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Abstract Density functional theory calculations were performed to understand the

electronic properties of C24, B12N12, B12P12, and (6, 0) BNNT interacted with N2O

molecule in the presence and absence of an external electric field using the B3LYP

method and 6-31G** basis set. The adsorption of N2O from O-side on the surface of

(6, 0) BNNT has high sensitivity in comparison with B12N12 nano-cage. The

adsorption energy of N2O (O-side) on the sidewalls of B12N12 and BNNT in the

presence of an electric field are -21.01 and -15.48 kJ mol-1, respectively. Our

results suggest that in the presence of an electric field, the B12N12 nano-cage is the

more energetically notable upon the N2O adsorption than (6, 0) BNNT, C24, and

B12P12. Whereas, our results indicate that the electronic property of BNNT is more

sensitive to N2O molecule at the presence of an electric field than B12N12 nano-

cage. It is anticipated that BNNT could be a favorable gas sensor for the detection of

N2O molecule.
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Introduction

Since the discovery of C60 [1], carbon nano-cage structures such as fullerene-like

nano-cages, nanotubes, nanocapsules, nanopolyhedra, cones, cubes, and onions

were studied [2–4]. Boron nitride (BN) nanostructures with energy gap of *6 eV

and non-magnetism are also expected to show various electronic, optical and

magnetic properties such as Coulomb blockade, photoluminescence, and super

magnetism [5]. Several studies have been reported on BN nanomaterials such as BN

nanotubes, BN nanocapsules, BN nanoparticles, and BN clusters, which are

expected to be useful as electronic devices, high heat-resistance semiconductors,

insulator lubricants and gas storage materials [6–12]. Some BN nanocages have

theoretically been predicted [12], and BN clusters with sizes of 1 nm were observed

only by high-resolution electron microscopy (HREM), which is a powerful method

for direct observation of the atomic structure of clusters. BN metallofullerenes,

which showed the possible existence of metal atoms inside the B36N36 clusters, were

also reported from HREM. For these BN clusters, B12N12 cluster was theoretically

predicted to be the smallest cage cluster satisfying the isolated tetragonal rule, BN

cluster solids were also predicted. Although the B12N12 clusters were reported by

HREM, mass spectrum analysis has been mandatory for determining the existence

of B12N12 nano-cages, and a few such reports that have been presented [2, 13–20].

The purpose of the present work is to study of N2O adsorption on the electronic

properties of C24, B12N12, B12P12 nano-cages and (6, 0) BNNT using DFT

calculations. To understand the atomic structure models and structural stabilities of

the clusters, total energy calculations were carried out by B3LYP method.

Farmanzadeh and Ghazanfary [21] have investigated the effect of field emission

properties on the zigzag (4, 0) BNNT. Attaccalite et al. computed the optical

absorption spectra of BN nanotubes in the presence of a perpendicular electric field

and demonstrated that the optical spectra of BNNTs are quite robust to the

application of an external field [22]. Yuan and Zhao studied transport properties and

induced voltage in the structure of water-filled SWBNNTs using density functional

theory (DFT)/molecular dynamic (MD) simulations [23]. Based on the methods of

density functional theory and molecular dynamic calculations, Yuan and Zhao

investigated the voltage induced by the structure of water-filled single-walled

carbon nanotube [24]. In the previous report, we have investigated the adsorption of

N2O molecule on the surfaces of CNTs and BNNTs [25, 26]. In recent years, several

studies have studied the computational calculation of the field effects on the

electronic and structural properties of nanotubes [22, 27, 28]. Machado et al. have

investigated on zigzag and armchair single-walled aluminum nitride nanotubes in

various diameters under the influence of just perpendicular external electric fields in

0.3 and 0.5 V/Å. They have shown that tubes with larger diameters are more

stable and the applied perpendicular external electric fields do not have significant

influence on the stability of these structures [29]. We have shown that the Al-doped

CNTs have high sensitivity to the presence of N2O molecule in comparison with the

perfect CNTs [25]. In the present study, we are going to investigate the adsorption

properties of N2O molecule on the surfaces of BN nanotube and B12N12 nano-
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cluster in the presence of the parallel electric fields using density functional theory

(DFT). The relaxed geometries, chemical potential (l), global softness (S), global
hardness (g), and electrophilicity index (x) [8, 9] were studied for the most

stable state and compared with the perfect applied clusters and nanotubes. We hope

that our calculations provide better conditions for Nitrous Oxide (N2O) sensor

design.

