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ABSTRACT

Adsorption of Soman and Chlorosoman over the outer surface of boron nitride nanotube (BNNT) was
studied using density functional theory (DFT) calculations to consider its sensitivity toward mentioned
nerve agents. Then, we studied the sensitivity of Ga-doped BNNT and double-antisite defective BNNT
(d-BNNT) effects towards adsorbed molecule resulting in eye-catching sensitivity of defected adsorbents
representing strong chemical adsorption on the Ga-doped BNNT, while they are mainly physisorbed on
the pure BNNT with negligible electronic properties. Density of states (DOSs) was analyzed for further
understanding of electronic properties of the applied configurations. Charges were moved from BNNT to
the single molecules while in case of Ga-doped and d-BNNT; the charges were transferred from single
molecules to the defected adsorbents. These along with outcomes of quantum molecular descriptors,
difference in energy gap (Eg), and dipole moments clearly reveal that the d-BNNT is a promising sensor

material for the detection of these nerve agents.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

Soman, C;H;gFO,P, also called 3,3-dimethyl-2-butyl
methylphospho-noflouridate is belonging to organophospho-
rus compound and it is an extremely toxic compound. Soman
as a chemical nerve agent is colorless liquid with fruity odor.
It is recognized as nerve agents owing to their effects over the
disruption of nerve impulses in humans which were used in World
War I [1-5]. Thus, the adsorption and detection of these chemical
nerve agents are very important. In these years, the interaction
of the chemical nerve agents including Soman, Sarin, DMMP,
Tabun with the different materials have been reported by many
researches [6-8]. Recently, scientists have widely explored the
usage of BN nanomaterials as polymer composites, gas adsorption,
electrical nanoinsulators, electron field emission, and ultraviolet
nanoelectronics, and hydrogen-storage [9-17]. In 1994, Rubio et al.
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have been predicted theoretically boron nitride nanotubes [18],
and then experimentally synthesized (arc-discharge method) in
1995 by Chopra and co-workers [19]. BN nanotubes exhibited high
thermal conductivity, extraordinary mechanical properties, ther-
mal stability, higher resistance, and higher field emission property.
In contrast with the carbon nanotubes, boron nitride nanotubes
with a wide energy gap of 5.5eV, are chemically and thermally
more stable. Additional theoretical studies reported BNNT-based
gas sensor upon N,O, CNCI, NH3, HCOH, and CO molecules or by
the BNNTSs substituted with atoms such as Al, Ga, and Si [20-24].
For example, the previous reports have been shown that doping
functional on the BN nanotubes can be significantly changed the
structural, optical, and electronic properties [25-30]. Exclusive
properties like high melting point, low density, high thermal
conductivity, chemical inertness and wide band gap of a non-oxide
ceramic material like Borne Nitride (BN) nanostructures introduce
these materials as promising candidate in applications [31,32]. It
is an excellent medium for gas sensors, field emission, protective
tubular shields, nanotransistors due to its unique mechanical
toughness. First born nitride nanotube was fabricated using arc
discharge method [33-a]. Its synthesis is mainly nonhelical-type
having parallel direction to the tube axis (zigzag configuration).
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Different type of defects like, topological defects, transition metal
and C doping and B/N vacancies are possible to form as reported
[33-b]. Beheshtian et al. reported the surface modification of a
boron nitride nanotube (BNNT) with sulfamide molecule has been
investigated [34]. Recently, the adsorption of pentachlorophenol
(PCP) on the pristine and Fe-doped boron nitride nanotubes was
investigated by using density functional theory (DFT) calculations
[35]. Their results indicate that the PCP has a weak physisorption
on the surface of boron nitride nanotube in comparison with the
strong chemisorption on the Fe-doped BNNT. For example, effects
of Al doping and double-antisite defect on the adsorption of HCN
on a BC; N nanotube was studied by using density functional theory
(DFT) calculations [36]. They have shown that the B-B antisite
defect on a BNNT can ameliorate both reactivity and sensitivity of
the substrate to hydrogen cyanide. Also CO, adsorption on boron
antisite (BN) in boron-rich boron nitride nanotube was calculated
using PAW-PBE and ONIOM (wB97X-D/6-31G*:AM1) methods
[37]. Herein, we investigated the sensing and detecting abilities
of the pure, Ga-doped and d-BN nanotubes towards Soman and
Chlorosoman molecules.

