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Abstract

Background: Carbon nitride (C¢Ng) holds promise as a two-dimensional nanomaterial for chemical sensing because of its advantageous
electronic properties, high surface area, and structural stability. Method: The suitability of CsNg for the adsorptive sensing of sulphur
mustard (C4HgClL,S) and minoxidil (CoHi5NsO) was investigated using density functional theory calculations at the B3LYP/6-31G(d,p)
level. The sensing mechanism and adsorption behavior were explored through interaction energy calculations and frontier molecular
orbital, density of states, natural bond orbital (NBO), molecular electrostatic potential mapping, electron localization function (ELF),
quantum theory of atoms in molecules (QTAIM), and noncovalent interaction (NCI) analyses. Results: The calculated adsorption
energies of sulphur mustard and minoxidil (—30.39 and —85.34 kJ mol ™', respectively) indicated favorable adsorption, with minoxidil
exhibiting stronger interactions with the CsNg surface. Upon the adsorption of sulphur mustard and minoxidil, the bandgap of CsNg
decreased from 4.206 to 4.007 and 3.067 eV, respectively. Charge transfer between the adsorbates and sensing surface, together with
hydrogen bonding, van der Waals interactions, and steric effects, was confirmed by NBO, NCI, ELF, and QTAIM analyses. Conclusion:
CsNy exhibits excellent sensitivity toward both analytes and can serve as a promising sensing platform for the detection of hazardous
sulphur-containing pollutants and pharmaceutical contaminants. The results provide valuable theoretical insights for the development of
advanced nanosensor technologies.

Keywords: minoxidil; noncovalent interaction; molecular electrostatic potential; density of states; electron localization function; sulphur
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1. Introduction

The fast development of chemical technology is caus-
ing the release of many harmful gases that are extremely
dangerous for both humans and other living organisms on
Earth. A variety of organic and inorganic compounds are
used to save the environment from global warming [1,2,3].
Several kinds of carbon nitride membranes have been sug-
gested by scientists. However, C¢Ng monolayers were the
most interesting among them. Due to the astounding ex-
perimental advancements made in their synthesis, nanoma-
terials made of this double carbon nitride (2D-CN) have re-
cently gained a lot of attention [4]. A variety of materi-
als, such as graphene, covalent compounds, and activated
C (2D materials), are used as a sensing surface for different
gases. The high surface area of C¢Ng monolayers for chem-
ical reactions is the main reason for selecting it as a sensor
surface for this study. In C¢Ng monolayers, the N-atom has
more charge dominance than the C-atom due to two rea-
sons: first, it is the presence of sp, hybridisation between
them, and second, it is the high electronegativity of the N-

atom. The embedding of atomic effects on the C4Ng mono-
layers has a major impact on their electronic and magnetic
properties, resulting in unusual and diverse electronic prop-
erties, including mineral, half-metallic, spin-glass semicon-
ductor, and dilute-magnetic semiconductor [5].

Due to their photocatalysis and associated applica-
tions, allotropes of carbon nitride (CN) have continued to
be the subject of substantial basic and applied research. The
CN allotropes are derived from the chemical formula CpNg,
where p and q denote the number of C and N atoms in the
CN unit cell. Atambient temperature, the heptazine (C¢Ng)
sheet is typically the most stable of all the others. Addition-
ally, the C¢Ng band gap (2.7 eV) has been synthesized for
a very long time into a monolayer form [6] and is excellent
for studying the visible portion of the solar spectrum. Due
to their size-dependent band gaps, carbon nitride nanotubes
have recently been described as promising materials for so-
lar energy absorbers. The carbon nitride allotrope C¢Ng’s
photoactivity can be raised by adding nonmetal atoms and
a doping process, and after the functionalization procedure,

Copyright: © 2026 The Author(s). Published by IMR Press.
BY This is an open access article under the CC BY 4.0 license.

Publisher’s Note: IMR Press stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.


https://www.imrpress.com/journal/DJNB
https://doi.org/10.31083/DJNB57847
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://orcid.org/0000-0002-8326-7653

the allotrope’s ability to absorb visible light has also risen
[7]. Doping of C¢Ng and C¢Ng monolayers with different
kinds of atoms (metal and non-metal) enhances their elec-
tronic properties by converting them into magnetic-non-
magnetic materials [8]. Various types of electronic proper-
ties, such as half-metallic, metallic, dilute semiconductor,
and spin-glass semiconductor, of C¢Ng can be affected by
the doping of various metals, such as Mg, C, and Cr [5].
Cs Ny is the most stable and widely accessible allotrope [9].
During harsh conditions, it shows chemical and thermal sta-
bility, which makes it the most authentic molecule used as a
sensor [10]. In this way, doped carbon-based nanomaterials
can be used in different technologies.

