
Spectrochimica Acta Part A: Molecular and Biomolecular Spectroscopy 143 (2015) 265–280
Contents lists available at ScienceDirect

Spectrochimica Acta Part A: Molecular and
Biomolecular Spectroscopy

journal homepage: www.elsevier .com/locate /saa
The spectroscopic and quantum chemical studies of 3,4-difluoroaniline
http://dx.doi.org/10.1016/j.saa.2015.01.079
1386-1425/� 2015 Elsevier B.V. All rights reserved.

⇑ Corresponding author. Tel.: +90 236 2013105.
E-mail address: atacahmet2007@gmail.com (A. Atac).
Etem Kose a, Mehmet Karabacak b, Ahmet Atac a,⇑
a Department of Physics, Celal Bayar University, Manisa, Turkey
b Department of Mechatronics Engineering, H.F.T. Technology Faculty, Celal Bayar University, Turgutlu, Manisa, Turkey
h i g h l i g h t s

� The compound was characterized by
FT-IR, FT-Raman, NMR and UV
spectroscopy.
� The vibrational frequencies, chemical

shifts and electronic absorption
wavelengths were calculated by DFT.
� Density of state (TDOS, PDOS, and

OPDOS) diagrams for 3,4-
difluoroaniline were analyzed.
� Nonlinear optical properties and

thermodynamical analysis were
investigated.
g r a p h i c a l a b s t r a c t
a r t i c l e i n f o

Article history:
Received 28 August 2014
Received in revised form 15 January 2015
Accepted 29 January 2015
Available online 9 February 2015

Keywords:
DFT
3,4-difluoroaniline
FT-IR and FT-Raman
NMR and UV spectra
Density of states
a b s t r a c t

Spectroscopic and structural investigations of 3,4-difluoroaniline molecule are presented by using
experimental (FT-IR, FT-Raman, 1H and 13C NMR, and UV–Vis) techniques and theoretical (DFT approach)
calculations. FT-IR and FT-Raman spectra of 3,4-difluoroaniline molecule are recorded in the region
4000–400 cm�1 and 3500–10 cm�1 in the liquid phase, respectively. The NMR chemical shifts (1H and
13C) are recorded in chloroform-d solution. The UV absorption spectra of 3,4-difluoroaniline dissolved
in ethanol and water are recorded in the range of 200–400 nm. Experimental results are supported with
the following theoretical calculations; the optimized geometry and vibrational (FT-IR and FT-Raman)
spectra are carried out by DFT (B3LYP)/6-311++G(d,p) basis set calculations. The nuclear magnetic
resonance spectra (1H and 13C NMR) are obtained by using the gauge-invariant atomic orbital method.
Moreover, electronic characteristics, such as HOMO and LUMO energies, density of state diagrams, and
molecular electrostatic potential surface are investigated. Nonlinear optical properties and thermody-
namic features are also outlined theoretically. An excellent correlation of theoretical and experimental
results provides a detailed description of the structural and physicochemical properties of the molecule.
Thus, this work leads to a deep understanding of the characteristics of di-substituted aniline derivatives.

� 2015 Elsevier B.V. All rights reserved.
Introduction

Aniline and its substituted derivatives have been used in various
industrial and commercial applications, including dyestuff, pesti-
cide, and pharmaceutical manufacturing [1]. The substances and
their halogenated derivatives are considered to be environmentally
toxic pollutants releasing into soil and water as wastes of industrial
synthesis of many pesticides and plastics, and products of microbial
transformation of urea herbicides [2–4]. Moreover, fluoroanilines
are especially important due to their interesting biological activities
like being key intermediates in the manufacture of agrochemicals
(pesticides, herbicides, and fungicides) [5], and serving as precur-
sors in the production of several drugs, such as analgesics, central
nervous depressants, and antibiotics [6,7]. Recently, an interesting
usage fluoroaniline polymers as precursors in the synthesis of
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glucose biosensors [8] and modifiers of electrodes in bacterial fuel
cells [9] has been reported.

Aniline and its derivatives have been studied extensively by
spectroscopic and theoretical methods due to their interesting fea-
tures and chemical importance. Vibrational assignment based FT-
IR in the vapor, solution, and liquid phases and Raman spectrum
in the liquid state have already reported for aniline [10]. The struc-
ture of aniline was studied experimentally in the gas phase by
microwave spectroscopy [11,12] and electron diffraction [13] and
in the solid state by X-ray crystallography [14]. Structural analysis
of aniline was also reported theoretically by using semi-empirical
[15,16] and ab initio methods [15,17,18]. A complete interpreta-
tion of the vibrational spectrum of aniline was carried out on the
basis of normal coordinate analysis [19]. An exhaustive study of
the structural as well as the electronic properties of aniline was
obtained using several DFT-based methods [20]. The structures of
aniline in the ground and first excited singlet states were calculat-
ed by using ab-initio quantum chemical methods [21]. Another
detailed structural investigation of aniline in ground and transition
states for internal rotation and inversion of the amino group was
carried out using several quantum computational methods [22].

Structural and spectroscopic features of some substituted anili-
nes have also been explored in experiments and via theoretical
methods. A summary of the studies on some fluorinated deriva-
tives of aniline, in our interest, are gathered as follows: the scaled
quantum mechanical force field calculations at the HF/6-31+G(d)
level of theory and vibrational Raman spectrum of para-fluoroani-
line [23] and far infrared gas spectra of aniline and 4-fluoroaniline
(4-FA) are reported [24]. The far-infrared vapor phase spectra of
aniline-ND2 and aniline-NHD were presented [25]. Infrared spectra
of fluorinated anilines were performed with some tentative assign-
ments [26,27]. Honda et al. [28] determined the N–H stretching
frequencies of aniline, 2-, 3-, and 4-fluoroaniline in the gas phase
by using the IR-UV double resonance spectroscopy. Infrared spec-
trum of 2,3-fluoroaniline were recorded and vibrational assign-
ments for the observed fundamental frequencies were proposed
[29]. Recently, Mukherjee and coworkers [30,31] reported vibra-
tional spectra and computational studies of tri-fluoroanilines
(2,3,4-, 2,3,6- and 2,4,5-, 2,4,6-) by using HF and B3LYP methods.
3,5-DFA was investigated with experimental and computational
methods by Pathak et al. [32]. Theoretical Raman and infrared
spectra of para-halogen anilines were obtained and corresponding
vibrational assignments were given [33]. Govindarajan et al. [34]
investigated spectroscopic analysis of organic 2,4,5-
trichloroaniline.

Although several spectroscopic and structural studies have been
reported on substituted anilines, as summarized, no report on
detailed neither theoretical nor experimental spectroscopic study
on the conformational, vibrational, magnetic, and electronic prop-
erties of 3,4-difluoroaniline (3,4-DFA). Here, a fully detailed
description of 3,4-DFA was carried out theoretically by DFT
(B3LYP)/6-311++G(d,p) basis set calculations as well as experimen-
tal techniques of FT-IR, FT-Raman, 13C and 1H NMR, and UV–Vis
spectra. In addition, temperature dependences of the heat capacity,
entropy, and enthalpy of 3,4-DFA molecule were analyzed. The
nonlinear optical properties (the dipole moment, anisotropy of
polarizability and first hyperpolarizability) of 3,4-DFA molecule
were also explored theoretically.