2. Computational methods

The interactions of Soman and Chlorosoman over the pure,
Ga-doped and double-antisite defective BN nanotubes were inves-
tigated using DFT calculations. Single-wall zigzag (8, 0) BN
nanotube was considered and the (8, 0) SWBNNT containing 56
boron atoms, 56 nitrogen atoms, and 16 hydrogen atoms was
selected for this aim. As shown in Table 1, the length of P=0 bond
in the free Soman and Chlorosoman molecules is about 1.478 and
1.483 A at B3LYP functional and 1.464 and 1.468 A at M06-2X func-
tional, respectively. The length and diameter of the BN nanotube
are 15.05 and 6.38 A, respectively, and the average B-N bond length
is 1.448 A (see Fig. 1 and Table 1). The Mulliken charges on B and
N atoms in the BN nanotube are 0.619 and —0.619 |e|, showing
strong ionicity nature of B-N bonds. The charge of the B defective
and Ga doping in the (8, 0) BNNT are about —0.042, and 0.476 e,
respectively. In the first step, all the geometrical relaxations and
adsorption energies calculations were performed with the aid of
Gaussian 03 program package [38] at the level of density func-
tional theory (DFT) at the B3LYP [39,40] functional with 6-311G**
standard basis set [41]. In the second step, we have analyzed the
interactions of Soman and Chlorosoman on the pure, Ga-doped and
defective BN nanotubes in the most stable configurations using
MO06-2X functional and 6-311G** standard basis set [42]. The B3LYP
and MO06-2X functionals have been previously reported to study
BN nanotubes [43-46]. The basis set superposition error (BSSE) for
the adsorption energy was calculated by implementing the coun-
terpoise method [47]. The corresponding adsorption energies (E,q)
of the mentioned systems were determined through the following
equation:

Ea= Eadsorbent—adsorbate_(Eadsorbent+Eadsorbate) + Egsse ( 1 )

where E,4sorbent-adsorbate 1S the total energy of Soman and Chloro-
soman over applied BN nanotubes. E,4sorpate i the total energy of
the pure, Ga and B substituted BNNT and E_gsorbate 1S the total ener-
gies of Soman and Chlorosoman molecules. The values of highest
occupied molecular orbital (HOMO), lowest unoccupied molecu-
lar orbital (LUMO), energy difference between the HOMO and the
LUMO (Eg), Mulliken population charge analysis (MPA), molecular
electrostatic potential (MEP), density of states (DOSs) analyses, and
quantum molecular descriptors (QMDs) [48,49] were calculated
accordingly at the same level of theory as follows:

p=—(1+A)/2 (2)

X=-p (3)

m = (I-A)/2 (4)

s =1/2m (5)

® = (n2/27) (6)
_TH

ANpax = . (7)

where [ (—Egomo) and A (—Ejymo) is the energy of the Fermi level
and first given value of the conduction band, respectively. Elec-
tronegtivity (x) is defined as the negative of p, as follows: x = — .
Furthermore, m can be approximated using the Koopmans’ theo-
rem [50]. The w is electrophilicity index and ANmax represents
total amount of charge transfer occurred within a given system
[51] (Table 2).

