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Abstract
In the present research, the computer program Gaussian 5.0.9W was used to perform all calculations and physicochemical characteristics 
of 2-chlorobenzene-1,4-diol, 2,5-dichlorobenzene-1,4-diol, and 2,3,5,6-tetrachlorobenzene-1,4-diol molecules. The novelty of the work 
lies in the application of quantum computing analysis, specifically employing density functional theory (DFT) and Hartree-Fock (HF) 
techniques with a variety of basis sets (3-21G, 6-31G and 6-311G) to study the structure and characteristics of title compounds. In the 
current investigation, the influence of an increasing concentration of Cl compound on the electronegativity, dipole moment, and ionization 
potential was investigated. The following quantum chemical properties were derived: EHOMO-ELUMO energy band gap (BG), energy ground 
state, ultraviolet (UV) spectroscopy, molecule electrostatic potential (MEP) on surfaces, density of states (DOS), reduced density gradient 
(RDG), nuclear magnetic resonance (NMR) including ground state energy E (B3LYP), thermodynamic parameters including thermal energy 
(E), entropy (S), molar heat capacity (Cv). Using a 6-31G basis set for DFT, the maximum amount of BG energy that can be transferred 
between HOMO and LUMO in a 2-chlorobenzene-1,4-diol molecule is 5.46 eV. Finally, based on our findings, the HF technique has a larger 
energy gap than the DFT approach. According to this, chlorohydroquinone compounds are less stable when using the DFT method, which 
suggests a higher degree of chemical reactivity.
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Introduction 

Chlorophenols have a benzene ring, a -OH group, and one or more 
chlorine atoms attached to the ring.1 The phenyl (Ph) rings, OH and 
Cl groups are ortho- and para-position concerning each other, so the 
electrophilic group radical attacks the electron-rich locations at the 
ortho- and para-sites.2-4 One of the major byproducts of chlorophenol’s 
photocatalytic breakdown is chlorohydroquinone. During the process 
chlorohydroquinone (H2QCl) is photolyzed to hydroquinone (QH2) 
and chlorobenzoquinone (QCl) in the air- or nitrogen-free solution. 
Then inverse reaction occurs, QH2 is produced and photolyzed 
to form H2QCl.5 More than that, further oxidation of this QCl and 
other hydroxylated products through decarboxylation, and breaks the 
aromatic rings, resulting in acetic acid, maleic and fumaric acids.4,6

H2QCl is a chemical compound that has been utilized as an 
aromatic agent. It is a white crystalline solid that dissolves in water, 
alcohol, and ether. H2QCl is called 2-chlorohydroquinone-1,4-diol 
and 2-chloro-1,4-dihydroxybenzene, as shown in Figure 1,7 and 
has the chemical formula is C6H5ClO2 with a molecular weight of 
144.55 g mol-1, therefore the Mass-Charge Ratio (m/z) is 143.8-9 H2QCl 
is a Ph molecule utilized as an intermediary in several organ chemical 
industries, posing a major hazard to the natural environment.7 They are 
used in plastics, pesticides, and research laboratories. It is a persistent 
and hazardous organic molecule when it gets into the water supply.10 
Furthermore, it has several applications fungicide, developmental 
agent, and pharmacological intermediates. As H2QCl becomes more 
widely used, its potential for leakage into natural water rises, and 
even in low quantities, it may have devastating consequences on the 
biological environment.7 

The toxicity and environmental durability of halo-hydrocarbons 
may be traced back to the stability of their C-Cl bond.11 Due to the high 

electronegativity of the C-Cl bond to cleave requires about 525 kJ mol-1 
energy.8 Also, three different conformations of chlorohydroquinone 
are possible, denoted by the letters TC, CC, TT, and CT in: the first 
letter means trans (T) or cis (C) hydroquinone, and the second letter 
denotes trans (T) or cis (C) conformation around the H-O-C=C-Cl 
part, because of the intramolecular hydrogen connection between the 
O-H and C-Cl groups, the optimal geometry for TC and CC is more 
stable than that for TT and CT, with computed relative energies of 0, 
0.47, 12.6, and 13.5 kJ mol-1 for TC, CC, TT, and CT respectively 12. 
The hydrogen-bond stabilization energy is similar to 2-chlorophenol 
(13.1 kJ mol-1).13

