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Article History This current research characterizes 2-chloro-1-fluoro-4-nitrobenzene molecule via the Hartree Fock
Received: 15.11.2024 (HF) and density functional theory (DFT) quantum mechanical computational techniques using
Accepted: 06.12.2024 B3LYP/6-311++G(d,p) levels of computation. The molecular geometries, thermodynamic quantities

at 300 K, NMR chemical shifts, corresponding vibrational spectra, UV-vis spectra, vibrational
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frequencies, and atomic point charge distributions are extensively investigated. The *H and *3C NMR

Keywo_rds chemical shifts, and theoretical vibrational frequencies are compared to the experimental results. It
Comparison is obtained that all calculations are in agreement with the available experimental data which has the
DFT IH isotropic chemical shifts range from 8.306 ppm to 7.235 ppm, while the computed values range
HF from 9.0368 ppm to 6.8397 ppm, 8.3213 ppm to 6.1242 ppm at DFT and HF GIAO levels,
ICT Regions respectively. Besides, calculated 3C chemical shifts vary from 141.83 ppm to 186.394 ppm and from
Simulations 129.743 ppm to 174.373 ppm by using DFT and HF in CH4, while these values are in the range of

117.00 ppm to 164.59 ppm, experimentally. This points out that the chosen computation sets are
highly effective methods for identifying and characterizing the compound. In addition, simulations
are performed to examine frontier molecular orbitals, electrostatic potential, and molecular
electrostatic potential regions. Key properties such as dipole moment, chemical hardness, transition
states, electronegativity, molecular softness, nucleophilic aromatic regions, electrophilicity index,
and energy band gap are also analyzed to explore potential future applications such as advanced
applied sciences, industry, chemistry, medical, physics, biology, pharmaceuticals, dyes, and
agrochemicals of the compound. Additionally, it is noted that the compound contains significant
intramolecular charge transfer (ICT) regions, lone electron pairs, electron-donating groups, n-bond
conjugation, and particularly reactive electrophilic and nucleophilic aromatic sites. Accordingly, it is
pointed out that the molecule has a strong potential for metallic bonding as well as various
intermolecular interactions. In summary, this study provides valuable information that will benefit
both basic research and technological or industrial applications by increasing the understanding of
physical, chemical, structural, and reactive features of the 3-chloro-4-fluoronitrobenzene molecule.
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1. Introduction 1-fluoro-4-nitrobenzene) possesses a molecular weight of
175.54 g/mol. Especially, with the functional groups including

The compound with the molecular formula of C¢H3CIFNO, chloro (CI), nitro (NO,), the fluoro (F) groups, the title

3-chloro-4-fluoronitrobenzene (sometimes called as 2-chloro-
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compound can find several application fields as a result of the
usage of an intermediate in organic synthesis, especially in the
production of pharmaceuticals, dyes, and agrochemicals.
Besides, the organic compound with distinct functional groups
including the valuable combination of a nitro group and two
halogens (nitro, fluorine, and chlorine groups) makes the
organic material studied reactive in electrophilic and
nucleophilic aromatic substitution reactions and thus useful for
further functionalization. This compound with a halogenated
benzene ring is often used in pharmaceutical research in the
case of the requirement of electron-withdrawing effects. The
attractive crystal structure (high reactivity) allows selective
modification in medicinal chemistry, particularly antimicrobial,
anti-inflammatory, and anticancer drugs. Also, chlorine and
fluorine contribute to the reactivity of molecules for designing
molecules with specific binding affinity and metabolic stability.
The presence of halogens (for better bonding to fibers and
substrates) and a nitro group (for color stability) gives vibrant
colors and improved adhesion. In polymer chemistry, the
structure of 2-chloro-1-fluoro-4-nitrobenzene makes it ideal for
creating polymers with enhanced thermal stability and
resistance to degradation. As a polymer additive, it improves
combustion resistance and flame-retardant properties. In
agrochemicals,  3-chloro-4-fluoronitrobenzene  aids in
developing plant protection products due to its strong electron-
withdrawing properties and biological activity, making it useful
for insecticides, herbicides, and fungicides.

Additionally, due to its reactivity, the 3-chloro-4-
fluoronitrobenzene compound has widely been used in organic
research environments as a starting material, substrate, or
functional group-bearing molecule to explore nucleophilic
aromatic substitutions or further functionalization studies. The
3-chloro-4-fluoronitrobenzene molecule is also used to study
unique substitutions, reaction mechanisms, or synthetic routes.
However, although the 3-chloro-4-fluoronitrobenzene is a very
valuable chemical substance in many application fields, it has
not found a place in many studies. It is seen that six valuable
articles are directly related to the 3-chloro-4-
fluoronitrobenzene in the literature. Namely, in a study
performed in 2008, the reduction of heterocycles and fluorine-
containing nitroaromatics using microwave irradiation power
of Mo(CO)s and DBU in EtOH, the 2-chloro-1-fluoro-4-
nitrobenzene, which could play a crucial role in the other
compound synthesis of biological molecules, was used as one
of the starting materials to get various anilines (Spencer et al.,
2008). In a 2024 study, researchers modified oxidized
hydrogen-substituted graphyne and combined it with carbon
nanotubes (CNTs) using seven ionic liquids through covalent
and non-covalent bonding to investigate how ionic liquid
structure and CNT incorporation mode impacted material
properties, finding that longer alkyl chain ionic liquids had
higher adsorption capacities and that CNT incorporation
affected the dispersion and interaction with the genotoxic

impurity  3-chloro-4-fluoronitrobenzene  in  gefitinib,
demonstrating an economical and simple method for impurity
analysis (Zhang et al., 2024). Moreover, Chen and Wang (2021)
performed detailed experimental investigations on the density,
viscosity, and saturated vapor pressure features for the
characterization  of  the  3-chloro-4-fluoronitrobenzene
molecule. In 1997, Ravi et al. conducted experimental studies
on the organic synthesis of the 3-chloro-4-fluoronitrobenzene
molecule (Ravi et al., 1997). Besides, the molecule was used as
a starting material for the production of phenylated diamine,
bis(4-amino-2-biphenyl) ether (Morikawa et al., 2005).
Moreover, a scientific study has been conducted to investigate
changes in the toxicity of chemicals in water as a result of the
use of solvents or dispersants as carriers in 2016 (Kikuchi et al.,
2016). The research group was used to investigate the
bioavailable concentration of the test chemical and whether the
compound had a significant or minimal effect on the acute
toxicity of the chemical. At the same time, quantum chemistry
modeling approaches are powerful tools for predicting the
fundamental features of organic molecules and offering deeper
insights into experimental phenomena.

