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As burning of fossil fuels is a major contributor to air pollution, as a result, both acute and chronic releases of
these toxic chemical gases into the air can cause significant damage to the cardiovascular and pulmonary
systems, potentially leading to death. This therefore calls for environmental remediation, through the
detection of these gases, since they cannot be completely eradicated from the atmosphere. Herein, this
research presents a newly tailored phosphorus-doped chromium encapsulation porphyrin (P-—Cr@PPR)
for the detection of CO,, SO,, and NO, gas pollutants. The potential of this material as a suitable
detector for these gases was studied through various computational analyses, carried out using the DFT/
HSEH1PBE/LANL2DZ level of theory. Due to interaction, slight changes in the surface morphology were
observed, showing the effect of detection on the surface. All systems showcased high perturbation
energy, with the greatest perturbation energies of 909.58 and 481.60 kcal mol™! observed for the
surface upon the adsorption of SO, gas, showing that the Cr—-P@PPR-SO, complex will be easily
stabilized as compared to its counterparts studied. Majorly, slight changes in the surface morphology
show the effect of the detection of the surface. Among the systems, non-covalent and partial covalent
forms of interactions were observed, with a positive value of ellipticity (¢) showing some degree of ionic
character with greater ionic contribution. Lastly, detecting strength follows an increasing order of: NO,—
Cr—P@PPR < SO,-Cr-P@PPR < CO,-Cr-P@PPR, with the detection energies recorded as 10.471, 6.503,
and 4.581 eV, respectively. Based on the characteristic properties exhibited by this material, it can be
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Nitrogen dioxide (NO,), sulfur dioxide (SO,), and carbon
monoxide (CO) are some of the important gases that serve as

1 Introduction

Human activities significantly contribute to air pollution
through various sources like burning, smoking, and industrial
processes. This pollution is caused by harmful gases like CO,,
SO,, and NO,, amongst others, posing a significant threat to
human health and the environment.'® These gases originate
from various sources, including domestic appliances, power
plants, and burning fossil fuels.** They can cause respiratory
problems, acid rain, and contribute to climate change.®
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ambient air pollutants. Exposure to these gases, particularly
NO,, can cause catastrophic injuries and even death in humans.
It can also increase the risk of respiratory tract infections by
weakening the immune system.”® Sulfur dioxide (SO,) can cause
respiratory symptoms in patients, especially those with under-
lying pulmonary disease. Research shows that experimental
exposure to SO, can lead to changes in airway physiology,
including increased airway resistance.”'® Both acute and
chronic releases of these toxic chemical gases into the air can
cause significant damage to the cardiovascular and pulmonary
systems, potentially leading to death. In addition, high
concentrations of NO, in confined spaces can be extremely
harmful, even fatal to humans."™ Human activities, such as
burning fossil fuels (coal, oil, and natural gas), are major
contributors to air pollution, including CO, and NO, emis-
sions.™ Also, sulfur dioxide (SO,) is known as a key component
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of acid rain. When sulfuric acid falls as rain, it acidifies both
aquatic and terrestrial ecosystems, harming plants and
animals.**** Due to their harmful effects, the need for envi-
ronmental remediation brings about the detection of these
gases.

Nanomaterials (where some call it a tiny powerhouse) are
a fascinating class of materials with at least one dimension less
than 100 nanometers.” From this, they are significantly smaller
than microscale materials, which typically range from 1 to 100
micrometers. In simpler terms, nanomaterials are about one
billionth of a meter in size.'®® These materials come in
different shapes, namely: nanoparticles, nanorods, and nano-
sheets, amongst others.” Their dimensionality is often used in
determining their classification, wherein zero-dimensional
nanomaterials are called nanoparticles. In furtherance, these
materials can be categorized distinctively based on their unique
properties and structures: metal nanomaterials use divalent or
trivalent metal ions as starting materials and can be prepared
through various methods like chemical or photochemical
techniques; semiconductor nanomaterials bridges the gap
between metals and non-metals, these materials have wide
band gaps that influence their properties when modified;
polymeric nanomaterials encompasses nanocomposites, poly-
mer nanoparticles, block copolymers, and dendrimers; and
lastly carbon-based nanomaterials as the name suggests, are
carbon-based and include fullerenes and carbon nanotubes.*"*
Porphyrin, a molecule with just two nitrogen atoms linked by
a carbon chain, is generating excitement as a powerful gas
sensor. It is important to note that porphyrin can not only
capture gases but also selectively choose its targets. Scientists
are customizing its structure using different functional groups,
like adding hydroxyl groups to attract SO, or alkyl chains for
CO,. This targeted approach is even being used to tackle a real-
world problem: capturing harmful SO, emissions from indus-
trial sources. Research by Gajjar and Roy (2024), studied gas
sensing through transport characteristics and analyzed NH;,
SO,, NO,, and H,O for adsorption of energy, charge density, and
recovery time. Their findings indicate that the porphyrin's
electronic transport changes significantly with gas adsorption.
This suggests the potential for low-power, ultrasensitive, recy-
clable gas sensors using NEGF formalism and DFT.>*

