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Abstract—Soil pollution caused by potentially toxic transition metals has become a worldwide environmental
issue. Geogenic processes and anthropogenic activities are two important sources of soil pollution. Soils may
inherit toxic transition metals from parent materials; however, soil pollution mostly results from industrial
and agricultural activities. Contamination by transition metals can be indicated by the changes in chemical,
biochemical, and microbial properties of soils and plant responses. The target of this research is removing
transition metals of chromium (Cr), manganese (Mn), iron (Fe), zinc (Zn), tungsten (W), cadmium (Cd)
from soil due to nanomaterial-based boron nitride nanocage (BsN;,-nc). The electromagnetic and thermo-
dynamic attributes of toxic transition metals trapped in B;Nq-nc was depicted by materials modeling. The
encapsulation of these elements occurs via chemisorption. It has been studied the behavior of trapping of Cr,
Mn, Fe, Zn, W, Cd by BsN,-nc for sensing the soil metal cations. BsN,-nc was designed in the existence of
transition metals (Cr, Mn, Fe, Zn, W, Cd). Case characterization was performed by DFT method. The nature
of covalent features for these complexes has represented the analogous energy amount and vision of the par-
tial density of states between the p states of boron and nitrogen in BsN4-nc with d states of transition metals
in X <> BsNy-nc complexes (X= Cr, Mn, Fe, Zn, W, Cd). Furthermore, the nuclear magnetic resonance
(NMR) analysis indicated the notable peaks surrounding Cr, Mn, Fe, Zn, W, Cd through the trapping in the
BsNo-nc during atom detection and removal from soil; however, it can be seen some fluctuations in the
chemical shielding treatment of isotropic and anisotropy tensors. Based on the results in this research, the
selectivity of toxic metal, metalloid and nonmetal elements adsorption by BsN,-nc (atom sensor) have been
indicated as: Cd > Zn > Fe > Cr > Mn = W. In this article, it is proposed that toxic metal, metalloid and nonmetal
elements—adsorbed might be applied to design and expand the optoelectronic specifications of BsN,o-nc for gen-

erating photoelectric instruments toward soil purification.
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1. INTRODUCTION

Geogenic processes and anthropogenic activities
are two important sources of soil pollution. Soils may
inherit toxic metals from parent materials; however,
soil pollution mostly results from industrial and agri-
cultural activities [1—8]. Contamination by metals can
be indicated by the changes in chemical, biochemical,
and microbial properties of soils and plant responses
[9—11]. The total concentration of toxic metals in soil
is still the most widely used indicator for risk assess-
ment although extractable amounts have been
reported to be more closely related to plant uptake
[12—16]. Heavy metals remark to some metals and
metalloids having biological toxicity like Cd, Hg, As,
Pb, and Cr [17]. Heavy metal contamination to soil

and the environment has been accelerated in modern
society due to industrialization, rapidly expanded
world population, and intensified agriculture [18—20].
Accumulation of heavy metals often results in
soil/water degradation and ecosystem malfunction.
Moreover, heavy metals enter food chains from pol-
luted soil, water, and air, and consequently cause food
contamination, thus posing a threat to human and
animal health [21—25].

Trace metals in soils and dusts can be accumulated
in the human body via direct inhalation, ingestion,
and dermal contact absorption or via the soil-crop sys-
tem. The anthropogenic sources of metals include
traffic emission, industrial and domestic emission,
atmospheric deposition, mining, waste disposal, sew-
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age, pesticides, and fertilizers. Without proper man-
agement, abandoned mines will cause more serious
environmental impacts compared with active mines
[26—28]. Consumption of food crops growing in con-
taminated area is one of the important sources of
human exposure to metals in mining areas [29]. Soil
contamination in urban environment by trace metals is
of public concerns. For better risk assessment, it is
important to determine their background concentra-
tions in urban soils. For instance, Molybdenum (Mo)
is an essential trace element for human, animal, and
plant health. Mo deficiency in soils has frequently
been reported, especially under P-deficient condi-
tions. However, Mo is also a potentially toxic contam-
inant to soils and aquifers that may pose significant
threat to ecological and human health [30].