3. Result and discussion
3.1. Adsorption of Soman on BNNT

We firstly investigated whether the BN nanotube can act
as an adsorbent for the detection of nerve agents (Soman and
Chlorosmoan) over the surface of BN nanotube. For this work, we
performed DFT calculations using a hybrid density functional B3LYP
method in gas phase. As explored in Fig. 2, the non-covalent inter-
actions between Soman and Chlorosoman with BN nanotubes were
occurred at B3LYP functional, as for these complexes the adsorp-
tion processes are exothermic in nature. As Table 3 represents the
adsorption energy of Soman and Chlorosmoan upon the outer wall
of BN nanotube is quite small, around —0.098 eV in form (a) and
—0.082 eV in form (b), exhibiting a weak physical adsorption over
the surface of nanotube owing to Van der Waals forces. Michalkova
et al. have similarly reported physisorption of Soman molecule on
the edge tetrahedral fragments of clay minerals with an energy
value of —0.17 and —0.39eV at MP2 method and —0.25eV at HF
method [5]. They similarly reported Soman adsorption over Dick-
iteat different configurations with E,4 ranging from —0.17eV to
—0.66 eV using B3LYP and HF methods, respectively [52]. The MPA
analysis represents a charge transfer from Chlorosoman to BN nan-
otube, with the values of 0.044 (a) and 0.021e (b). However, the
Chlorosoman adsorption upon the outer wall of adsorbent leads
to the distances of 2.458 and 2.456 A (B-N bond) in forms (a) and
(b), respectively. There is a smaller difference between the two
kinds of bonds in the BN nanotube. In contrast with Chloroso-
man, the adsorption of Soman over BN nanotube had energies
about —0.052 (c) and —0.049eV (d). In contrast with the Chloro-
soman, it can be seen that the adsorption of Soman give weakest
binding with BN nanotube. Our results reveal that Chlorosoman
adsorption has low effect on the structural properties. For states
(c) and (d), the transferred charges from Soman to BN nanotube
are calculated just 0.016 and 0.014e, respectively. Our calculation
results reveal that the length of C-O bond in the Chlorosoman
molecule are altered to 1.484 and 1.483A in forms (a) and (b),
while this length bond in an isolated molecule is 1.482 A. There
is only a small hybridization between the BN nanotube forms and
those of the Soman molecule, indicating a physisorption process
between adsorbate and adsorbent is occurring. In forms (a) and
(b), about 0.018 and 0.017 electrons are slightly transferred from
Soman molecule to BN nanotube, respectively. In contrast with
B3LYP functional, the adsorption energy of Soman on the pure BN
nanotube is found to be —0.21eV and the adsorption energy of
Chlorosmoan is given by —0.14 eV using M06-2X functional (see
Table 4). These are contradictory from the above theoretical val-
ues (with the B3LYP functional). Thus, we expect that the pure
BN nanotube cannot be served as a sensor for detection of Soman
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Fig. 1. Adsorption configurations of the pure BNNT, BNGaNT and d-BNNT structures with their corresponding density of state (DOS) plots elaborated in eV.
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Fig. 2. Adsorption configurations of the Soman and Chlorosoman molecules interacted with the pure BNNT structures.
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Table 1

Optimized structural geometries of soman and chlorosoman using the B3LYP and M06-2X functionals. Lengths are in angstrom (A).
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Property p=0/A P—F/A pP—Cl/A P—C/A 0—C/A 0=P—0/° 0=P—ClJ® 0=P—F/"
B3LYP
Smoan 1478 1.478 - 1.805 1.473 116.9 - 112.5
Chlorosmoan 1.483 - 2.088 1.811 1.474 1179 111.5 -
MO06-2X
Smoan 1.464 1.591 - 1.785 1.460 116.7 - 111.7
Chlorosmoan 1.468 - 2.066 1.790 1.461 117.0 111.3 -
Table 2
Computed the bond length of the adsorbents, and the adsorbed molecules on the surface of pure, defective, and Ga-doped BN nanotubes.
Property B—NJ/A Ga—N/A B—B/A N—B—N N—Ga—N B—B—B p=0/A P—F/A p—Cl/A P—C 0—C/A
BNNT 1.448 - - 119.97 - - - - - - -
(a) 1.447 - - 119.69 - - 1.479 - 2.095 1.801 1.479
(b) 1.449 - - 119.65 - - 1.478 - 2.094 1.802 1.480
() 1.448 - - 119.71 - - 1.475 1.605 - 1.796 1.479
(d) 1.450 - - 119.56 - - 1.475 1.604 - 1.797 1.477
Ga-BNNT 1.447 1.801 - 123.11 113.69 - - - - - -
(a) 1.443 1.834 - 123,51 108.02 - 1.507 - 2.047 1.793 1.508
(b) 1.440 1.834 - 123.49 108.16 - 1.502 1.586 - 1.784 1.509
B-BNNT 1.458 - 1.652 124.71 - 11591 - - - - -
(c) 1.480 - 1.670 120.62 - 107.55 1.512 - 2.057 1.792 1.497
(d) 1.480 - 1.670 120.62 - 107.70 1.506 1.590 - 1.784 1.500
Table 3

Calculated adsorption energy (Ead/eV), distance (D/ A), HOMO energies (Exomo/eV), LUMO energies (Erumo/eV), HOMO-LUMO energy gap (Eg/eV), Fermi level energy (Er/eV),
and dipole moment (DM/Debye) for all the systems at B3LYP functional.