Various research has been conducted on the adsorption of
CO,, SO,, and NO, gases on different nano surfaces. However,
a few works have been done using the porphyrin surface for the
adsorption of these gases. In an adsorption of carbon dioxide,
ethane, and methane on porphyrin-based nanoporous organic
polymers carried out by Jun Yan and team, a beneficial result
towards designing and constructing better surfaces derived
from tetrahedral-structured building blocks for simple molec-
ular gas adsorption in the future.”® In another study conducted
by Yeongran et al. on gas capture and precious metal adsorption
using alkyl-linked porphyrin porous polymers, inexpensive and
scalable porous porphyrin polymers were found to offer great
potential in capture, separation, and precious metal recovery.>*
Haang and Khang investigated the adsorption properties of the
Sc,CF, monolayer towards the adsorption of various gases,
including CO,, NO,, and SO,. It was found that the adsorption
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of these gases does not change the conductive behavior of the
monolayer. Also, the adsorption energy indicates that the
monolayer exhibits low adsorption selectivity. This is due to the
molecule's physiosorbed on the Sc,CF, monolayer.”” Further-
more, Saini and Pandey (2025) studied 5,10,15,20-tetrakis-(4-
hydroxyphenyl)porphyrin (TPPH) and its nickel (NiTPPH) and
zinc (ZnTPPH) forms as gas sensors for CO,, COCl,, CO, and
HCN using density functional theory (DFT). The results show
NiTPPH and ZnTPPH have strong affinity for CO, and COCl,,
with NiTPPH-COCl, having the most stable interaction
(adsorption energy ~ 0.326 eV). Thus, both porphyrins are
minimally sensitive to CO and HCN, confirming selectivity.
Overall, NiTPPH and ZnTPPH are established as promising
candidates for selective CO, and COCI, sensing. This provides
a theoretical basis for developing advanced porphyrin-based
materials for environmental monitoring.>®

Furthermore, recent Density Functional Theory (DFT)
investigations have explored the absorption of these industrial
gases (CO,, SO,, NO,) on carbon-based materials, revealing that
surface modification influences adsorption strength and elec-
tronic sensitivity. Akhmetsadyk et al. (2023), examined SO,
adsorption on pristine and N, GA, and Ga-N co-doped graphene
using the GGA-PBE functional with a DNP basis set in DMol3,
and reported weak physisorption on pristine graphene (E,qs =
—0.32 eV) but much stronger chemisorption after Ga-doping,
accompanied by significant electronic structure changes.*
Similarly, Lin et al. (2023) investigated NO,, SO,, and NO gases
adsorption on Janus MoSeTe monolayers decorated with Fe, Co,
and Ni transition metals.*® The findings revealed that TM-
decoration converts weak physisorption on pristine MoSeTe
into strong, mainly chemisorptive binding for NO,/SO, (approx
—2.4 eV for TM-decorated systems and 1.7-1.9 eV for pristine
MOSeTe). Faghihnasiri & Branicio (2025) used DFT to assess
CO, vs. N, on graphene; the authors report weak physisorption
with CO, adsorption energy of —0.168 eV (N, = —0.120 eV), i.e.,
small intrinsic selectivity on pristine graphene.** However,
these studies are limited either to a single gas species or to non-
metal doped carbons, offering little insight into how transition-
metal centers influence the simultaneous adsorption of
different industrial gases.

This current research utilizes density functional theory (DFT)
to investigate how phosphorus (P) doping and chromium (Cr)
encapsulation enhance the adsorption and sensing perfor-
mance of a single-layer porphyrin (PPR) material for CO,, SO,,
and NO, gases. This work aims to investigate the performance
of phosphorus-doped chromium-encapsulated porphyrin (Cr-
P@PPR) material towards the adsorption of the labelled gases.
The modification of porphyrin will be valuable in synergistic
modulation of the electronic structure and behavior that is
achieved through a combined effect of phosphorus doing
chromium encapsulation, which has not been explored in
previous metal-doped porphyrin-based gas sensors. This will
result in the first reported Chromium-phosphorous engineered
porphyrin nanostructure, enabling enhanced sensitivity and
selectivity for CO,, SO,, and NO, compared to previously re-
ported metal-doped porphyrins and other carbon materials. Cr
metal creates a 3D environment and steric confinement, leading
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to specific site for orbital overlap and selective trapping of the
gases. The effect of surface modification by phosphorus-doping
and chromium-encapsulation on the surface was determined
through various computational analyses, such as geometry
optimization, electronic properties (FMO and NBO analyses),
visual study (QTAIM and NCI analyses), adsorption energy
computation, and, lastly, the use of the selected sensor prop-
erties. This exploration opens doors for developing PPR-based
gas detectors applicable to monitor operating conditions in
CO,, SO,, and NO, gases.