Another research studied the sources and extent of
arsenic (As) contamination and the translocation and
speciation from microbes to soil are illustrated [31].
Moreover, several activities can build up soil copper
(Cu) concentrations leading to incorporation into the
food chain and adversely affect natural and managed
ecosystems [32]. The cobalt (Co)-contaminated soil
has exposed potential toxicity to humans, plants, and
animals. Recently, scientists have summarized the
natural and anthropogenic sources arousing the
increase of cobalt in soil and review the cobalt species
in soil and factors that influence the mobilization of
cobalt [33]. Soil contamination in urban environment
by trace metals is of public concerns. For better risk
assessment, it is important to determine their back-
ground concentrations in urban soils. One investiga-
tion determined the concentrations of 9 trace metals
including As, Ba, Cd, Co, Cu, Ni, Pb, Se, and Zn in
214 urban soils from 6 cities of different sizes from both
public and commercial sites in Florida [34].

Remediation using chemical, physical, and biolog-
ical methods has been adopted to solve the problem.
Up to date, phytoremediation approach has affirmed
to be a promising viewpoint to traditional methods as
it is environmentally friendly, cost effective [17].
Boron nitride nanomaterials have been used owing to
their unique characteristics such as eco-friendly attri-
butes for pollutant adsorption, big surface area, high
chemical & mechanical strength and semiconducting
property [35]. Boron nitride nanometerials usually
exhibit semi-leading behavior, which is considered a
proper alternative to carbon nanotubes. The properties
of boron and nitrogen atoms which are the first neigh-
bors of carbon in the periodic table, make boron
nitride as an interesting subject of numerous studies
[36]. 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 [37—39].
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Various physical shapes of boron nitride (BN)-
based nano adsorbents such as nanoparticles,
fullerenes, nanotubes, nanofibers, nanoribbons,
nanosheets, nanomeshes, nanoflowers, and hollow
spheres have been broadly considered possible adsor-
bents owing to their exceptional characteristics such as
large surface area, structural variability, great chemi-
cal/mechanical strength, abundant structural defects,
high reactive sites, and functional groups [40]. In this
work, Bs;N,-nc has been modeled for trapping transi-
tion metals of Cr, Mn, Fe, Zn, W, Cd. Physical and
chemical properties of the interaction binding between
Cr, Mn, Fe, Zn, W, Cd, and boron/ nitrogen in BsN,,-
nc have been estimated.

2. THEORY, SUBSTANCES AND APPROACHES

The goal of this research article is to detect and trap
the metal, metalloid and nonmetal atoms from soil by
using Bs;N,-nc. The intention is to remove Cr, Mn,
Fe, Zn, W, Cd from the soil medium containing toxic
ingredients. The soil medium consists of metal, metal-
loid and nonmetal atoms and the added Bs;N,-nc
(Fig. 1). BsN,,-nc was modeled in the presence of Cr,
Mn, Fe, Zn, W, Cd through computational methods
of density functional method of CAM—B3LYP—D3.
The metal, metalloid and nonmetal atoms were suc-
cessfully incorporated in the center of Bs;N,-nc
toward formation of Cr <> BsN;y-nc, Mn <> BsN -
nc, Fe <> BsN,j-nc, Zn <> B;N,-nc, W < BsN,-nc,
and Cd < B;N,,-nc complexes (Fig. 1) and charge
distribution of these complexes has been computed
owing to the parameter of Bader charge evaluation
[41—43]. Irrespective of what element, the B;N,,-nc
becomes bigger for embedding these elements.

There are many ions and electrons in a metallic
solid which form a many-body system [44—50]. DFT
has been performed in this article due to projec-
tor/ameliorated/wave method, Perdew/Burke/Ern-
zerhof functional based on the generalized gradient
approximation as the exchange-correlation func-
tional, and non-empirical PBE functional [51—54].
For years, metals and metalloids with computed band-
widths have been an important discussion through
DFT [55—58]. In this paper, it has been investigated
first principles calculations for trapping transition
metals of Cr, Mn, Fe, Zn, W, Cd by B;N,,-nc using
DFT methods. The electronic density within the
Kohn-Sham (KS) equations leads us to a considerable
reduction of quantum computing towards Hamilto-
nian parameter [59, 60]. Furthermore, B3LYP
(Becke, Lee, Yang, Parr) function as a hybrid func-
tional of 3-parameter basis function and LANL2DZ
basis set for metals and metalloids within DFT
approach [61—67]. In addition, a new hybrid
exchange—correlation functional called CAM-—
B3LYP was suggested which merges B3LYP and the
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Fig. 1. Trapping of some contaminant elements of Cr, Mn, Fe, Zn, W, Cd in polluted soil via BsN,-nc and formation of (a) Cr <>
BsN/o-nc, (b) Mn <> B5Ny-nc, (c) Fe <> BsNy-nc, (d) Zn <> B5N,y-nc, () W <> B;N-nc, and (f) Cd <> BsN,-nc com-

