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The interaction energies and optoelectronic properties, in the presence and absence of an electric field,
have been studied for the interaction of BNy, with the toxic agents sarin (SF) and chlorosarin (SC) using
density functional theory (DFT) and time-dependent density functional theory (TDDFT) calculations. The
results demonstrate that the P—0O group of SF and SC molecules can adsorb on the B;,Nj, with binding
energies of —0.75 and —0.79 eV for the PBE functional, respectively. However, the binding energy of SC
on Bi,Np, is slightly higher than that of SF. It was found that the electric field in the +Y direction
increases the binding energies of the SF and SC molecules, while the electric field in the +X direction
decreases the adsorption energy. Our computational results show the capability of B;oNi, fullerene as
a sensor for potential applications in the detection of toxic agents (SF and SC) under an external
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1. Introduction

Significant attention has been paid towards the theoretical
analysis, experimental synthesis and characterization of nano-
structures composed of atoms other than carbon, especially
those composed of Group 3 and 5 elements of the periodic
table'™ owing to their electronic and optical properties that
have offered excellent features for recent applications.®™
Recently, B,N, nano-cages, as isoelectronic fullerene analogues,
have gained a great deal of attention from both synthetic and
characterization points of view. Ring isomers (x = 3-10) and
three-coordinated networks cages (x > 10) of B,N, have been
recognized as the most stable configurations of this class of
nanostructures.”®>® To date, theoretical studies have been
reported on the structural and electronic properties of B,N,
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clusters, where x equals 12, 20, 22, 24, 26, 28, 30, 32, 34 and
36."7 These cages possess fascinating properties, such as oxida-
tion resistance, low dielectric constant, high-temperature
stability and large thermal conductivity.'®*' There are two
major classes of B,N, nano-cages, the first class includes the
fullerene-like pentagonal and hexagonal structures with low
structural strain and energetic disadvantages caused by N-N
and B-B bonds. The alternative structures primarily contain
energetically favorable B-N bonds through four- and six-
membered rings that have sp” hybridization.>*>* Taking this
history of B,N, nano-cages into consideration, Oku et al
revealed that B;,N;, nano-cages are more stable than B;sNy¢
and B,sN,s nano-cages.”

It has been experimentally and computationally determined
that external electric fields with controllable direction and
intensity can be employed to modulate the interactions and
electronic and optical properties of a nanostructure surface for
a short time.”® Many of these studies have been reported for
carbon-based materials with various geometries.>’ > Reports
of experimental and theoretical implementations of external
electric fields have demonstrated the electronic redistribution
and enhanced adsorption capacity of nanostructures comprising
carbon and boron-nitride nanostructures.*® Owing to these exotic
and fascinating properties, attention has recently been directed to
the application of an external electric field in various studies,
including adsorption processes.**®
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The nerve agent sarin (SF) can be produced from chlorosarin
(SC) as a precursor and both chlorosarin and sarin are highly toxic
with small doses being lethal upon adsorption.” Collombet and
co-workers showed that the related nerve agent soman can affect
blood and bone marrow micro-environments, thus preventing effi-
cient bone marrow-derived stromal cell migration and engraftment.*®
Sarin has been shown to be an initiator of oxidative stress and, as a
marker of oxidative degradation of DNA, 8-hydroxy-2’-deoxygua-
nosine was significantly elevated after intramuscular administration
of the toxin into rats.*® Therefore, their monitoring and adsorption are
of great importance for environmental and health scientists.

Although there are numerous reports regarding the adsorp-
tion of sarin over amorphous SiO,,* magnesium oxide,"
a cement analogue surface,’”> monoclinic tungsten oxide,**
graphane, graphene, and calcium oxide,** there are no reports
in the literature on the interaction of sarin and chlorosarin
molecules with B,,N;, fullerene under an external electric field.
Phenol adsorption on the surfaces of C,4, Bi3P1z, B12Nia,
Al,N;,, and Al,,P;,, with and without an electric field was
studied using DFT calculations."® Baei et al. reported the use of
BN nanotubes and B;,N;, nano-cages as chemical sensors for
N,O gas with a parallel electric field.*® Liu and Lee studied
the effects of an electric field on the adsorption of CO on a
graphene nanodot and their results demonstrated that an
electric field can be applied to enhance CO adsorption.?’
Herein, to promote the interaction behavior of sarin and
chlorosarin over B;,N;, fullerene, two directional external
electric fields were applied along the +X and +Y axes using
DFT and TD-DFT calculations to determine the capability of
B1,Nj, fullerene as a sensor and a promising adsorbent for the
detection and removal of the toxic agents (SF and SC).

2. Computational details

Calculations of the adsorption behavior of sarin and chloro-
sarin over the surface of B,,N;, fullerene, with and without an
electric field (F), were performed initially. All the geometrical
optimizations and energy calculations were obtained using the
Gaussian 09 program package.*® The level of density functional
theory was based on the PBE,*® B3LYP,>® and M06-2X>" func-
tionals and the 6-311++G** standard basis set. The PBE and
B3LYP density functionals have been previously applied in the
study of BN nanostructures.”> >’ The spin multiplicity of the
toxic molecules was set to one with relevance to its ground state
molecular orbital (its ground electronic state is 'X*). For all
systems studied, the SCF convergence limit was set to 10~° a.u.
for energy and electron density calculations. For full optimiza-
tion of the applied systems, SF and SC molecules are allowed to
move freely across the surface of the B;,N;, fullerene.
The binding energy (E,) of SF and SC molecules upon B;,;N;,
fullerene is defined as follows:

Ey, = Erullerene-nerve agent — (EFullerene — Enerve agent) + Epsse (1)

where Epyjierene-nerve agent 1S the total energy of the SF or SC
molecule on the surface of the B;,N;, fullerene. Egyjjerene and
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Enerveagent are the total energies of the respective pure B;,Ny,
fullerene and sarin/chlorosarin. The basis set superposition
error (BSSE) for the adsorption energy was corrected by
implementing the counterpoise method.

Natural bond orbital (NBO), Mulliken population analysis
(MPA), and projected density of state (PDOS) analysis were
carried out using the DFT/PBE functional and the 6-311++G**
basis set. Using the previously relaxed structures, UV-visible
electronic absorption spectra were calculated in the gas phase
within the time-dependent density functional theory (TDDFT)
methodology.*® A total of 30 excited states for the fragments
(B12N;, and toxic agents) and the corresponding complexes
were calculated as vertical excitations. The influence of the
static electric field on the structural, optical, and electronic
properties of the B;,N;, fullerene interacting with SF and SC
molecules was investigated. All the studied systems were fully
relaxed and all atoms in the adsorbate and adsorbent were
allowed to move freely during the optimization process. The
separate static external electric fields used in the +X and +Y
directions are perpendicular to the +X and +Y planes. The
numerical values of the static electric field strengths in the
+X and +Y directions applied to the nerve agent-B;,N;, systems
are 0.005 and 0.010 a.u. (where 1 a.u. = 514.224 V nm ™ ').>*
It has been observed that the influence of the static external
electric field can be included by adding a field term in
the Hamiltonian of the system, as reported by Wang and
Farmanzadeh.?”®

3. Results and discussion

3.1. Geometric analysis

Fig. 1 shows the atomic labeling of SF and SC and the respective
highest occupied molecular orbital (HOMO) and lowest unoccu-
pied molecular orbital (LUMO) of the B,,N;, fullerene, SF and SC
molecules. The lengths of the P—0, and O,-C, bonds increased
with the adsorption on the B;,N;, fullerene,’® while the lengths
of the P-O, and P-C; bonds decreased, as displayed in Table 1.
At the same time, the bond distances and bond angles of
the B,N;, fullerene increased, except in the case of the angle
of N;-B;-N,, which showed a decrease. SF and SC adsorb on
B1,N;, by chemisorption, as shown in the subsequent sections,
which involves the partial transfer of charges or electron sharing
from the oxygen atom of P—0; to the boron atom of the B;,N;,
fullerene. This sharing of electrons weakens the existing covalent
bonding of the P—=0; bond, causing it to increase in length. The
change in the P—=0, bond also affects the electron distribution
within the adsorbate molecule itself, in which the electrons in
the P-O, and P-C; bonds will be slightly shifted towards P—0,,
causing a change in the dipole moment of the adsorbate after
adsorption. The redistribution of the electron cloud causes the
lengths of the P-O, and P-C; bonds to decrease.

