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Abstract—This article aims to investigate the structural, electromagnetic, and thermodynamic properties of
toxic gases molecules including nitric oxide (NO), nitrogen oxide (NO,), and nitrous oxide (N,O) during
adsorption on the surface of boron nitride (Bs;N;;) nanocage which has been decorated with aluminum (Al),
carbon (C) and silicon(Si) atoms. The results denote that (NO,NO,,N,0) <> (Al, C, Si)—B,;N,, are stable
complexes with the most stable adsorption site being the center of the cage ring. The partial density of states
can estimate a certain charge assembly between gas molecules and (Al, C, Si)—B4N;, which indicates the

competition among dominant complexes of metallic (Al), nonmetallic (C), metalloid/semiconductor (Si).
Based on nuclear quadrupole resonance analysis, carbon-doped on B4N, has shown the lowest fluctuation
in electric potential and the highest negative atomic charge including 0.1190, 0.1844, and 0.1312 coulomb in
NO < C—B4N /g, NO, in NO <> C—B4N/(, and N,O in NO <> C—B4N,, respectively, can be an appropriate
option with the highest tendency for electron accepting in the adsorption process. Furthermore, the reported
results of nuclear magnetic resonance spectroscopy have exhibited that the efficiency of electron accepting
for doping atoms on the (Al, C, Si)—B4N, through gas molecules adsorption can be ordered as: Si > Al > C
that indicates the power of covalent bond between aluminum, carbon, silicon and these NO, NO,, N,O
towards toxic gas removal from air. In fact, the adsorption of gas molecules can introduce spin polarization
on the (Al, C, Si)—B4N,, which indicates that these surfaces might be applied as magnetic scavenging surface
as a gas detector. Regarding infrared spectroscopy, doped nanocages of C—B4N, and Si—B4N, for NO, Al—
B4Npand Si—B4N o for NO,, Al-B,4N,, and C—B4N, for N,O, respectively, have the most fluctuations and

the highest adsorption tendency for gas molecules which can address specific questions on the individual
effect of charge carriers (gas molecule-nanocage), as well as doping atoms on the overall structure. Based on

the results of AG,,, amounts in this research, the maximum efficiency of Al, C, Si atoms doping of BsN, for gas
molecules adsorption depends on the covalent bond between NO, NO,, N,O molecules and (Al, C, Si)—B4N, as
a potent sensor for air pollution removal.
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INTRODUCTION

Boron nitride nanomaterials have been used owing
to their unique characteristics such as eco-friendly
attributes for pollutant adsorption, big surface area,
high chemical and mechanical strength, and semicon-
ducting property [1—4]. Boron nitride nanometerials
usually exhibit semi-leading behavior, which is con-
sidered a proper alternative to carbon nanotubes [5—
11]. The properties of boron and nitrogen atoms which
are the first neighbors of carbon in the periodic table,

make boron nitride an interesting subject of numerous
studies [12—15].

In recent years, different investigations on the
adsorption of chemical contaminants and applying
various boron nitride nanomaterials as adsorbents for
water purification have been studied [16, 17]. Various
physical shapes of boron nitride (BN)-based nano
adsorbents such as nanoparticles, fullerenes, nano-
tubes, nanofibers, nanoribbons, nanosheets, nano-
meshes, nanoflowers, and hollow spheres have been
broadly considered possible adsorbents owing to their
exceptional characteristics such as large surface area,
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Fig. 1. Application of M—B4N, towards adsorption of gas molecules of NO, NO,, N,O and formation of complexes: NO <> Al—
B4N10, NO & C—B4N 10> NO < SI—B4N 10> N02 > AI—B4N 10> N02 > C—B4N 10> N02 <~ SI—B4N 10> Nzo <~ AI—B4N 10> N2O >
C—B4N g, and N,O <> Si—B4N; complexes using CAM—B3LYP—D3/6-311+G(d, p), LANL2DZ calculation (M = Al, C, Si).

structural variability, great chemical/mechanical
strength, abundant structural defects, high reactive
sites, and functional groups [18]. Particularly, this
research work aims to assess the influences of doping
atoms of Al, C, Si on the BN, for increasing gas
detection through measurement of some parameters
containing charge transfer, electric potential, electro-
magnetic and thermodynamic properties, surface
area, functional group and examine the removal of
selected toxic gas molecules including NO, NO, and
N,O during adsorption process [19].

THEORY, MATERIALS AND METHOD
Adsorption of Gas Molecules on (Al, C, Si)—B,N,,

The goal of this study is to remove toxic gas mole-
cules including NO, NO,, N,O from air through an
eco-friendly approach by using (Al, C, Si)-doped
B,N,, (Fig. 1). Boron nitride nanocage was modeled
in the presence of doping atoms of aluminum, carbon
and silicon which can increase the gas sensing poten-
tial of BN-nanocage. In our research, sample charac-
terization was performed by CAM-—-B3LYP—
D3/EPR-3, LANL2DZ level of theory [20—27].

Figure 1 has shown the process adsorption of gas
molecules of NO, NO,, N,O on the M—B,N, surface
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which towards formation of complexes containing
NO < Al-B,N,;, NO < C—B;N;;, NO < Si—
Si—B4N,y, N,O < Al-B,N,,, N,O < C—B,N,,, and
N,O < Si—B,N,, by molecular modeling computa-
tions. The charge distribution of mentioned com-
plexes is calculated due to the Bader charge analysis
[28—34]. The trapping of NO, NO, and N,O mole-
cules by M—B,N,, (M = Al, C, Si) were successfully
incorporated due to binding formation consisting of
N — Al, N — C, N — Si (Fig. 1). Regardless of which
gas molecule, the boron nitride nanocage expanded to
accommodate the gas molecules by enhancing the selec-
tive sensitivity through different doping atoms of Al, C
and Si (Fig. 1).