Property Ead/eV D/A Enomo/eV Erumo/eV Eg/eV AEg[% Er/eV DM/Debye
Smoan - - -7.87 1.60 9.47 - -3.14 2.968
Chlorosmoan - - -7.84 0.16 8.0 - -3.84 3.284
BNNT - - —6.45 -1.16 5.29 - -3.81 11.90
(a) —0.098 2.842 —6.55 -1.26 5.29 0.0 -3.91 14.25
(b) —0.082 2.852 —6.52 -1.26 5.26 -0.57 -3.89 12.37
(c) —0.052 2.779 —6.54 —-1.27 5.27 —0.38 -3.91 13.23
(d) -0.049 2.811 —6.55 -1.23 532 -0.57 -3.89 12.42
Ga-BNNT - - -6.43 —-1.98 445 - —-4.21 12.35
(a) -1.70 1.987 -6.29 -1.27 5.02 12.81 -3.78 16.56
(b) —1.48 1.990 -6.28 -1.03 5.25 17.98 -3.66 16.48
B-BNNT - - -6.39 -3.03 3.36 - —-4.71 11.85
(c) —0.035 1.643 -5.64 -1.37 427 27.08 -3.51 14.15
(d) —0.043 1.652 -5.66 -1.34 4.32 28.57 -3.50 13.79
Table 4

Calculated adsorption energy (Ead/eV), distance (D/A), HOMO energies (Exomo/eV), LUMO energies (Eiumo/eV), HOMO-LUMO energy gap (Eg/eV), Fermi level energy (Er/eV),
and dipole moment (DM/Debye) for the most stable configurations at M06-2X method.

Property Ead/eV D/A Enomo/eV ELumo/eV Eg/eV AEg[% Er/eV DM/Debye
Smoan - - -9.91 1.58 11.49 - -4.17 3.13
Chlorosmoan - - -9.85 1.23 11.08 - -4.31 3.37
BNNT - - —-8.16 -0.39 7.77 - —4.28 10.70
(a) -0.14 2.523 -8.04 —-0.30 7.74 0.39 -4.17 11.24
(c) -0.21 2.431 -8.07 -0.33 7.74 0.39 -4.20 11.54
Ga-BNNT - - -8.13 -1.30 6.83 - —4.72 11.25
(a) -1.91 1.962 ~7.83 —-0.08 7.74 13.32 -3.95 15.54
(b) -1.89 1.964 -7.83 -0.08 7.74 13.32 -3.95 15.63
B-BNNT - - —8.08 -2.31 5.77 - -5.20 10.75
(c) -0.75 1.616 —7.02 -0.35 6.67 15.60 -3.69 14.15
(d) —-0.60 1.619 -7.05 -0.37 6.68 15.77 -3.71 13.21

and Chlorosmoan. In the study of the structural properties, the
length of B-N bond over the adsorption is changing from 1.448 A
to 1.451 and 1.450A in forms (a) and (b), respectively, which is
in reasonable agreement with the results reported by Zhao and
Ding [53]. The value of dipole moment on the interaction of Soman
molecule with adsorbent in forms (a) and (b) are altering from
11.90 Debye in the pristine form to 12.44 and 14.65 Debye, respec-
tively. The inter-atomic bond distances of Soman and Chlorosoman
have not experienced noticeable changes though their physisorp-

tion over BNNT as we just observed the moderate bond length
changes at P-F bonds of Soman molecules through adsorption con-
figurations (c) and (d) from primary bond length of 1.478-1.605 and
1.604 A for the mentioned adsorption configurations, respectively.
After the weak adsorption occurred at Soman-[Al(OH)4]~, Soman-
[AIO(OH)3]?~, Soman-[SiO(OH)3]~, and Soman-Si-(OH)4 systems
studied by Michalkova et al. [5], the inter-atomic distances of P—F
bonds in Soman enlarged about 1.590-1.790 A from the basic value
1.478 A reveling a change range of 0.113-0.313 A and in other work
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by the same person the P—F bond length were in the range of
1.596-1.612 A among fourteen adsorption models at B3LYP and
HF methods which is in good agreement with our data of Soman
adsorption over pure BNNT with small E,4 and difference in the
bond length of about 0.13 A.

