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Abstract

This study investigates the structural, electronic, and physical properties of X12Y 12 (X =B, In, and Y = As,
P) fullerene-like cages for NO, adsorption. We employ Density Functional Theory (DFT) calculations with
B3LYP methods, LANL2DZ basis set, and D4 dispersion correction to explore these properties, including
ionization potential and electronic affinity linked to HOMO-LUMO gap energy. Moreover, this study
explores global reactivity indices such as chemical potential, ionization potential, hardness, and softness. It
also examines electronic properties, such as density of states (DOS), natural bond orbital (NBO), and
electrostatic potential (ESP), along with chemical interactions like IGMH and AIMD, within the system. The
findings demonstrate that the Bi2Asi2 nanocage exhibits high sensitivity to NO, molecules, as evidenced by
the bond interaction and adsorption energy of -273.33 kJ/mol, supported by UV-vis and IRI graphics, with
the order of systems from the lowest to the highest adsorption energy toward NO, : B;,P,-NO, <
In;,As;,-NO, <In;,P;,-NO, < B;,As;,-NO,. AIMD simulations indicate that all nanocages can effectively
adsorb NO; within varying lengths by 1000 fs. This suggests the potential for high NO, gas adsorption by
the Bi2Asi2 nanocage. Further investigation is required to assess the potential of other nanocages.
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1 Introduction effective gas adsorption materials to remove NO,

The growing awareness of the negative
effects of environmental pollution on human
health and ecosystem integrity has highlighted the
need for sustainable solutions to reduce air
pollutants. One such pollutant is nitrogen dioxide
(NO,), which is a toxic gas produced by the
combustion of fossil fuels and is a significant
contributor to air pollution. The World Health
Organization (WHO) has also identified NO; as a
toxic gas and a major contributor to air pollution,
primarily originating from human activities such
as vehicle emissions, industrial processes, and
combustion processes [1] [2]. Owing to its
potential health risks, including respiratory
ailments, cardiovascular diseases, environmental
degradation, increased economic burdens, and
mortality [1][2][3][4][5], there is a need for

from the atmosphere.

Inorganic fullerene-like nanocages exhibit
distinctive electrical and mechanical properties
[6]. Following the discovery of H.W Kroto and his
team in 1985, a new material, C¢ or fullerene, was
identified [7]. This material, known as a
nanocluster or nanocage, is nearly spherical and
stable. Nanocages are materials with a hollow
structure that can trap and store gas molecules
within their cavity. Gas molecules adsorbed onto
the nanocage surface can result in the formation of
a single or multiple layer, depending on the
adsorption energy and the characteristics of the
gas molecules and nanocages. According to a
study conducted by Xu et al. in 2006, the most
stable nanocluster or nanocage (XY) was
identified, featuring a value of 12 and cut-off
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octagonal shape consisting of eight hexagons and
six squares [8].

Among the various nanocage materials,
boron-based and indium-based cages, exemplified
by B]zAS]z, B|2P12, Il’l]zAS]z, and Il’l]zP]z, have
gained significant attention due to their intriguing
structural motifs and potential for gas adsorption
studies. There have been few studies on nanocages
constructed with boron, indium, phosphorus, and
arsenic atoms. For instance, the adsorption of one
oxygen atom on the boron atom of Bi:Pi
nanocavity is stronger than other methods, as
demonstrated by Karimi and Dashti [9]. On the
other hand, the adsorption of CO, on a pure Bi2P1»
nanocage yields one geometry with an adsorption
energy of —4.88 kJ/mol, according to a study by
Shahid Hussain, et al [10], which considered the
nanocages as potential candidates for application
in CO; gas sensors. Nanocage B, P;, reported in
Behestian's research, et al. [11] reported that the
electron density of adsorbing atoms plays a crucial
role in the hydrogen gas adsorption on the B1,P;,.
This adsorption is thermodynamically viable
above the apexes of both boron and phosphorus
atoms within the cluster, with Gibbs free energies
of —1.18 and —0.80 eV, respectively [12].
Furthermore, a study by A. Ektarawong, et al. in
2017 [13] identified icosahedral BixAsi> as the
only stable compound in the binary B-As system.

The diverse range of structures and
compositional versatility of these nanocages
provide a rich platform for exploring their
adsorption properties toward NO, gas molecules.
The incorporation of heteroatoms, such as arsenic
(As) and phosphorus (P), into boron (B) or indium
(In) into these cages, creates distinct electronic
characteristics, which can influence the interaction
strength and binding affinity with NO;
species. Furthermore, the inherent porosity and
surface features of these nanocages play important
roles in determining the adsorption kinetics and
thermodynamics, necessitating a comprehensive
investigation into their adsorption behaviour. The
significance of this study lies in the potential
applications for identifying the adsorption
properties of NO; gas on X;2Y 12 (X=B,Inand Y
= As, P) nanocages. By investigating the
properties of these nanocages, new materials can
be developed for the removal of NO» gas from the
environment to enhance air quality and promote
human health. Quantum chemistry calculations
were conducted using quantum mechanics and
density functional theory to identify effective and
potential nanocages for adsorbing nitrogen
dioxide (NO>) gas. Four types of X;2Y12 (X =B,

In and Y = As, P) nanocages were examined to
identify the most effective and potential
nanocages for adsorbing NO; gas. Electronic
properties, adsorption energy, frontier molecular
orbital (FMO) analysis, quantum theory of atoms
in molecules (QTAIM), natural bonding orbital
(NBO), total density of states (TDOS),
independent gradient model based on Hirshfeld
partition (IGMH), and electrostatic potential
(ESP) analyses were conducted on XY
nanocages to address the questions raised by the
problem.