Fig. 2 shows a map of the electrostatic potential around the
ethyl groups of SF and SC with the lone pairs of electrons on the
nitrogen atoms of the B;,N;, fullerene. In the figure, the points
of positive and negative charge accumulation are separated

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2020
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Fig. 1 Molecular structures, HOMO and LUMO of pure B;,Nj5, fullerene, SC and SF molecules.

Table 1 Bond lengths, bond angles, £, ymo and Exomo. dipole moments
(up/Debye), energy band gaps (Eg), Fermi level energy (Ef) and quantum
molecular descriptors for SF and SC adsorption on Bj,Nj, by PBE
functional

Property SF SC BisNiy SF-B1,N;, SC-B1,N;,
P=0, 1.489 1.493 — 1.523 1.537
P-0, 1.616 1.620 — 1.579 1.589
P-C, 1.803 1.808 — 1.788 1.794
0,-C, 1.483 1.482 — 1.517 1.510
0,—P-0, 117.46  117.67 — 118.25 116.38
0,-P-F 11114 — — 109.76 —
0,—P-C, — 11116  — — 104.64
B-O,—P — — 134.70 128.97
B;-N, — — 1.493 1.583 1.576
B,-N; — — 1.445 1.484 1.475
B,-N,-B; — — 80.15 83.11 84.15
B;-N;-B, — — 110.57  116.27 116.68
N,-B;-N, — — 98.48 92.05 91.52
Epomo (€V)  —7.0 -6.61  —7.03  —5.93 —-6.01
Eiomo (6V)  —0.79  —0.77  —2.04  —1.46 —2.27
Eg (eV) 6.21 5.84 4.99 4.47 3.74
AE,y (%) — — — 10.42 25.05
Eg (eV) —7.79 —7.38 —4.54 —3.70 —4.14
ip (Debye)  3.07 3.12 0.0 10.71 9.18
Ey, (eV) — — — —-0.75 —-0.79
Q(e) — — — 0.51 0.18
D (A) — — — 1.596 1.589
I(eV) 7.0 6.61 7.03 5.93 6.01

A (eV) 0.79 0.77 2.04 1.46 2.27

1 (ev) 3.11 2.92 2.50 2.24 1.87
(ev) -390  —3.69 —4.53  —3.70 —4.14
S(ev 0.16 0.17 0.20 0.22 0.27
o (eV) 2.44 2.33 4.12 3.05 4.58

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2020
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Fig. 2 The optimized geometries and their MEP plots for SF and SC
molecules adsorbed over pure B;,N;, fullerene.

from each other by blue and red colors, which indicates the
enhancement of the coulombic repulsion effect at the surface
of the B;,N;, nanocage, causing the ethyl group to be slightly
shifted away from the adsorbates (O,-C, bond length
increased) to mitigate these effects. The interaction of boron
with oxygen involves the formation of a partial covalent bond
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with a boron atom, which transforms its default sp>hybridization
with three other nitrogen atoms in the fullerene into an arrange-
ment akin to sp*-hybridization with longer bond lengths.
In By,N;, fullerene, the boron exists on a quasi-square plane
(B4-N;-B; and B;-N;-B,) and two quasi-hexagonal planes
(N3-B;-N,), in which both bond angles will respectively
increase and decrease to approach the bond angles of a
quasi-sp>-hybridization shape.®®

However, the application of the external electric field has a
significant effect on the geometric parameters of both the toxic
agents and the B;,N;, fullerene.*>*® The field caused a further
increase in the length of the P—0, bond, with the highest
increase observed upon the application of Ey = 0.01 a.u. to the
SC/SF-B4,Nj;, fullerene systems. The application of the external
electric field further strengthened the electron redistribution
effect of the adsorbate towards the P—O0- - -B bond region. The
perpendicular electric field (Ey) had a greater effect than the
parallel electric field (Ex) as the P==0, bond is aligned in the Ey
field during adsorption. This strengthened effect resulted in a
further increase in the P—0, bond length and a decrease in the
P-0, bond length. In the case of the P-C; bond, it was almost
unchanged after the application of the external electric field to
the SF and SC before the interaction with the B;,N;, fullerene,
while it negligibly decreased for almost all of the applied
external electric fields except for Ex = 0.01 a.u. for the
SF-B;,N;, fullerene system.

The C,-0, bond length first showed a decreasing trend with
the application of the external electric field but then it
increased after the interaction with the B,,N;, fullerene and a
similar trend was observed for the O,—P-0O, bond angle. The
aforementioned electron redistribution effect caused by an
external electric field resulted in the slight polarization of the
C,-0, electron cloud towards the P—=0- - -B bond region but the
effect was reversed upon adsorption owing to the steric and
repulsion effects on the ethyl group by B;,N;, fullerene. In a
similar vein to this, the O,—P-0, bond angle, which is depen-
dent on electron repulsion, changed accordingly with the C,-O,
bond length change. The O;—P-C; and B-O,=P bond angles
significantly changed before and after the application of the
external electric field but when it comes to interaction with the
B1,N;, fullerene, the application of the external electric field
does not make a big difference.

The initial bond lengths for B,-N; and B,-N; are 1.493 and
1.445 A, respectively, but they increased slightly after the
application of the external electric fields, except for the B,-N;
bond under external electric fields of Ex = 0.005 and 0.01 a.u.
Such results are entirely compatible with those reported by
Okada and Oshiyama®' and Freitas et al,®” which demon-
strated that the effect of an electric field on the structural
properties of a MWBNNT is negligible. The lengths of the B;-N;
and B,-N; bonds in the pure B,;,N;, fullerene were found to be
1.482 and 1.437 A, respectively, by the M06-2X functional. Our
calculations using the PBE functional are in good agreement
with the theoretical results reported by Strout."® Additionally,
the interactions of SF and SC with the B;,N;, fullerene
under an external electric field caused larger changes in the
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mentioned bond lengths. Regarding the angles of the B;-N;-By,
B,-N;-B, and N;-B;-N, bonds in bare B;,N,, fullerene, these
results show that the application on an external electric field
does not cause noticeable changes in the values of these angles
while upon interaction with SF or SC significant changes were
observed either with or without the application of an external
electric field. These results show that a higher field strength
causes greater changes in the bond lengths and bond angles.
As depicted in Fig. 1, for the HOMO of B;,N;, the charge
density is located on 2p orbital of N atom, while in the LUMO
the charge density is located on the 2p orbital of B atom. The
HOMO and LUMO plots of SC and SF molecules are situated on
the phosphoryl chloride and the carbon and oxygen atoms.

