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ABSTRACT: Nanostructured gas sensors find diverse applications in environ-
mental and agricultural monitoring. Herein, adsorption of phosgene (COCL,) on
pure and copper-decorated B;,N;, (Cu—BN) is analyzed through density
functional theory (DFT) calculations. Adsorption of copper on B},N;, results in
two optimized geometries, named Cu@bgs and Cu@by,, with adsorption energies
of —193.81 and —198.45 kJ/mol, respectively. The adsorption/interaction energies
of COCI, on pure BN nanocages are —9.30, —6.90, and —3.70 kJ/mol in G1, G2,
and G3 geometries, respectively, whereas the interaction energies of COCl, on
copper-decorated BN are —1.66 and —16.95 kJ/mol for B1 and B2, respectively.
To examine the changes in the properties of pure and Cu—BN nanocages,
geometric parameters, dipole moment, Qupo, frontier molecular orbitals, and
partial density of states (PDOS) are analyzed to comprehensively illustrate the
interaction mechanism. The results of these parameters reveal that COCI, binds
more strongly onto copper-doped BN nanocages. Moreover, a higher charge separation is observed in COCL,—Cu—BN geometries
as compared to copper-decorated BN geometries. Therefore, these nanocages may be considered as potential candidates for
application in phosgene sensors.

1. INTRODUCTION find applications in light-emitting diodes and microelectronic
devices.'”"® B;,N|, and A},N,, (two semiconductor-like group
IV clusters) have excellent physiochemical properties.'”*

Boron nitrides (BN), have drawn attention due to their large
thermal conductivity, large highest occupied molecular
orbital-lowest unoccupied molecular orbital (HOMO-
LUMO) gap, high temperature stability, low dielectric
constant, and high resistance to oxidation.”’ ™ Oku et al.
synthesized B,N;, nanocages, which consist of eight
hexagonal rings and six tetragonal rings.22 Moreover, the
phenomenon of charge separation occurs between boron (B)
and nitrogen (N), where the boron atom acts as an electron-
deficient (Lewis acid) and the nitrogen atom acts as an
electron-rich species (Lewis base). Due to this concept, the BN
nanostructure is considered to behave as a noncatalyst (as it is
a Lewis acid—Lewis base pair).

Recently, studies of the interaction of pure B,N,
nanoclusters with different systems, such as methylamine,”*

The field of nanotechnology and nanoscience has developed
rapidly. Discovery of nanotubes (carbon nanotubes) by Ijimia
increased the demand for nanoscale materials and laid the
foundation for the rapid development of the field of nanoscale
materials (carbon nanoscale materials)." Nanomaterials such as
nanocages, nanoclusters, and nanotubes find vast applications
in optical devices, catalysis,4 sensing materials (sensors),5
adsorption,”” and medical” and electronic devices.’

Besides the use of carbon nanotubes and fullerene (Cg,) in
advanced devices, extensive efforts have been made toward the
synthesis of tubular or spherical fullerenes of diverse inorganic
(non-carbon) materials over the last several years. Boron
nitride (BN),'”"" silica,'* and aluminum nitride (AIN)
nanotubes and co-axial cubic AIN-BN composites'” are the
most important and interesting examples in this regard. Due to
the closed electronic shells of nanoclusters, they are considered
to be very stable and play a vital role in the development of
materials used in advanced technologies. Therefore, they are
the subject of several investigations.' " Studies illustrate that Received:  February $, 2020
(XY), clusters, X;,Y;, (X = AL, B, Gaand Y = As, N, P), are the Accepted:  March 6, 2020
most stable (magic clusters).'”"® Toftlund and Jensen reported Published: March 26, 2020
different geometries of ByNy nanoclusters in their reports and
concluded that the Bj,N;, nanocluster is highly stable and
important as compared to C24."> These III-V clusters also
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COZ,ZS CO,*° NO, hydrogen, N,, methane,”” mono-fluoro-
methane (MFM), thiophene,”® mono-chloromethane
(MCM),” SO,, and 03, using density functional theory
(DFT) have been reported. Similar intermolecular interactions
are also part of valuable literature in which interactions
between different molecules were studied.”" —** Similarly, the
noncovalent interaction among halide ion complexes in
decaborane was also studied for elaborating different non-
covalent interactions.”* The interaction and dissociative
reactions of CH;—OH on B,N}, nanocages are also studied.®
Adsorption of biological molecules, such as cytosine, adenine,
and uracil, on B};N;, nanoclusters was investigated.36 Further,
biological molecules, such as guanine, are also adsorbed on
X,Y, nanocages.37 Adsorption of SCN™ on pure and Mg -,
Al™-, and Si-doped BN (B;,N;, and B;(N¢) nanocages was
reported.”® Recently, adsorption of hydrogen molecules on
nickel-decorated B,,N;,”” was reported. Moreover, adsorption
of pyrrole on Al,N;,, Al,P,, B;;N,, and B},P;, was also
reported previously.* Other than adsorption, BN fullerenes
find applications in storage materials,” ~** field-effect tran-
sistors,” nonlinear optics, 47 and magnetic nanoparticles.48
Recently, researchers disclosed the superatomic nature of BN
nanocages.”” Moreover, diffusion of alkali metals has been
studied on boron nitride fullerenes to evaluate their potential
applications in batteries.””""