Computational Details

Geometry optimizations, molecular electrostatic potential (MEP), frontier molecular

orbital (FMO), natural bond orbital (NBO), and density of states (DOS) analyses

were performed on the C24, B12N12, B12P12, and (6, 0) BNNT. All the geometry

optimizations and energy calculations are done by using GAMESS software [30] at

the level of density functional theory (DFT) using B3LYP method and 6-31G**

basis set [31–35]. The basis set superposition error (BSSE) for the adsorption energy

was corrected implementing the counterpoise method [36]. The adsorption energies

(Ead) were computed using the formula:

Ead ¼ Enano�cage�N2O� Enano�cage þ EN2O

� �
þ EBSSE ð1Þ

Ead ¼ Enanotube�N2O� Enanotube þ EN2Oð Þ þ EBSSE ð2Þ

where Enano-cage-N2O and Enanotube-N2O are the total energies of the C24, B12N12,

B12P12, and BNNT interacting with the N2O molecule. Enano-cage and Enanotube are

the total energies of the pure C24, B12N12, B12P12, and BNNT, respectively, and

EN2O is the total energy of an isolated N2O. The electrophilicity index (x) concept
was stated for the first time in 1999 by Parr et al. [37]. Chemical potential (l) is
defined according to the following equation:

l ¼ �v ¼ � Iþ Að Þ=2 ð3Þ

electronegativity (v) is defined as the negative of chemical potential, as follows:

v = -l. Furthermore, chemical hardness (g) can be approximated using the

Koopmans’ theorem [38] I (-EHOMO) is the ionization potential and A (-ELUMO)

the electron affinity of the molecule. Where EHOMO is the energy of the Fermi level

and ELUMO is the first given value of the conduction band. g = (I - A)/2. Softness

(S) and electrophilicity index are determined as the following equations,

respectively.

S ¼ 1=2g ð4Þ

x ¼ l2=2g
� �

ð5Þ
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Results and Discussion

N2O Adsorption in the Perfect B12N12

First of all, we are going to explore the binding energy of nitrous oxide (N2O) on the

surface of B12N12. We have fully relaxed the geometry at the B3LYP/6-31G** level

of the theory. The O and N atoms in the N2O molecule approached to the B12N12

surfaces are shown in Fig. 1. After the adsorption of N2O molecule on B12N12 nano-

cage, the bond lengths of these adsorption formations (a–d) have undergone slight

changes in comparison with the pristine B12N12 nano-cage. For configurations (a–d),

the adsorption energies of N2O molecules from oxygen head on the sidewall of

B12N12 are about -4.51, -7.10, -7.83, and -8.37 kJ mol-1, the interaction

Fig. 1 The optimized configurations of N2O adsorption upon the B12N12 by the nitrogen and oxygen
attacking (a–d)
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distances between the N2O and the B12N12 are 2.99, 2.72, 2.70, and 2.68 Å,

respectively (see Fig. 1).

