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Boron Nitride towards Soil Remediation: A Structural-
Electromagnetic Analysis by DFT Study
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Abstract: Soil pollution from toxic metals, metalloids, and nonmetals has become a major environmental problem
around the world. Two main causes of this pollution are natural geogenic processes and human activities. While soils
can acquire toxic metals from their original rock materials, most pollution comes from industries and farming. The
presence of metals in soil can be detected by changes in chemical, biochemical, and microbial properties, as well as by
plant reactions. The main goal of this study is to remove specific elements like Ba, As, Se, Co, Cu, and Mo from soil
using a nanomaterial called boron nitride nanocage (BsN1o). Scientists used materials modeling to demonstrate how the
electromagnetic and thermodynamic properties of these elements change when they are trapped inside BsN,. The
elements are held inside through chemisorption. The study examined how BsN;, encapsulates Ba, As, Se, Co, Cu, and
Mo, which aids in sensing metal ions in soil. BsN4o was specifically designed to contain these elements. Researchers
used the DFT method to analyze these cases. The study revealed that the covalent bonding in these complexes has
similar energy levels and demonstrates boron and nitrogen in BsN4 interact with the s states of barium and d states of
"As, Se, Co, Cu, Mo" in the [Bs(X)N4o] complexes. Nuclear magnetic resonance (NMR) analysis showed clear signals for
"Ba, As, Se, Co, Cu, and Mo" during their trapping in BsN+o. The findings indicate the order of adsorption selectivity for
these elements by BsN+, (as an atom sensor) is: Cu = Co> Mo>>>As = Se> Ba.

Keywords: Soil contamination, BsN4, Molecular modeling, Nanomaterial, DFT.

1. INTRODUCTION [8, 9]. Human-made sources of these metals include

emissions from traffic, industry, and homes, as well as
atmospheric deposits, mining activities, waste disposal,
sewage, pesticides, and fertilizers [10-13]. Improper
management of old or abandoned mines can result in
more severe environmental problems than operating
mines [14]. Consuming food grown in areas with metal
contamination is a primary method through which
people are exposed to these metals in mining regions
[15-17].

Soil pollution stems from two main sources: natural
processes and human activities. While soil can
naturally accumulate toxic metals from the materials it
is composed of, the majority of pollution is a
consequence of the experiments in the industrial and
agricultural laboratories. Signs of metal contamination
in soil include alterations in its chemical, biological, and
microbial composition, as well as changes in plant
behavior. Although the total quantity of noxious metals
in soil remains the most common method of assessing
risk, some studies suggest that the amount of metal
that plants absorb is a more accurate indicator.

Soail pollution in cities due to trace metals is a major
concern for the public. To properly evaluate the risks, it
is important to know the natural levels of these metals

Common heavy metals found in polluted soil include
cadmium, chromium, mercury, lead, copper, zinc, and
arsenic. In recent times, heavy metal pollution has
worsened due to industrial expansion, population
growth, and intensified agricultural methods. These
metals accumulate in water and soil, disrupting
ecosystems. Furthermore, they travel through food
chains, contaminating the food and water consumed by
humans and animals, ultimately impacting their health
[1-3].

Trace metals found in "soils/dust" can enter the skin
through inhaling them, ingesting them, or absorbing
them [4-7], as well as through the soil and crop system
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in city soils. For example, "molybdenum (Mo)" is a
necessary trace element for humans, animals, and
plants. A lack of Mo in soil is often found, especially
when there is not enough phosphorus. However, Mo
can also be harmful to soil and water systems and may
cause serious problems for both the environment and
people's health [18]. Another study examined the
sources and distribution of arsenic, as well as its
movement from microbes to soil and the various forms
it can take [19]. Additionally, certain activities can
elevate copper levels in the ground, which then insert
the food chain and negatively impact both natural and
managed environments [20].

Soil with high cobalt levels can be toxic to humans,
plants, and animals. Newly, researchers have
investigated the human-induced sources that
contribute to increased "Co" in soil, as well as the
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different forms of cobalt present in soil and the
parameters impacting its movement [21].