2 Computational details
2.1 DFT approach

All software programs computationally utilized for the design
and calculations of phosphorus-doped chromium-encapsulated
porphyrin (Cr-P@PPR) are as follows: Gaussview 6.0.16,*
Gaussian 16 for optimization,*® Multiwfn software 3.7 for visu-
alizing the reduced density gradient (RDG) and derivation of the
QTAIM descriptor,* visual molecular dynamics (VMD) software
for plotting the RDG,* and ChemCraft software was employed
in the visualization of HOMO-LUMO electronic isosurfaces of
the systems.>®

2.1.1 Engineering of phosphorus-doped chromium-
encapsulated porphyrin (Cr-P@PPR). The studied Cr-P@PPR
was modeled by firstly doping the porphyrin surface with the
phosphorus atom and then encapsulating it with chromium,
forming phosphorus-doped chromium-encapsulated porphyrin
(Cr-P@PPR), which was optimized for geometry equilibration.

2.1.2 Geometry optimization of the surface and adsorbate.
Single-point energy (SPE) calculations and geometry optimiza-
tions have been performed within the framework of density
functional theory (DFT), utilizing the Gaussian 16 code and
GaussView 6.0.16 software. The calculations were carried out
using the GENECP/LANL2DZ/Def2svp basis set and incorpo-
rating the HSEH1PBE functional due to its proven accuracy in
predicting the electronic and adsorption properties of
a system.”” The HSEH1PBE hybrid functional was employed
because its screened Hartree-Fock exchange improves the
description of localized d-orbitals in transition-metal systems,
such as Cr-based adsorbents, where conventional GGA func-
tionals often underestimate electronic interactions. Prior
studies have shown that HSE-type functionals yield reliable
adsorption energies and electronic properties for gas-surface
systems.*® Grimme's D3 dispersion correction effect was
included to ensure accurate treatment of long-range van der
Waals interactions critical for gas-surface interactions. This
consideration was consistently applied across all computations
and analyses presented in this current study. For the basis sets,
LANL2DZ with effective core potentials was applied to Cr to
account for relativistic effects efficiently. Def2-SVP was used for
lighter atoms (C, H, O, N, S) to achieve balanced accuracy in
geometry optimization and adsorption studies. The GENECP
combination ensures accurate treatment of the transition metal
while maintaining computational efficiency.*® The calculations
herein included the quantum descriptors, natural bond orbital
(NBO), the topology analysis for inter and intramolecular
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interactions (QTAIM and NCI), and adsorption studies, which
were integral aspects of this study.

2.1.3 Adsorption strategy of the gases (CO,, SO,, and NO,)
on phosphorus-doped chromium-encapsulated porphyrin. The
optimization of the surface was carried out before modification,
then after modification, it was optimized again to attain a stable
geometry structure. The gases are positioned randomly at the
center of the surface for adsorption. To ascertain the best
configuration, equilibration of the surfaces close to the gases
was carried out during optimization.

3 Results and discussions

3.1 Structural geometry analysis

The studied Cr-P@PPR surface and CO,-Cr-P@PPR, NO,-Cr—
P@PPR, and SO,-Cr-P@PPR complexes were optimized using
the DFT/HSEH1PBE/LANL2DZ level of theory. Optimization
plays a very important role in the computation of adsorption
energy between the investigated surface and the gases (CO,,
NO,, and SO,). This present study involves doping the porphyrin
surface with chromium and phosphorus atoms to form
phosphorus-doped chromium-encapsulated porphyrin (Cr-
P@PPR). Upon modification, the newly tailored surfaces were
positioned to ensure the best adsorption configuration towards
the adsorption of CO,, NO, and SO, gas molecules. Upon
adsorption, the resulting complexes are CO,-Cr-P@PPR, NO,—
Cr-P@PPR, and SO,-Cr-P@PPR corresponding to the adsorp-
tion of CO,, NO,, and SO,. Fig. 1 presents the optimized
structures of the gases, adsorbent, and complexes formed.

The gases shown in the figure showcase geometries that
agree with previous computational research. Herein, the bonds
C-0, S-O, and N-O with the bond lengths of 1.157, 1.145, and
1.193 A are computationally intact, as they correspond to
previous theoretical work.*>*' The pictorial representation of
the gases helps illustrate the increase in the bond length after
adsorption. Table 1 shows the summary of the computed bond
lengths during the pre- and post-adsorption. This increment in
bond lengths, as observed, is nearly insignificant when
compared with those obtained before adsorption. For instance,
the complex CO,-Cr-P@PPR has a bond length of 2.077 A (Crso—
N,,) before adsorption, and then that of 2.081 A upon adsorp-
tion. Upon adsorption, the bonds within the surface have been
observed to slightly increase and decrease, wherein the SO,-Cr-
P@PPR complex showcased a decrease. In furtherance, another
decrement was observed in the NO,-Cr-P@PPR complex.
Lastly, the CO,-Cr-P@PPR complex shows an increment and
a decrement at different instances in its bond lengths. This
result indicates that adsorption of the labelled gases causes
slight changes in the surface morphology, thereby elucidating
the presence of the mentioned gases on the adsorbent.

