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Theoretical investigation of the effects of solvents and para-substituents
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The effects of halogens (F, Br, and Cl) and solvent media (acetone, ethanol, and toluene) on the structural and electronic properties of
nitrobenzene compounds were investigated by combination the DFT/B3LYP and MP2 methods with 6-31 + G (d,p) basis set. The results
indicate that the bond lengths between carbon-halogen atoms are increased with increased atomic size and decreased electronegativity,
whereas some bond angle magnitudes are reduced than those with substitution halogens. Also, various solvent effects of studied compounds
were performed with the conductor-like polarizable continuum model (CPCM) method, showing a reduction of the dipole moment by the
substitution of a hydrogen atom for a ring with halogen atoms in para-position over the ring. In addition, natural bond orbitals (NBA),
chemical reactivity descriptors, and the frontier molecular orbitals (FMOs) of substituted nitrobenzene were calculated. NBO analysis
showed the strong interactions within a cyclic system and the fluorine atom in P-FNB is considered the best donor. Moreover, FMO analysis
showed that energy band gap is related to the nature of the substituents (halogen atoms) in the para-position of the nitrobenzene compound.
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1. Introduction

Aromatic nitro-compounds and their derivatives are impor-
tant intermediates and building blocks in the organic synthe-
sis of drugs and perfumes, and are extensively used as ex-
plosives [1, 2]. The ease of availability of nitro compounds
makes them contribute significantly to industries,i.e., phar-
maceuticals, pigments, and dyes [3]. Halo aromatic com-
pounds are important intermediates in the synthesis of phar-
maceuticals and agrochemicals [4,5].

Notrobenzene and its derivatives are examples of N-
substituted aromatic compounds (NACs). One of the deriva-
tives of nitrobenzene, para-chloronitrobenzene, is used as
an intermediate to prepare various derivatives, including, p-
nitrophenol, p-nitroanillne, 2, 4-dinitrochlorobenzene, and
3, 4-dichloronitrobenzene [6]. In addition, the electron-
withdrawing nitro groups provide the compound’ resistance
to typical advanced oxidativede struction techniques [7] and
generally protect compounds from chemical and biological
attack [1]. Therefore, understanding the mechanisms of
chemical transformation of nitrocompounds is of great im-
portance from both a fundamental and practical standpoint.

There has been extensive research involving both ex-
perimental and computational work that has studied the vi-
brational spectra and electronic structure properties of halo-
gens and substituted nitrobenzene [8–13]. To our knowledge,
there have been no other calculations for the effect of solvent
on the electronic properties of halogens-nitrobenzene com-
pounds by the MP2 method. Hence, we wish to investigate
the electronic properties of nitrobenzene and its derivatives,
para-halo-nitrobenzene (where halo=-F, -Br, -Cl), in both gas

and solvents phases. The calculated Frontier Molecular Or-
bitals (FMOs) of title compounds also describe the molecular
electronic properties in detail.

In this work, four nitro benzenes: nitrobenzene (NB),
p-chloronitrobenzene (P-Cl NB), p-fluoronitrobenzene (P-
FNB), and p-bromonitrobenzene (P-Br NB), were studied in
gas phase and different solvents for understanding effects of
solvent and substituents on the electronic structures of ni-
trobenzene compound.

2. Computational details

All the quantum chemical calculations were performed uti-
lizing the Gaussian 09 program [14] with Gauss View 5.0.9
visualization [15] to study the effects of halogens (F, Br,
and Cl) and solvent media (acetone, ethanol, and toluene)
on the structural and electronic properties of nitrobenzene
compound. Geometry optimization calculations were per-
formed using density functional theory (DFT) [16] along with
Beck’s three-parameter hybrid density functional, B3LYP
[17], and Moller-Plesset second-order perturbation theory
(MP2) [18] on the same split-valence double zeta 6-31+G
(d,p) basis set. The DFT-B3LYP method is considered one
of the most used computational methods in studying com-
pounds because its results agree with experimental results
[19, 20]. The geometry optimization of the nitrobenzene and
its derivatives p-halo-nitrobenzene (p-chloronitrobenzene, p-
fluoronitrobenzene, and p-bromonitrobenzene) was achieved
in the gas phase. The optimization procedure finds the geom-
etry corresponding to the nearest local minimum of energy,
but not necessarily the global minimum.
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TABLE I. Optimized geometrical parameters of the studied compounds (bond lengths and bond angles) calculated by DFT/B3LYP and MP2
methods with same 6-31+G (d, p) basis set in gas phase.

Compounds Bond Type Bond LengthR (Å) Bond Type Bond Angles A(◦)

MP2 DFT/B3LYP MP2 DFT/B3LYP

NB (C-H) 1.0826 1.0829 (C1-C2=C3) 118.069 118.467

(C-C) 1.3988 1.3989 (C6=C1-H7) 120.081 120.197

(C=C) 1.3966 1.3947 (C1-C2-H8) 121.910 121.858

F-NB (C-C) 1.3945 1.3963 (C1-C2=C3) 118.617 118.985

(C=C) 1.3912 1.3926 (C6=C1-H7) 119.848 119.901

(C-F) 1.3621 1.3516 (C1-C2-H8) 121.340 121.345

Cl-NB (C-C) 1.3983 1.3982 (C1-C2=C3) 118.549 118.975

(C=C) 1.3943 1.3927 (C6=C1-H7) 119.933 120.160

(C-Cl) 1.7337 1.7494 (C1-C2-H8) 121.326 121.253

Br-NB (C-C) 1.3982 1.3975 (C1-C2=C3) 118.404 118.783

(C=C) 1.3945 1.3925 (C6=C1-H7) 120.147 120.282

(C-Br) 1.8913 1.8951 (C1-C2-H8) 121.436 121.381

The Natural Bond Orbital (NBO) populations, Natural
Population Analysis (NPA) [21], second-order perturbation
stabilization energies E2, and dipole moments are examined
at the same theoretical level to provide information on elec-
tronic structure, molecular orbitals and to understand the
electronic properties, electrophilic and nucleophilic active
centers in the studied compounds. The frontier molecular or-
bitals (FMOs) were then calculated to predict the reactivity of
all studied compounds using the HOMO-LUMO gap values
and with these values were calculated the chemical potential
(µ), electronegativity (χ), global hardness (η), global soft-
ness (S) and electrophilicity index (ω) descriptors. Finally,
in order to investigate the energetic behavior of the molecule
in solvent media, the geometries of the studied compounds
were optimized at the same theoretical level in three different
solvents by employing the Conductor-like Polarizable Con-
tinuum Model (CPCM ) [22], with dielectric constants(ε)
of non-polar Toluene(ε = 2.374), polar aprotic Acetone
(ε = 20.493), and polar protic ethanol(ε = 24.852). In
this model, the solvent is represented as a dielectric polariz-
able continuum and the solute is placed in a cavity of approx-
imately molecular shape.