Soil pollution in cities due to trace metals is a major
concern for the public. In order to fully comprehend the
risks involved, it is essential to comprehend the typical
levels of these metals found in city soils. A study was
conducted to analyze the concentrations of 9 trace
"metals - arsenic, barium, cadmium, cobalt, copper,
nickel, lead, selenium, and zinc" - in 214 soil samples
collected from various public and commercial areas in
6 cities of varying sizes in Florida [22].

Boron nitride nanomaterials are utilized for their
unique features, such as being eco-friendly for
absorbing pollutants, having a large surface area,
strong chemical and mechanical properties, and acting
as a semiconductor [23-26]. Boron nitride
nanomaterials  typically  exhibit semiconducting
behavior, making them a viable alternative to "CNT".
The properties of "B" and "N" atoms, which are
adjacent to "C" atoms, have made "BN" a popular topic
for numerous investigations [27-29]. Recently, there
have been numerous studies investigating how these
materials can absorb chemical pollutants and serve as
adsorbents for water purification [30-32]. Different
shapes of boron nitride nano adsorbents are
extensively studied due to their significant features, like
a large surface area, flexible structures, strong
chemical and mechanical properties, numerous
structural defects, high reactivity, and numerous
functional groups [33, 34].

In this study, BsN+o has been utilized to encapsulate
the "metal, metalloid, and nonmetal" atoms, such as
"barium (Ba), arsenic (As), selenium (Se), cobalt (Co),
copper (Cu), and molybdenum (Mo)". The physical and
chemical interactions between these atoms and the
boron and nitrogen in BsN4, were analyzed.

2. NANOMATERIALS
PERSPECTIVE

AND COMPUTATION

2.1. Encapsulation in BsN4g

The purpose of this research is to identify and
encapsulate metal, metalloid, and nonmetal atoms
from soil using BsN1. The goal is to extract harmful
elements such as "Ba, As, Se, Co, Cu, and Mo" from
soil contaminated with toxic substances. The soil
contains a variety of atoms (metal, metalloid, nonmetal)
and BsNg is introduced (as depicted in Figure 1). BsN1g
was analyzed using computational methods based on
density functional theory known as "CAM—B3LYP-D3".

"Metal, metalloid, and nonmetal" atoms were
successfully positioned at the center of BsN4q, forming
complexes like [Bs(Ba)N1o], [Bs(As)N1o], [Bs(Se)No],

[B5(CO)N10], [B5(CU)N1Q], and [B5(MO)N10] (as illustrated
in Figure 1).

The charge distribution of these complexes was
determined using the Bader charge evaluation method
[35]. Regardless of the element involved, the BsNqg
structure expands to accommodate these atoms.

2.2. Perspective of "Density functional theory
(DFT)"

In a metallic solid, there are numerous ions and
electrons that collectively form a complex system
involving multiple particles. This article utilizes "density
functional theory (DFT)" [36-39]. "Metals and
metalloids" with calculated bandwidths have long been
a significant topic of discussion when utilizing DFT.
This paper presents first-principles calculations for
elements such as "Ba, As, Se, Co, Cu, and Mo", which

encompass metals, metalloids, and non-metals,
employing "DFT" methods.
The "electronic density" in the "Kohn-Sham"

equations significantly reduces the requirement for
quantum computing when working with the Hamiltonian
parameters [40,41]:

= 1= > N ~ 1+
Hy = _211\/15 Vi2 + Eliwvs ) = 21[\4 hg ; hg = -3 Vi2 +
v, (1), (1)

where "M" represents non-interacting electrons, and
"v"is the external potential. Therefore, by evaluating
Y; "(single-particle orbitals)", the parameter for the
electronic density of non-interacting electrons will be:

p () = ¥ (HI? (2)
So, the total energy will be:

E[p] = .

S (i | =5 V2 ewe () + 5 [ 55 d'| ) +

Exe Ip]+5 2 Shiup ok (3)

In addition, the "B3LYP (Becke, Lee, Yang, Parr)"
method is a "hybrid functional" that utilizes a
3-parameter basis function in conjunction with the
"LANL2DZ" basis set for "metals and metalloids" within
the framework of density functional theory [42-47]. A
new "hybrid exchange-correlation functional" called
"CAM-B3LYP" was also introduced, which combines
"B3LYP with long-range correction [48]. Furthermore,
"DFT" functionals that incorporate "Grimme's D3
correction" have been discussed [49]. The method of
"dispersion  correction" was introduced into
"Kohn-Sham" density functional theory "(DFT-D)" to
enhance accuracy [50].
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Figure 1: a) [Bs(Ba)N1o], b) [Bs(As)N10], €) [Bs(Se)Nio], d) [Bs(Co)N1o], €) [Bs(Cu)N1o], and f) [Bs(Mo)N+1o] complexes.