3.2. Adsorption on B;,N,, fullerene

For adsorption of SF and SC on the B;,N;, fullerene, various
possible initial adsorption geometries were considered. After
full structural optimization, the stable structures are shown
and calculated. The interaction of SF and SC with the Lewis
acid site of boron atoms of B;,N;, fullerene in the gas phase
has been studied using density functional theory calculations
(Fig. 2). Theoretical reports regarding the adsorption of gas
molecules®”®*™® and amino acids®®®® over the surface of
B;,N;, demonstrate that the interactions of adsorbates over
the nitrogen atom of B;,N;, fullerene typically involve physi-
sorption due to weak van der Waals interactions, while these
adsorbates typically interact with the boron atom of B;,Nj,
fullerene by chemisorption. In B;,N;, fullerene, the valence
shell of nitrogen was completely bonded with three N-B bonds
while boron still has a vacant orbital for adsorption after
forming three N-B bonds. Fig. 2 and Table 1 show the relaxed
models of SF and SC adsorbed by B;,N;, fullerene through the
sharing of electrons and connected by covalent bonds. For both
interaction models, using the PBE functional, the binding
energy values were calculated to be —0.75 and —0.79 eV, the
B- - -O—P interaction distances were 1.596 and 1.589 A, and the
B- - -O=P bond angles were 134.70° and 128.97° for SF and SC,
respectively. Both interaction models resulted in similar ranges
as their respective availabilities of lone pair electrons in oxygen
and dipole moments (up = 3.07 and 3.12 Debye) are similar.
For comparison, the Ej, values of SF and SC on B;,Ni,
fullerene were computed using the MO06-2X functional and
the 6-311++G** basis set. The calculations indicated that there
is a large difference in the binding energies obtained from the
MO06-2X and the PBE functionals as the E;, values for SF and
SC adsorbed upon B;,N;, fullerene were —1.12 and —1.17 eV,
respectively (about 0.30-0.45 eV, depending on the agent).
Fig. 3 shows the adsorption of SF and SC from their fluorine
and chlorine heads upon B;,N;, fullerene with respective
binding energies of +0.32 (state Z) and +0.34 eV (state S)
provided by the PBE functional. Both positive binding energies
indicate that adsorption via halogen atoms is unfavorable.
Thus, the adsorptions of SF and SC on B;,N;, are dependent
on the orientation of the adsorbates. Bermudez et al.®® reported
that the adsorption of sarin on the surface of AlgO;, has a
binding energy of —0.95 eV. Michalkova et al. reported on the

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2020



NJC
S =2
*'QA./‘\ d%/*
‘) J
2 454A
2.955 —i S
f/rg:“?lv A : R ¢
State Z, State S

Fig. 3 Adsorption models for SF and SC molecules adsorbed by their
fluorine and chlorine heads over pure B1>Nj, fullerene.

strong interactions between sarin (from its P—0 head) and a
MgO surface, finding an adsorption energy of —2.17 eV using
the MP2 method.*’

Based on MPA, charges of about 0.51 and 0.18 |e| are
transferred from SF and SC, respectively, as electron donors
to B1,N;, fullerene during interaction processes where B1,Ny,
acts as an electron acceptor. The positive charge distributions
on the SF and SC with blue color in the molecular electrostatic
potential (MEP) plots indicate that the toxic agents function as
electron donors and the fullerene with red-yellow color func-
tions as an electron acceptor, as displayed in Fig. 2. The
lengthened B,-N; bond (1.493 A in the free model to 1.583 A
(SF) and 1.576 A (SC) in the interaction models) shows that the
sp” hybridization of free B;,Nj, fullerene has altered to become
sp® hybridization. The lengthened B;-N; bond causes the
boron atom to be displaced slightly outwards from the fullerene
during adsorption, introducing a structural deformation on

Table 2 Bond lengths, bond angles, £ ymo and Exomo. dipole moments (up/Debye), energy band gaps (£,

molecular descriptor values for pure SF, SC and B;,N;, by PBE functional
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B,,N;, fullerene. This deformation would cause a break in
the centrosymmetry of the B;,N;, structure in the ZX plane,
which is a required condition for its zero dipole moment. The
slight break in the centrosymmetry of the B;,N;, structure
results in a significant increase in the overall dipole moment of
the adsorbate-adsorbent ensemble as the effect is accentuated by
the large structure of the B;,N;, fullerene.

3.3. Influence of the electric field

Calculations focusing on the effects of the external electric
fields applied through the positive X (parallel to ZX plane), Ex
and Y (perpendicular to ZX plane), Ey directions on the inter-
action of SF and SC molecules with B;,N;, fullerene using the
PBE functional were compared with those using the B3LYP
functional. The interaction energies and structural properties,
with and without the presence of an electric field, were studied
for the interaction of B;,N;, with the toxic agents and the
results are compared. Tables 2 and 3 show the energy shift for
the B;,N;, fullerene interacting with SF and SC molecules under
an applied electric field versus the induced dipole moment. When
the field was applied in the +X and +Y directions, which are
parallel and perpendicular to the PO bond, almost all the bond
lengths and bond angles were changed accordingly.

These changes were attributed to the electron redistribution
effect induced by the external electric field, as mentioned in
Section 3.1. Such an effect on the topological properties at the
bonds of interest can also be explained based on the polariz-
ability of the bonding orbital of the donor molecule (toxic
agents) with respect to that of the acceptor molecule (B;,Nj,).
When an electric field points from the donor to the acceptor,

o). Fermi level energies (E¢) and quantum
in the presence of an external electric field

SF SC B12Npy

Ex (a.u.) Ey (a.u.) Ex (a.u.) Ey (a.u.) Ex (a.u.) Ey (a.u.)
Property 0.005 0.01 0.005 0.01 0.005 0.01 0.005 0.01 0.005 0.01 0.005 0.01
P—0, 1.490 1.492 1.493 1.490 1.493 1.493 1.494 1.495 — — — —
P-0O, 1.602 1.587 1.613 1.611 1.636 1.654 1.618 1.613 — — — —
P-C,; 1.808 1.814 1.802 1.804 1.804 1.801 1.806 1.803 — — — —
0,-C, 1.495 1.514 1.479 1.487 1.469 1.458 1.480 1.480 — — — —
0,=—P-0, 119.08 121.17 118.65 112.38 115.77 114.00 117.05 117.46 — — — —
0,-P-Cl — — — — 111.81 112.37 110.67 109.38 — — — —
O,-P-F 111.03 110.24 110.95 111.58 — — — — — — — —
0,—P-C; 117.52 116.21 117.57 101.71 118.50 119.13 118.67 119.38 — — — —
B,-N; — — — — — — — — 1.496 1.500 1.497 1.500
B,-N; — — — — — — — — 1.442 1.440 1.451 1.456
B,-N,-B, — — — — — — — — 80.23 80.33 79.99 79.86
B,-N,-B, — — — — — — — — 110.69  110.89  110.06  109.54
N;-B;-N, — — — — — — — — 98.10 97.71 98.36 98.18
Euomo (€V)  —7.15 ~7.20 ~7.08 —7.54 ~6.84 —6.77 ~7.16 ~7.30 —7.47 ~7.86 —7.23 ~7.39
Erumo (€V) —1.23 —2.07 —0.84 ~1.31 —~1.38 —2.37 —1.40 ~1.66 —2.53 —3.10 —2.29 —2.70
Eq (eV) 5.92 5.13 6.24 6.23 5.46 4.40 5.76 5.64 4.94 4.76 4.94 4.69
up (Debye)  4.18 5.72 4.43 7.55 2.77 3.56 4.38 5.85 2.54 5.11 2.55 5.10
Er (eV) —4.19 —4.64 —3.96 —4.43 —4.11 —4.57 —4.28 —4.48 —=5.0 —5.48 —4.76 —5.04
I(eV) 7.15 7.20 7.08 7.54 6.84 6.77 7.16 7.30 7.47 7.86 7.23 7.39
A (eV) 1.23 2.07 0.84 1.31 1.38 2.37 1.40 1.66 2.53 3.10 2.29 2.70
7 (eV) 2.96 2.57 3.12 3.12 2.73 2.20 2.88 2.82 2.47 2.38 2.47 2.35
u (ev) —4.19 —4.64 —3.96 —4.43 —4.11 —4.57 —4.28 —4.48 -5.0 —5.48 —4.76 —5.04
S (eVﬁl) 0.17 0.19 0.16 0.16 0.18 0.23 0.17 0.18 0.20 0.21 0.20 0.21
 (eV) 2.98 4.09 2.51 3.14 3.04 4.80 3.11 3.61 5.06 6.31 4.59 5.43