3. Results and discussion

3.1. Geometrical parameters

The calculated structural properties in the gas phase of
Nitrobenzene (NB) and its derivativesp-halo-nitro benze-
neare summarized in Table I and Fig. 1. Table I com-
pares theoretical calculated bond lengths and bond angles
by DFT/B3LYP and MP2 with the same 6-31+G(d, p) ba-
sis set for NB, P-ClNB, P-FNB, and P-BrNB. The calcu-
lated bond lengthsR and bond anglesA were affected by

FIGURE 1. Optimized structures of a) Nitrobenzene (NB), b)
para-Fluoronitrobenzene (P-FNB), c) para-chloronitrobenzene (P-
ClNB), and d) para-bromonitrobenzene (P-BrNB) compounds.

the type of method used in the calculation. Most bond an-
gles are extended at the DFT/B3LYP compared to those in
the MP2 method. In contrast, the bond lengths have become
larger in the DFT/B3LYP method for some bond lengths and
become smaller for other angles.

The optimized C-C and C=C bond lengthsR of NB are
equal to 1.3988̊A and 1.3966Å for the MP2 method (1.3989
Å and 1.3947Å for DFT/B3LYP). The C-C and C=C bond
lengths are reduced by replacing NB with F (P-FNB) to form
a C-F bond in MP2 method and are equal to 1.3945Å,
1.3912Å and 1.3621Å, respectively (1.3963̊A, 1.3926Å,
and 1.3516Å at DFT/B3LYP). The substitution of NB by
Cl (P-ClNB) reduces the bond lengths of C-C and C=C also,
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TABLE II. Calculated dipole moment (M) of the studied optimized compounds (in Debye) in the studied solvent and gas phases at DFT/B3LYP
and MP2 methods with the same 6-31+G (d, p) basis set.

Compound Experimental
Gas(ε = 1) Toluene(ε = 2.374) Acetone(ε = 20.493) Ethanol(ε = 24.852)

MP2 B3LYP MP2 B3LYP MP2 B3LYP MP2 B3LYP

NB 4.22* 4.51 4.96 5.16 5.74 5.72 6.44 5.74 6.46

P-BrNB (2.65)** 2.98 3.56 3.31 4.12 3.65 4.62 3.66 4.64

P-ClNB (2.62)** 2.92 3.39 3.39 3.92 3.75 4.40 3.76 4.42

P-FNB (2.57)** 2.79 3.34 3.21 3.90 3.57 4.41 3.58 4.44

MAE( Mean Absolute Error) 0.285 0.7975

*Experimental data taken from reference [26];

**Experimental data taken from reference [27].

forming a C-Cl bond in the MP2 method and equal to
1.3983Å, 1.3943Å, and 1.7337Å, respectively (1.3982̊A,
1.3927 Å, and 1.7494Å at DFT/B3LYP). Furthermore,
when NB was substituted with Br (P-BrNB), the C-C and
C=C bond lengths after C-Br bond formation decreased to1.
3982 Å, 1.3945 Å, and 1.8913Å respectively (1.3975Å,
1.3925Å, and 1.8951Å at DFT/B3LYP). These statements
may be due to the substitution effect of halogens (the negative
inductive effect of the halogens) working to pull the electrons
toward themselves. The effect of halogen (F, Cl, Br) atoms,
which is small, is different from that of C-C and C=C bond
lengths in NB, as shown in Table I. The bond lengthR for
C-halogen increases with increasing atomic size and decreas-
ing electronegativity, and the trend is as follows: R (C-Br)>
R(C-Cl)> R (C-F). The bond angles magnitudes A (C1-C2-
H8) and A (C6=C1-H7) are reduced than that with substitu-
tion halogens like P-FNB, P-ClNB, and P- BrNB in the fol-
lowing order: A (P-BrNB)>A (P-ClNB)>A (P-FNB).This
behavior indicates that the most electron affinity of F is the
highest compared to the electron affinity of Cl and Br [23].
Therefore, as the size of the halogen increases, the negative
inductive effect of the halogen decreases. Therefore, as the
size increase, the value of the bond length of the halogen in-
creases [24].

3.2. Dipole moment

The prediction of the dipole momentM is an important issue
that is related to the stability of molecules in polar environ-
ments [25]. We have studied molecular dipole moment values
for four compounds (NB, P-ClNB, P-FNB, and P-BrNB) in
the gas phase and in different solvents calculated on the MP2
and DFT/ B3LYP method with 6-31+ G(d,p) basis set using
the NBO technique. CPCM calculations were used to predict
the solvent effects on the nitrobenzene compound and its para
position substituted derivatives.

The calculated dipole momentsM in different solvent
media (i.e. toluene, acetone, and ethanol) with different di-
electric constant (ε) values; non-polar toluene (ε = 2.374),
polar a protic acetone (ε = 20.493), and polar protic ethanol
(ε = 24.852) are shown in Table II. One can conclude from

FIGURE 2. Dependence of the dielectric constant of the dipole
moments of the studied compounds at a) MP2 and b) DFT/B3LYP
methods with the same 6-31+G (d, p) basis set.

the data that the order of the calculated dipole moment val-
ues in all different studied environments are (M ) NB>P-
BrNB>P-ClNB>P-FNB. Moreover, it was noted that the
mean absolute error (MAE) in dipole moments for studied
compounds in the gas phase at DFT/B3LYP method is larger,
0.7975, than that for the MP2 method, 0.285, compared to the
experimental data [26, 27]. The best agreement between the
calculated and experimental dipole moments was obtained by
MP2 method.