As the final stage of study in this section, we studied the orbitals
of HOMO and LUMO, and MEP maps of the studied configurations
as elaborated in Fig. 3. As it is obvious from the HOMO and LUMO
graphs of the studied interactions between Soman and Chloroso-
man with BNNT, most of the localizations at both HOMO and LUMO
were occurred at the surface of adsorbent with highest contribu-
tions of B and N atoms with some partial contribution of ending
H atoms. Moreover, low adsorption energy as well as relatively
long distances between adsorbent and adsorbate indicates that
this interaction is electrostatic in nature [54,55]. The molecular
electrostatic potential (MEP) simultaneously represents the size of
molecular, shape as well as positive, negative and neutral electro-
static potential areas based on color grading (see Fig. 3). Different
electrostatic potential values at the surface of a single molecule
or an interaction system distinguished by different colors; red as
most negative electrostatic potential region, blue as most positive
electrostatic potential region and regions of zero potential have
green color. Generally, in case of interaction of Soman and Chloro-
soman over the pure BNNT, almost all surface area of these systems
represent neutral nature except end regions which blue colored
(electropositive or electron poor region) and some reddish region
placed between Soman or Chlorosoman and BNNT molecules that
stands for the presence and electron rich region generated after the
interactions of Soman and Chlorosoman with BNNT. To approve
the results of the MEP, we further studied the quantum molecu-
lar descriptors (QMDs) presented in Fig. 3, where () is absolute
electronegativity (Mulliken electronegativity for atoms) which is
constant for an equilibrium complex. The electrons were flowed
from lower yx to that of higher x and moreover it transferred to the
lower electronic chemical potential when a Soman and Chloroso-
man molecules and BNNT were brought together. Therefore, the
x for pure Soman, Chlorosoman and BNNT were 3.735, 1.843 and
1.858 eV changing to >2.844 eV for BNNT, while chemical poten-
tial for free Soman, Chlorosoman and BNNT were —4.735, —3.840
and —3.805 eV reaching to <—3.890 eV which represents electron
transfer from BNNT to the single adsorbates confirming the above
mentioned idea (see Table 3). Considering the Soman and Chloro-
soman as A and BNNT as B, a positive value of ANmpax represents
that charge flow occurs from B to A and the A acts as an electron
acceptor, while a negative value indicates charge transfer from A
to B and so A plays the role of an electron donor. In this regard,
the ANpax for pristine Soman, Chlorosoman and BNNT were 40.8,
26.1 and 39.1 eV which after interaction reached to values >39.8 eV
elaborating the electron flows from BNNT to the single adsorbates
as previously reported by Raissi and Mollania [56]. As the obtained
results were highly resembled to that of literature reports, we were
motivated to suggest some novelty for Soman and Chlorosoman
adsorptions to increase their E,4 and possible significant changes
in electronic properties of the adsorbents which elaborated in the
detail in the following sections (Table 5).

3.2. Adsorption of Soman and Chlorosoman Ga-doped BNNTs

Here, after optimization as show in Fig. 4, we studied the adsorp-
tion of Soman and Chlorosoman molecules over the geometrical
structure and electronic properties of the Ga-doped BN nanotube
(Ga-BNNT). We also reported two initial interaction sites for Soman
and Chlorosoman molecules. As shown in Fig. 4, structural defor-
mation is created by removing a single B atom with Ga atom in the
pure BN nanotube. In a study, the atomic and electronic properties
of Ga-BNNT have been calculated using DFT method by Zhukovskii