QH2 and H2QCI have different pKa values, 10.2 and 8.6, respectively. 
This proves that H2QCI is more acidic than QH2 . Although, the rate 
law for (ClH2Q) in aqueous acidic solutions has been shown to rely 
on the oxidant and the reductant in a first-order fashion.14-15 There 
is an accumulation of chloride ions in the medium reactions and 
the presence of H2QCI and QH2. H2QCI also exhibits vibrations 
at 3325 cm-1 for OH stretching, 1470 cm-1 for C-H scissoring, and 
743 cm-1 for C-Cl stretching.16-17

H2QCl, a degradation intermediate, commonly coexists with 
its isomers, including 2-chlorresorcinol and 4-chlorresorcinol, in 
environmental samples, making an accurate measurement of H2QCl 
difficult. However, tuning the band positions of carbon quantum dots 
(CQDs) experimentally is challenging because many factors, such as 
size and shape, control the HOMO and LUMO levels of CQDs, and 

Figure 1. Three major structures of chlorohydroquinone compound using 
Chemdraw
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many of these cannot be precisely adjusted. We need an easy, reliable 
analytical approach for the sensitive, selective detection of ClH2Q 
as soon as possible. The most common techniques for determining 
H2QCl at this time are high-performance liquid chromatography 
(HPLC), gas chromatography-mass spectrometry (GC-MS), liquid 
chromatography-mass spectrometer (LC-MS), and HPLC/quadrupole 
time-of-flight/mass spectrometry (HPLC/Q–TOF/MS). These 
techniques are labor- and time-intensive, not to mention expensive. The 
direct and quick detection of ClH2Q is currently not easily achieved.7

In the context of this study, these properties are essential for under-
standing the structure-function relationships of molecules, predicting 
their behavior in various environments, designing new materials 
with specific properties, and advancing fields such as drug discovery, 
materials science, and chemical synthesis of chlorohydroquinone 
compounds. Investigating these properties in chlorohydroquinone 
compounds using density functional theory (DFT) and Hartree-Fock 
(HF), the research contributes to the fundamental understanding of 
molecular behavior of chlorohydroquinone and provides insights that 
can be applied across different scientific disciplines.

Computational Study

In the current investigation, the computer program Gaussian 
5.0.9W was used to carry out all the essential atomic calculations 
and simulations in the three-dimensional shape of the molecule 
components while they were in the gas phase.18 The computational 
chemistry software Gaussian 09W is accompanied with the graphical 
user interface GaussView 5.0. Therefore, GaussView 5.0 is a valuable tool 
for preparing, running, and analyzing Gaussian calculations in the field 
of computational chemistry. Further, the Gaussian 09W was employed 
for output calculations using HF and DFT techniques. Also, the 
DFT approach may give output data for more accurate estimates 
of complicated electrical characteristics since it considers electron 
density.18-19 In addition, DFT is one of the significant methodologies 
that have shown a significant benefit over the Hartree-Fock method.20 
DFT and Hartree-Fock method were used in this examination to 
determine the HOMO, and LUMO states of 2-chlorobenzene-1,4-
diol, 2,5-dichlorobenzene-1,4-diol, and 2,3,5,6-tetrachlorobenzene-
1,4-diol compounds utilizing a variety of base sets, including 
6-31G, 6-311G, and 3-21G, to determine the band gap (BGs) of the 
compound. The results of this calculation are presented in this paper. 
Using shape-optimized structures, groups of electrical characteristics 
were observed, such as total energy (E), electronegativity (χ), dipole 
moment (Debye), softness (S), hardness (H), chemical potential (Pi), 

and electrophilicity (ω) were all calculated.21 For NMR, RDG, UV, 
PEM, DOS, and UV calculation we used the B3LYP level of theory 
(method) with a 3-21G basis set. Contributing same basis set is a more 
cohesive and comprehensive understanding of the physicochemical 
characteristics of the chlorohydroquinone compounds.