Among the considered compounds, the NB compound
has the highest dipole moment in the solvent and gas phases
considered due to its large dipole interaction. It has been no-
ticed that the NB dipole moment is reduced by substitution
of a hydrogen atom for a ring with halogen atoms in para-
position over the ring. In fact, the reduction observed in the
NB dipole moment on the substitution of hydrogen atom with
the halogen atoms is due to the negative inductive power of
the halogen atoms. For instance, the NB dipole moment in
the MP2 method is 4.51 D(4.96 D at DFT/B3LYP) and in the
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gas phase, is reduced to 2.79 D, 2.92 D, and 2.98 D at MP2
method (3.34, 3.39, and 3.56 D at DFT/B3LYP) when there
are fluorine, chlorine, and bromine atoms in para-position,
respectively.

The dipole moments calculated for the studied molecules
in solvents with different polarities (ethanol> acetone
> toluene) show that the dipole moments of the studied
molecules increase as they move from the gas phase to the
solvent phase, with increasing solvent dielectric constant,as
shown in Fig. 2. The DFT/B3LYP calculation shows higher
dipole moment values than the MP2 calculations on the same
basis set. The highest dipole moment value for all the stud-
ied molecules was for ethanol. As shown in Table II, the
dipole moment increases as one moves from the gas phase to
a more polar solvent, with the highest dipole moment occur-
ring for a NB compound in the ethanol solvent with a value of
5.74 D in MP2 (6.46 DinDFT/B3LYP), while compound with
an F substitution (P-FNB) in gas phase has the lowest dipole
moment 2.79 D at MP2 (3.3448D at DFT/B3LYP). The na-
ture of the substituent (halogen atoms) in the para-position
of the nitrobenzene compound is remarkably related to the
dipole moment. In this study, the dipole moment of the ni-
trobenzene compound was the largest compared to P-BrNB,
P-ClNB, and P-BrNB. This is a result of the fact that the di-
rection of the dipole moment of the para functional groups
(C-F, C-Cl, and C-Br) is opposite to that of the dipole mo-
ment of the nitro-functional groups; as a result, it leads to a
decrease in the value of the dipole moment in the presence of
these substitutions.

3.3. Natural population analysis

Natural population analysis (NPA) determines the electrons
of each atom in a substance so that the weighted occupancy
of the orthogonal natural orbitals is maximized. Based on the
natural bond orbital (NBO), NPA is useful for understanding
the role of natural atomic orbitals and their hybridization in
produce chemical bonds; the use of NPA, which is the closest
to a reasonable atomic population analysis method, as a de-
fault option for computational chemistry programs [28] and
is likely to be widely applicable.

In the NBO technique, the electronic wave function is an-
alyzed by Lewis and modeled under local chemical bonds.
Based on the eigenvectors of the local-block single-particle
density matrix, it was developed to study the hybridization
and covalence of multi-atomic wave functions [29]. The
NBO technique was used to study the charge distribution for
compounds (NB, P-ClNB, P-FNB, and P-BrNB) in studied
solvents and in the gas phase. The charge distribution of dipo-
lar compounds in the presence of the solvent medium often
undergoes significant changes [30].

The calculated atomic charges of studied compounds by
NBO analysis in the gas phase and studied solve using the
MP2 and DFT/B3LYP methods with 6-31+G (d, p) basis set
are reported in Table III. These results can better be repre-

sented in graphical form for easier comparison as has been
given in Fig. 3.

In the MP2 method for the NB compound, all carbon
atoms are negative charges except for C3 which has a pos-
itive charge which may be due to its attachment with the
electron-withdrawing nitro group NO2 and also indicates the
charge transfer from carbon C3 to the nitro group NO2. In
contrast, by the method of DFT/B3LYP, it can be observed
that the carbon atom C3 has a negative charge and C6 are
positive, while in the case of replacing the hydrogen atom
in nitrobenzene (NB) compound with halogen atoms, para-
halogen-nitrobenzene compounds, the charge on the car-
bon atom C6 by MP2 method is in the gas phase, for in-
stance, is calculated to be−0.18598e (NB),−0.08945e (P-
BrNB), −0.01148e (P-ClNB), and 0.51789e (P-FNB). The
order of the partial charge at carbon atom C6 is NB>P-
BrNB>P-ClNB>P-FNB. This order agrees with the chemi-
cal sense where the electron-withdrawing substituent (higher
electronegativity) decreases the negative charge at this para-
position. The charge C6 of para-halogen-nitrobenzene com-
pounds possesses a lot less negative charge than other carbon
atoms, this is due to the electron-withdrawing nature of the
halogen atoms by means of a negative inductive effect.

Figure 3 shows the nitrogen atom N has the most pos-
itive charge whereas oxygen atoms O2 have the most neg-
ative charges. The result suggests that the atom bonded to
oxygen atoms N is an electron donor and also indicates the
charge transfer from the nitrogen atom N to the oxygen atoms
O2. With increasing polarity, the partial charges for N and
O atoms vary differently in solvents, for instance, it was
observed that partial charges of O13 and N in the studied
compounds steadily decreased when passing from the gas
phase to a more polar solvent and in the following order:
Gas<Toluene<Acetone<Ethanol.

In the same medium, there is no appreciable change in
the partial charge on the O13 and N atoms for both the meth-
ods of the considered compounds. All hydrogen atoms in the
studied molecules were found to be positive, as expected.

Table III, in the DFT/B3LYP method and in all different
environments, generally, carbon atom C2 shows more neg-
ative charge for the studied compounds and in the follow-
ing order: P-FNB> P-ClNB> P-BrNB> NB. For instance,
at DFT/B3LYP and MP2 methods, the partial charge on the
C2 is in the range of−0.23061 to−0.29093e and−0.15215
to −0.18708e respectively, whereas there is no appreciable
change in the partial charge on the C2 in the studied sol-
vents of both methods for the considered compounds. In
the MP2 method and in studying different media, the carbon
atom C1 and oxygen atom O13 show more negative charge
compared to the DFT/B3LYP method, for instance, in the
MP2 method, the partial charges on the C1 and O13 are in the
range of−0.25102 to −0.31978e (−0.18558 to −0.20963e
at DFT/B3LYP) and−0.45502 to −0.48562e (−0.37905 to
−0.40960e at DFT/B3LYP) respectively. The value and qual-
ity of the charge on carbon atom C3 changes significantly
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FIGURE 3. Graphical representation of the natural atomic charges for the studied compounds by DFT/B3LYP and MP2 methods with 6-31+G
(d, p) basis sets in the a) gas phase, b) toluene, c) acetone, and d) ethanol.