Since its debut distribution as a chemical agent in
World War I, sulphur mustard has been utilized often in a
number of military confrontations. Furthermore, the acci-
dental exposure to sulphur mustard has been linked to sev-
eral injuries, and post-war chemical weapons are still ex-
ceedingly dangerous [11]. However, there is now no medi-
cation or cure that can stop the fundamental cause of harm
from sulphur mustard. Furthermore, sulphur mustard is the
most likely harmful substance due to its straightforward
composition and quick manufacturing. The development
of sulphur mustard and its analogues detection techniques
is therefore crucial. Fluorescent chemosensors stand out
among the many detection techniques thanks to their re-
markable benefits, such as affordability, ease of use, and
great selectivity [12]. Sulphur Mustard is actually an oily
liquid of relatively low volatility at temperatures that are
appropriate for the environment. While operational sulphur
mustard is dark and has a faint garlic aroma, pure sulphur
mustard is colourless and odourless [13].

Strong vesicants like sulphur mustard may harm the
respiratory system, produce eye sores, blister the skin, and
depress the bone marrow. Long-term exposure to sul-
phur mustard can have carcinogenic and mutagenic con-
sequences because it can react with DNA’s guanine nu-
cleotide as an alkylating agent. It should be noted that fol-
lowing exposure to sulphur mustard, patients typically un-
dergo an incubation period of between 30 minutes and eight
hours before symptoms manifest. As a result, the response
process is typically delayed, leading to greater harm [14].
Another alkylating substance is sulphur mustard, which
may alkylate proteins, DNA, glutathione (GSH), and other
biomolecules. The primary toxicological pathways of sul-
phur mustard are linked to DNA damage brought on by
alkylation and oxidative stress brought on by glutathione
depletion [15]. The burn produced by nitrogen mustards is
often less severe than the burn induced by sulphur mustard,
and infections frequently lead to vesication before sulphur
mustard. Despite the fact that burns produced by mustards
can hold patients in the hospital for weeks, deaths from sul-
phur mustard in wars have been rare, generally only occur-
ring after victims had inhaled very large amounts of vapour
[16].

Minoxidil is a vasodilator, which relaxes (widens)
blood vessels and enhances blood flow. It is used to treat re-
sistant patients with hypertension. Liquid retention and hir-
sutism should occur in patients who get this medication in
excess by oral administration. Dermatology has a novel use
for minoxidil, particularly in the treatment of pattern bald-
ness. For the determination of minoxidil, a number of tech-
niques have been published, including ultraviolet—visible
(UV—vis), fluid injection with photometric [17], or liquid
chromatography photometric titrations and spectrophotom-
etry, along with polarography.

Currently, minoxidil is used to treat alopecia areata
and male pattern baldness (alopecia androgenica). Not long
ago, Brett and his colleagues found a detection limit of 1.35
M for the oxidation process of minoxidil at 0.86 V and pH 2
on carbon black resin and carbon black paste electrodes. In
other contexts, in order to quantify the concentration of mi-
noxidil in pH 2 using differential pulse voltammetry (DPV)
with a limit of detection (LOD) of 0.01 M, an electropoly-
merized molecularly imprinted polymer was utilized [18].

The 2% product was originally offered for men’s hair
regrowth in 1986, while the 5% product was made avail-
able in 1993 [19]. By electro-polymerizing functional
monomers of o-phenylenediamine, co-gallic acid, and p-
aminobenzoic acid, a minoxidil sensor was created. The
functionalization of molecular imprinted polymers for mi-
noxidil as the target molecule was accomplished using a
computational method based on density functional theory
(DFT) [20]. The square wave voltammetry-based selective
extraction of minoxidil in the modified electrode provides
the basis for the detection process. The made-to-order sen-
sor has been used successfully to identify minoxidil in ac-
tual samples. The square wave voltammetry-based selec-
tive extraction of minoxidil in the electrode surface pro-
vides the basis for the detection process. The created sen-
sor has been used favorably to identify minoxidil in actual
specimens [21].

Carbon nitride (C¢Ng), as a nanosensor, works effi-
ciently because of its semiconductor nature. The monolayer
of C¢Ng by transfer charges can act as a donor or acceptor,
which is determined by charge transfer analysis [22]. By
adsorption of various gas molecules, the charge density of
Carbon nitride (C¢Ng) increases, which makes it a highly
sensitive sensor [23]. It has great potential as a sensor for
detecting different types of gases. The large surface area
and high stability make it a good sensor. We can also mod-
ify its electrical properties by incorporating other atoms. It
can also be synthesized in the laboratory.

