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Abstract: Quantum-chemical calculations, molecular docking, and Hirshfeld surface analysis of a 
structure of 2,4-dimethyl-1-nitrobenzene constitute the main aspects of this work. The crystal 
structure of the title compound which is liquid at room temperature, was obtained by in situ cryo 
crystallization The crystal packing is stabilized by C5–H5…O2 and C7–H7C…N1 intermolecular 
hydrogen bonds. The analysis of the obtained results of the density functional theory calculations is 

in good agreement with the experimental data. The analysis of global chemical reactivity 
descriptors shows that the compound exhibits more stability and less reactivity at high polar 

media. Hirshfeld surface and 2D-fingerprint plots analysis shows that the H…H, O…H/H…O, C…C, 
and C…H/H…C contacts are the significant contributors stabilizing the crystal structure of 2,4-
dimethyl-1-nitrobenzene. The RDG-NCI analysis of the molecule was performed to determine the 
non-covalent interactions present within the molecule. In addition, the compound under 
investigation presents a biological activity when it is docked into the protein (PDB ID: 4Y0S) 
with the binding energy system of -6.6 kcal/mol. 
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1. INTRODUCTION 
 

Nitrobenzene is an organic compound with the 
chemical formula C6H5NO2. It comes in the form 
of colorless liquid or yellow crystals depending 
on the temperature.  The structure of 
nitrobenzene has been subject to several 
modifications, of which the hydrogen atoms of 

the benzene ring can be substituted either in 
the ortho, meta, or para position by 

electrophilic or nucleophilic groups (1). 
Nitrobenzene and its derivatives have a wide 
application in industry because they are 
versatile intermediates in organic synthesis 
such as the production of aniline and, the 
synthesis of dyes, pesticides, and rubbers (2-
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4).  Nitrobenzene can also be used as a solvent 

for cellulose ester (2) and as an organochlorine 
fungicide for control of various fungal diseases 
caused by Rhizoctonia solani, Botrytis spp., 
Aspergillus spp., Penicillium spp., and Tilletia 
caries (5-6). Nitrobenzene is extremely toxic in 
large quantities which has a great impact on the 
human body (4). Nitro derivatives of benzene 

always demonstrate excellent heat resistance 
and insensitivity, because of their well-known 
π–π stacking (7). In recent years, nitrobenzene 
and its derivatives have been the subject of 
many theoretical studies by quantum chemical 
calculations (8-12). These latter are very 

powerful tools to reveal the structure-
performance relationship and to give 
information about the electronic and structural 

properties of these materials with acceptable 
accuracy (13-14). A complete report of 
structural, electronic, and intermolecular 
interactions of methylated derivatives of 

nitrobenzene is shown in this work through X-
ray diffraction data analysis, quantum chemical 
calculations, and Hirsfeld surface analysis of 
2,4-dimethyl-1-nitrobenzene. This compound is 
a deep yellow-green color clear liquid with 
having characteristic odor. The experimental 
section was carried out by using the X-ray 

diffraction method, the structure of the 
compound studied has been deposited in the 
CCDC database under the CCDC references: 
1017641  where the theoretical study is 
provided using density functional theory (DFT) 

with traditional hybrid functional (B3LYP) to 

exhibit its reactivity and discus their physical 
and chemical properties. The biological 
properties of 2,4-dimethyl-1-nitrobenzene were 
investigated, by predicting the relative 
orientation of this compound when bound with 
an active site of a host molecule (protein) to 
form a stable complex. Hirshfeld surface 

analysis and the associated two-dimensional 
fingerprint plots are performed to understand 
what types of interatomic contacts are 
responsible for the stability of the crystal 
structure. The intermolecular interaction 
energies were calculated to understand and 
quantify the intermolecular interactions in a 

crystal lattice which drive the organization of 
the crystal packing in materials. The topological 

analyses of the electron localization function 
(ELF) and the localized orbital locator (LOL) 
analyses are exhibited for covalent bond 
analysis as they highlight parts of the surface of 

the molecular structure that have a high 
potential for a possible pair of electrons to be 
located. 