and co-workers. They have shown that the length of Ga—N bond
of BN nanotube is 1.80A [57]. Our calculations represent that the
equilibrium atomic geometries of the nanotube alters after dop-
ing process. The length of Ga—N and Ga—N bonds are 1.801 and
1.825 A, whichislarger than the corresponding distance in the same
position of the pure BN nanotube of 1.448 and 1.455A, which is
in reasonable agreement with previous reports [58]. The angle of
N—Ga—N and N—Ga—N and Ga—N—B bonds in the pure Ga-BNNT
are 113.69 and 114.99°, respectively. There are four kinds of the
adsorption states available for Soman and Chlorosoman molecules
over the outer surface of Ga-BNNT. The calculations include the
chemisorption energy and distance interaction for the complex (a)
with the value of —1.70eV is larger than that for the complex (b)
with the value of —1.48 eV (B3LYP functional) and the correspond-
ing bond lengths of C=0 in the complexes (a) and (b) are 1.513
and 1.514 A, respectively. On the other hand, we considered the
adsorption of Soman and Chlorosoman upon the Ga-BNNT with
the contact values of 1.962 (a) and 1.964 A (b) and the adsorption
energies of —1.91 (a) and —1.89eV (b) in the M06-2X functional
(see Table 4). We find that the M06-2X functional give the highest
adsorption energy in comparison with B3LYP functional. Notice-
ably, we have seen a decrease and an increase in the bonds of P—C
and P=0 of Soman and Chlorosoman, respectively, and that is due
to the formation of covalent bond of O atoms of Soman and Chloro-
soman with Ga atom of Ga-BNNT, that is previously reported by
Michalkova et al. when they studied the soman adsorption over
[SiO(OH)3]~ and [AIO(OH)3]2~. Moreover, they reported the same
trends for P=0 and P—C bond lengths of soman adsorbed over dick-
ite surface [52]. These results appreciably confirm our obtained
data. After the adsorption of Soman on the outer wall of adsor-
bent they have a structure change in the length of Ga—N and Ga—N
bonds with an elongated of 1.835 and 1.863 A in the complex (a)
and 1.831 and 1.860 A in the complex (b), respectively. In the pre-
vious report [59], we have shown that the adsorption of HS on the
outer surface of Ga-doped (8, 0) and (5, 5) BN nanotubes and with
the gain energy of —1.61 and —1.42 eV, respectively.

Interestingly, as we have shown previously, the Ga doping can
appreciably increase the interaction energy of an adsorption sys-
tem [35,45], as in case of this study, the change of gap energy
(AEg) noticeably changed from zero to 12.81% (a) and 17.98% (b),
moreover, meaningful results were also observed when we take
the dipole moment (DM) of these systems into account, where it
significantly altered from 11.90 Debye for bare BNNT to 16.56 and
16.48 Debye for Ga-BNNT producing which are undoubtedly two
evidence of sensing ability of Ga-BNNT as it is reported experimen-
tally by Kulkarni and co-workers [60]. The DM of the studied models
were 16.56 and 16.48 Debye, which are more than other adsorp-
tion systems with is the results of higher adsorption energies of
these systems compared to other configurations using pure and d-
BNNT adsorbents. Looking at the distribution of charges at HOMO
and LUMO states of Soman and Chlorosoman from front view (as
presented in Fig. 5) represents that except LUMO for Soman and
Chlorosoman interacted with Ga-BNNT, it is mainly placed at right
hand side of the presented configuration. Uniform distributions of
HOMO and LUMO with more contributions of B and N atoms of Ga-
BNNT (Fig. 5) represent low electron transfer after the interaction
of Soman and Chlorosoman with Ga-BNNT compared to d-BNNT
which stands for the covalent nature of interaction in these four
configurations. The MEP plots for both Soman and Chlorosoman
interacted with Ga-BNNT are highly resample to each other repre-
senting a comprehensive neutral nature of these systems and some
electron poor regions at the end of Ga-BNNT and over Soman and
Chlorosoman molecules. The QMDs confirms the results of MEP
where in case of Soman and Chlorosoman interaction over Ga-
BNNT and d-BNNT, both the electronegativity and ANpmax reduced
from the basic values representing that Soman and Chlorosoman
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Fig. 3. Frontier molecular orbitals (HOMO & LUMO) and molecular electrostatic maps of the pure BN nanotubes elaborated as yellow or red, blue, and light green colors
representing electronegative, electropositive, and neutral regions of the structures. (For interpretation of the references to colour in this figure legend, the reader is referred

to the web version of this article.)

Table 5

Calculated quantum molecular descriptors for all the systems mentioned at the B3LYP method.
Property 1/ev Alev mn/ev wn/ev w/eV x/eV SleV ANpax/eV
Soman 7.87 -1.60 3.135 —4.735 3.576 4.735 0.106 41.1
Chlorosoman 7.84 -0.16 4.00 —3.840 1.843 3.840 0.125 26.1
BNNT 6.45 1.16 2.645 —3.805 1.858 3.805 0.189 39.1
(a) 6.55 1.26 2.630 —-3.890 2.877 3.890 0.190 40.2
(b) 6.52 1.26 2.630 —3.890 2.877 3.890 0.190 40.2
(c) 6.54 1.27 2.635 —3.905 2.893 3.905 0.189 40.3
(d) 6.55 1.23 2.660 —3.890 2.844 3.890 0.188 39.8
Ga-BNNT 6.43 1.98 2225 —4.205 3.973 4.205 0.225 514
(a) 6.29 1.27 2.510 —3.780 2.846 3.780 0.199 40.9
(b) 6.28 1.03 2.625 —3.655 2.544 3.655 0.190 379
B-BNNT 6.39 3.03 1.680 -4.710 6.602 4.710 0.297 76.3
(c) 5.64 1.37 2.135 —3.505 2.877 3.505 0.234 44.6
(d) 5.66 1.34 2.160 —-3.50 2.835 3.50 0.231 44.1