Herein, This study hypothesizes that the
CgNg nanosheet exhibits significantly different ad-
sorption and electronic responses toward sulphur mustard
and minoxidil, enabling selective detection of sulphur
mustard through favorable adsorption characteristics and
pronounced changes in its electronic properties.
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2. Materials and Methods

Quantum chemical calculations were performed us-
ing Gaussian 09 (Revision D.01, Gaussian, Inc., Walling-
ford, CT, USA). Molecular structures, input preparation,
and visualization of Gaussian results were carried out using
GaussView 6.0 (Gaussian, Inc.). Wavefunction analyses
were conducted using Multiwfn 3.8 (developed by Tian Lu,
Beijing Kein Research Center for Natural Sciences, Beijing,
China; website: http://sobereva.com/multiwfn). Molecular
orbital and electrostatic potential isosurfaces were rendered
using Visual Molecular Dynamics (VMD) 1.9.3 (Theoret-
ical and Computational Biophysics Group, Beckman In-
stitute for Advanced Science and Technology, University
of Illinois at Urbana—Champaign, Urbana, IL, USA; web-
site: https://www.ks.uiuc.edu/Research/vmd/). Using the
B3LYP/6-31G(d,p) optimization of structures, energy cal-
culations, and analysis of natural bond orbitals (NBO), and
DOS were carried out. According to literature, B3LYP is
an appropriate and reliable density function for estimating
the optical, energetic, physical, and electrical properties of
diverse nanomaterials [9].

Density states were used to determine the number of
electron states per volume at a specific energy. Using
VMD, the isosurfaces of the NCI and quantum theory of
atoms in molecules (QTAIM) analyses were shown, and the
reduced density gradient (RDG) scattering images of the
NCIs were displayed. To acquire a sense of NCIs, RDG
plots and 3D isosurfaces were used. Additionally, utilizing
QTAIM analysis to determine the bond critical point, the
NClIs between C¢Ng and analytes were measured [24].

To look at the conductivity and interactions of the
analyte@CsNg complexes, the DOS of the most stable ge-
ometries was analyzed. A DOS evaluation was carried out
to have a thorough understanding of the number of states
that electrons can occupy at a given energy level. The
highest occupied molecular orbital (HOMO)/lowest unoc-
cupied molecular orbital (LUMO) region underwent modi-
fications, and the energy states that were available provided
insight into how complexation affected the electrical char-
acteristics and sensing capabilities of C¢4Ng. To look at the
conductivity and interactions of the analyte@CgNg com-
plexes, the DOS of the most reliable systems was analyzed.
To gain a thorough understanding of the different states that
electrons can occupy at a given energy level, DOS analy-
sis was carried out. The energy states that were accessible
helped us to comprehend the alterations that were placed in
the HOMO/LUMO region [24]. The output files of all the
methods are shown through the GaussView software [25].
The activity indicators on a worldwide scale are computed.
Based on Eqn. 1, the chemical potential is clearly deter-
mined.

w=—(Egomo + Ervmo) /2 (1)
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Enomo stands for the energy of the HOMO in this in-
stance, while E ymo stands for the energy of the LUMO
[26].

Softness (S) and electrophilicity (w) are quantified as
follows: Eqns. 2,3.

S =1/(2n) @)

w=pu?/2n (3)

3. Results

C¢Ng was tested as an adsorbent material for sul-
phur mustard and minoxidil using DFT simulations. The
DFT method gives better results; therefore, choose the DFT
method for further experiments. The optimized structure of
CsNg is used as a surface for sulphur mustard and minoxidil.
Fig. 1 represents the front and side images of the optimized
geometry of the surface. The optimized structures of ana-
lytes C4HgCl,S and CyH sNsO are more preferred by the
DFT method, as shown in Fig. 2.

3.1 Interaction Energies

The interaction energy of sulphur mustard and minox-
idil over C4Ng was calculated by the following formula:

Ein = Ecomplex - (Eanalyte + Esurface) (4)

3.2 UV Properties

The presence of many peaks in the UV graph through
Origin denotes the existence of excited electrons. The
larger the wavelength that is absorbed, the easier it is to ab-
sorb additional electrons [27]. The absorbance increases as
more electrons are taken in. The UV graph through Origin
gives information about the maximum absorbance [28].

3.3 Non-Covalent Interactions
3.3.1 3D Isosurface

The analysis of Visual Molecular Dynamics was car-
ried out using Multiwfn software. The simulation results
were analysed by using visual molecular dynamics analy-
sis. If the green patches are present between the surface and
analyte, then it shows the Van der Waals forces or dispersion
interactions. If the light blue color is present, it represents
the hydrogen bonding, and the red color shows the repulsive
forces.

3.3.2 Electron Localization Function (ELF)

ELF was developed by Becke and Edgecombe on the
basis of a provisional identical pair density function, which
supports the use of density functional theory-based tech-
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Fig. 1. Front and side images of optimized geometry of the C¢Ns Surface.