 

2. COMPUTATIONAL DETAILS, DOCKING 
PROCESS, AND HIRSHFELD SURFACE 
ANALYSIS 
 
The molecular geometry of the studied 
compound was optimized using B3LYP 
exchange-correlation functional (15,16) 

implemented in the Gaussian 09 package (17), 
which consists of the Lee-Yang Parr correlation 
functional in conjunction with a hybrid 
exchange functional first proposed by Becke. It 
is known that the reaction mechanism for such 
molecules is directly linked to their electrostatic 

environment. So, Fukui functions and the 
molecular electrostatic potential were calculated 
at the same level of calculation to predict the 

reactive sites for the electrophilic or nucleophilic 
attack for the compound under investigation. 
The Hirshfeld surface analysis was performed 
using the Crystal Explorer 17.5 program (18), 

where intermolecular interaction was 
quantitatively investigated based on the 
two-dimensional fingerprint plots. The ELF, 
LOL, and topological analysis were modeled 
using the Multiwfn 3.7 package (19). Finally, 
Auto dock-vina software was utilized for the 
docking process of 2,4-dimethyl-1-nitrobenzene 

into the protein receptor (PDB ID: 4Y0S), 
with choosing the dimensions 52×74×46 
Å3 as grid box sizes.  
 
3. RESULTS AND DISCUSSION 

 

3.1. Molecular Geometry  
The geometric of 2,4-dimethyl-1-nitrobenzene 
is optimized at DFT/B3LYP level using 6-31G 
(d,p) as the basis set, which is compared by 
those obtained experimentally by X-ray 
diffraction. When the  X−ray structure of 2,4-
dimethyl-1-nitrobenzene is compared with its 

optimized counterparts, slight conformational 
discrepancies are observed between them 
(Figure 1). For example, the calculated C-C 
within rings, C-N, and N-O bonds lengths values 
are in the ranges 1.3852-1.409, 1.4714, and 
1.2324-1.2328 Å, agree with the correspondent 
experimental values ranging of 1.3697-1.3945, 

1.4812, and 1.2074-1.2175 respectively. 
Whereas, the maximum deviations of valence 

angle values from theoretical and experimental 
data do not exceed 1.35°. We thus note that 
the experimental results and the theoretical 
calculations are in good agreement as reflected 

by low values of root mean square deviations 
(RMSD) (Table 1). 

https://scripts.iucr.org/cgi-bin/cr.cgi?rm=csd&csdid=1017641
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Figure 1: (a) Experimental structure and (b) optimized structure of 2,4-dimethyl-1-nitrobenzene. 
 

3.2. Hirshfeld Surface Analysis and 
Intermolecular Contacts    
The Hirshfeld surface analysis is a very efficient 

technique to quantify the intermolecular 
interactions among molecular crystals. Hirshfeld 
surfaces and the fingerprint plots illustrated in 
this work have been performed with the Crystal 
Explorer 17.5 (18). The distance of normalized 
contact (dnorm), is based on de and di and has 

been calculated by the following expression:  
 

𝑑𝑛𝑜𝑟𝑚 =
𝑑𝑖 − 𝑟𝑖

𝑣𝑑𝑤

𝑟𝑖
𝑣𝑑𝑤

+
𝑑𝑒 − 𝑟𝑒

𝑣𝑑𝑤

𝑟𝑒
𝑣𝑑𝑤

 

 

where de is the distance from a point on the 
surface to the nearest nucleus outside the 
surface and di is defined as the distance from a 
point on the surface to the nearest nucleus 

inside the surface; with  𝑟𝑖
𝑣𝑑𝑤 present the van 

der Waals radius of the atom inside the 
Hirshfeld surface, whereas 𝑟𝑒

𝑣𝑑𝑤 corresponds to 

the van der Waals radius of the atom outside 
the Hirshfeld surface (20, 21). 
 
The view of the three-dimensional Hirshfeld 

surface traced on dnorm in Figure 2 reveals two 
red dots, representing the contacts of the 
hydrogen with each oxygen atom of the nitro 
group. Hirshfeld surface analysis of the crystal 
along with dnorm, di , de , shape index, 
curvedness, and fragment patch is plotted in 

Figure 3 and depicts the electron density 
interaction for the chosen compound with its 
neighboring molecule. From Figure 3, on the 

shape index map, we can see that the 
molecules are connected by π-π stacking 
interactions which are denoted by the adjacent 
red and blue triangles (highlighted by red 
circles), the triangles colored blue are convex 
areas that signify the existence of aromatic 

carbon atoms in the inside surface, whereas the 
red colored triangles signify concave areas due 
to the carbon atoms of the π-stacked molecule 
over it. The existence of the π-π clustering is 
distinctly seen in the curvedness surface. The 
wide green areas indicate a flat surface, and the 

blue areas exhibit curvature. Figure 4 displays 

the two-dimensional (2D) fingerprint plot that 
reflects the different intermolecular interaction 
contributions overlapping in the entire finger-
print and individual from each interaction. The 
highest significant numbers of interactions are 
the H...H interactions amounting to 47.5 %, 
because of a high quantity of hydrogen on the 

molecule surface. The second most important 
contribution was attributed to H...O/O...H 
interactions with 22.8%. other contributions 
may take place; these are fairly weak contacts 
C…C (7.8%), C…H/H…C (5.2%), N…C/C…N 
(3.5%), C…O/O…C (1.7%), N…H/H…N (1.2%), 

O…O (0.4%) illustrated in Figure 4. 
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Table 1: Bond distances and angles of atoms by X-ray and theoretical calculation. 

