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ABSTRACT

In the present work, we reported the combined experimental and theoretical study on the
vibrational spectra of p-Acetylbenzonitrile. Calculations were performed by HF and DFT levels
using the standard 6-31G* basis sets. 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 tite compound. The predicted
infrared intensities, Raman activities and first hyperpolarizability are reported.From the HOMO
and LUMO analysis, The hardness value of the title compound is 1.879 eV and the title compound

belongs to hard material.
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INTRODUCTION

The benzonitrile moiety is a relevant polar
group in molecules present in calamitic and linear
and nonlinear optical materials™*. Several
molecular properties, such dipole moment,
polarizability (dynamic and static), polarizability
anisotropies, and nonlinear optical properties are
currently explored in benzonitrile, both
experimental and theoretical methods2. At room
temperature, the certain benzonitrile derivative
crystals mainly showed locally excited
fluorescence®. The importance of cyano-substituted
aromatic compounds in molecular electronic
devices and new kinds of mesogenic materials has
renewed the interest in their chemical and
electronic properties® Alvarado et al.” reported the

solvent effect on the electronic polarizability of
benzonitrile. 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'. The FT-Raman spectrum was
obtained on a Bruker RFS 100/s, Germany. For
excitation of the spectrum the emission of Nd:YAG
laser was used, excitation wavelength 1064 nm,
maximal power 150 mW.

Computational details
Calculations of the title compound were
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carried out with Gaussian09 software program®
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 data® 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 sets® The
assignment of the calculated wavenumbers is aided
by the animation option of Gaussview program,
which gives a visual presentation of the vibrational
modes’°.

RESULTS AND DISCUSSION

IR and Raman spectra

The observed IR, Raman and calculated
(scaled) wavenumbers and assignments are given
in Table 1. The C=0 stretching mode' is expected
in the region 1750-1650 cm™ and Ghosh et al.,"?
reported v(C=0) at 1683 cm™ and Hosny' reported
this mode at 1662 cm™". These bands are observed
at 1648 cm in the IR spectrum and at 1629 cm’
theoretically (DFT) for the title compound. The
4(C=0) in-plane deformation and the out-of-plane
deformation §(C=0) are expected in the regions 625
+ 70 and 540 +8 0 cm™, respectively''. The bands
observed at 643, 533 cm™ in the IR spectrum and
652 cm™ in the Raman spectrum are assigned as
C=0 deformation modes. The theoretically
calculated values are 648 and 524 cm™". Mohammed
and EL-Glamel'*, Igbal et al.,'® reported the
deformation band of C=0 at 623 cm™

Nitrogen compounds featuring triple or
cumulated double bonds, such as cyanides or
nitriles (-Ca=N) and cyanates —O—(Ca=N), all
provide a unique spectrum, typically with a single,
normally intense absorption at 2280—-2200 cm™' (for
cyano compounds) and 2285-1990 cm™ (for
cyanates, isocyanates and thiocyanates)'"'*. In the
present case the stretching mode vCa=N is
observed at 2253 cm™ in the IR spectrum and at
2231 cm™ in the Raman spectrum and the calculated
value (DFT) for this mode is 2213 cm™'. The in-plane
and out-of-plane deformation bands of Ca=N are
also identified and assigned (table 1).
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The asymmetric stretching vibrations of
CH, are expected in the range 2950-3050 cm" and
symmetric CH, vibrations in the range'" ¢ of 2900-
2950 cm™. The first of this results from the asymmetric
stretching v, CH, mode in which two C-H bonds of
the methyl group are extending while the third one
is contracting. The second arises from the
symmetrical stretching v .CH, 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 3054, 2995 cm™ and the
symmetric mode at 2933 cm'. The bands observed
at 3043 in the IR spectrum and at 2939 cm in the
Raman 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 range 1400-1485 cm™. The
calculated values (DFT) of 5, CH, modes are at
1466, 1453 cm. In many molecules, the symmetric
deformations 6 CH, appears with an intensity
varying from medium to strong and expected in the
range'" 1380+25 cm™. The band observed at 1372
cm™ in the IR spectrum is assigned as the §.CH,
mode. The DFT calculations give . CH, mode at
1384 cm'. Aromatic molecules display a methyl
rock'" in the neighborhood 1045 cm™ The second
rock' in the region 970 + 70 cm™' is more difficult to
find among the C-H out-of-plane deformations. In
the present case, these vCH, modes are calculated
at 1040 and 996 cm'. The methyl torsions' often
assigned in the region 185 + 65 cm.