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2020
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Table 3 Bond lengths, bond angles, £ umo and Eyomo. dipole moments (up/Debye), energy band gaps (Eg), change in band gaps (AEg), Fermi level
energies (Ef) and quantum molecular descriptor values for SF and SC adsorption on B1,Nj, by PBE functional in the presence of an external electric field

SF-B;,N;, SC-B1,N;,

Ex (a.u.) Ey (a.u.) Ex (a.u.) Ey (a.u.)
Property 0.005 0.01 0.005 0.01 0.005 0.01 0.005 0.01
P=0, 1.519 1.516 1.531 1.540 1.533 1.526 1.547 1.558
P-0, 1.576 1.572 1.566 1.553 1.585 1.582 1.579 1.564
P-C; 1.796 1.806 1.787 1.788 1.795 1.796 1.794 1.792
0,-C, 1.528 1.539 1.528 1.543 1.516 1.521 1.518 1.527
0,—=P-0, 120.50 122.95 119.40 117.36 117.51 118.66 116.57 111.32
0,-P-F 110.44 110.96 108.14 107.77 — — — —
0,—=P-C, — — — — 104.42 104.42 103.77 107.89
B;-N; 1.573 1.544 1.585 1.575 1.576 1.551 1.582 1.591
B,-N; 1.490 1.478 1.482 1.471 1.481 1.488 1.473 1.464
B;-N;-B; 82.80 83.72 83.53 84.48 83.46 83.59 84.44 84.93
B;-N;-B, 115.80 116.04 117.12 118.73 115.89 115.64 117.20 118.80
N;-B;-N, 92.84 93.66 91.58 91.27 92.30 93.38 91.07 90.09
Enowmo (V) —6.59 —-7.23 —5.94 —5.85 —6.70 —7.38 —6.02 —5.97
Erumo (€V) —3.06 —5.02 -1.23 —-2.03 —3.54 —4.87 —1.68 —-2.09
E, (eV) 3.53 2.21 4.71 3.82 3.16 2.51 4.34 3.88
AE, (%) 28.54 53.57 4.66 18.55 36.03 47.27 12.14 17.27
Eg (eV) —4.83 —6.13 —3.59 —3.94 —5.12 —6.13 —3.85 —4.03
i (Debye) 7.95 7.46 15.06 21.14 7.26 8.49 14.40 22.07
Ep (eV) —0.32 +0.08 -1.11 —1.41 —0.68 —0.60 -1.16 -1.76
D (A) 1.636 1.689 1.561 1.536 1.634 1.712 1.551 1.518
I(eV) 6.59 7.23 5.94 5.85 6.70 7.38 6.02 5.97
A (eV) 3.06 5.02 1.23 2.03 3.54 4.87 1.68 2.09
1 (eV) 1.77 1.11 2.36 1.91 1.58 1.26 2.17 1.94
i (eV —4.83 —-6.13 —3.59 —3.94 —5.12 —6.13 —3.85 —4.03
S(ev 0.28 0.45 0.21 0.26 0.32 0.40 0.23 0.26
o (eV) 6.59 16.97 2.73 4.06 8.29 14.95 3.42 4.19
i.e. —Y field, the field polarizes the bonding orbital of the P—=0; in o o TG
the toxic agents away from the bonding region which is the empty A %&w " AN
orbital on the boron atom of B;,N;,. On the other hand, an electric »
field that points from the acceptor to the donor, ie. +Y field, G

will push the bonding orbital electrons towards the empty orbital.

Our calculations revealed that an increase in the electric
field intensity leads to significant changes in the structural
properties of both the adsorbent and the adsorbate. The value
of E;, for SF adsorbed on the surface of B,,N;, fullerene under
an external parallel electric field (Ex = 0.005 a.u.) is —0.32 eV
with a distance of 1.636 A while the same interaction configu-
ration under Ex = 0.010 a.u. revealed a binding energy of about
+0.08 eV with a distance of 1.689 A, demonstrating that the
value of E}, decreased by about 0.4 eV owing to the higher
electric field (Fig. S1, ESIt and Fig. 4). Under an external
perpendicular electric field, the values of E;, increase for SF
and SC chemisorbed on the surface of B;,N;, fullerene.

In the same vein, the effects of an external electric field on
the topological properties of the bonds subsequently affect
the equilibrated distance and interaction energy between the
adsorbate and adsorbent. At a long distance, the adsorbate—
adsorbent complex becomes more stabilized as the adsorbate
and adsorbent come closer together owing to the increase in
mutual polarization, which strengthens their interaction.
At shorter distances, covalent bonds at the terminal atoms of
both molecules weaken and this destabilization effect controls
the overall energy of the complex. By introducing an external
electric field from the donor to the acceptor (-Y field), the
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Fig. 4 Adsorption models for SF and SC molecules over B;oNj, fullerene
under electric field strengths of Ex = 0.01 a.u. and Ey = 0.01 a.u.

polarizing effect of the bonding orbital (P—0,) away from the
empty orbital of boron further enhances the destabilization
effect on the complex and lengthens the equilibrium binding
distance. On the other hand, a +Y field will minimize the
destabilization effect by increasing mutual polarization, thus
stabilizing the adsorption complex and shortening the equili-
brium binding distance.

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2020
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Such weak interactions under an external parallel electric
field reveal that desorption of the toxic agent could be easy and
the device could suffer from short recovery times.®*’® Conversely,
the strong interactions are not important in toxic agent detection
because these reveal that desorption from the fullerene could be
difficult and the device may benefit from long recovery times.
These results also indicate the possibility of real-time variation of
the electric field strength and direction to manipulate the adsorp-
tion duration and amount for these toxic agents in this system.

MPA demonstrates that charges of about 0.486 and 0.419 |e|
are transferred from the SF to the fullerene under parallel
electric field strengths of 0.005 and 0.010 a.u., respectively.
In contrast, the binding energy between SF and B,;,N;, for
Ey=0.005 and 0.010 a.u. are much more favored than those for
Ex = 0.005 and 0.010 a.u., where the Ej, values are —1.11 and
—1.41 eV, respectively, and the distances between SF and
By,N;, in Ey = 0.005 and 0.010 a.u. are about 1.561 and 1.536 A,
respectively (Table 3), which is in agreement with previous
DFT calculations.”* Farmanzadeh and Ghazanfary indicated that
glutamic acid and the amino acids lysine, glycine, and serine are
considerably chemisorbed on BNNTs in the presence of an
external electric field.>® The charge-transfer mechanism, which is
sometimes considered as an alternative to the electric field
enhancement effect, is really significant as the interactions involve
chemisorption and the charge transfer between the fullerene
and the SF is considerable at electric field strengths of Ey =
0.005 (0.522 |e|) and 0.010 a.u. (0.592 |e|).