Experimental

3,4-difluoroaniline (C6H5NF2) sample was provided from Across
Organics Company in liquid phase with a stated purity of greater
than 97% and no further purification. The experimental FT-IR and
FT-Raman spectra of the title molecule was recorded in the region
4000–400 cm�1 and 3500–10 cm�1, respectively. Perkin-Elmer FT-
IR System Spectrum BX spectrometer at room temperature, with
a scanning speed of 10 cm�1 min�1 and the spectral resolution of
4.0 cm�1 used for FT-IR and Bruker RFS 100/S FT-Raman instrument
using 1064 nm excitation from an Nd:YAG laser was used, the
detector is a liquid nitrogen cooled Ge detector, five hundred scans
were accumulated at 4 cm�1 resolution using a laser power of
100 mW for FT-Raman spectrum. The nuclear magnetic resonance
(NMR) (1H and 13C) spectra of 3,4-DFA molecule were carried out
in Varian Infinity Plus spectrometer at 300 K. The molecule was
dissolved in chloroform-d solution (CDCl3). The chemical shifts
were reported in ppm relative to tetramethylsilane (TMS). Last
one UV–Vis spectra of the title molecule were registered in the
range of 200–400 nm by using Shimadzu UV-2101 PC, UV–Vis
recording Spectrometer, solved in ethanol and water.
Quantum chemical calculations

The DFT with the Becke’s three-parameter hybrid functional
(B3) [35,36] for the exchange part and the Lee–Yang–Parr (LYP)
correlation function [37], accepted as a cost-effective approach
has been used to compute optimized structural geometrical para-
meters, vibrational frequencies (FT-IR and FT-Raman), UV–Vis
and (1H and 13C) NMR spectra of the heading molecule. For all
calculations were performed tandem with Gaussian 09 suite of
quantum chemical codes [38].

The structural parameters after optimized were employed cal-
culations of the vibrational frequencies, isotropic chemical shifts
and electronic properties by using B3LYP with 6-311++G(d,p) basis
set. However the frequencies were not used directly, the scaling
factors were operated as 0.983 up to 1700 cm�1 and 0.958 for
greater than 1700 cm�1 [39,40] due to offset the systematic errors
caused by basis set incompleteness, neglect of electron correlation
and vibrational anharmonicity [41]. Also, to see the most stable
structure of 3,4-DFA molecule, the selected torsion angle (for
NH2 group of position) was changed every 10� and molecular ener-
gy profile was calculated from 0� to 180�.

The vibrational assignments of fundamental modes were made
on accordance of PEDs. The PEDs were calculated from quantum
chemically based on vibrational frequencies using VEDA program
[42]. Also to get visual animation and for the verification of the
normal modes assignment GaussView Program [43] were fallen
back on.

The 1H and 13C NMR isotropic chemical shieldings were obtained
by using the gauge-invariant atomic orbital (GIAO) method [44,45]
as referred optimized parameters with the B3LYP/6-311++G(d,p)
method. On the account of the GIAO method is one of the most
prevalent approaches for calculating nuclear magnetic shielding
tensors and needful for reliable studies of magnetic properties.

To have UV–Vis spectrum, electronic transitions, vertical excita-
tion energies, absorbance and oscillator strengths of 3,4-DFA mole-
cule, the time-dependent DFT (TD-DFT) method was performed.
The frontier molecular orbitals (such as HOMO and LUMO) ener-
gies were determined also by TD-DFT approach.

The total density of states (TDOS or DOS), the partial density of
states (PDOS) and overlap population density of states (OPDOS)
spectra were fulfilled using GaussSum 2.2 program [46] by convo-
luting the molecular orbital information with Gaussian curves of
unit height and a FWHM (Full Width at Half Maximum) of 0.3 eV.

The Molecular electrostatic potential surface (MEPs) of 3,4-DFA
molecule is depicted and appreciated with the 2D and 3D size. For
different temperature (from 100 to 700 K), the thermodynamic
properties of the title molecule such that heat capacity, entropy,
and enthalpy changes were effectuated. The dipole moment, mean
polarizability and first static hyperpolarizability (in other words
nonlinear optical (NLO) properties) of 3,4-DFA molecule were



Fig. 1. The theoretical optimized geometric structures of 3,4-DFA.
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computed. The reduced density gradient (RDG) of the title molecule
were given in graph.
Results and discussion

3,4-DFA molecule has three substituents first one NH2 group,
(had hydrogen atoms attached to nitrogen atom) and two F (fluor-
ine) atoms are at meta- and para position. We calculated imaginary
frequency corresponding to NH2 wagging for the title molecule in
the CS symmetry point group (410.36 cm�1). The calculations
showed that the molecule is unstable in CS symmetry due to this
imaginary frequency. However, the present molecule has positive
frequencies in the C1 point group symmetry. Therefore, in this
study, the calculations were done according to the C1 point group
symmetry.

Potential energy surface (PES) scan and energetics

To explain conformational features of the title molecule, a con-
formation analysis was done between aniline ring and NH2 group.
To analysis conformational flexibility of 3,4-DFA, as a function of
T(H12–N10–C1–C2), torsion angle was varied from 0� to 180� by
changing every 10� by using B3LYP/6-311++G(d,p) method. The
potential energy curve was performed by using scanning NH2

group made over the phenyl ring. The conformational analysis of
the molecule showed that there are one local minimum near 20�
(or 160�) torsion angle, given in Fig. S1. It is clear that the molecule
was more stable for ca. 20� (or ca. 160�) torsion angle. The discus-
sion below the geometric parameters, vibrational frequencies,
NMR shifts and UV–Vis absorption spectrum of the present
molecule (C1 point group symmetry) were reported by using
6-311++G(d,p) basis set with the comparing experimental results.

Geometrical structures

The crystallography data of the present molecule has not been
determined yet, because of this the optimized structural para-
meters of 3,4-DFA molecule calculated at density functional
B3LYP method with 6-311++G(d,p) basis sets are being compared
with experimentally available X-ray data for aniline [14]. The opti-
mized structure of 3,4-DFA molecule was schemed in Fig. 1 with
the atomic numbers. Also the parameters of the optimized struc-
ture (bond lengths and angles) of the molecule are given in Table 1
accordance number of Fig. 1. There are seen some discrepancies of
the molecular geometry between the theoretical results and
experimental results [14]. This can be due to the theoretical results
belong to vapor phase and the experimental results belong to liq-
uid phase and also had aniline molecule.

The calculated values of C–C bond lengths are showed very
good agreement with the experimental results of aniline (see
Table 1). The observed differences can be the effects of F atoms.
The calculated bond lengths of C–C in the range from 1.384 to
1.403 Å for B3LYP with 6-311++G(d,p) basis set which are in
good agreement with 1.367–1.404 Å and 1.364–1.407 Å for aniline
[14]. The result of C–C bond lengths was showed very good
correlation in the literature for the structurally similar molecules
[30–33,40,47,48].

The optimized value of C1–N10 (NH2) bond length distance of ca.
1.397 Å is just 0.01 Å lower and 0.11 Å bigger than the reported
experimental values of 1.398 and 1.386 Å for aniline [14]. Also
the C–NH2 bond lengths were calculated at 1.389 and 1.388 Å for
2,4,5-TFA and 2,4,6-TFA, respectively [31]. The optimized NH2

(amino group) bond length is computed at 1.009 Å by B3LYP. Some
small differences can be saying by comparing this value with
experimental values of 1.070 and 0.940 Å and 0.990 and 0.770 Å.
The fluorine atom in the para-position of aniline causes a slight
elongation of C–N and N–H bonds, a decrease of the HNH angle,
and the enlargement of the angle between NH2 plane and the ring
plane, in comparison to aniline [33]. The similar causes and results
are seen in this paper see in Table 1. The N–H bond lengths are
computed nearly equal as compared to the initial values for aniline
[14], which infers that the N–H bonds are not sensitive regarding
to the presence of F atom (s) in the ring. The same results were pre-
sented in the literature [31,33].

The substitution on aniline ring has been found to change this
angle and also affects the degree of pyramidalisation by resonance
effects than inductive effects [49,50]. The nitrogen is pyramidal,
with the dihedral angle between the plane of the aromatic ring
and NH2 plane being 37.5� [51]. This dihedral angle between NH2

plane and the plane of the aromatic ring was found as 33.3� [52].
In this study the dihedral angles are computed at �25.1� and
23.6� showing good correlation above related molecules [49–52].