The benzene ring possesses six ring
stretching modes, of which the four with the highest
wavenumbers (occurring near 1600, 1580, 1490
and 1440 cm™) 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™ is usually
weaker than at 1600 cm™. In the case of C=0
substitution, the band near 1490 cm™ can be very
weak. The fifth ring stretching mode is active near
1315 + 65 cm™, a region that overlaps strongly with
that of the CH in-plane deformation. The sixth ring
stretching mode or the ring breathing mode, appears
as a weak band near 1000 cm™ in mono-, 1,3-di
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Table 1: Calculated (scaled) wavenumbers, observed IR, Raman bands and assignments
HF/6-31G* B3LYP/6-31G* IR Raman Assign-

v(ecm™) IR, R, v(cm’) IR R, v(cm') v(cm') ments
3051 1.24 96.68 3118 2.05 133.59 vCH
3041 6.24 90.50 3112 7.06 71.42 vCH
3028 2.76 55.52 3101 1.80 54.71 vCH
3023 4.24 42.40 3096 3.61 39.79 3087 3085 vCH
2968 10.01 104.40 3054 10.26 106.32 3043 v, CH,
2919 11.00 50.62 2995 8.81 50.20 v, CH,
2860 3.24 109.37 2933 2.57 117.90 2939 v, CH,
2279 41.74 367.68 2213 20.88 560.76 2253 2231 vCa+N
1687 204.73 57.86 1629 101.41  23.29 1648 vC=0
1628 11.19 256.48 1600 32.17 424.81 1604 1609 vPh
1567 13.02 2.66 1543 12.70 12.20 1556 vPh
1514 1.96 0.26 1499 0.62 0.77 1494 vPh
1462 16.77 26.02 1466 15.12 27.62 8, CH,
1453 17.29 13.50 1453 18.65 11.50 8, CH,
1407 59.58 5.16 1403 34.55 5.80 1401 vPh
1398 0.56 1.44 1384 25.51 5.72 1372 8.CH,
1328 4.70 2.93 1322 4.68 2.57 1317 vPh
1261 199.62  30.02 1306 8.22 0.59 1304 6CH
1208 31.54 1.69 1259 222.02  48.81 1263 1268 6CH
1194 3.34 3.10 1198 6.48 3.52 1192 vCC
1180 6.09 56.42 1185 7.74 81.04 1175 1182 vCC
1110 0.04 0.16 1118 4.86 0.14 1115 6CH
1080 3.35 26.68 1074 1.79 37.79 1071 1073 vCC
1067 0.55 8.22 1040 1.27 3.477 1030 pCH,
1049 1.00 0.63 1015 5.95 1.15 1010 6CH
1032 0.01 0.99 996 0.53 0.91 pCH,
1018 5.58 0.08 971 0.10 1.46 vCH
960 25.35 1.17 953 32.27 5.92 963 YyCH
898 51.72 2.26 860 34.34 3.26 853 vCH
883 27.14 1.43 841 21.72 2.41 832 vCH
781 2.31 26.01 786 1.22 25.94 781 792 pPh
763 0.08 4.37 745 0.01 1.51 731 vPh
651 0.63 4.45 648 0.80 4.93 643 652 8C=0
631 13.50 2.50 635 10.01 1.07 8Ca=N
607 36.10 1.07 598 19.02 0.64 599 SPh(X)
562 4.51 3.26 554 5.72 0.70 560 yCa=N
547 2.59 10.60 539 3.36 6.20 533 536 YPh(X)
526 25.93 4.58 524 13.42 4.55 533 ¥C=0
433 1.02 2.46 436 0.95 2.36 SPh(X)
416 0.04 0.20 407 0.01 0.09 SPh(X)
401 0.22 5.05 392 0.11 3.22 YPh(X)
313 0.32 5.43 315 0.31 5.58 329 YPh(X)
226 6.09 0.44 223 4.86 0.20 219 tCa+N
209 0.76 0.15 204 0.89 0.186 tPh
165 0.15 0.02 161 0.36 0.06 170 tCH,
132 8.91 3.66 128 7.16 3.58 140 tC=0
79 7.15 0.76 77 6.89 0.61 tPh
53 4.23 1.46 68 1.79 1.45 tPh

