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Abstract

Interaction of pure and Vn-doped (8, 0), (12, 0) and (16, 0) boron nitride nanotubes with CO molecules
was studied using B3LYP/6-311++G(d) theoretical level. Substituting V instead of B atoms, increased the
reactivity of nanotube. From the results, the complex stability depends on the direction and the number of
the CO molecules interacted with the nanotube. In this work, the quantum molecular descriptors were used
for the investigation of boron nitride nanotube reactivity to CO molecules both in the gas phase and in the
solution. Also, the influence of the diameter of the nanotube on the electronic properties of the complexes
was investigated. The charge transfer in complexes was calculated with NBO analysis. It is expected that Vn-
doped nanotubes can be considered as a detector of CO gas molecules.
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INTRODUCTION

After the discovery of carbon nanotubes
(CNTs) by ljima [1], carbon nanotubes have
attracted considerable attention in different
fields due to their physical and chemical
properties [2,3]. carbon nanotubes can be used
as prime materials for gas adsorption, biological,
chemical, and electromechanical sensors, and
nanoelectronic devices [4-7]. CNTs can be
metallic or semiconducting, and this behavior
of CNTs depends on the diameter and chirality
of nanotubes, which makes limiting the use of
these nanotubes in various fields [8]. Therefore,
many investigations have been performed to
synthesize and modeling nanotubes independent
of these factors [9]. Finally, boron nitride
nanotubes (BNNTs) were synthesized after they
were computationally stabilized [10]. In contrast
to the CNTs, the boron nitride nanotubes have
a semiconductor property that is independent
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of tubular diameter and helicity. Also, the boron
nitride nanotubes are chemically and thermally
more stable than the CNTs [11,12]. Unlike carbon
nanotubes, BNNTs are noncytotoxic and are
predicted that these nanotubes to be suitable
in various medical fields relative to the CNTs
[13,14]. The boron nitride nanotubes because of
their physicochemical and electronic properties
can be used as gas storage, catalysis, molecular
sensing, field emission displayer, and drug delivery
[15-21]. On the other hand, the high band gap
and the low dissolution have limited the use of
them. The investigations show that defect or
doping, enhances the application of BNNTs in
different fields such as nanoelectronics, nanoscale
biotechnology, and biosensors [22-25]. The doping
effect of the elements on the adsorption of the
various molecules on the BNNTs was investigated
by the theoretical methods [26-28].

Carbon monoxide (CO) is a colorless, odorless,
and a tasteless flammable gas. CO is a conventional
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toxic gas in the atmosphere that mostly produced
by automobiles and industrial processes. Many
investigations have been performed on the
CO adsorption on the pure and doped carbon
nanotubes [29-32]. For instance, Hamadanian et
al. shown that Al-doped (10, 0) carbon nanotubes
presents an excellent sensitivity to CO, compared
with the pure carbon nanotubes [29]. Also, many
studies on the interaction of the CO molecule
with pure and doped born nitride nanotubes
were done and indicate that pure BNNTs are not
reactive to CO, but after doping, the reactivity
remarkably increased [33-37]. In this work, we
selected the V-doped BNNTs and investigated the
interaction of Co molecules with the V-doped BN
nanotubes. Analysis of the electronic properties
of the structures was also investigated in the
solution phase. Various researches show that
the solvents can cause extensive changes in the
molecular behaviors through the interactions
between solute and solvent [38-40]. The main aim
of this work is the study of the influence of the CO
molecule interaction on the different properties of
V -doped BNNTSs. In this project, the effect of the
number of doped vanadium atoms and the effect
of the number of the CO molecules in addition to
increasing the diameter of the nanotube has been
investigated. The results of this study are useful for
designing and developing of CO detectors.

COMPUTATIONAL METHODS

All structures were optimized at the level
of density functional theory (DFT) with B3LYP
exchange functional [41] and 6-311++G(d) basis
set [42] using the Gaussian 09 software package
[43]. The interaction energy (AE) was calculated as
follows:

AE=ET[CO/BNNT +nCO]—-ET[BNNT]-nET[CO] (1)

where ET[CO/BNNT + nCQ] is the total energy
of nanotube, n is the number of CO molecules,
ET[BNNT] is the total energy of isolated tube
and ET[CO] is the total energy of a CO molecule.
The basis set superposition error (BSSE) was
considered by counterpoise procedure for the
correction of the interaction energies [44]. For all
structures, the molecular descriptors such as the
energy gap (Eg), the electronic chemical potential
(1), chemical hardness (n), chemical softness
(S), electrophilicity index (w) and the maximum
amount of electronic charge of the system (AN__)
were evaluated at the B3LYP/6-311++G(d) level of
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theory. The energy gap (Eg), L and n are defined as
the following equation.

Eg=(E omu romo) u=(EH0Mo+ELUMO)/2’ L
o)/ 2) 2

where HOMO is the highest occupied molecular
orbital and LUMO is the lowest unoccupied
molecular orbital, respectively. Parameters S
and w are defined as the following equations,
respectively.

S=(1/2n) (3)
w= (u2/2n) (4)

The maximum amount of electronic charge
(AN_ ) that the electrophone system may accept
was calculated as equation (5) [45].