2 Method

In this study, the adsorption of NO, into the
X12Y12 (X = B, In and Y = As, P) nanocages was
theoretically investigated using density functional
theory (DFT) calculations conducted using the
ORCA quantum chemistry program [14]. To
improve the measurement of computational
accuracy, the calculations employed the B3LYP
(Becke gradient-corrected exchange functional and
Lee—Yang—Parr correlation functional with three
parameters) [15]level theory to improve the
measurement of computational accuracy [16] [17]
[18]. The LANL2DZ (Lot Alamos National
Laboratory 2 Double ) [19] basis set with dispersion
of D4 correction [20] was employed to optimize the
geometry of X;pYi2 (X = B, In and Y = As, P)
nanocages with the convergence thresholds in
geometry optimization are TolE = 5 X
1078, TolRMSG = 1 x 10™% TolMaxG = 3 X
1074, TolRMSD = 2 x 1073, and TolMaxD = 4 X
1073, which TolE (Energy) is the maximum allowed
change in energy between optimization steps;
TolRMSG (RMS Gradient) is the maximum allowed
RMS gradient; TolMaxG (Maximum Gradient) is
the maximum allowed component of the gradient;
TolRMSD (RMS Displacement) is the maximum
allowed RMS displacement of atoms between steps;
and TolMaxD (Maximum Displacement) is the
maximum allowed displacement of any single atom
between steps. In calculations involving transition
metals, an all-electron basis set is employed on the
LANL2DZ basis set for all non-transition metal
atoms. D4 correction was performed to accurately
and self-consistently calculate the electronic energy
to obtain the adsorption energy, enhance
intermolecular interactions, and provide values that
can be compared with experimental results and
existing references to challenge the adsorption
energies. The D4 model is an advanced version of
the D3 model, providing a more precise method for
calculating London dispersion interactions in DFT
and other atomistic methods. DFT-D4 is a physically
improved and more sophisticated dispersion model
in place of DFT-D3 for DFT calculations as well as
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for other low-cost approaches like semi-empirical
models [21]. To develop the model, all molecular
structures of X2Y12 nanocages, including Bi2Asia,
Bi2P12, Ini2As12, and InjoPia, were described using
Avogadro software version 1.2.0 [22]. The resulting
3D molecular structures of the X;2Y12 nanocages
were Visualized, optimized, and characterized using
the Chemcraft b610b package [23].

The adsorption energy, E,4 was calculated
from the interactions between X;2Y 12 nanocages and
the NO, gas were calculated as follows Eq. 1:

Eads = Egas—nanocage - (Egas + Enanocage)
(Equation 1)

Here, E 56 nanocage cOTTESponds to the adsorption
energy of the nanocage for gas, E,g represents the
energy of the isolated NO, gas, the pure nanocage is
denoted by, and E,;ncage 18 the energy term of the
adsorbent, i.e., BleSu, B12P12, Il’lleSlz, and In12P12
nanocage cluster.

The specific properties of a molecule's structure
and reactivity were analyzed through geometric
optimization. This process involves examining
reactivity through Frontier Molecular Orbital (FMO)
analysis, thermodynamic properties, and
intermolecular interactions. Frontier Molecular
Orbital (FMO) analysis is used to understand the
electronic structure of a molecule, particularly in
relation to its activity., The ORCA quantum
chemistry package is employed to examine the
HOMO-LUMO states. Thermodynamic properties,
such as Gibbs Energy (G), Enthalpy (H), and
Entropy (S), were used to analyze the stability and
energy changes that occur during chemical reactions
at 298 K. These properties calculated using the
following Eq. 2 — 4:

AG= Ggas—nanocage - (Ggas + Gnanocage) (Equation 2)
AH = Hgas—nanocage - (Hgas + Hnanocage) (Equation 3)
AS = Sgas—nanocage - (Sgas + Snanocage) (Equation 4)

The ionization potential (IP) and electron
affinity (EA) are associated with the highest
occupied molecular orbital (HOMO) and the lowest
unoccupied molecular orbital (LUMO). This
approach, known as orbital theory, is based on
Koopmann’s theory and provides a framework for
calculating the stability of gas-nanocage systems.
The stability can be calculated using Eq. 5:

E +E .

