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Abstract — Comprehensive investigation of geometrical and electronic structure in ground as well as the
first excited state of 3, 4-Difluoroaniline (C6H5NF2) was carried out. The experimentally observed spectral
data (FT-IR and FT-Raman) of the title compound was compared with the spectral data obtained by

Electronic structures calculations, at the RHF/6-31G*

and B3LYP/6-31G* basis set has been carried

out. The molecular optimized geometry parameter like bond angle, bond length, stretching and bending

force constants of title molecule were calculated.
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[. INTRODUCTION

In the present study Electronic structures calculations,
at the RHF/6-31G* and B3LYP/6-31G* has been
carried out on 3, 4-difluoroaniline (DNA). A complete
revised assignment of the experimental spectra has
proposed in terms of molecular parameters and PEDs
obtained from force field calculations. The electronic
structure calculations have  been performed using
Gassian 03W? the PED calculations with the
MOLVIB®, giving optimized structures, energies
harmonic vibrational frequencies, depolarization ratios,
infrared intensities, Raman activities, force constants
and PEDs. The proposed assignments on the basis
of experimental IR and Raman spectra have been
reviewed. All the computed harmonic frequencies
have been scaled™.

Excellent agreement between experimental and
theoretical anharmonic inversion-torsion frequencies
of fundamental, overtone and combination modes in
aniline has been obtained in the correlated ab initio
studies, which gives a confidence to thecalculated.
Potential energy surface and the evidence to a rather
high nonplanarity of aniline molecule [8, 9].

Comprehensive studies of the molecular and
electronic structures, vibrational frequencies and
infrared and Raman intensities of the aniline radical
cat-ion have been performed by using the (UB3LYP)
and (UMP2) methods with the extended 6-31111G ~

&
A4

df, pd basis set by Piotr etal. For comparison,
analogous calculations were carried out for the
closed- shell neutral aniline [10]. To assess reliability
of theoretical calculations in substituted anilines we
have carried out ab initio and DFT calculations on 3,
4-Difluoroaniline. 3,4-Difluoroaniline is a chemical
compound which has a strong activating - NH2
substituent and two weakly deactivating F.

Il. EXPERIMENTAL STUDIES
Experimental details:
The liquid sample of 3, 4-difluoroaniline (DAN) was

supplied by Aldrich Chemical Co. and was distilled in
vacuum before use. The infrared (IR) spectrum of the

sample in KBr pellet was recorded at room
temperature on Perkin-Elmer model 377
double beam automatic Spectrophotometer. The
Laser Raman Spectrum of the sample was
recorded on  Cary-model Laser Raman
Spectrometer using Ar’  laser  with two
Czerny-Littrow monochromators.

Computational Work:

i) Electronic structure calculation methods:

The development of theoretical methods and in
particularly quantum chemistry, allowed not only an
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interpretation of the experimental observations, but
also made it possible to predict molecular properties.

Computational chemistry is simply the application of
quantum mechanical and computing skill to the
solution of physical, chemical problems. Here, one
uses computer softwares like GAUSSIAN to
generate information such as properties of molecules
or simulated experimental results. The Schrodinger
equation is the basis for the computational methods.

The Born-Oppenheimer approximation is the first of
several approximations made while trying to solve
Schrddinger’s equation for more complex systems with
more than one or two electrons. A few electronic

structure  computation methods are discussed
in brief as follows.

ii) In the ab initio Hartree-Fock self-consistent
Field (HF- SCF) method:

The wave function is an antisymmetrized

determinantal product of one-electron orbitals (the
"Slater" determinant). Schrédinger's equation is
transformed into a set of Hartree-Fock equations. The
wave function of each electron is optimized under the
mean potential averaged over all the other electrons in
the system, as well as the electrostatic potential
generated by the fixed nuclei.

In another words, during the Hartree-Fock calculation,
the electron cannot ‘see’ other electrons, instead of
averaged‘electron gas’. The primary deficiency of
Hartree-Fock method is that the correlation of electron
motion cannot be accounted adequately.

iii) Density Functional Theory (DFT) method:

This method is one of the most popular approaches to
quantum mechanical many-body electronic structure
calculations of molecular and condensed matter
systems. It has been proved that for molecules, the
ground-state molecular energy is uniquely determined
by the ground-state electron probability density.
Therefore, all the ground-state molecular properties
can be calculated from the electron density, without
having to find the molecular wave function.

In addition, according to the Hohenberg-Kohn
variational theorem, the true ground-state electron
density minimizes the energy functional. The DFT
method is variational.