 

Bond distances (Å) X-ray B3LYP/6-31G(d,p)  RMSD 

   0.055 

O1 N1                 1.2074 1.2328  

O2 N1                 1.2175 1.2324  

N1 C1                 1.4812 1.4714  

C1 C2                 1.3912 1.4090  

C1 C6                 1.3806 1.3989  

C2 C3                 1.3945 1.4032  

C2 C7                 1.5025 1.5089  

C3 H3                 0.9494 1.0867  

C3 C4                 1.3851 1.3970  

C4 C5                 1.3869 1.4027  

C4 C8                 1.5113 1.5083  

C5 H5                 0.9498 1.0862  

C5 C6                 1.3697 1.3852  

Bond angles (º)  0.673 

O1 N1 O2 122.65 123.62  

O1 N1 C1 119.28 118.57  

O2 N1 C1 118.06 117.81  

N1 C1 C2 121.09 122.08  

N1 C1 C6 116.69 116.09  

C2 C1 C6 122.21 121.83  

C1 C2 C3 115.27 115.95  

C1 C2 C7 127.00 125.65  

C3 C2 C7 117.72 118.39  

C2 C3 C4 124.14 123.61  

C3 C4 C5 117.67 118.20  

C3 C4 C8 120.90 121.10  

C5 C4 C8 121.43 120.59  

C4 C5 C6 120.43 120.27  

C1 C6 C5 120.27 120.14  

Torsion (°) 3.65 

O1 N1 C1 C2      0.05            6.67  

O1 N1 C1 C6      179.63 -173.35  

O2 N1 C1 C2 179.29 -173.53  

O2 N1 C1 C6      -1.03              6.44  

N1 C1 C2 C3      179.37   179.98  

C6 C1 C2 C7      -179.80  -179.58  

N1 C1 C6 C5    179.78   179.73  

C2 C1 C6 C5           0.11            -0.29  

C1 C2 C3 C4      -1.26             0.31  

C7 C2 C3 C4    179.44  179.93  

C2 C3 C4 C8    179.71  179.56  

 



Megrouss Y et al. JOTCSA. 2024;11(2):491-508.                     RESEARCH ARTICLE 

495 
 

 

 
 

Figure 2: The view of the three-dimensional Hirshfeld surface plotted over dnorm . 
 

 
 

Figure 3: Hirshfeld surface analysis of the compound with dnorm, di, de, shape index, curvedness, 
and fragment patch. 
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Figure 4: The 2D- Fingerprint plots showing the overall contribution to the total HS area and the 

individual percentages of the diverse intermolecular contacts of the molecule. 
 

3.3. Interaction Energy and 3D energy 
frameworks 
To understand and quantify the intermolecular 
interactions in a crystal lattice, including 
repulsion, electrostatics, dispersion, and 
polarization interactions energy, which occur 
and drives the organization of the crystal 

packing, the interaction energy was evaluated 
with the method CE–B3LYP/6–31G(d,p); energy 
model available in Crystal Explorer 17.5 
software. The energy framework concept is a 
computational graphical tool for representing 
the magnitudes of interaction energies within 

the crystal packing. Full interaction energy has 
been calculated by generating a cluster radius 
of 3.8 Å around the molecule. The energy 
framework represents the coulomb energy (in 
red tube), dispersion energy (green tube), and 
total energy (blue tube) (Figure 5). The 
energies have been calculated using a method 

for scaling different energy frameworks, 
indicating that the scaling factors for 
electrostatics, dispersion, polarization, and 
repulsion are 1.057, 0.740, 0.871, and 0.618, 
respectively (22).  
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Figure 5: Energy frameworks calculated for 2,4-dimethyl-1-nitrobenzene, showing the (a) 
Coulomb energy (b) dispersion force (c) total energy, and (d) total energy diagram. 