RESULTS and DISCUSSIONS

Geometry optimization

In this section, the molecular structures were optimized, and 
the influence that solvents have on the relevant thermodynamic 
coefficients using the quantum mechanical method at the B3LYP for the 
optimized 2-chlorobenzene-1,4-diol, 2,5-dichlorobenzene-1,4-diol, 
and 2,3,5,6-tetrachlorobenzene-1,4-diol molecules as shown below 
Figure 2. However, to optimize our compounds, DFT and Hartree-
Fock method have been used in this work. An advantageous way for 
optimizing the geometry of this approach begins by determining the 
energy associated with a certain beginning molecule shape.

Thermochemistry

The impact of adding Cl element to chlorohydroquinone molecule 
is the primary goal of thermochemistry. The thermodynamic 
characteristics parameters associated with this chemical in the gas 
phase were calculated using DFT approach, B3LYP level of theory 
(method) with a 3-21G basis set, and are shown in Table 1 below. 
These thermodynamic possessions parameters include thermal 
energy (E), entropy (S), and molar heat capacity (Cv). These values of 
those variables are directly related to the temperatures that are being 
measured. Additionally, when temperatures improve, there is a rise 
in atomic oscillation and vibration.

The three equations produce the final formulas for calculating the 
components of physicochemical values observed by Gaussian. In 
equation (1), entropy S  contributes from every component may be 
calculated using its partition function:22

(1)

The partition function may also be used to calculate the total internal 
thermal energy, which is denoted by E as shown in equation (2):
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Figure 2. Geometry optimization with DFT method

Table 1. The influence Cl element to chlorohydroquinone molecule on the relevant thermodynamic coefficients at 298.15 K, and 1 atm Using the B3LYP level of 
theory (method) with a 3-21G basis set

Calculation of parameters Unit 2-chlorobenzene-1,4-diol 2,5-dichlorobenzene-1,4-diol 2,3,5,6-tetrachlorobenzene-1,4-diol

E (Thermal) kcal/mol 66.979 61.672 51.112

Cv cal/mol.K 29.802 33.494 40.916

S cal/mol.K 86.838 93.464 107.516
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and last equation (3), the energy may be put to use to measure the total 
heat capacity Cv:

Cv
E

T
v�

�
�

�
�
�

�
�
�                                 (3)

The ability to absorb heat and the temperature are completely related 
to one another.23 The addition of chlorine (Cl) to a chlorohydroquinone 
molecule modifies its thermochemistry because it changes the structure 
and characteristics of the molecule. Adding a Cl atom may make the 
molecule more polar, which changes a lot of thermochemical things 
including bond energies, molecular vibrational, heat capacities, and 
heats of formation. which in turn affects its reactivity and interactions 
with other molecules as shown in Table 1.

Computed electronic structure

Molecules have unique and various separate orbitals, which are distinct 
from the orbitals observed among atoms. The amount of energy that is 
different between the HOMO and LUMO states could be used to help 
identify the kind of molecule that it is. This energy is referred to as 
the band gaps (BGs).24,25 In the current investigation, a wide variety of 
BG energy values have been analyzed and compared for each basis set 
(6-31G, 6-311G and 3-21G) for the compounds (2-chlorobenzene-1,4-
diol, 2,5-dichlorobenzene-1,4-diol, and 2,3,5,6-tetrachlorobenzene-
1,4-diol) with chemical formulas (C6H5ClO2, C6H4Cl2O2, and 
C6H2Cl4O2), respectively. The following equations (4), and (5) illustrate 
the structure of the molecule’s electron affinity (A), as well as its 
ionization potential:26

A = -ELUMO                                                                                                                                 (4)

and

I = -EHOMO                                                                                                                                             (5)
 

The following equation (6) was used to compute the value of the BG 
energy variable, which is represented by the symbol E:

ΔE = EHOMO – ELUMO                                                                                                                                                                         (6)

This equation gives the basis for obtaining a theoretical calculation of 
the electronegativity (χ), hardness (ɳ), and molecular softness (σ) as 
demonstrated in equations (7), (8), and (9):24