A number of density functional theoretical methods
have been developed, one such method is B3-LYP
(Becke’'s three parameter mixing of exchange
functional with Lee Yang Parr correlation functional).

In order to model structures and vibrational spectral
properties, we performed electronic calculations with
the ab initio,s RHF/6-31G* and hybrid DFT,s B3LYP/6-
31G* using the Gaussian 03W suite of programs [15].
Molecular electronic energies, equilibrium geometries,

vibrational frequencies, IR intensities and Raman
activities have been computed.

All the computed harmonic frequencies have been
scaled with scaling factors 0.8929 (RHF) and 0.9616
(B3LYP) [17].

iv) MOLVIB:

MOLVIB is a FORTRAN program for the calculation of
harmonic force-fields and vibrational modes of
molecules upto 100 atoms. To aid the vibrational
assignments, we carried out normal coordinate
calculations using MOLVIB package [16]: force fields
and PEDs have been computed for B3LYP/6-311G*
results for all the compounds.

[ll. RESULTS AND DISCUSSION

The optimized molecular structure of the DAN is
shown in Fig.7. DAN belongs to C; symmetry due to
nonlinearity of amino group. The molecular electronic
energy is -486.0607 hartrees at B3LYP/6-31G*. The
experimental infrared spectrum taken from reference
[14] is presented in Fig -8. We present the optimized
geometrical parameters in Table - 4. The results are
compared with the available experimental data [19,
20]. The Table — 5 includes stretching and bending
force constants derived from a normal coordinate
calculations using B3LYP/6-31G* results. Table —6
presents experimental IR and Raman (Fig-9) and
theoretical fundamental vibrational frequencies with
assignments (in % PED).

The observed IR and Raman vibrational frequencies
were analyzed and assigned to different normal
modes of the molecule. The error obtained was in
general very low. The observed IR and Raman
vibrational frequencies were analyzed, revised and
assigned to different normal modes of the molecule.

We point out that the proposed assignments are
correlated with the benzene modes, though, it is true,
and several of the modes of DAN show contributions
from different bond oscillators.

This correlation would serve the object of gaining an
understanding as to changes in the normal modes of
benzene to aniline derivatives. Characteristic
benzene as well as C-X vibrations are in the
correlation range [8-14].

The deformation vibrations of DAN have appeared
with single dominant contribution as evident from
PED. We also note that the in-plane and  out-of—
plane C-X bending vibrations show dominance in the
region below 1000 cm™. All the assignments are in
agreement with the literature [8-14]. Other general
conclusions have also been deduced. There is good
agreement between theory and experiment.
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Fig.7. Molecular structure of 3, 4 — difluoroaniline
Assignments:

In the present work, vibrational assignments have
been made on the basis of “Spectra-Structure
Correlations”, aided by the electronic structure
calculations that is, the scaled theoretical vibrational
fundamental frequencies. In Table — 6 assignments of
vibrational frequencies are presented with bold internal
modes in PED. Assignments are discussed with
experimental IR and Raman frequencies.

C-H stretching vibrations:

These vibrations show characteristic bands, as in the
benzene derivatives, in the region 3100-3000 cm™ [3-
7]. These vibrations are assigned to medium strong
IR/Raman bands at 3080, medium weak IR/Raman
bands at 3040 and to a medium weak IR band at 3010
cm™ where corresponding Raman band was not
observed. These modes are predicted as weak at RHF
and B3LYP levels.