3.2 Electronic properties

3.2.1 FMO analysis: energy gap fluctuation and the chem-
ical quantum descriptors. Quantum descriptors are very
important parameters that enable one to understand the reac-
tivity, stability, and conductivity of a complex. It therefore

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Cr-P@PPR-S&,

Fig.1 Optimized structures of CO,, SO,, and NO, adsorption on the Cr—P@PPR surface, showing the configurations before and after adsorption

for each gas molecule.

Table1 Cr—N bond lengths (A) in the Cr—P@PPR complex before and
after adsorption of CO,, SO, and NO, gas molecules, showing
structural changes upon gas interaction

Complex Bond label Pre-adsorption Post-adsorption
CO,-Cr-P@PPR  Cr;o-N; 2.090 2.081
Crzo-Nyo 2.077 2.081
Cr-N, 2.054 2.042
Cr-N,g 2.041 2.042
SO,-Cr-P@PPR Cr-Nj 2.090 2.068
Cr-Njo 2.077 2.075
Cr-N, 2.054 2.033
Cr-N,g 2.041 2.025
NO,~Cr-P@PPR  Cr-Nj 2.090 2.062
Cr-Njo 2.077 2.099
Cr-Ny, 2.054 2.019
Cr-N,g 2.041 1.996

becomes a crucial approach used in computational chemistry to
understand the electronic and optical properties, taking
cognizance of the energies of the highest occupied orbital
(Ezomo) and that of the lowest unoccupied orbital (Erumo),
where they are fundamentally applied in obtaining the energy
gap.”* The energy gap is the difference between the HOMO
and the LUMO, and the results are summarized in Table 2.
The highest energy gap was observed in the complex CO,-
Cr@PPR with a value of 1.848 eV. Although the pure surface has
a small energy gap of 1.297 eV, it increases upon adsorption in
CO,-Cr@PPR and SO,-Cr@PPR. A study by Saini and Pandey
(2025), that the adsorption of gases, including CO,, resulted in
a significant increase in the energy gap.** A decrease in the
energy gap was obtained in NO,-Cr@PPR, where it decreased to
1.071 eV. The effect of CO, adsorption differs from NO, and SO,.
This is explained by the chemical activities of the P-block
elements (non-metals). The results showed higher reactivity of

Table 2 Quantum chemical descriptors of Cr—P@PPR and its gas-adsorbed complexes (CO,, SO,, and NO,), with all units in electron Volt (eV),

except for chemical softness (S) with a unit of eVt

Complexes Enomo €V ELumo €V I eV Ej eV Egap €V w(ev) x (eV) 1 (eV) S(evh
Cr-P@PPR —4.352 —3.054 4.352 3.054 1.297 -3.703 3.703 0.648 0.770
CO,-Cr@PPR —5.269 —3.421 5.269 3.421 1.848 —4.343 4.343 0.924 0.540
SO,-Cr-P@PPR —5.668 —3.845 3.668 3.845 1.823 —4.757 4.757 0.911 0.548
NO,-Cr-P@PPR —4.749 —3.677 4.749 3.677 1.071 —4.213 4.213 0.535 0.933

© 2025 The Author(s). Published by the Royal Society of Chemistry
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the modified porphyrin surface in adsorbing gases compared to
those obtained from Ammar and Badran's work (2019), whose
transition metal-doped porphyrin surfaces had an energy gap
within the range of 2.827-3.124 eV.* This implies a significant
influence of the dopant on the change in the electronic state of
the material. Further investigation of the stability and reactivity
of the complexes and surface can be scrutinized with the help of
the chemical descriptors. Improvement in the chemical reac-
tivity and kinetic stability of the studied complexes has been
achieved through the reactivity descriptors.** The subject
encompassing the frontier molecular orbital envelops crucial
information about the studied complexes and surface. These
descriptors include the ionization potential (IP), electron
affinity (EA), chemical softness (S), chemical potential (u),
electronegativity (X), and global hardness (n), which have been
theoretically deployed to evaluate the reactivity properties of the
studied complexes. The Koopmann hypothesis*” has been
applied to calculate these descriptors as shown in the following

eqn (1)-(6)-

IP = —Enomo &Y
EA = —Erumo (2)
= _% (IP + EA) 3)
R (1)
n= (P~ EA) (5)

I
S= ™ (6)
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Referring to the Koopmann approximation, the ionization
potential (IP) can be directly proportional to the energy of
HOMO. The electron affinity (EA) has a relationship with LUMO
energy. In conjunction, global hardness and the electrophilicity
index account for greater stability and low reactivity of the
complexes studied. The ionization potential is the energy
needed for the transfer of electrons from HOMO to LUMO, and
electron affinity is the energy released when molecules, atoms,
etc. accept electron(s). Chemical hardness defines the tendency
of a chemical species to resist electron charge transfer within its
chemical environment.*® On the other hand, knowing that
chemical hardness is the direct opposite of chemical softness it
means the ability of a chemical species to attract electron
charge transfer. These two parameters (chemical hardness and
chemical softness) depend on how firmly the atoms are held
together. From Table 2, a higher global hardness value of
0.924 eV was recorded for CO,-Cr@PPR. As chemical hardness
displays small or mild resistance to electron transfer, this
suggests relatively little resistance.* Moreover, the least value of
0.535 eV was observed in complex NO,-Cr-P@PPR, suggesting
a relatively greater resistance among its studied counterparts.
Finally, the HOMO and LUMO plots showing the distribution of
HOMO-LUMO for the surface before and after interaction are
presented in Fig. 2.