The comparable values after BSSE correction for these configurations are about

-1.94, -2.32, and -2.60 kJ mol-1, respectively. After BSSE correction, we have

found that the adsorption energy for N2O from nitrogen head with the interaction

distance of 3.01 Å declines from -4.50 to -0.6 kJ mol-1 at the B3LYP/6-31G**

level of computation. The small binding energies and large distances demonstrate

weak physical adsorption on the outer surface of nano-cage due to weak Van der

Waals interaction [39]. In the most stable state of N2O (O-side) a slight charge about

0.04e is transferred from the cluster to the N2O molecule. The current computations

Fig. 2 The optimized configurations of N2O adsorption upon the C24 and B12P12by the nitrogen and
oxygen attacking (a–d)
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indicate that the bond lengths of B12N12 before and after adsorption of N2O changed

from 1.439 to 1.444, 1.440, and 1.445 Å in the configurations (b), (c), and (d).The

results demonstrate that the binding energy of nitrous oxide is higher than that of

CNTs and BNNTs [25, 26]. Second, we are investigated the interaction of N2O

molecule on the walls of B12P12 and C24 nano-cages (see Fig. 2).

The adsorption energy values of N2O molecule (O-side and N-side) on the

exterior sidewall of B12P12 were in the ranges of -1.68 and -0.25 kJ mol-1 and the

Fig. 3 Isosurface of the HOMO and LUMO orbitals of the N2O molecule, B12N12, and the most
stable complex of N2O/B12N12
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distances of O and N atoms of N2O upon a B atom of B12P12 are about 3.26 and 3.53

Å, respectively. NBO charge analysis indicates that the charge transfer from

B12P12to N2O is about 0.01e. On the other hand, we have found that the values of

N2O adsorption (O-side and N-side) on the C24 surface are -1.04 and

-0.10 kJ mol-1, the C–O and C–N distances are 3.37 and 3.73 Å, respectively,

the binding energies of N2O on the surfaces of B12P12 and C24 revealed the

physisorption nature of the adsorption processes (Fig. 2). NBO computation shows

that the net charge transfer from C24 to N2O is about 0.001e. In contrast, N2O

adsorptions on the clusters of the most stable states were determined as follows:

B12N12[B12P12[C24.

In order to comprehend the adsorption energy of N2O molecule for the most

stable configuration on B atom of B12N12, we are considered the highest occupied

molecular orbital (HOMO) of B12N12 being localized upon the N atoms with the

energy level of -7.71 eV, while the lowest unoccupied molecular orbital (LUMO)

is localized on the B–N bonds of nano-cage in energy level about -0.87 eV. The

position of HOMO for the N2O/B12N12complex is located toward the N atoms of

B12N12 and the energy level in there is about -7.65 eV. The LUMO for this

complex is distributed into the O=N=N bonds and the B atom of B12N12 is located

upon the B–N bonds of nanocluster and the energy level of LUMO is -0.97 eV (see

Fig. 3; Table 1).

The calculations indicate that the energies of HOMO and LUMO of N2O

molecule are about -9.31 and -0.52 eV, respectively. The smallest change of

energy gap (Eg) belongs to the configuration (c) indicating that the Eg of this

complex is reduced from 6.84 to 6.68 eV, which is an insignificant alteration.

Therefore, it can be deduced that the nitrous oxide may not affect the electrical

Table 1 ELUMO and EHOMO, Dipole moment (lD/Debye), energy gap (Eg), change of bond gap (DEg),

energy of Fermi level (EF) and quantum molecular descriptors values of N2O adsorption on B12N12 at the

B3LYP method in the absence of an external electric field

Property N2O B12N12 N2O/B12N12(O-side) N2O/B12N12(N-side)

EHOMO/eV -9.31 -7.71 -7.65 -7.53

ELUMO/eV -0.52 -0.87 -0.97 -0.84

Eg/eV 8.79 6.84 6.68 6.79

DEg (%) – – -2.34 -0.73

lD/Debye 0.01 0.00 0.52 0.53

Ead/kJ mol-1 – – -8.37 -4.50

EF/eV -4.91 -4.29 -4.31 -4.23

I/eV 9.31 7.71 7.65 7.53

A/eV 0.52 0.87 0.97 0.84

g/eV 4.39 3.42 3.34 3.34

l/eV -4.91 -4.29 -4.31 -4.18

S/eV-1 0.11 0.15 0.15 0.15

x/eV 2.75 2.69 2.78 2.62
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conductivity of B12N12. Calculated the electronic properties of B12N12 interacted