In the current study, we perform full identification of the 2-
chloro-1-fluoro-4-nitrobenzene molecule with the aid of
quantum chemistry models such as HF and DFT within B3LYP
and 6-311++G(d,p) computation technique. The theoretical
predictions extracted from the modern calculation methods are
compared to the experimental observations in the SDBS
(10089) database (Ertem & Altunpak, 2019), assessing a strong
correlation between theoretical and experimental data for
vibrational frequencies deduced from FTIR spectra and NMR
spectra. A detailed analysis is conducted on the UV-visible
(UV-vis) spectra and a range of thermodynamic properties
including heat capacity, total/zero-point vibrational/thermal
energy, rotational constants, total dipole moments, and entropy
belonging to the 3-chloro-4-fluoronitrobenzene compound.
Furthermore, atomic charge distributions are examined to
assess dipole moments and regions of intramolecular charge
transfer (ICT). The study reveals that the title molecule with the
electrophilic and nucleophilic aromatic regions shows potential
for metallic bonding and strong intermolecular interactions. It
should be referred here that the presence of intramolecular
charge transfers enables the compound to be used in the
electrode materials (Altunpak et al., 2019; SDBS, 2024). At the
same time, this research includes visualization of key electronic
properties, such as MEP, LUMO, ESP, and HOMO images
providing detail information about electrophilicity, transition
states, nucleophilic aromatic regions, chemical hardness,
energy band gaps, molecular softness, and electronegativity so
that we can understand the high reactivity of the sample studied
for the future application fields as regards advanced applied
sciences, physics, industry, chemistry, biology, medical,
pharmaceuticals, dyes, and agrochemicals of the compound.
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2. Materials and Methods

This study provides comprehensive computational analyses
including optimized molecular geometry, atomic charges,
dipole moment, vibrational frequencies, ICT regions, Raman
activities, thermodynamic properties at 300 K, UV-vis spectra,
functional group identifications, charge transfer characteristics,
NMR chemical shifts utilizing from Gaussian 09 package
(Dennington et al., 2007) and molecular visualization program
(Becke, 1992; Stephens et al., 1994; Wu & Yang, 2002) at
B3LYP method by 6-311++G(d,p) set (Saiardi et al., 1999;
Schell et al., 1999) embedded in HF and DFT quantum
computational technique of 3-chloro-4-fluoronitrobenzene
compound, as shown in Figure 1, for the first time. Electronic
properties are analyzed through MEP, LUMO, HOMO, and
ESP mappings, while energy band gaps and transition states are
evaluated to understand the stability, reactivity, and potential
applications of the 2-chloro-1-fluoro-4-nitrobenzene molecule.

Figure 1. Molecular  geometries of  3-chloro-4-
fluoronitrobenzene molecule.

This work provides a quality reference on the physical,
chemical, structural, and electronic characteristics of the 3-
chloro-4-fluoronitrobenzene compound for future studies.
Additionally, theoretical NMR shifts are calculated using the
B3LYP/6-311++G(d,p) basis level set with the Gauge-
Including Atomic Orbital (GIAO) method. Visible electronic
absorption maxima are determined using the quantum
mechanical methods of TDF/DFT, CIS, and TDF/HF (Furche
& Ahlrichs, 2002). Theoretical force constants in Cartesian
coordinates are determined under the Cs point group for the
optimized geometry. The force field (Pulay et al., 1983; Rauhut
& Pulay, 1995) is adjusted through selective scaling within the
internal coordinates (Fogarasi & Pulay, 1986; Fogarasi et al.,
1992; Keresztury et al., 1993; Polavarapu, 1990).

The electronic features are further analyzed based on total
energy calculations and Koopmans' theorem principles. The
ionization potential (IP) is calculated by comparing the energy
of the radical cation formed by electron loss with that of the
neutral molecule and also gives valuable information about the

ionization tendency and electronic behavior of the molecule
(Buyukuslu et al., 2010). One can see the following relations:

IP1e= Ecation - En (1)
IPke= - Enomo )

Additionally, EA indicates the electron affinity with the aid
of energy differentiation between the anion and neutral
molecules:

EATe=En — Eanion (3)
EAke= - ELumo 4)

The IP and EA (electron affinity) are utilized to determine
key thermodynamic and physical properties, including
electronegativity (), softness (), electrophilicity index (),
and hardness (1) coefficients (Kohn et al., 1996; Politzer &
Abu-Awwad, 1998). Chemical hardness and electronegativity
are then found by the corresponding formulas of 5 and 6.

pu=-y=-(IP+EA)/2 (5)
n = (IP-EA)/2 (6)

Moreover, the softness and electrophilicity indices are
determined by using 7 and 8. Namely,

&= 1/(2n) (7
y=(n2/2n) (8)
3. Results

In this work, we are interested in the vibrational frequencies,
related assignments of vibrations, optimized molecular
structures, atomic charge distributions, dipole moments, ICT
regions, thermodynamic properties (rotational constants,
entropy, heat capacity, and scaled  zero-point
vibrational/thermal/total energies) at 300 K, UV-vis absorption
maxima, functional group identifications,
electrophilic/nucleophilic aromatic regions, charge transfer
characteristics, lone (non-bonding) pairs, chemical hardness,
energy band gap, molecular softness, and electronegativity
NMR chemical shifts, conjugation of m bonds, electron
engagement, 2D total charge contours, MEP, LUMO, ESP, and
HOMO images of 3-chloro-4-fluoronitrobenzene compound
for the first time.