χ = (I + A) / 2                                                                                                                         (7)

ɳ = (I – A) / 2                                                                                                          (8)

σ = 1/ɳ                                                                                                                   (9)

To calculate the values of Chemical potential (Pi), and dipole moment 
(𝜇), as given in equations (10), and (11):26

Pi = -χ                                                                                             (10)

𝜇 = - (I+A)/2                                                                                 (11)

According to Table 2, the largest amount of BG energy that can be 
transferred between HUMO and LOMO in a 2-chlorobenzene-1,4-
diol molecule is 5.46 eV when using a 6-31G basis set for the DFT 
technique, and 5.74 eV when using a 6-31G basis set for the Hartree-
Fock method. There is seen small change energy gap. When using the 
DFT approach, the lowest BG to 2,5-dichlorobenzene-1,4-diol was 
determined at 5.33 eV when using the 6-311G basis set, whereas the 
largest BG was calculated at 6.93 eV when employing the Hartree-Fock 
method and same basis set as can be observed from Table 4. The final 
result for 2,3,5,6-tetrachlorobenzene-1,4-dio showed that the greatest 
BG energy was determined to be around 7.61 eV when the Hartree-
Fock technique was used using the 6-31G basis set as has been shown 
in Table 6. Figure 3 displayed HOMO and LUMO energy for each title 
compound using HF and DFT method.

In the current investigation, the compounds 2-chlorobenzene-1,4-
diol, 2,5-dichlorobenzene-1,4-diol, and 2,3,5,6-tetrachlorobenzene-
1,4-diol) were found to have the (A), Electronegativity (χ), Chemical 
potential (Pi), and Dipole moment (𝜇) with using the HF and DFT 
approach, as shown in Tables 3, 5, and 7. This finding suggested that 
the Cl compound had some influence on the results we obtained.

When the band gap energy is positive, it means that the LUMO is 
energetically situated higher than the HOMO. Because chlorine is a 
halogen with a high electronegativity, the value of electronegativity 
increased with compounds containing chlorine, as can be seen in the 
tables that are arranged according to electronegativity, and Cl makes 
a contribution to the electronegativity of the compound as a whole. 
in the present study, when evaluated as a whole, the electronegativity 
of the compounds contributes to an increase in the dipole moment 
of a molecule. In most cases, the dipole moment will grow as the 
electronegativity decreases. 

The global reactivities are strongly linked to the corrosion resistance, 
chemical reactivity, stability, and inhibitor resistance of compounds. 
Compounds with higher hardness tend to have lower chemical 

Table 2. BGs energy with various basis set for 2-chlorobenzene-1,4-diol

Basis Set DFT HF

HOMO (eV) LUMO (eV) Energy (eV) HOMO (eV) LUMO (eV) Energy (eV)

3-21G -5.77 -0.113 5.36 -0.113 -3.08 5.53

6-31G -5.99 -0.110 5.46 -0.110 -2.99 5.74

6-311G -6.23 -0.100 5.39 -0.100 -2.73 6.11

Table 3. Molecular parameters of 2-chlorobenzene-1,4-diol) 

Global reactivates Unit DFT HF

6-31G 6-311G 3-21G 6-31G 6-311G 3-21G

Ionization potential (I) eV  5.99  5.99  6.23  8.62  8.74  8.84 

Electron affinity (A) eV  0.41  0.53  0.84  3.08  2.99 2.73

Electronegativity (χ) eV  3.20  3.26 3.53  5.85  5.87  5.79

Chemical potential (Pi) eV -3.20 -3.26 -3.53 -5.85 -5.87 -5.79 

Molecular hardness (ɳ) eV  2.79  2.73 2.69  2.79 2.87 3.05

Molecular softness (σ) eV-1 0.35 0.36 0.37 0.35 0.34 0.32

Dipole moment (𝜇) Debye -2.20 -3.26 -3.53 -5.85 -5.87 -5.79 
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Table 4. Energy BGs with various basis set for 2,5-dichlorobenzene-1,4-diol

Basis Set DFT HF

HOMO (eV) LUMO (eV) Energy (eV) HOMO (eV) LUMO (eV) Energy (eV)