The substitution with F atoms at C3, C4 atoms and also NH2

group at C1 leads to some changes of the bond lengths and angles
in the aromatic ring. For example C2–C1–C6 C2–C3–C4, C3–C4–C5

ring CCC angles and C1–C6–H9, C5–C6–H9, C2–C3–H7 and C6–C5–H8

bonds angles deviated from the negative and positive from the



Table 1
Bond lengths (Å) and bond angles (�) experimental aniline molecule and the
optimized of 3,4-DFA molecule.

Parameters Aniline X-ray[14] B3LYP

Bond lengths (Å) 6-311++G(d,p)
C1–C2 1.404 (6) 1.407 (6) 1.403
C1–C6 1.386 (6) 1.385 (6) 1.403
C1–N10 1.398 (6) 1.386 (6) 1.397
C2–C3 1.380 (7) 1.389 (7) 1.384
C2–H7 1.030 (3) 1.060 (5) 1.084
C3–C4 1.386 (7) 1.364 (7) 1.389
C3–X13

a 1.050 (5) 0.920 (4) 1.348
C4–C5 1.391 (7) 1.383 (7) 1.384
C4–X14

a 1.050 (5) 0.970 (7) 1.352
C5–C6 1.367 (7) 1.379 (7) 1.392
C5–H8 1.050 (5) 0.920 (5) 1.083
C6–H9 0.870 (5) 0.890 (5) 1.084
N10–H11 1.070 (5) 0.990 (4) 1.009
N10–H12 0.940 (6) 0.770 (6) 1.009

Bond angles (�)
C2–C1–C6 117.9 (4) 117.9 (4) 118.7
C2–C1–N10 119.9 (4) 120.4 (4) 120.4
C6–C1–N10 122.0 (4) 121.5 (4) 120.9
C1–C2–C3 119.7 (4) 122.0 (4) 119.8
C1–C2–H7 113.0 (2) 115.0 (3) 121.5
C3–C2–H7 128.0 (2) 125.0 (3) 118.7
C2–C3–C4 122.1 (5) 121.2 (5) 121.3
C2–C3–X13

a 124.0 (4) 122.0 (2) 119.4
C4–C3–X13

a 118.0 (4) 118.0 (2) 119.3
C3–C4–C5 117.6 (5) 119.2 (5) 119.4
C3–C4–X14

a 120.0 (3) 120.0 (3) 119.8
C5–C4–X14

a 123.0 (3) 121.0 (3) 120.8
C4–C5–C6 120.9 (5) 120.6 (5) 120.1
C4–C5–H8 115.0 (3) 118.0 (2) 118.9
C6–C5–H8 124.0 (3) 122.0 (2) 121.0
C1–C6–C5 121.8 (4) 121.1 (4) 120.7
C1–C6–H9 111.0 (3) 128.0 (3) 119.8
C5–C6–H9 127.0 (3) 111.0 (3) 119.5
C1–N10–H11 103.0 (4) 113.0 (4) 115.9
C1–N10–H12 124.0 (3) 121.0 (2) 115.6
H11–N10–H12 119.0 (4) 104.0 (5) 112.2

Selected dihedral anglesb (�)
C2–C1–N10–H11 – – �25.1
C2–C1–N10–H12 – – �159.4
C6–C1–N10–H11 – – 157.9
C6–C1–N10–H12 – – 23.6

a X = H or F, depending on the molecule.
b A dihedral angle between the NH2 plane and the ring plane.
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normal value of 120�. The ring C–C–C, bond angles were observed
in the range of 117.6–122.0� for aniline molecule [14]. As the dis-
cussion of the paper [53] for fluoroanilines, the calculated CCC
angles in the aromatic ring, the structural changes are consistent
with the r electron-withdrawing (inductive) effect of the fluorine
substituent at different sites of the ring.

If the substituted X (X; F, Cl, Br. . .) in place of hydrogen atom the
bond length shows a remarkable increase. The C–F bond lengths
were predicted at 1.348 and 1.352 Å, by using B3LYP/6-
311G++(d,p) basis set in this paper and before bonding fluorine
atoms were observed at ca. 1.05 Å for the structure of aniline
[14]. The C–F bond lengths were also computed at 1.361, 1.352
and 1.356 Å for monofluoroaniline (2-, 3- and 4-FA) [53]. The C–F
distance determined for fluorobenzene (1.354 ± 0.006 Å) by micro-
wave spectroscopy [54]. The C–F bond lengths 1.348 Å for 2,4,5-
TFA and 1.354 Å for 2,4,6-TFA and 1.366 Å for 4-FA were calculated
[31] and also the experimental bond length observed at 1.363 Å for
the C–F bond in 4-FA [55] i.e., the substituted two F atoms which
are in the plane of benzene ring in the studied molecule in compar-
ison to 4-FA interacted strongly with the F atom situated at para
position with respect to amine group and diminished the magni-
tude of bond length of the C–F bond. Similar calculations
[31,33,40,47,48,52,53] and observations [14,55] are seen in the
literature for the structurally similar molecules.

Vibrational spectral analysis

This section gives to make a comparison with the results of the
theoretical calculations with the experimental results and struc-
turally similar molecules. Because of the helpful and realistic
accommodation, spectroscopic signature and the assignment of
the vibrational spectra were prepared for 3,4-DFA molecule. The
theoretical results were performed by DFT/B3LYP/6-311G++(d,p)
basis set, showed that higher than the experimental ones. The
deviation can be a consequence of the anharmonicity and the gen-
eral tendency of the quantum chemical methods to overestimate
the force constants at the exact equilibrium geometry. The other
plausibility is the theoretical results have obtained in vacuum, as
otherwise experimental ones for liquid phase. To minimize the
overall deviation, the calculated frequencies were scaled by the
scale scaling factor [35]. The experimental (FT-IR and FT-Raman)
and theoretical (with the scaling factor) vibrational spectra were
presented in Figs. 2 and 3.

3,4-DFA molecule belongs to C1 point group symmetry, consists
of 14 atoms, so it has 36 fundamental vibrational modes
(A species). In the C1 point group symmetry of the title molecule
is non-planar structure and has the 36 vibrational modes span
the irreducible representations: 36. In the case of CS point group
symmetry of this molecule, there is an imaginary frequency
(�410.36 cm�1). Therefore we run program with C1 point group
symmetry. The experimental (FT-IR and FT-Raman) spectra and
the calculated vibrational wavenumbers along with their assign-
ments with PED of 3,4-DFA molecule are tabulated in Table 2.

NH2 (amino group) modes
The molecule 3,4-DFA has a NH2 group, has two (N–H) stretch-

ing vibrations, as asymmetric and symmetric stretching. Generally
asymmetric vibration modes are recorded higher than that of sym-
metric ones. In primary amines, usually the N–H stretching vibra-
tions occur in the region 3500–3300 cm�1 [18,56,57]. The N–H
stretching modes also were presented at 3418–3515 cm�1 (vapor),
3401, 3485 cm�1 (solution) and 3360, 3440 cm�1 (liquid) for infra-
red and 3360, 3435 cm�1 (liquid) for Raman spectrum of aniline
the base molecule of the studied molecule [10]. The asymmetric
and symmetric vibrations of N–H stretching were recorded at
3460 and 3380 cm�1 respectively [58]. The two N–H bond stretch-
ing frequencies were observed at 3432, 3366 cm�1 in ortho-, 3440,
3376 cm�1 in meta- and 3425, 3370 cm�1 in para-fluoroanilines
[26]. In the IR spectrum of aniline, the asymmetric and symmetric
NH2 stretching vibrations were assigned at 3508 and 3421 cm�1

respectively, also in para-fluoroaniline. These bands were observed
at lower frequencies 3499 and 3414 cm�1 [28]. The frequencies of
NH2 were presented at 3393 and 3459 cm�1 (for 2,3,4-TFA) and
3387 and 3481 cm�1 (for 2,3,6-TFA) were assigned to the symmet-
ric and asymmetric modes respectively, showed by their PEDs (ca.
100%) [30]. In the present case these modes are computed at 3423
and 3516 cm�1 symmetric and asymmetric modes respectively and
observed at 3430 cm�1 (FT-IR) and 3372 cm�1 (FT-Raman) only
symmetric modes for 3,4-DFA molecule. Brief looks above com-
ment are showed that found to be in a good agreement. As expect-
ed these two modes are pure stretching modes as it is evident from
PED column, they are almost contributing 100%.