In general, a lower E; indicates higher sensitivity and
a smaller response time for sensing applications, which is
different from the results obtained by Kuila and coworkers.”

Paper

The value of E;, considerably decreased in the parallel electric
field (Ex = 0.01 a.u.), indicating that the electric field can
enhance the sensing power of B;,N;, fullerene for SF and SC
detection. In contrast with the parallel electric field, perpendi-
cular fields caused less of a decrease in the E,, which was
revealed by the previous theoretical study, showing that the
coupling effect of the electric field and the radial deformation
weaken the diminution of E,.”>”*

The effect of the computational methods on the adsorption
of SF and SC on B;,N;, was studied using the B3LYP functional
in the presence of an external electric field (Table 4). Reports
have shown that the two applied methods do not cause notable
changes in the adsorption and physical properties of single
molecules for structures like CNTs or graphene.”®”* Herein, the
computations showed that in the presence of Ex = 0.010 a.u.,
the length of the P—=0; bond in SF is 1.516 A (with the PBE
functional) and 1.496 A (with the B3LYP functional) after the
interaction processes. The E, of the structure from both meth-
ods was 2.21 eV for the interaction processes for the electric
field of Ex = 0.010 a.u.

3.4. Nonlinear optical (NLO) properties

The broadening of the redshift of an adsorption peak in the
presence of an external electric field is a common behavior in
semiconductors’® and is known as the Stark effect. Therefore,
the behavior of Stark shifts with B;,N;, is an important case
study. In the presence of a permanent dipole moment
(1o/Debye), the energy shift of a single molecule of By,Ny, is
linearly dependent on the applied electric field, while a quadratic
dependence can be observed owing to the quantum-confined Stark

Table 4 Bond lengths, bond angles, £,ymo and Enomo. dipole moments (up/Debye), energy band gaps (Eg), change in band gaps (AEg), Fermi level
energies (Ef) and guantum molecular descriptor values of SF and SC adsorption on B;,N1, by B3LYP functional in the presence of an external electric field

B12N12 SF_B12N12 SC_B12N12
Property Ex = 0.01 a.u. Ey=0.01 a.u. Ex = 0.01 a.u. Ey=0.01 a.u. Ex=0.01 a.u. Ey=0.01 a.u.
P=0, — — 1.496 1.519 1.508 1.542
P-0, — — 1.556 1.530 1.566 1.550
P-C, — — 1.800 1.788 1.792 1.788
0,-C, — — 1.533 1.559 1.515 1.521
0,=P-0, — — 121.80 115.00 117.66 111.67
0,-P-F — — 110.63 107.41 — —
0,=P-C, — — — — 105.20 107.35
BN, 1.493 1.501 1.537 1.578 1.554 1.598
B,-N; 1.432 1.456 1.473 1.465 1.435 1.469
B,;-N;-B, 80.85 79.87 82.80 84.71 83.55 84.40
B,-N;-B, 111.47 109.53 116.25 119.20 115.68 119.96
N,-B;-N, 97.32 98.17 93.45 90.67 92.97 89.79
Exowmo (V) —8.80 ~7.39 -7.23 —6.87 —8.25 —6.95
Erumo (€V) —-2.76 —2.70 —5.02 -1.96 —4.19 -1.96
Eg (eV) 6.04 4.69 2.21 4.91 4.06 4.99
AE, (%) — — 63.41 4.69 32.78 6.40
Er (eV) —5.78 —5.04 -6.13 —4.42 —6.22 —4.46
tin (Debye) 5.0 5.11 7.51 14.89 8.62 21.74
Ey (eV) — — -0.11 —1.55 —0.78 ~1.90
D (A) — — 1.704 1.519 1.703 1.513
1(eV) 8.80 7.39 7.23 6.87 8.25 6.95
A (eV) 2.76 2.70 5.02 1.96 4.19 1.96
1 (ev) 3.02 2.34 1.11 2.46 2.78 2.50
1 (ev -5.78 —5.04 -6.13 —4.42 —5.48 —4.46
S(evY 0.17 0.21 0.45 0.20 0.18 0.20
o (eV) 5.53 5.43 16.97 3.97 5.40 3.98
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Table 5 Nonlinear optical values including dipole moments (up), linear
polarizabilities (x) and first hyperpolarizabilities (f) calculated using the PBE
functional

Property State up (Debye) o (a.u.) f (a.u.) —AE (eV)
B1sNyps — 0.00 131.1153 0.00 0
SF-B;,N;, A 10.64 11.28  468.00 0
SC-B1,Nys B 894 189.66  373.13 0

BNy, (Ex=0.0lau) C  0.765 1.31 8.32  0.002
SF-B;,Ny, (Ex=0.01au) D  8.56 178.10 37.47 1.382
SC-B,Ny, (Ex=0.01 a.uw.) E  6.57 191.37  239.72 1.219
BNy, (Ey=0.01au) F  0.755 13112 827 0.178
SF-B;,Ny, (Ey=0.01a.u.) G 8.63 177.27 416.90 1.382
SC-B1,Ny, (Ey = 0.01 a.u.) H 14.43 13.74 602.82 0.979

effect (QCSE).”® The following equation can be used to estimate
the relationship between the Stark shift, —AE and the permanent
dipole moment, p:

—AE = uoF + aF?2 + PF*[6 (2)

where the polarizability is represented as « in the direction of
the electric field. The permanent dipole moments of the B;,N;,
fullerene interacting with SF and SC molecules were considered
here and their average polarizabilities in the direction of the
electric field are shown in Table 5. It was found that the Stark
shift is strongly affected by the o values, which results in
quadratic changes in the upper energy levels of the considered
systems with an increase in the strength of the external
electric field.

Recently, it has been experimentally and theoretically pro-
ven that the introduction of excess electrons into a molecule
can substantially enhance its NLO parameters.””’° The dipole
moment (up) and first hyperpolarizability () of the bare B;,Ny,
nanocage are equal to zero because of the uniform distribution
of the charge density and therefore electronic structure, while
the polarizability is reported to be 131.12 a.u.® The first change
in the NLO values for B;,N;, fullerene occurs when a molecule
like SF or SC interacts with it and causes a charge transfer. This
breaks the centrosymmetric electronic structure in the ZX plane
via a structural deformation introduced by the lengthened
B;-N; bond. The application of an external electric field,
especially one that is aligned with the ZX plane (Ey), will further
induce electrostrictive deformation in the adsorption ensemble.
These changes in the non-centrosymmetric geometry and charge
density distribution of the studied system will consequently affect
the NLO parameters of the adsorption configurations.®** The
following equation describes the effect on f;; of the electron
density;*®
&p

2 2
B = Jripjk( dr, p® = OFOF (3)

where B is the first hyperpolarizability tensor, the superscripts 7,
J and k correspond to x, y or z (the Cartesian coordinates) and pj
permutes all the indices in the expression. Therefore, any change
in electron density caused by the implementation of an external
electric field can affect the value of fj;.

The effects of two electric fields of Ex = 0.010 and Ey =
0.010 a.u. on the values of up, , and By varied with a

14520 | New J. Chem., 2020, 44,14513-14528
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Table 6 Effect of adsorption and external electric field on the wavenum-
bers of selected bonds

Wavenumber (cm™?)