In this study, "DFT" calculations were conducted
using the "Gaussian 16 revision C.01" software
package [51]. The z-matrix structure was created to
simulate the coordination of "metal, metalloid, and
nonmetal" atoms such as "Ba, As, Se, Co, Cu, and Mo"
within the soil, using BsN4o. This was accomplished
through Gauss View 6.1 [52] (Figure 1).

The results will highlight the challenges that "DFT"
methods face in accurately defining the bonding
between "metal, metalloid, and nonmetal" elements
with boron and nitrogen. The calculations used the
basis sets of LANL2DZ for metals and 6-311+G(d,p)
for other atoms with multiplicity of +1 and convergence
on RMS density matrix=1.00D-08 and convergence on
MAX density matrix=1.00D-06.

3. RESULTS AND DISCUSSIONS

BsN4o has been designed to encapsulate the metal,
metalloid, and nonmetal atoms such as "Ba, As, Se, Co,
Cu, and Mo". The physical and chemical features of
how these atoms interact with boron and nitrogen in
BsN 1o have been studied and predicted.

3.1. PDOS towards Electronic Analysis

The electronic structure of how BsN4o traps toxic
elements such as "Ba, As, Se, Co, Cu, and Mo" have
been studied by the "CAM-B3LYP-D3/6-311+G(d,p)"
and "LANL2DZ" theoretical methods. Figure 2 (a—f)
displays the "projected density of states (PDOS)" for
[Bs(X)N4o] when "Ba, As, Se, Co, Cu, and Mo" are
encapsulated. The presence of energy levels from the

s-orbitals of Ba, p-orbitals of "B and N" and d-orbitals of
"As, Se, Co, Cu, and Mo" within the band gap of
[Bs(X)N4g] increases the system's reactivity. From the
figure, it is evident that after trapping these atoms,
there is a strong contribution from the d-orbitals in the
unoccupied energy levels. This is clearly shown in the
partial PDOS curves, which indicate that the s-states of
Ba, p-states of B and N in BsN4o, and d-orbitals of "As,
Se, Co, Cu, and Mo" in [Bs(X)N+o] all play a role in filling
the "conduction band" (Figure 2a-f). The unique
adsorption behavior observed in [B5(X)N4o] is due to
the strong interaction between the p-states of boron
and nitrogen in BsNo and the s-states of barium and
d-states of "As, Se, Co, Cu, and Mo" in the [Bs(X)n10]
complexes.
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Figure 2: PDOS encapsulation of "metal, metalloid and
nonmetal" atoms by BsNio towards a) [Bs(Ba)Nig], b)
[Bs(As)N1g], €) [Bs(Se)N1g], d) [Bs(Co)N1o], e) [Bs(Cu)N1q],

and f) [Bs(Mo)Niglby "CAM-B3LYP-D3/6-311+G (d,p),
LANL2DZ".
Figure 2(a-f) illustrates that the [Bs(Ba)Nyl,

[Bs(As)N1o], [Bs(Se)N1g], [Bs(Co)N+q], [Bs(Cu)N+q], and
[Bs(Mo)N1o] complexes exhibit the most significant
contribution in the middle of the conduction band,
between "-5 to —15" eV. The states originating from
boron and nitrogen are also enlarged and exhibit
similarities. The electronic interaction of BsN4g with "Ba,
As, Se, Co, Cu, and Mo" as depicted in the figures,
sheds light on how these atoms are selected at the
interface.