The numbers inside bracket are relative intensities in
case of frequencies and % contributions in case of the
PEDs.v-stretch, B- in-plane bending, y- Out-of-plane
bending .The predicted bands agree well with the
observed ones within ~1% for the two methods. It may
be seen that the force constants, 5.600-5.688
mdyne/A,  obtained from PED calculations,
corresponding to C-H stretching vibrations show little
changes in magnitudes compared to the known values
[6, 7], suggesting the dominance of a single vibration.
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Fig -9: Experimental Raman spectrum of 3. 4 - difluoroaniline
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Table.4: Optimized Geometry parameters Table-5: Stretching and bending force constants
S.No. | Parameter Experimental * RHF EBLY Imemgl fﬁIOIT‘lS Force
Bond longth () cﬂoordu@tes . involved constant
: ) 337 330 | 1349 Etretchmg iorc; Ic_oéljstants (mi}'frjlje,:;\}
2 C2-C3. 1.396 1.375 | 1.387 5 C”-C‘; 5'4| ~
3 C2-C7. 1.394 1.378 | 1.393 < i e
4 C3-C4. 1.394 1.385 [ 1.395 R3 C2-C7. 5.329
5 C3-H9. 1.083 1.074 | 1.085 R4 C3-C4. 5.361
6 C4-Cs. 1397 1392 | 1.405 RS C3-H9. 5.688
7 C4-H10. 1.083 1.075 | 1.087 R6 C4-C5 5.114
8 C5-Cé. 1.397 1.393 | 1.406 R7 C4-HI10. 5.600
9 C5-NI1. 1.402 1.394 | 1.399 R8& C5-Ceo. 5.122
10 C6-C7. 1.394 1.375 | 1.386 R9 C5-NI11. 6.435
1 C6-H14. 1.083 1.075 | 1.086 R10 C6-C7. 5.486
12 C7-F8 1.337 1.324 | 1.340 RI11 C6-H14. 5.653
13 NI11-HI2 1.001 0.997 | 1.013 RI12 C7-F8. 6.601
14 NI11-HI13. 1.001 0.997 1.013 R13 N11-H12. 7 198
Bond angle () R14 NI11-HI3. 7.198
15 F1-C2-C3. 1209 | 121.1 Internal Atoms Force
16 lil-(‘12-(‘1?. 119.7 | 1195 coordinates | involved constant
:Zi 232 — :iij :LET Bending force constants (mdyne/Arad™)
o | cacam, 185 | 1188 LA F1-C2-C2 0.627
— A2 F1-C2-C7. 0.619
20 C4-C3-H9. 1209 | 121.0 3 30207, 0.728
21 C3-C4-C5. 120.6 | 120.7 v crCaCd 0700
22 C3-C4-H10. 119.6 | 119.6 < :
23 C5-C4-H10. 119.9 | 119.7 AS C2-C3-H9. 0.426
24 | c4-C5-Cs. 119.4 1188 | 118.7 Ab C4-C3-H9. 0.433
25 | C4-C5NIL. 1209 | 1209 AT C3-C4-C5. 0.712
26 C6-C5-N11. 1203 | 1203 AR C3-C4-HI10. 0.451
27 C5-C6-C7. 120.1 119.8 | 119.9 A9 C5-C4-H10. 0.450
28 C5-C6-H14, 119.8 121.5 | 121.4 AlOD C4-C5-C6. 0.753
29 C7-C6-Hl14, 118.7 | 118.7 All C4-C5-N11, 0.673
30 C2-C7-Cé. 120.7 121.3 | 121.2 Al2 C6-C5-N11 0.672
31 C2-C7-F8. 119.2 | 119.0 Al3 C5-C6-C7 0.700
32 C6-C7-F8. 119.5 | 119.7 Ald C5-C6-H14 0.433
33 C5-NI1I1-HI2. 115.9 114.6 114.8 AlSs C7-C6-H14 0.428
34 C5-NI11-HI3. 114.4 114.6 Al6 C2-C7-C6 0.735
35 HI2-N11-HI13. | 113.1 110.8 [ 111.1 INE, C2-C7-FR 0.639
Al8 Co6-C7-F8 0.652
Al9 C5-NI11-HI2 0.533
A20 C5-NI11-HI3 0.531
A2l HI2-NI11-HI13 | 0.311

The numbers inside bracket are relative intensities in
case of frequencies and % contributions in case of
the PEDs.v-stretch, B- in-plane bending, y- Out-of-
plane bending .The predicted bands agree well with
the observed ones within ~1% for the two methods. It
may be seen that the force constants, 5.600-5.688
mdyne/A, obtained from PED calculations,
corresponding to C-H stretching vibrations show little
changes in magnitudes compared to the known
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values [6, 7], suggesting the dominance of a single
vibration.

C-H in-plan vibrations:

The CH in-plane bending vibrations are substitution
sensitive, normally showing the bands in the region
1300-1000 cm™ [6, 7]. Medium Strong IR bands at
1170, 1130, 975 cm™ with corresponding medium
weak Raman bands at 1165, 1125980 cm™ are
assigned to the CH in-plane bending vibrations. It is
seen from the PEDs that the modes show couplings of
the bond oscillators of the ring, NH2 and fluorine. The
predicted bands are medium weak at RHF and