The N–H scissoring modes are usually observed in the region
1610–1630 cm�1 [59]. According to the PED obtained for 4-FA, this
vibration contributes to two modes, assigned two N–H scissoring
bands, at 1620 and 1630 cm�1, in the experimental IR spectrum
of 4-FA [26]. The band observed in Raman spectrum at



Fig. 2. The calculated (with the scale factor) and experimental infrared spectra of 3,4-DFA.
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1689 cm�1 is assigned to NH2 scissoring for 4-chloro-2-fluoroani-
line molecule [60]. In this paper we computed at 1629 and
1644 cm�1 and recorded 1641 cm�1 (FT-IR) and 1629 cm�1 (FT-Ra-
man), assigned N–H scissoring modes (qNH2). Also some modes
were assigned dCNH but these modes are mixed modes with the
other in plane and stretching modes. The mode number 17 which
is contributed largest one according to their PED (49%). The dCNH
mode was computed at 1076 cm�1 (1032 cm�1 in FT-IR) the largest
contributions of them.

The wagging and torsional modes were assigned at 550 and
255 cm�1 for 2,3,4-TFA and 470 and 370 cm�1 for 2,3,6-TFA,
respectively [30]. In the title molecule, the N–H wagging and
torsional modes are predicted at 548 and 267 cm�1 respectively.
According to the literature for structurally similar molecules
[30–33,53,60], these assignments are agree well.
C–NH2 modes
The C–NH2 stretching frequency is rather difficult work since

there are problems in identifying these frequencies from other
vibrations [61]. Silverstein [59] assigned C–NH2 stretching vibra-
tions in the region 1386–1266 cm�1 for aromatic amines. In the
infrared spectrum of liquid aniline the band of medium intensity
at 1278 cm�1 was assigned to the C–NH2 stretching mode [10].
In the experimental Raman spectrum of 4-FA, the m (C–NH2)
stretching vibration was assigned at slightly lower frequency,
1274 cm�1 [23]. The C–NH2 stretching frequencies were recorded
in the region 1200–1300 cm�1 for ortho-, meta- and para-
fluoroanilines [26]. Also the corresponding medium intensity band
at 1273 cm�1 in IR spectrum of 4-FA (1275 cm�1 in Raman) should
be assigned to C–NH2 mode [53]. In this study the C–NH2 stretch-
ing modes were computed at 1160 cm�1 (1159 cm�1 in FT-IR) and
1323 cm�1 (1324 and 1323 cm�1 in FT-IR and FT-Raman) however
the modes are contaminated the other modes. The in-plane and
out-of-plane bending C–NH2 vibrations have also been identified
and given in Table 2 for the present molecule. The assignments
are supported by their PEDs.
C–F modes
The present molecule has two fluorine atoms which are added at

meta- and para-position of aniline ring. The C–F stretching vibra-
tions were contaminated with other vibrations especially ring mod-
es, so, there is no pure. Also these modes sprawled broad band see
Table 2, assigned the modes number m9, m11, m13–16, m18, m22, m23. The
largest percentages of the modes are m15 and m22 as %27 and %31.
The largest modes were computed at 773 and 1160 cm�1, observed
at 775 cm�1 (FT-IR), 774 cm�1 (FT-Raman), and 1159 cm�1 (FT-IR).



Fig. 3. The calculated (with the scale factor) and experimental Raman of 3,4-DFA.
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Rastogi et al. [62] assigned the C–F stretching mode at 1250 cm�1

for tri- and tetra-fluoro benzene in infrared spectrum. Also this
mode was observed at 1294 cm�1 (FT-IR) and 1298 cm�1 (FT-Ra-
man) [63]. The C–F stretching vibration contributes predominantly
mode were assigned to the strong and broad IR bands at 1206 cm�1

(2-FA) 1146 (3-FA) and 1223 cm�1 (4-FA) and computed at 1194,
1152 and 1223 cm�1 for 2-FA, 3-FA and 4-FA, respectively [53].
These modes were found in the range of 1232 and 1109 cm�1 for
2,4,5-TFA and 1353 and 1113 cm�1 for 2,4,6-TFA molecule [31].
The bands at 1210 and 998 cm�1 were assigned to the two C–F
stretching vibrations for 2,5-DFA [64]. From the literature computa-
tions it turned out that only one frequency 980 cm�1 for 2,3,4-TFA
and 1171 cm�1 for 2,3,6-TFA had very strong intensities in the IR
spectrum whereas all the frequencies in the range of 1000–
1350 cm�1 were found to have comparatively less intensities in
the IR spectrum, but, with the help of PEDs were assigned at
1236, 1020 and 980 cm�1 for 2,3,4-TFA and 1260, 1041 and
924 cm�1 for 2,3,6-TFA to the three C–F stretching vibrations [30].

The in-plane C–F bending vibrations were found in the range of
266–318 cm�1 [65]. The frequency of one of three C–F in-plane
bending modes was found at higher magnitude ca. 620 cm�1 [28]
and ca. 595 cm�1 [30] for derivatives of substituted fluoroaniline
molecules. Similarly, for several mono-fluoroanilines [26,64,66]
the frequency ca. 435 cm�1 had been assigned to the C–F in-plane
bending vibration. In the present case, the frequencies of two of the
five C–F in-plane bending modes were calculated at bigger magni-
tudes as 280 and 580 cm�1 also observed 585 and 584 cm�1 (FT-IR
and FT-Raman). This view is supported by the above literature
[28,30,31].

The modes of the C–F out-of-plane bending vibrations are
assigned at 232 and 357 cm�1 in FT-Raman spectrum, computed
at 225 and 350 cm�1 by DFT/B3LYP/6-311G++(d,p) basis set. In
the previous work for fluorine substituted ring, the out-of-plane
bending C–F modes were predicted at 291 and 204 cm�1 [67]
and also observed at 377 cm�1 in FT-Raman [68]. Our results are
also good consistency with in the previous literature [28,30,31].
The other bending and torsion modes of the related fluorine atom
accounted in Table 2.

C–H modes
The poly peaks of the C–H stretching modes seem in the 3000–

3100 cm�1 range, which is the typical region [69]. 3,4-DFA has
three adjacent aromatic C–H units on benzene ring. The C2–H7,
C5–H8, and C6–H9 stretching vibrations corresponds to modes
no. 3, 4 and 5. In the current case, C–H stretching modes
were predicted in the range of 3040–3065 cm�1 by using the



Table 2
The comparison of the calculated harmonic frequencies and experimental (FT-IR and FT-Raman) wavenumbers (cm�1) using by B3LYP method 6-311++G(d,p) basis set of 3,4-DFA.