C4H8Clzs

J

Fig. 2. Optimized structure of C4HgCl,S and CoH;sNsO analytes.

niques to calculate ELF. ELF was established on the ther-
mal density of electrons [29]. ELF shows a high prospect
of detecting a pair of electrons on the face of the molecule,
achieved by the Multiwfn software [30]. The ELF graph is
considered in the range between 0.0 and 1.0. Area below
0.5 describes a delocalized electron region. If the plotted
value of ELF is in the range of 0.5 to 1.0, then the elec-
trons are both localized and bonded; if it is in a range of
0.5, then the electrons are delocalized [31]. More red color

CoH5N50

is present in the ELF graph of the surface, which stands for
strong electronic localization.

3.4 QTAIM Analysis

In C4HgCl,S@C¢Ng, four types of bond critical points
appear, such as 43, 59, 61, and 70 in Fig. 3. In Table 1,
positive values of Laplacian electron density indicate the
presence of non-covalent interaction, and negative values
show the ionic interaction [32].

&% IMR Press
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C,H,CL S@CN,

CH NO@CN,

104

Fig. 3. QTAIM analysis of complexes C4sHsCL S@CsNs and CoHisNsO@CeNs. QTAIM, quantum theory of atoms in molecules.

Table 1. Values of BCPs (laplacian of electron density V*p,
potential electron energy density V(r), kinetic electron energy
G(r), electron density (p), and total electron energy density
[H(r)]) of C4sH3Cl,S@CsNs complex obtained from QTAIM

analysis.
BCP Aint (P Vp GO V(@) H(r)
43 N9..H30 0.007 0.023 0.004 -0.004 0.0007
59 NI12..S21 0.003 0.012 0.002 -0.001 0.0005
61 N11..S21 0.004 0.011 0.002 -0.002 0.0004
70 N14..H33 0.006 0.019 0.004 -0.003 0.0006

BCPs, bond critical points; A int, interaction energy; QTAIM,
quantum theory of atoms in molecules.

In CoH;5sNsO@C¢Ng, seven types of bond critical
points are observed as shown in Table 2. Only two types of
bond critical points are observed, such as 57 and 71. Bonds
between connected atoms are observed by negative values
of V2p and H(r), which designate the covalent interaction
[33].

3.5 Recovery Time of Surface CsNg

One of the main factors in determining if C¢Ng is an
appropriate gas sensor is calculating the recovery time for
analyte desorption. Recovery time tells us about the sta-
bility of the complex and the sensing ability of the sur-
face. Conceptual model, using the transition state concept,
recovery periods (s) for the desorption of C4HgCl,S and
CyH;5NsO were determined, which can be indicated as:

&% IMR Press

T = ,UflefEads/KT (5)

T represents the system’s temperature, and v indi-
cates attempt frequency. According to the transition the-
ory, recovery time elongates as adsorption energy E,q rises.
Where K shows the Boltzmann constant (8.62 x 107> eV
K=!). At ambient temperature, recovery time increases
when the adsorption energy is greater than 1.0 eV, and the
sensor takes more than 12 h to recover. At 300 K, the re-
covery time for C4HgCl,S@CgNg and CoH; 5NsO@CsNg
is observed in Table 3.

4. Discussion
4.1 Interaction Energies

The interaction energies and interaction distances of
sulphur mustard and minoxidil adsorbed on the C4Ng sur-
face are observed in Table 3. If the molecule has more inter-
action energy, then this molecule is more stable. The least
H-23...N-44 adsorption distance, which is 2.639 A, indi-
cates that the CoH;sN5O@C¢Ng complex has the highest
stability. C4HgCl,S@CsNg shows the interaction energy
—30.39 kJ mol~!. The highest interaction energy is —85.34
kJ mol~! observed for CoH;sNsO@C¢Ng due to the con-
junction and efficient overlapping of orbitals. Adsorption
energy less than 1 eV indicates the physisorption process
between the analyte and the surface. The high adsorption
energy value of CoH;5N5O0@CsNg complex represents the
physisorption process [22]. The technique of the adsorp-
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Table 2. Values of BCPs (laplacian of electron density V>p, potential electron energy density V(r), kinetic electron energy G(r),
electrondensity (p), and totalelectron energy density [H(r)]) of CoHisNsO@CsNs complex obtained from QTAIM analysis.

BCP A int )

G V() H(r)

57 C2.N14 03647 -1.3246 0.2425 -0.8162
71 N21..C20 0.1710 -0.2604 0.0453 —0.1558

—0.5737
—0.1105

Table 3. Interaction energies (kJ mol™') and interaction distances (A) of optimized complexes.

