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The accuracy of the MO6L DFT method in the prediction of the vibrational spectra of 4-amino-2-chlorobenzonitrile
molecule was tested and compared with that of the B3LYP method. The experimental FT-IR and FT- Raman spectra
in the solid state were recorded at room temperature, and the bands assigned with accuracy by comparison with the
results obtained by different methods, including MP2 and DFT. The FT-IR spectrum in Nujol mull was also recorded
and analyzed. Several scaling procedures were used and several recommendations were presented. The wavenumbers of
most of the modes were found in the expected range and the error obtained was in general very low. The thermodynamic
parameters were calculated and discussed. The NBO analysis was done and Molecular Electrostatic Potential (MEP) was
plotted. The calculated HOMO and LUMO energies showed that charge transfer occurs within the molecule. Several
general conclusions were deduced. © Anita Publications. All rights reserved.
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1 Introduction

The theoretical prediction of vibrational spectra is of practical importance and has become an
important part of spectrochemical and quantum chemical investigations. A variety of different approaches
combining the theoretical and experimental results for predicting accurate vibrational wavenumbers have
been suggested and reviewed by us [ 1-3]. However, the accuracy of one of the new DFT methods, the MO6L,
has not been tested yet from the spectroscopic point of view. Thus, the main aim of the present manuscript
was to present scaling equations to be used with this method and to determine the accuracy obtained with
them in a simple BN derivative, the 4-amino-2-chlorobenzonitrile molecule (4A-2CBN), which has not
been analyzed yet completely. Thus all the results obtained in the present study are being reported for the
first time.

4A-2CBN molecule was selected for the present study because of the interesting biochemical
and physical properties of benzonitrile (in short BN) and its amino derivatives. Substituted benzonitriles
have been studied extensively due to their wide applications in various fields, e.g. they are used in the
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manufacturing of polymers and anhydrous metallic salts and as well as intermediates for pharmaceuticals,
agrochemicals, pesticides and other organic chemicals [4-8], and also they have many other important
applications [9-12]. Several halogen derivatives are well known herbicides since 1960s, and it was found
that benzonitriles, substituted at the 2 and 6 positions by halogen or methyl, had the highest herbicidal
activity. 2,6-dichlorobenzonitrile (2,6-DCBN) is a contact herbicide which controls broadleaf weeds in grass
type crops and in cranberry bogs. Some 2,6-dichloro-1-substituted benzene derivatives showed herbicidal
activity, comparable with that of 2,6-dichlorobenzonitrile. 2,6-difluorobenzamide, a fluorinated derivative of
DCBN, is used to synthesize benzyl urea like pesticides. Due to the high electro-negativity of chlorine atom,
entirely different physical and chemical properties are observed in these compounds as compared to the other
halogenated derivatives [13-16].

Although numerous experimental studies using the IR and Raman spectroscopic techniques, and
theoretical ones have been made in recent years on the vibrational spectra of BN and its mono- and di-
substituted derivatives [17-36], however, as far as we know, no structural data and a complete rigorously
studied vibrational analysis on 4A-2CBN molecule, Fig |, are available in literature yet [37]. Therefore, the
another aim of the present work is to analyze in detail for the first time the molecular geometry and vibrational
spectra of this molecule. The assignments and interpretation of the experimental IR and Raman bands are
based on DFT calculations and accurate scaling. Also, the results of the NLO properties, MEP mapping
and HOMO-LUMO analysis for the title compound are discussed for the first time. The importance of this
molecule may be seen from the fact that the substituted benzonitriles are finding increasing applications in a
variety of fields.

Fig 1. Label of the atoms in 4A-2CBN molecule.
2 Experimental
The compound 4A-2CBN (C7HS5CIN2) of spectral grade in solid state was purchased from M/s
Aldrich Chemicals (Milwanke, WI USA) and used as such without any further purification. The FTIR spectrum
of this compound in KBr pellet (with 1 mg sample per 300 mg KBr) was measured on a Perkin Elmer FT-IR
Model 1760 X, while the infrared spectrum in nujol mull was recorded on Nicolet DX spectrometer. The
spectra are shown in Figs 2-3.
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The FT-Raman spectrum was measured on a Nicolet Raman 950 instrument operating at room
temperature. The spectrum was recorded in powder form in the region of 3500-0 cm™. The spectrum was
accumulated by acquisition of 400 scans at a fixed temperature. The sample was mounted in the sample
illuminator using an optical mount and no sample pretreatment was undertaken. The NIR output (1064 nm)
of an Nd:YAG laser was used to excite probe. The instrument was equipped with InGaAs detector. The
instrument was set at 250 mW. The spectra are shown in Figs 4-5.
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Fig 2. Calculated (scaled) and experimental IR spectra in KBr matrix of 4A-2CBN in the 4000-2000 cm ™' range.
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Fig 3. Experimental IR spectra of 4A-2CBN molecule in the 2000-200 cm™' range in KBr and Nujol matrix, and
theoretical scaled spectrum using the scale equation procedure.
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Fig 4. Experimental and theoretical scaled Raman spectrum in the 3500-2000 cm™! range using the scale equation
procedure with benzene molecule.
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Fig 5. Experimental and theoretical scaled Raman spectrum in the 1700-0 cm™ range using the scale
equation procedure with benzene molecule.

3 Computational details

Ab initio HF (Hartree—Fock), MP2 (second-order Moller-Plesset) and DFT methods are most
commonly used for the calculations of vibrational normal modes of a molecule to interpret and understand
its experimental vibrational (infrared and Raman) spectra. In the calculations done by these methods, the
effect of anharmonicity on both the vibrational frequencies and on the IR and Raman intensities is neglected.
Therefore, the calculated harmonic frequencies and IR and Raman intensities, in many cases, are not in good
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agreement with the experimentally observed IR and Raman spectra [38]. In the present study, the density
functional theoretical (DFT) computations [39] were performed because they provide a very good overall
description of medium-size molecules. Moreover, for the wavenumber calculations [1-3,40] they appear
more accurate than HF and MP2, and at lower computational cost.

Mainly, three levels of theory have been used for geometry optimisation and calculations of
vibrational wavenumbers: B3LYP/6-31G(d,p), B3LYP/6-311++G(3df,pd), and M06-L/6-31G(d,p). Among
the DFT methods, B3LYP is the most popular, and it has been used satisfactorily in many studies of DNA
components [41-46], of drug designing [47-49], and of several other important molecules [50-54]. With
these methods and basis sets we have recently studied the geometry, and molecular properties of a series of
dichlorobenzonitriles and difluorobenzonitriles [32,33, 54-57].

In the present study, the results obtained by B3LYP method were compared with those obtained
with the new local density functional method MO6L [58] available today in Gaussian 09 [59] program
package, and developed by Zhao and Truhlar [60]. MO6L generally yields good results for a broad range of
interactions, including non-covalent interactions [58,60]. However, the accuracy of MO6L in the calculation
of the vibrational wavenumbers has not been tested yet, although several studies with M06 method have been
reported [61].

The geometry structure and atomic charges calculated by DFT methods were confirmed by using
ab initio MP2 calculations. For comparison purposes the natural NBO atomic charges [62,63] were also
calculated in BN molecule.

Molecular geometries were fully optimized by Berny*s optimization algorithm in redundant internal
co-ordinates, and with the standard optimization convergence criteria. Imaginary frequencies were not found
in the vibrational analysis which proves that the geometries determined belong to a true minimum. The
harmonic approximation was used at the same level of theory that the optimized geometry. Visualization
and checking of calculated data were done by using the Gauss View 4.1 program for the stable form of the
molecule.

Raman scattering activities (S;) calculated by Gaussian 09 program were suitably converted to
relative Raman intensities (/;) using the following relationship derived from the basic theory of Raman
scattering [64-66]:

_ [y -v)ts,
", [1—exp(—hev, / kT))

where f'is the suitable chosen common scaling factor for all the peak intensities, v, is the laser exciting
frequency (cm™'); in this work we have used the exciting wavenumber v, = 9938.5 (which corresponds to the
wavelength of 1064 nm of a Nd:YAG laser), v; is the vibrational wavenumber of the ith normal mode, and 7,
c and k are universal constants.