with N2O in comparison with perfect nano-cage. The total DOS of N2O, B12N12,

and N2O/B12N12 complexes are presented in Fig. 4.The adsorption capabilities for

all configurations indicate that the DOS near the Femi level (EF) is not affected after

the N2O adsorption. On the other word, the energy gap of nano-cage after the

adsorption of N2O has no significant change. Therefore, we believe that the B12N12

may not be a suitable sensitive device for toxic N2O detection. Thus, we limited

static the external electric field effect to the interaction of N2O at B12N12 nano-cage.

Electrical Field Emission Properties on the B12N12

We considered the behavior of N2O adsorption upon the B12N12 by the external

parallel electric fields (EX) at the B3LYP method. The current calculations show

that binding energy for the most stable configuration of N2O adsorbed from N-side

on the B12N12 is rather weak compared with its O-side, while growths in the electric

field intensities for N2O adsorbed on the B12N12 have been largely altered in

comparison with the binding energy of N2O on the nano-cages in the absence of an

external electric field. The interaction of N2O molecule presented in the parallel

electric field (EX) upon the B12N12 was studied, revealing that EX is the static

electric field effect on the positive X direction. The numerical values of the parallel

Fig. 4 Calculated DOS plots of the pure B12N12, N2O, and N2O/B12N12 complex
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field strengths applied on the B12N12 are 0.005, 0.01, 0.02 a.u. (1 a.u. = 514.224 V/

nm) [21]. We considered the electronic properties of the B12N12 including

adsorption energies, electric dipole moments, molecular orbital energy, DOS, and

electronic spatial extent upon the ranges of 0–0.02 a.u. Under an electric field,

When N2O molecule (O-side) adsorbed on the B12N12 surface, the adsorption

energy is obviously increased for the most stable configuration (O-side) from

-8.37 kJ mol-1 at zero field strength to -9.65, -11.00, and -21.01 kJ mol-1 at

the field strength of 0.005, 0.01, and 0.02 a.u., respectively. The results indicate that

the interaction energies of N2O adsorbed on the B12N12 surface monotonically raise

Fig. 5 Profiles of the HOMO and LUMO orbitals of the pure B12N12 and N2O/B12N12 complex in the
presence of an electric field
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with rising numbers of the parallel electric field effects. The bond distances of

B12N12 under the electric field effects before and after the adsorption change from

1.441 to 1.455, 1.455, and 1.469 Å at the field strength of 0.005, 0.01, 0.02 a.u.,

respectively. For N2O adsorbed on the surface of B12N12, the bond lengths of N=O

and N=N changed about (1.869 and 1.136 Å), (1.870 and 1.136 Å), and (1.178 and

1.140 Å) in the field strength of 0.005, 0.01, 0.02 a.u., respectively, and the bond

angles of O=N=N are altered in free N2O and N2O/B12N12 complex from 180.0� to
179.53�, 179.54�, and 178.44� at the field strength of 0.005, 0.01, 0.02 a.u.,

respectively. Li and Wang have reported that the binding energy of gas molecules in

the presence of a strong electric field is very remarkable in comparison with the

absence of the electric field [39]. The dipole moment values obviously increased

under an external electric field from 2.22, 4.45, and 8.95 Debye in the pristine

B12N12 to 3.21, 5.05, and 10.38 Debye in the N2O–B12N12 complexes at the field

strength of 0.005, 0.01, 0.02 a.u., respectively. The results indicate that the dipole

moment values for these complexes in the presence of electric field increases in

comparison with zero field strength in the perfect B12N12 nano-cluster [40, 41]. We

compared the frontier molecular orbital (FMO) of N2O and B12N12 system. Under a

strong electric field (0.02 a.u.), the HOMO of B12N12 is more located on the

nitrogen atoms of cluster with energy about -7.66 eV, while the LUMO of cluster

is localized toward the B–N bonds with energy about -1.05 eV. The position of

HOMO and LUMO for N2O/B12N12 complex is also localized on the N atoms and

B–N bonds of B12N12 and is slightly localized on O and N atoms of N2O molecule

with the energies at about -9.32 and -5.02 eV, respectively (Fig. 5). The evolution

of the LUMO of the complex in the presence of an electric field is asymmetric. As