plexes using CAM—B3LYP—D3/EPR-3

long-range correction. Moreover, the DFT function-
als with the Grimme’s D3 correction has been consid-
ered. The approach of dispersion correction is added
to Kohn—Sham density functional theory (DFT-D)
with higher accuracy [68—73].

In this work, DFT computations was accomplished
by Gaussian 16 revision C.01 program package [74].
The z-matrix coordination has been built for trapping
transition metals of Cr, Mn, Fe, Zn, W, Cd in soil by
the BsN,,-nc using GaussView 6.1 [75] via the solid
model and coordination (Fig. 1). The consequences
will remark on the following challenges faced by the
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, LANL2DZ towards clean soil.

DFT approaches in accurately describing the (transi-
tion metals) — (boron and nitrogen) bonding [76—86].

3. RESULTS AND DISCUSSION
3.1. Electronic Evaluation & PDOS

The electronic structure of toxic element trapping
including Cr, Mn, Fe, Zn, W, Cd using BsN,-nc has
been illustrated using CAM-B3LYP-D3/6—
311+G(d, p), LANL2DZ level of theory. Figures 2a—
2f) shows the projected density of state (PDOS) of
X <> Bs;N,y-nc through Cr, Mn, Fe, Zn, W, Cd encap-
sulation. The existence of the energy states (p-orbital)
Vol. 19
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of B, N, and (d-orbital) of Cr, Mn, Fe, Zn, W, Cd
within the gap of X<>Bs;N,,-nc induces the reactivity
of the system. It is clear from the figure that after trap-
ping of transitions metals, there is a significant contri-
bution of d-orbital in the unoccupied level. Therefore,
the curve of partial PDOS has described that p states
of B, N atoms in B;N,,-nc and d-orbital of X <>
BsN,-nc (X= Cr, Mn, Fe, Zn, W, Cd) overcome due
to the conduction band (Figs. 2a—2f). A distinguished
adsorption trait might be seen in X<«>Bs;N;,-nc
because of the potent interaction between the p states
of boron and nitrogen in B;N ,-nc with d states of As,
Se, Co, Cu, Mo in X <> B;N,-nc complexes.

Figures 2a—2f shows that Cr <> B;N,-nc, Mn <
BsN,,-nc, Fe <> B;N,,-nc, Zn <> B;N,,-nc, W <
BsN,,-nc, and Cd <> BsN,,-nc complexes have the
most contribution at the middle of the conduction
band between —5 to —15 eV, while contribution of
boron and nitrogen states are enlarged and similar
together, and grabbing of Cr, Mn, Fe, Zn, W, Cd
depicts interfacial electronic of the B;N ,-nc for selec-
tion of these atoms. Cr <> B;N,-nc has indicated one
sharp peak around —10 eV for Cr in Fig. 2a, while
Mn < BsNy,-nc (Fig. 2b) has a sharp peak around —5 eV
for Mn. The complexes of Fe <> BsN,,-nc (Fig. 2c)
and Zn <> BsN,,-nc (Fig. 2d) have exhibited a sharp
peak around —8.5 eV for Fe and Zn atoms, respec-
tively. Furthermore, W <> BsN,,-nc (Fig. 2e) has
exhibited a strong peak around —10 eV through the
graphs for W. Moreover, Cd graph in Cd <> BsN,,-nc
(Fig. 2f) with a sharp peak around —12.5 eV attracts
our attention. As it can be seen, the order potency of
atom grabbing of Cr, Mn, Fe, Zn, W, Cd by B;N,-nc
based on the PDOS might be shifted as:

Cd <& BsN,;-nc > W < B;N,,-nc
= Cr <> BsN,j-nc > Zn <> B;N;,-nc
= Fe <> BsN,y-nc > Mn <> B;N,-nc.