= _HOMO _LUMO > LUMO (Equation 5)
Various parameters are identified to
comprehensively analyze the stability of gas-
nanocage molecular systems, such as the energy gap

between the lowest unoccupied molecular orbital
(LUMO) and the highest occupied molecular orbital
(HOMO) (Egap), electrophilicity (w), chemical
potential (1), and softness (S). These parameters
provide valuable insights into the electronic structure
and reactivity of the system. The Eq. 6 — 9 related to
these parameters are as follows:

Egap=ErumoTEnomo (Equation 6)
2

o= ;_n (Equation 7)

= ELUMO;—EHOMO (Equation 8)

S= %T] (Equation 9)

Quantum theory analysis of atoms in the
molecule (QTAIM) topological analysis and total
partial densities of state (TDOS + PDOS), as well as
the analysis of wavelength shifts in the UV-Vis
spectrum, were evaluated using the Multiwfn
software package version 3.8 [24]. UV-Vis analysis
was used to determine the wavelength shift of the
pure nanocage and after NO; adsorption. The
chemical interactions within the molecules are
represented by IGMH analysis. The molecular
electrostatic potential (ESP) was also calculated
using the multiwfn software version 3.8 [24], and the
generated files were then exported to the VMD 1.9.1
[25] software for visualization purposes. The AIMD
simulation was conducted at a temperature of 298.15
K with a Berendsen thermostat and the theory level
of the B3LYP/LANL2DZ basis set, and D4
dispersion correction, from 0 to 5000 fs. The most
stable orientation was determined from the final
geometry of each system after 5000 fs.

3 Results and Discussion
3.1  Structural Properties

Nanocages play a crucial role in gas
molecule adsorption. As illustrated in Fig. 1,
these optimized structures comprise Bi;As;,,
B12P12, Inleslz, and Il’l]zP]z, all of which are
composed of six squares and eight hexagon rings.
All the atom sites on nanocages are identical [26].
NO,, or nitrogen dioxide, is a reddish-brown gas
with a pungent, were adsorbed onto nanocages to
determine the most suitable adsorption
sites. Furthermore, it was used to ascertain the
interaction distance and adsorption energy in order
to determine the optimal level of interaction [27].
Nitrogen Dioxide (NO,) was adsorbed by four
nanocages. This resulted in the formation of
B12A512-N02, B12P12-N02, InleSn-N02, and
In;,P{,-NO, as demonstrated in.
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(d)

Figure 1 Geometry optimized for (a) Bj,As;,, (b)
B12P12, (¢) InjpAsyy, and (d) InppPyp

Fig. 2 shows the optimized geometries of
four clusters of nanocages, with NO, molecules
adsorbed onto them. The bond length between the
NO, molecules and the nanocages is shown in the
figure. This alignment suggests a vertical
orientation or alignment between the NO,
molecules and the B{;As15-NO,, Inj3As1,-NO,,
and In;,P,-NO, nanocages during this
interaction. As indicated, the interaction between
NO, and nanocages is stable, and the molecules
are not easily disrupted and are held in place or
bonded to the nanocages. Table 1 shows that the
interaction distances of Bj;As;;, BjyPyp,
In;,As,, and In;,P;, molecule consecutively are
1.457 A, 2.816 A, 2.003 A, and 2.163 A. The
greatest bond length was noted between an atom
of the BioP1» cluster and the N atom of NO,,

132 ?‘@

measuring 2.816 A. In this instance, the shortest
bond length is observed in the Bj,As;, system,
measuring 1.457 A between the B and O atoms of
the NO» gas molecule, as shown in Table 1.

1.457

ol g .
('3

(b)

TEn B

(d)
Figure 2 Distance between NO> and the nanocage
(@) BppAsya, (b) BiaPry, (¢) Injpdsy, and (d)
In, Py,

In the nanocages-NO, system, the order of
interactions, from closest to farthest, was observed
as follows: Bi;As;y < InjpAs;y < InpPy <
B,Py,. Among these, B{,As;, showed the most
effective potential for adsorbing NO, molecule,
as indicated by the computed data showing a more
stable interaction on its surface [28]. In;,As;, also
can adsorb NO, molecule, being the second
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closest in distance among the systems studied.
From that point, it indicates that nanocage systems
with Y = As are potential adsorption agents for
NO: based on their length distance. The structural
characteristics regarding bond length were found
to contrast with those of previous research [29].
The bond length values range from 2.01 A to 3.42
A for the B;,P;, nanocages D1-D4 variations and
CO, gases. In the case of previous research, the
cluster B{,P;, with CO» has a bond length of 3.42
A [29]; however, it experiences a decrease in bond
length upon the adsorption of NO, gas in B, P».

Table 1 Distance between NO, and Xi2Yi2
nanocage after geometry optimization

System Distance (A)
By As;r-NO; 1.457
By,P,-NO; 2816
Inj,As,-NO; 2.003
In;,P;,-NO, 2.163

3.2 Adsorption Energy

The thermodynamic parameters of enthalpy
change (AH) and Gibbs free energy (AG) are
crucial indicators in adsorption processes. AG
determines the spontaneity of the process.
Simultaneously, AH  provides  valuable
information about the interaction strength between
gas molecules and the adsorbent material surface.