Table 2 ELUMO and EHOMO, Dipole moment/lD (Debye), energy gap (Eg), change of bond gap (DEg),

energy of Fermi level (EF) and quantum molecular descriptors values of N2O adsorption on BNNT and

B12N12 at the B3LYP method in the presence of an external electric field

Property (6,0) BNNT B12N12 N2O/BNNT (O-side) N2O/B12N12(O-side)

EHOMO/eV -6.71 -7.66 -7.72 -9.32

ELUMO/eV -1.59 -1.05 -5.60 -5.02

Eg/eV 5.12 6.61 2.12 4.3

DEg (%) – – -58.6 -34.95

lD/Debye 33.60 8.95 34.68 10.38

Ead/kJ mol-1 – – -15.48 -21.01

EF/eV -4.15 -4.35 -6.66 -7.17

I/eV 6.71 7.66 7.72 9.32

A/eV 1.59 1.05 5.60 5.02

g/eV 2.56 3.30 1.06 2.15

l/eV -4.15 -4.35 -6.66 -7.17

S/eV-1 0.19 0.15 0.47 0.23

x/eV 3.36 2.87 20.92 11.95
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can be seen in Fig. 5, the LUMO energy after N2O adsorption on the surface of

B12N12 is significantly changed in comparison with the HOMO energy.

Moreover, the difference energy gap (Eg) between HOMO and LUMO is

considered to be a notable factor in chemical reactivity levels of nano-cages. A

small energy gap leads to the low chemical stability, since it is energetically

noticeable to add electrons to a high-lying LUMO or to extract electrons from a

low-lying HOMO. In Fig. 5, DOS indicates that the electronic properties of the

B12N12 under an electric field have significant changes toward the adsorption of

N2O molecule. Under an electric field (0.02 a.u.), the energy gap of B12N12 has a

noticeable change from 6.61 to 4.3 eV with the addition of N2O molecule (see

Table 2). The results of the DOS demonstrate remarkable changes in the energy gap

Fig. 6 MEP plots of the pure N2O, B12N12, and N2O/B12N12 complex in the presence and absence of an
electric field
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due to adsorption of N2O molecule, resulting in diminution of energy gap that leads

to increase of electrical conductivity. This result demonstrates that the N2O

adsorption upon B12N12 under an electric field has significantly affected the

electronic structure of B12N12 nano-cage. As a result, the pure B12N12 can be

applied as a N2O sensor and increasing the parallel electric field effect that is an

applicable method for N2O adsorption on B12N12 nano-cage. MEP plots of single

B12N12 nano-cage interacted with the N2O molecule in the presence and absence of

an external electric field are shown in Fig. 6. In the pure B12N12 nano-cage with an

electric field, the B atoms are positively charged (blue colors) and the N atoms of

the structure are negatively charged (red colors), whereas in the presence of an

Fig. 7 The optimized structures of the perfect BNNT and N2O/BNNT system in the presence of an
electric field
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external electric field, the electrostatic potential going from positive to neutral

(green colors).

As shown in Fig. 9, the O and N atoms of the N2O adsorbed on B12N12 nano-cage

have negative (red or yellow) and positive (blue) charges, respectively.