 
Table 2 demonstrates the IE calculation results 
for the component molecule given by respective 
colors. Whereas the global energies of the 

intermolecular interactions possible in the 
crystal cluster are in the range [-0.6, -40.6] 

kJ/mol. The overall interaction energies are 
electrostatic (Eele = -29.5 kJ/mol), polarization 
(Epol = -9.7  kJ/mol), dispersion (Edis = -105.5 

kJ/mol), repulsion (Erepl = 54.7 kJ/mol), total 
interaction energy (Etot =  -96.2 kJ/mol). 

 
Table 2: Energy framework detail of molecular interaction energies with symmetry operations 

(symop) for the compound. (distances between molecular centroids (R) in Å, interaction energies in 
kJ/mol, and number of pair-wise fragments (N)). 

 

 N Symop R 
Electron 
Density 

E_ele E_pol E_dis E_rep E_tot 

 2 
x, -y+1/2, 
z+1/2 

3.52 
B3LYP/6-
31G(d,p) 

-12.0 -1.5 -48.0 24.2 -40.6 

 1 -x, -y, -z 7.42 
B3LYP/6-
31G(d,p) 

-3.3 -1.2 -4.1 0.8 -7.4 

 2 
-x, y+1/2, -
z+1/2 

7.69 
B3LYP/6-
31G(d,p) 

-2.6 -1.5 -8.4 6.9 -6.9 

 1 -x, -y, -z 7.51 
B3LYP/6-
31G(d,p) 

-6.2 -1.4 -7.4 4.9 -10.9 

 2 
-x, y+1/2, -

z+1/2 
7.62 

B3LYP/6-

31G(d,p) 
-2.2 -1.2 -10.6 7.3 -8.0 

 2 x, y, z 9.74 
B3LYP/6-

31G(d,p) 
-4.7 -1.4 -4.5 1.9 -8.7 

 1 -x, -y, -z 7.71 
B3LYP/6-

31G(d,p) 
-0.9 -0.8 -12.1 5.6 -8.6 

 2 
x, -y+1/2, 

z+1/2 
10.56 

B3LYP/6-

31G(d,p) 
1.4 -0.2 -3.2 1.4 -0.6 

 1 -x, -y, -z 7.80 
B3LYP/6-
31G(d,p) 

1.0 -0.5 -7.2 1.7 -4.5 
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3.4. Topological Analysis of Electronic 

Density (AIM) and Noncovalent 
Interactions Reduced Density Gradient 
(NCI-RDG) Analysis 
Topological analysis has been performed to 
investigate the weak interactions of various 
materials with a more comprehensive 
approach. The theory of atoms in molecules 

(AIM) is greatly taken into account to 
evaluate the electron density of binding 
critical points (BCP) as well as to identify the 
various forms of interactions present in a 
molecular system (23). The hydrogen bond-
ing properties were determined according to 

topological parameters including electron 
density ρ(r), lagrangian kinetic energy G(r), 
laplacian electron density ∇2ρ(r), hamiltonian 

energy H(r), and potential energy density 
V(r), all these parameters are measured by 
atomic unit. The geometrical optimized 
structure has been applied to obtain the 
critical intramolecular bonding points (BCP) 

inside the crystal structure. The molecular 
graph of bond critical points for the title 
compound is illustrated in Figure 6, and the 
results of the calculations have been 
processed using the Multiwfn software. The 
topological parameters of the hydrogen-

bonded interaction for the molecule are listed 
in Table 3. The electron density ρ(r) and the 
laplacian ∇2ρ(r) are significant in determining 

the type of interactions. In general, the large 
values of the electron density ρ(r) and its 

laplacian ∇2ρ(r) demonstrate strong hydrogen 

interactions. Positive laplacian ∇2ρ(r) values 

are associated with a weak charge in the 

interatomic region, while the negative 

readings could indicate the expression of a 
strong covalent nature (24). In this study, 
the electron density value (ρBCP) was found 
to be 0.01645 au and the Laplacian value was 
0.06793 au. To determine the stability of the 
molecular structure, molecular interactions 
are involved. These interactions were able to 

be detected by reduced density gradient 
(RDG) analysis, based on the analysis of non-
covalent interactions (NCI) present in the 
system (25). The NCI-RDG analysis is 
illustrated in Figure 7. The reduced density 
gradient (RDG) is a basic number consisting 

of the density and its first derivative, which is 
given by the formula below (26): 
 

RDG(r) =
1

2(3𝜋2)
1
3

|𝛻𝜌(𝑟)|

𝜌(𝑟)
4
3

 

 
From Figure 7, the interaction between the 

different components is situated by an 
isosurface RDG around their proper area; the 
red dots reflect the repulsive effect. The 
greatest steric repulsion effect within the 
crystal has been seen at the center of the 
aromatic rings related to the 𝜋-𝜋 stacking 

interactions. The mixed red and green color 

zone surrounding (H7A, O1) and (O2, H6) 
between the aromatic ring and the nitro 
group represents a repulsive zone. The result 
of the NCI-RDG of the compound is in good 
agreement with the results of the Hirshfeld 

surface analysis (HAS) and XRD-packing. 