4 Results and Dicsussion

4.1 Geometry Optimization

The optimized bond lengths, bond angles and torsional angles determined by the different theoretical
methods in the isolated state of 4A-2CBN molecule are listed in the 2™ to 5™ columns of Table 1, while the
labeling of the atoms is plotted in Fig 1. Although X-ray experimental data on 4A-2CBN has not been
reported yet, however, the calculated values with the different methods were, in general, in accordance to the
microwave data reported for the molecule of BN [67], to the X-ray values in 4-aminobenzonitrile (4ABN)
[55b-d], and to the computed values in several BN derivatives [25,26]. In the crystal of the solid state,
the molecules of 4A-2CBN are expected to be connected to a three-dimensional network, as reported in
4ABN [68-70], and to form intermolecular H-bonds between an amino H-atom and the cyano group of a



196 M Alcolea Palafox, Anupama, Rachna Rastogi, M Jane Alam, Daisy Bhat, VK. Rastogi

neighboring molecule, with classical hydrogen bonds of the N-H---N type. As a consequence, an unexpected
small deviation from co-planarity for the phenyl and cyano groups can be predicted. Also, in the crystal the
cyano group is expected to appear bent towards the substituent amino group.

Table 1.0ptimized geometrical parameters at B3LYP, MO6L and MP2 levels in 4A-2CBN and benzonitrile (BN) molecules.

4A-2CBN BN

B3LYP/ B3LYP/ MO6L/ MP2/ B3LYP/ MP2/
Parameters 6-31G(d,p) 6-311++G(3df,pd) 6-31G(d,p) 6-31G(d,p) 6-31G(d,p) 6-31G(d,p)
Bond lengths
Cl-C2 1.408 1.403 1.407 1.404 1.405 1.403
C2-C3 1.387 1.382 1.384 1.39 1.392 1.393
C3-C4 1.408 1.401 1.404 1.402 1.397 1.397
C4-C5 1.41 1.404 1.407 1.405 1.397 1.397
C5-Cé6 1.383 1.378 1.38 1.387 1.392 1.393
C6-Cl1 1.409 1.402 1.406 1.404 1.405 1.403
C1-C7 1.428 1.423 1.42 1.43 1.435 1.436
C2-ClI 1.749 1.734 1.734 1.734 - -
C4-N 1.38 1.377 1.374 1.392 - -
C=N 1.164 1.153 1.169 1.184 1.163 1.184
Bond angles
C2-C1-Co 117.6 117.8 117.5 118.5 120.1 120.5
C-C2-C 121.5 121.2 121.5 120.8 119.7 119.4
C-C3-C 120.3 120.5 120.2 120.5 120.2 120.3
C-C4-C 118.7 118.7 118.8 118.9 120.2 120.1
C-C5-C 120.3 120.3 120.3 120.4 120.2 120.3
C-Co6-C 121.5 121.5 121.6 120.9 119.7 1194
C2-C1-C7 122.5 122.3 122.1 121.7 120 119.7
C6-C1-C7 119.9 119.9 120.4 119.8 120 119.7
C1-C2-CI 120 120.1 119.7 120.3 - -
C3-C2-CI 118.5 118.7 118.8 119 - -
C3-C4-N 120.4 120.4 120.3 120.3 - -
C5-C4-N 120.8 120.8 120.8 120.6 - -
C-C=N 179.9 178.1 178.3 178.3 180 180
H-N-H 114 114.2 113.8 111.4
¢ tilt angle 2 2.1 1.4 4.6
o (inversion) 32.5 31.5 333 42.1
Torsional angles
C2-C-C4-N 177.6 177.7 177.4 177
C3-C-N-H14 20.3 19.6 20.6 26.9

C5-C-N-H13 —20.5 —-19.7 -213 —27.6
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Two optimum conformations were determined in 4A-2CBN molecule, with the planar form of the
-NH, group being saddle point. Thus, the data on this conformer were omitted in the present manuscript.
With the exception of this -NH, group, in the stable form the molecule is completely planar. The nitrogen
atom is ca. 0.10 A above the plane of the phenyl ring (at MP2 level) with both hydrogen atoms in opposite
directions.

Phenyl-ring structure

As compared to MP2 values, the calculated C-C bond lengths by B3LYP appear with the same
accuracy as that by MO6L. However, the C-C1 bond length computed by MO6L has the same value as that
by MP2, while by B3LYP/6-31G(d,p) it is 0.015 A longer. The calculated C=N bond length by B3LYP
and MO6L are noticeably lower than by MP2, i.e. these methods (B3LYP and MO6L) appear to fail in the
calculation of C=N bond length, although the difference is larger by B3LYP than by M0O6L.

For comparison purposes the values obtained in BN molecule were also collected in the 6-7™
columns of Table 1. The broad features observed by the replacement of the hydrogens in positions 2 and 4 of
the BN moiety by chlorine and amino substituents, respectively, can be described as follows:

(1) The effect of the chlorine atom on the ring bond lengths is small; at the MP2 level the C1-C2 and
C1-C6 bonds have the same value, while C2-C3 is only 0.003 A longer than C5-C6. The effect on the angles
is also very small or almost null, with very close value for C1-C2-C3 and C1-C6-C5.

(i1) The increment of the lengths in the C—C bonds adjacent to C1-C7 and C4-N10 is accompanied
by slightly irregular hexagonal structure, measured in the ipso angles C2—C1-C6 and C3—C4-C5, with values
at the MP2/6-31G(d,p) level of 118.5° and 118.9°, respectively. These values are in agreement with that
calculated at the same level by us in the aniline molecule [71], 118.84°, but in contrast with the very small
change calculated in BN, 120.5°. This feature indicates that the C=N substituent alone does not have any
effect on its ipso angle.

(iii) The ring structure appears a little distorted. It shows a quinonoid structure, and thus with C1-C2
(C1-C6) and C3—C4 (C4—C5) bond lengths (1.40 A at the MP2 level) longer than the C2—C3 (C5—C6) bonds,
1.39 A. This effect is larger by DFT methods than by MP2. This quinonoid form is characteristic of BN
molecule, with a C2-C3 bond length of 1.393 A by MP2, and it remains in 4ABN with a value of 1.389 A for
this bond.

(iv) The ring angles at the C1 and C4 sites of substitution appear slightly closened, which leads to
an opening of the angles at the vicinal C2 (C6) and very slightly at C3 (C5) atom positions.

(v) All the distortions can be explained in terms of the change in hybridization affected by the
substituent at the carbon site to which it is appended. Thus, the ring angles obtained in 4A-2CBN can be
reasonably explained by the superposition of the ring angular distortions of ortho-chlorobenzene, para-
aminobenzene and BN, although the effect of the chlorine atom is small due to its low positive charge. It is
as follows: starting from the symmetrical structure of benzene ring, the angle decreases slightly at the site
of the -C=N and -NH, substitutions and increases by ca 0.4—0.9° at adjacent positions. This is due to the
electronegative C=N substitution, which leads to a lengthening of the nearest C1-C2 bond and shortening of
the vicinal C2—C3 (C6—C5) bonds, as observed in BN molecule, although with lower values.

(vi) The chlorine atom has no influence on the planarity of the structure. Thus, with the exception
of the NH, group, 4A-2CBN is a planar molecule, as BN, i.e. all the ring torsional angles with values 0 or
180°.

(vii) The chlorine atom withdraws negative charge (0.22 ¢~ by MP2, where ¢ is the charge of an
electron) from the bonded C2 atom, which therefore changes to a small and positive value, Table 2. The
effect of the NH, group is small on this atom, only there is a slight decrease in the negative charge, up to
-0.126 €.
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The C—X and C=N bonds

A notable difference in the computed C=N and C4-N10 bond lengths is observed by the different
methods used in the present study. At the MP2 level, the nitrile (C=N) bond length is 1.184 A, while by MO6L
itis 1.169 A and by B3LYP/6-311++G(3df,pd) is 1.153 A. For C4-N10 bond length, the differences are also
large, with values 1.392 A by MP2, 1.374 A by M06L, and 1.377 A by B3LYP6-311++G(3df,pd).

A small effect due to the chlorine atom on the C1-C7 bond length is observed (1.430 A by MP2 in
4A-2CBN), which is slightly shorter as compared to BN (1.436 A) and 4ABN (1.434 A). The small reduction
in 4ABN is mainly due to the -NH, group, which is a donor substituent on the ring. As the C=N group
remains almost unchanged, therefore, the substituents have no effect on the C=N bond length.