3.2.2 NBO analysis: perturbation study. Natural bond
orbital analysis plays a significant role in describing intermo-
lecular and intramolecular interactions, arising from chemical
bonds in molecules, making it an effective tool in elucidating
hyperconjugation and electron density transfer from filled lone-
pair electrons. According to Weinhold et al.,”®> NBO analysis
provides detailed information regarding the distribution of
electrons with molecular bonds that exist between atomic
species. The stabilization energy (second-order perturbation
energy, E*) was theoretically calculated and expressed in eqn (7).

E-HOMO = -5.269¢

E-LUMO = -3.421eVes

\Cr-P@PPR

| Cr-@PPR-CO, I Cr-P@PPR-NO,

. E-HOMO = -4.749¢V E-HOMO = -5.668eV

' E-LUMO = -3.845¢V

I Cr-P@PPR-SO,

E-LUMO =-3.677eV

Fig. 2 The visualization of the HOMO and LUMO plots for of Cr—P@PPR, CO,—-Cr—-P@PPR, NO,-Cr-P@PPR, and SO,-Cr-P@PPR.

39608 | RSC Adv, 2025, 15, 39604-39615

© 2025 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra04777c

Open Access Article. Published on 20 October 2025. Downloaded on 1/16/2026 7:58:47 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

View Article Online

RSC Advances

Table 3 Second-order perturbation stabilization energies (E2, kcal mol™) from NBO analysis for Cr—P@PPR and its gas-adsorbed complexes

(COZ, SOz, and NOZ)

System Donor Acceptor E” keal mol ™! E(i) — E() F(ij)
Cr-P@ PPR 7*(2)C1-C, T*(2)Cy5-Cas 126.42 0.01 0.078
7¥(2) C3-C, T¥(2)Cy=C 120.53 0.01 0.073
CO,~Cr-P@PPR LP* (1) Cyy LP (1) Cyo 320.06 0.03 0.138
LP*(5) Cr3, LP*(6) Cr, 160.04 0.05 0.228
SO,-Cr-P@PPR LP*(1) Gy, LP (1) Cys 909.58 0.01 0.135
LP (1) C1sy LP*(1) Cpo 481.60 0.02 0.138
NO,-Cr-P@PPR 7*(2) Cg-Ny, 7 (2) C1g-Cas 168.89 0.03 0.093
7¥(2) Cyo- Ny 7%(2) C11-Cao 140.47 0.04 0.091

2
E? = AE; =g <E(,FE)EJ) 7)
where g; denotes the donor occupancy, F(i,j) is the off-diagonal
NBO Fock Matrix elements, and E; and E; represent the diagonal
elements. Reviews from literature show that the higher the
second-order perturbation of energy corresponds with the
stronger the interaction between the donor and acceptor
orbital, with a greater level of conjugation.*® The summarized
results of the NBO calculation for the studied surface and its
complexes are presented in Table 3, illustrating charge delo-
calization from donor to acceptor orbitals, second-order
perturbation energies, diagonal elements, and off-diagonal
NBO Fock matrix elements. For the pristine Cr-P@PPR
surface, electron transition occurs from donor to acceptor
orbitals (mt* — 7*), with a perturbation energy of 126.42 kcal-
mol*. Upon gas adsorption, the results reveal that SO, exhibits
the  highest  stabilization  energies  (909.58  and
481.60 kcal mol ™), indicating the strongest charge delocaliza-
tion and interaction with the Cr-P@PPR surface. In compar-
ison, CO, shows moderate stabilization energies (320.06 and
160.04 kcal mol '), while NO, displays comparatively lower
values (168.89 and 140.47 kcal mol ). Specifically, for the Cr-
P@PPR-NO, complex, charge transitions occur from 7*(2) C8-
N12 — 7*(2) C18-C34 and C22-N26 — 7*(2) C11-C29, with
corresponding energies of 168.89 and 140.47 kcal mol ",
respectively. Similarly, the CO,-Cr-P@PPR complex exhibits
relatively higher stabilization energies (320.06 and
160.04 kcal mol '), primarily due to charge delocalization
involving lone pair — lone pair interactions.>” These findings
suggest that the Cr-P@PPR surface possesses promising
adsorption characteristics for gas capture, with SO, forming the
most stable complex, thereby demonstrating the strongest
adsorption behavior compared to NO, and CO,.