Rev. Mex. Fis.71010401
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due to the electronic effects caused by the introduction of
substituents (F, Cl, and Br) at the para-position of nitroben-
zene compound.

3.4. Natural bond orbital (NBO) analysis

NBO analysis provides a suitable basis for studying charge
transfer or conjugating interactions in molecules and also
provides an excellent method for studying intra- and in-
termolecular binding interactions [31]. Second-order per-
turbation theory provides data on electron-donor, electron-
acceptor orbitals and their stabilization energy [32]. The
changes in electron density “delocalization” between the
filled (Lewis) donor and empty (non-Lewis) acceptor NBOs
correspond to a more stable [33]. Theσ andπ electrons of

C-C, C-H, N-H, and C-N bonds stabilize part of the ring by
strong intra-molecular hyper conjugate interactions with the
anti-bonding C-C, C-H, N-H, and C-N bonds [34]. In the
present study, it should be noted that in Table IV, theσ → σ∗

interaction has the lowest delocalization energy compared to
theπ → π∗ interaction. Therefore, theσ bond has a higher
electron density than theπ bond.

From Table IV it is noted that the strong intra-molecular
hyper-conjugative interaction of the C1-C2 bond is formed
by the orbital overlap between the bonding orbitalπC1-C2
to the corresponding anti-bonding orbitalπ∗C5-C6, which
increases the electron density to 0.31211, resulting in a sta-
bilization energy of 46 kcal/mol and intra-molecular charge
transfer occurs and molecular stabilization takes places. Sim-

TABLE III. The calculated natural atomic charges of studied compounds by NBO technique in the studied solvents and gas phase at
DFT/B3LYP (former) and MP2 (later) methods with 6-31+G (d, p) basis set.

Substituent C1 C2 C3 C6 H7 H8 N12 O13

G
as

H(NB)
DFT -0.20963 -0.23061 -0.20291 0.05825 0.27409 0.24905 0.49398 -0.38078

MP2 -0.25102 -0.18708 0.04601 -0.18598 0.25186 0.28167 0.61607 -0.45840

F (P-FNB)
-0.19341 -0.29093 0.43870 0.04575 0.27844 0.26585 0.49380 -0.38092

-0.31978 -0.15986 0.02475 0.51289 0.26907 0.28668 0.61725 -0.45745

Cl (P-ClNB)
-0.19596 -0.24172 -0.03279 0.05556 0.27882 0.26464 0.49308 -0.37908

-0.25875 -0.17061 0.04171 -0.01148 0.26673 0.28650 0.61517 -0.45548

Br (P-BrNB)
-0.19673 -0.24085 -0.10820 0.05742 0.27924 0.26408 0.49275 -0.37905

-0.25603 -0.17249 0.04500 -0.08945 0.26789 0.28721 0.61450 -0.45502

To
lu

en
e

H (NB)
-0.20761 -0.23131 -0.19842 0.05574 0.27533 0.25523 0.49903 -0.39616

-0.25408 -0.18469 0.03927 -0.18106 0.25860 0.28314 0.62563 -0.47339

F(P-FNB)
-0.18927 -0.28899 0.44085 0.04538 0.28045 0.27201 0.49846 -0.39619

-0.31923 -0.15562 0.02133 0.51384 0.27552 0.28913 0.62655 -0.47189

Cl (P- ClNB)
-0.19189 -0.24063 -0.02927 0.05509 0.28091 0.27052 0.49814 -0.39393

-0.25907 -0.16644 0.03784 -0.00849 0.27307 0.28894 0.62463 -0.46976

Br (P-BrNB)
-0.19247 -0.24010 -0.10496 0.05682 0.28129 0.26968 0.49763 -0.39398

-0.25657 -0.16814 0.04122 -0.08645 0.27403 0.28965 0.62405 -0.46922

A
ce

to
ne

H (NB)
-0.20544 -0.23111 -0.19246 0.05308 0.27575 0.26003 0.50163 -0.40926

-0.25565 -0.18288 0.03338 -0.17548 0.26365 0.28384 0.63219 -0.48532

F(P-FNB)
-0.18578 -0.28698 0.44373 0.04471 0.28167 0.27666 0.50143 -0.40887

-0.31847 -0.15224 0.01831 0.51546 0.28018 0.29080 0.63309 -0.48320

Cl (P-ClNB)
-0.18830 -0.23922 -0.02566 0.05428 0.28221 0.27497 0.50114 -0.40629

-0.25888 -0.16294 0.03439 -0.00554 0.27771 0.29045 0.63116 -0.48085

Br (P-BrNB)
-0.18894 -0.23888 -0.10196 0.05591 0.28258 0.27393 0.50070 -0.40636

-0.25647 -0.16461 0.03788 -0.08363 0.27854 0.29128 0.63072 -0.48028

E
th

an
ol

H (NB)
-0.20539 -0.23109 -0.19228 0.05301 0.27576 0.26015 0.50168 -0.40960

-0.25568 -0.18283 0.03322 -0.17532 0.26378 0.28385 0.63234 -0.48562

F(P-FNB)
-0.18558 -0.28686 0.44392 0.04467 0.28173 0.27690 0.50156 -0.40958

-0.31845 -0.15215 0.01823 0.51551 0.28030 0.29083 0.63324 -0.48348

Cl (P-ClNB)
-0.18817 -0.23921 -0.02560 0.05424 0.28224 0.27510 0.50112 -0.40662

-0.25887 -0.16285 0.03430 -0.00546 0.27782 0.29049 0.63132 -0.48113

Br (P-BrNB)
-0.18877 -0.23889 -0.10166 0.05588 0.28260 0.27405 0.50069 -0.40674

-0.25647 -0.16452 0.03779 -0.08355 0.27865 0.29131 0.63088 -0.48056
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THEORETICAL INVESTIGATION OF THE EFFECTS OF SOLVENTS AND PARA-SUBSTITUENTS 7

TABLE IV. The MP2/6-31+G (d, p) level of theory the second-order perturbation energiesE2 (in kcal/mol) for the most important charge
transfer interactions for the studied compounds in the gas phase.