Table 2. Calculated natural NBO atomic charges at B3LYP and MP2/6-31G(d,p) levels in 4A-2CBN and BN molecules.
4A-2CBN BN

Atom B3LYP/6-31- B3LYP/6-311- MO6L/6-31- MP2/6-31-  B3LYP/6-31- MP2/6-31-

G(d.p) ++G(3df,pd) G(d.p) G(d,p) G(d,p) G(d.p)
Cl -0.224 -0.249 -0.223 -0.257 -0.171 -0.188
C2 0.012 0.021 0.013 0.051 ~0.189 -0.17
c3 -0.302 -0.275 -0.306 -0.326 -0.235 -0.239
c4 0.203 0.202 0.213 0.275 -0.216 -0.198
cs -0.291 -0.255 -0.293 -0.317 -0.235 -0.239
Cé6 -0.161 -0.114 -0.163 -0.113 ~0.189 -0.17
C7 0.277 0.288 0.291 0.326 0.28 0.328
H8 0.256 0.22 0.252 0.254 0.247 0.243
N9 -0.827 -0.772 -0.835 ~0.887 - -
H10 0.245 0.21 0.241 0.243 0.247 0.243
H11 0.261 0.222 0.259 0.258 0.249 0.244
=N -0.305 -0.315 -0.322 -0.356 -0.305 -0.361
H13 0.414 0.383 0.42 0.412 - -
H14 0.414 0.383 0.42 0.412 - -
cl 0.03 0.049 0.033 0.025 - -

Although between 4A-2CBN and 4ABN, the differences in the C1-C7 and C—C bond lengths are
small, however in the C4-N bond of the amino group, the difference is significant, and it is 1.392 A in 4A-
2CBN vs. 1.383 A in 4ABN by MP2. This difference is due to the chlorine atom. The difference between
4ABN and aniline [72] is also significant. Thus, in 4ABN, the C4-N bond is shortened (1.383 A vs 1.406 A
of aniline molecule), leading to a lower pyramidal character (more sp?) of the -NH, group, i.e. shortening of
the N-H bond (1.010 A in aniline molecule), opening of the C~N-H and H-N-H angles (113.0 and 109.8°,
respectively in aniline), and lower inversion angle o (34.7° in 4ABN vs 47.2° in aniline) and #/t angle € (4.4°
in aniline). This planarization of the amino group in 4ABN has been interpreted [68] due to resonance with
the aromatic system.
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4.2. Scaling the wavenumbers

The use of adequate quantum chemical methods and scaling procedures, compensates the calculated
harmonic wavenumbers to be compared with the anharmonic wavenumbers found by the experiment (IR and
Raman spectra) [73,74], and remarkably reduce the risk in the assignment of bands. The procedure selected
for scaling the wavenumber depends on the size of the organic molecule and the accuracy required for the
predicted wavenumber. In the present study following three scaling procedures were used:

(1) The linear scaling equation procedure (LSE), which employs the linear scaling equation calculated
in the benzene molecule at the same level, that are the following:

e

vsealed =22 1 40.9543 - @cevlated  for B3LYP/6-31G(d,p) level, from [1,2]
vialed =93 64 0.9528 - @eUaed  for B3LYP/6-31G(d,p) level

viealed =312 40.9515 - @@leulaed  for  B3LYP/6-311++G(3df,pd) level
vialed =29 7 4 0.9502 - @evated  for MO6L/6-31G(d,p) level

The results are presented in Table 3. The calculated equation in the benzene molecule with the MO6L
method has a worse correlation coefficient r.

e e

For the NH, vibrations, we used the following scaling equation which was obtained from the amino
group of aniline molecule:

viealed = 44 5 4 0.9441 - @eulated  for B3LYP/6-31G(d,p) level, from [72]
ysealed — 38 4 +0.9367 - @elevlated  for MO6L/6-31G(d,p) level

Figures 2-5 show the experimental IR and Raman spectra, together with their simulated scaled
spectra using the LSE procedure at the B3LYP/6-31G(d,p) level of theory.

(ii) The two linear scaling equations, one from 0-1000 cm™!, and another one from 1000-4000 cm ™.
The equations used, presented for the first time here, were:

vsealed — 21,0 + 1.0102-0 1% for the 0-1000 cm ™' range and B3LYP/6-31G(d,p)
viealed = 39 54 0.9490-0°ad for the 1000-4000 cm™' range and B3LYP/6-31G(d,p)
viealed = 193 + 101570 for the 0-1000 cm™' range and MO6L/6-31G(d,p)
vealed = 37 0+ 0.9469-@%cuad  for the 1000-4000 cm ™! range and MO6L/6-31G(d,p)

[Tl [T}

(iii) The polynomic scaling equation, y=a +b;x +b, x> where “y” is the scaled frequency, “x” is
the calculated frequency, and “a”, “b;” and “b,” are coefficients determined in the benzene molecule. This
scaling equation procedure is new and its accuracy has not been reported yet

Vi = 4.3 +0.9923- 0%l — 10,0310 (0™ %)? for B3LYP6-31G(d,p) level
viealed = 3.6 40,9871 -@@leulated _ 9 39.1076-(@<aleulaied)2 for MO6L/6-31G(d,p) level

4.3 Analysis of the different vibrations

In order to have the spectroscopic signatures of 4A-2CBN molecule, we performed calculations
using B3LYP/6-31G(d,p), B3LYP/6-311++G(3df,pd), and M06-L/6-31G(d,p) methods. It is worthwhile to
note that calculations were performed in gas phase, whereas spectra were recorded in solid samples, therefore
there are some disagreements between calculated and observed vibrational wavenumbers. Table 3 collects the
theoretical (calculated) results. The first column lists the computed wavenumbers at the B3LYP/6-31G(d,p)
level in decreasing order, while the second column shows their respective relative IR intensities (A), and
relative Raman scattering activities (S), third column. The relative IR and Raman intensities were determined
by dividing the computed values by the intensity of the strongest ones at 1678 and 2345 cm™, respectively.
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The columns 4 to 10" collect the results at the B3LYP/6-311++G(3df,pd). In the column 7™ is listed the
Raman depolarization ratios for plane (P), and unpolarized incident light (U), 8" column, reduced masses
(), 9™ column, and the force constant of each vibration (f), 10" column. To check the accuracy of methods,
the calculated wavenumbers at the MO6L and MP2 levels are also listed in the columns 11-12%h, respectively.
In the last column appears the characterization established by B3LYP for each calculated wavenumber
determined in the ring modes. For the characterization of the ring modes were taken into account the atomic
displacement vectors obtained in 4ABN molecule, and plotted in Fig 6. For the assignment of the ring modes
was followed the Varsanyi’s notation [75] for a 1,2,4-tri-substituted benzene. The modes corresponding to the
substituents appear listed in Table 4.

Table 4. Modes corresponding to the substituents in 4A-2CBN

Modes 4A-2CBN
Stretching Ta, 7b, 13
In-plane bending 9a, 9b, 15
Out-of-plane bending 10a, 10b, 17a

Table 5 collects the scaled values with the linear scaling equation procedure (LSE) at three levels of
computation, together with the results obtained by the procedure that use two linear scaling equations and by
the procedure that use a polynomic scaling equation. For simplicity, in the last both cases only two levels of
computation were used. In the LSE procedure two linear equations were used at the B3LYP/6-31G(d,p) level:
one with the scaling equation reported by us [1,2], and another one, with a new scaling equation calculated by
us here with better values. In both cases the results were very similar. All the calculated scaled wavenumbers

Out-of-plane vibrations

258 cm? 415 cm! 563 cm!

726 cmr! 824 cm! 837 cm! 958 cm! 959 cm!
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In-plane vibrations

717 em? 853 cm! 1028 cm! 1159 cm! 1204 cm!

v(C-X)

I

1239 cm! 1334 cm? 1341 cm! 1370 cm! 1481 cm? 1560 cm!

681 cm? 3184 cm! 3184 cm! 3213 cm! 3214 cm!

1614 cm!