In Figure 2(a), [Bs(Ba)N4o] displays a sharp peak
around "-10 eV for Ba". Figure 2(b) shows [Bs(As)No]
with a sharp peak around "-8.5 eV for As", while Figure
2(c) presents [Bs(Se)Nqg] with a similar sharp peak
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around "-8.5 eV for Se". [Bs(Co)Nyo] in Figure 2(d)
reveals a strong peak around "-12.5 eV for Co". The
[Bs(Cu)N4o] complex in Figure 2(e) exhibits a noticeable
sharp peak around "-7.5 eV for Cu". In Figure 2(f), the
[Bs(Mo)N1o] complex displays two sharp peaks around
"-10 and -12 eV for Mo". Based on the PDOS, the
order of the atoms' uptake by BsNio is as follows:
[Bs(Mo)N+o] > [B5(Co)N1o] > [Bs(Ba)N+1o] > [Bs(As)N1o] =
[B5(Se)N1g] > [Bs(Cu)N4g]. The presence of energy
levels from the p-orbitals of B and N, and the d-orbitals
of As, Se, Co, Cu, and Mo within the band gap of
[B5(X)N4g] makes the system more reactive. From the
figure, it is clear that after trapping transition metals,
the d-orbitals contribute significantly to the unoccupied
energy levels. This is shown by the partial PDOS curve,
which indicates that the p-states of B and N atoms in
BN, along with the d-orbitals of As, Se, Co, Cu, and Mo
in [Bs(X)N4g], interact with the conduction band.

3.2. Electric Potential Analysis

"Nuclear quadrupole resonance", or NQR, is a type
of resonance related to "nuclear magnetic resonance
(NMR)". It occurs when a spinning nucleus has an
uneven distribution of electric charge. Any nucleus with
a spin greater than 1 has both a "magnetic moment
and an electric quadrupole moment". The quadrupole
moment measures how much the positive charge
inside the nucleus is spread out unevenly [53].

In this study, the "quantum mechanics of NQR" [54]
at zero field, including the strengths of nuclear
quadrupole moments, was explored. This was done by
trapping atoms of barium (Ba), arsenic (As), selenium
(Se), cobalt (Co), copper (Cu), and molybdenum (Mo)
using BsN4q [55-58]:

v = v+ ()], =)+ 1 () [ o )] +

(4)
==t (22)] ) -

- % Lo &7 py [(Z_ii) | o'xiz)] -

=3 GOy Jod® lo().x7] (5)
v = equzZ/h (6)
n= Qxx — ny/qzz (7)

The "electric field gradient (EFG)" at the nucleus
location in "metal, metalloid, and nonmetal" atoms such
as "Ba, As, Se, Co, Cu, and Mo" are determined by the
arrangement of "valence electrons" around the nucleus.
This arrangement is influenced by the presence of
these atoms in compounds with a BsN1 structure. The
EFG leads to specific nuclear quadrupole resonance
(NQR) frequencies that are observed only in [Bs(X)N1]
complexes, where X represents "Ba, As, Se, Co, Cu, or
Mo" (as shown in Tables 1 and 2).