3.3 Visual study

3.3.1 The 3D-RDG maps analysis. The concept of non-
covalent interaction (NCI) helps to explain in detail the struc-
tural properties as well as the forces taking place during the
interaction. It enables us to effectively visualize the structures,
interpret, and distinguish the kinds of interactions that occur.
The NCI includes the use of electron density and its gradient

© 2025 The Author(s). Published by the Royal Society of Chemistry

(RDG), thus presented as a plot and the second eigenvalues of
the Hessian matrix (1,).”* The forces involved here are the
hydrogen bonds, electrostatic forces, and van der Waals
(repulsive forces), which are elucidated using the NCI study.
During this study, the interaction between the surface Cr-
P@PPR was investigated to determine the non-covalent inter-
action and how it affects the adsorption ability of the labelled
gases. Using the computational software Visual Molecular
Dynamics (VMD), the NCI was viewed, and the RDG scatter plots
were obtained and incorporated for the evaluation of the read-
ings obtained through this software application. From Fig. 3, it
was observed that the complex CO,-Cr-P@PPR is characterized
by a hydrogen bond, denoting a strong interaction. On the other
hand, the complex SO,~-Cr-P@PPR has a constituent property of
a strong repulsive force caused by steric. This distinguishable
characteristic of this complex is traceable to the features of its
adsorbent (gas), although the complex NO,-Cr-P@PPR is more
repulsive than attractive because of the higher steric effect.
3.3.2 Quantum theory of atoms-in-molecules (AIMs) anal-
ysis. The theory of quantum molecules was developed to decrypt
the intermolecular interaction that exists between molecules,
which involves ionic bonding, van der Waals forces of attrac-
tion, and covalent bonding of structures.** This analysis is often
carried out to determine whether these molecules can interact
between species. The phrase “quantum molecular theory” is
best treated with various topological parameters to validate the
authenticity of the nature of interaction arising because of
adsorption. These parameters include: the density of all elec-
trons p(r), the Lagrangian Kinetic Energy G(r), Laplacian of
electron density V?p(r), potential energy density V(r), Energy
density E(r) or H(r), Eigenvalues of Hessian (1;, A,, and 43),
Electron Localization Function (ELF), and Ellipticity of Electron
Density &.°* Ultimately, the basis for which these analyses were
carried out was to ensure the strength of the interactions at
different critical points (CPs) for each of the complexes and
their possible significance as captured in sensor materials.
Table 4 presents these topological parameters computed at
bond critical points (BCPs). Literature review shows that the
expression p(r) > 0.1lis usually attributed to higher stability,
which connotes the complexes studied at various CPs.*® The
reverse implication of the latter is that, for every CP having p(r) <
0.1, there will be a likelihood that such a complex may not be
stable.”” Furthermore, the density of electrons H(r) is
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Fig. 3 The 3D RDG maps for the studied complexes display the designated colour peaks, which explain the intermolecular interaction between

the modified porphyrin surface and the adsorbed gases.

responsible for the nature of interaction, which signifies that if
this parameter has negative values, there is a likelihood of
a covalent attraction of molecules. In furtherance, the Laplacian
of Electron Density V*p(r) accounts elaborately on the nature of
the interaction, wherein a Laplacian of Electron Density V>p(r) >
0 and Energy Density H(r) < 0, indicates non-covalent interac-
tion.*® From Table 4, all complexes exhibit a non-covalent and
partial covalent form of interaction. These properties are those
found to align with sensor materials. Positive ellipticity of
electron density ¢ > 0 suggests elongated electron density along
the bond axis, thus signifying a polar covalent bond with some
degree of ionic character.® The larger the positive value, the

greater the ionic contribution to the bond. This statement is
significant to our case, as captured in Table 1, where the posi-
tive values show some degree of ionic character with greater
ionic contribution.

3.4 Adsorption study

To gain elaborate insight into the subject of adsorption studies,
the studied complexes were optimized before and after detec-
tion. On the cluster, we have the initial structural equilibration
LANL2DZ as the employed basis set. Also, all computations were
carried out using DFT/HSEH1PBE/LANL2DZ level of theory. The
adsorption behaviors of the Cr-P@PPR surface in the detection

Table 4 The summarized result of the topological parameters computed at bonds critical points (BCPs) and calculated®

System Bonds Cps P(r) Vp(r) G(r) V) K(r) H(r) ELF LOL Az A3 M2z e
CO,-Cr_P@PPR Cr;,-O39 67  0.378 0.258 0.538 —0.430 —0.108 0.108 0.492 0.185 -0.598 —0.574 0.376 —1.590 0.041
Ny6-Csp 63 0.420 0.308 0.749 —-0.142 0.672 —0.672 0.449 0.474 0.256 —-0.113 -0.113 —2.265 0.000
C4—Ns 68  0.299 -0.413 0.109 -0.413 0.304 —-0.304 0.927 0.779 -0.579 0.275 —0.476 1.216 0.217
NO,-Cr_P@PPR Cr;;-N5 71  0.969 0.525 0.102 —-0.735 —0.289 0.289 0.150 0.110 0.162 0.423 —0.593 —0.273 —-1.367
Ci5-P3s 68  0.133 0.184 0.132 —-0.218 0.863 —0.863 0.361 0.429 -0.154 0.463 —0.124 1.242 0.242
Cis~Nyo 56 0.291 -0.578 0.172 —0.489 0.317 -0.317 0.819 0.680 —0.555 0.460 —0.483 1.149 0.150
SO,-Cr_P@PPR Cr3,-S4 69 0.517 0.135 0.381 —0.425 0.438 —0.438 0.234 0.355 —0.693 —-0.617 0.266 2.319 0.121
Ny6-Czp 64  0.297 —0.600 0.187 —0.524 0.337 —-0.337 0.805 0.670 0.467 —0.568 —0.499 0.069 0.137
C4—Ns 57 0310 -0.591 0.219 -0.586 0.367 —0.367 0.775 0.650 0.499 -0.579 -0.512 -0.975 0.130