Fig 6. Characterization of the ring modes in 4-aminobenzonitrile molecule at the B3LYP/6-31G(d,p) level.

were compared to the experimental IR values obtained in KBr matrix and by Raman spectroscopy. Also for
simplicity, the values obtained in Nujol mull were omitted in the Table because they appear very close to
those in KBr matrix, Fig 4. The absolute error, Av = v(scaled) — v(experimental) obtained for each method
and procedure of scaling is included in the Table. The experimental values selected for this comparison
appears underlined. Mainly they correspond to infrared values, and some cases, when it is observed an
infrared value or it is not clear, from the Raman spectrum.
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Table 5. Comparison of the scaled wavenumbers (v, cm™!) with different scaling procedures and at different DFT levels
with the experimental values by IR and Raman spectroscopy, and the error obtained Av = v(scaled) — v(experimental

scaling Experimental
LSE Two eqns polynomic P
B3LYP/6-
3G BOLYP6- B3LYP/  MOGL/  B3LYP/ MOGLK- B3LYP/  MOGLI6-
W) 3G 6311+ 631G 631G 3G 631G 316G
5P IR Raman
(dp)  G@3df,pd)  (dp) (d,p) (d,p) (d,p) (d,p)
from [1,2]
v Av v Av v Av v Av v Av v Av v Av v Av
3092 3089 3078 3097 3085 3094 3084 3092 3127vw 3127 vw
3084 -8 3081 11 3070 22 3088 4 3078 —14 3085 7 3077 15 3084 -8 3092w  3085vs
3068 46 3065 43 3055 33 3081 59 3062 40 3077 55 3061 39 3076 54 3022w  3030ww,
29255
1603 21 1602 20 1595 13 1616 34 1605 23 1617 35 1612 30 1625 43 15825
1548 18 1547 17 1540 10 1557 27 1550 20 1559 29 1557 27 1566 36 1590 vs
1493 -3 1492 —4 1486 -10 1503 7 1495 -1 1505 9 1501 5 1511 15 1496vs 1930w
1426 27 1425 28 1422 31 1442 —11 1428 25 1444 -9 1434 —19 1450 -3 1453vs 145m
1315 31 1315 31 1305 —41 1350 4 1318 =28 1352 6 1322 —24 1357 11 1346w  1386m
1311 3 1311 -3 1298 16 1326 12 1315 1 1329 15 1318 4 1333 19 [314s  134m
1244 27 1243 28 1247 24 1246 25 1247 24 1249 22 1249 22 1252 —19 1271vs 1320w
1206 -1 1206 -1 1206 -1 1215 8 1210 3 1218 11 1212 5 1220 13 1207sh [279W1255w
1145 -19 1145 —19 1150 —14 1146 18 1149 —15 1150 -14 1150 14 1150 14 1164m, 12105 1191sh
132w 1178m, 1146w
1034 -1 1034 -1 1038 3 1046 11 1038 3 1050 15 1036 1 1049 14 1008m 1035m,1015w
936 —14 936 —14 956 6 933 —17 947 -3 947 -3 937 -I13 934 -1 O0m  IBw
904 12 904 12 909 17 919 27 912 20 931 39 904 12 919 27 SOSVW, 87w
892VW 845
835 —12 835 -12 861 14 835 —12 840 -7 841 -6 834 13 833 -14 m
810 6 811 7 81 17 802 2 813 9 806 2 808 4 800 4 w
804 m 722
713 415 713 15 21 7 723 5 710 18 722 6 709 19 719 9 s w
00 9 701 9 718 8 704 -6 697 -13 702 -8 696 14 700 -10 710";
696 — 696 — 704 — 708 — 692 — 706 — 691 — 704 — *
608 -9 609 -8 621 4 610 -7 599 -18 601 -16 601 -16 603 —14 602 vs
593 13 593 13 610 30 607 27 583 3 598 18 586 6 600 20 vs
580m
463 3 464 2 470 4 468 2 446 20 449 17 452 14 457 9 475
450 41 453 42 458 4T 446 35 435 24 426 15 441 30 434 23 m
405 — 406 — 415 — 414 — 38 — 391 — 392 — 401 —
39310 394 11 404 21 405 22 372 -1l 382 -1 380 3 392 9 ot 391 m
268 8 260 9 275 15 274 14 240 20 242 -18 251 9 257 3 b5 305m, 260m
256 19 257 20 266 29 262 25 226 11 230 7 238 1 245 8
237Sh 220 m
196 197 204 197 163 159 176 177
21sh, 102 br, m
NS 13106 14 123 21 124 22 77 25 81 21 92 -0 101 -1 oy g

Assignment

2, v(C-H) in C5-H, C6-H
20b, v(C-H) in C3-H
20a, v(C-H) in C5-H, C6-H

8a, v(C=C) + B4(NH,)

8b, v(C=C)

19b, v(C=C)

19a, v(C=C)

14, v(C=C)

13, v(C4-N, CCC) + 8(NH,)
3,8(C-H)

Ta, v(C-C=, CCC) + v(C=N)
18b, 5(C-H)

18a, 8(C-H,CCC)

5,9(C-H) in C5-H, C6-H
1,3(CCC) + 3(NH,) +v(C-C))
17b, y(C-H) in C3-H

11, y(C-H) in C5-H, C6-H
12,8(CCC) +3(C=N) +3(NH,)
4,y(CCC, C-C2)

6b, (CCC) +v(C-CI)

16b, y(CCC) +(C=N)

9b, 8(C-C=,0CC) + 8(C=N)

6a,8(C4-N,CCC)+o(NH,)+3(C=N)
16a,y(CCC)+o(NH,) +y(C=N)
15,8(C4-N,CCC) + §(C=N) +8(NH,)
7b,v(C-Cl) +5(C=N) +1(NH,)

10b, y(C4-N,CCC) + y(C=N)
92,5(C-Cl ring) +3(C=N)+ r(NH,)
10a, y(C-CL, ring) +y(NH,)
1(structure) +7y(C-C=) +13%,y(C-Cl)

vs: very strong, s: strong, m: medium, w: weak, vw: very weak, sh: shoulder, v: stretching, br: broad, &: in-plane bending, y: out-of-
plane bending, t: torsion, ®: wagging, br: broad.
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The values obtained in the substituent modes, C=N and NH,, are collected in Table 6. To understand
the effect of substituents, these data were also compared with those obtained at the same computational level
in 4ABN molecule. Only important modes are discussed in the present work. As the assignments for the
remaining ring modes are obvious and therefore require no further discussion.

Table 7 collects the rms (the molecular root mean square error), the MAD (mean absolute deviation),
the SD (the standard deviation), and the greatest positive and negative deviations from experiment for each
level of computation and each procedure of scaling. It is worthwhile to note the following:

Table 7. The molecular-root-mean-square-error (rms), the mean-absolute-deviation (MAD), the standard deviation (SD),
and the greatest positive and negative deviations from experiment for each level of computation and for the calculated
and scaled wavenumbers of the ring modes of 4A-2CBN.

procedure level rms® MAD stan Dev ~ Large error
minimum maximum
calculated B3LYP/6-31G(d,p) 49.0 30.0 39.6 5.0 170.0
6-311++G(3df,pd) 43.7 27.8 343 8.0 156.0
MO6L/6-31G(d,p) 55.7 34.7 44.4 6.0 189.0
MP2/6-31G(d,p) 73.6 48.3 56.5 —41.0 237.0
LSE B3LYP/6-31G(d,p), from [1,2] 18.8 15.0 11.6 -31.0 46.0
6-31G(d,p) 18.9 152 11.4 -31.4 42.9
6-311++G(3df,pd) 21.2 17.6 11.9 —41.0 47.0
MO6L/6-31G(d,p) 21.3 16.9 132 -25.0 58.8
Two equa- B3LYP/6-31G(d,p) 18.0 15.3 9.8 -27.6 39.7
tions
MO6L/6-31G(d,p) 19.9 15.6 12.5 -22.0 55.5
polynomic B3LYP/6-31G(d,p) 17.2 14.2 9.9 —24.1 389
MO6L/6-31G(d,p) 20.1 16.0 12.4 -19.3 54.4

rms, defined as [ZA(0 ' —v®P)?/n]"2, where n is the number of wavenumbers considered. "MAD, defined as [SA(@®"—v®**)]/n

(i) MP2 calculated wavenumbers are the worst. Their values appear with very large overestimation
and underestimation amounts, and its scaling (didn’t included in the Table for simplisity) doesn’t give the
enough improvement to be considered.

(i1) The MO6L scaled wavenumbers with the three scaling procedures appear in general with slightly
lower accuracy than those by the B3LYP method.

(iii) With the B3LYP method the large basis set 6-311++G(3df,pd) does not represent an improvement
on the scaled wavenumber, than that when it is used with the 6-31G(d,p) basis set.

(iv) Both LSE linear equations used at the B3LYP/6-31G(d,p) level lead to similar results.

(v) The best procedure of scaling is one which uses a polynomic equation, although the difference
is small as compared to the other two procedures, by the LSE and by the two linear scaling equations.

Therefore, the discussion is mainly based on B3LYP/6-31G(d,p) results, and by those using the
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polynomic scaling equation.