The illustration of 3-chloro-4-fluoronitrobenzene molecule
is depicted in Figure 1. The related geometric parameters
including bond length sizes and bond angles of 3-chloro-4-
fluoronitrobenzene molecule performed by both DFT and HF
computation levels of theory are given in Table 1. Prior to the
crucial discussions, Table 1 strongly indicates that all the bond
lengths and both angles are found to be in perfect agreement
with each other. That is exactly why the modern calculation
methods preferred in the current work are reliable. In detail, two
models show that there are no distortions and deviations in the
bond length sizes and bond angles on the benzene ring. The
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carbon and carbon bond lengths are calculated as 1.4014 A and
the lengths for C-H bonds are calculated to be 1.07 A at both
calculation methods. Similarly, the C-F bond length sizes are
calculated to be 1.35 A when the length between the nitrogen
and carbon atoms is obtained to be 1.47 A. Besides, the bond
length size between nitrogen and oxygen atoms is computed to
be 1.35 A. Likewise, the bond angles are not distorted. On this
basis, the bond angles between carbons is computed as 1200.
Moreover, the bond angle between carbon-carbon-fluorine, or
chlorine atoms and carbon-carbon-hydrogen atoms is
calculated to be 1200. Also, the bong angle between carbons
and nitrogen atoms is found to be 109.39690. Further, the angle
for carbon-nitrogen-oxygen atoms is determined to be
109.39690. Additionally, the bond angle between oxygen-
nitrogen-oxygen atoms is obtained as 106.54840 (Table 1). The
perfect harmony between the calculated structural geometry
parameters shows us that the DFT and HF quantum mechanical
methods can be used to determine all other features. Shortly,
the title 3-chloro-4-fluoronitrobenzene molecule with distinct
functional groups has an ideal geometry for electrophilic and
nucleophilic interactions.

The studied molecule (Cs point group) possesses 14 atoms,
hence, there appears an identity and a reflection plane
symmetry element. There are 3N internal vibrational modes
(Wilson et al., 1980) resulting from the three Cartesian

displacements. Among them, six modes account for
translational and rotational movements. Therefore, the
remaining 36 (3N-6) modes are characterized as 22 A' and 14
A" modes. In the Raman spectra, the A" modes, representing
symmetric (in-plane) vibrations, are polarized, while the A"
modes, which correspond to anti-symmetric (out-of-plane)
vibrations, are depolarized (Krishnakumar et al., 2008). The
spectroscopic features of the 3-chloro-4-fluoronitrobenzene
molecule are extensively examined through frequency
calculation analysis. Detailed vibrational assignments for the
fundamental modes are provided in Table 2, offering insights
into their structural and spectroscopic behaviors.

The presence of aromatic rings can be readily identified
through the characteristic vibrations related to the C—C and C-
H rings. The stretching vibrations of C—H bonds occur above
3000 cm™ and typically appear as a series of weak to moderate
bands, in contrast to the aliphatic C—H stretching modes
(Coates, 2006). In the current work, the stretching frequencies
are calculated between 3195 cm™ and 3220 cm™ and 3217 cm-
! and 3251 cm?! at DFT and HF calculation basis sets,
respectively. The experimental findings are determined to vary
between 3427 cm™t and 2925 cm* under different solvents. As
for the benzene ring vibrations, the C=C stretching modes are
calculated to be about 1504 cm™ and 1586 cm™ using the
quantum mechanical calculation methods.

Table 1. Theoretical geometric (bond lengths and angles) parameters of the 3-chloro-4-fluoronitrobenzene molecule.

Bond Length (A) Bond Angles (°)

Elements DFT/B3LYP//6-311++G(d,p) HF/6-311++G(d,p) Elements DFT/B3LYP//6-311++G(d,p) HF/6-311++G(d,p)
Cl-C2 140 1.40 C2-C1-C6 120.0 120.0
Cl-C6 1.40 1.40 C2-C1-H7 120.0 120.0
Cl-H7 1.07 1.07 C6-C1-H7 120.0 120.0
C2-C3 140 1.40 C1-C2-C3 120.0 120.0
C2-H8 1.07 1.07 C1-C2-H8 120.0 120.0
C3-C4 1.40 1.40 C3-C2-H8 120.0 120.0
C3-F13 1.35 1.35 C2-C3-C4 120.0 120.0
C4-C5 1.40 1.40 C2-C3-F13  120.0 120.0
C4-Cl14 1.76 1.76 C4-C3-F13  120.0 120.0
C5-C6 140 1.40 C3-C4-Cl14 120.0 120.0
C5-H9 1.07 1.07 C5-C4-Cl14 120.0 120.0
C6-N10 1.47 1.47 C1-C6-N10  109.4 109.4
N10-O11 1.36 1.36 C6-N10-012 109.4 109.4
N10-012 1.36 1.36 011-N10-0O12 106.55 106.55

The stretching vibrational modes of N=O bonds are
experimentally measured to be about 1674-1669 cm™.
Similarly, these modes appear at 1642-1366 cm™ and 1752-
1476 cm™ at DFT and HF levels of calculation, respectively.
Moreover, the stretching modes for the fluorine and chlorine
atoms are calculated as 1248-722 cm™ at the calculation levels.
Experimentally, the stretching mode of F-C bonding is

measured to be about 1171 and 722 cm™. The other skeleton
modes are found to be in a range of 46-1617 cm™ at
DFT/B3LYP//6-311++G(d,p) basis set and 45-1699 cm™* HF/6-
311++G(d,p) calculation levels. One can see similar results in
the scientific studies (Baraistka et al., 1987; Rintoul et al., 2008;
Wojtkowiak & Chabanel, 1977).
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Table 2. Experimental and theoretical vibrational frequencies (cm™) for the 2-chloro-1-fluoro-4-nitrobenzene molecule.