Donor NBO(i)
ED(i)

(e)
Acceptor NBO(j)

ED(j)

(e)
Interaction type

E2 (Kcal/mol)

X=H X=F X=Br X=Cl

σC1−C2 1.97827 σ∗C3−N12 0.07109 σC1−C2 → σ∗C3−N12 5.63 5.41 5.41 5.41

σ∗C2−H8 0.00979 σC1−C2 → σ∗C2−H8 1.73 1.63 1.67 1.67

σ∗C6−F 0.02178 σC1−C2 → σ∗C6−F - 5.22 - -

σ∗C6−Br 0.01937 σC1−C2 → σ∗C6−Br - - 5.35 -

σ∗C6−Cl 0.01805 σC1−C2 → σ∗C6−Cl - - - 5.08

πC1−C2 1.64009 π∗C3−C4 0.38155 πC1−C2 → π∗C3−C4 39.42 34.08 38.42 37.47

π∗C5−C6 0.31211 πC1−C2 → π∗C5−C6 46.00 53.26 48.86 49.12

σC2−C3 1.97756 σ∗C3−C4 0.01862 σC2−C3 → σ∗C3−C4 5.55 5.37 5.39 5.36

σ∗N12−O13 0.04067 σC2−C3 → σ∗N12−O13 2.79 2.75 2.79 2.78

πC3−C4 1.66256 π∗C1−C2 0.29439 πC3−C4 → π∗C1−C2 43.16 47.59 43.73 44.29

π∗N12−O14 0.53714 πC3−C4 → π∗N12−O14 38.58 39.68 35.49 38.95

σC5−C6 1.98241 σ∗C1−C6 0.01359 σC5−C6 → σ∗C1−C6 2.59 3.63 3.95 4.13

σ∗C5−H10 0.00943 σC5−C6 → σ∗C5−H10 1.43 1.48 1.80 1.67

πC5−C6 1.63646 π∗C1−C2 0.29439 πC5−C6 → π∗C1−C2 35.12 31.67 33.38 32.94

π∗C3−C4 0.38155 πC5−C6 → π∗C3−C4 52.51 56.27 48.26 49.53

σN12−O13 1.99545 σ∗C2−C3 0.01862 σN12−O13 → σ∗C2−C3 0.87 0.91 0.90 0.91

σN12−O14 1.99545 σ∗C3−C4 0.01862 σN12−O14 → σ∗C3−C4 0.87 0.91 0.90 0.91

πN12−O14 1.99004 π∗C3−C4 0.38155 πN12−O14 → π∗C3−C4 4.10 4.04 3.03 4.17

π∗N12−O14 0.53714 πN12−O14 → ð∗N12−O14 5.34 5.41 5.38 5.38

LP(1)O13 1.98241 ó∗C3−N12 0.07109 LP(1)O13→ ó∗C3−N12 5.99 5.99 6.05 6.03

ó∗N12−O14 0.04067 LP(1)O13→ ó∗N12−O14 2.59 2.62 2.61 2.63

LP(2)O13 1.93143 ó∗C3−N12 0.07109 LP(2)O13→ ó∗C3−N12 11.95 12.06 12.07 12.04

ó∗N12−O14 0.04067 LP(2)O13→ ó∗N12−O14 24.42 24.43 24.36 24.40

LP(3)O13 1.51622 ð∗N12−O14 0.53714 LP(3)O13→ ð∗N12−O14 259.45 259.38 260.37 260.11

LP(1)O14 1.98241 ó∗N12−O13 0.04067 LP(1)O14→ ó∗N12−O13 2.59 2.62 2.61 2.63

ó∗C3−N12 0.07109 LP(1)O14→ ó∗C3−N12 5.99 5.99 6.05 6.03

LP(2)O14 1.93143 ó∗C3−N12 0.07109 LP(2)O14→ ó∗C3−N12 11.95 12.06 12.07 12.04

ó∗N12−O13 0.04067 LP(2)O14→ ó∗N12−O13 24.42 24.43 24.36 24.40

LP(3)F 1.91686 ð∗C5−C6 0.34065 LP(3)F→ A∗C5−C6 - 22.86 - -

LP(3)Br 1.91962 ð∗C5−C6 0.36373 LP(3)Br→ A∗C5−C6 - - 15.01 -

LP(3)Cl 1.91678 ð∗C5−C6 0.36506 LP(3)Cl→ A∗C5−C6 - - - 18.71

ilarly, π → π∗ interactions occur between the bondπC1-
C2 and the anti-bonding orbitalπ∗C3-C4, and between the
bondπN12-O14 and the anti-bonding orbitalπ∗C8-N10, in-
creasing the electron density by 0.38155 and 0.53714, re-
spectively, and stabilizing each bond at 39.42 (strong) and
5.34 kcal/mol (weak) respectively. Moreover, it is noted
that the maximum occupancies 1.97827, 1.97756, 1.98241,
1.99545, and 1.99004 are obtained forσ (C1-C2), σ (C2-
C3), σ (C5-C6),σ(N-O), andπ(N-O) respectively. There-
fore, the results suggest that theσ (C1-C2),σ(C2-C3),σ(C5-
C6), σ(N-O), andπ(N-O) are mainly controlled by the p
character of the hybrid orbitals. The NBO analysis also de-

scribes the bonding in terms of the natural hybrid orbitals,
highlighting that the LP(3) O13 has the lowest occupancy
(1.51622e) and the strongest stabilizing interaction. Thus,
the electron donation to theπ∗N12-O14 anti-bonding orbital
of the LP(3) O13 → π∗N12-O14 interaction involves an or-
bital very close to the pure p-type lone-pair orbital, in the
considered compounds as evident from Table IV. Clearly, the
donor-acceptor LP(3) O13→ π∗N12-O14 interaction shows
the largest stabilization energy and this is due to the stabil-
ity of the resonance within the nitro group. From our anal-
ysis, the most important intra-molecular hyper conjugative
interactions resulted in the highest stabilization energies of

Rev. Mex. Fis.71010401



8 SALAH M. A. RIDHA, ZAHRAA TALIB GHALEB, AND ABDULHADI MIRDAN GHALEB

TABLE V. Global reactivity descriptors calculated for nitrobenzene and its para-substituted derivatives at MP2 and DFT/B3LY methods with
the basis set 6-31+G (d,p).