Application of Density Functional Theory Approach

Our computations have been carried out due to the
conceptual of density functional theory (DFT) using
the projector— augmented—wave (PAW) methodology
[35—40]. The Perdew—Burke—Ernzerhof (PBE) func-
tional under the generalized gradient approximation
(GGA) was applied as the exchange-correlation func-
tional [41—46]. The non-empirical PBE functional is
recognized to relegate precise crystal specifications [47].
Commonly, where GGA functionals lose out, local
Vol. 18
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density functionals stop too. Considering the thermal
conductivity compared to local density functionals,
PBE does not over attach structures, and therefore the
interatomic force constants are not too flexible. All in
all, the lattice thermal conductivity is entirely the same
whether using local density or GGA functionals [48].

Hohenberg—Kohn (HK) functions have rigidly
made the electronic density permissible as fundamen-
tal variable to electronic and structure computations.
In other words, development of the applied DFT
methodology only became notable after Kohn W. and
Sham L.J. released their reputable series of equations
which are introduced as Kohn—Sham (KS) equations
[49, 50]. Considering the electronic density within the
KS image directs us to a remarkable reduction of
quantum computing. Thus, the KS methodology
lightens the route for pursuing systems that cannot be
discussed by conventional ab-initio methodologies.
Kohn and Sham” introduces the solution which brings
up the mono-electronic orbitals to account the kinetic
energy in a simple and relatively exact, by finding a resid-
ual modification that might be computed apart [51].
Therefore, the precise exchange energy functional is
described by the Kohn—Sham orbitals in lieu of the
density which is cited as the indirect density func-
tional. This research has employed the penetration of
the hybrid functional of three-parameter basis set of
B3LYP within the conception of DFT upon theoreti-
cal computations [52—61].

In this article, the rigid PES using DFT calcula-
tions have been accomplished by using Gaussian 16
revision C.01 program package [62]. The input Z-matrix
for adsorption of NO, NO, and N,O molecules in air
by the M—B,N, has been provided with GaussView
6.1 [63] due to the rigid system and coordination for-
mat of which a blank line has been cited and using 6-
311+G(d, p), EPR-3, LANL2DZ basis set to distin-
guish chemical shielding, frequencies, thermody-
namic properties, electrostatic and electronic poten-
tial, natural atomic charges, projected density of state
and other quantum properties for this work. In this study,
the interaction between gas molecules and M—B,N,,
was modeled and analyzed. As revealed by DFT-based
analysis, the potency of M—B,N,, for grabbing gas
molecules was determined mainly by the electronega-
tivity of the functional groups, as well as the interac-
tion between the M—B,N,, and the gas molecules.

RESULTS AND DISCUSSION

Gas molecules that are dominant pollution in air
are NO, NO, and N,0. The data has evaluated the
efficiency of boron nitride nanocage doped with alu-
minum, carbon, silicon (M—B,N,,) for gas detection.
In fact, it can be remarked the chemisorptive nature of
the bond among the gas molecules with boron and
nitrogen elements through the equilibrium distribu-
tion of doping atoms, B;N,, and a monolayer attribute.
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The electronic structures of gas adsorption
(G=NO, NO,, N,0) using M (M = Al, C, Si)-doped
B;sN , as the selective sensor [64, 65] for detecting and
grabbing gas molecules in the air have been investi-
gated to simplify subsequent study for interfacial elec-
tronic  properties using CAM-B3LYP-D3/6-
311+G(d, p), LANL2DZ level of theory. Figure 2
show the projected density of state (PDOS) of M <
(Al, C, Si)—B,N,, through gas molecules adsorption.
The appearance of the energy states (p-orbital) of Al,
C, Si, N, O within the gap of (Al, C, Si)—B,Ny,
induces the reactivity of the system. It is clear from the
figure that after trapping with gas molecules, there is a
significant contribution of p-orbital in the unoccupied
level. Therefore, the curve of partial PDOS has
described that the p states of N atoms in gas molecules
and Al, C, Si atoms in M—B,N, are overcoming due
to the conduction band (Fig. 2). A distinguished
adsorption trait might be seen in G < M—-B,N,,
because of the potent interaction between the p states
of nitrogen atom in gas molecules with p states of Al,
C, Si in M—B,;N,, complexes near the Fermi energy.
Furthermore, the essence of covalent traits for these
clusters has displayed the similar energy value and
image of the PDOS for the p states of N, O and Al, C,
Si through gas toxic removal from air (Fig. 2).