n T E — =
a T T o S
o = T a E
. E’, 5, - -% o) %‘
Assignments = = % % :l, lf/ 5
bt bt - - o o o
o @ c = - - .
$ § « x g g &
Usym(C-H) 3220.10 3251.59 11.35 10.93 3427 3411 2976
Usym(C-H) 3219.96 3248.80 6.59 5.49 2983 2951
Vasym(C-H) 3195.11 3217.75 0.03 0.12 2946 2949 2925
Va+ U(0=N) 1642.26 1751.54 29.36 390.29 1894 1757 1674
Va+ Y(C-H)+ D(O=N) 1617.32 1699.31 50.90 90.43 1835 1655 1669
0(0=N)+ Va+ Y(c-H) 1580.87 1682.23 253.37 194.21 1655
Y(c-Hyro(c=c)+ v(C3-F13)+ V(C6-N10) 1504.40 1586.08 125.38 37.34 1649
Va+ Y(C-H) 1423.22 1547.02 3.03 463.68 1468 1468 1464
0(0=N)+ Y(C-H)+ V(C6- N10) 1365.50 1476.02 313.04 8.01 1379 1380
Vasym & + Y(C-H) 1339.56 1340.12 22.67 99.64 1370 1370 1373
Ba+ y(c-H)+ U(F0) 1274.69 1307.72 123.35 4.15
Bat+ yc-H) 1251.40 1226.84 17.21 18.32 1249
Y(c-H)+ © (F-c)+ D(C6-N10) 1141.67 1192.73 37.37 16.96 1167 1168 1171
Bat y(c-H)+ O(Co-N10)+ U(F-C) 1126.18 1150.14 46.08 5.17 1150 1140 1126
Vat Y(C-H) 1063.36 1108.71 27.16 3.15 1112 1111 1112
bc-H) 971.87 1043.68 0.02 0.45 1004 1006 1009
0(C-H) 914.76 989.19 24.63 20.65 950 950 978
Bat+ v(cs-N10)+ y(C-H) + U(F-) 907.91 960.17 37.65 33.25
O(C-H) 842.77 900.89 25.98 34.00 864 885 847
Pmolecule 822.76 865.88 4.70 8.05 830 831 832
Y(c-c-C)t U(F-C)+ Y(O-N-0) 722.38 777.501 55.70 33.78 722
Pmolecule 720.85 751.29 19.25 70.77
Omolecule 695.56 742.33 0.40 0.14 671 672
Y(C-C-C)F Y(C-CN) 641.75 666.64 13.30 20.18 611 640
y(c-cN)* y(c-c-F)t yc-c-cl 557.32 579.31 1.19 1.44 556 558
Omolecule 531.63 549.66 0.72 1.58
y(c-c-F)t y(c-c-0)t y(c-c-Cly 500.75 521.16 6.6 8.38 505 518
Oring* Y(c-c-Cl) + Y(C-C-F) 450.13 475.36 3.57 4.47 441
y(c-c-0)F y(c-c-N)F Y(C-C-F) 367.42 380.39 0.11 0.01
Y(C-C-C)F Y (C-C-H)T V(C-NO2) 349.42 365.98 0.29 0.40
Omolecule 327.80 347.75 0.24 0.29
y(c-ccht y(c-c-Fyt y(c-CN) 250.82 263.05 2.11 3.25
y(c-c-F)t+ y(c-c-Nyt y(c-c-C) 175.54 183.43 1.66 2.32
Omolecule 169.16 178.94 0.02 0.07
Omolecule 114.31 122.97 4.75 5.92
wNO2+Wring 45.91 44.62 0.06 0.08

Abbreviations used: y. bending; w. wagging; v. stretching; sym. symmetric; B. breathing; o. rocking; w. torsion; asy. asymmetric; . Twisting, o: out

of bending, and a — Ring.
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4. Discussion

In this study, atomic point charge distributions across the
title 2-chloro-1-fluoro-4-nitrobenzene molecule are analyzed
using the Mulliken population analysis method (Foresman &
Frish, 1996; Helgaker et al., 1986; Olsen & Jargensen, 1985)
based on the quantum mechanical calculation method. For the
level of calculations, both DFT and HF levels are used, and one
can see atomic charges for each atom in Table 3. It is observed
that the results obtained from both quantum computational
methods are found to be in good agreement with each other. As
for Mulliken carbon atomic charges, it is seen that the
parameters are found to be both positive and negative. In this
respect, the C4 atom possesses the maximum Mulliken value of
0.818936 a.u. at the DFT and 1.094944 a.u. at HF calculation
levels due to its place closer to the ICT regions and lone pairs
whereas the minimum value of -1.283815 a.u. and -1.246466
a.u. is computed at the B3LYP and HF levels of theory,
respectively, for the C6 atom on the molecule. The Mulliken
atomic point charge distributions for the nitrogen atom for the
molecule are noted to be negative. That is -0.140476 a.u. and -
0.067920 a.u. at the B3LYP and HF levels of theory,
respectively. It can be attributed to a result of the intrinsic high
electronegativity of the nitrogen atom. As for the distinct
functional groups including halogens, the atomic charge of
fluorine atoms is computed to be about -1.283815 a.u. and -
1.246466 a.u.