3.2. Theoretical Insight and Analysis
of Electric Potential

Nuclear quadrupole is a resonance (NQR) related
to nuclear magnetic resonance (NMR) which shows
the unsymmetrical distribution of electric charge of a
spinning nucleus [87, 88]. All nuclei with a spin num-
ber 1 > 1 have a magnetic moment and an electric
quadrupole moment that measures the deviation of
the distribution of the positive charge in the nucleus
[89, 90]. In this work, the quantum mechanics of
NQR at zero-field containing the magnitudes of
nuclear quadrupole moments have been carried out on
trapping Cr, Mn, Fe, Zn, W, Cd by Bs;N,,-nc.

Since the electric field gradient (EFG) at the set-
tlement of the nucleus in metal, metalloid and non-
metal atoms including Cr, Mn, Fe, Zn, W, Cd is
defined by the valence electrons bent in the pure loca-
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tion with familiar nuclei of B;N ,-nc through trapping
of Cr, Mn, Fe, Zn, W, Cd, the frequency of NQR at
which intermediates occur is only for X <> Bs;N,-nc
complexes (X = Cr, Mn, Fe, Zn, W, Cd) (Table 1). In
the present research, the electric potential via Bader
charge was estimated for Cr <> BsN;,-nc, Mn <
BsN,y-nc, Fe <> B;N,-nc, Zn <> B;N,-nc, W <
B;sN,-nc, and Cd <> BsN,,-nc complexes (Table 1).

Furthermore, in Figs. 3a—3f), the graph of electric
potential fluctuation via Bader charge for toxic transi-
tion metals of Cr, Mn, Fe, Zn, W, Cd grabbed by the
BsN,,-nc (Fig. 1) have been assessed. In Figs. 3a—3f,
the trapping fluctuation of Cr, Mn, Fe, Zn, W, Cd by
BsN-nc for sensing the toxic metal, metalloid and
nonmetal atoms in the contaminated soil can be
observed. The graph of B;N ,-nc is bent by these toxic
atoms. The sharpest curves for electric potential were
nominated for metal, metalloid and nonmetal atoms
trapped by the BsN,,-nc that prove the electron
attaining of these elements aided by boron and nitro-
gen atoms of BsN,-nc based on the relation coeffi-

cient of R? as:

Cd & BsN,;-nc > Zn < B;N,,-nc
= Cr <> B;sN,,-nc > Fe < Bs;N,,-nc
> Mn <> BsN;,-nc > W < BsN,,-nc,

(see Figs. 3a—3f).

3.3. Background and Application of Nuclear
Magnetic Resonance

The investigation of application of nuclear mag-
netic resonance (NMR) of high- materials and other
correlated-electron systems improved for conven-
tional superconductors and d-band transition metals,
alloys, and intermetallic compounds [91, 92]. As a
matter of fact, magnetic field gradients fix it feasible to
tag spatial coordinates within a model. The frequen-
cies resonance of most atoms is well segregated from
each other which causes NMR to be an element-spe-
cific method. Interactions of spins with their local
environment direct spectral alterations that evoke the
local geometry and physico-chemical states. There-
fore, NMR spectrum of B;N,-nc for trapping metal,
metalloid and nonmetal atoms containing Cr, Mn, Fe,
Zn, W, Cd might illustrate the possibility of BsN,-nc
for sensing and grabbing of these toxic elements from
contaminated soil toward measuring the isotropic
chemical-shielding (CSI) and anisotropic chemical-
shielding (CSA). The NMR quantities of isotropic
(0is,) and anisotropic shielding tensor (G,,;,) of Ba,
As, Se, Co, Cu, Mo trapped on the in the BsN,,-nc
towards formation of Cr <> B;N,,-nc, Mn <> Bs;N ,-nc,
Fe <> BsN,-nc, Zn <> BsN,-nc, W <> B;N,-nc, and
Cd < BsN,y-nc complexes was computed by Gaussian
16 revision C.01 program package (Table 2) [74].
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Fig. 2. PDOS encapsulation of transition metals by BsN,-nc toward formation of complexes including (a) Cr <> BsNy-nc, (b)
Mn <> BsNyy-nc, c¢) Fe <> BsNy-nc, (d) Zn <> BsN-nc, () W < Bs;Ny-nc, and (f) Cd < BsNj-nc by CAM—B3LYP—
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Table 1. The amounts of electric potential (E, /a.u.) and Bader charge (Q /coulomb) through NQR calculation for
Cr <> BsNy-nc, Mn < B;N,-nc, Fe < BsNj-nc, Zn <> B;N,-nc, W < BsNj-nc, and Cd < B;N,-nc complexes