Compound
Parameter

HOMO

(eV)

LUMO

(eV)

∆E

(eV)

µ

(eV)

η

(eV)

ω

(eV)

S

(eV)

χ

(eV)

∆Nmax

(eV)

IP

(eV)

EA

(eV)

Gas

NB
MP2 -10.0865 0.7493 10.8358 -4.6686 5.4179 2.0114 0.1845 4.6686 0.861610.0865 (9.86)* -0.7493

DFT -7.5826 -4.0788 3.5038 -5.8307 1.7519 9.7028 0.5708 5.8307 3.3282 7.5826 4.0788

P-FNB
MP2 -10.5301 0.6489 11.179 -4.9406 5.5895 2.1835 0.1789 4.9406 0.8839 10.5301 -0.6489

DFT -8.0096 -4.2290 3.7805 -6.1193 1.8903 9.9048 0.5290 6.1193 3.2372 8.0095 4.2290

P-ClNB
MP2 -10.2631 0.5031 10.7662 -4.88 5.3831 2.2119 0.1857 4.88 0.9065 10.2631 -0.5031

DFT -7.9714 -4.2505 3.7209 -6.1109 1.8605 10.0362 0.5375 6.1109 3.2846 7.9714 4.2505

P-BrNB
MP2 -10.1249 0.4585 10.5834 -4.8332 5.2917 2.2072 0.1889 4.8332 0.9133 10.1249 -0.4585

DFT -7.9552 -4.2445 3.7106 -6.0998 1.8553 10.0274 0.5389 6.0998 3.2877 7.9551 4.2445

Toluene

NB
MP2 -9.9529 0.6849 10.6378 -4.634 5.3189 2.0186 0.1880 4.634 0.8712 9.9529 -0.6849

DFT -7.4311 -4.2292 3.2017 -5.8301 1.6009 10.6163 0.6246 5.8301 3.6418 7.4310 4.2292

P-FNB
MP2 -10.385 0.6315 11.0165 -4.8767 5.5082 2.1588 0.1815 4.8767 0.8853 10.385 -0.6315

DFT -7.8406 -4.3299 3.5106 -6.0852 1.7553 10.5482 0.5697 6.0852 3.4667 7.8405 4.3299

P-ClNB
MP2 -10.1396 0.4944 10.634 -4.8226 5.317 2.1870 0.1880 4.8226 0.9070 10.1396 -0.4944

DFT -7.8060 -4.3454 3.4606 -6.0757 1.7303 10.667 0.5779 6.0757 3.5113 7.8060 4.3454

P-BrNB
MP2 -10.0063 0.4546 10.4609 -4.7758 5.2304 2.1803 0.1911 4.7758 0.9130 10.0063 -0.4546

DFT -7.7935 -4.3435 3.4500 -6.0685 1.7250 10.6744 0.5797 6.0685 3.5179 7.7935 4.3435

Acetone

NB
MP2 -9.8525 0.6127 10.4652 -4.6199 5.2326 2.0394 0.1911 4.6199 0.8829 9.8525 -0.6127

DFT -7.3078 -4.3735 2.9342 -5.8406 1.4671 11.6258 0.6816 5.8406 3.9809 7.3077 4.3735

P-FNB
MP2 -10.2403 0.6016 10.8419 -4.8193 5.4209 2.1422 0.1844 4.8193 0.8890 10.2403 -0.6016

DFT -7.7138 -4.4249 3.2888 -6.0693 1.6444 11.2006 0.6081 6.0693 3.6908 7.7137 4.4249

P-ClNB
MP2 -10.0487 0.4683 10.517 -4.7902 5.2585 2.1818 0.1901 4.7902 0.9109 10.0487 -0.4683

DFT -7.6811 -4.4374 3.2437 -6.0592 1.6219 11.3187 0.6165 6.0592 3.7360 7.6811 4.4374

P-BrNB
MP2 -9.9162 0.4345 10.3507 -4.7408 5.17535 2.1714 0.1932 4.7408 0.9160 9.9162 -0.4345

DFT -7.6710 -4.4377 3.2332 -6.0543 1.6166 11.3369 0.6185 6.0543 3.7450 7.6710 4.4377

Ethanol

NB
MP2 -9.8501 0.6106 10.4607 -4.6197 5.2303 2.0402 0.1911 4.6197 0.8832 9.8501 -0.6106

DFT -7.3048 -4.3773 2.9274 -5.8410 1.4637 11.6544 0.6831 5.8410 3.9905 7.3047 4.3773

P-FNB
MP2 -10.2367 0.6008 10.8375 -4.8179 5.4187 2.1418 0.1845 4.8179 0.8891 10.2367 -0.6008

DFT -7.7073 -4.4303 3.2768 -6.0688 1.6384 11.2395 0.6103 6.0688 3.7040 7.7072 4.4303

P-ClNB
MP2 -10.0465 0.4674 10.5139 -4.7895 5.2569 2.1818 0.1902 4.7895 0.9110 10.0465 -0.4674

DFT -7.6778 -4.4412 3.2366 -6.0595 1.6183 11.3445 0.6179 6.0595 3.7443 7.6778 4.4412

P-BrNB
MP2 -9.914 0.4337 10.3477 -4.7401 5.1738 2.1714 0.1932 4.7401 0.9161 9.914 -0.4337

DFT -7.6689 -4.4407 3.2281 -6.0548 1.6141 11.3565 0.6195 6.0548 3.7512 7.6688 4.4407
∗Experimental data are taken from [40].