v-stretching; 8-in-plane deformation; y-out-of-plane deformation; t-torsion; Ph-phenyl ring; X-substituent
sensitive; as-asymmetric; s-symmetric.
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and 1,3,5-trisubstitued benzenes'" In the otherwise
substituted benzenes, however, this mode is
substituent sensitive and difficult to distinguish from
the ring in-plane deformation' For the para-
substituted phenyl ring the vPh modes are
expected in the range'? 1280-1620 cm™ For the
titte compound, the 6Ph modes are observed at
1604, 1556, 1494, 1401, 1317 cm™ (IR), 1609 cm™’
(Raman) and 1600, 1543, 1499, 1403, 1322 cm
theoretically. The ring breathing mode of the para
substituted benzenes with entirely different
substituents'” has been reported in the interval 780-
880 cm'. and in the present case the band at 781
cm™, 792 cm™ in Raman and 786 cm™ (DFT) is
assigned as the ring breathing mode of Phenyl ring.
The in-plane bending 8CH modes'" of the phenyl
ring are expected above 1000 cm™'. Bands observed
at 1263, 1115, 1010 cm in the IR spectrum and at
1304, 1268 cm, in the Raman spectrum are
assigned as 8CH modes of the para-substituted
benzene ring. The DFT calculations give these
modes at 1306, 1259, 1118, 1015 cm™. The CH
out-of-plane deformations' are observed between
1000 and 700 cm'. Generally, the CH out-of-plane
deformations with the highest wavenumbers have
a weaker intensity than those absorbing at lower
wavenumbers. These &CH modes are observed at
963, 853 cm™ (IR), 832 cm™ (Raman), 971, 953,
860, 841 cm™ (DFT) for phenyl ring. The strong CH
out-of-plane deformation band occurring at 840 +
50 cm™ is typical for para-substituted benzenes'"
For the title compound, a band is observed at 853
cm™ in the IR spectrum, which finds support from
the computational result, 860 cm™ with high
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calculated IR intensity. The substituent sensitive
modes of the phenyl ring are also identified and
assigned (table 1).

First hyperpoplarizability

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
properties'. Many organic molecules, containing
conjugated & electrons and characterized by large
values of molecular first hyperpolarizabilities, were
analyzed by means of vibrational spectroscopy'®1°.
Analysis of organic molecules having conjugated
n-electron systems and large hyperpolarizability
using infrared and Raman spectroscopies has
evolved as a subject of research'. Organic
molecules able to manipulate photonic signals
efficiently are of importance in technologies
such as optical communication, optical computing
and dynamic image processing'2°. First
hyperpolarizability is a third rank tensor that can be
described by a 3 x 3 x 3 matrix. The 27 components
of the 3D matrix can be reduced to 10 components
due to the Kleinman symmetry?2. The calculated first
hyperpolarizability of the title compound is 3.62 10
% esu.. We conclude that the title compound is an
attractive object for future studies of non linear
optical properties.

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
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calculated. The RMS values of wavenumbers were
calculated using the following expression?.

RMS = Li(u-‘“‘t - L ]2

.’3_1 i !

The RMS error of the observed IR and
Raman bands are found to 30.49, 37.51 for HF and
11.54, 9.49 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 accepting®. The frontier
orbital gap helps to characterize the chemical
reactivity, optical polarizability and chemical
hardness-softness of a molecule®. Surfaces for the
frontier orbitals were drawn to understand the
bonding scheme of the title compound. The
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calculated HOMO and LUMO energies are -9.509
and -5.751 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 value?* of a molecule can be
determined as n = ((HOMO+LUMO)/2. The value of
¢ of the title molecule is 1.879 eV. Hence we
conclude that the title compound belongs to hard
material.

CONCLUSION

The IR and Raman spectra of the title
compound have been recorded and analyzed. The
harmonic vibrational wavenumbers were calculated
theoretically using Gaussian09 software package.
Calculations were performed by HF and DFT levels
using the standard 6-31G* basis sets. 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
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