Figure 2 shows that NO < Al-B,N,,, NO < Si—
B,N,,, NO, <> C—B4N,,, NO, <> Si—B,N,;, N,O <
Al-B4N,,, and N,0 < Si—B,N,, complexes through
gas molecules adsorption, respectively, have the most
contribution at the middle of the conduction band
between —5 to —10 eV, while contribution of boron and
nitrogen states are enlarged and similar together, and
adsorbing of NO, NO,, N,O depicts interfacial elec-
tronic of the B;N,, for selection of these cations.
NO < Al-B,N,, has indicated one sharp peak for Al
in Fig. 2a, while NO < Si—B,N,, (Fig. 2b) has exhib-
ited one sharp peak around —7.5 eV for Si atom. Fur-
thermore, NO, <> C—B,N,, (Fig. 2c) and NO, <> Si—
B,N,, (Fig. 2d) complexes, respectively, have exhib-
ited a strong peak around —9 eV through the graphs for
C atom and —7.5 eV for Si atom. Furthermore, the Al
graph with a sharp peak around —9 €V in N,0 < Al—
B4N,, (Fig. 2e) and Si graph in N,O < Si—B,N,
(Fig. 2f) with a sharp peak around —7.5 eV, respec-
tively, have been shown. Therefore, the order potency
of gas adsorption by doping atoms of Al, C, Si on M—
B,N,, based on the PDOS might be shifted as: Si—
B,N,, > Al-B,N,, > C—B,N,,. The partial density of
states or PDOS can also estimate a certain charge
assembly between NO, NO,, N,O and M—B,N,,
through gas molecules adsorption. On the other hand,
the above data can illustrate that the complex domi-
nant of metallic (Al), nonmetallic (C), metal-
loid/semiconductor (Si) and an exact degree of covalent
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Fig. 2. PDOS of gas molecules of NO, NO,, N,O adsorbed on M—B4N, including (a) NO <> Al-B4N/, (b) NO <> Si—By4N,
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traits can describe the augmenting of the stability of M—
B,N,, during the process of ion adsorption (Fig. 2).

Insight to Nuclear Quadrupole Resonance

In this research, the calculated nuclear quadrupole
resonance (NQR) specifications extracted from elec-
trostatic properties have been calculated for the trap-
ping of toxic gas molecules of NO, NO,, N,O in the
M—B,N,, which is accord to the results of the nuclear
quadrupole moment, a trait of the nucleus, and the
electric field gradient (EFG) in the neighborhood of
the nucleus. As the EFG at the citation of the nucleus
in NO, NO,, N,O is allocated by the valence electrons
twisted in the particular attachment with close nuclei
of M—B,N,, through trapping of gas molecules, the
NQR frequency at which transitions occur is particu-
lar for G <& M—B,N,, complexes (G = NO, NO,,
N,O) (Table 1).

Nuclear quadrupole resonance is a straight frame
of the interaction of the quadrupole moment with the
EFG which is produced by the electronic structure of
its ambiance. Therefore, the NQR transition frequen-
cies are symmetric to the electric quadrupole moment
of the nucleus and a measurement of the strength of
the local EFG [66—69]. The electric potential as the
quantity of work energy through carrying over the
electric charge from one position to another position
in the essence of electric field has been evaluated for
NO < Al-B4N,;, NO <& C—B,;N,;, NO < Si—
B,N,,, NO, <> Al-B,;N,,, NO, <> C—B,N,;, NO, <>
Si—B4N,y, N,O < AlI-B,N,,, N,O < C-B,N,,, and
N,O < Si—B,N,, complexes using CAM—B3LYP—
D3/EPR-3, LANL2DZ level of theory (Table 1). In
Table 1, the Bader charge and electronic potential
properties of Al, C, Si—B, N in M—B,N,,and N, O of
gas molecules trapped on doped-boron nitride nano-
cages have been investigated. The amounts indicate
that with increasing the negative charge of different
atoms, the electric potential resulted from NQR cal-
culations increase. Moreover, the doping atoms of
Al(15), C(15), Si(15) on the B,N,, have shown the
most potential for accepting the electron from electron
donor of N(1) in NO, NO,, N,O adsorbed on the
B4N,, (Table 1).

Furthermore, in Fig. 3, it has been sketched the
electric potential of nuclear quadrupole resonance for
some atoms of Al, C, Si/B, N in M—B,N,, and N, O
of gas molecules trapped on doped-boron nitride
nanocages which has been calculated by CAM—
B3LYP—D3/EPR-3, LANL2DZ. In Fig. 3a and 3b it
was observed the behavior of NO adsorption on the
Al-B4N,, and NO « Si—B,N,,, respectively, with
high sensitivity based on relation coefficient of R?> =
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0.9945 and R? = 0.9827. Adsorption of NO, on the C—
B,N,, and Si—B4N, in Figs. 3c and 3d, respectively,
has illustrated the analogous with the highest sensing
of R? = 0.9925 and R? = 0.9743. In addition, Figs. 3¢
and 3f has resulted that N,O < Al-B,N,,, and
N,O < Si—B4N,,, respectively, has a good detecting
for N,O removal from air through relation coefficient
of R>=10.9637 and R?> = 0.9006.

It’s vivid that the curve of M—B,N, is waved by
these gas molecules. The fluctuated peaks for electric
potential have been shown around NO, > NO > N,0
trapping on the M—B,N,;, which present the electron
accepting characteristics of nitrogen and oxygen ver-
sus the aluminum, carbon and silicon doped on the
BsN,, (Fig. 3). Besides, it can be considered that sili-
con as a semiconductor element in the functionalized
BsN,, might have more impressive sensitivity for
accepting the electrons from NO (Fig. 3b), NO,
(Fig. 3d) and N,O (Fig. 3f) in the process of adsorp-
tion mechanism. However, carbon-doped on B;N,,
has shown the lowest fluctuation between Bader
charge versus electric potential extract from NQR
parameters and the highest negative atomic charge
including 0.1190 coulomb in NO <> C—B,N,,, 0.1844
coulomb in NO, <> C—B4N,, and 0.1312 coulomb in
N,O > C—B,N,, which can be an appropriate option
with the highest tendency for electron accepting in the
adsorption current (Table 1). Aluminum and silicon
doped on B;N,, (adsorbents) with an average of
1.1 coulomb of atomic charge on (Al, Si)—B4N, have
shown similar behavior in the procedure of gas mole-
cules (adsorbates) removal. In fact, the uptake of gas
molecules has been known to be associated with M—
B,N,,, indicating that the adsorbed gas molecules in
the M—doped nanocage can be internalized through a
different pathway from pristine nanocage.