Cr < BsNjo-nc Mn < B;N4-nc Fe <> BsNo-nc
atom 0 E, atom 0 E, atom 0 E,
B1 0.28 —11.24 Bl 0.19 —11.22 B1 0.27 —11.24
N2 —0.20 —18.10 N2 —0.05 —18.28 N2 —0.18 —18.10
N3 —0.25 —18.11 N3 —0.16 —18.30 N3 —0.25 —18.11
B4 0.33 —11.23 B4 0.20 —11.21 B4 0.31 —11.24
B5 0.32 —11.24 BS5 0.22 —11.21 B5 0.31 —11.24
B6 0.32 —11.22 B6 0.20 —11.21 B6 0.28 —11.24
N7 —0.20 —18.11 N7 —0.05 —18.28 N7 —0.17 —18.10
N8 —0.27 —18.12 N8 —0.16 —18.29 N8 —0.24 —18.11
N9 —0.34 —18.14 N9 —0.05 —18.29 N9 —0.36 —18.14
N10 —0.31 —18.13 N10 —0.05 —18.29 N10 —0.32 —18.14
N1I —0.29 —18.14 |NII —0.07 —18.30 [Nl —0.27 —18.13
NI2 —0.36 —18.13 NI2 —0.10 —18.29 NI2 —0.40 —18.13
B13 0.11 —11.24 B13 0.30 —11.22 B13 —0.02 —11.27
N14 —0.16 —18.09 |N14 —0.11 —18.29 |Nl14 —0.13 —18.08
NI5 —0.17 —18.11 NI5 —0.14 —18.29 NI5 —0.16 —18.09
Crl6 1.20 —101.75 Mnl6 —0.17 —16.56 Fel6 1.35 —113.90
Zn <> BsNj-nc W < BsNg-nc Cd < BsNo-nc
atom 0 E, atom 0 E, atom 0 E,
Bl 0.28 —11.25 Bl 0.20 —11.22 Bl 0.27 —11.24
N2 —0.23 —18.12 N2 —0.07 —18.29 N2 —0.24 —18.13
N3 —0.21 —18.10 N3 —0.21 —18.31 N3 —0.22 —18.09
B4 0.32 —11.24 B4 0.23 —11.21 B4 0.32 —11.24
B5 0.31 —11.24 B5 0.25 —11.21 B5 0.30 —11.25
B6 0.30 —11.24 B6 0.23 —11.21 B6 0.29 —11.24
N7 —0.19 —18.11 N7 —0.04 —18.29 N7 —0.22 —18.13
N8 —0.22 —18.10 N8 —0.20 —18.30 N8 —0.23 —18.10
N9 —0.31 —18.13 N9 —0.20 —18.31 N9 —0.33 —18.13
N10 —0.29 —18.14 N10 —0.19 —18.31 N10 —0.32 —18.14
NIl —0.26 —18.13 NI11 —0.21 —18.30 NIl —0.27 —18.14
NI2 —0.37 —18.13 NI2 —0.22 —18.31 NI2 —0.40 —18.13
B13 0.06 —11.24 B13 0.43 —11.23 B13 0.05 —11.20
N14 —0.17 —18.11 N14 —0.03 —18.28 N14 —0.17 —18.11
NI5 -0.16 —18.10 NI5 —0.07 —18.28 NI15 —0.15 —18.10
Znl6 1.16 —139.88 W16 0.11 —10.33 Cdl16 1.33 —268.15

Table 2 has reported NMR amounts for transition
metals of Cr, Mn, Fe, Zn, W, Cd encapsulated in the
B;sN ,-nc. Grabbing Cr, Mn, Fe, Zn, W, Cd shows the
spin polarization on the (Cr, Mn, Fe, Zn, W, Cd)—
encapsulated B;N,-nc. The increase in the chemical
shift anisotropy spans for atom trapping by the B;N -
nc are near N(2, N3, N7, N8, N9, N10, N11, N12,

