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Abstract: The compound 4-nitrophenylisocyanate is known for its various biological properties and
class of compounds in medicinal chemistry. In this paper, we are reporting the DFT studies of 4-
nitrophenylisocyanate (NPIC). To better understand molecular properties, the computational study,
optimized molecular geometry, and reactive parameters were investigated and calculated by employing
the method of DFT and B3LYP/6-311++G(d, p) basis set. The DFT calculations were performed to
analyze the frontier molecular orbitals (HOMO-LUMO). The energy difference between HOMO -
LUMO is 4516 eV, and the MEP was traced to find the reactive sites of the compound. In
addition, theoretical UV-visible spectrum and vibrational spectra (FT-IR) were obtained in the gas
phase using the TD-DFT method. By using pkCSM toxicity of the compound was also predicted. The
Quantum Theory of Atoms in Molecules (QTAIM) framework is used to calculate topological
parameters. Different intermolecular interactions are described using terms like Reduced Density
Gradient (RDG), Non-Covalent Interactions (NCI), electron density, and electron localization function
and electron cloud present in the NPIC molecule.
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1. Introduction

Nitrobenzene derivatives (NB) are considered to represent a group of organic
compounds with a wide range of pharmaceutical and agricultural applications [1], which are
structurally related to natural purine bases and toxic industrial chemical that is used to make
explosives, pesticides, and synthetic rubbers, as well as dyes and pharmaceuticals [2]. NB may
be breathed, eaten, and absorbed via the skin with ease. Nitrobenzene derivatives possess
antimicrobial [3-4], antiamoebic [5], antineoplastic [6], anesthetic [7], anti-inflammatory [8],
antibiotics against Staphylococcus and Mycobacterium ranae [9]. Isocyanates (ICs)
significantly impact food and natural product chemistry [10]. Several dietary components and
food chemicals contain the isothiocyanate moiety. In addition, many ICs interact with
macromolecules of biological relevance, making these compounds relevant for potential
therapeutic applications and disease prevention [11]. Due to the electrophilic carbon atom
arising from resonance contributions such as RN-C+0- and RN-C+-O-, organic isocyanates
(RNCO) are common intermediates in forming natural products [12]. The combined roles of
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isocyanate and substituents in the vibration structure of aromatic phenyl isocyanate molecules
are of spectroscopic interest after extensive studies on the phenyl isocyanate by many workers
[13].

In the present study, we report the optimized structure of the compound 4-nitro phenyl
isocyanate. The structure is further carried out for DFT calculations in the gas phase and
polarizable continuum model to predict the corresponding spectroscopic data for NPIC
molecule, and further QT AIMs analysis was carried out.

2. Materials and Methods
2.1. DFT studies.

All DFT analyses have been performed through Gaussian 09 software. The coordinates
of the molecules were optimized using DFT/B3LYP hybrid functional calculations with the 6-
311+G (d, p) level basis set in the gas phase. Koopman's approximation was used to calculate
the energy gap between the boundary molecular orbitals (HOMO-LUMO), and the
corresponding local and global indices (electronegativity, chemical potential, hardness,
softness, and electrophilicity) [14-15]. Further, Molecular Electrostatic Potential (MEP) was
calculated within the molecular system. All of the output files were visualized by Gaussview
6.0.16 [16]. In addition, the B3LYP/DFT method has been used to assign the vibrational bands
to the IR spectrum, and TD-DFT calculations were used to describe the electronic transition
for the title compound. Furthermore, non-covalent interactions and RDG calculations of NPIC
were analyzed and validated within (QTAIM) using Multiwfn 3.8 and are plotted using the
software tool “Visual Molecular Dynamics” (VMD) package.

2.2. Toxicity prediction.

The standard pharmacokinetics were determined for the estimation of the
physicochemical and pharmacokinetic parameters in the drug discovery process [17]. The
compound NPIC structure is drawn in 2-D structure format using Marvin JS software and then
imported into SMILES via the website's interface (http://swissadme.ch/). These compound
SMILES were loaded into the pkCSM online tool. [18]. The pkCSM online tool was used for
the prediction of toxicity. Using the pkCSM online tool, the Toxicity mode was selected,
including AMES toxicity, maximum tolerated dose for humans, oral rat acute toxicity, oral rat
chronic toxicity, and minnow toxicity.

3. Results and Discussion

3.1. Geometry optimization and HOMO-LUMO analysis of NPIC.

The optimized molecular structure of NPIC with the numbering of atoms is shown in
Figure 1. The optimized structural parameters (bond length and bond angle) by B3LYP/6—
311++G (d, p) basis set was shown in Tables 1 and 2. The molecular structure of the NPIC
compound is in planar form.
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Figure 1. The optimized geometric structure of the NPIC molecule with atoms numbering scheme obtained by
B3LYP/6-311++G (d, p) level of theory.

Table 1. DFT optimized bond length (A)and bond angle (°) of NPIC molecule.