Analysis of Nuclear Magnetic Resonance Spectra

Based on resulted amounts, nuclear magnetic res-
onance (NMR) spectra of M—B,N,, (M = Al, C, Si)
as the potent sensor for adsorbing toxic gas molecules
containing NO, NO,, N,O molecules can unravel the
efficiency of M—B,N,, for detecting and removing of
these hazardous gases in air as an ecofriendly approach.

From the DFT calculations, it has been attained
the chemical shielding (CS) tensors in the principal axes
system to estimate the isotropic chemical-shielding
(CSI) and anisotropic chemical-shielding (CSA) [70]:

o, +0,,+0C
Giso — 11 22 33 , (1)
3
Ganiso = 033 — (0 +6yy) /2. 2)
No.4 2024
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Table 1. The electric potential (£,/a.u.) and Bader charge (Q/coulomb) through NQR calculation for NO <> Al-B,N,
NO <& C—B4N10, NO < Si—B4N10, N02 > Al—B4NlO, N02 > C—B4N10, N02 —> Si—B4N10, NZO — Al—B4N10,
N,O0 < C—-B4Nj, and N,O < Si—B4N,, complexes using CAM—B3LYP—-D3/EPR-3, LANL2DZ calculation

NO <> AI-B,N, NO <> C—B,N, NO & Si—B,N,

atom 0 E, atom 0 E, atom 0 E,
N(1) —0.18 —18.08 N(D) 0.14 —18.18 N(1) —0.19 —18.25
0(2) —0.02 —21.93 0(2) —0.09 —22.20 0(2) —0.08 —22.21
B(3) 0.30 —11.23 B(3) 0.03 —11.28 B(3) 0.02 —11.28
N4) —0.17 —18.09 N4) —0.01 —18.29 N4) 0.01 —18.28
N(5) —0.15 —18.05 N(5) —0.04 —18.27 N(5) 0.00 —18.26
B(6) 0.30 —11.23 B(6) 0.03 —11.28 B(6) 0.03 —11.28
B(7) 0.29 —11.22 B(7) 0.03 —11.28 B(7) 0.03 —11.28
B(8) 0.29 —11.23 B(8) 0.03 —11.28 B(8) 0.03 —11.28
N(9) —0.15 —18.06 N() —0.02 —18.28 NQ©) —0.02 —18.27
N(10) —0.14 —18.04 N(10) —0.04 —18.27 N(10) 0.00 —18.26
N(11) —0.26 —18.11 N(11) —0.03 —18.26 N(11) —0.24 —18.28
N(12) —0.25 —18.11 N(12) —0.03 —18.26 N(12) —0.23 —18.28
N(13) —0.25 —18.11 N(13) —0.03 —18.26 N(13) —0.23 —18.28
N(14) —0.26 —18.11 N(14) —0.03 —18.26 N(14) —0.23 —18.28
Al(15) 1.00 —43.64 C(15) 0.12 —14.54 Si(15) 1.10 —1.759
N(16) —0.16 —18.06 N(16) —0.02 —18.28 N(16) —0.02 —18.27
N(17) —0.17 —18.09 N(17) —0.01 —18.29 N(17) 0.01 —18.28