Complex Eigmoi~!  Closest interacting atoms Dinray Qnsoe-) Recovery time of the sensor (s) BSSE energy (eV)
C4HgCLS@C¢Ng  —30.39 NO9...H30 2.643 —0.088 1.001 x 10712 0.0828
CoHsNsO@CgNg  —85.34 H23..N44 2.639 -8x1073 7.749 x 10% 0.1846

INT, interaction energy; NBO, natural bond orbital; BSSE, basis set superposition error.

C4HgCL,S@C¢Ng

CoH;5sNsO@C¢Ng

Fig. 4. Optimized structure of complexes CsHsCLS@CsNs and CoHsNsO@CsNs.

tion process was corroborated by the results of the binding
energy of the analytes and complex [34].

Higher interaction energy shows the stability of the
complex [35]. Fig. 4 shows the closest interacting distance
in optimized geometries of complexes C4sHgCl,S@CgNg
and CoH sNsO@C¢Ng. Basis set superposition error
(BSSE) energy for C4HgCl,S@CgNg is 0.0828 and for
CoH5NsO@CgNg is 0.1846 in Table 3. A small basis set
stabilizes the complex due to BSSE energy.

4.2 FMO Analysis

Several other electronic characteristics were com-
puted, including the power of the highest occupied molec-
ular orbital (Egomo) and the lowest unoccupied molecular
orbital (ELymo). Koopman’s theorem states that the ioniza-
tion potential (I) of molecules and the electron affinity (A)
are linked to the Eyomo and Epymo [36]. When the objec-
tive molecule with the high HOMO energy serves as the
electron carrier and the associated molecule as the acceptor

with the lower LUMO energy, the interaction is strength-
ened. The chemical’s kinetic persistence and high reactivity
are described by the universal reactivity parameters [37].

Frontier molecular orbitals (FMOs), which are the
LUMO and the HOMO, respectively, are critical for chem-
ical procedures as well as electrical and optical achieve-
ment. HOMO and LUMO of C4HsCl,S@C¢Ng and
CoH|5sNsO@C¢Ng are represented in Fig. 5. HOMO has
the capacity to donate an electron, and LUMO has the ca-
pacity to receive an electron. Moreover, the “energy band
gap” refers to the energy gaps between HOMO and LUMO.
The energy gap values of HOMO-LUMO affect the chem-
ical strength and bioactive molecule (Fig. 6).

The band gap of surface C¢Ng is 4.206 eV. With the
complexation of analytes with the surface, the band gaps
of C4H8CIZS@C6N8 and C9H15N50@C6N8 are 4.007eV
and 3.067 eV, respectively, as observed in Table 4. A few
alterations in the band gap of surface C¢Ng are seen on
the adsorption of sulphur mustard and minoxidil, suggest-

&% IMR Press


https://www.imrpress.com

CeNy

LUMO

HOMO

<

C,H,CLS@C,N,

CoHsN;O@CNg

Fig. 5. HOMO and LUMO of CNg, CsHsCl,S@CsNs, and CoH sNsO@CsNs.

Table 4. FMO analysis and values of softness (S), hardness (), chemical potential (n), and electrophilicity (®) of Analyte@CsNg

Complexes.
Molecules  Epomo (V) Erumo (€V) Energy gap (eV) Softness (eV-') Hardness (V) Chemical potential Electrochemical
(eV) potential (eV)
CgNg -6.671 -2.464 4.206 0.092 5.439 4.567 1.917
C4HsCL,S —6.594 -0.226 6.368 0.077 6.481 3.410 1.003
CoH5sN50 -5.105 0.070 5.175 0.099 5.07 2.5175 1.468
Complex 1 —6.620 -2.613 4.007 0.094 5.313 4.616 2.005
Complex 2 -5.175 -2.107 3.067 0.122 4.122 3.641 1.608

FMO, frontier molecular orbital; HOMO, highest occupied molecular orbital; LUMO, lowest unoccupied molecular orbital.

ing irregular interactions between the surface and the ana-
lytes. Maximum hardness shows the greater stability of the
molecule. Different types of parameters are shown in Fig.
7.

Natural Bond Orbital Analysis

Natural bond orbital analysis is used to investigate the
intermolecular and intramolecular charge transfer. Quan-
tum natural bond orbital (QNBO) analysis is used to in-
vestigate the charge transfer between analytes and the sur-
face during interaction. Positive value of QNBO shows the
transfer of charge from analyte to surface, and a negative
value shows the transfer of charge from surface to analyte.
The negative values of both complexes show the charge
transfer from the surface to the analyte. Both complexes
show the positive values of QNBO, which indicate that
charges are transferred from the surface (C¢Ng) to the anlyte

&% IMR Press

in both complexes due to the high density of electrons on the
surface [22]. The value of QNBO in C4HgCl,S@C¢Ng is
—0.088 and in CoH 5sNsO@CgNg is —8 x 1073 in Table 3.