 
 

Figure 6: Molecular graph showing the bond critical point of the molecule. 
 
Table 3. Topological parameters of hydrogen-bonded interaction for the title molecule. 

 

Parameters Ring critical point (RCP)   

Electron density (ρBCP) (a.u) 0.01645 
Laplacian of electron density (a.u) 0.06793 

Lagrangian Kinetic Energy G(r) (a.u) 0.01510 
Hamiltonian Kinetic Energy K(r)(a.u) -0.00187 
Potential energy density V(r) (a.u) -0.01322 
Eigen Value  λ1 0.08624 
Eigen Value  λ2 -0.1106 
Eigen Value  λ3 -0.78841 
H-Bond energy (kcal. Mol-1) -0.00724 
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Figure 7: The scatter diagram (a) and the gradient isosurfaces (b) for the molecule. 

 
3.5. ELF and LOL analysis 
The topological analysis of the electron 
localization function (ELF) and the localized 

orbital locator (LOL) analysis are important 
methods for covalent bond analysis as they 
highlight parts of the surface of the molecular 
structure that have a high potential for a 
possible pair of electrons to be located. The ELF 
and LOL were modeled using the Multiwfn 3.7 
package (19). ELF provides an understanding of 

the electron pair density and LOL provides an 
account of the maximum overlap of localized 
orbitals due to the orbitals gradient (27). The 
ELF chart is established within the interval 0.0 
up to 1.0, although the area lower than 0.5 

exhibits a delocalized electron region and the 
LOL achieves high values exceeding 0.5 in the 

areas of electron density localization dominance 
(28). The colors of the ELF and LOL maps 
shown in Figures 8 and 9 demonstrate the 
existence of binding and non-binding electrons, 

with the red color surrounding the hydrogen 
atoms denoting the occurrence of both binding 
and non-binding electrons. High values of ELF 

or LOL shown in red surrounding hydrogen 
atoms are indicative of a strong electron 
localization caused by a covalent bond, a single 
electron pair, or a nucleus shell being present in 
that area. The color blue surrounding the 
carbon atoms of the dimethylbenzene group 
indicates the presence of a delocalized electron 

cloud. The two lone pairs of oxygen atoms are 
marked by weakly highlighted blue circles that 
mark less where the electrons are supposed to 
be delocalized. The region of hydrogen atoms 
has a relatively higher degree, which denotes 

the availability of localized bonding and non-
bonding electrons. The middle zone in the 

hydrogen atom is white in the LOL because the 
electron density surpasses the maximum level 
of the color range. 
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Figure 8: The relief map with a projection of ELF for the molecule. 

 

 
 

Figure 9: Contour LOL map of the molecule. 
 
3.6. Frontier Molecular Orbitals, Global and 

Local Chemical Reactivity Descriptors 

Analysis   
Molecular frontier orbitals provide a means of 
predicting the relative reactivity of a molecular 
system according to the electronic structure 
properties found in its structure. The molecular 
chemical properties in the molecule were 
controlled via its valence orbitals, thus 

nucleophilic attacks could be detected using the 
HOMO orbital, while the electrophilic attacks are 
checked through the LUMO orbital. The energy 
gap between HOMO (π donor) and LUMO (π 
acceptor) is taken as a measure of molecular 
structure stability (29). In the present research, 

the HOMO as well as LUMO energies have been 

estimated using the Berny method (30-32) with 

a 6-31G(d,p) base set. Judging by the results 
given in Table 4, the gap energy between 
HOMO and LUMO is a critical parameter for the 
determination of the electrical transmission in 
the title molecule. The energy levels and 
allocations of the orbitals (HOMO → LUMO) and 

(HOMO-1 → LUMO+1) of the investigated 
molecule are depicted in Figure 10. Therefore, 
their molecular gap boundary values  (ΔEgap) 
were revealed to be 4.8 and 6.9245 eV in each 
case. The highest occupied molecular orbital 
(HOMO) is positioned above the nitro group 

which acts as an electron donor, whereas the 
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lowest unoccupied molecular orbital (LUMO) is located above the nitrobenzene. 

 
Table 4: Energies of frontier orbitals of 2,4-dimethyl-1-nitrobenzene. 