Phosgene (COCl,), being the simplest acid chloride, is a
colorless gas and is formally derived from carbonic acid. It is
mainly used in industries (polyurethane industry) to produce
polymeric isocyanates and in the preparation of carbamates,
pharmaceuticals, and related pesticides. It is the building block
of many organic compounds, dyes, and isocyanates and finds
useful applications as a reagent in several industries. It is also
called a chemical war weapon (highly toxic gas) used in World
War I (as a chemical weapon). Exposure to phosgene may
result in swelling of throat, change in voice, pulmonary
irritation, or delayed pulmonary edema.’* For this reason, it is
necessary to detect phosgene and remove it from air even
when present at very small concentrations. The adsorption of
phosgene gas with various surfaces, such as AIN nanotubes,>’
charcoal surface,”* and TiO,,>> has been investigated.
Phosgene detection by Sc-doped BN nanotubes was
reported.”® Moreover, the interaction of phosgene gas
(COCl,) with Ga-doped and Al-doped BN (B;(N,s and
B;,N;,) nanoclusters was reported by Shakerzadeh et al.’”
Their study revealed that the interaction of phosgene gas with
Al- and Ga-doped nanoclusters caused a reduction in the
HOMO-LUMO gap. Using DFT calculations, the adsorption
of phosgene on (XY), (X = AL, B and Y = P, N) was also
reported by Padash et al.>®

Despite these advances, adsorption of phosgene on late
transition metal (such as copper)-doped B;,N, fullerene has
not yet been reported. Early transition metals bind too tightly
to be detached from the surface at the end. On the other hand,
late transition metals bind with these surfaces with reasonable
affinity. A number of reports have already been published on
nickel decoration in the literature, whereas copper-decorated
surfaces are not well explored. A recent report in the literature
illustrated that copper effectively binds with BN nanocages.’”
Moreover, copper is generally not poisoned by analytes,
whereas nickel is poisoned to some extent, particularly by
sulfur-containing analytes.”’"®> Copper also has good
tendency to adsorb various oxygen-containing analytes.
Therefore, all of these findings motivated us to design a
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system that efficiently binds the highly toxic COCI, gas by
structural modification (i.e., decoration of Cu metal on BN)
and help in removing this dangerous gas from the environ-
ment. The decoration of nanostructures with metals is much
preferred over doping (where an atom of the nanostructure is
replaced with an external atom). For doping, a defect may be
created, which can impart certain interesting properties but, at
the same time, render the system unstable in terms of binding
energies (low binding energies). On the other hand,
decoration does not disturb the intrinsic stability of the
systems.’”**** Moreover, the metal atoms can be easily
detached from the nanostructure as and when required. These
characteristics motivated us to study decoration rather than
doping with metal atoms. In this study, we examined phosgene
adsorption on pure BN and Cu-doped BN nanocages. First, we
explored the electronic and geometric properties of the B),N,
surface upon adsorption of Cu metal through interaction
energies, dipole moment, Qupo (charge), frontier molecular
orbital analysis (HOMO and LUMO), and partial density of
states (PDOS). Then, the interaction of phosgene gas with
optimized structures of copper-decorated BN was investigated.