SF- SC-
Vibration B,,N;, SF SC B1,Ny, B1,Np,
B-N stretching 1379 — — 1296 1298
P=0O0 stretching — 1249 (1201)* 1214 (1199) 1150 1105
P-C stretching — 778 737 771 772
P-F stretching — 684 — 823 (796) —
P-Cl stretching — — 492 — 521 (480)

“ Bracketed wavenumbers are when an external electric field is applied.

significant change observed for a of B;,N;, upon the applica-
tion of Ey = 0.010 (131.12 a.u.). The value of the dipole moment
for the bare B;,N;, fullerene increased after the application of
the electric fields and in the case of SF/SC-B;,N;, it again
revealed a decrease, except for the state H (Table 4). The value
of o for the bare B;,N;, fullerene decreased significantly upon
the application of the electric field in the X direction, while the
interaction of SC and SF with B;,N;, again increases this value.
This suggests that the polarizability of the B;,N;, fullerene is
significantly affected by both the application of the electric field
and the interactions of SC and SF towards the B,,N;, fullerene.
The first hyperpolarizability value also changed from 0.00 a.u.
for the bare B,,N;, fullerene to 8.32 and 8.27 a.u. due to the
application of electric fields through the +X and +Y directions,
respectively. The value of § for the bare B;,N;, fullerene also
increased significantly due to interactions with SC and SF and
then decreased after the application of electric fields in the X
and Y directions; the exception is for state H, in which the value
of § increased. Li et al.®* reported on the application of external
electric fields to hydrogenated silicon nanoclusters (H-SiNCs)
and their possible effects on the NLO parameters of the
H-SiNCs. They found that the second hyperpolarizability
increased upon the application of electric fields from all three
directions of X, Y and Z, which is in agreement with our NLO
results. They believe that the electron density distribution
changes owing to the electric fields and becomes more polarized,
resulting in the higher values for the NLO parameters.®**>
Moreover, the results of the main electron transitions for
different electronic states (Table 5) provide further evidence for
the idea that the application of external electric fields can
change the electronic structure of adsorption systems. This is
owing to electron transfer from different HOMO levels to
different LUMO levels and even the percentage contributions
of each main transition change upon the application of electric
fields, which is more obvious in the case of Ey compared to that
of Ex. As discussed by Wang et al., the application of a small
amount of electric field may cause a big change in the value
of .%° The application of electric fields of Ey = 0.010 a.u. and
Ex=0.010 a.u. reduces the value of f for states G, F and H, while
it increases the value of § for the C configuration. Most likely,
our study follows similar behaviour as reported by Li** and
Wang.®® Generally, as it is clear from the bond lengths and bond
angles, important changes occur as a result of the application of
external electric fields. Moreover, the shapes of the lobes of the
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Fig.5 HOMO and LUMO orbitals of SF and SC molecules adsorbed on B1,Nj, fullerene.

occupied and unoccupied molecular orbitals changed signifi-
cantly before and after electric field application (Fig. 5). Under
an external electric field, the HOMO and LUMO were redistrib-
uted along the direction of the electric field by forming a dipole in
that direction. These results reveal that the electric field not only
affects the geometry and structural parameters of the adsorption
configurations but also changes the electron density distribution
of the systems as it eventually results in significant changes in the
NLO parameters.

3.5. Electronic properties

The molecular orbital energies (MOEs) represent the properties
of the excited states by providing an insight into the absorption
spectra of the SF/SC-B;,Njy, interaction configurations. Table 3
shows the decrease in the difference between the HOMO and
LUMO states (E,) when a uniform external electric field was
applied. Under an electric field, the dipole realignment of the
HOMO and LUMO along the direction of the electric field
occurred to occupy a lower energy level and more stable state.
The LUMO experiences a greater energy reduction as it is empty
while the HOMO has a higher local charge density. This trend
of decreasing HOMO-LUMO gap under increasing field
strengths would then cause a decrease in the effective work
function. The theoretical results reveal that the E, value for
Bi,N;, determined using the PBE functional in comparison
with the B3LYP (E, = 6.71 eV) and M06-2X (E; = 7.20 eV)
methods is in good agreement with experimental data for
B,N;, determined by Oku et al. (E, = 5.1 eV).”® The HOMO-
LUMO difference (E,) for the bare B;,N;, fullerene was calcu-
lated to be 4.99 eV while it is 4.47 and 3.74 eV for the respective
SF-B;,N;, and SC-B4,N;, interaction configurations. The inter-
action of SF and SC with B;,N;, resulted in more molecular
orbitals being formed in both the SF-B;,N;, and SC-B;,Nj,
adsorption systems. These additional molecular orbitals

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2020

contributed to the additional new states as detected in the total
density of state (TDOS) and PDOS spectra of the adsorption
systems (Fig. 6). In the formation of such molecular orbitals,
it has also been observed that the energies of HOMO and
LUMO were respectively increased and decreased during
adsorption, causing a decrease in the HOMO-LUMO energy
gap of 10.4% and 25.1% for the SF-B;,N;, and SC-B;;Nj,
systems, respectively (Table 1). Such decreases will enable
easier electronic transitions in the SF-B;,N;, and SC-B;,N;,
systems, as shown in the bathochromic shifts of /,,.x for the
UV-vis excitation of these adsorption systems (Table 7).

The E, for B;,N;, under two applied external electric fields
changed in accordance with the strength of the applied electric
field, with the greatest change observed for Ey =0.010 a.u.
Moreover, the Er only experienced moderate changes, except
for the case of Ey=0.005 (Table 2). For the adsorption of SF and
SC on the B;,N;, fullerene in the presence of an electric field,
the changes to E, are more noticeable in the presence of
Ex = 0.010 a.u. The AE; (%) consequently underwent greater
changes in the same manner as E,. The value of E, in the
presence of Ex = 0.010 a.u. reduced significantly from 4.76 eV to
2.21 and 2.51 eV for the respective SF-B;,N;, and SC-B;,N;,
systems while these changes were weaker in the presence of
Ey = 0.010 a.u. Therefore, the decrease in E, for both systems
under a strong parallel electric field leads to a reduction in
stability and an increase in chemical reactivity, while such
effects were reduced in the case of a perpendicular electric
field.*”~°° In the case of Er and up, the reverse is observed,
where more significant changes happen in the presence of
Ey =0.005 and 0.010 a.u. (Table 3).

Fig. 6 shows the TDOS, PDOS, and space overlap population
density of states (OPDOS) for SC and SF interacting with the
B1,N;, fullerene. The remarkable phenomenon that can be
observed in the figure is the directional electric field anisotropy

New J. Chem., 2020, 44,14513-14528 | 14521
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Fig. 6 TDOS and PDOS plots for the B1,Ni, fullerene interacting with SC and SF molecules.

and the associated change in the electronic structure of the
system. It is clear that, in the presence of an external electric
field, some new states appeared and there are some broken
degeneracies in the filled occupied and unoccupied states for
the systems that are attributed to the Stark effect. The change is
related to the HOMO and LUMO states and the quantum states
near the band edges. It can be seen that upon the interaction of SC

14522 | New J. Chem., 2020, 44,14513-14528

or SF with the B,N;, fullerene that the E; can increase or decrease
depending on the electric field direction. When the electric field is
applied along the +X direction, the HOMO-LUMO gap increases
with the increment of the field strength while the reverse situation
results with the electric field along the +Y direction.