3-21G -6.63 -0.81 5.82 -9.09 2.58 6.42

6-31G -6.31 -0.89 5.41 -9.11 -2.53 6.58

6-311G -6.55 -1.22 5.33 -9.22 -2.28 6.93

Table 5. Molecular parameters of 2,5-dichlorobenzene-1,4-diol 

Global reactivates Unit DFT HF

6-31G 6-311G 3-21G 6-31G 6-311G 3-21G

Ionization potential (I) eV  6.63  6.31  6.55  9.25  -9.52 - 7.07

Electron affinity (A) eV  0.81  0.89  1.22  1.90  1.90  -2.99

Electronegativity (χ) eV  3.72  3.60 3.89  5.57  5.71  5.03

Chemical potential (Pi) eV -3.72 -3.60 3-.89 -5.57 -5.71 -5.03

Molecular hardness (ɳ) eV 2.91 2.70  2.66 3.67  3.87  2.04

Molecular softness (σ) eV-1  0.26 0.27 0.25 0.27 0.25 0.49

Dipole moment (𝜇) Debye -3.72 -3.60 -3.89  -9.25  -9.52 - 7.07

Table 6. Energy BGs with various bases set 2,3,5,6-tetrachlorobenzene-1,4-diol 

Basis Set DFT HF

HOMO (eV) LUMO (eV) Energy (eV) HOMO (eV) LUMO (eV) Energy (eV)

3-21G -6.53 -1.63 4.89 -9.25 -1.90 7.34

6-31G -7.07 -2.99 4.08 -9.52 -1.90 7.61

6-311G -6.80 -1.90 4.89 -7.07 -2.99 4.08

Table 7. Molecular parameters of 2,3,5,6-tetrachlorobenzene-1,4-diol 

Global reactivates Unit DFT HF

6-31G 6-311G 3-21G 6-31G 6-311G 3-21G

Ionization potential (I) eV  6.53  7.07  6.80  9.25  9.52  7.07

Electron affinity (A) eV  1.63  2.99 1.90  1.90  1.90  2.99

Electronegativity (χ) eV  4.08  5.03  4.35  5.57 5.71  5.03

Chemical potential (Pi) eV -4.08 -5.03 -4.35 -5.57 -5.71 -5.03

Molecular hardness (ɳ) eV  2.45 2.04  2.45  3.87 2.04 3.8

Molecular softness (σ) eV-1 0.40 0.49 0.40 0.25 0.49 0.19

Dipole moment (𝜇) Debye 4.08 5.03 4.35 5.71 5.03 5.71

Figure 3a. The FMO diagram for title compounds using 3-21G basis set, (A) DFT, and (B) HF approach
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reactivity and greater chemical stability when their HOMO-LUMO 
energy gaps are bigger. The energy gap is closely associated to the 
molecular hardness data from each table. Because it takes more energy 
to break stronger bonds, molecules with these bond strengths are less 
likely to respond. Based on this data, 2,3,5,6-tetrachlorobenzene-
1,4-diol had the narrowest energy gap (4.89, 4.08, and 4.89 eV) in 
DFT approach. Here is conclude that, according energy gap the 
2,3,5,6-tetrachlorobenzene-1,4-diol compound more reactive than 
two other compounds. The evidence presented here suggests that the 
element Cl has a chemical influence on global reactivates when the 
compound chlorohydroquinone is used.

UV spectrum

To investigate the adsorption characteristics of compound surfaces, 
a variety of physicochemical techniques are used UV spectroscopy 
is a typical method for identifying the structures of compounds, as 
well as doing qualitative and quantitative analyses of the compounds 
individually.25,27 In the current investigation, the DFT technique 
and the B3LYP level of theory, and TD-SCF method to calculate 
UV-spectroscopy were used, and the basis set ranged from 3-21G. 
However, the theoretical findings of UV spectroscopy performed 
on 2-chlorobenzene-1,4-diol, 2,5-dichlorobenzene-1,4-diol, and 
2,3,5,6-tetrachlorobenzene-1,4-diol, as shown in Figure 4. Additionally, 
the maximum excitation energy was explored at a wavelength of 258.16 
nm, 264.15 nm, and 267.07 nm the oscillator strength was evaluated at 
0.0747, 0.0003, and 0.116 UV Spectroscopy. 