C-X (X = Cl, C=, and N9) modes

The v(C-X) stretching vibrations corresponding to substituents are the normal modes 13, 7a and 7b,
Table 4. Mode 13 corresponds to the amino substituent, v(C4-N), while 7b is related to the chlorine atom,
v(C-Cl), and mode 7a to the cyano substituent, v(C-C=).

The in-plane bending, 5(C-X) vibrations are the modes 15, 9a and 9b. The mode 15 was identified
corresponding to the amino substituent, 3(C4-N), while mode 9a to the chlorine atom, 3(C-C/), and mode 9b
to the cyano substituent, 3(C-C=). The out-of-plane bending, y(C-X) vibrations are the modes 17a, 10a and
10b. According to the atomic displacement vectors, mode 10b corresponds to y(C4-N), while mode 10a to
v(C-Cl) and 17a to y(C-C=).

C-ClI vibrations

The stretching vibrations belonging to the bond between the ring and the halogen atom generally
give strong bands in the frequency range of 1130-480 cm™! [76], and the wavenumber corresponding to these
bands is influenced by the mass and bond strength of the neighboring substituents. Moreover, the smaller the
halide atom the greater is the influence of the neighbor. In monochlorobenzene derivatives, such as in 4-chloro-
3-nitrobenzonitrile [77], 2-amino-5-chlorobenzonitrile [78] and in 2-chloro-6-methyl benzonitrile [79], the
C-ClI stretching wavenumber mainly appears in the 600-870 cm™' range [75,80], whereas in dichlorobenzene
derivatives, such as 2-amino-3,5-dichlorobenzonitrile [33], the main contributions are calculated at 397 and
381 cm™, and in 2,5-dichlorobenzonitrile they are computed at 459 and 330 cm™! [56].

According to the Varsanyi notation for a 1,2,4-trisubstituted benzene derivative, the v(C-X)
stretching vibrations corresponding to the substituents are the normal modes 13, 7a and 7b, Table 4. In
these modes that corresponding to the chlorine substituent is characterized as 7b. The halogen atom directly
attached to the benzene ring interacts with their vibrations. With a “heavy” substituent, as in our case, the
stretching vibrations appear strongly coupled with CCC, NH, and C=N modes, and thus they are expected
to be calculated below 600 cm™'. Thus, in 4A-2CBN it was computed at 389 cm ™' (scaled at 380 cm™! by
polynomic scaling equation at the B3LYP level) and well related to the experimental IR and Raman bands at
383 and 391 cm !, respectively. Weak contributions of this C—C/ stretching mode were also determined in the
calculated vibrations at 924 and 706 cm ™.

8(C-Cl) in-plane bending vibration is better characterized as mode 9a, and it appears strongly
coupled with &(C=N) bending and r(NH,) rocking modes. This C-C/ in-plane bending mode was related to
the experimental IR and Raman bands at 237 cm™'. Also, a high % PED of the C-C/ bending is calculated in
the vibration at 135 cm™' and characterized as §(C=N).

In general, C-X out-of-plane vibrations are also coupled with the substituents vibrations, making
difficult their identification. Mode 10a appears coupled with y(NH,) mode, and it was related to the y(C-Cl)
bending. By polynomic scaling equation it was scaled at 176 cm™', something far of the experimental IR and
Raman bands at 216 and 220 cm ™', respectively. Perhaps the anharmonic contribution of the y(NH,) mode
is responsible of this feature. A slight contribution of the y(C-C/) mode was also identified in the computed
wavenumber at 97 cm .

CI-C7= and C4-N9 vibrations

The C1-C7= stretching (mode 7a) is identified in the calculated vibration at 1241 cm™! (scaled at
1212 em '), in accordance to that calculated in 4ABN at 1239 cm ™' [17]. It is predicted with almost null
IR intensity and medium-strong Raman intensity, and it was correlated to the shoulder detected in the IR
spectrum at 1207 cm ™! and to the strong Raman band at 1210 cm ™. The atomic displacement vectors for this
vibration look like mode 12, instead of 7a, according to the Varsanyi description for a 1,2,4-trisubstituted
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benzene derivative. Thus, for a better assignment of the modes in 4A-2CBN and to avoid possible mistakes,
their atomic displacements vectors were compared to those of the ring modes in 4ABN and plotted Fig 6.

Similar feature appears in the C4-N9 stretching mode 13, calculated at 1351 cm ™! (scaled at 1318
cm™!) with strong IR intensity and weak-very weak Raman intensity, and good related to the experimental
strong IR band observed at 1314 cm™ and to the weak band at 1320 cm™' in Raman. In 4ABN this mode is
calculated at 1341 cm™'. However, according to the atomic displacement vectors for this vibration in benzene
molecule it should be better characterized as mode 1 instead of 13. Figure 6 helps its assignment well as
mode 13.

The C-C= in-plane bending (mode 9b) was assigned to the computed wavenumber at 598 cm !, close
to that calculated in 4ABN at 560 cm™'. This mode is strongly coupled with the C=N in-plane bending, with
similar %PED as in 4ABN molecule. It appears scaled at 586 cm™! in good accordance to the experimental
IR band at 580 cm ™' and Raman line at 582 cm .

Mode 15 corresponds to C4-N9 in-plane bending. Its characterization appears difficult due to the
strong coupling with CCC, C=N and NH, modes. It was calculated at 401 cm™, close to that at 384 cm™ in
4ABN, i.c. the influence of the chlorine atom on this vibration is very less.

The highest %PED of the C-C= out-of-plane bending mode 17a appears in the computed wavenumber
at 515 cm™!, and mainly assigned as y(C=N) mode. In 4ABN the y(C-C=) vibration corresponds to mode 11,
and it was calculated at 563 cm™! [17].

Mode 10b corresponds to the C4-N9 out-of-plane bending. It also appears strongly coupled with
CCC and C=N out-of-plane bending modes. It was calculated at 258 cm™, at exactly the same wavenumber
as that in 4ABN, i.e. the chlorine atom has no influence on this C4-N9 out-of-plane mode.

Phenyl ring modes
C-H modes

These modes are little affected by the nature of substituents and usually appear above 3000 cm !
as weak to moderate bands [81-82]. The calculated three stretching C-H vibrations (modes 2, 20a and 20b)
appear in a very close frequency range, with the frequency corresponding to C3-H bond in the middle of
those between C5-H and C6-H bonds. The range predicted for these modes are in good accordance to our
scaled and experimental wavenumbers, Table 5. The calculated IR intensity is in general weak-very weak,
in agreement with that observed in the experimental spectrum, and with strong Raman intensity, also in
accordance to that found experimentally.

The in-plane C-H bending vibrations of the phenyl ring are expected to appear in the range 1000-
1300 cm™' [81]. In the present study, the in-plane bending, 8(C-H) mode 18b is predicted at 1150 cm™, while
mode 18a is predicted at 1036 cm™' with medium intensity, in good accordance to the experimental IR band
at 1164 cm ™! (18b) and with the band of medium Raman intensity at 1035 cm™! for 18a. The IR band detected
at 1008 cm™! can be tentatively assigned to this mode. Mode 3 is computed with high IR intensity, scaled at
1249 cm™" and well related to the very strong IR band at 1271 cm™.

The out-of-plane C-H bending vibrations of the phenyl ring are expected to appear in the range
700-1000 cm ™' [81]. In the present study, three out-of-plane bending, y(C-H) modes: 17b, 11 and 5 appear
identified in the 780-975 cm™! range, also in good accordance with our scaled values, Table 5. We cannot
distinguish clearly the modes 11 and 17b by their atomic displacement vectors. In benzene and 4ABN
molecule, mode 17b appears at a higher wavenumber than 11. Thus, the same can also happen in 4A-2CBN
molecule, and therefore we can tentatively assign the calculated wavenumber at 852 cm™! as mode 17b and
that at 826 cm™' as mode 11. Modes 5 and 11 were related to the C5-H and C6-H bonds, while mode 17b to
C3-H bond. Modes 17b and 11 are predicted with medium IR intensity, in accordance to that observed in the
IR spectrum.
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C=C modes

They are calculated strongly coupled with C-H modes and in several cases coupled with C=EN
stretching and bending vibrations. The coupling with amino modes is very small. The tangential vibrations
8a, 8b, 19a, 19b and 14 belong to the stretching group. Modes 8 and 19 are in general fairly insensitive to
substitution [67-70]. In 1,2,4-trisubstitution the frequency of the 8a component is higher than that of 8b,
while the frequency of component 19b is greater than that of 19a. This feature can be explained by the
potential energy contribution of the C-H in-plane bending vibrations associated to each mode, and when it is
large the frequency of the vibration is high. Thus, this contribution is calculated greater in 8a than in 8b, with
a reduced mass of 2.2 and 6.2 amu, respectively, at B3LYP/6-31G(d,p) level and therefore mode 8a appears
at higher wavenumber than 8b.