Table1: "Electric potential (a.u.)" and "Bader charge (coulomb)" through "NQR" computation for [Bs(Ba)N1g],
[Bs(As)N1o], and [Bs(Se)N1o] complexes
[Bs(Ba)N1o] [Bs(As)N1o] [Bs(Se)N1o]
Atom Charge pEolfec:t’::l Atom Charge pEolfec:t’::l Atom Charge pﬁ!f:;::gl
B(1) 0.173 -11.197 B(1) 0.168 -11.204 B(1) 0.165 -11.221
N(2) -0.237 -18.305 N(2) -0.138 -18.315 N(2) -0.121 -18.301
N(3) -0.429 -18.334 N(3) -0.310 -18.311 N(3) -0.191 -18.312
B(4) 0.228 -11.205 B(4) 0.236 -11.204 B(4) 0.226 -11.220
B(5) 0.229 -11.210 B(5) 0.247 -11.204 B(5) 0.231 -11.222
B(6) 0.200 -11.200 B(6) 0.190 -11.204 B(6) 0.181 -11.224
N(7) -0.219 -18.307 N(7) -0.115 -18.314 N(7) -0.133 -18.306
N(8) -0.405 -18.339 N(8) -0.273 -18.303 N(8) -0.158 -18.305
N(9) -0.385 -18.349 N(9) -0.329 -18.309 N(9) -0.282 -18.335
N(10) -0.370 —18.344 N(10) -0.278 —18.296 N(10) —-0.241 -18.325
N(11) -0.339 -18.328 N(11) -0.278 -18.297 N(11) -0.230 -18.317
N(12) —-0.469 —18.366 N(12) -0.383 -18.310 N(12) —-0.348 -18.326
B(13) -0.058 -11.172 B(13) -0.174 -11.160 B(13) -0.193 -11.193
N(14) -0.117 -18.278 N(14) -0.160 -18.297 N(14) -0.116 -18.292
N(15) -0.094 -18.289 N(15) -0.147 —18.284 N(15) -0.104 -18.280
Ba(16) 2.294 -4.9859 As(16) 1.748 —2.228 Se(16) 1.316 -2.925
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Table 2: "Electric potential (a.u.)" and "Bader charge (coulomb)" through "NQR" computation for [Bs(Co)N1q],
[Bs(Cu)N1¢], and [Bs(Mo)N1ig]Jcomplexes
[Bs(Co)N1] [Bs(Cu)N1] [Bs(Mo)N+]
Atom Charge pﬂf:r:::zl Atom Charge pﬂf:r:::zl Atom Charge pﬂf:r:::zl
B(1) 0.226 -11.215 B(1) 0.227 -11.209 B(1) 0.195 -11.219
N(2) -0.046 -18.285 N(2) -0.039 -18.287 N(2) -0.080 -18.293
N(3) -0.125 -18.289 N(3) -0.128 -18.297 N(3) -0.160 -18.306
B(4) 0.235 -11.215 B(4) 0.229 -11.210 B(4) 0.218 -11.212
B(5) 0.249 -11.213 B(5) 0.252 -11.215 B(5) 0.239 -11.210
B(6) 0.218 -11.214 B(6) 0.217 -11.214 B(6) 0.222 -11.211
N(7) -0.065 -18.305 N(7) -0.050 -18.290 N(7) -0.063 -18.294
N(8) -0.133 -18.284 N(8) -0.135 -18.306 N(8) -0.169 -18.305
N(9) -0.042 -18.295 N(9) -0.018 -18.286 N(9) -0.179 -18.317
N(10) -0.055 -18.291 N(10) —-0.044 -18.291 N(10) -0.164 -18.308
N(11) -0.055 -18.287 N(11) -0.038 -18.292 N(11) -0.171 -18.303
N(12) -0.064 -18.288 N(12) -0.065 -18.289 N(12) -0.177 -18.313
B(13) 0.330 -11.215 B(13) 0.268 -11.203 B(13) 0.447 -11.220
N(14) -0.111 -18.299 N(14) -0.110 -18.287 N(14) —-0.051 -18.286
N(15) -0.142 -18.290 N(15) -0.135 -18.278 N(15) -0.093 -18.290
Co(16) -0.417 -21.075 Cu(16) -0.430 -26.063 Mo(16) -0.012 -10.727

In this study, the electric potential for these
complexes was calculated using the "Bader charge"
method, including [Bs(Ba)N1g], [Bs(As)N1g], [Bs(Se)N1q],
[B5(CO)N10], [B5(CU)N10], and [B5(MO)N10] (Tables 1 and
2).

In Figure 3 (a-f), the electric potential fluctuations
related to the Bader charge for "toxic metal, metalloid,
and nonmetal atoms" such as "Ba, As, Se, Co, Cu, and
Mo", which are encapsulated by the BsN4g, have been
evaluated.

In Figure 3 (a-f), it is evident that BsNqg
encapsulates fluctuations of "Ba, As, Se, Co, Cu, and
Mo", aiding in the detection of toxic metals, metalloids,
and nonmetals in polluted soil. The graph of BsNyg
displays a curve caused by these toxic elements. The
most significant changes in electric potential were
observed when "metal, metalloid, and nonmetal atoms"
were trapped by BsNyg, indicating that these elements
gain electrons with the assistance of "boron and
nitrogen atoms" in BsN4. The order of these
interactions, based on the R? correlation coefficient, is:
[Bs(Mo)N+o] > [Bs(Cu)N+o] > [B5s(Co)N1o] > [Bs(As)N4o] =
[Bs(Se)N1q] > [Bs(Ba)N1q] (Figure 3a-f).