“ The units of the parameters in Table 5 are as follows: P(r), e Ang>; V> p(r), e Ang>; A1, A5, and A; have a unit of e Ang™° respectively; G(r) and V(r)
have units of eV; H(r) has a unit of eV Ang® e *; ellipticity of electron density (), electron localization function (ELF) and A,/2; are dimensionless. The

unit of G/|V] is Ang”.
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of CO,, NO,, and SO, have been effectively studied using the
calculated adsorption energies of the studied complexes.
Mathematically, the following eqn (8) was used to account for
the adsorption of the various gases:

Eads = EComplex - ESurface - EGas (8)

Various theoretical literatures assert that greater adsorp-
tion of energy is beneficial in comparative studies across
different complexes.®*** That implies the greater the detection
energy, the greater the likelihood that the adsorbent material
best detects the adsorbate during the study. Although the
detection energy in our case, as revealed in Table 5, shows
physisorption with small values. According to their detecting
abilities, the complexes follow the order: NO,-Cr-P@PPR <
SO,-Cr-P@PPR < CO,-Cr-P@PPR, with the detection energies
recorded as 10.471, 6.503, and 4.581, respectively. Although
the adsorption energies for this study showed higher phys-
isorption, the result is comparable to the findings presented in
the research of Saini and Pandey (2025). Whose result showed
approximately 0.326 eV energy for the adsorption of CO, by
metalated porphyrin material.*® Likewise, NO, adsorption by
porphyrin in the research of Shah et al. (2024) demonstrated
chemisorption adsorption energy of —0.78 eV.*® BSSE correc-
tion was performed for the systems, and the adsorption energy
was observed to range from 4.589 eV (CO,) to 10.481 eV (NO,),
which implies that gas adsorption consistently occurs via weak
electrostatic and van der Waals forces rather than chemical
bonding. The inclusion of BSSE correction increased the
adsorption energies by 0.008-0.111 eV, confirming that basis
set overlap has only a minor numerical impact on the
computed adsorption strengths. This minor correction vali-
dates the accuracy of the LANL2DZ/Def2svp basis sets and the
capacity of the HSEH1PBE functional in describing non-
covalent interactions in transition-metal systems. The phys-
isorption of these gases depends on temperature and the
surface. Physisorption of a gas increases with a decrease in
temperature and surface area, which is due to the formation of
van der Waals forces of attraction.® Due to the physical nature
of the adsorption of the three gases on the Cr-P@PPR surface,
the investigated surface could be used for the detection of the
labeled gases. This will lead to a quick recovery of the gases
(reversible sensing), and reusability of the surface, as
adsorption is weak. In conclusion, this surface may be suitable
for detection rather than the removal of these gases. Thus, the
weak yet stable physisorption highlights the potential of
Cr-P@PPR for selective, reusable gas sensing applications.
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3.5 Sensor properties

Detection of gases on a newly engineered surface can be further
analyzed through sensor properties such as conductivity, elec-
trical back donation, and fraction of electron transfer, and
charge transfer mechanism. These properties would provide
further insights into the detecting or adsorbing behaviors of the
new surface. This section will therefore focus on the applica-
bility of a Cr-P@PPR adsorbent material towards the detection
of some selected gases like CO,, SO,, and NO, gas molecules.

3.5.1 Fraction of electron transfer (FET) and electrical
back-donation. The usefulness of the global hardness in the
realm of the adsorption mechanism cannot be overemphasized.
In here, the electrical back donation has been computed using
the values of the global hardness as calculated in the section on
electronic properties. Generally, a good detector or sensor is one
with an attribute of global hardness value greater than zero (n >
0) and a back donation less than zero (AEg,ci-donation < 0)-°°*
The AEgacik-donation and AN have been calculated using the eqn
(9) and (10) respectively as follows:

AEBack-donation = _g (9)

Xisolated — Xsystem

AN =
2 (nisolated - nsystem)

(10)

As observed, the electrical back donations are all negative
(see Table 6), showing the characteristic of a promising adsor-
bent material. The calculated back donation presented in the
table was observed to be in a small range of —0.231 to
—0.134 eV, elucidating that the detection of these gases on the
modified surface exhibits close and similar adsorbing proper-
ties across all complexes formed. FET values are within a close
range of —0.0288 to 0.1386, with the least and greatest values
attributed to SO,-Cr-P@PPR and NO,-Cr-P@PPR, respectively.