 

Energies (eV) B3LYP /6-31G(d,p) 

EHOMO  -7.2466 

ELUMO  -2.4398 

EHOMO–ELUMO    gap   4.80 

EHOMO–1 -7.3769 
ELUMO+1 -0.47 
EHOMO-1–LUMO+1   gap   6.9245 

 

 
 

Figure 10: The frontier molecular orbitals for the molecule obtained by using the B3LYP method.  

 
As it is well known, a high-value energy gap 
(ΔE) indicates that the molecular structure has 
higher kinetic stability, and a lower chemical 

reactivity (33). This approach is suitable to 
determine the properties of electrical transfer 
throughout the whole molecular structure. 
Thus, the values calculated of the global 
chemical reactivity descriptors, expressed below 

(34-39), for 2,4-dimethyl-1-nitrobenzene are 
given in Table 5. 
 

 I = – EHOMO;  𝜂 =  1/2 (𝐸𝐿𝑈𝑀𝑂 − 𝐸𝐻𝑂𝑀𝑂);  
η = ½ (ELUMO - EHOMO); 𝑆 =  1/2 𝜂 ;     

μ = ½ (ELUMO +EHOMO);  =
µ2

2𝜂
 ;  

= ELUMO − 2EHOMO + EHOMO−1; 

 𝑆(2) = −


𝜂3          

 

Table 5: Global chemical reactivity descriptors of 2,4-dimethyl-1-nitrobenzene. 
 

DFT/B3LYP/6-31G(d,p) 

Parameters (eV) In vacuum 

 

In DMSO medium 

Ionization potential (I) 7.246 6.93 

Chemical hardness () 2.4 2.36 

Chemical softness (s) 0.208 0.208 

Chemical potential (µ) -4.88 -4.57 

Electrophilicity index () 4.84 4.42 

Hyper-hardness (Γ) 4.766 4.32 

Hyper-softness (𝑆(2)) -0.344 -0.328 

 
A low value of ionization potential is observed in 
the DMSO medium indicating that this 

compound has the highest electron donor 

character. The global chemical hardness values 
have increased and the global softness values 

have decreased in the presence of the high 
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polar solvent; 2,4-dimethyl-1-nitrobenzene 

exhibits less reactive properties with a low 
probability of intramolecular charge transfer in 
this medium.  The value electrophilicity index in 
a vacuum medium is higher compared to that 
calculated in the gas state; this result indicates 
that this compound exhibits a low electrophile 
character in the polar environment. To charac-

terize the reactivity or stability, the hyp-

erhardness descriptor () has already inserted. 
Therefore, the positive values of hyper-
hardness in both media (4.766 and 4.32 eV) 
point to quite that the compound is stable and 
less reactive. 
 
The local reactivity descriptor like the Fukui 

function indicates the preferred regions where a 

chemical species will amend its density when 
the numbers of electrons are modified or it 
indicates the tendency of the electronic density 
to deform at a given position upon accepting or 
donating electrons (40). Using NBO analysis of 
the neutral, cation, and anion state of the 

molecule, Fukui Functions are calculated using 
the following relations: 
 
fk+ = [q(N+1) – q(N)] for nucleophilic attack                       
fk- = [q(N) – q(N-1)] for electrophilic attack                          

 

Where N, N-1, and N+1 are total electrons 
present in the neutral, cation, and anion states 
of the molecule, respectively.  
 
In addition to these functions, local softness 
(sk

+, sk
-) and local electrophilicity indices 

(ωk
+,ωk

-) are also used to describe the 

reactivity of atoms in molecules. The local 
softness condensed to an atom location defined 
by (41): 
 

sk
+ =  S𝑓𝑘

+,       s - = S𝑓𝑘
−                                                                      

 
and local electrophilicity indices (42) defined by 
  
ωk

+ = ωf k+,     ωk
- = ωfk-                                                             

 

In the histogram shown in Figures 11 and 12 of 
the title compound, the relatively high value of 
local reactivity descriptors (fk+, ωk

+, sk
+ ) at C5, 

C1, and O2 indicates that these sites are more 
prone to nucleophilic attack whereas the 
relative values of local reactivity descriptors (fk-, 
ωk

-, sk
- ) at N indicate that this site is more 

prone to electrophilic attack. 

 

 
 

Figure 11: Local reactivity descriptors (fk+, ωk
+, sk

+ ) in eV for atomic sites of the molecule using 
NBO population analysis at B3LYP/6-31G(d,p) level. 
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Figure 12: Local reactivity descriptors (fk-, ωk
-, sk

-) in eV for atomic sites of the molecule using 
NBO population analysis at B3LYP/6-31G(d,p) level. 