2. COMPUTATIONAL METHODOLOGY

All calculations in this study were performed at the B3LYP/6-
31G (dp) level of theory using Gaussian 09.°> Geometry
optimization, adsorption energies, dipole moment, charge
transfer (Qupo), molecular electrostatic potential (MEP),
frontier molecular orbitals (HOMO—-LUMO distribution),
and partial density of states (PDOS) were calculated to study
the interaction mechanism. B3LYP/6-31G (d,p) is a reliable
level of theory, which is frequently used for nanoclusters.*”**%°
Geometries are optimized without any symmetry constraints in
different spin states with zero net charge on the complexes.
The doublet spin state is the lowest energy spin state for
copper-containing systems. Many different possible orienta-
tions of copper on the BN nanocage (M@bg;, M@bg,, M@Rg,
M@R,, M@B,,,, and M@N,,,) were considered for
optimization, but all above-mentioned input geometries
converged into two optimized structures, which we named
A1(M@bg) and A2 (M@byg,).

Equation 1 is used to calculate the interaction or adsorption
energy of Cu on the BN nanocage in three positions.

E4 = Ecy_pn — (Epn + Egy) (1)

where Ec,_py stands for the energy of the Cu—BN nanocage
complex. Epy stands for the total energy of the pure BN
nanocage, and E¢, describes the electronic energy of Cu.

Equations 2 and 3 are used to calculate the interaction or
adsorption energies of COCI, with the pure BN nanocage and
copper-decorated BN nanocage.

E.qen) = Ecoc,—en — (Esn + Ecoct,)

@)

Ead(Cu—BN) = ECOCIZ—Cu—BN - (ECu—BN - Ecoc12)

)

Here, Eipn) and Eico.-pn) represent the interaction/
adsorption energy of phosgene with the BN nanocage and
Cu-decorated BN, respectively. E,ospene—N a0 Epposgene—Cu—BN
represent the total electronic energies of the COCIL,—BN
nanocage complex and COCl,—copper-decorated BN nano-
cage. Ephosge%e stands for the total energy of single COCl,.

Parr et al.’” in 1999 studied the chemical potential (1) and
expressed it by the following eq 4.

https://dx.doi.org/10.1021/acsomega.0c00507
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u=—(I+A)/2 (4)

Enomo represents the energy of the HOMO, and Ejyyo
represents the energy of the LUMO. Moreover, properties
such as softness (S), hardness (1), and electrophilicity (@) can
be determined using the Koopmans theorem.

n=~1-A)/2 ()
S=1/(2n) (6)
w=u’/2m 7)

Partial density of states (PDOS) diagrams for all systems are
generated using MultiWFN software.”

3. RESULTS AND DISCUSSION

3.1. Bond Length and Adsorption Energies. The BN
optimized structure at the B3LYP/6-31G (d,p) basis set is
shown in Figure 1. The BN cluster is quite stable as the

Figure 1. Optimized structure of B},N,.

nitrogen and boron sites in this cluster are equivalent. The
cluster consists of six tetragonal (4-membered) and eight
hexagonal (6-membered) rings. The B—N bond length varies
depending on the position whether the bond is between a
tetragonal and a hexagonal ring (bg) or between two
hexagonal rings (bgs). The B—N bond length shared between
two hexagonal rings (bgs) is 1.44 A, whereas the B—N bond
length shared between a tetragonal and a hexagonal ring (bg,)
is 1.49 A.

For decoration of copper on the BN nanocage, one finds
several positions on which copper shows an interaction with
rings. These positions may be M@B,,,, M@N,,, M@R,
(metal on the hexagonal ring), M@R, (metal on the tetragonal
ring), M@by, (metal on the bond present between a 6- and a
4-membered ring), and M@bys (metal on the bond present
between two hexagonal rings). All possible input geometries
were directed for optimization; however, only two geometries
could be obtained, named Al and A2, because all above-
mentioned initial inputs converged merely into these two
geometries after optimization. In these geometries, one is M@
bgs named Al, whereas the other is M@bg, named A2.