The highest excitation energy of 2,3,5,6- tetrachlorobenzene-1,4-
diol was investigated in the past at wavelengths ranging from 328 
to 354 nanometers. Compared to our theoretical results, this result 
agrees with what we found.26

Electronic DOS

In a quantum mechanical system, the density of states (or DOS) 
of an electronic device is a measurement that determines how 
densely electrons are “packed” in various energy levels.28-29 In this 
research work, we investigated the DOS of 2-chlorobenzene-1,4-
diol, 2,5-dichlorobenzene-1,4-diol, and 2,3,5,6-tetrachlorobenzene-
1,4-diol using DFT with a 3-21G basis set. However, equation (14) 
demonstrates that it is helpful to use the formula to determine the 
DOS as a function of energy levels:30-32 

DOS(E) = ∑g(E − εi)                                                                       (14)

Figure 4. UV Spectroscopy with RB3LYP/ TD-SCF with 3-21G basis set, and 
DFT method
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where E = total electron energy, g is a Gaussian function with a constant 
FWHM = 0.3, and The value εi denotes the energy of the ith orbitals. 
According to Figure 5 a,b and c, with increasing Cl compound, the 
greatest peak  of DOS that was observed for 2,5-dichlorobenzene-
1,4-diol and 2,3,5,6-tetrachlorobenzene-1,4-diol was around 15 eV, 
and the energy range ranged from -20 eV to 20 eV. There is a clear 
association between the drop in BG energy for DOS when there are 
4 Cl (4.89 eV): the rise in electronegativity (4.35 eV), the decrease in 
molecular softness (0.40 eV-1), and the decrease in molecular hardness 
for (2.45 eV).

Potential energy surfaces (PES)

The potential energy map (PEM) is an extremely important 
component in the process of describing the arrangement of the 
structural components of the molecule. The important function of 
those potential energy surface (PES) characteristics, as well as in the 
explanations of the orientation of the electrons in the complicated 
molecules that are being investigated. The electronic density (ρ) and 
the electrostatic potential map are both components of the electrostatic 
potential (EP), (PEmap = ρ + EP ).33-35 The following equation 15 may be 
used in order to investigate the evolution of the electromagnetic field 
(ESP) surrounding molecules in space.36
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ZA is a representation of a nuclear charge that is located at RA, 
and ρ(r) is a representation of the electronic density. Potential, which 
is represented by the symbol V, is a function of distance, which is 
represented by the symbol (r). The MEP region was selected to have 
one of the following color schemes: red zone is the rich electronic 
charge, blue zone: is poor electronic charge density, and rich positive 
(+) charge, light blue area: is the zone that is somewhat lacking in 
electrons, yellow area: is a area that is a bit rich in electrons density, 
and green: neutral.36-38

The charge distribution on compounds is shown in Table 8, as 
seen above. The Mulliken density analysis, often known as the charge 
distribution, is a method that is frequently used for assessing the 
amount of inhibitor absorption. According to the findings of a large 
number of studies, the presence of negatively charged heteroatoms 
improves the capacity of donor-acceptor processes to absorb on the 
surface of metallic elements. In light of this information, naphthalene 
has a significant inhibitory impact due to a greater negative charge 
located in the center of the molecule. 

Figure 5. Electronic DOS Using the B3LYP level of theory (method) with a 
3-21G basis set for: A) 2- chlorobenzene-1,4-diol, B) 2, 5-dichlorobenzene-1,4-
diol, and C) 2,3,5,6-tetrachlorobenzene-1,4-diol

Table 8. Charge is distributed throughout the atoms in this model using the B3LYP level of theory (method) with a 3-21G basis set

2- chlorobenzene-1,4-diol 2,5-dichlorobenzene-1,4-diol 2,3,5,6- tetrachlorobenzene-1,4-diol