B3LYP. These frequencies agree well with the
observed ones within ~1%.
Table-¢ Experimentgl and Theoretical frequencies (em™') with assignments
SNo IR Raman RHF B3LYP A Assignmenis PEDs (%)
Vi 3440m; 347303 3a07(3) @768 v NHz (100}
3379m; 338607) 341300 1628 v.NHz (100}
Vs 3080m: 3080ms  3033(1) 3008(1) 1374 vCH (99)
040mw 3040w 302401 3086(1)  72.90 vCH (99)
Vs 3010m 300814 3069(4) 7088 vCH (99)
v 1620m  1620m 16320200 1634034 3123 SeissoringNER(GIVCCI1INCNHA1D)
1605m 1600m 163504) 1618(1) 8110 vCC(3T),3 g
137dmw  1370m 1617(22) 13940130 1830 vCC(69),vC-F (2)
1480vs 132001000 1314(100) 0.734 vCC(30), BCH(14) »C-F(12)
v 1430vs 1420m 1433(7) 1448(3) 0334 vCC{38),6CH18) +C-F(12)
vy 1340m 1330m 131309) 1318030 3964 vC-NH2(32),vCCI22)5C-F (21)
vy 1315vs 1320ms 1263017 13120100 2303 vCC (86)
vy 1285m 1235m 1212027 1234(18) 2603 BCHI48),vC-F(28) vCO(T)
vie 12437 1230m 1183(13) 206(26) 0.388 BCH(43).vC-F(19),vC-N(6)
viz;  1170m 1165mw  113608) 1161(14)  0.635 vC-F(36).6CH(21),vC-N(17)
vig  1130ms  1125mw 10810100 111307y 0382 BCH(44) vCC(16),6C-NH; (8)
vir 1070 1073m 1047104) 1071(2) 0678 rocking NHz(44),vCC18)
vis  970ms 080mw 045(1) 840(6) 0.109 G341 vC-F(10),vC-(10),8CCI8), BCHIT
it 9435 93716) 884(1) 1763 yCH (89)
v 865m 840023) 801(19)  2.990 ¥CH (73)
v s 820(13) TT7(8) 4887 yCH(TT)
iz Tidvs 763G TEEI0N 1543 vO-Fl30)vCC(28), BCCILE
10mw 72306 723(2) 11.86 BGE(33),vC-F(11),vC-NI10)
630ms 67409 642(21) 1473 waggingNHz (53)
600s B47(36)  Bl2(51)  2.554 8C-NH; (58)
5] 39 3.746 yCCN (73]
3 5.602 BC-F{40),vCC(10),6CCQ)
1606 BCC(18),8C-F(15),6C-Ni11)
0.209 7CC (61)
3.438
2.767
0.709
) 0.218
224ms 230(1) 262(7) 0.381 torsionNHz(88)
160m 213(8) 223(1) 3.689 yC-F (54), 7C-NH: (10)
110m 14800 14400 1.254 yC-F (34), 7C-NH; (19)

C-H out-of-plane vibrations:

Bands involving the out — of — plane C-H vibrations
appear in the range 1000-675 cm™ [6, 7]. These
vibrations are assigned to strong IR bands at 940, 860,
770 cm™. The corresponding strong Raman bands are
at 945,865,770 cm™,

The frequencies with RHF level agree well with the
observed ones within ~2%, whereas B3LYP level
deviates by~5 %.

C-C stretching vibrations:

The C-C stretching vibrations occur in a wider spectral
range covering 1650-650 cm™ [3-7]. The five medium
weak to strong IR bands at 1605, 1575, 1430, 1315,
735 cm™ with the corresponding medium to stronq
Raman bands at 1600, 1570, 1420, 1320, 735 cm’

Journal of Advances in Science and Technology
Vol. 12, Issue No. 25, (Special Issue) December-2016, ISSN 2230-9659

and a very strong IR band at 1480 cm™ with
corresponding Raman band not observed, are
assigned to the C-C stretching vibrations. As the
bands corresponding to 1575, 1315 cm™ are nearly
pure the force constants values fall in the known
interval, 5.114 - 5.412 mdyne/A [3, 6].

The bands at 1529 (RHF), 1514 (B3LYP) cm™ are
predicted as very strong where experimental IR band
is also very strong. It is seen from the PED that the
bands observed at 1480, 1430, 735 cm™ are mixed
with contributions from C-X (X= NH,, F) vibrations. The
predicted frequencies agree well with the observed
ones within ~3% error.

C-C in-plane bending vibrations:

Three strong IR bands at 715, 450, 390 cm™ with
corresponding medium weak to strong Raman band
at 710, 445, 395 cm™ are assigned to CC in-plane-
bending vibrations. The above bands are in the
expected range, as in similar systems [6-8]. The three
predicted weak bands agree well with the observed
ones within~3%.