 
3.7. Molecular Electrostatic Potential 
Analysis 
An analysis of the molecular electrostatic 
potential surface (MEPS) has been affected to 

validate the evidence about the reactivity of 
2,4-dimethyl-1-nitrobenzene. The MEPS can 
therefore provide information on the sign of 
different molecular regions. Colors red and blue 
in MEPS represent the most electron-rich 

regions and those poor in electrons 
respectively. The compared x-ray and the DFT 
results led to an estimation of a similar 
electrostatic potential around the molecule 

(Figure 13). It thus was observed that the 
region is negative around the nitro groups 
(NO2); the favored site for electrophilic attack, 
while for the blue zones, around the methyl 
group, nucleophilic attacks are taking place.  

 
         

 
 
Figure 13: Electrostatic potential maps around the molecule. Panel (a) shows the DFT calculation 

of the electrostatic potential distribution, and panel (b) displays the electrostatic potential 

distribution predicted from the experimental X-ray diffraction data 
 
3.8. Pass Analysis And Molecular Docking 
Studies 
 
3.8.1. PASS analysis 
The PASS tool allows us to explore the possible 

biological properties of compounds, based on 
their chemical formula. The potential biological 
properties of the selected compounds were 
investigated through the PASS web server (43). 
It uses 2D molecular fragments known as 
multilevel atom neighbor descriptors that 

suggest the biological activity of a chemical 

compound based on its molecular structure. It 
gives the prediction score for biological 
properties on the ratio of probability to be 
active (Pa) and probability to be inactive (Pi). A 
higher Pa means the compound possesses more 

probability for the biological property   (44). 
The exploration of biological activities of the 
selected compounds through the PASS analysis 
resulted in similar kinds of biological activities, 
the title compound was found to have great 
potential for biological activity as an Antibiotic 

Glycopeptide-like, with Pa ranging from 0,937 
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to 0,734 when Pa > Pi. The probability of the 

biological activities of our compound is collected 
in Table 6. The title compound could have a 
potential inhibitory effect against beta-
lactoglobulin binding protein, in the current 
study. This protein was chosen based on the 
high Pa value (Pa = 0.937). The crystal 
structure of this target protein (PDB ID: 

4Y0S) was obtained from the protein data 
bank (45). β-lactoglobulin (LG) is a protein 
belonging to the lipocalin family (46). 

Lipocalins are often involved in the binding, 

storage, and transport of low-molecular-
weight hydrophobic ligands (47). The 
ability to bind small molecules has made 
lipocalins an interesting target for 
utilization as a new class of drug 
transporters (48). Several proteins from 
this family have been modified and 

engineered to bind molecular targets with 
high specificity and selectivity (49,50). 

 
Table 6: PASS prediction for the activity spectrum of the title compound. Pa represents the 

probability to be active and Pi represents the probability to be inactive. 

 

PA PI  Biological activity 

0.937 0.001 Antibiotic Glycopeptide-like 

0.909 0.005 Ubiquinol-cytochrome-c reductase inhibitor 
0.811 0.007 Glucan endo-1,6-beta-glucosidase inhibitor 
0.795 0.021 Acrocylindropepsin inhibitor 
0.795 0.021 Chymosin inhibitor 
0.795 0.021 Saccharopepsin inhibitor 
0.760 0.049 Phobic disorders treatment 

0.746 0.020 Acylcarnitine hydrolase inhibitor 
0.746 0.007 Pterin deaminase inhibitor 
0.734 0.004 Mannan endo-1,4-beta-mannosidase inhibitor 

 
3.8.2. Molecular docking 

Molecular docking is a method that predicts the 
relative orientation of one molecule (ligand) 
when bound with an active site of another 
molecule (protein) to form a stable complex 
such that the free energy of the overall system 

is minimized. In the current study, we can 

recognize the transfer of a molecule known as 
ligand 2,4-dimethyl-1-nitrobenzene in biological 
complex systems. Autodock-Vina software (51) 
was utilized and the title molecule was docked 
into the protein receptor (PDB ID: 4Y0S). The 
active site of the protein was determined with 
the following dimensi-ons: grid box sizes: 

52×74×46 Å; x, y, z centers: -3, 8, and 21 
respectively. The ligand has a better docking 
ability to protein when its binding energy has a 
minimum value (52). The binding affinities and 

their root-mean-square deviation (RMSD) 

values for different poses in 4Y0S inhibitors are 
reported in Table 7. Generally, the docked 
conformation with the lowest binding energy is 
selected as the best pose for molecular docking 
(53). From Table 7 it can be seen that the best 

docking pose was determined with the binding 

energy system (ligand-protein) of -6.6 kcal/mol 
in mode number 1. This value is lower 
compared to the binding energy of previous 
works, using the same target protein (PDB ID: 
4Y0S) and the same active site. The docking 
results were visualized by Accelrys Discovery 
Studio (version 4.1) software, The lowest 

energy pose for the compound (2,4-dimethyl-1-
nitrobenzene in the protein binding site was 
shown in Figure 14. 