Table 2 Thermodynamic parameters of NO;
adsorption on X;,Y 12 nanocage

System Eads AG AH
(kJ/mol) (kdJ/mol) (kJ/mol)
B,As,-NO,  -273.3253  -103.876 -275.803
B,P,-NO,  -126.7039  -31.5796 -129.184
In;,As,-NO, -226.3418  -62.8988 -228.825
In;,P,-NO,  -258.2561  -91.9978 -260.732

Table 2 summarizes the adsorption energy
value (AE) along with the thermodynamic
parameters (AG and AH). Table 2 shows that the
value of the Gibbs free energy of all systems is
negative except for B|,Py,. system. The negative
value for AG indicates a spontaneous process of
B]zAS]z-NOZ, Inleslz—NOZ, and In12P12-N02
adsorption system that the adsorption process is
favorable and stability of three nanocage
adsorption process [30]. Conversely, a positive
Gibbs free energy value indicates a non-
spontaneous process, suggesting that gas molecule
adsorption on the surface is unlikely to occur
without external intervention. The enthalpy

energy values (AH) exhibit a negative trend. The
negative sign of the enthalpy change indicates that
the adsorption process is exothermic and
energetically favorable. This suggests that the
adsorption processes release heat and are
generally exothermic. This aligns with the
electron gain enthalpy concept, which is negative
when energy is released upon accepting an
electron. In the case of Bj3As,-NO,,
Inleslz-NOZ, and Inlzplz-NOZ, chemical
adsorption has drawbacks due to its tendency to
release heat into the surrounding environment.
The negative alterations in both enthalpies and
Gibbs free energies signify that adsorption occurs
spontaneously, resulting in heat release,
suggesting a chemisorption mechanism. As
emphasized in prior research, the process may
vary depending on the characteristics of active
sites and the coordination among atoms. Chemical
adsorption has disadvantages because it releases
heat into the environment. The negative changes
in both enthalpies and Gibbs free energies indicate
that adsorption occurs spontaneously, releasing
heat, and suggesting a chemisorption process [31].
This process may vary depending on the
characteristics of active sites and the coordination
among atoms, as highlighted by previous studies
[32]. Meanwhile, the adsorption energy (Eads)
value while NO, being adsorbed by X,Y,
nanocage surface. The increasing order of the
adsorption energy of X;,Y;,-NO, system is
B12P12-N02 (-1267039 kJ/mol), Inleslz—NOZ (-
226.3418 kJ/mol), In;,P,-NO, (-258.2561
kJ/mol), and B;,As;,-NO, (-273.3253 kJ/mol).
Based on the adsorption energy value and
thermodynamic considerations, we categorize the
process as chemisorption, which involves strong
chemical bonds between the adsorbent and
adsorbate, whereas physisorption involves weak
van der Waals forces [33]. According to a standard
guideline, if the adsorption energy is >50 kJ/mol,
it is classified as chemisorption, and if it is 30
kJ/mol, it is classified as physisorption [34].
Higher adsorption energies indicate that the
molecules are more strongly attracted to the
surface, suggesting a stronger bond between the
molecules and the surface. The E.q value suggests
that the Eags system exhibits the lowest adsorption
energy, indicating the strongest and most stable
adsorption due to the superior ability of the
adsorbent to attract adsorbate molecules.
Consequently, the adsorption of NO, molecules
on the surface of the B{,As;, cluster is deemed
more favourable for gas performance than other
cluster nanocages.
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3.3 Frontier Molecular Orbital (FMO) Analysis
A Frontier Molecular Orbital (FMO) study
was used to analyse the properties and reactivity
of the complete nanocage system. A detailed
overview of quantum molecular computations is
given in Table S1. The interaction between two
molecules in a system can be analysed by
determining the value of the highest occupied
electron molecular orbital (HOMO) and the lowest
unoccupied electron molecular orbital (LUMO),
as well as the distance between them known as the
HOMO-LUMO gap, or the energy band gap (En-
1)) A compound's density distribution is displayed
using HOMO-LUMO, where HOMO denotes the
electron-donor zone and LUMO the electron-
acceptor region. The HOMO-LUMO data reveal
the density distribution of a compound, where the
HOMO and LUMO indicate the electron-donor
and electron-acceptor regions, respectively [35].
The trend observed in Fig. S1 illustrates an
increase in HOMO energy and a decrease in
LUMO energy, typically coinciding with a
narrowing of the band gap upon NO, gas
adsorption, except for the In;2P;2 molecule, which
experiences the opposite effect. This alteration
leads to a reduced energy band gap in the X12Y12-
NO; system compared to the pristine nanocage
due to gas binding.

Global reactivity parameters, like electron
affinity (EA), ionization potential (IP), chemical
hardness (1), chemical potential (¢), and chemical
softness (S),weree computed using the Enomo and
Erumo data. Density functional theory [36] can be
used to implement Parr's function, which was first
defined in quantum theory, and Koopman's
theorem, as shown in Table S1. According to
Koopman's theorem, LUMO's negative energy is
equal to the electron affinity (EA), but that of
HOMO is equal to the ionization potential (IP).
The term "ionization potential" (IP) refers to the
energy required to liberate a single electron from
the outermost shell. A molecule is more reactive
when its ionization potential value is low because
less energy is required.

Chemical softness and hardness, as well as
chemical stability linked to chemical potential, are
also correlated with a molecule's Exomo and
ErLumo. The chemical potential (i), which controls
the direction of electron transfer and the
movement of charge from low to high
electronegativity, can be used to predict an
electron's capacity to escape from a stable system
[37]. Table S1 shows that all nanocages exhibit
negative values across all conditions, indicating
the spontaneity and stability of the process [38].