Number Atom1 Atom2 Length (A) Atoml | Atom2 Atom3 Angle (°)
1 C1 Cc2 1.3865 C2 Cl C6 119.98
2 C1 C6 1.4032 C1 Cc2 C3 119.06
3 C2 C3 1.3923 C2 C3 C4 121.76
4 C3 C4 1.3918 C2 C3 N10 119.07
5 C3 N10 1.4754 C4 C3 N10 119.16
6 C4 C5 1.387 C3 C4 C5 119.04
7 C5 C6 1.4002 C4 C5 C6 120.07
8 C6 N7 1.3922 C1 C6 C5 120.09
9 N7 Cs8 1.2067 C1 C6 N7 121.86
10 Cs8 09 1.1665 C5 C6 N7 118.05
11 N10 O11 1.2249 C6 N7 C8 139.34
12 N10 012 1.2251 N7 C8 09 173.6
C3 N10 011 117.63
C3 N10 012 117.63
Oo11 N10 012 124.74

The highest occupied molecular orbitals (HOMO) and the lowest unoccupied molecular
orbitals (LUMO) are important parameters in quantum chemistry. The calculated frontier
molecular orbital profile of the NPIC molecule is displayed in Figure 2. The HOMO indicates
for the ability to donate an electron, and LUMO acts as an electron acceptor. The figure shows
that the HOMO and LUMO are spread over the entire molecule. The red color indicates the
positive phase, and the green color indicates the negative phase. In the molecular orbitals of
NPIC, the HOMO and LUMO are located over the NPIC molecule except for nitrogen of the
isocyanate group. HOMO-1 and LUMO+1 are the second-highest occupied and second-lowest
unoccupied molecular orbitals, respectively. The HOMO-LUMO energy gap (Eg) of the title
molecule is 4.516 eV, which is significantly affected the stability and reactivity of the molecule.
The global parameters such as ionization potential, electron affinity, chemical potential,
chemical hardness, electronegativity, electrophilicity, global softness are listed in table 2. The
intermolecular interaction and molecular features of the system which strongly influence the
binding of a substrate to its active sites are investigated using the MEP map (Figure 2). The
map of NPIC gives a spectral display of increasing potential value from red to blue. The
potential value ranges from —4.475¢-2 a.u. (red) to +4.475e-2 a.u. (blue) for the molecule. The
electrophilic attack is supported by the negatively active region (red) in NPIC, mainly
distributed on oxygen atoms of nitro groups. . The blue regions are mainly distributed on the
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hydrogen atoms of the isocyanate and benzene groups. The result indicates that the molecule
reactive regions may interact with neighboring molecules.

Table 2. The energy and related quantum chemical parameters values of NPIC.

Parameters Values
EHOMO (HF) -0.28078
ELUMO (HF) -0.11482
EHOMO (eV) -7.6405854
ELUMO (eV) -3.1244818
Energy gap (A) (eV) 4.51610352
lonization energy (1) (eV) 7.64058536
Electron affinity (A) (eV) 3.12448184
Electronegativity (y) (eV) 5.3825336
Chemical potential (1) (eV) -5.3825336
Global hardness () (eV) 2.25805176
Global softness (s) (eV-1) 0.44285964
Electrophilicity index (o) (¢V) 6.34151912

a)

o

LUMO
LUMO (+1)
AE=4.516
AE=6.698
HOMO HOMO (-1)

-4.475e-2 4475¢-2

Figure 2. (a) Calculated frontier molecular orbital profile and (b) graphical view of the molecular electrostatic
potential (MEP) map.

3.2. Electronic spectra of NPIC molecule.

TD-DFT/CAM-B3LYP 6-311G++(d,p) calculations were performed to study the
electronic transitions of NPIC. The absorption spectra were recorded in the gas phase
represented in Figure 3. Computed UV-visible spectrum exhibited intense allowed n-
m*transition of maximum absorption observed at 295 nm. The lower UV cut-off wavelength is
around 345 nm. Eg =1240/(nm) eV is used to compute the molecule’s optical band gap energy,
where A is the lower cut-off wavelength (345 nm). The bandgap of the molecule is found to be
3.59eV.
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Figure 3. Simulated UV-visible absorption spectra for the title compound computed at B3LYP/6-311++ G (d,
p) basis set.

3.3. Vibrational investigation of the title compound.

In the frequency range 3500 to 0 cm™, the calculated FT-IR spectrum of the title
molecule was computed using the DFT/B3LYP/6-311G++(d,p) in the gaseous state. (Figure
4), and the vibrational assignments corresponding to their frequencies were carried out using
the Gaussian 16 program. The intense peak was observed at 2357 due to the N=C=0 stretching
frequency. The peak is observed at 1354 and 1565 due to N-O symmetric (NO2) and N-O
asymmetric stretching frequency.
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Figure 4. B3LYP/6-311++G(d,p) vibrational spectra of the title compound (cmY).