The sharpest changes in electric potential with R, =
0.99 are seen when metal, metalloid, and nonmetal

atoms are trapped by BsNy, showing that electrons
from these elements are encapsulated with help from
boron and nitrogen atoms in BsN4. Adding certain
transition metals increases the magnetization levels,
especially. Calculations using spin-polarized DFT band
structures show clear spin differences caused by
doping, which backs up our theoretical results on the
doped BsN4o samples.

3.3. "Nuclear Magnetic Resonance (NMR)"

The study of "NMR" in high-performance materials
and other systems with correlated electrons has helped
improve understanding of conventional super-
conductors, as well as "d-band transition metals, alloys,
and intermetallic" compounds. "Magnetic field
gradients" make it possible to identify specific spatial
positions within a model. The resonance frequencies of
most atoms are clearly different from each other,
making "NMR" a method that can distinguish between
elements. The interaction of spins with their local
surroundings leads to changes in the spectrum that
reveal the local structure and chemical state. Therefore,
the NMR spectrum of BsN4 could show how it can
encapsulate the "metal, metalloid, and nonmetal"
atoms like "Ba, As, Se, Co, Cu, and Mo". This might
indicate the potential of BsN4 for detecting and
removing these harmful elements from polluted soil, as
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Figure 3: "Electric potential (a.u.)" versus "Bader charge (coulomb)" through "NQR" calculation for complexes of a) [Bs(Ba)N1q],
b) [Bs(As)N1g], ¢) [Bs(Se)N1q], d) [Bs(Co)N10], €) [Bs(Cu)N1o], and f) [Bs(Mo)N1o].

Table 3: NMR shielding (isotropic/anisotropic) tensors for [Bs(Ba)N1o], [B5(As)N1o], and [Bs(Se)N1o] complexes

[Bs(Ba)Ni1o] [Bs(As)N1o] [Bs(Se)N1]
Atom Isotropy Anisotropy Atom Isotropy Anisotropy Atom Isotropy Anisotropy
B(1) 76.442 84.033 B(1) 82.012 80.015 B(1) 125.781 73.750
N(2) 228.657 335.420 N(2) 338.384 432.032 N(2) 360.726 941.314
N(3) 404.564 662.908 N(3) 187.741 774.417 N(3) 506.852 655.424
B(4) 75.310 91.245 B(4) 76.653 83.777 B(4) 113.160 106.285
B(5) 81.517 72.188 B(5) 78.319 78.218 B(5) 106.858 68.773
B(6) 73.941 87.167 B(6) 87.197 74.203 B(6) 127.683 76.793
N(7) 257.352 463.125 N(7) 553.312 682.031 N(7) 263.729 614.075
N(8) 522.900 493.102 N(8) 68.082 539.582 N(8) 543.826 727.584
N(9) 407.998 522.586 N(9) 177.024 603.977 N(9) 152.759 526.414
N(10) 548.953 973.672 N(10) 182.188 725.789 N(10) 179.371 679.603
N(11) 645.374 1226.565 N(11) 179.027 952.587 N(11) 227.317 581.252
N(12) 305.057 522.151 N(12) 270.343 482.003 N(12) 98.907 603.909
B(13) 93.995 111.410 B(13) 105.420 95.759 B(13) 129.833 66.214
N(14) 331.435 737.220 N(14) 532.748 1213.659 N(14) 305.365 585.678
N(15) 393.606 831.536 N(15) 565.785 1222.441 N(15) 282.190 765.749
Ba(16) 62.871 8.819 As(16) 32.193 5.952 Se(16) 32.894 9.582
well as for measuring "isotropic" and "anisotropic Oiso = (011+ 022+ 033)/3(8) 5 Ouniso = 033 —

chemical shielding" effects [59-61]: (02, + 011)/2 9)
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Table 4: NMR shielding (isotropic/anisotropic) tensors for selected atoms of [B5(Co)N1c], [B5(Cu)N1o], and [Bs(Mo)N1o]
complexes using CAM-B3LYP-D3/6-311+G(d,p), LANL2DZ calculations