46 kcal/mol, 43.16 kcal/mol, and 52.51 kcal/mol were ob-
tained for πC1-C2 → π∗C5-C6, πC3-C4 → π∗C1-C2, and
πC5-C6 → π∗C3-C4 of NB respectively, while 53.26 kcal/mol,
47.59 kcal/mol, and 56.27 kcal/mol for P-FNB respectively,

48.86 kcal/mol, 43.73 kcal/mol, and 48.26 kcal/mol for
P-BrNB respectively, 49.12 kcal/mol, 44.29 kcal/mol, and
49.53 kcal/mol for P-ClNB, respectively, as shown in Ta-
ble IV. These strong interactions within a cyclic system in-
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dicate a highly delocalized structure, and additional stability
was also observed for the substituted chlorine, fluorine, and
bromine atoms resulting from the stability of the resonance.
This stability is due to the reverse flow from the lone pairs
of halogen atoms to the aromatic ring via the pi-pair elec-
trons. These results indicate that the stability energies of the
studied nitrobenzene derivatives are of the following order:
P-FNB>P-ClNB>P-BrNB. This means that the stability en-
ergy is directly proportional to the electronegativity. From the
NBO analysis, it is inferred that the substituted fluorine atom
is the most activated of the substituted halogens. This activa-
tion may be due to the fact that 2p orbital of fluorine overlaps
well with the p orbital of the pi-system, resulting in a stronger
pi-bond [35]. This can be demonstrated by comparing the sta-
bility energies of the non-bonding interactions of the studied
para-halo-nitrobenzene compounds. For example, the P-FNB
compound has the largest non-bond interaction correspond-
ing to LP(3) F→ π∗(C5-C6) with a stabilization energy of
22.86 kcal/mol, while the stabilization energy for the LP(3)
Br→ π∗C5-C6 of the P-BrNB compound is 15.01 kcal/mol
whereas the LP(3) Cl→ π∗(C5-C6) for P-ClNB compound
the stabilization energy is 18.71 kcal/mol. Therefore, the flu-
orine atom in P-FNB is considered the best donor because it
has the highest non-bounding interaction.

3.5. Frontier molecular orbital (FMO) analysis

One of the simplest methods to compute the excitation ener-
gies is calculating the difference between the Frontier Molec-
ular Orbital (FMO) energies (HOMO-LUMO energy gap).
FMO analysis is greatly used to explain the electronic and
optical properties of organic compounds [36]. Therefore, we
calculated the HOMO and LUMO energies, energy band gap
(∆E), chemical potential(µ), hardness(η), softness (S),
electrophilicity index(ω), electronegativity(χ), the maxi-
mum electronic charge(∆Nmax), ionization potential (IP),
and electron affinity (EA) for the title compounds in all me-
dia using DFT/B3LYP and MP2 methods with 6-31G+(d,p)
basis set. The computed global reactivity descriptors for the
studied compounds listed in Table V are in all studied media.

Knowledge of HOMO and LUMO energies is very im-
portant for measuring the chemical reactivity of molecules.
The energy gap of FMOs determines molecular electri-
cal transport [37] and explains the deducing intra-molecule
charge transfer interaction. Molecules with large energy
gaps are less chemically reactive and more kinetically sta-
ble [38–40]. This is because removing an electron from the
HOMO, which has a small energy gap, and adding an elec-
tron to the LUMO, which has a large energy gap, is ener-
getically undesirable. For example, a molecule with a large
energy gap is stable and therefore is chemically harder than
another molecule with a smaller energy gap [41]. Therefore,
as indicated by Table V, the P-FNB compound which has the
highest energy band gap is harder and more stable (less reac-
tive), while the NB compound with the lowest energy band
gapis softer and least stable of all (more reactive) in all dif-

ferent media. The energy band gap for the NB compound
substituted with halogen atoms (F, Cl, and Br) is increased
when increasing the electronegativity of substituted atoms in
DFT/B3LYP and MP2 methods,i.e., there is a proportional
relation between the energy band gap and electronegativity
of substituted atoms.

One can conclude from the data that the order of the cal-
culated energy band gap values in all different studied en-
vironments is P-FNB> P- ClNB> P-BrNB. In this study,
the energy band gap decreased on going from the gas phase
to a more polar solvent, with the highest energy gap occur-
ring for compound (P-FNB) in gas phase with a value of
11.179 eV at MP2 method (3.7805 eV at DFT/B3LYP), while
compound with a Br substitution (P-BrNB) in ethanol solvent
has the lowest energy gap 10.3477 eV at MP2 (3.2281 eV at
DFT/B3LYP). The energy band gap is notably related to the
influence of the substituent (halogen atom) at the para posi-
tion of the nitrobenzene compound. In a comparison between
the MP2 and DFT/B3LYP methods for all studied com-
pounds, the DFT/B3LYP calculation shows higher HOMO
energy and lower LUMO energy than the MP2 calculation.
For example, the HOMO energy of the NB compound in
the gas phase is in the range of (−10.0865 to−10.5301 eV)
and in the range (−7.5826 to −8.0096 eV) by the MP2 and
DFT/B3LYP methods, respectively, and the LUMO ener-
gyis in the range of (0.7493 to 0.4585 eV) and (−4.0788 to
−4.2505 eV) by the MP2 and DFT/B3LYP methods, respec-
tively. For all title compounds, MP2 calculations showed a
significantly larger energy band gaps than the DFT/B3LYP
Method. For example, the energy band gap values for the P-
ClNB compound are in the range of (3.2366 to 3.7209 eV)
and (10.5139 to 10.7662 eV) for the DFT/B3LYP and MP2
methods, respectively. Furthermore, the MP2 method,which
calculates the ionization potential (IP) of NB compound in
the gas phase, which depends directly on the HOMO en-
ergy, is closer to the experimental data than the DFT/B3LYP
method: the experimental IP energy of NB compound [42] is
9.86 eV, while the MP2 method is 10.0865eV, DFT/B3LYP
method predicted 7.5826 eV. With reference to these results,
the MP2 method, which estimates the IP of the NB com-
pound, is in good agreement with the experimental data, in
contrast to the DFT/B3LYP method.