Modes Theoretical Experimental PEDa (>10%)

No. Unscaled freq. Scaled freq. FT-IR FT-Raman

m1 3670 3516 mNHasym. (100)
m2 3573 3423 3430 3372 mNHsym. (100)
m3 3199 3065 3078 3068 mCHsym. (100)
m4 3187 3053 mCHasym. (100)
m5 3174 3040 3016 mCHasym. (100)

2967 Overtone/combination
2942 Overtone/combination
2914 Overtone/combination
2844 Overtone/combination
2363 Overtone/combination
2343 Overtone/combination

m6 1672 1644 1641 mCC (39), qNH2 (29), dCCC (11)
m7 1657 1629 1629 qNH2 (35), mCC (23)
m8 1640 1612 1610 mCC (66), dCCC (21)
m9 1549 1523 1520 dCCH (40), dCCC (23), mCF (12), mCC (12)
m10 1483 1458 1462 mCC (35), dCCH (26)
m11 1346 1323 1324 1323 mCC (38), mC–NH2 (28), mCF (18)
m12 1342 1319 1293 mCC (81), dCNH (11)
m13 1285 1263 1262 1263 dCCH (52), mCC (23), mCF (14)
m14 1233 1212 1213 dCCH (36), dCCC (24), mCF (20)
m15 1180 1160 1159 dCCH (40), mCF (27), mCC (21), mC–NH2 (12)
m16 1139 1120 1117 1118 dCCH (38), mCF(16), mCC (15), dCCC (14), dCNH (12)
m17 1095 1076 1032 dCNH (49), mCC (25), dCCH (15)
m18 969 952 950 953 dCCC (50), dCCH (18), mCF (14), mCN (11)
m19 929 913 cCH (98)
m20 840 826 829 cCH (95)
m21 811 797 800 cCH (96)
m22 787 773 775 774 mCC (42), mCF (31), dCCC (19)
m23 747 734 724 736 dCCC (58), mCC (18), mCF (12)
m24 690 678 672 681 sCCCC (33), sCCCF (37), sCCCN (15), sCCNH (14)
m25 629 619 617 sCCCN (42), sCCCN (30), sCCNH (22)
m26 590 580 585 584 dCCF (52), dCCC (23), mCC (12), dCCN (11)
m27 557 548 556 xNH (76), dNH2 (11)
m28 511 503 507 dCCC (30), dCCF (17), mCC (16), dCCN (13)
m29 459 451 450 sCCCC (50), sCCNH (30), sCCCF (21)
m30 449 441 443 dCCC (68), dCCF (18)
m31 356 350 357 sCCCF (62), sCCCC (31)
m32 323 318 dCCN (52), dCCF (22), mCC (20)
m33 285 280 dCCF (81)
m34 272 267 sNH (92)
m35 229 225 232 cCF [sCCCC (59), sCCCF (27)]
m36 146 144 169 sCCCC (82)

a PED: potential energy distribution; m: stretching; c: out-of plane bending; d: in-plane-bending; s: torsion; q: scissoring; x: wagging.
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DFT/B3LYP/6-311++G(d,p) method and recorded at 3016, 3078 cm�1

(FT-IR) and 3068 cm�1 (FT-Raman) respectively. The PED contribu-
tion of these modes also was presented very pure 100%. In these
results showed that the C–H bands of are not affected appreciably
by the nature of the substituents. The C–H stretching modes of the
base structure of the title molecule (aniline) were chronicled in the
region 3025–3094 cm�1 (vapor), 3013–3094 cm�1 (solution)
3010–3088 cm�1 (liquid) in infrared spectrum and 3010–
3072 cm�1 (liquid) in Raman spectrum, respectively [10]. Also
Badawi et al. [70] recorded at 3035–3106 cm�1 in FT-IR and
3054–3109 cm�1 in FT-Raman spectra for aniline molecule. The
frequencies were also recorded for many derivatives of aniline
molecules such as: at 3096 and 3073 cm�1 and at 3091 cm�1 for
2,4,5-TFA and 2,4,6-TFA, respectively, which consists of a doublet
[31], ca. 3033–3066 cm�1, 3025–3065 cm�1 (FT-IR) 3010–
3069 cm�1 (FT-Raman) for para-halogenoanilines [33], 3107 cm�1

infrared spectrum for structurally similar molecule 2,3-DFA [29]
and the same region for mono-fluoroaniline isomers [53].

The in plane and out-of-plane bending C–H vibrations record in
the range of 1000–1300 cm�1 and 750–1000 cm�1, respectively
[69]. The region of 1028–1180 cm�1 (vapor), 1028–1308 cm�1

(solution) 1028–1312 cm�1 (liquid) in infrared spectrum and
1029–1176 cm�1 (liquid) in Raman spectrum, respectively were
assigned as in plane bending C–H vibrations, also the out-of-plane
bending C–H vibrations were observed in the region 740–874 cm�1

(vapor), 747–968 cm�1 (solution) 751–970 cm�1 (liquid) in infrared
spectrum, and 755–970 cm�1 (liquid) in Raman spectrum
respectively by Evans in 1960 for aniline molecule [10]. In the
current paper, the in plane C–H vibrations were predicted at
952–1523 cm�1 and observed at 950–1520 cm�1 in FT-IR spectrum
and 953–1323 cm�1 in FT-Raman for 3,4-DFA molecule and the
out-of-plane bending calculated at 797, 826 and 913 cm�1 and
observed at 800 and 829 cm�1 in FT-IR spectrum for the title
molecule. As seen Table 2 clearly the C–H in-plane modes are
generally coupled or contaminated the CC stretching modes.
Withal the literature results showed well concordance with the
experimental and theoretical paper for the structurally similar
compound [26–28,30,31,53,58,64,66] our results shows very good
correlation for monomer and dimer structure of the studied
molecule. The change in the frequencies of these C–H vibrations
from the values in benzene is determined mainly by the relative
position of the substituents.

C–C modes
The modes of C–C stretching are very significant for the aromat-

ic ring and also highly characteristic. Varsanyi [71] gave that the



Fig. 4. The correlation graphic of the calculated and experimental frequencies of 3,4-DFA.
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bands were of variable intensity and were observed at 1625–1590,
1590–1575, 1540–1470, 1465–1430 and 1380–1280 cm�1 from
the frequency ranges for the five bands in the region. The C–C
stretching modes were computed in the region 1644–1263,
1160–952, 773, 734, 580, 503 and 318 cm�1 for the title molecule.
The observed values are 1641–1262, 1159–950, 775, 724 and
585 cm�1 in FT-IR spectrum and 1629–1263, 1118–953, 774, 736,
584 and 507 cm�1 in FT-Raman spectrum in the headline molecule.
The largest contribution of C–C stretching vibrations come from
1319 cm�1 (%81) and 1612 cm�1 (%66), assigned nearly pure mod-
es of 3,4-DFA molecule. Similar papers [26–28,30,31,53,58,64,66]
were supported in our present molecule, showing good
correlations.

The CCC bending (as seen ring deformation) and torsion modes
were meddled with other modes and sometimes missing in FT-Ra-
man spectrum. The two biggest and purest contribution of CCC
bending modes (m30) were recorded at 443 cm�1 FT-Raman and
the other (m23) 736 cm�1 in FT-Raman and 724 cm�1 in FT-IR, calcu-
lated wavenumbers of these modes coincide at 441 and 734 cm�1

with scaling factor. The torsion modes were assigned in the broad
band and contaminated other modes and also named as out-of
plane modes of C–H or N–H. So, these modes are not discussed here.

To show coherent between the experimental and calculated
frequencies the correlation graphic was plotted and presented in
Fig. 4 considering both infrared and Raman spectra. Also the
correlation graphics for infrared and Raman were graphed one by
one as Fig. S2a and b. The relations of wavenumbers are described
as linear for total and one by one (infrared and Raman) the under
given equations:

mcal: ¼ 1:0039 mexp: � 3:5965 ðTotal-R2 ¼ 0:9998Þ

mcal: ¼ 0:9995 mexp: þ 4:1595 ðInfrared-R2 ¼ 0:9998Þ

mcal: ¼ 1:0116 mexp: � 12:758 ðInfrared-R2 ¼ 0:9999Þ
NMR spectra

NMR spectra are one of important techniques in order to the
structural analysis for organic compounds. To interpret and predict
the even structure of large biomolecules the NMR spectroscopic
technique and computer simulation methods offers a powerful
way with together [72]. The NMR spectral computations are pre-
dicted by using GAUSSIAN 09W [38] package program. The 1H
and 13C NMR spectra were employed because of the utility practi-
cal and extensive for providing the more information about the
headline molecule. So 1H and 13C NMR analysis were performed
both experimentally and theoretically for 3,4-DFA molecule. The
experimental 1H and 13C NMR spectra of the title molecule were
presented in Fig. 5a and b, respectively. The experimental and the-
oretical data of the spectra of 1H and 13C NMR in chloroform-d
(CDCl3) solution solvent were served up in Table 3. The atom posi-
tions were arranged based on number of Fig. 1.