The negatively charged lone pair verifies that charge is
transferred from the carbon atom to the fluorine one. Thus, the
fluorine atom behaves as the electron-withdrawing part of the
molecule. In other words, this atom augments the
functionalization and reactivity of the studied molecule so that
the compound can be used for designing molecules with
specific binding affinity and metabolic stability. Conversely,
chlorine atoms lose electrons due to the position and charge
transfer from carbon to chlorine atoms. Accordingly, the
computationl methods calculate the high positive Mulliken
values. Namely, the atomic charge for the chlorine on the
molecule is calculated to be about 0.383411 and 0.286061 a.u.
at the B3LYP and HF levels of theory. At the same time, both
the oxygen atoms are calculated in negative values due to the
acceptance of electrons (electron-withdrawing) along the
molecule. Numerically, the DFT method calculates the values
of -0.009972 a.u. for the O11 atom and -0.007071 a.u. for the
012 atom while the atoms are determined as -0.059361 a.u. and
-0.062761 a.u. at HF modern computation method. As
expected, all the hydrogen atoms lose the electron on the
molecule. The highest Mulliken hydrogen atomic charge is
determined to be about 0.282926 a.u. and 0.335952 a.u. for the
H9 atom due to high negative charges around the atom and high
electron engagement. All in all, the charge migrations are
related to molecular interactions across the title compound. The
presence of ICT regions, lone pairs, electron-donating groups,
n-bond conjugation, and especially electrophilic/nucleophilic

aromatic regions based on the functional groups leads to the
different distributions of atomic point charges across the
compound studied. That is exactly why the material can be used
in many advanced applied sciences. The variations between HF
and B3LYP results can be attributed to factors such as -
conjugation within the carbon ring, the presence of non-
bonding lone pairs, electron engagement, and ICT effects;
nonetheless, the results remain largely consistent.

Table 3. Atomic point charge distributions across the 2-chloro-
1-fluoro-4-nitrobenzene molecule.

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

Cl 0.556907 0.433912
C2 -0.211351 -0.139069
C3 -0.889484 -1.059805
C4  0.818936 1.094944
C5 0.136082 0.070027
C6  -1.283815 -1.246466
H7  0.272392 0.317739
H8  0.223312 0.268211
H9  0.282926 0.335952
N10 -0.140476 -0.067920
011 -0.009972 -0.059361
012 -0.007071 -0.062761
F13 -0.131795 -0.171466
Cl14 0.383411 0.286061

Electronic  transitions in the 2-chloro-1-fluoro-4-
nitrobenzene molecule are classified by the orbitals involved
and specific regions within the molecule. The two primary
transitions observed are 1 — 7* (donor to acceptor), generally
stronger, on the other hand, the transition of n — 7* is relatively
weaker. To characterize the transitions, electronic absorption
spectra are calculated using CIS, TD-DFT/B3LYP//6-
3116+G(d,p), and TD-HF/6-311++G(d,p) levels of calculation
in vacuum. In the computational approaches provided, there are
some values for absorption maxima (), excitation energies, CI-
expansion coefficients, oscillator strengths (f), singlet states,
and main transition details, summarized in Table 4. It appears
that all the calculation methods exhibit similar results for all the
values. In the table, the A parameter corresponds to electron
availability, and key electronic transitions take places between
frontier molecular orbitals. For excited state 1, transitions stem
from HOMO-2 to LUMO, or HOMO-1—-LUMO+14 or
HOMO-2—-LUMO+3 are identified, while additional
transitions are detailed in Table 4.

Numerically, the calculated maximum absorption
wavelengths (Amax) are approximately 867.97 nm, 1665.41 nm,
and 1226.17 nm for excited state 1 at the standard CIS, TD-
DFT/B3LYP//6-311++G(d,p), and TD-HF/6-311++G(d,p)
levels of calculation, respectively. For excited state 2, Amax
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parameters are found to be 482.25 nm, 756.14 nm, and 555.33
nm within the same calculation methods. Besides, for excited
state 3, the Amax Values are calculated to be about 374.32 nm,
607.34 nm, and 497.25 nm at the calculation levels of CIS, TD-

DFT/B3LYP//6-3116+G(d,p),

and TD-HF/6-311++G(d,p),

respectively. 867.97 nm (1665.41 nm and 1226.17 nm)
transition correspond to a T — 7* transition associated with
C=C bonds, while 482.25 nm (756.14 nm and 555.33 nm) peak
involves overlapping m — n* transitions within the benzene
ring, influenced by oscillation effects (Table 5).

Table 4. Theoretical electronic absorption spectra parameters inferred from CIS basis set.

Cl-Expansion Coefficient

Excitations Energy (eV)  Singlet-A  Wavelength (nm) Oscillator strength (f) Translations

Excited State 1

39—45 -0.41940 HOMO-2—LUMO
40—45 0.47988 HOMO-2—LUMO+1
42—45 1.4284 -0.18942  867.97 0.0004 HOMO-2—LUMO+14
4345 0.12941 HOMO-1-LUMO
44—45 -0.12089 HOMO-1-LUMO+14
Excited State 2

37—45 0.10163 482.25 HOMO-2—LUMO
38—45 2.5710 0.12234 0.0018 HOMO-2—LUMO+1
41—45 -0.13039 HOMO-2—LUMO+3
Excited State 3

30—45 -0.13024 HOMO-2—LUMO
36—45 -0.19514 HOMO-2—LUMO+1
42—45 3.0417 -0.18573  374.32 0.0491 HOMO-2—LUMO+3
4345 -0.10329 HOMO-2—LUMO+14
44—45 0.21455 HOMO-1—-LUMO

Table 5. Theoretical electronic absorption spectra parameters deduced from TD-DFT/B3LYP//6-3116+G(d,p), and TD-HF/6-

311++G(d,p) calculation levels.

TD-DFT/B3LYP//6-3116+G(d,p)

Excitations Energy (eV) Singlet-A  Wavelength (nm) Oscillator strength (f) Translations
Excited State 1

41—45 0.11875 HOMO-3-LUMO
42—45 -0.28750 HOMO-2—LUMO
43—45 07445 -0.39962 1665.41 0.0000 HOMO-1—-LUMO
44—45 0.50663 HOMO—LUMO
Excited State 2

41—45 -0.11746 756.14 HOMO-3—LUMO
42—45 0.22109 HOMO-2—LUMO
43—45 16397 0.43544 0.0006 HOMO-1—-LUMO
44—45 0.49338 HOMO—LUMO
Excited State 3

41—45 -0.14123 HOMO-3—LUMO
42—45 2.0414 0.56931 607.34 0.0005 HOMO-2—LUMO
43—45 -0.38833 HOMO-1-LUMO

TD-HF/6-311++G(d,p)
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Table 5. (continued).