3.4. Toxicity.

By using a pkCSM tool, we can predict the toxicity of the molecules. The toxicity
results of the title compound are interpreted. Due to the presence of cyanate group in the title
molecule, the compound shows an AMES toxic nature, and also compounds are showing a
high Maximum tolerated dose for humans. The oral rat acute and chronic toxicity were also
studied, and results were interpreted. Hepatotoxicity and Skin Sensitization of the compound
were studied, and the results are shown in Table 3. In minnow toxicity compound shows a low
acute toxicity nature.

Table 3. Toxicity by using pkCSM tool.

Parameters NPIC

Toxicity AMES toxicity Yes
Max. tolerated dose (human) 0.697
(log mg/kg/day)
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Parameters NPIC
hERG I inhibitor No
hERG Il inhibitor No
Oral Rat Acute Toxicity (LD50) | 2.416
(mol/kg)

Oral Rat Chronic Toxicity 1.556
(LOAEL) (log mg/kg_bwi/day)
Hepatotoxicity No
Skin Sensitisation Yes
T. Pyriformis toxicity (log ug/L) | 0.803
Minnow toxicity (log mM) 1.262

3.5. Reduced density gradient (RDG) analysis.

Bader's theory (QTAIM), which is based on electron density topology, has recently
emerged as a useful tool for analyzing a wide range of chemical interactions [19]. They include
ionic, covalent, and hydrogen bonding, as well as relativistic interactions. QTAIM is now being
used more often to examine weaker, more difficult-to-understand interactions, such as metal-
metal or van der Waals interactions [20]. The electron density distribution of a molecule can
be used to identify and analyze the ability and nature of intramolecular interactions. The Bader's
theory QTAIM framework of NPIC disclose the presence of strong repulsions are in the six-
membered rings, and van der Waals interactions happened between H15—011 and H14—012
atoms is shown in Figure 5. The interaction strength is represented by the graph of RDG versus
electron density. The sign (A2) is used to differentiate between bonding (A2<0) and non-bonding
(A2>0) interactions. The three-dimensional isosurface representation and two-dimensional
RDG graphs are shown in Figure 7. The peaks at the positive sign (A2)>0.01 a.u on the 2D plot
correspond to the red-colored isosurfaces, which reflect the strong repulsion or steric effect
present in the molecules. Also, the green-colored isosurfaces correspond to the peaks at the
values near zero and signify the weak interaction presented in the molecule, which indicates
the less electronegative nature of the oxygen atom.

Van der Waals interaction
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Figure 5. 3D non-covalent interactions and 2D scatter plot of NPIC with an isosurface value of 0.5.
3.6. Electron charge density distribution.

In various guest complexes, QTAIM theory may provide a much better and deeper
understanding of chemical bond properties and the study of weak interactions [21]. In addition,
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various QTAIM parameters may be used to efficiently quantify both weak interactions and
chemical bonds are described based on critical bond point (BCP), electron density (p BCP),
Laplacian (V2pBCP), the bond ellipticity at BCP (¢), and total electronic energy density
(HBCP). Higher electron density at BCPs implies high structural stability. The electron density
is associated with bond strength or bond order; the nature of the interaction is reflected in the
Laplacian and overall energy density. For covalent bonds, the value of the BCP is large, and
the Laplacian is always negative. Still, for Vander Waals interactions, the value at the BCP is
considerably smaller. Laplacian is always positive [22]. Two-dimensional contour line maps
of Laplacian electron density and electron density of NPIC are shown in Figures 6a and 6b.
This plot reveals that the inter-atomic regions, places of local charge concentration (dotted
contour lines) appear and accumulate around the oxygen and nitrogen atoms, showing the ionic
character of O-N and C-O bonds is higher than almost any other area. Because when the charge
density is localized in the valence shell, the charge density is strongly connected and polarised.
Figure 6¢ shows the relief maps of NPIC. Figure 6d shows the contour line map of NPIC,
indicating that the negatively active region (red) is majorly spread on oxygen atoms of nitro
groups supports the electrophilic attack. The blue regions are largely distributed on the
hydrogen atoms of the isocyanate and benzene groups.

a)

Figure 6. Quantum theory of atoms in the molecule (QTAIM analysis) [NPIC]: (a) contour line plots of the
Laplacian of electron density (V 2 p), regions of charge-concentration (dotted lines in blue, V 2 p < 0) and
charge-depletion (solid lines in red, V 2 p > 0), (b) contour line plots of the electron density (p), (c) surface maps
of electron localization function (ELF) and the value of ELF is given by the color scale, (d) contour line plot of
electrostatic potential (ESP).

4. Conclusions

In the present study, we have successfully optimized the structure of the title compound
(4-nitro phenyl isocyanate). The title compound was subjected to theoretical studies such as
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FT-IR and UV-visible spectra. Its optimized molecular structure was obtained by the DFT-
B3LYP method at the level of 6311++G(d,p). The UV-visible bandgap energy obtained by
theoretical was found to be 3.59 eV. The calculated HOMO-LUMO energy gap is 4.516 eV.
The MEP map was traced, and the chemical activity of the title molecule was noticed. The title
compound obeys the all-limitations toxicity property, and RDG analysis reveals the presence
of weak interactions, strong attractions, and strong repulsions in the title compound.
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