To take theoretical NMR chemical shifts of the molecule, the full
geometry optimization of 3,4-DFA molecule was performed by
using the DFT/B3LYP/6-311G++(d,p) basis set. After optimization,
the GIAO [44,45] method were exploited for 1H and 13C NMR calcu-
lations. Due to the GIAO approach to molecular systems was essen-
tially developed by an efficient application method of ab-initio SCF
calculations, by using techniques taken from analytic derivative
methodologies [44,45].

The relative chemical shifts are estimated by using the respec-
tive TMS shielding calculated in advance at the theoretical level
as reference. The changes in energy necessitated to flip protons
are called chemical shifts. The location of chemical shifts (peaks)
on NMR spectrum is measured from a reference point that the
hydrogen in a standard reference compound TMS produce.

The studied molecule has five hydrogen atoms. The hydrogen
atoms of the studied molecule were divided into two groups
(NH2 and ring). The aromatic ring protons of organic molecules
usually have in the range of 7.00–8.00 ppm chemical shifts. The
proton chemical shifts change widely with the electronic environ-
ment. Electron-withdrawing atom or group (hydrogen attached or
nearby) can decrease the shielding and move the resonance of
attached proton towards to a higher frequency, while electron-
donating a lower frequency [73]. The calculated parameters were
compared to the experimental characteristics of the title com-
pound. The calculated proton chemical shifts were sorted at 6.57,
7.04, 6.44 ppm in the benzene ring. The recorded experimental val-
ues were in the region parts as 6.30–6.94 ppm. The chemical shifts
value of H8 greater than other ring protons, due to the electronic
environment of nearby of F14 atom. But the chemical shifts
obtained and calculated for the hydrogen atoms of amino groups
are quite low. Two signals result from NH2 group (H11 and H12)
were observed as combined one peak as a coupling (3.57 ppm)



Fig. 5. (a) 1H NMR (b) 13C NMR spectra of 3,4-DFA in chloroform-d solution.
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which calculated at 3.36 and 3.40 ppm attached electron-with-
drawing atom (N) can decrease the shielding, determined by using
B3LYP/6-311++G(d,p) method.

The chemical shift values of aromatic carbons give resonances
in overlapped areas of the NMR spectrum with from 100 to
150 ppm [74,75]. The carbon atoms in the ring for 3,4-DFA mole-
cule were the same parallel with this range and well agreement.
The carbon chemical shifts of 3,4-DFA molecule were computed
at 105.76, 112.50, 122.27, 150.18, 150.85, 158.82 ppm and
observed in the range of 104.03–152.13 ppm. The C2, C5 and C6

atoms have smaller chemical shifts (both experimental and theore-
tical) than the other ring carbon atoms, due to electronic environ-
ment of N and F atoms. The C1, C3 and C4 atoms have the biggest
chemical shift values, because of the attached electron-withdraw-
ing atoms (F or N atoms). The carbon atom (C3) resonance at lower
field, and the signal of this carbon atom was recorded at 149.56–
152.13 and calculated at 158.82 ppm. If the literature the results
were detected the chemical shift of the present molecule were well
consistency for the this structurally similar molecules [60,61,76].

Fig. 6 hustled up to demonstrate coherent of between the
experimental and calculated chemical shifts of 3,4-DFA molecule.
The average values used for the correlation graphs. 1H and 13C
NMR correlation graphics were presented one by one in Figs. S3
and S4, respectively. Moreover the underrepresented equations
show the relations between the experimental and calculated che-
mical shifts:
Total : dcal: ðppmÞ ¼ 1:0447dexp: � 0:5184 ðR2 ¼ 0:9996Þ

1H : dcal: ðppmÞ ¼ 1:1030dexp: � 0:5516 ðR2 ¼ 0:9971Þ

13C : dcal: ðppmÞ ¼ 1:1303dexp: � 11:750 ðR2 ¼ 0:9994Þ



Table 3
Experimental and theoretical, 1H and 13C NMR isotropic chemical shifts (with respect
to TMS) of 3,4-DFA with DFT (B3LYP 6-311++G(d,p)) method.

Atoms Carbon Atoms Hydrogen

No. Experimental Theoretical No. Experimental Theoretical

C(1) 142.64–145.12 150.85 H(7) 6.30–6.34 6.57
C(2) 104.03–104.23 105.76 H(8) 6.87–6.94 7.04
C(3) 149.56–152.13 158.82 H(9) 6.42–6.47 6.44
C(4) 143.48–143.60 150.18 H(11) 3.57 3.36
C(5) 117.56–117.76 122.27 H(12) 3.57 3.40
C(6) 110.38–110.48 112.50
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The 13C NMR results gave a slightly better coefficient and lower
standard error (R2 = 0.9994) than for 1H (R2 = 0.9971) chemical
shifts. The 1H and 13C chemical shifts data, collected in Table 3,
are described fairly well correlation. However, very small deviation
between experimental and theoretical protons can be due to the
solvent effects.

Electronic properties

UV–Vis spectrum and frontier molecular orbital analysis
The UV–Vis (electronic absorption) spectra of the title molecule

were saved in ethanol and water at room temperature experimen-
tally and theoretically. TD–DFT results of the electronic absorption
spectrum are a quite reasonable method and computationally
more expensive than semi-empirical methods but allow easily
studies of medium size molecules [77,78]. The theoretical and
experimental UV–Vis spectra of the steady molecule are illustrated
in Fig. 7. The experimental parameters are compared to the calcu-
lated characteristics of 3,4-DFA molecule The values are observed
at 216.86, 277.11 nm (ethanol) and 209.11, 273.51 nm (water)
experimentally. The calculated values are 234.17, 244.55 and
272.96 nm (ethanol), 234.38, 244.03 and 272.93 nm (water) with
TD–DFT/B3LYP/6-311++G(d,p) basis set both two solutions. The
wavelengths (k), excitation energies (E), oscillator strengths (f),
and calculated counterparts with major contributions can be seen
in Table 4 for two solutions and gas phase.

The primary frontier molecular orbitals (FMOs) such that high-
est occupied molecular orbital (HOMO) and lowest unoccupied
molecular orbital (LUMO) play an important role in the electric
and optical properties. The HOMO and LUMO have the ability of
Fig. 6. The correlation graphic of the calculated and
electron giving and accepting characterizes, respectively. The ener-
gy gap of HOMO–LUMO refers to the potential energy difference
between the HOMO and LUMO. Basically, it is how much energy
has to be fed into the molecule to kick it from the ground state
(the most stable) into an excited state [60]. To show surfaces of
important the frontier orbitals (HOMO, LUMO, LUMO + 1,
LUMO + 2 and LUMO + 3) and energy gaps were given in Fig. 8.
The gap of energy were calculated 5.27 eV for HOMO and LUMO.
The other important energy gaps of FMOs of 3,4-DFA molecule
were gathered in Table 5. The HOMO and LUMO orbital, have the
positive phase is red and the negative one is green nodes. The
charge density of HOMO localized all of the molecule expect, but
the LUMO is characterized by a charge distribution in the ring.
The HOMO and LUMO energy computed by TD-DFT/B3LYP/6-
311++G(d,p) method and the energy gap is given under given;

HOMOenergy ðB3LYPÞ ¼ �6:11 eV
LUMOenergy ðB3LYPÞ ¼ �0:84 eV
HOMO� LUMOenergy gap ðB3LYPÞ ¼ 5:27 eV

Moreover the energy gaps of FMOs, between H ? L, H ? L + 1,
H ? L + 2 and H ? L + 3 orbital, are a critical parameter in deter-
mining molecular electrical transport properties. The energy gaps
(H ? L, H ? L + 1, H ? L + 2 and H ? L + 3) were computed 5.27,
5.64, 5.94 and 6.14 eV for gas phase for the title molecule. These
values were also calculated in two solvents of the studied molecule
given in Table 5. The molecular orbital orient 3,4-DFA molecule to
see energy levels of molecular orbitals and some important energy
gaps with their energy levels are given in Fig. S5.