molecules acts as electron donors based on Raissi and Mollania
while the charges of adsorbed molecules increased after interaction
[56].

3.3. Adsorption of Soman and Chlorosmoanon the double-antisite
defective BNNTs

Thereafter, we investigated the adsorption of Soman and
Chlorosoman molecules onto the d-BNNT in order to overcome the
low sensitivity of an adsorbent, in which the N atom was replaced
by a Ga atom. After substituting the N atom by the B atom, the
geometric structure of BN nanotube is dramatically contorted, and
two uncommon B—B and B—B bonds were formed. The length of
B—B and B—N bonds are found to be 1.652 and 1.458 A, respectively,
which are close to the calculations reported by Choi and co-workers
[37]. Thus, the B;-B,-B3 and B3-Nj-Bs angles in the d-BNNT are
calculated to be 117.88 and 116.54°, respectively. We identified
the adsorption configurations of Soman and Chlorosoman onto the

surface of d-BNNT, as shown in (c) and (d) of Fig. 4. To compare, the
physical adsorption energies of Soman and Chlorosoman molecules
were slightly altered. The physisorption of Chlorosoman (c) and
Soman (d) onto the surface of d-BNNT are deduced to be —0.035
and —-0.043 eV in the B3LYP functional, respectively. The interac-
tion distances between O atom of adsorbate and the boron-rich
BN nanotube in configurations (c) and (d) are 1.638 and 1.646 A,
respectively. In contrast with B3LYP functional, the adsorptions of
Chlorosoman (c¢) and Soman (d) onto the surface of d-BNNT are
found to be —0.75 and —0.60eV and the distances of 1.616 and
1.619 A in the M06-2X functional, respectively. Thus, according to
the calculations of previous reports [25], these interactions can be
considered as an electrostatic interaction.

We found that the adsorptions of Soman and Chlorosoman
molecules onto the double-acceptor antisite (B—B bond) BN
nanotube are energetically less remarkable than that of the single-
acceptor B atom in a BN nanotube. In configurations (c) and (d), the
length of P=0 bond is increased from 1.497 and 1.478 A in the pure
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(d)

Fig. 4. Adsorption configurations of the Soman and Chlorosoman molecules interacted with Ga-BNNT (a, b) and d-BNNT (c, d) structures.

molecules to 1.518 and 1.514 A for the adsorption systems, respec-
tively. Rohi et al. [61] reported the lengths of B—B and N—N bonds
of BNNT having By Stone-Wales Defects are found to be 1.715 and
1.473 A, respectively, while the B—B bond in our design adsorbate
is 1.670 A. The length of P—Cl and P—F bonds close to the boron-
rich BN nano-tubes are slightly abbreviated from 2.097 and 1.600 A
in free form to 2.053 (c) and 1.585 A (d), respectively. The value
of O—P—0 bond angle in Soman and Chlorosoman molecules are
reduced from 118.24 and 116.94° to 111.95 and 111.82° in con-
figurations (c) and (d), respectively. The percentage change in the
Eg (AEg) of d-BNNT interacting with Soman molecule through dif-
ferent configurations (c) and (d) were 27.08 and 28.57% with DM
of 14.15 and 13.79 Debye, respectively, representing the high sen-
sitivity of d-BNNT towards Soman and Chlorosoman. Concerning
the charge distribution over the presented HOMO-LUMO plots, it is
obvious that the main contributions of HOMO and LUMO were allo-
cated to the main bond formed between adsorbent and molecules
with some HOMO and LUMO distributions situated at the neigh-
boring atoms of Cl, B and N which along with the highest electron
transfer compared to other adsorbents and lower distance between
adsorbate and adsorbent indicating reasonable charge transfer for
Soman and Chlorosoman adsorbed over d-BNNT which strongly
represents a strong electrostatic interaction occurred at these final
configurations (see Fig. 5). The MEP plot shows a positive elec-
trostatic potential with blue color and weak negative electrostatic
potential, electron rich region with red color, occur at the end (H-
capped regions) and main body regions of nanotubes, respectively.
This is in good agreement with the outcomes of QMDs where the
x and ANmax values were experienced some reduction for d-BNNT