Modes 19b and 19a were calculated at 1541 (19b) and 1471 (19a) cm ™' in 4A-2CBN vs 1525 cm ™! in
benzene molecule [ 1-2]). According to Scherer in the Varsanyi book [75] this vibration couples very strongly
with vibrational pair 18, with similar motion of the hydrogen atoms. The strong IR intensity calculated for
mode 19b is in accordance to the very strong band observed experimentally. The assignment of mode 14, the
Kekule ring stretching mode, is usually difficult because the displacement vectors of the hydrogen atoms do
not follow the directions as they appear in benzene molecule [1-2].

Radial skeletal vibrations correspond to modes 1, 12, 6a and 6b, and they appear coupled strongly
with stretching and bendings C=N modes. Mode 1 was calculated with medium-weak intensity at 924 cm™'
(scaled at 904 cm™") and was good related to the IR band observed in KBr matrix at 892 cm™'. Also it is
predicted with weak Raman intensity, in agreement to the weak Raman line at 871 cm™'. Mode 12 appears
strongly coupled with C=N and NH, bending modes and it is calculated with weak IR intensity and almost
null Raman intensity. It is scaled at 709 cm™' (721 cm™ at B3LYP/6-311++G(3df,pd) level) in accordance to
the experimental IR band at 728 cm™! and to the weak Raman band at 722 cm™'. Mode 6b was calculated at
706 cm™! in agreement with that determined in 4ABN at 664 cm™ [17].

The displacement vectors of the computed wavenumber at 462 cm™' do not permit its clear
identification. However, in 4ABN mode 6a is calculated at 419 cm™' [17], and accordingly we have assigned
the calculated vibration at 462 cm™ in 4A-2CBN to this mode. It is scaled at 452 cm™! and, therefore, it was
related to the IR band at 466 cm™' and to the Raman band at 475 cm™.

Out-of-plane skeletal vibrations corresponding to modes 4, 16a and 16b of benzene were also
accurately determined. The frequency of the normal mode 4 is rather insensitive to substitution. Thus, it is
calculated at 711 cm™' vs. 718 cm™ in benzene molecule and 726 cm™ in 4ABN [17]. It is predicted with
almost null IR and Raman intensity, scaled at 696 cm™' and therefore it is related to the shoulder detected
at 710 cm™'. Modes 16a appears strongly coupled with out-of-plane C=N and NH, vibrations that cause a
frequency increase. Thus, it was calculated at 451 cm™' vs. 415 cm™! in 4ABN and in benzene molecule.
Mode 16b is predicted with weak IR intensity and scaled at 601 cm™', and therefore it was excellently related
to the very weak experimental IR band at 617 cm™' and Raman line at 602 cm™'.

Amino group modes

The calculated and scaled wavenumbers using the scaling procedure mentioned above for the
different modes of the amino group are collected in Table 6, together with the experimental IR and Raman
data and the assignment including the %PED.

The NH, group involves the symmetric (v,s) and antisymmetric (vgyy, ) N-H stretching vibrations.
These modes can be easily identified and assigned on account of their characteristic magnitudes, however
intramolecular bonding may lowers the magnitudes of these frequencies. The antisymmetric vy, stretching
mode of NH, group appears calculated at a higher wavenumber (3710 cm™' by B3LYP/6-31G(d,p)) than the
symmetric v one (3597 cm™!). They were scaled by the LSE at 3563 and 3455 cm™!, respectively, and they
were related to the strong-very strong IR bands observed experimentally at 3510 and 3417 cm™, respectively.
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The difference between theoretical and experimental can be attributed to intermolecular H-bonds in the solid
state (not simulated in the present study) through this NH, group [72]. The predicted effect of the chlorine
atom on these bands is very small. Thus, in 4ABN molecule they were computed at 3703 and 3591 cm ',
respectively, only ca. 7 cm ™! lower than to those calculated in 4A-2CBN. However, in the experimental IR
bands the difference is larger, and in 4ABN [17] they were detected at 3490 (v,) and 3370 (v,) cm ' vs. 3510
(vas) and 3417 (v,) in 4A-2CBN. This large difference, which was not predicted theoretically, can be due to
intermolecular H-bonds in the crystal through the NH, group which are stronger in 4ABN than in 4A-2CBN.
Although there are no X-ray data of this molecule available in literature, the vibrational spectra in the solid
state show that the chlorine atom in 4A-2CBN appears to reduce the strength of these H-bonds. As in other
benzene derivatives [61], it is possible that in 4A-2CBN molecule the halogen atom forms intermolecular
halogen bonds of type C-X---n (where X is a halogen atom). It is worthwhile to note that the calculated value
of the intensity of v, mode is greater than v,, in agreement with that as observed in the IR spectra.

In the experimental IR spectrum of 4A-2CBN, two close strong bands were detected at 1635 and 1582
cm! and on the basis of %PED they are assigned to the B{(NH,) and 8a modes, respectively in consonance
with two calculated strong bands which were scaled at 1623 and 1603 cm™'. Both these modes appear to be
coupled strongly and the % PED difference between them is: 61% of B(NH,) in the band mainly assigned as
B«(NH,), and 48% in the band assigned as mode 8a. However, depending of the level of computation, this %
PED can change and, therefore, the B(NH,) mode can be assigned to a vibration at a wavenumber lower than
that of mode 8a, as it is predicted by MO6L method, Tables 3 and 4. This feature is also observed in the case
of 4ABN molecule [17].

Concerning the intensity, the scissoring mode B{(NH,) is calculated with the highest IR intensity,
in accordance with that observed experimentally, which permits its clear identification in the spectra. The
highest IR intensity computed for the B(NH,) mode is also in accordance with that calculated in the aniline
molecule [72]. However, in contrast, mode 8a appears with intensity higher than B(NH,) in the experimental
Raman spectrum. This higher Raman intensity of mode 8a than B4(NH,) was only accurately predicted by
B3LYP/6-311++G(3df,pd).

The rocking mode of (NH,) group, denoted as r (or 3,;), was scaled by B3LYP at 1064 cm™!, almost
at the same wavenumber obtained by MO6L at 1062 cm™!. In aniline molecule this mode appears strongly
coupled with the 18a ring mode [72]. However, in 4ABN and 4A-2CBN this coupling is weak, and r(NH,)
appears with a 74% PED. The chlorine atom slightly affects its wavenumber, thus it was scaled in 4ABN [17]
at 1051 cm™' (calculated at 1078 cm™), and also with very weak or null IR and Raman intensity.

It seems extremely difficult to identify the experimental band corresponding to the position of
the strongly anharmonic w(NH,) wagging vibration in the spectra of 4A-2CBN. In addition, this mode is
sensitive to the intermolecular H-bonds through the NH, group. Therefore, we have not assigned this mode
in the experimental spectra of 4A-2CBN, in agreement with previous authors [83]. However, on contrary in
4ABN the experimental band at 475 cm™! (IR) and 490 cm ™' (Raman) have been assigned to this mode [17].
It is worthwhile to note that due to anharmonicity, mode mixing of inversion motion of hydrogen atoms of the
NH, group with other out-of-plane motions cannot be described accurately, whereas in-plane normal mode
motions can be reasonably modeled leading to lower errors .

The W(NH,) mode in 4A-2CBN is calculated as the second strongest IR intensity band by B3LYP/6-
311++G(3df,pd) and MO6L/6-31G(d,p) with a relative IR intensity ca. 90, but by B3LYP/6-31G(d,p) it is
lower with a relative IR intensity of 37, and in accordance with the experimental IR bands with weak-medium
intensity which can be observed in the 400-500 cm™' range. This mode appears in the experimental spectra of
aniline molecule and its derivatives as a very broad band with weak-medium intensity [72,84,85]. However,
in the present case it was scaled by B3LYP/6-31G(d,p) at 438 cm™ using the linear scaling equation from
the benzene molecule or at 456 cm™ using the equation from the amino group of aniline molecule [72]. The
calculated wavenumber of W(NH,) mode has little dependence on the basis set used, in accordance with
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that observed in aniline molecule [72], but in contrast to that reported by other authors [19]. But, in aniline
molecule, the value of wavenumber of this mode depends on the method used: by the B3LYP method and
6-31G(d,p) at 603 cm ™!, at 609.3 cm™' with the 6-31+G(2d,p) basis, as well as with the 6-311++G(2d,p) at
608.0 cm™! [71]. The computed wavenumber of this mode in 4A-2CBN, 436 cm ™' is lower than in aniline
molecule [72] in accordance with a lower inversion angle @ calculated in 4A-2CBN molecule. At the
B3LYP/6-311++G(3df,pd) level, the value in 4A-2CBN molecule is 31.5° (by X-ray is 34° [70]) while in
aniline molecule [71] it is 39.7°.