The system with the highest stability is B12Asi at
-5.0403 eV. The descending order of stability
among the nanocages is Bi2Asi2 > B2P12 > Ini2Pi2
> InjpAsia.

Reactivity also considers chemical softness
(S) and chemical hardness (1). Chemical softness
describes an atom’s capacity to absorb electrons,
whereas chemical hardness measures an atom’s
capacity to supply electrons. Owing to its easier
polarizability due to a smaller HOMO and LUMO
energy gap, reactivity increases with decreasing
chemical hardness values. In other words, a
substance will be more reactive as its chemical
hardness value decreases and its chemical softness
value [38].

The highest Egqp in Bi2Asi>-NO: indicates
an optimal balance between stability and
reactivity, enabling efficient but controlled charge
transfer. In contrast, Ini2As1>—NO: has the smallest
gap, which may lead to excessive reactivity that
could destabilize the complex. Ini2-based systems,
although softer and with higher EA, may
experience excess charge delocalization, leading
to less effective binding. Bi2Asi>—NO: has the
lowest electron affinity (EA), indicating that it is
the most stable system among the others, as it is
the least likely to attract additional electrons from
any other molecular systems. Less negative p in
B12As1>-NO: suggests it is more electrophilic;
thus, it interacts more favorably with the
nucleophilic sites in NO.. Systems with more
negative p (e.g., Ini2Pi>—NO:) indicate lower
reactivity toward electron donors like NOa..
B12As12-NO:> has moderate hardness and softness,
indicating controlled polarizability that supports
stable adsorption. Ini2Asi>—NO-, despite higher
softness (more reactive), may be too unstable to
form strong adsorbate—substrate interactions,
weakening effective adsorption energy. Thus,
B12As1>-NO: is chemically and electronically the
most favorable site for strong NO: adsorption
among the systems studied.

3.4  Quantum Theory of Atoms in Molecules

(OTAIM)

QTAIM analysis is a method for probing the
characteristics of atomic interactions within a
molecule [39]. This theory elucidates the
structural arrangement of a chemical system by
examining the distribution of electron density
between pairs of atoms. Bond paths (BP) in
QTAIM analysis elucidate the nature of covalent,
ionic, and noncovalent bonds within a molecule by
tracing lines of elevated electron density that
connect bonded atoms. Bond critical points (BCP)
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serve as focal points of analysis in electron density
topology investigations, providing evidence of
interatomic connections along bond paths
characterized by maximum electron density.
Table S2 presents the topological parameters of
electron density (p), kinetic energy density (G),
Laplacian of the electron density (V?p), total
energy density (H), potential energy density (V),
and the ratio of potential energy density to kinetic
energy density (V/G) for both nanocages and NO»
molecules. The Laplacian and Hgcp (Hessian of
the Electron Density at the Bond Critical Point)
parameters provide insights into molecular
interactions. These relationships are governed by
specific rules: (i) Positive values of both V?p and
Hpcp typically indicate weak intermolecular
interaction, emphasizing their electrostatic nature
(ii) Positive V?p values coupled with negative
Hgcp values may signify moderate intermolecular
interaction, indicating a balance between
electrostatic and covalent interactions; and (iii)
Negative values of both V2p and Hpcp often denote
strong intermolecular interaction with covalent
characteristics, suggesting significant electron
density redistribution and a high degree of
stability. Table S2 shows that the B;,As;,-NO,,
In;5As15-NO,, and Inj,P5-NO, system are

partially  covalent and have  moderate
intermolecular  interactions. In  contrast,
B,P{,-NO, system indicate strong
intermolecular  interaction  with  covalent

characteristics based on both values.

Therefore, the ratio of |V/G | serves as a
suitable index to characterize the interaction. For
|V/G| values where <1 indicate weak interactions,
values between 1 and 2 indicate moderate
interactions, while [V/G| > 2 indicates strong
interactions [40] [41] [42] [43]. Based on the
values in Table S2, the entire X2Y12-NO; system
has values less than 1, indicating weak and
covalent interactions.

3.5  Natural Bond Orbital (NBO)

The NBO analysis provides a convenient
method for exploring charge transfer or
conjugated interactions in a molecular system,
effectively elucidating electrostatic interactions
between atoms. The bond strength analysis in
computational NBO [44] analysis is based on the
second-order perturbation theory, which provides
a method to estimate the energies of interactions
between filled (donor) Lewis-type NBOs and
empty (acceptor) non-Lewis NBOs. These
interactions are referred to as "delocalization"
corrections for the zeroth-order natural bond

orbitals (NBOs). In the NBO analysis, the bond
strength is evaluated using the E? energy (eq. 10)
[45], with elevated values indicating robust
interactions and stability between the acceptor and
donor orbitals. A larger E? value implies a stronger
tendency for electron transfer from the donor
electron to the acceptor electron, leading to
increased electron density delocalization and
molecular stability. The second-order perturbation
energy can determine intermolecular interaction
and charge transfer between Lewis and non-Lewis
orbitals, including the energies of donor (i) and
acceptor (j) delocalization.