In general, copper decoration on the BN cage causes
changes in the geometry of the BN cage. When Cu (metal) is
present on the bond present between two hexagonal rings
(A1), the B—N bond length is elongated to 1.55 A (as
compared to 1.44 A in the pure BN cage). The adsorption
energy in this geometry (A1) is —193.81 kJ/mol. Moreover,
the N—Cu and B—Cu bond lengths are 1.95 and 1.92 A,
respectively in the Al geometry. In the same way, adsorption
of Cu (metal) on the bond present between one hexagonal and
one tetragonal ring (M@bg,) in the A2 geometry causes an
elongation of the B—N bond length to 1.66 A (as compared to
1.49 A in the pure cage). Furthermore, the B—Cu bond length
increases to 1.94 A as compared to 1.92 A in Al, but the N—
Cu bond length is shortened to 1.94 A as compared to 1.95 A
in Al. The adsorption energy in the A2 geometry (198.45 kJ/
mol) is higher than that in the Al geometry. These two
geometries are represented in Figure 2.

Then, we analyzed the interaction of phosgene (COCl,) gas
with the pristine BN cage. Different orientations of COCI, gas
were studied on the pristine BN cage. As a result, we got three
different geometries with respect to the orientation of COCI,
on the B,N}, nanocage. These geometries are named G1, G2,
and G3 (Figure 3). In all orientations, carbonyl oxygen is
oriented toward BN nanocages, but the orientation of COCI,
on B,N}, nanocages is different (Figure 3) in each case. In G1
and G2 orientations, COCI, is oriented at distances of 2.62
and 2.85 A, respectively, to the nearest atom on the cage with
adsorption energies of —9.43 and —6.90 kJ/mol, respectively
(Figure 3). In the G3 geometry, the value of bond length
between COCIl, and the BN cage is 3.26 A, as the gas is
situated in the center of the ring in the relaxed structure, while
adsorption energy in this case is —3.70 kJ/mol. This change in
adsorption energies is due to the increase in the distance of
oxygen (of the carbonyl group of phosgene gas) from the BN
nanocage because strong adsorptions are observed at short
distances (as in G1 and G2). From the data, it is obvious that
COCl, is not favorably adsorbed on the pristine BN cage due
to the small value of the adsorption energy in all three cases.
The most stable structure among the three was G1, which had
a higher adsorption energy compared to G2 and G3, but the
overall weak interactions of COCl, with BN were observed.

Furthermore, the adsorption of COCl, on the copper-
decorated BN nanocage was studied. Adsorption of phosgene
on the Al geometry resulted in the B1 geometry, where
phosgene gas was physisorbed. The observed bond length
between the nearest atom of COCl, gas (“Cl” in B1) and the
Cu—BN cage for B1 was 4.17 A with an adsorption energy of
—1.66 kJ/mol. Moreover, COCIl, does not elongate the B—N
bond length (1.55 A) in the B1 geometry mainly because it
exhibits a weak physisorption.

Al

Figure 2. Optimized structures of Cu-doped B;,N;, nanocages.
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G1

2.85A

G2

G3

Figure 3. Different orientations of COCl, on BN. In the G3 orientation, COCI, is situated in the center of the ring, so the average distance is

calculated.

B1

Figure 4. Optimized structures of COCl,-adsorbed Cu—B,,N),.

B2

Likewise, adsorption of COCl, on A2 (Cu—BN) also
resulted in a geometry named B2. The bond length between
the nearest atom of gas (“Cl” in B2) and the Cu—BN cage was
2.55 A with an adsorption energy of —16.95 kJ/mol.
Comparing both orientations (B1 and B2), it is obvious that
B2 is a more stable orientation than B1 because of its high
adsorption energy. This quite strong interaction of COCI, is
also verified by the interaction distance of COCl, from Cu.
Adsorption of COCl, on Cu—BN (A2) also causes an
elongation of B—N bond lengths (1.67—1.70 A in B2).

