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INTRODUCTION

In recent years, considerable efforts have
been devoted to understand the vibrational spectra
of simple aromatic compounds. The role of aromatic
amines is of basic importance in biology and
chemical industry, particularly aniline and its
derivatives are used in the production of dyes,
pesticides and antioxidants2.

Some of the para-substituted derivatives
of aniline are local anesthetics, and in these
molecules the amino group plays an important role
in the interaction with the corresponding receptor.
Even in aniline, the amino group affects the planarity
of the molecule and inclusion of an additional
substituent group in aniline leads to further changes
in the charge distribution in the molecule, and
consequently affects the structural and vibrational
parameters. Taking this into consideration it was
thought worthwhile to calculate the vibrational
frequencies of aniline at frist stage in order to
establish the appropriate method along with basis
set so that it would be applied to its other derivatives
to see upto which extent the substituents affects
the structrural and vibrational parameters.

Computational Detail

The entire calculations are performed at
HF/6-31G(d) and Density functional Theory B3LYP/
6-31G(d).All calculation in the present work were
carried out in the Department of Physics, Paliwal
Degree College Shikohabad on a Pentium IV PC
using GO3 and GAUSS VIEW 4.1 Version of ab-
initio quantum mechanical program.®' The
optimized structural parameters are used in the
vibrational frequency calculations at the HF and DFT
to characterize all stationary points as minima. We
have utilized the gradient corrected density
functional theory (DFT)' with the three parameters
hybrid function (B3 for the exchange part) and Lee-
Yang-Parr (LYP) Correlation Function, accepted as
a cost effective approach for the computation of
molecular structure, vibrational frequencies and
energies of optimized structures. Vibrational
frequency assignments are made with a high degree
of accuracy.

RESULTS AND DISCUSSION
Optimized Geometry

The optimized structure parameters of
aniline calculated by HF/6-31G(d) and DFT B3LYP/
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6-31G(d ) along with same of their experimental
values are listed in Table-1and 2. The relative
energies of aniline have also been calculated with
different basis sets are presented in Table-3.

The optimized Hartree Fock C-N bond
length (1.397A) is found to be less than the
experimental value while in DFT calculations the
same (1.400 A) is in good agreement with the
experimental observation (1.402 A). Similar results
have also been found for the N-H bond length. On
the other hand the the HF and DFT procedures
give almost comparable magnitides for the bond
angles. Table-3 shows that basis set which includes
the polarized function has the most stable form of
energy.

In our study, vibrational frequencies
calculated at HF/6-31G(d) and B3LYP/6-31G(d)
level were scaled by 0.8929 and 0.9613,
respectively. On the basis of the comparison
between calculated and experimental results,
assignment of fundamental modes were examined.
The calculated frequncies are slightly lower than
the experimental values for the majority of the
normal modes. The infrared region of the
electromagnetic spectrum extends from 14,000cm
"to 10cm'. The region of most interest for chemical
analysis is the mid-infrared region (4,000cm' to
400cm") which corresponds to changes in
vibrational energies within the molecules. We have
used HF and DFT optimized geometries as the
starting point to calculate vibrational frequencies of
Aniline. The number of atoms (N) in aniline are 14
therefore there are 13 stretching vibrations and 23
bending modes according to formula (N-1) and 3N-
6-(N-1). The assignments for calculated frequencies
of aniline at DFT/B3LYP/6-31G(d) are listed in
Table-4. The optimized structures and IR spectrum
of aniline calculated at DFT/B3LYP/6-31G(d) level
are shown in fig. 1(a) and 1(b)

N-H, Vibrations

The NH, stretching frequencies of aniline
has been accurately determined by Nakanaga et.
al'® using the infrared depletion spectroscopy. For
the aniline these authors observed two absorption
bands of approximately equal infrared intensities,
positioned at 3508 and 3422 cm'. They assigned
these bands to NH, antisymmetric and symmetric
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stretching vibrations, respectively. As it is seen in
Table-4 vibration 1 and 2 (V1andV2) are assigned
to N-H, stretching for B3LYP/6-31G(d) in the range
of 3502 cm™ and 3408 cm™ for antisymmetric
stretching and symmetric stretching, respectively,
are in good agreement with the experimental values.