which is more significant than the adsorption of Soman and Chloro-
soman over the pure and Ga-doped BNNTSs, representing the B atom
in the defective model greater sensitivity to the presence of adsor-
bate molecules [36]. These results indicate that adsorbed molecules
act as electron donor agents.

The density of states (DOSs) spectrum is a useful tool for charac-
terizing the electronic property of a material. The DOS spectrums
for the pristine and toxic agents (Soman and Chlorosoman) inter-
acting with the pristine, Ga-BNNT, d-BNNT are shown in Fig. 6. As
seen from the spectrums, Soman and Chlorosoman toxic agents
with the d-BNNT in comparison to Ga-BNNT found a significant
shift of bands to lower energy. However, a significant decrement
in the Eg between the conduction band and the valence band upon
the adsorption of toxic agents are clearly evident from these spec-
trums. The attendance of B defective BNNT gives rise to an increase
contribution of p-orbitals to their conduction band and the valence
band. The DOS spectrum demonstrates that the Eg of B defective
BNNT is drastically increased from 3.36eV to 4.27 and 4.32eV
owing to the adsorption of Soman and Chlorosoman, while the Eg
of Ga-BNNT is slightly increased from 4.45 eV to 5.02 and 5.25 eV in
Ga-BNNT/Chlorosoman (a) and Ga-BNNT/Soman (b), respectively.
Therefore, again it the d-BNNT was the most noticeable adsorbent
having the lowest Eg standing for the most suitability of this surface
for soman and chlorosoman detection. The HOMO energy values
in forms Ga-BNNT/Chlorosoman (a) and Ga-BNNT/Soman (b) are
changed to —6.29 and —6.28 eV, whereas this value for the adsor-
bent is —6.43 eV, respectively. In contrast, the LUMO energy values
for the same forms are —1.27 and —1.03 eV, whereas for the pure
adsorbents the values are —1.98 eV (see Table 3). The red and blue
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HOMO (d)

Fig. 5. Frontier molecular orbitals (HOMO & LUMO) and molecular electrostatic maps of the BNGaNT (a, b) and d-BNNT (c, d) structures elaborated as yellow and light green
colors representing electronegative, electropositive, neutral regions of the structures. (For interpretation of the references to colour in this figure legend, the reader is referred

to the web version of this article.)

colors show the partial population density of states (PDOS) of first
(adsorbent) and second (adsorbate) fragments of specified systems.
According to the partial density of state presented in the figure we
can also seen that the HOMO state of the d-BNNT states for both
soman and Cholorosoman interacting molecule is significantly con-
structed from molecules electronic states unlike other examined
systems. Because of chemical adsorption over the gallium states
and Soman, peak inside the gap is eliminated. Also in all consid-
ered systems, the overlap population density of states (OPDOS)
indicates anti-bonding interaction (green color) between adsorbate
and adsorbent.

4. Conclusions

We started our studies with the adsorptions of Soman and
Chlorosoman over the pure BNNT using B3LYP and M06-2X func-
tionals. As we did not observed noticeable changes within the
electronic structure and interaction energy results, we decided
to pursue further studies using Ga-BNNT and d-BNNT at the
same method, offering us a covalent bond and a non-covalent
with noticeable increase in AE; where they were (12.81 and
17.98%) and (27.08 and 28.57%) which were highly significant with
the interaction distance of (1.987 and 1.990A) and (1.643 and
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Fig. 6. Parital density of states spectrums for Chlorosoman (left) and Soman (right) interacting with the pristine, d-BNNT and Ga-BNNT nanotubes in most stable configurations

indexed with (a), (b) or (c).

1.652 A) for molecules/Ga-BNNT and molecules/d-BNNT, respec-
tively. The obtained results demonstrate a high sensitivity for
d-BNNT compared to the Ga-BNNT on the adsorptions of Soman and
Chlorosoman and it may be appropriate sensor for the detection of
them.
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