2_ o (F0D
E 7ql (gj'gi)

Table S3 shows the interaction between
NO; molecules and the X;2Y > nanocage. In this
adsorption system, the X;,Y 1> nanocage functions
as the acceptor, while NO» gas acts as the donor.
The most stable interaction occurs between the O
atom in NO; as the electron donor and the In atom
in the In;2P12 nanocage as the electron acceptor.
The highest Energy Stabilization (E?) value of
13.24 kcal/mol in this system indicates the
strongest and most stable interaction between the
acceptor and donor orbitals, which is caused by
contact between the Lone Pair (LP) and the Lone
Pair Valence (LV) on LP (2) 027 as the donor and
LV (1) Inl as the acceptor. Table S4 presents the
values of charge transfer (Qcr) of the nanocage
after interaction with NO, molecules. Notably, the
Ini2P12-NO; system demonstrates the greatest
charge transfer among the various nanocage
systems examined. Specifically, the Mulliken Qcr
value is +0.7832 |e|, whereas the NBO Qcr value
is 1.364 |e|, indicating the most substantial charge
transfer observed compared with the other systems
analyzed.

(Equation 10)

3.6 Total Density of States (TDOS), Partial
Density of States (PDOS), and Overlap
Population-based  Density of  States
(OPDOS)

Frontier Molecular Orbitals (FMO) in
Density of States (DOS) analysis validates NO»
adsorption outcomes, covering chemical orbitals,
their interaction roles, and charge transfer. DOS
includes total density of states (TDOS), projected
density of states (PDOS), and orbital-projected
DOS (OPDOS) to examine the Fermi level and
occupied/unoccupied orbitals
(valence/conduction bands). Using multiwfn
software, DOS analysis reveals the effects of
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nitrogen dioxide adsorption on nanocages. TDOS
illustrates the electronic state distribution and
occupancy, while PDOS discerns molecular
orbital contributions. OPDOS distinguishes
bonding interactions (positive, negative, and non-
bonding), aiding in understanding NO, adsorption
bonding mechanisms. Figure S2 shows the
adsorption performance based on stability and
conductivity, which also shows the bands
classified as the valence band and conductivity. In
this image, the TDOS, PDOS, and overlap
population-based DOS for the B, In, As, P, and
NO:; fragments are represented by the black, red,
blue, fuchsia, and green lines, respectively.

Fig. S2 shows that boron and indium are
closer to the CB, representing the density of
available electronic states at specific energy
levels. Higher peaks in Ini;Pi» indicate a higher
electronic state density.

After adsorbing NO», all of the nanocages in
Fig. S2 exhibit a decrease in bandgap energy, as
indicated by the plot's E.1y value. With a bandgap
value of 3.8149 eV that shifts to 2.8689 eV
following adsorption, the Bi2Pi» nanocage's
Projected Density of States (PDOS) are situated at
the Highest Occupied Molecular Orbital (HOMO)
at -6.9784 eV, as shown in Fig. S2(b). However,
Fig. S2(a) shows that after adsorb NO,, the
Bi2Asi» pure nanocage moved from 3.3035 to
2.9857 eV after adsorp NO2. After adsorption, the
band gap changed from the initial band gap of
Ini2Asi2 in Fig. S2(c) at 2.1807 eV to 2.006 eV.
Lastly, Fig. S2(d) displays a band gap of 2.3022
eV and a PDOS at the HOMO of -6.3746 eV,
In;pP1»> shifts to 2.3022 eV upon adsorption.
Following the adsorption of NO> gas, the bandgap
energy of all molecules decreases. Since a
narrower band gap facilitates simpler excitation of
electrons from the VB to the CB, the drop in band
gap energy improves conductivity. According to
Eq. 11 (Binet et al., 1994), this has to do with the
Boltzmann constant [46]:

Eg .
G X exp (- m) (Equation 11)

which, term o is the electrical conductivity,
and k is the Boltzmann constant. Because of the
adsorption of NO, gas, the adsorption of NO2 gas,
resulting in a higher peak intensity.

3.7  AIMD Simulations

Ab initio Molecular Dynamics (AIMD) is
used for the real-time examination of atomic and
molecular motion. Using the Schrédinger equation
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solution, AIMD tracks particle movement on
femtosecond timescales. The principal objective
of AIMD analysis is to simulate the Xi2Y12
nanocage's adsorption of NO» gas by the X12Y12
nanocage to clarify the adsorbed molecule's final
configuration. Fig. S3 illustrates the results
obtained from Ab initio Molecular Dynamics
(AIMD) simulations conducted on the Xi2Yi2
nanocage, depicting a dynamic temporal
evolution. Initially, at t = 0 s, the nanocages
display varying distances from the NO; gas,
ranging from 1.457 to 2.795 A, with Bi»As, being
the closest to NO,. Over the 500 femtoseconds (fs)
period, both Bi>P1; and In;2Asi; undergo an
expansion in distance, while Bi2Asi2 and Inj2Pi,
and In;»Sb, experience a decrease in distance. By
1000 fs, both B1,P1> and In;»P;» distances between
NO:; and the nanocage have increased relative to
the initial time, in contrast to B12Asi2 and InjpAsio.
Similarly, at 5000 fs, all the systems demonstrate
an extension in the distance between the gas and
the nanocage.