It is apparent that the adsorption of COCl, on the BN
nanocage not only changes the Cu—BN distances but also
changes the B—N bond lengths of Cu—BN. Small variations in
N—Cu and B—Cu bond lengths were noticed after adsorption
of COCl, on Cu—BN. So, from the above discussion, it is clear
that COCl, is favorably adsorbed on Cu-doped B;,N, (B2) as
compared to pure B;,N;, (G1, G2, and G3).

3.2. Dipole Moment. The change in the dipole moments
of pure BN, Cu-decorated BN, and COCl,—Cu—BN was
analyzed. The pure BN cage shows zero dipole moment as it is
a symmetrical structure. Placement of Cu on this BN cage
increases the dipole moment value from zero to 1.72 D in Al
and 1.49 D in A2. These changes are attributed to the
placement of the Cu metal, which disturbs the charge
separation in BN nanocages. In Al and A2 geometries, the
dipole moment vectors are pointed toward the BN nanocage.
Moreover, the change in dipole moment was analyzed after
adsorption of phosgene gas on BN. The dipole moment
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vectors in G1, G2, and G3 pointed toward COCl,, which
evidenced the charge transfer from COCI, to the nanocage, as
shown in Figure S1 (Supporting Information). The values of
dipole moment are 2.09, 1.36, and 1.54 D in G1, G2, and G3,
respectively. The range of dipole moments is between 3.72 and
1.30 D for COCl,-adsorbed Cu@BN nanocages. After
adsorption of COCl, on Cu-decorated BN nanocages, the
change in dipole moment originates due to charge transfer
from the metal to phosgene gas. A comparison between Bl
and B2 geometries illustrates a higher charge separation value
in B2 due to higher charge transfer.

The highest change in dipole moment is observed when
COCl, complexes with Cu-B;,N;, (B2), whereas the lowest
dipole moment is calculated for B1 (COClL,—Cu—B;,N},). In
the B2 geometry, significant charge transfer occurs when
COCl, interacts with Cu-decorated BN (vide infra). On the
hand, insignificant charge transfer is noticed in the Bl
orientation. The dipole moment depends on the quantity of
charges as well as their separation. Less intense charges on Bl
are responsible for its low dipole moment among all
geometries (vide infra). Moreover, the distance between
COCl, and Cu—BN is large in Bl as compared to other
geometries, which is also another reason for its low dipole
moment. The direction of the dipole moment vector is
important in this regard; therefore, the dipole moment vector
for all systems is given in the Supporting Information (Figure
S1). The decreasing order of dipole moment is B2 > G1 > Al
> G3 > A2 > G2 > B1. This order specifies the maximum and
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Table 1. Closest Distance of Cu to B;,N,,, COCI, to Pure B,,N,,, and COCI, to Cu—BN, Qyzo on the Metal and Gas (COCL,),
Dipole Moment, and Adsorption Energies of Different Systems

systems deu-Bn (A) dCOCIZ-Cu (A) Qupo on COCl, (e) Qugo on Cu (e) Hp (Debye) Ead(k.]/ mol)

Cu 0.00 0.00

BN 0.00

BN-COCI, (G1) 2.62 0.05 2.09 —-9.43
BN-COCl, (G2) 2.85 0.02 1.36 —6.90
BN-COCI, (G3) 3.26 0.004 1.54 -3.70
Cu—BN (Al) 1.93 0.517 1.72 —193.81
Cu—BN-COCl, (B1) 1.93 4.17 0.015 0.513 1.30 —1.66
Cu—BN (A2) 1.94 0.540 1.49 —198.45
Cu—BN-COCI, (B2) 1.94 2.55 0.062 0.591 3.72 —16.95

0%z 30282

25702 D R =

28902 [

B2N12 nanocage
s

G2

asnez N B

G1
272 D s e

A2
42 N T e

B2

Figure 5. MEP of different systems (for understanding the color in these figures, the reader must read the web version of this article). The
isosurface value is 0.02 e/A3.

minimum extremes of charge separation and dipole moment in
all geometries Figure 4.