NO, <> C—B,N,

NO, <> Si—B,Ny,

atom 0 E, atom 0 E, atom 0 E,
N(1) —0.13 —18.18 N(1) 0.161 —18.11 N(1) —0.11 —18.14
0(2) —0.18 —22.26 0(2) —0.11 —22.22 0(Q2) —0.13 —22.24
B(3) 0.09 —11.25 B(3) 0.03 —11.28 B(3) 0.03 —11.27
N(4) 0.00 —18.25 N(4) —0.01 —18.28 N#4) 0.01 —18.27
N(5) —0.03 —18.22 N(5) —0.04 —18.26 N(5) —0.00 —18.25
B(6) 0.10 —11.25 B(6) 0.03 —11.28 B(6) 0.03 —11.27
B(7) 0.09 —11.25 B(7) 0.03 —11.28 B(7) 0.03 —11.27
B(8) 0.10 —11.25 B(8) 0.03 —11.28 B(8) 0.03 —11.27
N(@©) —0.03 —18.23 N(©9) —0.02 —18.27 N(©) —0.01 —18.26
N(10) —0.03 —18.22 N(10) —0.04 —18.26 N(10) —0.00 —18.25
N(11) —0.26 —18.25 N(11) —0.03 —18.25 N(11) —0.22 —18.27
N(12) —0.27 —18.25 N(12) —0.03 —18.25 N(12) —0.23 —18.27
N(13) —0.26 —18.25 N(13) —0.03 —18.25 N(13) —0.22 —18.27
N(14) —0.27 —18.25 N(14) —0.03 —18.25 N(14) —0.23 —18.27
Al(15) 1.31 —1.11 C(15) 0.18 —14.51 Si(15) 1.16 —1.74
N(16) —0.03 —18.23 N(16) —0.02 —18.27 N(16) —0.01 —18.26
N(17) 0.00 —18.25 N(17) —0.01 —18.28 N@17) 0.01 —18.27
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Table 1. (Contd.)
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NO <> Al-B4Nyq NO < C—B;Ny, NO < Si—ByNj,
O(18) —0.18 —22.26 O(18) —0.11 —22.22 O(18) —0.13 —22.24
N,0 < Al-B4N;,_NC N,0 < C—B4N;;_NC N,0 < Si—B4N,;,_NC
atom (0] E, atom (0] E, atom (0] E,
N(1) —0.29 —18.14 N(1) 0.024 —18.23 N(1) —0.25 —18.25
N(2) —0.03 —18.02 N(2) 0.07 —18.19 N(2) 0.10 —18.18
B(3) 0.30 —11.22 B(3) 0.02 —11.27 B(3) 0.02 —11.27
N4) —0.16 —18.06 N4) —0.01 —18.27 N4) —0.01 —18.26
N(5) —0.13 —18.04 N(5) —0.04 —18.26 N(5) —0.01 —18.26
B(6) 0.30 —11.22 B(6) 0.03 —11.28 B(6) 0.03 —11.27
B(7) 0.30 —11.23 B(7) 0.03 —11.28 B(7) 0.03 —11.27
B(8) 0.30 —11.22 B(8) 0.03 —11.28 B(8) 0.03 —11.27
N(9) —0.167 —18.08 N(9) —0.00 —18.28 N(©) 0.01 —18.28
N(10) —0.13 —18.04 N(10) —0.05 —18.26 N(10) —0.01 —18.26
N(11) —0.26 —18.10 N(11) —0.02 —18.25 N(11) —0.24 —18.27
N(12) —0.26 —18.10 N(12) —0.02 —18.25 N(12) —0.23 —18.27
N(13) —0.25 —18.10 N(13) —0.03 —18.25 N(13) —0.23 —18.27
N(14) —0.26 —18.10 N(14) —0.02 —18.25 N(14) —0.23 —18.27
Al(15) 1.07 —43.64 C(15) 0.13 —14.51 Si(15) 1.12 —1.75
N(16) —0.17 —18.10 N(16) —0.00 —18.28 N(16) 0.01 —18.28
N(17) —0.16 —18.06 N(17) —0.01 —18.27 N(17) —0.00 —18.26
O(18) 0.00 —21.94 O(18) —0.13 —22.23 O(18) —0.12 —22.23

The chemical shielding extracts from NMR can be
applied for allocating the structural and geometrical
specifications of materials [71—74].

As a matter of fact, gauge invariant atomic orbital
(GIAO) methodology has been recommended as a
valid methodology for NMR parameter computations
and Our own N-layered Integrated molecular orbital
and molecular mechanics (ONIOM) has caught many
regards for gaining NMR chemical shielding of gas
molecule-surface complexes such as isotropic chemi-
cal shielding appears in Eq. (3):

Giso, oNIoM = Oiso, high(QM1) 3)
+ Oiso, medium(QM2) T Oiso, low(QM3)-

The NMR data of isotropic (0,,,) and anisotropic
shielding tensors (G,,i,) Of gas molecules trapped in
the M—B,N,, towards formation of NO <> Al—B,N,,,
NO < C-B,N,y, NO < Si—B,N,;,, NO, < Al—
B4N10, N02 &~ C_B4N]03 N02 — Si—B4N10, N2O <~
Al—-B,Ny, N,O <> C—-B4N,,, and N,0 < Si—B,N,,

RUSSIAN JOURNAL OF PHYSICAL CHEMISTRY B  Vol. 18

complexes have been computed by Gaussian 16 revi-
sion C.01 program package [62] and been shown in
Table 2.

In Table 2, NMR data has reported the notable
amounts for NO, NO,, N,0 which were adsorbed on
the M—B,N |, as the selective sensor for detecting gas
molecules in air. The observed increase in the chemi-
cal shift anisotropy spans for N atoms, O(2) for
NO/N,0 adsorption and O(2)/0(18) for NO, adsorp-
tion on the M—B,N,,. The observed weak signal
intensity near the parallel edge of the nanocage pattern
may be due to boron binding induced non-spherical
distribution of these complexes.

It is remarkable that doping of Al, C, Si on BsN,,
might promote the stability of nanocage that results in
enhanced magnetic alignment of complexes. Interest-
ingly, the reported results show that Al, C, Si elements
can be optimized to achieve optimal alignment of
nanocage in the presence of an applied magnetic field.
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Table 2. Data of NMR shielding tensors for selected atoms of NO <> Al-B4;N;, NO <> C—B4;N,,, NO < Si—B4N,
NOZ > AI—B4N1(), N02 > C—B4N10, N02 > Si—B4N10, NZO > AI—B4N1(), NzO ard C—B4N10—NC, and NZO > Si—B4Nl
complexes using CAM—B3LYP—-D3/6-311+G(d, p), LANL2DZ calculation