By increasing the attractive forces and
bringing the molecules closer to the surface,
proximity causes a robust adsorption in which the
molecules firmly bond to the surface. Longer
distances, however, highlight the nanocage’s
amazing femtosecond gas adsorption capability.
In conclusion, the BixAsi>-NO, system has the
shortest length compared to other systems,
measuring 1.457 A at initial time and 1.448 A at
1000 fs, but it shows a significant distance at the
end of 5000 fs. The results show that Bi,P;» has
the least electrostatic contact with NO, gas, while
Bi2Asi; has the strongest. The data suggest a
greater NO, gas adsorption mechanism on the
surface of the Bi,Asi» nanocage.

3.8 UV-Vis analysis

UV-Vis  analysis in  computational
chemistry is used to understand the electronic
properties of molecules. This spectrum provides
important insights into the electrical structure,
characteristics, and possible behaviour of a
molecule by showing how electromagnetic
radiation or light interacts with its electrons. The
aim of UV-Vis analysis is to understand the
electronic properties of the XY nanocage
material and the adsorbed NO; gas molecules and
to evaluate the stability and conductivity of the
system. This information is crucial for designing
and optimizing X;2Yi;» nanocage materials.
Molecules absorb light at specific energies, which
correspond to electronic transitions within their
structure. These absorption events appear in the
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spectrum as identifiable peaks. The phenomenon
becomes particularly interesting when a gas
molecule bonds with another, causing changes in
the electronic makeup of the resulting system. Fig.
S4 provides a graphical representation of the UV-
Visible spectra of X;2Y 12 nanocages, highlighting
Bi2Pi> as having the highest peak compared to the
other nanocages. Fig. S5 illustrates the spectral
changes upon NO; adsorption, showing variations
in the maximum wavelength for all nanocages.
Further analysis in Table S5 reveals specific
wavelength shifts for nanocages Bi2Asiz, Bi2Pia,
In;2As2, and Inj,Py,, with values of 736 nm, 450.5
nm, 526.8 nm, and 1546.1 nm, respectively. A
thorough comparison of Fig. S4 and Fig. S5, there
is a noticeable shift in wavelength for all
nanocages. This shift suggests that effective
interactions occur between the nanocages and the
gas. The In;2P1>-NO; system experiences the most
notable shift, as evidenced by the absorption band
moving to a longer wavelength, indicating a lower
energy requirement. Consequently, the InjPi»-
NO; configuration proves to be the most
advantageous for NO, adsorption, demanding less
energy, with an oscillator energy of 0.802 eV,
resulting from electron excitation from HOMO-1
—HOMO.

3.9 Interaction Region Indicator (IRI) Analysis

Interactions between atoms frequently
occur in molecular systems. The IRI analysis
method was used to investigate the interaction
between gas molecules and nanocage materials.
[47]. It provides a comprehensive view of
interactions by visualizing both chemical bonds
and weak interactions, surpassing the limitations
of methods that focus on strong or weak
interactions based on color [48]. The color-coded
representation of the electron density in the IRI
graphics is provided in Fig. S6. Important
information about the electronic structure and
interactions within the molecular system can be
found in Fig. S6(a)—(d). The colors in these
graphics visually indicate various electron density
regions within the molecule: blue, strong
interactions between atoms, green denotes weak
interactions; and red, steric effects or repulsion.
Fig. S6 illustrates the interaction between the
nanocage surface and NO; gas. In Fig. S6(a), the
red color between atoms B1 and O27 indicates a
strong interaction. In Fig. S6(b), the green color
between the same atoms indicates a weak
interaction. In contrast, in Fig. S6(c), the blue
color between atoms Inl and 027 signifies a
strong interaction. Simultaneously, Fig. S6(d)

indicates strong blue-colored interactions between
In1 and O27. Blue isosurfaces in the examined
nanocages BjyAs;-NO,, InjpAs;,-NO,, and
In{,P1,-NO,, blue isosurface indicate regions of
elevated electron density, implying strength
chemical bonding between atoms. Strong
interactions between the bonded atoms electrons
are suggested by this observation, which suggests
stable and well-formed bonds. Conversely, in
B,P1,-NO,, the presence of green isosurface
suggest a comparatively lower electron density,
hinting at weaker or less stable interactions
between the atoms. Such weak interactions could
encompass van der Waals forces or other
noncovalent interactions.

3.10 IGMH analysis

The Individual Geometry Minimum
Hopping (IGMH) analysis is used to explore the
energy landscape of molecules by identifying the
lowest energy structures and the pathways
connecting them, providing insights into the
dynamic behavior of molecules, as well as the
pathways (reaction coordinates) connecting
Xi12Y12 nanocages and NO; molecules. By
visualizing the electron density distribution in
chemical systems, IGMH can reveal both strong
and weak interactions, as well as chemical bond
interactions [49], specifically characterizing the
interactions between XY 12 nanocages and gases.
The analysis uses isosurface of dg to visualize the
regions of interaction within the molecule.