RUSSIAN JOURNAL OF PHYSICAL CHEMISTRY B

N14 and N15 (Table 2). The observed weak signal
intensity near the parallel edge of the nanocage might
be owing to boron binding induced non-spherical dis-
tribution of these complexes. It is obvious that grab-
bing Cr, Mn, Fe, Zn, W, Cd by Bs;N,,-nc might pro-
mote the strength of the nanocage that concludes an
increase in the magnetic of clusters (Table 2).
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Fig. 3. The amounts of electric potential (£,/a.u.) versus Bader charge (Q/coulomb) through NQR calculation for complexes of
(a) Cr <> B5Nj-nc, b) Mn <> BsNy-nc, (c) Fe <> BsNj-nc, (d) Zn <> BsN/(-nc, (¢) W > B;N-nc, and (f) Cd <> B;Ny-nc.

Figures 4a—4f indicated the same desire of shield-
ing factor for boron and nitrogen; however, a remark-
able deviation is observed from trapping atoms of Cr16
(Fig. 4a), Mnl6 (Fig. 4b), Fel6 (Fig. 4c), Znl6
(Fig. 4d), W16 (Fig. 4¢), Cd16 (Fig. 4f) through inter-
action with boron and nitrogen of BsN,,-nc. In
Figs. 4a—4f, toxic elements of Cr, Mn, Fe, Zn, W, Cd
in the complexes of Cr <> BsN,,-nc (Fig. 4a), Mn <
BsN,-nc (Fig. 4b), Fe <> BsN,,-nc (Fig. 4c), Zn <
Bs;N,,-nc (Fig. 4d), W < BsN,,-nc (Fig. 4e), and
Cd < BsN,,-nc (Fig. 4f) describe the oscillation in
the chemical shielding during atom capture.

Figures 4a—4f defines the chemical shielding
between boron/nitrogen in BsN,-nc and metal, met-
alloid and nonmetal atoms. Thus, it may be brought
up that the turnover of electron admitting for the cap-
tured toxic atoms in the BsN,-nc is

RUSSIAN JOURNAL OF PHYSICAL CHEMISTRY B  Vol. 19

Cd>Zn>Fe>Mn>Cr=W,

that proves the strength of covalent bond across
boron/nitrogen and these elements toward atom
catching. The curves of metal, metalloid and non-
metal elements of Cr, Mn, Fe, Zn, W, Cd through the
trapping in the B;N,-nc during atom detection and
removal from soil.

3.4. Interpreting Infrared Spectra

Trapping metal, metalloid and nonmetal elements
of Cr, Mn, Fe, Zn, W, Cd in the BsN,,-nc has been
evaluated by interpreting infrared (IR) spectroscopy
[93] during atom sensing in soil. The complexes of
Cr &> BsN,j-nc (Fig. 5a), Mn <> BsN,-nc (Fig. 5b),
Fe < BsN,,-nc (Fig. 5c¢), Zn <> BsN,-nc (Fig. 5d),
W& BsNy-nc (Fig. 5e), and Cd <> BsN,-nc (Fig. 5f)
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Table 2. Data of NMR shielding tensors for selected atoms of Cr <> BsN;,-nc, Mn <> B;Ny-nc, Fe <> Bs;N;j-nc,
Zn <> BsNj-nc, W <> BsN,-nc, and Cd <> B;N,-nc complexes using CAM—B3LYP—D3/LANL2DZ calculations