3.3. Qngo- Qupo was performed to rationalize the change in

dipole moment after adsorption of Cu on the BN nanocage
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and that of COCIl, on pure and Cu-decorated BN nanocages.
The values of Qupo on Cu in Al and A2 are 0.517 and 0.540,
respectively. The Qugo on the metal is further increased after
the adsorption of COCIl, on Cu-decorated BN except for the
B1 geometry. The values of Qupo for these geometries are
0.513 (B1) and 0.591 (B2). The Qupo on the metal after
adsorption of COCl, on Cu—BN varies among different
geometries due to the interaction of COCIl,. With the increase
in dipole moment, the Qo on the metal also increases except
in the B1 geometry, in which the dipole moment decreases
resulting in a decrease in Qupo. So, a regular change is
observed in Qupo with the change in dipole moment for
COCl,-adsorbed Cu—BN nanocages (B2), as shown in Table
1.

3.4. MEP Analysis. The molecular electrostatic potential
(MEP) is used to comprehend the interaction between the
components of Cu—BN, COCL—BN, and Cu—BN-COCl,
nanocages. It signifies the extent of charge distribution in a
molecule and correlates the molecular structure with
physiochemical properties, i.e., chemical reactivity, dipole
moment, and partial charges. In Figure 5, the electron deficient
blue area (in the web version) specifies boron atoms, while
electron rich yellow region represent nitrogen atoms. The pure
BN cage, being symmetrical, shows both the charges to an
equal extent, which vary slightly after the adsorption of COClI,
on the pure BN cage (G1, G2, and G3). The adsorption of
COCl, decreases the intensity of the blue region on the BN
nanocage (shifting toward COCL,).

However, after the decoration of Cu on the pure BN cage,
the blue area is shifted on top of the Cu metal, whereas the
yellow area in the cage becomes less intense. This change can
be seen in Al and A2. After the adsorption of COCl, on Cu-
decorated BN nanocages (B1 and B2), the blue area is shifted
to the vicinity of the metal and the yellow color is regenerated
on the cage (Figure S5). All this color shifting (charges) is
attributed to an increase in dipole moment (D). For instance,
pure BN has zero dipole moment, while Cu-decorated BN has
some value of dipole moment.

3.5. Electronic Properties. Densities and electronic
energy levels give a clear illustration of the effect of Cu
decoration and COCI, adsorption on pure and Cu-doped
B,N;, nanocages. Some orbital parameters, such as energies of
the HOMO and LUMO, Fermi level (Eg; ), and HOMO—
LUMO band gap (Eg), are given in Table 2. The B|,Ny,
nanocage is a semiconductor, which possesses a HOMO—
LUMO gap (Eg) value of 6.84 eV. The HOMO and LUMO
energies of the BN nanocage are —7.71 and —0.87 eV,

Table 2. Orbital Parameters: HOMO and LUMO Energies,
Fermi Level, HOMO—-LUMO Energy Gap for Different
Systems

system Enomo (eV)  Epp (eV)  Epymo (eV) E, (ev)
Cu —5.98 -3.32 —0.67 5.30
BN =7.71 —4.29 -0.87 6.84
BN-COC], (G1) -7.53 —4.81 —2.09 5.43
BN-COC], (G2) —7.62 —4.82 —2.02 5.59
BN-COCl, (G3) —7.58 —4.72 -1.87 5.72
Cu—BN (A1) —4.85 -3.29 -1.72 3.13
Cu—-BN-COCl, (B1) —4.87 —3.41 -1.97 2.87
Cu—BN (A2) —4.89 —3.36 —1.83 3.05
Cu—-BN-COCI, (B2) —4.78 —3.64 -2.50 2.28

respectively. The Fermi level, Eg;, value is —4.29 eV. The
Fermi level designates the midpoint of the HOMO—-LUMO
energy gap (in a molecule when the temperature is 0 K). The
placement of Cu on the BN nanocage changes the HOMO—
LUMO energies. For the Al geometry, the energy of the
HOMO is increased (—4.58 eV) but that of the LUMO is
decreased (—1.72 eV). The HOMO-LUMO gap is also
narrow (3.13 eV), and the Fermi level is positioned at —3.29
eV. For the A2 geometry, an increased value of HOMO energy
is observed (—4.89 €V), while the energy of the LUMO is
decreased (—1.83 eV), which results in a decrease in the
HOMO-LUMO gap (3.05 eV). Moreover, the Fermi level is
positioned at —3.36 V. This change in energies of the HOMO
and LUMO is attributed to the stabilization and destabilization
of the LUMO and HOMO, respectively.