The electrophilicity index(ω) defined by Parret al. [43]
is the stabilization energy that the system obtains when it
gains enough electrons to saturate. It is therefore a measure
of a system’s ability to accommodate additional electrons and
is defined as follows:

ω =
µ2

2η
,

whereµ represents the electronic chemical potential andη is
the global chemical hardness. These parameters are often ap-
proximated through frontier orbital energies, which describe
charge transfer within a system in the ground state, leading
to:
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µ ∼= (EHOMO + ELUMO)
2

,

η ∼= (ELUMO − EHOMO)
2

,

whereEHOMO andELUMO are the energies of the highest
occupied and lowest unoccupied molecule orbitals (HOMO
and LUMO), respectively [44]. From these results, it is clear
that the NB compound has the highest reactivity and the P-
FNB compound has the lowest reactivity. It can be noticed
that the presence of fluorine atom at the para-position of ni-
trobenzene molecule improves the charge transfer within the
molecule (µ = −5.8307 to−6.1193 eV at DFT/B3LYP and
−4.6686 to−4.9406 eV at MP2). Also, the obtained results
show that the P-FNB compound has higher electronegativity
(χ) i.e. strongly electrophilic and has higher charge flow,
whereas the NB compound is nucleophilic (see Table V).
Furthermore,∆Nmax represents the maximum electronic
charge,S is the global softness andχ denotes the absolute
electronegativity, which is a good measure of a molecule’s
ability to attract electrons to itand is used to calculate the di-
rection of electron migration, given by

∆Nmax = −µ

η
, S =

1
η
, χ = (IP + EA)/2.

Here, EA(-LUMO) and IP(-HOMO) are the electron affin-
ity and ionization potential, respectively; larger valuesof EA
indicate higher electrophilicity and smaller values of IP indi-
cate higher nucleophilicity.

In this study, Quantum chemical calculations for the EA
(Table V), larger differences between the different MP2 and
DFT/B3LYP methods were found. Moreover, all studied
compounds have positive EA at the DFT/B3LYP method and
create stable anions whereas, in the MP2 method,they have
negative EA and create unstable anions. Even if the anion is
stable, the electronic state may be very diffuse. Therefore,
the EA cannot be expected to be as accurate as the IP calcu-
lation [45].

As shown in Table V, the effect of the substitution atoms
on the values of the HOMO and LUMO energies in the stud-
ied compounds. Halogen atoms lead to a decrease in the
frontier molecular orbital energy. It is noted that the NB
compound has HOMO energy of−7.5826 eV at DFT/B3LYP
(−10.0865 eV at MP2), and F, Cl, Br-para substituted deriva-
tives (electron-withdrawing atoms) have the HOMO ener-
gies of−8.0096, −7.9714, and−7.9552 eV at DFT/B3LYP
method, respectively, and in contrast,−10.5301, −10.2631,
and−10.1249 eV at MP2 method, respectively. It is clear
that using the halogen substituents stabilizes the HOMO en-
ergy levels. In the solvents and gas phases, all the studied
compounds have positive∆Nmax values and act as electron
acceptors from their environment. Moreover, due to the large
HOMO-LUMO energy gap, the global hardness and stabil-
ity of the studied compounds increase as follows: P-FNB>
P-ClNB> P-BrNB> NB, while the chemical reactivity de-

creases in the reverse order: P-FNB< P-ClNB< P-BrNB<
NB.

4. Conclusion

In this study, the optimized geometries calculated at the MP2
and DFT/B3LYP methods with the same 6-31+G (d, p) ba-
sis set in the gas phase of Nitrobenzene (NB) and its deriva-
tives (P-FNB, P-ClNB, and P-BrNB) and showed that the
most bond angles are extended at the DFT/B3LYP com-
pared to those at the MP2 method. In contrast, the bond
lengths became larger in the DFT/B3LYP method for some
bond lengths and became smaller for another angle. The
bond lengths (R) of C-halogens are increased with increasing
atomic size and decreasing electronegativity, and the magni-
tudes of some bond angles were smaller than for substituted
halogens. According to the calculations of the two methods
above show that the dipole moment of the studied molecules
increases as the dielectric constant of the solvent increases
as it moves from the gas phase to the solvent phase. On the
other hand, due to the negative inductive power of the halo-
gen atom, the dipole moment decreases as the hydrogen atom
on the ring is replaced by a halogen atom in the para-position
and the best agreement between calculated and experimental
dipole moments was obtained using the MP2 method. Natu-
ral Population Analysis (NPA) of atomic charges shows that
the negative charge on the carbon atom of the nitrobenzene
derivatives replaced by halogen atoms at the para-site de-
creases with the increase in the electronegativity of the halo-
gen atoms (electron-withdrawing substituent). In addition,
the impact of electronic effects resulting from the induction
of substituents (F, Cl, and Br) at the para-position of nitroben-
zene compound causes a significant change in the value and
quality of the charge on the carbon atom attached to the ni-
tro (NO2) group. NBO analysis showed the strong interac-
tions (πC−C → π∗C−C) within a cyclic system indicate a
highly delocalized structure and additional stability was also
observed for the substituted fluorine, chlorine, and bromine
atoms resulting from the stability of the resonance and the
fluorine atom in P-FNB is considered the best donor because
it has the highest non-bonding interaction. FMO analysis
shows that the energy band gap decreases from the gas phase
to more polar solvents, with the highest energy gap occurring
for compound (P-FNB) in gas phase, while compound with
a Br substitution (P-BrNB) in ethanol solvent has the lowest
energy gap. The energy band gap is influenced by the na-
ture of the substituent (halogen atom) at the para-position of
the nitrobenzene compound. Furthermore, due to the large
HOMO-LUMO energy gap, the global hardness and the sta-
bility of the studied compounds increase in the following
order: P-FNB> P-ClNB> P-BrNB> NB, and the chemi-
cal reactivity decreases in the opposite order: P-FNB< P-
ClNB< P-BrNB< NB. In addition, it is found that the MP2
method in estimating the IP energy of the NB compound is
in good agreement with the experimental data in contrast to
DFT/B3LYP.
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