Cr < BsNy-nc Mn <> BsNyy-nc Fe <> B;Ny-nc
atom Ciso Ganiso atom Ciso Ganiso atom Ciso Caniso
Bl 117.00 83.08 Bl 93.19 74.33 Bl 136.16 112.12
N2 99.88 287.95 N2 107.17 412.45 N2 252.73 554.33
N3 38.33 429.47 N3 288.84 780.64 N3 163.84 480.57
B4 109.56 90.41 B4 98.46 54.76 B4 137.86 110.52
B5 104.41 97.35 B5 80.47 75.44 B5 125.17 101.47
B6 84.15 70.38 B6 80.82 69.26 B6 137.05 99.38
N7 65.83 250.69 N7 111.05 258.37 N7 76.06 523.93
N8 173.42 711.36 N8 359.39 935.99 N8 5.14 118.99
N9 228.26 477.97 N9 390.09 580.18 N9 11.83 408.43
N10 297.35 970.54 N10 353.08 404.20 N10 15.62 271.72
NI11 112.15 469.82 N1l 122.89 484.16 NIl 8.18 651.24
NI12 146.15 520.75 NI12 126.01 403.80 NI2 40.82 366.00
B13 23.41 161.67 B13 51.76 125.50 B13 92.95 56.18
Ni14 61.43 542.28 N14 390.19 1289.60 N14 137.87 620.38
NI15 144.21 582.40 NI5 281.07 1330.18 NI5 66.25 524.60
Crl6 8.81 531.86 Mnl6 4675.24 3740.24 Fel6 982.38 1080.91
Zn <> BsNo-nc W & B;sNg-nc Cd <> BsNo-nc
atom Oiso Oaniso atom Oiso Oaniso atom Oiso G aniso
Bl 130.51 91.88 Bl 91.70 68.85 Bl 127.30 98.78
N2 21.68 546.01 N2 23.40 244.56 N2 14.31 556.00
N3 56.01 57.53 N3 223.66 505.27 N3 13.41 122.46
B4 120.38 53.04 B4 92.23 72.95 B4 103.12 115.33
B5 115.01 68.56 B5 81.61 72.35 B5 118.25 61.95
B6 133.63 81.25 B6 79.37 80.41 B6 123.67 80.88
N7 1.32 478.38 N7 67.14 230.36 N7 131.61 549.60
N8 51.13 184.30 N8 331.07 856.46 N8 19.87 130.06
N9 134.42 330.98 N9 454.05 614.22 N9 97.35 203.87
NI10 55.07 270.09 N10 432.20 652.74 N10 41.26 585.38
N11 35.54 334.95 N11 276.32 480.30 N1l 26.81 253.29
NI12 166.18 238.32 NI2 133.37 462.91 NI2 25.73 620.63
BI3 126.72 17.46 B13 17.50 225.23 B13 139.30 55.84
N14 32.39 478.12 N14 413.15 983.42 N14 47.77 423.76
NI15 104.95 596.10 NI5 381.90 1002.60 NI5 92.93 392.12
Znl6 2920.24 3680.66 Wi6 37.92 77.29 Cd16 3945.35 242.54

have been analyzed through the IR spectroscopy. The
graph of Fig. 5a has been shown in the frequency about
200—1800 cm™~! for Cr <» BsN,,-nc with several sharp
peaks around 655.26, 691.58, and 714.46 cm~!. Then,
Fig. 5b was shown in the frequency limitation across
200—1100 cm™! for Mn <> BsN -nc with several sharp

peaks around 567.21, 616.88, 623.54, and 680.89 cm~!.

RUSSIAN JOURNAL OF PHYSICAL CHEMISTRY B

Figure 5c has indicated the frequency around 1800—
1100 cm™! for Fe <> Bs;N,,-nc with one sharp peak
around 983.42 cm~'. Figure 5d has shown the fluctua-
tion frequency between 50—950 cm™! for Zn <> BsN-nc
with two sharp peaks around 537.66 and 902.68 cm™".
Figure 5e has indicated the fluctuation of frequency
between 200—1400 cm~! for W <= BsN -nc with several
Vol. 19
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Fig. 4. The NMR spectrum for complexes of (a) Cr <> BsN(-nc, (b) Mn <> BsN-nc, ¢) Fe <> BsNyy-nc, (d) Zn <> BsN,-nc,
(e) W <> BsNp-nc, and (f) Cd <> BsNo-nc using CAM—B3LYP—-D3/LANL2DZ.
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Fig. 4. (Contd.)

sharp peaks around 582.28, 656.11, 664.63, 723.76, 1233.14 cm~'. Table 3 has described that BsN,,-nc
and 798.39 cm~!. Figure 5f has shown the frequency  owing to capture transition metals including Cr, Mn,
range between 100—1600 cm~! for Cd <> B;N,,-nc  Fe, Zn, W, Cd might be more efficient detector for
with several sharp peaks around 504.75, 1002.32, and  sensing and catching these elements from soil.
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Fig. 5. IR spectra for complexes of (a) Cr <> BsN(-nc, (b) Mn <> BsN;-nc, (c) Fe <> BsNyy-nc, (d) Zn <> BsN-nc, (e) W <