Moreover the values of chemical hardness, electronegativity,
chemical potential and electrophilicity index are compared for
gas phase, in ethanol and water solutions in Table 5. The HOMO
and LUMO energies were used to calculate the chemical hardness
(g), electronegativity (v), chemical potential (l), and elec-
trophilicity index (x). The chemical hardness (g) and potential
(l) are good indicators of the chemical stability of molecular sys-
tems [60]. Electrophilicity index is a measure of energy lowering
due to maximal electron flow between acceptor and donor. Parr
and Chattaraj [79] proved the chemical hardness received much
attention after the invention of Pearson’s MHP, which states that
experimental (total) chemical shifts of 3,4-DFA.



Fig. 7. The experimental and theoretical UV–Vis spectra of 3,4-DFA in ethanol and water.

Table 4
Experimental and calculated wavelengths k (nm), excitation energies (eV), oscillator strengths (f) of 3,4-DFA gas phase, in ethanol and water solutions using TD-DFT/B3LYP/6-
311++G(d,p).

k (nm) E (eV) f Major contributes k (nm) E (eV)

Gas
270.32 4.5872 0.0453 H ? L (90%) – –
262.63 4.7214 0.0046 H ? L + 1 (97%) – –
229.80 5.396 0.0039 H ? L + 3 (91%) – –

Ethanol Exp. (ethanol)
272.96 4.5427 0.0588 H ? L (92%) 277.11 4.4748
244.55 5.0706 0.002 H ? L + 2 (62%), H ? L + 1 (35%)
234.17 5.2952 0.0097 H ? L + 3 (83%) 216.86 5.718

Water Exp. (water)
272.93 4.54321 0.0578 H ? L (92%) 273.51 4.5337
244.03 5.08128 0.0018 H ? L + 2 (72%), H ? L + 1 (26%)
234.38 5.29051 0.0083 H ? L + 3 (84%)

209.11 5.9299

E. Kose et al. / Spectrochimica Acta Part A: Molecular and Biomolecular Spectroscopy 143 (2015) 265–280 275
the minimum energy structure has the maximum hardness. The
hard molecule is less polarizable than the soft one because it needs
big excitation energy. In the present paper, the chemical hardness
g of the title molecule is smaller than 3 eV while electronegativity
(v) is bigger than 3 eV. Also the chemical hardness is 2.64 eV for
gas phase, 2.62 eV in ethanol and water solvents. The chemical
hardness is decreasing 0.02 eV in solvents in the studied molecule.
Electrophilicity index is a measure of energy lowering due to
maximal electron flow between donor and acceptor. The elec-
tronegativity, chemical potential and electrophilicity index are also
the same behavior in the solvents.

Total, partial, and overlap population density of states
The neighboring orbitals may show quasi degenerate energy

levels in the boundary region. The HOMO and LUMO may not yield
a realistic description of the frontier orbitals thereof the TDOS,
PDOS, and OPDOS (or COOP) density of states [80–82], were
computed and created by convoluting the molecular orbital
information with Gaussian curves of unit height and Full width
at half maximum (FWHM) of 0.3 eV using the GaussSum 2.2
program [46] in point of the Mulliken population analysis. The
bonding, anti-bonding and nonbonding natures of the interaction
of the two orbitals, atoms or groups are showed OPDOS (COOP)
diagrams. The positive and negative values indicate a bonding
and an anti-bonding interaction also zero value indicates nonbond-
ing interactions, respectively [83]. Additionally, the OPDOS
diagram allows us to the determination and comparison of the
donor–acceptor properties of the ligands and ascertain the
bonding, non-bonding.

The PDOS, TDOS and OPDOS of the molecule were graphed and
given in Figs. 9 and S6–S7, respectively. The PDOS mainly gives the
composition of the fragment orbitals contributing to the molecular



Fig. 8. The selected frontier molecular orbitals of 3,4-DFA with the energy gaps.

Table 5
The calculated energies values of 3,4-DFA molecule using by the TD-DFT/B3LYP
method using 6-311++G(d,p) basis set.

TD-DFT/B3LYP/6-
311++G(d,p)

Gas Ethanol Water

Etotal (Hartree) �486.0484948 �486.058419 �486.058799
EHOMO (eV) �6.11 �6.06 �6.06
ELUMO (eV) �0.84 �0.82 �0.82
ELUMO+1 (eV) �0.57 �0.21 �0.20
ELUMO+2 (eV) �0.17 �0.14 �0.14
ELUMO+3 (eV) 0.03 0.08 0.08

EHOMO–LUMO gap (eV) 5.27 5.24 5.24
EHOMO–LUMO+1 gap (eV) 5.54 5.85 5.86
EHOMO–LUMO+2 gap (eV) 5.94 5.92 5.92
EHOMO–LUMO+3 gap (eV) 6.14 6.14 6.14

Chemical hardness (g) 2.64 2.62 2.62
Electronegativity (v) 3.48 3.44 3.44
Chemical potential (l) �3.48 �3.44 �3.44
Electrophilicity index (x) 2.29 2.26 2.26
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orbitals. The HOMO orbital separated on phenyl ring, fluorine
atoms and NH2 group, their contributions 100%. The LUMO
localized on the phenyl ring (96%), and NH2 group (2%) of the title
molecule. However, the percentage sharing of atomic or molecular
orbitals in the molecule is very hard work to determine bonding
and anti-bonding character. So we can use the OPDOS diagram
and some of its orbitals of energy values of interaction between
selected groups which are shown from figure easily. NH2 group -
M fluorine atoms (blue line) system is near the zero (non-bonding
interaction) as well as ring (phenyl group) M NH2 group systems
(red line) and ring M fluorine atoms (black line). The OPDOS plots
of the current molecule have bonding character in frontier HOMO
and LUMO molecular orbitals for ring and fluorine atoms also NH2

group.
Molecular electrostatic potential surface
The MEP surface diagrams of molecules are used to know the

reactive behavior of the molecules, in that negative regions can
be regarded as potential electrophilic sites, whereas the positive
regions are nucleophilic centers, indicated as red and blue color,
respectively. The molecular electrostatic potential is related to
the electronic density and a very useful descriptor for determining
sites for electrophilic attack and nucleophilic reactions as well as
hydrogen-bonding [60,84,85]. 3D plots and 2D contour plots of
the MEPs of the studied molecule are plotted and illustrated in
Fig. 10. The values of the electrostatic potential at the surface
increase in the order red < orange < yellow < green < blue in the
map of MEPs. The color code line up range between �5.254e-
2 a.u. (red) and 5.254e-2 a.u. (blue) in compound, where blue indi-
cates the strongest attraction and red indicates the strongest repul-
sion. Negative regions are usually associated with the lone pair of
electronegative atoms. As seen the MEPs map of the title molecule
while regions having the negative potential are over the elec-
tronegative atoms (fluorine atoms), positive ones are over the
hydrogen atoms especially attached NH2 group (see Fig. 10). To
show the values in an assortment of spatial site around the mole-
cule the sliced 2D MEPs contour map of 3,4-DFA molecule are also
represented that provide more exhaustive information regarding
molecular electrostatic potential distribution. The around of the
fluorine atoms have electron rich region and all the around of
hydrogen atoms correspond to the electron deficient region (espe-
cially H atoms of amino group). In the 2D MEPs contour map, the
maximum values of negative and positive potential corresponding
to the nucleophilic and electrophilic region are �0.04 a.u. and
0.8 a.u. respectively.
Mulliken atomic charges
The Mulliken atomic charges of aniline and 3,4-DFA molecules

are listed in Table S1 and also illustrated in Fig. S8. To have the



Fig. 9. The partial electronic density of states diagram of 3,4-DFA.