Electrical Field Emission Properties on the (6, 0) zigzag BNNT

We explored the influence of external electric field upon the electronic structure of

the (6, 0) BNNT interacted with N2O molecule (Fig. 7). At zero electric field

(EX = 0), the B–N bond length of (6, 0) BNNT changes from 1.449 to 1.482 Å

under the parallel electric field (EX = 0.02 a.u.), while the N–B–N bond angle does

not obviously changed from 119.9 in the absence of an electric field to 118.7�,with a

Fig. 8 Profiles of the HOMO and LUMO orbitals of the pure N2O, B12N12, and N2O/B12N12 complex in
the presence of an electric field
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parallel electric field (EX = 0.02 a.u.). The bond length of B–N after the N2O

adsorption on the surface of BNNT is 1.483 Å. When a parallel electric field is

applied along for N2O/(6, 0) BNNT complex, the structural changes are rather small

under strong electric field (0.02 a.u.). After the N2O adsorption on the BNNT, the

N:N and N=O bond lengths of N2O molecule after the N2O adsorption are 1.129

and 1.201 Å, respectively (Fig. 7).

In Fig. 7, we can find the adsorption energy of N2O molecule for the most

stable configurations (N-side and O-side) upon the wall of (6, 0) BNNT being about

-13.63 and -15.48 kJ mol-1 with the distances of 3.5 and 3.2 Å, respectively.

Under an electric field, the adsorption energy for N2O in O-side is more than that in

N-side in comparison with CNT and BNNT without presence of an electric field [25,

26]. The value of dipole moment (DM) for (6, 0) BNNT in the absence and presence

of electric field revealed remarkable change from 7.96 to 33.60 Debye (see

Fig. 9 Profiles of the MEP PLOTS of the pure N2O, BNNT, and N2O/BNNT complex in the presence of
an electric field
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Table 2). The result shows that in comparison with the perfect BNNT, the DM of

N2O/BNNT complex under an electric field (0.02 a.u.) does not reveal

notable change (about 34.64 Debye). We considered the influence of N2O

adsorption in the presence of an electric field upon the electronic structure of

BNNT. We observe that the energy gap of (6, 0) BNNT in the absence of an

external electric field increases from 4.89 to 5.12 eV in the presence of an external

electric field [26]. This result indicates that the presence of an electric field increases

its electrical resistivity. On the other hand, under the electric field, the energy gap of

N2O/BNNT complex for the most stable configuration has imposed significant

change (DEg = -58.6 %) onto the adsorption process (Table 2). The presence of

N2O molecule on the wall of BNNT declines the energy gap from 5.12 to 2.12 eV,

thus dramatically increases their electrical conductance [42]. We observed that the

interaction between BNNT and N2O molecule leads to alteration of the electronic

structure of nanotube. Besides, FMO analysis upon N2O/BNNT complex demon-

strates that its HOMO is localized upon the B–N bonds of the tube (see Fig. 8),

while the LUMO is slightly more located onto the N atoms of the nanotube.

The NBO analysis indicates that the interaction leads to charge transfer of 0.012e

from the BNNT to the N2O molecule. The molecular electrostatic potential (MEP)

plots for N2O of O head toward the BNNT surface demonstrate that the O atom of

N2O is much stronger than that of the N atom of molecule in the adsorption process

(see Fig. 9). In order to indicate the sensitivity of the BNNT upon the N2O

molecule, we explored the DOS of this complex and then we compared it to the pure

BNNT. The DOS of the N2O adsorbed on the surface of tube represented that the

electronic structure of BNNT in the presence of strong electric field is very sensitive

upon the N2O adsorption [43]. Therefore, the DOS of the N2O/BNNT complex

indicates changes because of N2O adsorption in the gap regions of the TDOS plots

(see Table 2).

Conclusion

By using DFT calculations, we have studied the adsorption properties of N2O

molecule onto the C24, B12N12, B12P12, and (6, 0) BNNT at the B3LYP/6-31G**

level of theory. Our calculations indicate that the adsorption of N2O molecule on the

surface of these nano-cages in the absence of an electric field are unable (weak

physical adsorption) to render dramatic changes in the density of states near the

Fermi level. Our results show a high sensitivity for (6, 0) BNNT in the presence of

an electric field compared with B12N12 nano-cage for the detection of N2O

molecule.
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