Because the C, symmetry of the NH, group, the t©(NH,) torsional band is not allowed by the IR
selection rules. However, in the IR and Raman spectra can be identified a torsional band. This fact, as in
the case of aniline molecule, was interpreted in Ref. [86,87] as combinations of the torsion and inversion
vibrations (transit 1<—0), which are active in IR. In 4A-2CBN it is calculated at 362 cm™!, which appears
higher than calculated in 4ABN, 352 ¢cm™, and in aniline molecule, 276 cm™. It can be explained as by
the lowering of the inversion angle in 4A-2CBN and a shortening of the C-N bond, as compared to aniline
molecule, which leads to an increment in the barrier height and hence to the wavenumber of the torsional
mode. It is predicted with weak IR intensity at 368 cm™' in accordance to the weak experimental IR band at
350 cm™'. In 4ABN it has been assigned [17] to the experimental IR band at 330 cm™.

Vibrations of Nitrile (CEN) group

The characteristic experimental wavenumber of C=N stretching vibrations of BNs falls ca. 2200-2300
em™! [80,88,89] with IR intensity which varies from medium-weak to strong depending on the substituents.
However, as the geometry of the cyano group is not affected significantly by new substituents on the phenyl
ring, therefore, their vibrational wavenumbers remain almost unchanged from the BN molecule [25,26]. In
BN, v(C=N) appears at 2230 cm ™. Electron donating substituents, such as —~NH,, increase the IR intensity
of v(C=N) and decrease its frequency value, whereas the electron withdrawing groups(—F, -OH, and —Cl, )
decrease the IR band intensity of v(C=N) and increase its frequency to the higher limit of the characteristic
spectral region [34,77,90-92].

In 4A-2CBN, the v(C=N) stretching mode is highly localized on the C=N bond with a Potential
Energy Distribution (PED) of 91%. It is slightly coupled with C1-C7 stretching to the extent of ca. 10%. It is
calculated by all the methods with medium-strong IR intensity and very strong Raman intensity, the highest
in the spectra. These results are in good agreement with the very strong experimental band observed at 2235
cm ! in IR and at 2237 cm™! in Raman spectra, and with the values obtained in other BNs [34]. The FTIR
band intensity is slightly decreased by the electron withdrawing group (—C/), while the Raman intensity is
enhanced by the conjugation of the aromatic ring.

In the scaled bands at 713, 696, 593 cm™', and also in many bands below 500 cm™ are determined
contributions of the bending in-plane mode. However, the main contribution for the 3(C=N) mode is observed
in the calculated band at 135 cm™' with very weak IR intensity, and strongly coupled with C-C/ and ring
bending vibrations. Due to this coupling, especially with the chlorine atom, this mode is calculated in 4A-
2CBN at a lower wavenumber than in 4ABN molecule, 154 cm ™.

The out-of-plane modes are identified in the calculated bands at 614, 451, 258 and 97 cm™!, but the
main contribution for the y(C=N) mode is observed in the calculated band at 515 cm™'. This mode also appears
strongly coupled with CC ring vibrations, and it is predicted with weak IR intensity and very weak Raman
intensity in accordance with the experimental IR and Raman bands at 500 and 520 cm !, respectively.

Due to the linearity of the C-C=N bond, 179.9° by B3LYP/6-31G(d,p), sometimes the in-plane and
out-of-plane bending vibrations appear calculated in reverse form, as in the present case with 4A-2CBN.
Thus, 8(C=N) appears characterized at 135 cm ™! instead of at 515 cm™, y(C=N), and vice-versa. In other BN
derivatives with other DFT methods, they are characterized in the right way. e.g. in 2,5-dichorobenzonitrile
[56] they are calculated at 621 cm™!, 8(C=N) and at 138 cm™!, y(C=N).
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Combination bands

Several experimental Raman bands observed in the spectrum are far of the spectral range
of the different ring modes and substituents modes. Thus, they can be assigned as combination bands:
1178+391=1569 m, 871+391=1262 m, and 780+475=1255 w.

4.4 Other molecular properties

The values of the NBO atomic charges determined with the DFT and MP2 methods are listed in
Table 2. For comparison purposes the calculated values in benzonitrile molecule are also included in the
same Table. Some differences were observed between them. It is noted that the negative charge is mainly
localized on the N9 atom, which produces the largest positive charge on the C4 atom. The chlorine atom has
a very small positive charge. Thus, its effect on the BN structure is small, with a slight decrease in the positive
charge on C7, and null effect on =N atom.

The NBO atomic charges calculated by MO6L method are in general larger than those calculated by
B3LYP, but they are slightly lower than those calculated by MP2. The positive charge calculated by MO6L on
the chlorine atom is also larger than that calculated by B3LYP and MP2.

Thermodynamic parameters of 4A-2CBN were calculated and collected in Table 8. For an
improvement in the determination of the Zero-Point Vibration Energies (ZPVE) and the entropy, S,;,(T), the
use of specific scale factors have been recommended [1-2], leading to the results shown in this Table. The
translational, rotational and vibrational components are used to compute the entropy and free energy. The
calculated values of the entropy by the three DFT methods appear very close and higher than those determined
in BN molecule. These values of entropy indicate that as the temperature increases, the randomness of the
molecules increases, i.e. the molecules will be distributed into a greater number of energy levels. At low
temperatures, the translational energy levels contribute strongly to the behavior of entropy. Therefore,
rotational and vibrational populations are distributed in a few low energy levels. At high temperatures, the
vibrational population will be distributed in a larger number of vibrational levels, contributing to increase of
entropy.

Table 8. Theoretical computed total energies and Gibbs Free energy (A.U.), rotational constants (GHz), entropies
(cal-mol™"-K™") and dipole moments (Debyes) at the B3LYP, MO6L and MP2 levels in 4A-2CBN and BN molecules.

4A-2CBN BN
B3LYP/ B3LYP/ MO6L/ MP2/ B3LYP/ MP2/
6-311++G
Parameters 6-31G(d,p)  (3dfjpd)  6-31G(d,p) 6-31G(d,p)  6-31G(d,p) 6-31G(d,p)
Total energy + ZPE (AU) 0.346060°  0.502477°  0.288270°  0.633023° 0.400771°¢ 0.412258¢
Gibbs Free energy (AU) 0380057  0.536457*  0.322230*  0.667270° 0.431048°
Rotational constants (GHz) 1.87 1.89 1.9 1.89 5.65 5.65
0.88 0.89 0.89 0.88 1.54 1.53
0.6 0.61 0.61 0.6 1.21 1.21
Entropy (cal'mol™-K™")
Total 92.02 91.96 91.84 93.12 78.56 79.44
Translational 40.97 40.97 40.97 40.97 39.8 39.81
Rotational 30.16 30.13 30.13 30.15 27.8 27.82
Vibrational 20.9 20.86 20.74 22.01 10.9 11.81
Dipole moments (Debyes) 7.55 7.51 7.74 7.37 4.55 5

2839, v.837. ©.324. 9.323,
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A huge change is observed in the rotational constants. They were calculated very small as compared to
BN. In the isolated state, by B3LYP they appear very close to those by MP2 and MO6L methods.

The calculated dipole moment, Table 8, by MO6L appears slightly higher than that calculated by
MP2 and B3LYP, although the difference is small. The chlorine atom in 4A-2CBN has a little influence on the
dipole moment of the molecule. Thus, the calculated value in 4-aminobenzonitrile is 6.53D by MP2 vs. 7.37
D in 4A-2CBN. The position in which the chlorine atom is bonded doesn’t produce a remarkable change in
the dipole moment, as compared to BN, but the effect of the NH, group is higher.

4.5MEP mapping

The other molecular properties like SCF energy, dipole moment, non-linear optical properties,
HOMO-LUMO analysis and MEP mapping for the 4A-2CBN have been computed at B3LYP/6-311G(d,p)
level of theory.