Fig. 10. The molecular electrostatic potential 3D map and 2D contour map for 3,4-DFA.
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Mulliken atomic charges the DFT/B3LYP method 6-311++G(d,p)
basis set are based on. By virtue of the reactive atomic charges play
an important role in the application of quantum mechanical calcu-
lations the molecular system. The results indicate that fluorine
atoms lead to a redistribution of electron density of aromatic ring
for 3,4-DFA molecule. The charge of NH2 group is the same distri-
bution (negative or positive) and nearly the same magnitude for
two molecules, but aromatic ring of the molecules exhibits a differ-
ent charge with each other. As seen in Fig. S8 the charges of C1, C2,
C5, and C6 are negative for the aniline and however they are posi-
tive for 3,4-DFA molecule, due to the effect of the fluorine atoms
and NH2 group. The hydrogen atoms have a positive charge, which
is an acceptor atom for both molecules.

Thermodynamic properties

The heat capacity (C), entropy (S), and enthalpy changes (DH)
(statically thermodynamic functions) of 3,4-DFA molecule are
obtained, to see the change of thermodynamic functions with the
increasing temperature from 100 to 700 K, from the theoretical
harmonic frequencies according to vibrational analysis and
tabulated in Table S2, due to the fact that the molecular vibrational
intensities increase with temperature. The equations of correlation
graphed between temperatures and heat capacity, entropy,
enthalpy changes were fitted by quadratic formulas and the corre-
sponding fitting factors (R2). The relations between temperature
and these thermodynamic properties are designed in Fig. S9. R2

values are 0.9999, 0.9999 and 0.9997 for heat capacity, entropy,
enthalpy changes, respectively. The corresponding fitting equa-
tions are given under:

C ¼ �1:16163þ 0:12133T � 6:3813� 10�5T2 ðR2 ¼ 0:9999Þ
S ¼ 50:25682þ 0:12657T � 3:5076� 10�5T2 ðR2 ¼ 0:9999Þ
DH ¼ �0:55765þ 0:00949T þ 3:5438� 10�5T2 ðR2 ¼ 0:9997Þ

Last of all to supply helpful information for the further study on
3,4-DFA, the thermodynamical data were obtained. To calculate
the other thermodynamic energies according to relationships of



Fig. 11. Plots of the RDG versus the electron density q multiplied by the sign of k2 of 3,4-DFA.
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thermodynamic functions and estimate directions of chemical
reactions according to the second law of thermodynamics in Ther-
mochemical field can be used. Notice: they were done for gas
phase and could not be used in solution.
Fig. 12. The surfaces are colored on a blue–green–red scale according to values of
sign k2. (For interpretation of the references to color in this figure legend, the reader
is referred to the web version of this article.)
Nonlinear optical properties and dipole moment

The NLO properties such as: dipole moment, molecular polariz-
ability, anisotropy of polarizability and molecular first hyperpolar-
izability of the title molecule were also proved in this study. To
obtain the polarizability and hyperpolarizability tensors of 3,4-
DFA molecule a frequency job output file of Gaussian are used.
But, the units of a and b values of Gaussian output are converted
into from in atomic units (a.u.) to electronic units (esu) (a;
1 a.u. = 0.1482 � 10�24 esu, b; 1 a.u. = 8.6393 � 10�33 esu). The
mean polarizability (a), anisotropy of polarizability (Da) and the
average value of the first hyperpolarizability hbi are calculated.
The calculated parameters determined above and electronic dipole
moment {li (i = x, y, z) and total dipole moment ltot} for 3,4-DFA
molecule are given in Table S3.

The higher values of dipole moment, molecular polarizability,
and hyperpolarizability are important and well known for more
active NLO properties. The headline molecule has relatively
homogeneous charge distribution and it does not have large
dipole moment. The dipole moment was computed as 4.2458
Debye (D). The polarizability and anisotropy of the polarizability
of the title molecule is calculated 11.524614 � 10�24 and
27.32059234 � 10�24 esu, respectively. The magnitude of the
molecular hyperpolarizability b, is one of the important key fac-
tors in a NLO system. The first hyperpolarizability value (b) of
3,4-DFA molecule is also computed to 1651.535286 � 10�33 esu.
The first hyperpolarizability, polarizability, anisotropy of the
polarizability and dipole moment values of 3,4-DFA are larger
than those of urea, compared the common values of based
compound.
Reduced density gradient – RDG

Johnson and co-workers [86] published an approach to investi-
gate a weak interactions in real space based on the electron density
and its derivatives called RDG is dimensionless quantity defined as,
following:

RDGðrÞ ¼ 1

2ð3p2Þ1=3

jrqðrÞj
qðrÞ4=3
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The region with low electron density and low RDG value
obtained density and its first derivative, indicate weak interactions.
To learn about the interaction in more detail, the sign of k2 is used
to distinguish the bonded (k2 < 0) from non-bonded (k2 > 0) inter-
actions. The sign of k2 multiplied electron density q obtained the
plots of RDG versus permit to investigate and visualize of a wide
range of interactions types. The RDG calculations are performed
by Multiwfn [87] and plotted by VMD program [88], respectively.
The RDG versus sign (k2)q (electron density value) peaks provide
information about the strength of interaction. There is one spike
in the low-density, low gradient region as seen in Fig. 11, indicative
of strong repulsion positive values of sign (k2)q. The RDG = 0.1 lines
cross repulsion spikes.

Large, positive values of sign (k2)q are indicated that strong
repulsion interactions and negative ones stronger attractive
interactions. The strength of weak interactions have positive corre-
lations with electron density q in corresponding region, Van der
Waals interaction regions always have very small q, while the
regions correspond to strong steric effect and hydrogen bond
always have relative large q. The regions are identified by color
as different type seen from Fig. 12. The color from blue to red
means from stronger attraction to repulsion, respectively. The cen-
ter of rings for 3,4-DFA molecule show that strong steric effect,
filled by red color. The RDG of molecule are contributed in
literature.
Conclusions

This paper we investigated both theoretical and experimental
spectroscopic study performed on FT-IR, FT-Raman, NMR and UV
spectra of 3,4-DFA molecule. To have more information on the
structural parameters, the optimized geometric parameters were
determined theoretically at B3LYP/6-311++G(d,p) level of theory
and compared of the X-ray results of base and similar molecular
architecture of aniline. The vibrational characteristics of the title
molecule were recorded by experimental and theoretical quantum
chemical methods and their PED. The fundamental modes are also
compared with the related molecules based on most important
regions. The NMR spectra (1H and 13C NMR) of 3,4-DFA molecule
were saved tentative and theoretical. They were compared after
than showed a very good agreement both for 1H and 13C NMR.
The UV–Vis spectral analyses of the molecule were also investigat-
ed for gas phase, in ethanol and water solvents. Moreover, the
frontier molecular orbitals, density of states (TDOS, PDOS and
COOP or OPDOS), MEPs contour/surface of the molecule were also
prepared. The statistical thermodynamics properties were also
obtained according to variation temperature. It is seen that statis-
tical thermodynamics properties increase with the increasing
temperature. Eventually the whole shebang of the predicted para-
meters was indicated that well concordance and acceptable
agreement.
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