NO < Al-B4Ny, NO <> C—B4Nyq NO < Si—B4Ny,
atom Oiso Oaniso atom Oiso Oaniso atom Oiso Oaniso
N(1) 8623.32 27621.57 | N(1) 767.22 57498 | N(1) 192.56 384.90
0(2) 19114.01 60055.67 | O(2) 1697.96 1904.72 | O(2) 483.66 446.82
B(3) 86.22 111.56 | B(3) 83.21 75.50 |B@3) 82.97 83.28
N#4) 398.76 5613.57 |[N(4) 698.49 846.36 | N(4) 632.16 715.69
N(5) 1776.02 4560.20 [N(5) 419.17 284.09 | N(5) 460.89 248.70
B(6) 49.90 132.42 | B(6) 84.90 76.89 | B(6) 82.84 84.06
B(7) 88.70 112.26 | B(7) 83.80 78.10 | B(7) 83.55 82.75
B(8) 71.25 98.23 | B(8) 84.84 75.04 | B(8) 82.66 83.30
N(9) 673.90 3914.01 N(9) 421.55 778.5 N(9) 336.67 513.56
N(10) 2101.53 4479.16 N(10) 417.63 182.60 | N(10) 457.73 296.56
N(11) 1145.30 6048.66 | N(11) 574.52 402.81 N(11) 461.37 425.06
N(12) 284.26 4440.80 |N(12) 538.46 433.46 |N(12) 468.95 388.36
N(13) 434.51 1761.12 N(13) 581.63 365.00 | N(13) 499.78 451.39
N(14) 681.36 2664.93 | N(14) 556.56 519.43  |[N(14) 465.66 387.06
Al(15) 44.57 1469.07 | C(15) 8.39 43.65 | Si(15) 14.62 12.52
N(16) 496.25 2696.81 N(16) 390.13 810.91 N(16) 329.86 536.87
N(17) 2319.99 5536.37 | N(17) 685.03 860.42 | N(17) 611.84 711.69
NO, <> Al-B;Ny, NO, <> C—B4Nyq NO, <> Si—B4;Ny,
atom Ciso Oaniso atom Ciso Oaniso atom Ciso Caniso

N(1) 127.48 408.57 |N(1) 355.92 240.70 | N(1) 351.76 362.40
0(2) 736.54 2843.97 |0(2) 1494.82 34494 |0(2) 1640.67 1363.15
B(3) 72.81 102.90 |B(3) 82.62 80.50 |B(3) 86.75 83.11
N(4) 1345.89 3740.25 |N@4) 675.11 72824 |N@4) 667.28 729.72
N(5) 1403.66 2050.89 | N(5) 419.86 100.44 |N(5) 449.04 212.10
B(6) 70.81 100.78 | B(6) 83.98 77.82 | B(6) 87.42 81.72
B(7) 72.85 102.84 | B(7) 82.60 80.57 | B(7) 86.74 83.16
B(8) 70.79 100.83 | B(8) 83.99 77.83 | B(8) 87.42 81.75
N(9) 593.07 1535.08 |N(9) 337.76 72545 |N(©) 313.33 635.74
N(10) 1405.28 2053.34 | N(10) 419.80 100.64 | N(10) 448.95 211.72
N(11) 43.11 2097.30 | N(11) 565.20 477.6 N(11) 444.08 395.29
N(12) 69.38 1911.86 | N(12) 585.31 503.19 | N(12) 449.18 406.40
N(13) 44.49 2099.87 | N(13) 565.92 478.21 N(13) 444.94 395.52
N(14) 68.31 1917.77 | N(14) 585.41 503.81 N(14) 449.40 407.20
Al(15) 581.14 354.23 | C(15) 49.99 87.76 | Si(15) 13.41 10.65
N(16) 593.69 1538.86 | N(16) 337.34 725.90 |N(16) 313.06 636.08

RUSSIAN JOURNAL OF PHYSICAL CHEMISTRY B Vol. 18 No.4 2024
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NO < Al-B4Ny NO < C-B4Ny NO < Si—B4Ny
N(17) 1340.04 3734.09 | N(17) 674.45 727.66 | N(17) 666.68 729.12
O(18) 732.81 2835.74 | O(18) 1494.73 344.88 | O(18) 1640.63 1363.26
N,O < Al-B4Ny, N,O <> C—B4N; N,O < Si—B4Ny,
atom Ciso G niso atom Ciso G aniso atom Ciso Caniso
N(1) 267.89 453.18 N(1) 41.33 1687.67 | N(1) 78.93 567.22
N(2) 168.13 170.90 | N(2) 864.66 932.50 [N(2) 625.27 512.88
B(3) 99.01 75.58 B(@3) 69.95 136.15 B(3) 76.10 120.90
N(4) 0.05 389.96 |[N(4) 1952.94 3217.63 | N(4) 1209.22 2081.44
N(5) 14.97 299.65 | N(5) 4341.51 5912.65 | N(5) 2524.64 3080.04
B(6) 95.88 75.63 B(6) 70.45 117.46 | B(6) 84.99 95.13
B(7) 95.20 76.47 |B(7) 97.47 105.05 |B(7) 89.80 100.23
B(8) 98.22 75.7 B(8) 86.46 108.18 B(8) 88.32 97.13
N(@©) 102.43 331.31 N(@©) 747.56 7237.79  |N(©9) 278.88 3989.46
N(10) 29.83 283.75 | N(10) 2423.12 3261.16 | N(10) 1756.26 2124.54
N(11) 467.03 400.15 | N(11) 381.13 2220.66 | N(11) 220.22 1341.21
N(12) 501.16 490.33 | N(12) 423.86 1511.34 | N(12) 309.98 1116.88
N(13) 470.79 469.84 | N(13) 98.49 2976.83 | N(13) 361.77 1430.73
N(14) 441.85 357.38 | N(14) 71.03 2659.88 | N(14) 265.39 1247.17
Al(15) 563.07 31.28 | C(15) 6.56 79.12 Si(15) 28.77 17.21
N(16) 406.24 655.66 | N(16) 1026.01 6313.65 |N(16) 539.06 3707.21
N(17) 149.96 150.11 N(17) 2268.01 3633.97 | N(17) 1376.43 2295.01
O(18) 748.70 361.86 | O(18) 2712.98 4012.29 | O(18) 1803.07 1337.35

In fact, the adsorption of NO, NO,, N,O can
introduce spin polarization on the M—B,N,, which
indicates that these surfaces might be applied as mag-
netic scavenging surface as a gas detector. In fact, it is
revealed that the isotropic and anisotropic shielding
fluctuate with the occupancy in the electron accepting
gas molecules trapped in the atom-doped on the
boron nitride nanocage. Figure 4 exhibited the same
tendency of shielding for boron and nitrogen; however, a
considerable deviation exists from doping atoms of
Al(15), C(15) and Si(15) through interaction with N(1)
of NO, NO,, N,O during adsorbing on the BsN,,.