To justify these differences, the shapes of frontier orbitals are
evaluated (Figure 6). In general, the adsorption of Cu on BN

HOMO

LUMO

Figure 6. Side views of the HOMO and LUMO of different systems.
The isosurface value is 0.02 e/A°.

nanocages results in a shift of the HOMO to the copper metal.
This happens due to the presence of many electronegative
atoms that make the metal atom electron rich. The metal,
being electropositive, cannot retain these electrons, and
therefore, they are spread out as excess electrons.

The HOMO-LUMO gap (E,) is directly related to
conductivity,”” and this relationship is given in the following
equation causing a high energy level for the newly formed
HOMO.*** According to calculations, the LUMO energies
are decreased in Al and A2 geometries as compared to that of
the pure BN cage. A change is seen after the adsorption of gas
(COCl,) on the Cu-doped BN nanocages. The adsorption of
COCl, on Cu-decorated BN slightly stabilizes the HOMO
(except B2) and LUMO, where the HOMO—LUMO gaps are
2.87 eV (B1) and 2.28 €V (B2). The Fermi levels are —3.41
and —3.64 eV for Bl and B2 geometries, respectively.
Adsorption of phosgene on Cu decreases the interaction of
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Cu with the BN nanocage. Due to the decrease in coordination
to the metal center, the push of the outer d electrons also
decreases. The HOMO of COCl,—Cu—BN has more density
on the metal and some density on the cage (which is in diffuse

form in the cage). The energies of the LUMO are also
decreased upon adsorption of COCl,. The shifting of the
LUMO on the nanocage causes stabilization of the LUMO by
decrease in the energy of LUMO.
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o o exp(—E,/KT) (8)
This equation indicates the significant increase in electrical
conductivity by the decrease in the H—L energy gap (E,).
Based on our findings, it is clearly evident that the sensing
ability of the Cu-decorated BN nanocage toward phosgene
(COCl,) adsorption is significantly enhanced in comparison
with the pristine BN nanocage.

3.6. Partial Density of States. Partial density of states
(PDOS) were analyzed to examine the structural changes and
electronic properties of BN and Cu—BN nanocages after
COCl, adsorption (with the help of TDOS and PDOS). In the
three different orientations (G1, G2, and G3) of COCI, on the
BN nanocage (Figure 7), the LUMO has density primarily
localized on COCl,, whereas the HOMO is centered only on
the BN nanocage. For Cu—BN systems, the LUMO is localized
on the Cu metal, and the HOMO is merely located on the Cu
metal. Upon adsorption of COCIl, on Cu—BN, slightly
different results are obtained. In B1 and B2 geometries, the
LUMO is distributed just on COCIl,, whereas the HOMO is
present only on Cu—BN. So, from the above discussion, it is
clear that shifting of charge density takes place upon
adsorption of COCl, on Cu-doped B;Nj,.

3.7. Global Indices of Reactivity. The effect of COCI,
adsorption on pure and copper-decorated BN cages is also
calculated from global indices of reactivity. The properties such
as ionization potential (I), electron affinity (A), chemical
hardness (77), softness (S), chemical potential (i), and
electrophilicity (@) are given in Table 3. Here, the ionization

Table 3. Ionization Potential (I), Electron Affinity (A),
Chemical Hardness (77), Chemical Potential (), Softness
(S), and Electrophilicity (@) of Different Systems