Table 6 Summary of the sensor performance computed at DFT/
B3LYP/6-31+G(d) computational method”

SyStemS Qt (e) AN AEBack—donaticon AEg % AEg

CO,-Cr-P@PPR  1.367 0.0883 —0.231 0.425 42.483
SO,-Cr-P@PPR  1.422 —0.0288 —0.134 —-0.174 —17.425
NO,-Cr-P@PPR 0.675 0.1386 —0.228 0.406 40.555

“ The units of AE; and AEpaci-donation ar€ in electron volt (eV). The Q, has
a unit of electron (e), and finally, the % AE, has its unit in percentage.
AN is dimensionless.

Table5 The adsorption energy of the studied complexes in Hartree (H) and electron Volt (eV) with energies >0 eV, depicting physisorption of the

gases

Complexes Ecomplex Exdsorbent Endsorbate E.qs Hartree Eaqs(eV) BSSE energy Eags + BSSE (eV)
NO,-Cr-P@PPR —1580.741 —1375.985 —205.140 0.384 10.471 0.01004 10.481
SO,-Cr-P@PPR —1924.126 —1375.985 —548.380 0.239 6.503 0.1105 6.6135
CO,-Cr-P@PPR —1564.277 —1375.985 —188.460 0.168 4.581 0.0077 4.5887

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Our result in this section agrees with those obtained in the
previous section and can therefore suggest a good adsorption
pattern.

Notably, Wei et al (2018), in their DFT studies of gas
adsorption on doped MoS, monolayers, specifically Ni-doped
MoS,, reported AE values around —0.2 eV for SO, adsorption,
along with fractional charge transfers AQ in the range of
approximately 0.10-0.15 e.* Similarly, a study using
phosphorene-based sensors by Cai et al. (2017) shows strong
NO, adsorption with significant charge transfer, approximately
0.10-0.20 e, and comparable adsorption energies.®® Thus, the
results from our back-donation values (—0.231 to —0.134 eV)
and FET values (approximately —0.028 to 0.14) fall well within
the ranges reported for established 2D-material gas-sensor
platforms, supporting the viability of Cr-P@PPR surfaces as
competitive sensor candidates.

3.5.2 Charge transfer mechanism. The natural charge on
the gases and the newly tailored material after adsorption were
considered when computing the mechanism of charge transfer
(Qy)- This was calculated using eqn (11).* The distribution of
electron density makes it feasible to investigate the charge
transfer mechanism of a complex.

(11)

Qt = Qadsorption - Qisolated

From the equation, the charge transfer, charge transfers on
the gases, and that on the surface are represented by Q, Qisolated,
and Qagsorption, respectively. Previous studies reported that
a charge transfer from the gas to the surface is seen through the
negative magnitude of charge transfer, whereas that from the
surface to the gas is described by a positive charge transfer.”®
Table 6 presents the summarized result of the charge transfer.
For all three complexes, positive Q, values were obtained (see
Table 6), showcasing electron transfer from the surface to the
gases. As was observed, this is an indication of a good detecting
material for CO,, SO,, and NO, gas pollutants. Therefore, the
newly engineered phosphorus-doped chromium-encapsulated
porphyrin (Cr-P@PPR) possesses a good sensitivity and selec-
tivity towards gas adsorption.

4 Conclusions

The detection of toxic gases for investigating the potential of
a newly engineered phosphorus-doped chromium-encapsulated
porphyrin (Cr-P@PPR) material was carried out using the DFT/
B3LYP/LANL2DZ level of theory. Various theoretical/
computational analyses were carried out to inquire into the
inherent properties of these materials, and the following
deductions have been drawn:

(I) Detection of the CO,, SO,, and NO, gas molecules caused
slight changes in the surface morphology, showing the effect of
detection on the surface.

(I1) Higher global hardness value of 0.924 eV in CO,-
Cr@PPR suggests a relatively smaller resistance. The least
value of 0.535 eV was observed in complex NO,-Cr-P@PPR,
suggesting a relatively greater resistance among its studied
counterparts.

39612 | RSC Adv, 2025, 15, 39604-39615
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(1) All systems showcased high perturbation energy.
However, the greatest perturbation energies of 909.58 and
481.60 Kcal mol " observed for the surface upon the adsorption
of SO, gas show that the Cr-P@PPR-SO, complex will be easily
stabilized as compared to its studied counterparts.

(IV) AIM analysis showed that all complexes exhibit majorly
non-covalent and partial covalent forms of interactions, which
are found to align with sensor materials. Also, the positive
values of ellipticity (¢) show some degree of ionic character with
a greater ionic contribution.

(V) An increasing order of detecting strength follows: NO,-
Cr-P@PPR < S0,-Cr-P@PPR < CO,-Cr-P@PPR, with the
detection energies recorded as 10.471, 6.503, and 4.581 eV
respectively.
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