4.3 UV Adsorption Properties

In Fig. 8, C4HgCl,S@Cs¢Ng shows the adsorption
value of 270 nm supporting t—m+, and CoH;5NsO@C¢Ng
shows the Amax of 400 nm. The graph of C4HgCl, S@C¢Ng
complex goes into the Ultraviolet region because this region
has the wavelength in the range of 100400 nm. The graph
of CoHsNsO@C¢Ng complex goes into the visible region
because this region has the wavelength range 400-800 nm.

4.4 Non-Covalent Interactions

NCIs have a distinctive signature, and the electron
density is the only way to detect their presence. The RDG
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-0.226 eV

0.070 eV

— HOMO
— LUMO

-2.107 eV
2 2464V I -2.613 eV
S 5.175 eV
£ -3 - Y A
>
5 6.368 eV y
CI:J H 3.067 eV
L '4 = 1 Y A
4.007 eV
4,206 eV |
5 - A s NE
-5.105 eV 5175 eV
£
7 -6.671 eV -6.594 eV -6.620 eV
C6N8 C4HBCL2S C9H15N50 Complex1  Complex2

Fig. 6. Graphical representation of HOMO, LUMO, and energy gap values in eV.

approach has been used to examine various NCI kinds in
real space. Under the context of DFT, the RDG, a basic im-
measurable function of the electron density gradient stan-
dard, is utilized to explain the departure from a uniform
electron distribution to non-uniform electron density [34].
The color coding for the depiction of NCI iso-surfaces is
as follows: blue denotes attractive interactions, red denotes
repulsive interactions, and green denotes intermediate in-
teractions. The presence of a darker hue in the graph rep-
resents the stronger forces between the anlyte and the sur-
face [38]. Greater molecular complexes may be described
using the NCI indices at a cheap computing expense and
with informative findings by using a promolecular density
[39]. The electrostatic impact, which appears as a red circle

on the isosurface of all the benzene rings, is caused by the
spike around +0.020 a.u [40].

In Fig. 9 of C4HgCl,S@CeNg thin spikes of green
color show weak dispersive interactions according to Van
der Waals forces, and thick spikes of red color stand for the
strong steric repulsion present in the complex. In Fig. 9
of CoH 5sNsO@C¢Ng blue color expresses the strong hy-
drogen bond, the green color appears for the interactions
according to Van der Waals (dispersion force), and the red
color represents the strong steric repulsion. In this graph,
red and blue colors are more dense.

The more particular approach, known as lowered
density gradient research, is applied to produce the non-
covalent coupling more precisely. The RDG analysis was
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Fig. 7. Graphical representation of chemical parameters for CgNs, C4H3CLS, CoHisNsO, C4HsCLS@CsNs, and
CoH15NsO@CsNs.

used to explore the repellent, attracting, and Van der Waals
strong and weak interactions [41]. In RDG scatter spectra,
which are divided into three colors, blue, green, and red,
the function of A,(r) varies between 0.035 and 0.000 a.u.
The blue color of the maxima in the range of A,(r) <0 (less
than 0.01 a.u. in our example) denotes strong electrostatic
forces, such as hydrogen bonding, etc. In the area where
A (r) = 0, which is related to the weak non-covalent attrac-
tions, such as dipole-dipole or London dispersion forces,
green colour spikes occur. The red color of the peaks in the
area where A, (r) >0 represents steric repulsion between the
atoms of the molecule [42]. The indication and the value of
the sign (A,) pare used to explain the type of interactions.

The overall discussion shows that both complexes
(C4HsClhS@CNg and CoHsNsO@C¢Ng) have strong
electrostatic forces (Hydrogen Bonding) between the ana-
lyte and surface, while very weak dispersion interactions
(van der Waals forces).
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4.4.1 3D Isosurface

In Fig. 10, 3D isosurface of C4HgCl,S@C¢Ng, green
patches are more prominent than CoH;5N5sO@CgNg, which
shows the Van der Waals forces (dispersion interactions)
and also shows the weak isosurface. Some portion of red
and blue regions also appears in both complexes, which
shows the presence of repulsion forces and hydrogen bond-
ing, respectively.

4.4.2 Electron Localization Function (ELF)

The presence of bonding and nonbonding electrons is
shown by the red color around hydrogen atoms with the
greatest value, and other color shades of the ELF graph also
corroborate the presence of bonding and nonbonding elec-
trons [43] (Fig. 11). Due to the rarity of covalent bonds,
high ELF values shown by the red color surrounding the
atoms of hydrogen reveal a strong location of electrons. In
Fig. 12 of C4HgCl,S@C¢Ns, nitrogen and chlorine atoms
have blue circles, which represent the zone of electronic de-
ficiency between the inside and outside layers, yet the color
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Fig. 8. UV-vis spectrum of C4H3Cle@C6Ns and C9H15N50@C6N8.

blue around the carbon atoms indicates the delocalized elec-
tron cloud around this one. In both complexes, red and or-
ange colors stand for strong electronic localization. In Fig.
12 of CoH 5NsO@CgNs, red color is more prominent [44].