The electric field can also influence the OPDOS of the
system. In comparison with the isolated B;,N;, molecule, the

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2020
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Table 7 Selected excitation energies (E), oscillator strengths (f), wavelengths (1nax), and relative orbital contributions calculated using the PBE functional

Structure E (eV) f Jmax (NmM) Main transitions
B1sNis 6.05 0.0001 205 H-1 — L+1 (75%), H — L+2 (12%)
6.06 0.0001 204 H-2 — L+2 (42%), H — L+2 (33%)
6.07 0.0001 204 H-2 — L+1 (18%), H—2 — L+3 (27%)
SF-B;,N;, 5.70 0.0110 217 H-5 — LUMO (24%), H—4 — L+1 (20%), H—4 — L+2 (30%)
5.53 0.0074 223 H-3 — LUMO (93%), HOMO — L+7 (4%)
5.11 0.0059 242 HOMO — L+4 (87%), H—1 — L+3 (6%)
SC-B;,Ny, 5.57 0.0104 222 H-9 — LUMO (30%), H-3 — L+1 (24%), H-2 — L+5 (16%)
4.44 0.0166 279 H-3 — LUMO (100%)
3.71 0.0079 334 HOMO — LUMO (100%)
By,Ny, 5.79 0.0245 214 H-5 — LUMO (45%), HOMO — L+5 (16%)
(Ex=0.01 a.u.) 5.61 0.0010 220 H-1 — L+3 (42%), H-1 — L+4 (42%)
4.96 0.0007 249 H-2 — LUMO (11%), H—1 — L+1 (89%)
SF-B;,Ny, 5.75 0.0273 215 H-5 — L+2 (10%), H—1 — L+7 (22%), HOMO — L+8 (24%)
(Ex =0.01 a.u.) 5.58 0.0053 222 H-3 — L+1 (71%), H—4 — LUMO (3%)
5.15 0.0122 240 H—-1 - L+3 (98%)
SC-B,,N;, 5.56 0.0049 222 H-1 — L+5 (22%), HOMO — L+7 (51%)
(Ex=0.01 a.u.) 5.18 0.0031 239 H-6 — LUMO (99%)
4.61 0.0212 261 H-3 — LUMO (97%)
B12Nyp, 5.78 0.0245 214 H—4 — LUMO (45%), H—4 — L+1 (15%), H—1 — L+5 (12%)
(Ey = 0.01 a.u.) 5.67 0.0029 218 H-3 — L+2 (16%), H-2 — L+4 (58%)
4.98 0.0006 248 H-2 — L+1 (85%), H-1 — L+1 (9%)
SF-B;,N;, 5.73 0.0139 216 H-5 — L+1 (11%), H—5 — L+2 (16%), H—1 — L+7 (12%)
(Ey=0.01 a.u.) 5.43 0.0023 228 H—2 — L+3 (15%), HOMO — L+4 (51%), HOMO — L+6 (22%)
4.89 0.0023 253 H-1 — L+2 (86%), H—2 — LUMO (5%), H—1 — L+1 (7%)
SC-B1,Ny, 5.25 0.0157 236 H—-10 — LUMO (81%), H—1 — L+5 (15%)
(Ey = 0.01 a.u.) 4.75 0.0068 261 HOMO — L+2 (100%)
3.94 0.0044 314 H—4 — LUMO (100%)

electric field along the +X and +Y directions changes the OPDOS
values, especially near the HOMO and LUMO states. The
negative values for the OPDOS show the anti-bonding nature
(with green color) of the interaction between the examined
molecules and the host fullerene, which is significantly below
the Fermi level, while the positive values show the bonding
states, which are above the LUMO state. The electric field
switches the anti-bonding states to the bonding state for the
SC and SF interacting with the B1,N;, fullerene, providing more
vacant orbitals on the B;,N;, fullerene for possible interaction
with SC or SF molecules.

3.6. Quantum molecular descriptor analysis

In the absence of an external electric field, the ionization
potential (I = 7.03 eV) for the bare B,,N;, corresponds to the
high stability and chemical inertness of the fullerene, which
decreases after adsorption with I = 5.93 eV for SF-B;,N;, and
I=6.01 eV for SC-B;,N;,.°" The hardness (1) and softness (S)
of the SF-B;,N;, and SC-B;,N;, systems experienced decrea-
sing and increasing trends, respectively, which is in accor-
dance with the reduction of E, for B;,Nj, fullerene after
interactions with both molecules. These results imply that
the polarization of B;,N;, fullerene is reduced as a result of
the interaction with SF and SC molecules. The dipole moment
(up) for By,Nq, fullerene is zero, indicating the uniform
distribution of electron density,”* which increased after adsorp-
tion for these two systems, causing deformation and at the same
time facilitating the adsorption behavior with a greater up for
SF-B;,Ny, (10.71 Debye) than SC-Bj,N;, (9.18 Debye).”> The
value of the electrophilicity index (w) indicates that the B1,N;,
fullerene functions as a nucleophile (electron donor) but

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2020

changes to an electrophile (electron acceptor) in the SF-B;,Nj,
and SC-B;,N;, systems.

The corresponding global indices for the bare B;,N;, full-
erene changed after inclusion of the four electric fields of
Ex=0.005, 0.010 a.u. and Ey = 0.005, 0.010 a.u., with the largest
changes observed for the +X direction with a strength of
0.010 a.u. Upon adsorption of SF and SC in the presence of
the applied electric fields, the ionization potential (I) decreases,
particularly for Ey = 0.010 a.u., indicating greater reactivity of
B1,N;, towards SF and SC molecules. The adsorption systems
showed the highest and lowest electron affinities under external
electric fields of Ex = 0.010 and Ey = 0.005 a.u., respectively.”***
In accordance with the lowering of the E, values, the hardness
and softness of the SF-B;,N;, and SC-B;,N;, systems changed
under an electric field compared to the bare B;,N;, structure,
implying that the resistance and polarization of B;,N;, fullerene
have decreased. The reactivity of the systems increased linearly
with the electric field strength with the effect generated by the
application of Ex = 0.010 a.u. being greater than that seen for the
other applied fields. The up, values for Ey = 0.005, 0.010 a.u. were
more noticeable than other fields, which appreciably confirms
the adsorption values obtained for these systems and their degree
of deformability. The w values show the more nucleophilic nature
(electron donation) with an electric field of Ey = 0.005 a.u. and the
more electrophilic nature (electron acceptance) with an electric
field of Ex = 0.010 a.u. for B;,N;, after the interactions.

3.7. Electron density and localized orbital locator

Fig. 7 and 8 show the color-filled electron density plots for the
pure B;,N;, fullerene and the B;,N;, fullerene after interacting
with SF and SC molecules. The electron densities for SF and SC
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Fig. 7 Color-filled electron density maps and localized orbital locator of pure B;oNj, fullerene under Ex = 0.01 a.u.
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Fig. 8 Color-filled electron density maps for B1,N1, fullerene interacting with SC (top panels) and SF (down panels) molecules under Ex = 0.01 a.u. and
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adsorbed on the B atom of the B;,N;, fullerene were calculated
for Ex = 0.010 and Ey = 0.010 a.u. There is an apparent charge
transfer occurring from the molecules to the B;,N;, fullerene
near the interaction sites, which is the consequence of strong
chemical interactions® for Ey (Fig. 8). This result is in agree-
ment with the MPA results. Fig. 9 includes the localized orbital
locator (LOL) plot of a small part of the B;,N;, fullerene where
the isovalue of the contour line is 0.5. As displayed in Fig. 9, the
polar covalent B-O bonds in the SF-B;,N;, and SC-B,Nj,
complexes for Ey = 0.010 a.u. exhibit stronger chemical bonding
through their larger orbital localizations with the region of
relatively large LOL values.’®®’