The sign function of (4,)p , where 4,
represents the eigenvalues of the electron density
Hessian matrix and p denotes the corresponding
eigenvector, is represented by various colors on
the isosurface [50]. When (4;)p >0, , it
indicates weak steric interactions. When (1,)p =
0, it suggests van der Waals interactions. When
(A2)p <0, it indicates hydrogen bonding. The
figures are depicted with colors representing
different characteristics. In Fig. S7(a), Bi2Asi»
shows distinct red and green regions between the
nanocage and gas, suggesting significant repulsion
and van der Waals interaction. Fig. S7(b) displays
Bi2P1» in green areas, indicating the existence of
van der Waals forces. In Fig. S7(c), the
representation of Inij»Asi» reveals a combination of
green, blue, red, and deep colors between the
nanocage and gas, suggesting the occurrence of
van der Waals forces and strong intermolecular
interactions. Fig. S7(d) for In;,P;, features large
green and deep blue areas, indicating forces by
van der Waals and significant intermolecular
interactions. These findings are further supported
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by the evidence presented in Table S5 regarding
the value of p.

3.11 Electrostatic Potential (ESP) Analysis

The most electron-rich and electron-poor
well sites are identified by the ESP (Electrostatic
Potential) maps, which can also be used to forecast
the potential of charge-dipole, dipole-dipole, and
hydrogen bonding interactions. It is useful for
understanding the reactivity of polar molecules
and predicting their behavior in various chemical
reactions [51]. The resulting electrostatic potential
field provides information about the interactions
between the electrons and the nuclei of the atoms
within the molecule. Positive potential regions
indicate areas of attraction, where electrons are
drawn toward the nucleus, whereas negative
potential regions indicate areas of repulsion,
where electrons are pushed away from the nucleus
[52]. The ESP isosurface maps provide a clear
visualization of the total charge distribution and
the relative polarity of the X;,Y 1, nanocage and
NO; gas structure being studied. Moreover, it
offers a comprehensive understanding of
electrophilicity and nucleophilicity.

The ESP-mapped surfaces depicted in Fig.
S8 (a)-(d) provide a detailed representation of the
electrostatic potential within the molecular
system. A detailed analysis of these isosurface
reveals distinct characteristics when NO; interacts
with the nanocage. In Fig. S8(a), the NO: region
bound to Bi:As;; is surrounded by blue (-)
isosurface. In contrast, in Fig. S8(b), the NO»
region associated with Bi,P1» displays red (+)
isosurface. Fig. S8(c) shows that the NO; region
attached to In;2Asi» is enveloped by blue ()
isosurface, and the NO, region in Ini;;Pi> also
exhibits blue (—) isosurface. This suggests that
B12A512, InleSu, and Il’l]zPlz are influenced by the
electron density associated with electron-rich or
electron-donating areas of the molecule. These
areas are characterized by higher concentrations of
negative charges or higher electron densities.
Conversely, Bi2P1» presents positive electrostatic
potential energy regions, typically associated with
electron-poor or electron-accepting areas of the
molecule. These areas exhibit reduced electron
density or negative charge concentration, which
suggests nucleophilic reactivity or the atomic
nuclei's repulsion of the proton.

4  Conclusion

Density functional theory calculations using
B3LYP/LANL2DZ with D4 dispersion correction
have effectively studied the adsorption of NO,
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molecules on fullerene-like X;2Y 12 (X =B, N and
Y = In, Sb). The structural characteristics of NO-
have the lowest distance to Bi,As)», according to
the optimum geometry, in line with its lowest
adsorption energy among other systems, i.e.
273.3253 kJ/mol. A notable shift in the energy gap
of HOMO-LUMO, which results in a decrease in
the adsorption energy, suggests that the order of
B1,P15-NO; < Inj3As1;-NO; < InjpPp-NO, <
B,As;,-NO,is  increasing.  The  shifted
wavelength in the UV-Vis measurement shows
that the smallest energy is more advantageous for
the adsorption process. Strong intermolecular
interaction is suggested by the IRI graphics of
the B;,As|, nanocage, which shows a positive
value for Vp and a negative value for Hpcp. The
deep blue color of the graphics indicates a strong
intermolecular interaction between BixAsi> and
NO,. Based on the value of E?* from NBO
calculation, although Ini2P1>—NO: has the highest
E? from a specific donor—acceptor interaction, this
does not mean it has the most stable adsorption
overall. Bi2As1>—NO: exhibits the most negative
adsorption energy due to a combination of the
following: stronger multi-orbital interactions
across the surface, favorable electrostatics and
reactivity (B and As centers), better binding
geometry, and  orbital = complementarity.
Additionally, during the NO, adsorption process,
variations in the bond length and duration are
indicated by the molecular dynamics simulation
performed by AIMD. The distance to the Bi2Asi2
nanocage surface remains the lowest distance
between the nanocage and the gas until 5000 fs.
All of the abovementioned analyses point to this
conclusion, which may help future research on
different nanocages and their capacity to adsorb
NO:> molecules. These computational findings
highlight Bi2As:2 as a highly promising nanocage
for NO: capture. Future work may include the
experimental  synthesis of  Bi2Asiz-based
nanostructures and gas adsorption measurements
(e.g., via FTIR, UV-Vis, or TPD techniques) to
validate the computational predictions. Further
studies can explore the selectivity toward other
environmental pollutants and investigate the
regeneration efficiency for potential real-world
applications in sensing and air purification.
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