C-C out-of-plane bending vibrations:

In the substituted benzenes, CC out—of -plane
vibrations are expected in the range 730-425 cm™ [6-
9].

Three weak to strong IR bands at 520, 405,330 cm™
with corresponding weak to strong Raman bands at
515, 410, 335 cm™ are assigned to the CC out-of-
plane vibrations. These frequencies agree well with
the observed ones within ~3%.

C-X vibrations(X= NH,, F)

In aniline [19] a strong IR and at 1282 cm™ was
assigned to C- NH, stretching vibration. We have
assigned this band to a medium IR band at 1340 cm™
and to a medium Raman band at 1330 cm™. In aniline
[19], C- NH; in-plane bending vibration was assigned
to a weak IR band at 390 cm™ and we assigned this
band to a strong IR and at 605 cm™ with a strong
Raman band at 600 cm™. In aniline [19], C- NH, out-
of-plane bending vibration is assigned to a weak IR
band at 217 cm™ and we assigned this band to a
weak IR band at 230 cm™ with a medium weak
Raman band at 240 cm™. The errors for predicted C-
NH, vibrations are as much as 8%.

C-F vibrations:

Aromatic fluorine compounds give stretching bands in
the region 1270-1100 cm™ [2]. Strong IR bands at
1285, 1245cm™ with corresponding medium Raman
bands at 1285, 1250 cm™ are assigned to C-F
stretching vibrations. The vC-F vibrations are mixed
with vCC, vC-NH, and BCH vibrations. The predicted
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band corresponding to observed band at 1104 cm™
deviates by ~6%. C-F in-plane bending vibrations are
expected in the general range 420-375 cm™ [2].

In 2,6-difluorobenzonitrile, these bands are assigned
at 289, 254 cm™[21]; in this work, a medium IR band at
470 cm™  with corresponding medium weak Raman
band at 475 cm™; a weak IR band at 270 cm™ with
corresponding weak Raman band at 280 cm™; are
assigned to C-F in-plane bending vibrations. In 4-
Flurobenzaldehyde [22] C-F out-of-plane bending
vibration was assigned to a Raman band at 336 cm™.
In 2,6- difluorobenzonitrile, these bands are assigned
at 520,101 cm™ [21]; two medium Raman bands at
160, 110 cm™ are assigned to C-F out-of-plane
vibrations. The errors for predicted C-F vibrations
below 400 cm™ are as much as 20 %.

NH, group vibrations:

For the aniline, Pavel Hobza et al observed two
absorption bands of approximately equal infrared
intensities, positioned at 3508 and 3422 cm™. They
assigned these bands to the NH, antisymmetric and
symmetric stretching vibrations, respectively [10]. In
this work, two medium strong IR band at 3440 and
3375 cm™ with corresponding Raman bands not
observed, are assigned to the NH, antisymmetric and
symmetric stretching vibrations, respectively.

The NH, scissoring vibration in the aniline contributes
to two modes, these modes have been assigned to the
bands at 1608 and 1618 cm™, in the IR spectrum of
aniline in argon matrix [10]. We assigned this vibration
to a medium IR/Raman band at 1620 cm™ IR
spectroscopic studies of aniline show two bands, at
1054 and 1115 cm™, involve NH, rocking vibration [10].
We assigned this vibration to a strong IR band at 1070
cm'i with corresponding medium Raman band at 1075
cm™.

The NH, wagging vibration in aniline was assigned to
a strong IR band at 541 cm™[10].

In this work, strong IR/Raman bands at 680 cm™ are
assigned to NH, wagging vibration. NH, torsional
vibration in aniline, assigned to a medium IR band at
277 cm™. We assigned this vibration to a medium
strong Raman band at 224 cm™. These frequencies
agree well with the observed ones within~5%.

CONCLUSIONS:

A complete vibrational assignment for 3,4-
difluoroaniline has been proposed for the
experimental IR and Raman spectra, aided by the ab
initio  (RHF), hybrid density functional methods
(B3LYP ) using 6-31G* basis set and PED analysis.

A B3LYP/6-31G* optimization leads to stable form with
C, symmetry. Characteristic benzene as well as C-X
vibrations is in the correlation range. The C-F

stretching vibrations are mixed with CC stretching and
CH in-plane bending vibrations.

We also note that the in-plane and out-of-plane C-X
bending vibrations show dominance in the region
below 700 cm™. All the assignments are in agreement
with the similar systems.
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