In Fig. 4, gas molecules of NO, NO,, N,O in the
complexes of NO <> C—B,N,, (Fig. 4a), NO < Si—
B,N,, (Fig. 4b), NO, <> Al-B,N,, (Fig.4c), NO, <
Si—B4N, (Fig. 4d), N,O < Al-B,N,, (Fig. 4e), and
N,O < Si—B,N,, (Fig. 4f) denote the fluctuation in
the chemical shielding during ion trapping. In fact,
Fig. 4 indicates that the gap chemical shielding
between aluminum, carbon, silicon doping of M—

RUSSIAN JOURNAL OF PHYSICAL CHEMISTRY B  Vol. 18

B,N,, nanocage and gas molecules. Therefore, it can
be considered that the efficiency of electron accepting
for doping atoms on the M—B,N,, through gas mole-
cules adsorption can be ordered as: Si > Al > C that
indicates the power of covalent bond between alumi-
num, carbon, silicon, and these NO, NO,, N,O
towards toxic gas removal from air.

In the NMR spectroscopy, it has been observed the
remarkable peaks around interaction of NO, NO,,
N,O molecules through adsorbing on the M—B,N,,
during toxic gas detection and removal from air; how-
ever, there are some fluctuations in the chemical
shielding behaviors of isotropic and anisotropy attri-
butes. Therefore, the authors believe that the extracted
results would be useful in the design of M—B,N,,
based doped nanomaterials for increasing the adsorp-
tion of gas molecules in addition to the structural stud-
ies using solid-state and solution NMR techniques.

No.4 2024
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Flg. 4. The NMR spectra for (a) NO & C—B4N 10> (b) NO & SI—B4N 10> (c) N02 HAI—B4N10, (d) N02 > SI—B4N 10> (e) Nzo >
AL=B,N o and (f) N,O <> Si—B,4N o complexes using CAM—B3LYP—D3/6-311+G(d, p), LANL2DZ.

Infrared Spectroscopy and Thermodynamic Factors NO < C-B,N,, (Fig. 5a), NO < Si—B4N,, (Fig. 5b),

The infrared (IR) calculations have been accom-

NO, <> Al-B,N,, (Fig. 5¢), NO, <> Si—B,N,

plished for adsorption of NO, NO,, N,O moleculesby  (Fig. 5d), N,O <> Al-B,N, (Fig. 5¢) and N,O <> C—
M—B,N,, during toxic gas sensing in air. Therefore, it B4N,, (Fig. 5f) complexes using CAM—-B3LYP—
has been simulated the several clusters containing D3/6-311+G (d, p), LANL2DZ. The graph of Fig. 5a
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664.20 cm~'. Figure 5b has shown the frequency range

200—800 cm™! for NO <> C—B,N,, with several sharp  between 200—1100 cm~! for NO <> Si—B,N,, with

peaks around 327.09, 337.61, 359.54, 595.74 and

RUSSIAN JOURNAL OF PHYSICAL CHEMISTRY B  Vol. 18

sharp peaks around 652.05, 682.12, 685.59, and

No.4 2024
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Fig. 5. The Frequency (cm_]) changes through the IR spectra for (a) NO < C—B4N, (b) NO <> Si—B4N, (c) NO, <> Al—
B4N10, (d) N02 d Si—B4N10, (e) Nzo rd Al—B4N10 and (f) NzO > C—B4N10 complexes using CAM—B3LYP—D3/6—

311+G(d, p), LANL2DZ. [Note: € (M_l cm_l) is the absorbance unit and D (10_4 esu? cmz) is the dipole strength via the esu or
electrostatic unit, which is a unit of charge in the cgs (centimeter-gram-second system)].

1047.31 cm~!. Figure 5c¢ has indicated the fluctuation
of frequency between 100—1100 cm™! for NO, <> Al—
B4N,, with several sharp peaks around 256.25, 335.13,
532.75, and 568.45 cm~'. Figure 5d has shown the
fluctuation of frequency between 100—1100 cm~' for
NO, < Si—B4N,, with a few sharp peaks around
411.31, 451.64, 563.66, 596.34, 685.50, and 758.87 cm™".
Moreover, it has been observed the frequency between
150-900 for N,O <> Al-B,N,, with sharp peaks
around 305.94, 315.78, 574.78, 575.58, 717.95, 801.12,
852.32, 863.46, 906.48, 1102.93, and 1126.61 cm™!
(Fig. 5e). Besides, Fig. 5f has exhibited the frequency

RUSSIAN JOURNAL OF PHYSICAL CHEMISTRY B  Vol. 18

between 100—1200 for N,O <> C—B,N,, with sharp
peaks around 345.39, 374.87, 469.76, 528.65, 592.59,
597.92, 624.44, 659.94, 669.69, 702.84, and 706.06 cm~".