4.5 Partial Density of States

In DOS and PDOS plots, the structure of fragment or-
bitals that are a part of molecular orbitals is demonstrated.
In DOS, red, green, and color lines represent the analyte,
the surface, and the total (complex). In PDOS, a bond-
ing interaction supported the PDOS’s positive value, but an
anti-bonding interaction implies negative values, and non-
binding interactions imply values very near to zero. The
contribution of molecular orbitals is assessed by the den-
sity of states [45]. When non-spin polarized electronic band
structure computations provide a high value for the density
of magnetic flux, ferromagnetism is anticipated to develop.
Specifically, when the Fermi level is at a strong DOS peak,
states (DOS) at the Fermi level. The DOS plot represents
the energy gap of 18 electrons [46].

In Fig. 13, DOS method, LUMO present on the right
side, HOMO present on the left side, and the center part
shows the Fermi level. In both graphs, peaks on both sides
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show that surface C¢Ng acts as a donor as well as an accep-
tor. An analyte acts as a donor. In Fig. 14, PDOS red color
shows the C¢Njg surface, blue color shows the analyte, and
black color stands for the total.

4.6 Molecular Electrostatic Potential

Molecular electrostatic potential (MEP), which is re-
lated to the electron density, is necessary to comprehend
the locations for electrophilic (negative potential) and nu-
cleophilic (nucleophilic potential) sites as well as hydrogen
bonding relations [47]. The molecular electrostatic poten-
tial was calculated using an optimized structure. Funda-
mentally, the molecular electrostatic potential is a measure
of the intensity of the neighboring charge nuclei and the
electrostatic potential at a certain location. In terms of col-
ors, the MEP discloses the molecule’s size and form. Based
on the interactions between electrons and protons, it is sim-
ple to determine the reactive regions of a molecule that in-
dicate biological activity [48].

The sections of MEP that were negative (red) and
positive (blue) were connected to electrophilic and nucle-
ophilic reactivity, respectively. The electronic density is
coupled to the MEP, which is a crucial descriptor for identi-

&% IMR Press


https://www.imrpress.com

2.0 0.020 2.0 0.020
1.8 0.015 1.8 0.015
1.6 0.010 1.6 0.010
14 (065 144 0.005
Lo L 0.000 12 0.000
8 -0.005 g ' ~0.005
& 1.0 & 1.0
. -0.010 -0.010
0.8 - -0.015 0.8 -0.015
0.6 - 0020 0.6 ~0.020
0.4 - ~0.025 0.41" -0.025
0.2 1 -0.030 0.2 g -0.030
0,0 +—r——r——r—r——————r -0.035 11 1 R S —— ~0.035
335358358323 38 g3 8&ggs&¢z¢gc s
OI CI OI Ql OI o © © o o < <I3 OI OI OI OI o (=} o © (==
sign(1,)p (a.u.) sign(A,)p (a.u.)

Fig. 9. Non covalent interaction (2D RDG) of complexes CsHsCl,S@CsNs and CoH;sNsO@CsNs. RDG, reduced density gradient.
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Fig. 10. 3D isosurface (van der Waals interactions) of complexes C4sHsCL,S@CsNs and CoHisNsO@CsNs.

fying electrophilic approach, nucleophilic interactions, and ~ the complex C4HgCl,S@C¢Ng shows the value —6.513x
hydrogen-bonding interactions [49]. The negative part of 107 and is represented as the electrophilic end. The posi-
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Fig. 11. Electron localization function (ELF) graph for CNs.

tive part of the complex C4HgCl,S@CgNg shows the value
6.513 x 1072 and is represented as nucleophilic end in Fig.
15.

The electrophilic end is represented by the complex
CoH|5NsO@C¢Ng, which has a negative component, with
a value of —6.443 x 1072, The complex CoH;sNsO@C¢Ng
positive component, which is depicted as the nucleophilic
end, has a value 0of 6.443 x 1072 [29]. In CoH, 5N O@CgNg,
red color appears, which is associated with the electrophilic
attack region. In the structure of C4HgCl,S@C¢Ng, a light
red color is present. In both complexes, the nucleophilic
attack region is displayed by blue color, which is mostly
present on hydrogen atoms. The region that is green-
colored shows the neutral sites in the molecule.