Evan'®, in the IR spectroscopy studies of
aniline in the gas phase and inert solvents,
suggested that the two bands at 1115 and 1054
cm-' involve deformation vibrations. Our calculations
for aniline clearly indicates that (V18andV19)
involves considerable contribution from the N-H
rocking vibration. The calculated frequencies of
these modes 1106 and 1037 cm™ are in better
agreement with the corresponding experimental
values.

C-N Vibrations

The stretching vibration has been assigned
at 1282 cm™ in the IR spectrum of aniline by Gee
et. al”. Our calculated frequency for this mode of
vibration (V15) is found at 1265 cm™ which is in
good agreement with the experimental value.

As is seen from Table-4 vibration (V25) also
involves significant contribution from C-N stretching
vibration. Michalska'® concluded that, in the IR
spectrum of aniline, this vibration has been
attributed to the band at 822cm-' which is supported
by our calculations.

The C-N out of plane bending vibration is
coupled with ring torsions and belongs mainly to
the vibration V36, V32, V27. For the aniline the
calculated frequencies of these vibration are 215,
489, and 734 cm”, respectively are similar to
experimental frequencies 217, 501 and 755 cm,
respectively.

Phenyl Ring Vibrations

The vibration V21 and V19 in aniline can
be described as ring in plane bending, which
originates from the C-C stretching vibrations
coupled with C-H in plane bending. These modes
of vibrations were assigned 972 and 1037cm™,
respectively are comparable with experimental
values for aniline in argon matrix'”. Both the modes
of vibrations are very week in infra red spectra in
as predicted by calculations and illustrated in
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Tablel: Bond Length of Aniline At HF/6-31G(d)and B3LYP/6-31G(d)

S.No. Parameters Bond Length (HF) Bond Length (DFT) Exp.
1 C1-C2 1.3926 1.4052 1.397
2 C1-C6 1.3926 1.4052
3 C1-N7 1.3973 1.4003 1.402
4 C2-C3 1.3835 1.3931 1.394
5 C2-H8 1.0766 1.0882 1.082
6 C3-C4 1.3855 1.3965 1.396
7 C3-H9 1.0759 1.0873 1.083
8 C4-C5 1.3856 1.3965
9 C4-H10 1.0747 1.086 1.080
10 C5-C6 1.3834 1.3931
11 C5-H11 1.0759 1.0873
12 C6-H12 1.0766 1.0882
13 N7-H13 0.9974 1.0128
14 N7-H14 0.9974 1.0128

Table 2: Bond Angle of Aniline At HF/6-31G(d) and DFT/B3LYP/631G(d)

S.No. Parameters Bond Angle Bond Angle(DFT) Exp

1 C2-C2-C6 118.7378 118.593

2 C2-C1-N7 120.6094 120.674

3 Ce-C2-C7 120.6067 120.670

4 C1-C2-C3 120.3874 120.471 120.12
5 C1-C2-H8 119.5887 119.417

6 C3-C2-H8 120.0226 120.110

7 C2-C3-C4 120.8622 120.785 120.70
8 C2-C3-H9 119.1773 119.176

9 C4-C3-H9 119.9604 120.037

10 C3-C4-C5 118.7627 118.893

11 C3-C4-H10 120.6195 120.553

12 C5-C4-H10 120.6178 120.553

13 C4-C5-C6 120.8623 120.785

14 C4-C5-H11 119.9593 120.038

15 C6-C5-H11 119.1784 119.176

16 C1-C6-C5 120.3874 120.471

17 C1-C6-H12 119.5875 119.417

18 C5-C6-H12 120.0238 120.111

19 C1-N7-H13 114.2419 114.598 115.94
20 C1-N7-H14 114.2418 114.599

n
—_

H13-N7-H14 110.6417 111.041 113.10
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Table 3: Energy and Dipole moment of Aniline by HF and DFT with different basis sets
Basis sets Energy Dipole Moment

HF DFT HF DFT
6-31G(d) -285.730882220 -287.60176074 1.5379 1.7131
6-31G+(d) -285.74103810 -287.61612989 1.4800 1.6308
6-31G+(d,p) -285.75787501 -287.63092745 1.4705 1.6314
6-31G++(d,p) -285.75807403 -287.63113107 1.4647 1.6222
Table 4: Vibrational Frequencies of Aniline with HF/6-31G(d) and B3LYP/6-31G(d)