I A n N 2]
systems (V) (eV) (eV) pu(eV) (evh) (eV)
Cu 5.98 0.67 2.66 —-3.33 0.19 2.08
BN 7.71 0.87 3.42 —4.29 0.15 2.70
BN-COC], (G1) 753 209 272 —481 018 425
BN-COCI, (G2) 762 202 280 —482 018 415
BN-COCl, (G3) 758 187 286 —473 018 391
Cu—BN (A1) 4.85 1.72 1.57 —3.29 0.32 345
Cu—BN-COCl, 4.84 1.97 1.44 —3.41 0.35 4.04
(B1)
Cu—BN (AZ) 4.89 1.83 1.53 —-3.36 0.33 3.76
Cl(l—B)I\I—COCIZ 4.78 2.50 1.14 —-3.64 0.44 5.81
B2

potential is the negative of the energy of the HOMO, whereas
the electron affinity is the negative of the energy of the LUMO.
Generally, the electron-accepting nature of a system is
represented with positive values of electron affinity. All systems
studied here exhibit good electron-accepting ability, which is a
good feature for a system participating in charge-transfer
reactions. Similarly, the ionization potential explains the
electron-donating ability of a system. Pure B;,N, has a high
ionization potential value (7.71 eV), which increases upon the
interaction of COCl, on the BN cage (Gl, G2, and G3
orientations), but decreases comparatively for copper-deco-
rated BN cages (Al and A2 geometries). The ionization
potential again increases after the adsorption of COCI, on
copper-decorated BN nanocages (B1 and B2). A similar trend
is observed for electron affinity. Therefore, both properties
suggest that our copper-decorated systems are efficient for
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COCl, adsorption. Electrophilicity is related to the chemical
reactivity of a compound. The pure B|;N;, cage has an
electrophilicity of 2.70 eV, and this property increases in
copper-decorated BN nanocages (3.4S5 eV for Al and 3.76 eV
for A2). The highest value of electrophilicity is calculated for
adsorption of COCI, on copper-decorated B;,N;, nanocages
(4.04 eV for Bl and 5.81 eV for B2). So, the electrophilic
index again suggests that our copper-decorated BN systems are
best candidates for COCl, adsorption. The chemical hardness
and softness of a compound are directly related to the chemical
stability (low reactivity). All our systems are hard in nature
with a low value of global softness. The value of chemical
potential ¢ shows a direct relation with the chemical stability
and an inverse relation with the reactivity of the system. The
chemical potential values suggest that COCl,-adsorbed copper-
decorated BN nanocages are more stable with lower reactivity
[B1 (1 = 3.41 eV) and B2 (u = 3.64 eV)] as compared to Al
(1 =329 eV) and A2 (u = 3.36 eV). So, all above-mentioned
findings suggest that our phosgene-adsorbed copper-decorated
systems are stable, least reactive, and best candidates for
sensing materials.

4. CONCLUSIONS

In this study, we applied the B3LYP/6-31G(d,p) basis set
(DFT) to explore phosgene (COCL,) adsorption on pure and
Cu-decorated Bj,N;, nanocages. All possible sites on the
nanocages are investigated for copper interaction. Two
optimized geometries, named Cu@bgs (Al) and Cu@bg,
(A2), were observed after placing Cu on BN. The binding
energy value of A2 is remarkably higher than that of A1, which
suggests the enhanced adsorption capability of the BN
nanocage toward the COCI, molecule after Cu decoration. It
is evident that COCI, is more strongly adsorbed on Cu—
B,,N,, as compared to COCl, when it is exclusively adsorbed
on pure B;;)N),. Significant modifications in the electronic
properties are observed in B,N;, by decoration of Cu and
COCl,. Qupo and dipole moment for the selected systems are
indicative of higher charge separation after adsorption of
COCl, on Cu—B|;N,, as compared to Cu-doped B,Nj,.
Dipole moment and Qo trends correlate with each other for
all systems. The HOMO—LUMO gap of pure BN is higher
than those of all other geometries. COCl, adsorption on pure
B,N}, and Cu-decorated BN increases the electrophilicity of
the B;,N, nanocage. Moreover, the partial density of states
(PODs) and electronic energy level were calculated to show
the effect of Cu and COCIl, decoration on B};,N;, and Cu—
B,Nj, nanocages, respectively. The results propose the
copper-decorated nanocage as an efficient sensor of phosgene
and its industrial application in multiple areas.
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