4.7 QTAIM Analysis

Investigations on the nature of interactions according
to the quantum theory of atoms in molecules are conducted.
According to research, graphene and blistering chemicals

12

interact with non-covalent energies [50]. By using QTAIM
studies, the stability of the chemical structures of the title
crystals has also been assessed [51]. The quantum atoms-
in-molecules theory is used to examine the atomic bowl
features of these molecular systems (QTAIM). According
to the findings of the QTAIM study, these molecules may
be divided into donor-like and acceptor-like components.
The intra-molecular charge and, therefore, the energy trans-
fer performance for each molecular system are also investi-
gated using the local chart of the atomic electronic concen-
trations [52].

The bond critical point decides the type of bond that
exists between an analyte and a complex bond critical point
(BCP). Several topological metrics, such as the total elec-
tron energy density [H(r)], the electron density (p), and the
Laplacian of the electron density (V>p), were used at BCPs
to identify the types of interactions. At BCPs, the electron
density (p) regulates the bond’s strength, whereas the total
electron energy density H(r), potential energy density V(r),
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Fig. 13. Density of states of complexes C4HsCL,S@CsNs and CoH;sNsO@CsNs.

Laplacian (V2p), and kinetic energy density G(r) evaluate
the type of interactions. The existence of electrostatic in-
teractions or hydrogen bonds is indicated by an electronic
density value of >0.1, whereas the existence of weak van
der Waals interactions is confirmed by a value of 0.1 (Table

1.
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The values of potential energy density and kinetic en-
ergy density often stay negative and positive appropriately,
at the BCPs. Adding V results in the creation of H(r) and
G(r), which suggests that covalent and NClIs are present. A
value of H(r) less than zero indicates the presence of cova-
lent contacts, whereas NCIs have a value of H(r) larger than
zero [53].
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4.8 Limitations of the Study

This study is based on density functional theory cal-
culations. Experimental validation, solvent and tempera-
ture effects, long-term stability, and sensor fabrication as-
pects were not investigated and should be addressed in fu-
ture work.
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5. Conclusion

DFT simulations were used to calculate the adsorp-
tion of Sulphur mustard and minoxidil on the surface
C¢Ng. All feasible paths of the analyte on the CgNg
face were investigated to obtain the best permanent shapes
of the analyte@CsNg complexes. C4HgC;pS@CgNg and
CoH|5sNsO@C¢Ng complexes exhibit adsorption energies
of —30.39 and —85.34 kJ mol~', respectively. Among the
two complexes, CoHsNsO@C¢Ng shows the more neg-
ative adsorption energy, indicating a stronger and more
energetically favorable interaction with the C¢Ng sur-
face compared with C4;HgCpS@CsNg. HOMO-LUMO
energy gap of (Cg¢Ng) changes from 4.206 to 4.007
eV in C4HgCLL,S@C¢Ng and decreases to 3.067 eV in
CoH|5NsO@C¢Ng, which shows the changes in kinetic sta-
bility and chemical reactivity. The Apax value for com-
plexes C4HgCl, S@C¢Ng and CoHsNsO@CgNg appears at
270 nm and 400 nm, respectively, in UV analysis. NCI
and QTAIM analyses have also been used to investigate
the intermolecular interactions. One of the most impor-
tant factors in characterizing non-covalent forces is interac-
tion energy. Interaction energy determines the stability of
the molecule. The interaction energy of C4HgCl,S@CgNs
is —30.39 kJ mol~'. CoH;sNsO@C¢Ny is the most sta-
ble complex due to the least adsorption distance between
the H-23.... N-44 atoms, which is 2.639 A, and the high-
est interaction energy —85.34 kJ mol~'. NBO values of
C4H8CIQS@C6N8 are —0088, and C9H15N50@C6Ng is
—8 x 1073, Both negative values of complexes show the
charge transfer from the surface to the analyte. The distri-
bution of electrons and reactive sites is examined by the
electron localization function. The colours (red, orange,
and blue) determine the different interaction forces. The
red color represents the location of electron density on the
Hydrogen atom, while delocalization of electron density on
the Carbon atom is highlighted by blue dots in the ELF
graph. In the graph of partial density of states, red colour
shows the surface, blue colour represents the analyte, and
black colour represents the total or complex. The PDOS
graph shows the composition of fragment orbitals partic-
ipating in the molecular orbital. Molecular electrostatic
potential is a computational method that uses the electron
density of the compound to determine its potential reac-
tivity. The C4HgCl,S@C¢Ng complex exhibits an ultra-
short recovery time of 1.001x10~'2 s, indicating rapid des-
orption and excellent sensor reusability. In contrast, the
CoH|5sN5sO@C¢Ng complex has an extremely long recov-
ery time (7.749x10% s), suggesting very strong adsorption
and practically irreversible binding under ambient condi-
tions. Therefore, while C¢Ny is highly suitable as a reusable
sensor for sulphur mustard, the adsorption of CoH;sNsO is
more consistent with applications requiring permanent cap-
ture or removal rather than reversible sensing.
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