Excitations Energy (eV)  Singlet-A  Wavelength (nm) Oscillator strength (f) Translations
Excited State 1

39—45 -0.43665 HOMO-5—LUMO
40—45 10111 0.48435 1926.17 0.0003 HOMO-4—LUMO
42—45 -0.24334 HOMO-2—LUMO
43—45 0.10265 HOMO-1—-LUMO
Excited State 2

37—45 0.15665 555.33 HOMO-7—LUMO
38—45 2.2326 0.66205 0.0015 HOMO-6—LUMO
41—45 -0.11241 HOMO-3—LUMO
Excited State 3

42—45 0.50585 HOMO-2—LUMO
4345 2.4934 0.22326 497.25 0.0403 HOMO-3—-LUMO
44—45 -0.36931 HOMO—LUMO

A weak absorption peak of 374.32 nm (607.34 nm and
497.25 nm) corresponds to an n — 7* transition involving NO;
and related halogen groups. In the CIS calculation method,
oscillator strengths of 0.0004, 0.0018, and 0.0491 for these
transitions are also shown in Table 4. The higher oscillator
strength is observed for the weak absorption peak.

In the current work, we make NMR analyses for *3C and 'H
NMR spectra to identify the sample using the experimental and
theoretical data using HF and B3LYP modern calculation
techniques as a result of the perfect agreement between all the
data discussed above. It is received that the latter calculation
methods show much closer results due to electron correlation
effects along the calculations. Even, B3LYP calculations for the
vibrational spectra in the optimized molecular structure of the

molecule have already displayed a strong correlation with
experimental data. In this study, the GIAO method for two
quantum mechanical calculations is employed to calculate the
3C and 'H NMR chemical shifts for the 3-chloro-4-
fluoronitrobenzene molecule. One can see every calculation in
Table 6. Experimentally, *H isotropic chemical shifts range
from 8.306 ppm to 7.235 ppm, while the computed values range
from 9.0368 ppm to 6.8397 ppm, 8.3213 ppm to 6.1242 ppm at
DFT (B3LYP/6-311++(d,p))// TMS+HF/6-31G(d) GIAO and
B3LYP/6-311++(d,p))//TMS+B3LYP/6-311+G(2d,p) GIAO
levels of theory. The highest/smallest *H chemical shift is
observed for the H9/H7 atom. It is normal to possess the
maximum NMR chemical shift of the Hyg atom because of the
highly electronegative atoms around the atom (the presence of
ICT regions, lone pairs, and electron-donating groups).

Table 6. 3C and H isotropic chemical shifts (concerning TMS, all values in ppm).

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

HF(6-311++(d,p))/

Experimental

Label TMSHF/6- TMSB3LYP/6-  CHAHF/6-  TMSHF6- LY CHA HEf6.
31G(d) 311+G(2d,p) 31G(d) 31G(d) 311+G(2dp)  31G(d) GIAO CDCls
GIAO GIAO GIAO GIAO GIAO '
Cs 187.28 169.76 186.394 175.259 157.739 174.373 164.59
C: 184.585 167.066 183.700 161.730 144.21 160.844 159.40
Cs 158.218 140.699 157.333 141.082 123.563 140.197 144.42
Cs 157.138 140.218 156.852 178.288 160.769 177.403 126.78
Cs 146.042 128.522 145.157 142.526 125.006 141.641 124.18-122.46
C 142.715 125.195 141.83 130.628 113.108 129.743 117.47-117.00
Ho 9.0368 8.3213 9.4301 8.7146 8.306
Hs 7.5097 6.7942 7.626 6.9105 7.424
H; 6.8397 6.1242 5.898 5.1825 7.235
As for the HF quantum mechanical method results, ‘H 311++(d,p))/ TMS+HF/6-31G(d) GIAO) and 6-

chemical shifts are found to be in a range of 9.4301 ppm to
5.898 ppm, 8.7146 ppm to 5.1825 ppm at HF (6-

311++(d,p))//[TMS+B3LYP/6-311+G(2d,p) GIAO) calculation
levels. In this respect, theoretical predictions (especially DFT
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ones) observed from all the used methods demonstrate close
agreement between experimental findings. For *C NMR shifts
relative to TMS, computed values span 142.715 ppm (C2) to
187.28 ppm (C3) at DFT (B3LYP/6-311++(d,p))// TMS+HF/6-
31G(d) GIAQ), 125.195 ppm to 169.760 ppm using B3LYP/6-
311++(d,p))// TMS+B3LYP/6-311+G(2d,p) GIAO) levels of
theory, compared to experimental shifts of 117.00 ppm to
164.59 ppm. Additionally, the chemical shifts for the carbon
atoms are found to change from 130.628 ppm (C2) to 175.259
ppm (C3), 157.739 ppm to 113.108 ppm at HF (6-
311++(d,p))/ TMS+HF/6-31G(d) GIAO) and 6-
311++(d,p))/TMS+B3LYP/6-311+G(2d,p) GIAO) calculation
levels, respectively. Besides, *C chemical shifts are calculated
to vary from 141.83 ppm until 186.394 ppm and from 129.743
ppm to 174373 ppm by wusing DFT (B3LYP/6-
311++(d,p))//CH4 HF/6-31G(d) GIAO) and HF (6-
311++(d,p))//CH4 HF/6-31G(d) GIAO) modern calculation
methods. According to the theoretical calculations, it is
observed that the DFT method calculates higher values than
those of HF calculation level. In general, similar to other
sections, it is stated that the DFT theoretical calculation method
(especially DFT (B3LYP/6-311++(d,p))//TMS+HF/6-31G(d)
GIAOQ)) offers the closest chemical shifts among the methods.