BsN(-nc, and (f) Cd <> B5N,j-nc complexes. [Note: e (M

cm ) is the absorbance unit and D (10 esu’cm ) is the dipole

strength via the esu or electrostatic unit, which is a unit of charge in the cgs (centimeter-gram-second system).
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Table 3. The thermochemical characters of Cr <> B;No-nc, Mn < BsN,j-nc, Fe <> Bs;Ny-nc, Zn <> B;sNj-nc,
W < BsNg-nc, and Cd <> BsNj-nc complexes

Compound Dipole moment, D AE® X 107, AH X 1072, AG® X 1072, S°,
kcal/mol kcal/mol kcal/mol cal/K mol
BsNg-nc 0.2020 —420.550 —420.549 —420.579 100.650
Cr <> BsNjo-nc 0.6941 —1063.754 —1063.754 —1063.782 94.375
Mn <> BsN,-nc 0.4888 —485.602 —485.602 —485.629 90.852
Fe <> BsN,-nc 1.4484 —1199.586 —1199.585 —1199.614 95.351
Zn <> BsNjj-nc 0.9416 —1518.749 —1518.748 —1518.780 105.321
W < BsNg-nc 0.5946 —462.747 —462.746 —462.774 90.867
Cd <> BsNg-nc 0.7560 —3811.957 —3811.957 —3811.985 93.836

Table 3 could introduce the ability of metal, metal-
loid and nonmetal elements of Cr, Mn, Fe, Zn, W, Cd

trapped in the BsN,-nc through AG,,, which is related
to the covalent bond between these elements and
BN ,-nc as a potent detector for soil purification. The
trapping process of metal, metalloid and nonmetal
elements including Cr, Mn, Fe, Zn, W, Cd in the

BsN -nc is affirmed by the AG,, quantities:

ads

AGuys = AGy psnio—ne — (AG§—grabbed + AGgleo—nc);
X =Cr,Mn,Fe,Zn, W, Cd.

Furthermore, Fig. 6 has shown that the depen-
dence on the size of the atoms of during interaction
between the adsorbates of the metal, metalloid and
nonmetal elements as the electron acceptors and the

adsorbent of BsN,-nc as electron donor in the com-
plexes of Cr <> BsN,,-nc, Mn < B;N,,-nc, Fe <
BsNy-nc, Zn <> BsN,,-nc, We>B;sN,-nc, and Cd <>
BsN y-nc. Therefore, the selectivity of the metal, met-
alloid and nonmetal elements by B;N,,-nc (atom sen-
sor) can be resulted as:

Cd>Zn>Fe>Cr>Mn=W,
(see Table 3 and Fig. 6).

CONCLUSIONS

B;sN,-nc can be used to capture metal, metalloid
and nonmetal elements from soil because of electro-
static interactions between metal, metalloid and non-
metal elements and BsN,-nc. The thermochemistry
and electromagnetic parameters of Cr, Mn, Fe, Zn,

Dipole moment, D

—500 -
—1000 -
—1500
—2000 -
—2500 |-
—3000 -
—3500 -
—4000 |-

—4500 -
AngS, kcal mol ™!

1.0 1.2 1.4 1.6
T 1

Fig. 6. Gibbs free energy ( AGyy,) for Cr <> BsNg-nc, Mn <> BsNy-nc, Fe <> BsNg-nc, Zn <> BsNg-nc, W <> BsNy-nc,
and Cd <> BsN/-nc complexes using CAM—B3LYP—-D3/6-311+G(d, p), LANL2DZ.
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W, Cd absorbed Bs;N,-nc has been illustrated by DFT
method. The consequences have defined that Cr, Mn,
Fe, Zn, W, Cd trapped in BsN,,-nc are rather fixed
with the most stable adsorption site being in the center
of BsN,-nc system. Catching Cr, Mn, Fe, Zn, W, Cd
in the Bs;N,-nc happens due to chemisorption phe-
nomenon. The n-grabbing behavior can be found in
B;sN,-nc after the adsorption of Cr, Mn, Fe, Zn, W,
Cd. The work function of BsN,,-nc has remarkably
exhibited the transition metals adsorption with maxi-
mum amount forthe Cd > Zn > Fe > Cr>Mn=W —
adsorbed BsN,,-nc system. Moreover, it is proposed
that transition metals-adsorbed can be employed to
design and progress the optoelectronic specification of
BN ,-nc for inventing photoelectric instruments.
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