14524 | New J. Chem., 2020, 44,14513-14528

3.8. Infrared analysis

The adsorption of SF and SC on B,,N;, fullerene was investi-
gated to evaluate the changes in the infrared (IR) spectral
characteristics using the PBE functional (Fig. S2, ESIt). The
Gaussian program follows the calculation method of Komor-
nicki and Mclver®® for the integrated IR intensities associated
with each vibrational mode. In this study, a scaling factor of
0.975 was employed from the PBE functional. The vibrational
frequencies of the B;,N, fullerene range from 312 to 1416 cm ™"
with the B-N stretching vibration in the pure B;,N;, fullerene
being located at around 1379 cm™",*® decreasing to 1298 cm ™"
for SC-B;,N;, and 1296 ecm™* for SF-B;,N;,. Anota et al.*®°

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2020
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theoretically presented the vibrational bands of B-N and
N-N in B,,4Nj¢ fullerene at around 1473.0, 1511.0, 1536.7 and
1557.2 cm™ . In a study by Shin et al.,’*! the peaks in the IR
spectrum of the pristine BNNTs are reported as the in-plane
B-N stretching and the out-of-plane B-N-B bending modes
observed at 1383 and 806 cm ™, respectively. The bands at 1249
and 778 cm™" are assigned to P—=0 and P-C stretching vibra-
tions in the SF molecule, while for the SC molecule these bands
are observed at around 1214 and 737 cm ', respectively.'*?
In the presence of an electric field, the adsorbed P—O stretching
mode bands decreased to 1201 and 1199 cm ™! in the SF-B;,N;,
and SC-B;,N;, complexes, respectively. The experimental IR data
indicated that the adsorbed P—O stretching mode is at
1250 em™ "' with measurable intensity.'® Mott and Rez experi-
mentally demonstrated that the P—=O0 stretching vibration of sarin
was at 1308 cm™ ', which is in agreement with our results."® The
P—O0 and P-C stretching vibrations are observed at 1150 and
771 em™* for SF-B;,N;, and at 1105 and 772 cm™* for SC-B1,Ny,,
respectively. The formation of a B- - -O=—P bond during adsorption
weakens the covalent bonding of P—=0 and B-N bonds, causing
their vibration frequencies to decrease.

The bands located at 684 and 492 cm ™' correspond to the
P-F and P-Cl stretching vibrations for SF and SC,
respectively.'®® The IR spectral change for SC-B;,N;, is similar
to that for SF-B;,N;, and the peaks at around 823 and 521 cm ™"
are assigned to the P-F and P-Cl stretching vibrations in
SF-B1,N;, and SC-By,Ny,, respectively.'°>'®” In the presence
of an electric field, the P-F and P-Cl stretching vibrations for SF
and SC adsorbed on B;,N;, fullerene decreased to 796 and
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480 cm ™', respectively. P-F and P-Cl bonds are non-chemisorbed
bonds during the adsorption. The weakened P—O bond will
enhance the mesomeric effect within F-P—O and CI-P—=O
through the donation of a lone pair of electrons by F and C onto
P to stabilize the P—0 bond. This mesomeric effect increases the
polar character of the P-F and P-Cl bonds, making them stronger
and thus having higher vibration frequencies. This effect was
more significant in the P-F bond as F is smaller than Cl, enabling
a greater overlapping of its valence p orbital with the n-orbital of
the P—=O0 bond. The overall decrease in the vibrational frequen-
cies under an external electric field is attributed to the energy
downshift by the Stark effect (Table 6). Therefore, our results
indicate that the B,,N;, fullerene under an electric field exhibits
the largest change in the vibrational spectrum.

3.9. UV-vis analysis

Excited state TDDFT calculations were performed on the iso-
lated B{,N;, and the SF/SC-B,,N;, fullerenes with and without
an external electric field using the PBE functional (Table 7). The
ultraviolet-visible (UV-vis) spectrum of the pure B;,N;, fullerene
shows three very weak main peaks at 205, 204 and 204 nm with
energies of 6.05, 6.06 and 6.07 eV for the main electron
transitions, respectively (Fig. S3, ESIT)."°*'° we also calcu-
lated the exciton binding energy (E},) for the pure B;,Nj, fullerene
to be —1.06 eV, while in the parallel and perpendicular electric
fields it was found to be —0.25 and —0.87 eV, respectively.
A suspension of BN nanotubes in ethanol shows a broad UV
absorbance reaching a maximum at 207 nm with an optical band
gap of 5.9 eV,""*? which is close to our results calculated using
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the PBE functional. After the interaction of SF and SC toxic agents,
through nucleophilic attack of oxygen, with the boron atom of the
B1,Ny, fullerene, the main absorption peaks are red-shifted to
higher wavelengths (Ama) at 217 nm (SF-B;,N3,) and 279 nm
(SC-B1,N;,) with lower energies of 5.70 and 4.44 eV and oscillator
strengths (f) of 0.0110 and 0.0166, respectively.

The main electron transitions changed with the transitions
occurring from H—4 to L+2 (30%) in SF-B;,N;, and H-3 to
LUMO (100%) in SC-B;,N;, compared to H—1 to L+1 (75%) for
pure B,,N;, fullerene. For SF and SC interacting with the B;,N;,
fullerene, the values of E, were —1.23 and —0.7 eV, changing to
—3.54 and —2.1 eV in the parallel electric field and —1.91 and
—1.37 eV in the perpendicular electric field, respectively. The
absorption peaks for the main electron transitions changed
significantly for the adsorption configurations with the external
electric fields in the directions of +X and +Y. The application
of an external electric field in the +X direction causes more
changes within the absorption spectra. The main electron
transitions in the UV-vis spectra for the adsorption configura-
tions in the presence of the parallel electric field occur from the
HOMO (H) to L+8 (24%) in SF-B;,N;, and H—3 to the LUMO
(97%) in SC-B1,Ny,, changing appreciably to different HOMO
and LUMO levels upon the application of an external electric
field to the adsorption systems. The increase in the electron
transfers between the bonding and anti-bonding energy levels
owing to the application of the external electric field, especially
in the +X direction, may be the key reason for the increase in
the maximum wavelengths (4,,,) in the interaction between the
toxic agents and the B;,N;, fullerene.

4. Conclusions

To summarize, DFT and TDDFT calculations were performed to
explore the adsorption of SF and SC molecules on B;,N;,
fullerene, with and without an electric field. The calculations
demonstrate that SF and SC molecules can be chemisorbed
upon the walls of B;,Nj;, fullerene, resulting in notable adsorp-
tion energies and charge transfer, inducing significant changes
in the structural properties of the fullerenes. It was also found
that the adsorption of SF-B,,N;, and SC-B;,Nj;, in the presence
of an electric field in the +Y direction is more significant than
that in the +X direction or without an electric field, suggesting
that the B;,Nj;, fullerene has a strong binding energy in the +Y
direction with the SF and SC molecules. The calculations also
reveal that B;,N;, has greater sensitivity for the detection of SF
in the +X direction (Ex = 0.010 a.u.) compared with SC. The
electric field switches the anti-bonding states to the bonding
state for SC and SF interacting with B;,N;, fullerene. This
increases the number of available positions on the B;,Nj,
fullerene for the stable adsorption of SC or SF molecules.
Therefore, the results demonstrate the enhancement of SF
and SC detection and sensing in the presence of a parallel
electric field compared to in the presence of a perpendicular
electric field. A parallel electric field results in greater changes to
the energy gap and the electrical conductivity of the adsorbent

14526 | New J. Chem., 2020, 44,14513-14528
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and visible shifts in the UV-vis spectra, which all facilitate the
development of sensors for the toxic agents SF and SC.
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