In the present study, thermodynamic properties including
thermal energies, total, zero-point vibrational energy, heat
capacities, rotational constants, entropies, and dipole moments
(U, Wx, Wy, Mz, and p) are computed using B3LYP and HF
computational techniques. The calculated results are
summarized in Table 7. It is seen that the zero-point vibrational
energy (scaled by a valuable factor based on overestimation of
harmonic vibrational frequencies (Avci & Atalay, 2009) is
calculated to be about 52.078759764 a.u./Particle and
51.2612766 a.u./Particle at the DFT and the HF levels of theory.
As for the total energy parameter, it is calculated as
approximately -995.75777428 a.u. by the DFT quantum
mechanical method, while the total energy is determined as -

992.07996302 a.u. by the HF modern calculation method. At
the same time, total entropy values are approximately 95.275
cal.mol*K* and 93.003 cal.mol*K* at the B3LYP and HF
levels, respectively. The thermal energy values are found to be
58.709 kcal.mol! (B3LYP) and 62.827 kcal.mol* (HF).
Similarly, the total heat capacity values are determined to be
approximately 32.620 cal.mol*K™ and 30.311 cal.mol*K! at
the B3LYP and HF calculation levels. The rotational constant
values are calculated as 1.84572 GHz, 0.60797 GHz, and
0.45733 GHz at the DFT/B3LYP//6-311++G(d,p) level of
theory, while the values are defined to be about 1.88353 GHz,
0.62104 GHz, and 0.46705 GHz at the HF/B3LYP//6-
311++G(d,p) basis set.

The dipole moment, reflecting the uneven charge
distribution across a molecule, plays a crucial role in analyzing
intermolecular interactions, such as van der Waals forces,
where higher dipole moments often correspond to stronger
interactions. This parameter also provides insights into the
formation of herbicides and insecticides and related biological
properties of the molecule, particularly regarding interactions
with enzyme active sites, and its behavior in a magnetic field.
The computed dipole moment values for the 2-chloro-1-fluoro-
4-nitrobenzene molecule are approximately 2.8412 Debye at
DFT/B3LYP//6-311++G(d,p) basis set and 2.9382 Debye at
HF/6-311++G(d,p) (HF), indicating a polar structure with non-
uniform atomic charge distributions, consistent with simulation
analyses.

Besides, the compound with the combination of great
stability/bioactivity and high dipole moment seems to be useful
for the functionalization of the newly synthesized molecules to
develop fungicides. Extensive studies have examined how
external magnetic fields influence properties such as in vitro
regeneration, phenolic content, growth, antioxidant activity,
and defense enzyme responses in organic compounds (Ulgen et
al., 2020, 2021).

Table 7. Total energies (a.u.), Zero-point correction (a.u./Particle), zero-point vibrational energies (kcal mol*), entropies (cal mol*K-
1), thermal energies (kcal mol?), rotational constants (GHz), heat capacities (cal mol*K™), and dipole moment (Debye), and Zero-point

corrections (a.u./Particle).

Parameters DFT/B3LYP//6-311++(d,p) HF/6-311++(d,p)
Zero-point vibrational energy 52.078759764 51.2612766
Zero-point correction 0.084652 0.091787
Thermal correction to Energy 0.093559 0.100121
Thermal correction to Enthalpy 0.094503 0.101066
Thermal correction to Gibbs Free Energy 0.049235 0.056877

Sum of electronic and zero-point Energies -995.673122 -991.988176
Sum of electronic and thermal Energies -995.664215 -991.979842
Sum of electronic and thermal Enthalpies -995.663271 -991.978897
Sum of electronic and thermal Free Energies -995.708539 -992.023086
Total energy -995.75777428 -992.07996302
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Table 7. (continued).

Parameters DFT/B3LYP//6-311++(d,p) HF/6-311++(d,p)
1.84572 1.88353
Rotational constant 0.60797 0.62104
0.45733 0.46705
Entropy
Total 95.275 93.003
Translational 41.386 41.386
Rotational 30.816 30.754
Vibrational 23.072 20.863
Heat capacity
Total 32.620 30.311
Translational 2.981 2.981
Rotational 2.981 2.981
Vibrational 26.659 24.350
Thermal energy
Total 58.709 62.827
Translational 0.889 0.889
Rotational 0.889 0.889
Vibrational 56.932 61.050
Dipole moment
Lix -2.0792 -2.0014
Ly 1.9363 2.1511
Uz 0.0000 0.0000
n 2.8412 2.9382

This section examines the basic properties of frontier
molecular orbitals, namely HOMO and LUMO. The HOMO is
considered the outermost orbital that contains electrons and acts
as an electron donor, while the LUMO is the innermost orbital
that has vacancies that can accept electrons (Gece, 2008).
Orbitals are crucial to understanding the chemical reactivity and
electronic properties of organic molecules. According to
molecular orbital theory, interactions between HOMO and
LUMO involve electronic transitions such as w-n* transitions,
which directly affect the optical and electronic behavior of a
molecule (Fukui, 1982).

The HOMO level is related to the ionization potential,
which reflects the tendency of the molecule to donate electrons,
whereas the LUMO energy level corresponds to the electron
affinity, which represents the capacity of the molecule to accept
electrons. The energy gap (AE) between HOMO and LUMO,
also known as the band gap, is a critical measure of molecular

stability, where a smaller gap indicates greater chemical
reactivity and a larger gap indicates greater stability (Lewis et
al., 1994). Our calculated values for the frontier orbitals and
band gap are presented in Table 8, and 3D visualizations of
HOMO and LUMO are shown in Figure 2.

The calculated band gap at B3LYP/6-311++G(d,p) modern
calculation level is approximately 0.17286 a.u. while at HF/6-
311++G(d,p) basis level it is approximately 0.41342 a.u. The
larger HF band gap calculated is due to the nonexistence of
electron correlation across the HF quantum mechanical
method. In the simulations, HOMO is mainly localized in
various regions of the molecule, excluding hydrogen
(positively charged), nitrogen, (rarely) oxygen, and an amino
group, such as Hy, Hs, and amino group, whereas LUMO
extends to larger areas of the molecule, excluding atoms such
as chlorine and hydrogen atoms.
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Table 8. Energy gaps, total electronic energies, and molecular quantities determined from DFT/B3LYP//6-311++G(d,p) and the HF/6-

311++G(d,p) levels of theory.