Atoms Charge distribution Atoms Charge distribution Atoms Charge distribution

1 - C 0.289231 1 C 0.377162 1 C 0.400815

2 - C -0.217582 2 C -0.377162 2 C -0.339993

3 - C -0.177747 3 C -0.132526 3 C -0.317181

4 - C 0.320977 4 C 0.330704 4 C 0.402611

5 - C -0.285728 5 C -0.286971 5 C -0.250324

6 - C -0.161518 6 C -0.154615 6 C  -0.341878

7 - O -0.599244 7 O -0.595711 7 O -0.571402

8 - H 0.369304 8 H 0.373508 8 H 0.380271

9 - O -0.600037 9 O -0.592472 9 O -0.568128

10 - H 0.357342 10 H 0.370713 10 H 0.377863

11 - H 0.216827 11 H 0.240074 11 Cl 0.128830

12 - H 0.187135 12 H 0.244153 12 Cl 0.211761

13 - H  0.233370 13 Cl 0.079744 13 Cl 0.249827

14 - Cl  0.067670 14 Cl 0.164566 14 Cl 0.236928
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The density of electrons (ρ) is the number of electrons per unit 
volume in a particular area of space and measures the possibility of 
their particle position. In physics, electrostatic potential is defined 
as the momentum of attraction between a positive unit charge and a 
collection of electrons or molecules 39-40. 

As can be shown in Figure 6, the potential energy of chloro-
hydroquinone has been studied using B3LYP, 3-21G basis set, 
and the DFT method. As a result of this effect, our compounds 
(chlorohydroquinone) remove (push) electrons from their 
surroundings and become electron-poor (the blue portion). The 
red color surrounding the molecule is because all electrons in the 
molecule surround it. Figure 6 shows that adding Cl increases and 
decreases electron density when the color is blue in the range of 
-9.595 e-2 to 9.595 e-2, -7.748 e-2 to 7.748 e-2, and -8.884 e-2 to 8.884 e-2. 
The electronegative potential of chlorine is greater than that of either 
carbon or hydrogen atom. As a result, as the concentration of the 
Cl atom increased, the electrons moved toward the oxygen, leaving 
behind a blue tint that indicated an electron deficit. Finally, the 
O-H groups are characterized by a high concentration of blue, a 
low electronic charge density, and a high positive (+) charge as seen 
Figure 6.33

Nuclear Magnetic Resonance (NMR) Spectroscopy 

NMR spectroscopy, or nuclear magnetic resonance, is a modern 
analysis method. It may reveal the atomic structure of a sample’s 

molecules. Phase shifts, structural and configurational changes, 
solubility, and diffusion potential are all things that NMR spectroscopy 
can identify in addition to the chemical structure.41

Increasing the amount of Cl in a molecule causes a change in 
the NMR chemical shift values, as shown in Table 9 for method A) 
2-chlorobenzene-1,4-diol, method B) 2-chlorobenzene-1,5-diol, and 
method C) 2-chlorobenzene-1,4,6-tetrachlorobenzene-1,4-diol. 

The vertical excitation has been calculated using density functional 
theory (DFT) at the equilibrium geometry of the ground state. At a 
single spin location, we determine the DFT. Table 10 below displays the 
optimal form at the ground state energy E(RB3LYP). Table 11 below 
shows that the optimized form at ground state energy decreased from 
-837.98 to -2210.13 a.u, and dipole moment from 3.137 to 0.3747 Dy. 

Reduced density gradient (RDG) Scatter

Some examples of innovative approaches that are employed for 
the aim of exploring weak intermolecular interactions include 
procedures known as reduced density gradient (RDG) procedures. 
Additionally, the theory describes the molecule’s stable structure, 
molecular recognition, physical and chemical characteristics, and 
biological activity. Small intramolecular or intermolecular forces 
influencing molecular stability may be revealed by RDG estimates. 
Differentiating between hydrogen bonds, steric repulsion, and van der 
Waals interactions in molecules and tiny particles is possible using the 
RDG method. This concept may be stated mathematically using the 

Table 9. NMR Chemical Shielding, using the B3LYP level of theory (method) with a 3-21G basis set

a) Method Shielding (ppm) b) Method Shielding (ppm) c) Method Shielding (ppm)