S. 6-31G(d) Exp Assignment

No. HF DFT

Vi1 3469.89 3502.391 3508 N7-H13-H14 Anti symm Stretching

V2 3382.198 3408.212 3422 N7-H13-H14 Symm Stretching

V3 3024.618 3086.35 3072 C-H Symm Stretching

V4 3009.296 3069.364 3050 H8-C2-C3-H9 Symmetric Stretching

V5 3002.519 3063.894 3037 C-H Anti Symmetric

V6 2988.635 3048.600 H8-C2-C3-H9 and C5-H11-H12 Anti symm stre

V7 2986.831 3047.532 3025 H8-C2-C3-H9 and C5-H11-H12 Anti Symm Stre

V8 1645.499 1629.836 1618 N7-H12-H14 In plane bending (scissoring)

V9 1613.140 1603.814 1608 N7-H12-H14 In plane bending and C=C Stretching

V10  1599.461 1583.251 1594 C=C Stretching and C-H In plane bending

V11 1493.982 1492.178 1503 C-H Rocking

V12  1464.374 1460.878 1470 C-H In plane bending , C5=C6 and C2=C3 Stre

V13  1336.136 1324.566 1340 C-H In plane bending

V14  1245.525 1315.837 1324 C=C Ring Stretching

V15  1214.237 1265.667 1282 C-N Stretching

Vié 1160.118 1164.759 1176 H9-C3-C2-H8 Scissoring

V17  1123.420 1143.889 1152 C-H In plane bending

V18 1067.605 1106.264 1115 N7-H13-H14 Rocking

V19  1029.612 1037.993 1054 C2-H8 In plane bending C3-C4 and C4-C5 Stre

V20 1009.129 1016.536 1028 Ring Compression and Expansion

V21  990.145 972.8644 996 C83-C4 and C4-C5 Stretching

V22  970.457 937.3348 968 C-H Out of plane bending

V23  968.725 910.726 957 C-H Out of plane bending

V24  885.613 884.4924 875 C-H Out of plane bending

V25  828.039 803.2142 822 C-N Stretching and C1-C2, C1-C6 Stretching

V26  796.645 795.3219 812 C-H Out of plane bending

V27  756.964 734.4332 755 Ring Compression and Expansion

V28  689.952 677.2935 688 C-H Out of plane bending

V29 645.414 611.3003 619 Ring Compression and Expansion

V30 608.359 608.3203 N7-H13-H14 Out of plane bending(wagg)C-NStre

V31 512.497 516.1316 526 Ring Compression and Expansion

V32 495.648 489.1383 501 C-H Out of plane bending

V33  408.251 401.9099 415 C-H Out of plane bending

V34  367.187 368.5816 390 N7-H13-H14 Rocking

V35  223.341 274.8837 277 N7-H13-H14 Rocking

V36  220.099 215.9176 217 C-N Out of plane bending
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fig1.The vibration V13 in the molecules can be
described as the Kekule type vibration coupled
with C-C stretching vibrations of the benzene ring.
The B3LYP/6-31G(d) calculated frequencies of this
mode 1324 cm' is in very good agreement with the
experimental 1340 cm™ reported by Evans'.

According to calculations, vibration V3 has
been longest Raman scattering due to C-H
stretching vibrations.The frequencies of these
vibrations is in good agreement with experimental
values. The calculated frequencies of modes V7 and
V6 (3047 and 3048 cm''), respectively, indicate that
the corresponding anisymmetric stretching bands
may overlap in vibrational spectra of aniline.

Fig 1(a): Optimized structure
of aniline at B3LYP/6-31G(d)
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CONCLUSIONS

The HF/6-31G(d) and DFT/B3LYP/6-
31G(d) calculations were performed for aniline
molecule in gas phase. The calculated results show
that predicted geometry can well reproduce the
structural parameters. Scaled vibrational
frequencies and their normal modes of vibration
have been compared with experimental
observations. It was found that DFT B3LYP/6-
31G(d) method provides more satisfactory results
as compared to HF/6-31G(d) because of the fact
that Hartree Fock provides an inadequate treatment
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of the correlation between the motions of the
electrons within a molecular systems especially that
arising between electrons of opposite spin that
remains uncorrelated. On the other hand the DFT
approach is based upon a strategy of modeling
electron correlation via general functionals of the
electron density. The encouraging results so
obtained lead us to apply the present procedure
for other biologically, chemically and medicinally
important derivatives of aniline in order to study the
finer details affecting their structural and vibrational
behaviour.
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