[Bs(Co)N1] [Bs(Cu)N1] [Bs(Mo)N-o]
Atom Isotropy Anisotropy Atom Isotropy Anisotropy Atom Isotropy Anisotropy
B(1) 95.016 86.277 B(1) 24.138 182.358 B(1) 89.090 67.251
N(2) 281.213 515.692 N(2) 1230.134 1717.794 N(2) 9.242 257.905
N(3) 324.101 892.551 N(3) 7928.231 14686.887 N(3) 248.759 498.866
B(4) 104.739 59.786 B(4) 22.408 204.418 B(4) 91.094 72.787
B(5) 99.010 71.971 B(5) 67.041 67.304 B(5) 80.179 69.368
B(6) 91.963 84.796 B(6) 92.603 86.945 B(6) 78.285 78.533
N(7) 419.148 586.431 N(7) 900.174 2259.314 N(7) 80.141 209.403
N(8) 396.235 1132.961 N(8) 256.307 3595.664 N(8) 348.368 801.455
N(9) 331.110 542.547 N(9) 927.114 7561.802 N(9) 511.839 667.325
N(10) 445.186 811.937 N(10) 2393.922 3515.727 N(10) 450.884 664.125
N(11) 333.804 828.184 N(11) 1732.711 2923.788 N(11) 320.625 491.593
N(12) 56.286 417.825 N(12) 105.166 2377.665 N(12) 193.021 493.859
B(13) 59.524 60.928 B(13) 79.376 83.443 B(13) 15.091 217.576
N(14) 573.121 1964.542 N(14) 126.851 3820.801 N(14) 392.800 945.997
N(15) 118.615 945.992 N(15) 275.161 3332.103 N(15) 374.205 986.530
Co(16) 4862.426 4932.587 Cu(16) 12057.026 16337.955 Mo(16) 167.813 116.213

The "NMR" values for "isotropic shielding (ois,)" and
"anisotropic shielding tensor (o4niso)" Of "Ba, As, Se, Co,
Cu, and Mo", which are encapsulated in BsN4o, were
calculated to form the complexes [Bs(Ba)Ng],
[Bs(As)N1o], [B5(Se)N10], [Bs(Co)N+q], [Bs(Cu)N+o], and
[Bs(Mo)N1o]. These computations were done using the
"Gaussian 16 revision C.01 program" package (Tables
3&4).

Tables 3 and 4 display the NMR values for "metal,
metalloid, and nonmetal elements" such as "Ba, As, Se,
Co, Cu, and Mo" that are enclosed within BsN4. When
these elements are encapsulated by BsN+g, they induce
a spin polarization effect on the "(Ba, As, Se, Co, Cu,
Mo)"-encapsulated BsN4. The chemical shift
anisotropy increases when these atoms are trapped by
BsN4o, particularly near nitrogen atoms at positions
"N(2), N(3), N(7), N(8), N(9), N(10), N(11), N(12), N(14),
and N(15)" (Tables 3 and 4). The weak signal intensity
observed near the parallel edge of the nanocage may
be attributed to the "non-spherical distribution" of these
structures resulting from boron binding. It is evident
that trapping "Ba, As, Se, Co, Cu, and Mo" in BsN4 can
enhance the stability of the nanocluster and elevate the
magnetic properties of the clusters (Tables 3 and 4).
Figure 4(a-f) illustrates that the "shielding factor" for
both "boron and nitrogen" is similar, but a noticeable

difference arises when "Ba, As, Se, Co, Cu, and Mo"
are encapsulated by BsN4o through their interactions
with boron and nitrogen atoms.
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Figure 4: "NMR" spectra for a) [Bs(Ba)N1g], b) [Bs(As)N1q], ¢)
[Bs(Se)N+o], d) [Bs(Co)N1o], €) [Bs(Cu)Ni], and f)
[B5(MO)N10].

In Figure 4 (a-f), the toxic elements "Ba, As, Se, Co,
Cu, and Mo" in the complexes [Bs(Ba)N¢] (Figure 4a),

5000
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1000
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[B5(AS)N10] (Figure 4b), [B5(Se)N1o] (Figure 4C),
[B5(CO)N10] (Figure 4d), [B5(CU)N10] (Figure 49), and
[Bs(Mo)N1o] (Figure 4f) exhibit changes in "chemical
shielding" during atom encapsulation. Figure 4 (a-f)
illustrates  the  "chemical shielding" between
"boron/nitrogen" in BsN4, and "metal, metalloid, and
nonmetal atoms".