6420 T— 22

Fig 7. MEP diagram for the 4-amino-2-chlorobenzonitrile molecule

The molecular electrostatic potential (MEP) mapping has been used for understanding and predicting
the sites of reactivity for electrophilic and nucleophilic reactions, investigation of biological recognition,
hydrogen bonding interactions and other macroscopic properties [93]. The sign of the electrostatic potential
in any particular site around a molecule that depends upon whether the effects of the nuclei or electrons are
dominant is a key to assign its reactivity there [94]. The MEP surface is a plot of electrostatic potential mapped
on to the constant electron density surface that represents the electrostatic potential in terms of colour coding
[95,96], Fig 7. The surfaces with blue, green and red colours indicate the positive, zero and negative values
of the potential, respectively. The red colour surfaces with negative MEP represent high electron density,
whereas the blue colour surfaces with positive MEP correspond to areas of lowest electron density. MEP
map for the 4A-2CBN is shown in Fig 7 with colour range from —6.42¢—2 (deepest red) to +6.42e¢—2 (deepest
blue). The surface over the hydrogen atom of NH, group shows maximum potential regions (dark blue
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coloured/ low electron density) as well as the relatively lower potential sites (light blue coloured) are around
the other hydrogen atoms. The surface over the electronegative atom nitrogen (N7) represents the minimum
potential (dark red coloured/ high electron density). The blue and red colour regions can be referred to as the
site for nucleophilic and electrophilic attack, respectively. Thus, electrophiles (positively charged species)
and nucleophiles (negatively charged species) will attack on the red and blue coloured sites, respectively. The
regions over the ring and chlorine atom are neutral as characterized by green colour.

4.6 HOMO-LUMO analysis

The highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO)
are main Molecular Orbitals that play important role in chemical reactions. The HOMO acts as an electron
donor while LUMO acts as electron acceptor, and for 4A-2CBN molecule they are plotted in Fig 8. The
energy gap between the HOMO and LUMO molecular orbitals helps to determine the chemical stability and
electrical transport properties of molecules. The lowest excitation energy corresponds to HOMO-LUMO
transition under TD-DFT approach which approximates the gap accurately. This gap was computed at TD-
B3LYP/6-31G(d,p) level of theory. The low value of gap represents the high reactivity of the molecule in
chemical reactions. The HOMO is delocalized over the all atoms and bonds C=N, C1-C2, C1-C6, C3-C4, C4-
C5, C3-H, C5-H, N-H13 and N-H14, except on H11 atom, while, the LUMO is delocalized over the bonds
C2-C3, C1-Ce6, C5-C6, C6-H, C5-H, N-H13, N-H14 and over all atoms except H18. Thus, HOMO-LUMO
excitation shows the charge transfer that can be seen in Fig 8. The low value of the energy gap explains the
eventual charge transfer interactions taking place within the molecule. The SCF energy, dipole moment,
HOMO, LUMO energy eigenvalues and energy gap computed at B3LYP/6-31G(d,p) level of theory are
presented in Table 9.

Fig 8. HOMO and LUMO plots for the 4-amino-2-chlorobenzonitrile.
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Table 9. The SCF energy, HOMO, LUMO energy eigenvalues and HOMO-LUMO energy gap for
the 4A-2CBN at the B3LYP/6-311G(d,p) level.

Energies value

SCF energy (a.u.) —839.452254
LUMO energy (eV) -1.10
HOMO energy (eV) —6.24
HOMO-LUMO gap (eV) 5.14
4.68"

* approximated by using TD-B3LYP/6-31G(d,p) calculation

4.7 NLO properties

DFT calculations play an important role in designing the non-linear optical molecules. The molecules
having the larger hyperpolarizability value show a strong NLO potential and can be used in fabrication of
many optical devices. The molecules having donor-acceptor group attached to an aromatic ring increases
the charge transfer through p-electron delocalization and give rise the hyperpolarizability values [97]. The
polarizability, first order hyperpolarizability values and mean first order hyperpolarizability of the 4A-2CBN
molecule were computed at B3LYP/6-31G(d,p) level of theory and they are presented in Table 10. The mean
first hyperpolarizability of 4A-2CBN is 4.127x107° esu, which is 11 times greater than that of urea (for urea
By is 0.3728x107°° esu) [93]. Thus, the high value of dipole moment and first order hyperpolarizability are
representing the NLO potential of 4A-2CBN molecule.

Table 10. Calculated components of polarizability (a.u.), first order hyperpolarizability (a.u.),
mean polarizability < o > (a.u.), anisotropy of the polarizability y (a.u.) and the mean first order
hyperpolarizability B, (esu, 1 a.u. = 8.639x107>> esu) of 4A-2CBN.

B3LYP/6-31G(d,p) B3LYP/-31G(d,p)

Oy 149.02 Byxx —458.69

0y 7.56 By —283.47
0yy 101.29 By 73.63
Oy, ~1.80 Byyy -3.90
ay, —0.44 Brx 42.70
a,, 34.65 Buyz 11.82
<o 94.99 Byyz 6.46
Y 100.40 Bz 461
Byzz 272
Bz 0.50
Bo (esu) - 1073° 4.13

5 Summary and Conclusions

In this paper, we attempted to provide a more comprehensive structural and vibrational study of 4A-
2CBN by combining both theoretical and experimental data for the first time. Quantum chemical calculations
were done to support the experimental results. Two conformations were computed in 4A-2CBN, with the
—NH, group in planar form being a saddle point. The most important findings of the present work are the
following:
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(1) From the point of view of accuracy of the method, the equilibrium geometry calculated by the
new MO6L method in 4A-2CBN was compared with those obtained by B3LYP and MP2. In the calculated
C-C bond lengths, MO6L appears with the same accuracy as that by B3LYP, however at least by B3LYP
with the 6-31G(d,p) basis set used, the C=N and C-CI/ bond lengths are computed worse.

(2) To improve the accuracy in the assignment of the calculated wavenumbers in the 4A-2CBN
molecule, three different scaling equations procedures have been used. The best procedure of scaling is which
uses a polynomic equation, although the difference is small as compared to the other two procedures, by the
LSE and by the two linear scaling equations. Low errors were in general obtained in the scaled values.

(3) For the first time the polynomic scaling equation, y =a + b;x + b, x> procedure has been
presented and used in the 4A-2CBN molecule. Its accuracy has been determined.

(4) The MO6L scaled wavenumbers appear in general with slightly lower accuracy than by B3LYP
method

(5) The calculated linear scaling equation by MO6L with the benzene molecule leads to worse
correlation coefficient r than by B3LYP. However, the relative IR and Raman intensities predicted by the
three DFT methods are very similar. In general, the bands calculated by MO6L appear shifted to higher
wavenumbers related to those calculated by B3LYP and with larger errors as compared to the experimental
results. Thus worse scaled wavenumbers are obtained with the MO6L method, and therefore it is not
recommended for its use, at least with the 6-31G(d,p) basis set. Further calculations with other molecules
and basis set are required to confirm this feature.

(6) The IR spectra of 4A-2CBN, in KBr matrix and in Nujol and as well its Raman spectrum in
the solid state, were recorded and the bands observed were assigned accurately for the first time.

(7) The assignments of the observed IR and Raman bands find support from related molecules
and are consistent with the established ranges of the vibrations of the different modes. Therefore, they seem
to be the most accurate today.

(8) The main effect of the chlorine atom on the BN structure is a slight shortening of the C4-N
and C/-C= bond lengths. Also it withdraws negative charge on the bonded atom C2. As a consequence, a
small shortening of C2-C3 and C5-C6 bond lengths is observed as compared to BN, and a lengthening of
C1-C2, and angles slightly out of the regular hexagonal structure.

(9) As compared to MP2, the NBO atomic charges calculated by MO6L are in general slightly
better than those obtained by B3LYP. DFT methods appear to fail in the calculated charges on C4, C6 and
N9 atoms.

(10) The quinonoid structure of the BN molecule remains in 4A-2CBN, although its symmetry
appears slightly modified by the chlorine atom.

(11) In general C=C modes appear strongly coupled with C-H and C=N modes, while the amino
modes appear as almost pure modes with very small coupling with other modes.

(12) The size, shape, charge density distribution and structure activity relationship of the 4A-2CBN
molecule were obtained by mapping electrostatic potential surface on the electron density isosurface. HOMO-
LUMO energy was also computed. The high value of dipole moment and first order hyperpolarizability
represent the NLO potential of 4A-2CBN molecule.
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