Molecular orbital features

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

Eromo (a.u.) -0.29148 -0.38077
ELumo (a.u.) -0.11862 0.03265
EHIGHEST (a.u.) 215.75794 219.34911
ELowest (a.u.) -101.58774 -104.86940
Energy bandgap, AE (Exomo-ELumo) (a.u.) bandgAD, AE EHOMO-ELUMO (8.u.) 0.17286 0.41342
lonization potential (IP=-Enomo) 0.29148 0.38077
Electron affinity (EA=-ELumo) 0.11862 -0.03265
Chemical hardness (1) 0.08643 0.20671
Chemical softness ({) 5.1790586 2.418847
Electronegativity () 0.20505 0.174706
Chemical potential (L) -0.20505 -0.174706
Electrophilicity index () 0.243234 0.0738285
Maximum charge transfer index (ANmax.=- W/ 1) 2.37244 0.84517439

Figure 2. a-) HOMO simulation and b-) LUMO map of the title compound. (Red/green regions reveal the positive/negative phases.

The lowest molecular orbital (MO) eigenvalue for the
compound is determined to be -101.58774 a.u. at the B3LYP
modern calculation level and -104.86940 a.u at the HF
calculation level, while the highest MO eigenvalues are
computed as 215.75794 a.u. and 219.34911 a.u. for B3LYPand
HF, respectively. These results offer a comprehensive defining
of the electronic structure of the 2-chloro-1-fluoro-4-
nitrobenzene molecule, demonstrating how stability and
reactivity vary with the computational method employed.
Furthermore, essential electronic properties such as EA, IP,
dipole moment (p), softness (), electronegativity (y),
electrophilicity (y), hardness (n), and ANma are evaluated
through advanced computational chemistry techniques.

This section focuses on the ESP surface map of the title 2-
chloro-1-fluoro-4-nitrobenzene  compound, providing a
detailed view of its molecular size, shape, and charge
distribution in its chemical environment. ESP mapping serves
as a critical tool for analyzing molecular interactions as it
reveals potential reactivity sites and highlights suitable sites for
intermolecular and intramolecular interactions such as
hydrogen bonding; ESP mapping is consistent with the
previously discussed findings on electron density, non-bonding
lone pairs, electron engagement, and conjugative effects (Wang
et al., 2008).
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Figure 3. 3D plots of ESP picture of the 2-chloro-1-fluoro-4-nitrobenzene compound.

The map reveals the most negatively charged regions are
concentrated round the nitrogen oxide and halogen atoms,
indicating that the sites are prone to electrophilic interactions

due to the delocalization of their m-electrons. In contrast, other
compounds exhibit nucleophilic reactivity sites, highlighting
their role as electron-rich sites within the molecule.

a

Figure 4. 3D plots of MEP image belonging to 2-chloro-1-fluoro-4-nitrobenzene molecule.

Additionally, the MEP image, which maps the interaction
energy between the electron and nuclear charges with a
hypothetical positive test charge, is simulated (from both sides)
for the molecule and depicted in Figure 4a-b. The MEP image
serves as an essential indicator of chemical reactivity by
reflecting electron density distribution and revealing areas
prone to electrophilic and nucleophilic attacks, as well as
potential hydrogen-bonding sites (Politzer & Murray, 2002).
The image of MEP extends to understanding how external
magnetic fields influence biological and chemical properties,
such as in vitro regeneration, phenolic composition, growth,
antioxidant activity, and enzymatic defense responses of
organic and herbal compounds (Ulgen et al., 2017). The MEP
map reveals regions of reactivity, where red areas indicate sites
favorable for electrophilic attack and blue areas indicate sites
favorable for nucleophilic reactivity. The highest negative
potentials, indicating electrophilic reactivity, are concentrated
around certain carbon and nitrogen atoms, while positive
potentials, indicating nucleophilic behavior, are seen around

bromine and hydrogen atoms. In this respect, the MEP findings
demonstrate the complex reactivity profile of the 3-chloro-4-
fluoronitrobenzene molecule, capable of engaging in both
electrophilic and nucleophilic interactions. The distinct charge
distribution further suggests potential for metallic bonding and
other intermolecular interactions, underscoring its potential for
an extensive range of chemical application fields. In
conclusion, the simulations obtained for the 2-chloro-1-fluoro-
4-nitrobenzene molecule indicate clearly that the compound
with high reactive parts is ideal for the advanced applied
sciences.

5. Conclusion

In the current work, we try to define the reactivity and
stability of the 3-chloro-4-fluoronitrobenzene molecule for the
future application fields as regards advanced applied sciences,
physics,  industry,  chemistry,  biology, = medicine,
pharmaceuticals, dyes, and agrochemicals of the compound, we
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make some calculations including vibrational frequencies,
dipole moments, related assignments of vibrations, optimized
molecular structures, atomic charge distributions, ICT regions,
thermodynamic properties at 300 K, UV-vis absorption
maxima, functional group identifications,
electrophilic/nucleophilic aromatic regions, charge transfer
characteristics, lone (non-bonding) pairs, chemical hardness,
energy band gap, molecular softness, and electronegativity
NMR chemical shifts, conjugation of m bonds, and electron
engagement regions. Besides, we simulate, for the first time, 2D
total charge contours, MEP, LUMO, ESP, and HOMO images
of the 3-chloro-4-fluoronitrobenzene compound. We also
compare the NMR and FTIR spectra with the theoretical
computations. According to the comparisons, the calculations
are closely aligned with experimental ones. The findings also
reveal that the compound possesses high ICT regions, lone
pairs, electron-donating groups, m-bond conjugation, and
especially electrophilic/nucleophilic aromatic regions. This
points out that the material has a potential for metallic bonding
and intermolecular interactions. Overall, this study not only
aids in the identification of the molecule analyzed but also
provides valuable insights for researchers, supporting both
foundational research and practical applications in technology
and industry.
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