The IR spectra of NO, NO,, N,O adsorption with
M—B,N,, have demonstrated that the structure of the
dominant complex correlates with the electron
potency of doped X (Al, C, Si) on the BsN,,. As it has
been seen the doped nanocages of C—B4N, and Si—
B,N,, (Figs. 5a and 5b), Al-B,N,, and Si—B,N,,
(Figs. 5¢ and 5d), AI-B,N,, and C—B4N,, (Figs. Se
and 5f), respectively, have the most fluctuations and
the highest tendency for adsorption of NO, NO, and

No.4 2024
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N, O, respectively, (Figs. 5a and 5b). Therefore, it can
be found that IR spectroscopy of (G)-adsorbed M—
B,N,, is now well-placed to address specific questions
on the individual effect of charge carriers (gas mole-
cule-nanocage), as well as doping atoms on the overall
structure (Fig. 5).

Table 3 through the thermodynamic specifications
concluded that M—B,N,, due to adsorption of NO,
NO, and N,O might be more efficient sensors for
detecting and removing the gas molecules from pol-
luted air [75]. Thermodynamic parameters of gas mol-
ecules adsorption with M—B,N,, have been deter-

RUSSIAN JOURNAL OF PHYSICAL CHEMISTRY B

mined using DFT theoretical technique [76, 77]. It
has been shown that for a given number of nitrogen
donor sites in NO, NO,, N,O, the stabilities of com-
plexes owing to doping atoms of Al, C, Si can be con-
sidered as: N,O < Al-B,N,, > NO < AlI-B,;N,, >
NO, < C-B,N,; > N,0 < C-B,N,, > NO, < Si—
B,N,, = NO, < Al-B,N,; > N,O < Si—B,N,;, >
NO < C—B,N;, > NO < Si—B,N,, (Table 3). The
thermodynamic data in Fig. 6 could detect the maxi-
mum efficiency of Al, C, Si atoms doping of BsN, for
gas molecules adsorption through AG,,, which
depends on the covalent bond between NO, NO,,
Vol. 18

No. 4 2024
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Table 3. The thermodynamic characters of NO <> Al-B;4N;;, NO <> C—B4N;, NO < Si—B4N;;, NO, <> Al—B,4N,,
NO, < C—B4N;y, NO, < Si—B4Ny, N,O < Al-B;N;;3, N,O < C-B4N,,, and N,O«> Si—B,4N,, complexes using
CAM—-B3LYP-D3/6-311+G(d, p), LANL2DZ calculation

Dipole moment, AE° x 1073, AH° x 1073, AG® X 1073,

Compound ’ Debye kcal/mol kcal/mol kcal/mol 5%, cal/K mol
NO < Al-B4Ny, 0.60 —631.00 —631.00 —630.92 103.43
NO < C—-B4Nj, 0.24 —510.55 —510.55 —510.60 103.73
NO &5 Si—ByN 113 —489.20 —489.20 —489.24 108.79
NO, & Al-B4N, 5.11 —535.20 —535.20 —535.23 114.34
NO, <> C—B4Nj, 1.43 —557.71 —557.71 —557.74 108.61
NO, <5 Si—B,N 2.56 536.38 536.37 ~536.41 111.93
N,O ¢ Al-B,N, 0.70 —664.58 —664.58 —664.61 104.38
N,0 <> C—B,N 1.97 —544.87 —544.86 —544.90 116.79
N,0 < Si—B4Ny, 1.74 —523.52 —523.52 —523.55 114.61

RUSSIAN JOURNAL OF PHYSICAL CHEMISTRYB Vol. 18 No.4 2024
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N,O molecules and M—B,N,, as a potent sensor for
air pollution removal.

The adsorption process of NO, NO,, N,O molecules
on the M—B,N, is affirmed by the AG,,, quantities:

AGy, = AGSHM—B4N]0 - (AGCO} + AGI[\)/[—B4N10)
G = NO,NO,,N,0 and M = ALC,Si.

Q)

As seen in Table 3, all the accounted AG,
amounts are very close, which demonstrate the agree-
ment of the measured specifications by all methodol-
ogies and the reliability of the computing values. Table 3
has shown that the key role of doped atoms of Al, C, Si
during interaction between the adsorbates of NO,
NO,, N,O molecules as the electron donors and the
adsorbent of Al-B,N,,, C—B,N,,, and Si—B,N,, as
electron acceptors. Therefore, the selectivity of atom-
doped on boron nitride nanocage (gas sensor) for gas
molecules adsorption can be resulted as: Al > C > Si
(Table 3).

CONCLUSIONS

This research work has investigated doping of Al,
C, Si elements on the boron nitride nanocage (M—
B,N,,) for enhancing toxic gas sensing of these nano-
materials for air pollution removal. Therefore, NO,
NO,, N,O molecules separation involving the M—
B,N,, has been experimented based on electrostatic
interactions between the gas molecules and M—
B,N,,. The electromagnetic and thermodynamic
properties of M—B,N,, complexes were computed
using density functional theory. The results have illus-
trated that chosen gas molecules adsorbed on the M—
B,N, are rather stable with the most stable adsorption
site being in the center of M—B,N, system. The selec-
tivity of atom-doped on boron nitride nanocage (gas
sensor) for gas molecules adsorption can be resulted
as: C—B4,N,, and Si—B,N,, for NO, Al-B,N,, and
Si—B4N,, for NO,, AlI-B,N,, and C—B,N,, for N,O,
respectively. This work proposes that metallic, non-
metallic, metalloid as a semiconductor can be exam-
ined through doping on the nanomaterials for enhanc-
ing the adsorption potency towards designing the pol-
lution removal sensors.
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