1-C 66.09 1-C 112.09 8-H 27.18

14-Cl 802.72 14-Cl 952.49 10-H 27.35

2-C 98.43 2-C 119.53 1-C 72.77

11-H 26.21 11-H 26.15 4-C 74.48

3-C 98.97 3-C 132.59 5-C 82.21

12-H 26.44 12-H 26.08 3-C 82.21

4-C 72.26 4-C 113.90 2-C 88.83

13-H 26.38 13-Cl 912.54 6-C 90.05

5-C 82.53 5-C 111.71 7-O 216.14

8-H 27.91 8-H 28.78 9-O 217.06

7-O 231.07 7-O 255.09 11-Cl 739.67

6-C 100.99 6-C 135.27 14-Cl 756.09

9-O 221.01 9-O 253.31 13-Cl 756.09

10-H 28.18 10-H 27.98 12-Cl 797.11

Figure 6. Potential energy maps (PEM) for: A) 2- chlorobenzene-1,4-diol, B) 2,5-dichlorobenzene-1,4-diol, and C) 2,3,5,6- tetrachlorobenzene-1,4-diol with 
3-21G basis set, and B3LYP/DFT method.
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following equation (16):42-44
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The a high level of RDG value indicates strong attraction, and rich 
electron connections, while the low-density RDG value confirms 
regions with low electron concentration, which are responsible for 
weak interactions. Interactions may be categorized into three groups 
using the equation (λ2)ρ: 1st : The attraction, which may be either a 
hydrogen bond or a dipole–dipole, is distinguished by the presence 
of negative (-) sign values (λ2)ρ. 2nd : There is a correlation between 
values that are near to zero and weak contacts, also known as van der 
Waals interactions. 3rd : This interaction is of a strong repulsion kind, 
and it is proven by the presence of large and positive (+) values of the 
sign (λ2)ρ. T﻿he red color represents strong interactions, the green hue 
represents van der Waals interactions, and the blue color represents 
strong hydrogen bond interactions, as seen in Figure 7.42

CONCLUSION

In the current investigation, many aspects of the physical and 
chemical behavior of 2-chlorobenzene-1,4-diol, 2,5-dichlorobenzene-
1,4-diol, and 2,3,5,6-tetrachlorobenzene-1,4-diol) compound with 
chemical formulas (C6H5ClO2), (C6H4Cl2O2), and (C6H2Cl4O2) have 
been examined. These aspects include (HOMO, LUMO, DOS, and UV 
spectroscopy), and the Gaussian 5.0 program, which includes DFT 
and the Hartree-Fock technique, has been used. Based on this data, 
2,3,5,6-tetrachlorobenzene-1,4-diol compound had the narrowest 
energy gap (4.89, 4.08, and 4.89 eV) in DFT approach. Here is conclude 
that, according energy gap the 2,3,5,6-tetrachlorobenzene-1,4-diol 
compound more reactive than two other compounds. The higher 
electronegativity of the compounds is partially due to the presence of 
chlorine. The majority of the time, the dipole moment will increase as 
the electronegativity goes down. The maximal excitation energy was 
investigated at 258.16, 264.15, and 267.07 nm. Oscillator strength was 
0.0747, 0.0003, and 0.116 UV Spectroscopy. 

There is a direct correlation between the reduction in BG energy 
for DOS when there are 4 Cl 4.89 eV and the following: the increase 
in electronegativity (4.35 eV), the decrease in molecular softness (0.40 
eV-1), and the decrease in molecular hardness for (2.45 eV). This 
observation revealed that the Cl in the compound had some impact 
on our findings because of the affected electronegativity, electron 
affinity, and dipole moment of the Cl element. As a result of PES, 
as the concentration of Cl atom increased, a blue tint indicated an 
electron deficit. Finally, the chemical shift measurements of the (H, O, 
C, and Cl) molecule are completed in an NMR shielding. According 
RDG result, the red color represents strong interactions, the green hue 
represents van der Waals interactions, and the blue color represents 
strong hydrogen bond interactions.
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