This indicates that the ability of BsNqy to accept
electrons for the encapsulated toxic atoms follows the
order Cu = Co> Mo >>>As =Se > Ba, suggesting the
strength of the covalent bonds between
"boron/nitrogen" and these elements during atom
encapsulation. The curves for the "metal, metalloid,
and nonmetal elements" "Ba, As, Se, Co, Cu, and Mo"
demonstrate how these elements are trapped in BsN+o.

This proves the strength of the covalent bond
between boron/nitrogen and these elements, which
helps in atom encapsulation. The curves of "Ba, As, Se,
Co, Cu, and Mo", as metal, metalloid, and nonmetal
elements, show how these elements are trapped in
BsN4oduring atom detection and removal from soil.

3.4. Thermochemical Analysis

The study examined the ability of BsN4y to trap
"metal, metalloid, and nonmetal elements" such as "Ba,
As, Se, Co, Cu, and Mo" using thermochemical
parameters.  [Bs(Ba)N1g], [Bs(As)N1o],  [Bs(Se)N1],
[B5(Co)N1o], [Bs(Cu)No], and [Bs(Mo)N4o] complexes
were analyzed utilizing thermochemical data observed
in Table 5. It was indicates that BsN+o, with its capability
to encapsulate these elements, could serve as a more
effective tool for sensing and detecting them in soil.

Table 5 shows how "metal, metalloid, and nonmetal
elements" such as "Ba, As, Se, Co, Cu, and Mo" can
be encapsulated by BsNio. The process of trapping
these elements in BsNyg is supported by the values of
AGads.

AGads - AG[OBS(X)Nlo] - (AG)%—encapsulated + AG%SNlO);
X=Ba, As, Se, Co, Cu, Mo (10)

It has been shown that the interaction between the
adsorbates, which include metals, metalloids, and
nonmetals acting as electron acceptors, and the
adsorbent BsNyg acting as an electron donor, depends
on the size of the atoms involved. This leads to the
selectivity of these elements by BS5N10, which
functions as an atom sensor, following the order: Cu >
Co > Mo > Ba > Se = As, as indicated in Table 5.

4. CONCLUSION

BsN1o can be utilized to extract "metal, metalloid,
and nonmetal elements" from soil through "electrostatic
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Table 5: The thermochemical characters of stability energy, thermal enthalpy, Gibbs free energy, entropy and dipole

moments (D/debye) for [Bs(Ba)N1g], [Bs(As)N1o], [Bs(Se)N1o], [Bs(Co)N1¢], [Bs(Cu)N1], and [Bs(Mo)N1c]

complexes
Compound D (debye) AE°x107 (kcal/mol) | AH°x10° (kcal/mol) | AG°x10° (kcal/mol) S° (cal/K.mol)
[Bs(Ba)N+] 0.7328 —435.016 —435.016 —435.041 85.684
[Bs(As)N1o] 0.7092 —423.975 —423.975 —424.001 89.715
[Bs(Se)N+o] 0.4392 -425.815 -425.814 —425.842 92.311
[Bs(Co)N1o] 0.1927 -511.393 -511.393 -511.421 93.652
[Bs(Cu)N1o] 0.5245 -543.331 -543.330 -543.359 96.138
[Bs(Mo)N+o] 0.5314 -462.582 -462.581 -462.608 89.861

interactions" between these elements and BsN4. The
thermochemistry and electromagnetic properties of "Ba,
As, Se, Co, Cu, and Mo" adsorbed onto BsN, have
been examined using the DFT method. The findings
indicate that "Ba, As, Se, Co, Cu, and Mo" trapped in
BsN4o are highly stable, with the most stable position
being at the center of the BsN+g structure. The process
of capturing these elements in BsN4y occurs through
chemisorption, and after adsorption, B5N10
demonstrates a strong affinity for them. The work
function of BsNiy has been shown to significantly
enhance its ability to adsorb "metal, metalloid, and
nonmetal elements", with the best performance
observed in the Cu> Co> Mo> Ba> Se = As— adsorbed
BsN4o system.
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