 
Table 7: Docking results of the binding affinity and RMSD values of different poses in 4Y0S 

inhibitor of the title compound. 

 

mode Affinity 
(Kcal/mol) 

RMSD l.b RMSD 
u.b. 

1 -6.6 0.000 0.000 

2 -6.3 1.845 2.577 

3 -6.1 1.837 2.779 

4 -5.4 2.544 3.416 

5 -5.1 3.862 5.055 

6 -4.8 3.390 4.413 

7 -4.6 6.934 8.379 

8 -4.4 5.077 6.427 

9 -4.4 6.989 8.243 
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Figure 14: Best-scored docking pose of the title compound inside active sites of the 4Y0S protein. 
 

The intermolecular interactions, linking the 
structure of our ligand and the 4Y0S protein, 
are represented in Figure 15 with two forms 
(form A: 2D and form B: 3D). On the other 

hand, the types of intermolecular interactions 
existing between the residues of the 4Y0S 
protein and the ligand studied are illustrated in 
Table 8. 

.   
 

Figure 15:  Two forms of intermolecular interactions, linking the structure of the ligand with the 
protein 1NTK (A 2D and B 3D). 

 
Table 8: Distances, types, and location of intermolecular interactions formed from the residues of 

the protein C-met (PDB ID: 4Y0S) and the title molecule. 
 

Protein Residues 
 

Compound Atom/group 
of 

compound 

Category Types Distance 
(Å) 

P
D

B
( ID

 : 4
Y
0
S
) 

A:LYS60 2
,4

-d
im

e
th

y
l-1

-

n
itro

b
e
n
z
e
n
e
 

 

 
O2 

 

Hydrogen 
Bond 

Carbon 
Hydrogen 

Bond 

3.525 

A:VAL41 aromatic ring Hydrophobic Pi-Sigma 3.469 

A:MET107 aromatic ring Miscellaneous Pi-Sulfur 5.196 

A:LEU58 C8 Hydrophobic Alkyl 5.027 

A:LEU58 aromatic ring Hydrophobic Pi-Alkyl 5.403 

A:LEU58 C7 Hydrophobic Alkyl 4.579 
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A:LYS69 C7 Hydrophobic Alkyl 4.146 

A:ILE71 C8 Hydrophobic Alkyl 5.313 

A:ILE71 C7 Hydrophobic Alkyl 4.909 

A:MET107 C8 Hydrophobic Alkyl 4.648 

 
4. CONCLUSION 
 
In the present work, DFT calculations, 
molecular docking, and Hirshfeld surface 

analysis of 2,4-dimethyl-1-nitrobenzene were 
reported. B3LYP function with 6-31G(d,p) basis 
set calculations of geometry optimization shows 
that the obtained theoretically optimized bond 
lengths and bond angles are in good agreement 
with the corresponding experimental ones. The 
variation of global chemical reactivity 

descriptors of E-TPDN in two media showed that 

this compound exhibits a high reactivity in the 
gaseous phase, while it exhibits a good 
electrophile character in a polar solvent such as 
DMSO medium. The general conclusion from 
the estimation of the electrostatic potential of 

the 2,4-dimethyl-1-nitrobenzene molecule in 
both experimental and theoretical studies is 
that the region of the nitro around the nitro 
group is a favored site for electrophilic attack 
while the methyl groups region is electropo-
sitive. The Hirshfeld surface analysis and the 
subsequent 2D-fingerprint plots have indicated 

that the crystal is principally stabilized by two 
types of interactions; H...H contacts with 47.5 
% and H...O/O...H interactions with 22.8%. 
This study reveals that the title molecule has a 

significant hyperpolarizability and can be used 
to develop NLO materials. The RDG-NCI 
analysis of these molecules was performed to 

determine the non-covalent interactions present 
within the molecules. According to the results, 
we can say that the molecule is the most 
reactive. The title under investigation presents 
a biological activity (Antibiotic Glycopeptide-
like), its ability of docking into the protein 4Y0S 

is confirmed with the binding energy system 
(ligand-protein) of -6.6 kcal/mol. 
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