AN__ =(-u/n) (5)

The polarizable continuum model (PCM) was
examined for the investigation of the solvent
effect on the physicochemical properties of
complexes [46]. This model is a continuum solvent
model well-developed and widely used in treating
solvent effects on molecular properties. The
charge analysis was performed at the B3LYP/6-
311++G(d) level of theory using the NBO analysis
[47]. Also, GaussSum program was used for the
calculation of electron density of states (DOS) [48].

RESULTS AND DISCUSSION
Interaction of The CO molecules with pure and V -
doped BNNTs

In this study, (8, 0), (12, 0) and (16, 0) boron
nitride nanotubes were chosen (Fig. 1).

We have examined all the possible positions
for CO molecules adsorption on the boron nitride
nanotubes. The interaction of the CO molecule
with BNNTs includes two kinds of configurations
(a and b). In configurations a and b, C or O atom
of CO interacted with B atom of the nanotube,
respectively. Optimized structures of pure
nanotubes and (8, 0) BNNT complexes are shown
in Fig. 2.

In a and b configurations, the equilibrium
distances of C...Band O...B were observed between
CO and nanotubes, respectively. The equilibrium
distances between CO and nanotubes and the
interaction energies of the complexes are given in
Table 1. The results indicate that the equilibrium
distances of the a configurations are smaller than
b configuration. Also, these equilibrium distances
increased with increasing the tube diameter.
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Fig. 1. Optimized structures of (a) (8,0)BNNT, (b) (12,0)BNNT, and (c) (16,0)BNNT.
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Fig. 2. Optimized structures for a and b configurations of (CO) /(8,0) BNNT complexes, (n=1-4).

Table 1. The interaction energy (kJ/mol), the O(C)...B distances (d), and the value of charge transfer (CT) from CO to nanotube for (CO)
/BNNT complexes at the B3LYP/6-311++G(d) level of theory.

Complex AEPSSE d/(A) cT AEPSSE d/(A) cT AEPSSE d/(A) cT
BNNT (8,0 (12,0) (16,0)

(CO)1/BNNT

a -7.927 3.142 0.020 a -6.796 3.167 0.014 a -6.084 3.210 0.013

b -4.530 3.339 0.005 b -3.178 3.219 0.006 b -2.695 3.252 0.005
(CO)2/BNNT

a -15.561 3.142 0.041 a -13.449 3.176 0.028 a -12.371 3.254 0.026

b -7.565 3.162 0.014 b -6.197 3.226 0.012 b -9.578 3.270 0.014
(CO)3/BNNT

a -23.512 3.081 0.059 a -20.157 3.225 0.042 a -18.686 3.211 0.039

b -11.535 3.144 0.024 b -16.222 3.234 0.027 b -8.502 3.253 0.015
(CO)a/BNNT

a -30.997 3.036 0.077 a -26.174 3.192 0.056 a -25.111 3.218 0.052

b -14.383 3.146 0.034 b -12.115 3.230 0.024 b -12.155 3.248 0.020
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Therefore, it is predicted that these interactions
in the a configurations are stronger than the b
configurations and become weaker by increasing
the tube diameter. The interaction energies
(AE) of different complexes were calculated as a
difference between the energy of the complex and
the sum of the monomers’ energies (Table 1). The
BSSE correction was calculated and was added to
the interaction energies.

According to the results, the configuration a
is more stable than the b. This stability decreased
with increasing the tube diameter. Therefore,
it is predicted that the nanotubes with smaller
diameter are more appropriate for the adsorption
of the CO molecules. Two, three and four absorbed
CO on BNNTs were also investigated. The results
show that the interaction energy was increased by
increasing the number of CO molecules and was
decreased with increasing the diameter of the
tube, but the order of complexes stability was not
changed. The equilibrium distances between CO
molecules and nanotubes increased by increasing
the diameter of the tube. Therefore, the interaction
of CO molecules with BNNT became weaker by
increasing the diameter of the tube and indicate
that the adsorption is physical. These results
are consistent with previous studies [49]. The
electronic property of (CO) /V -BNNT complexes
was also investigated, where n=1-4. The optimized
structures of the most stable configuration of (CO)
/V -BNNT complexes are depicted in Fig. 3.

After V -doping, significant changes were
observed. The CO molecules were getting closer
to the nanotube. In other words, in V -doped
complexes, the equilibrium distances between
CO molecules and nanotubes were significantly
decreased. It indicates that in comparison to
pure BNNTs, the CO molecules have a stronger
interaction with V -doped BNNTs. Therefore, the
CO molecules can be chemically adsorbed on the
V -doped nanotubes. The interaction energies
and the equilibrium distances of (CO) /V -BNNT
complexes are given in Table 2.

Similar to BNNTs, the adsorption of CO
molecules from the C head on the surfaces of V -
BNNTSs is more stable than the O head. The results
show that the interaction energies corresponding
to (CO) /V_-BNNT complexes are more than (CO)
/BNNT complexes. Therefore, the (CO) /V -BNNT
complexes are more stable than (CO) /BNNT. It
seems that V -BNNTs to be energetically more
appropriate for the adsorption of CO molecules.
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In (CO) /V -BNNT complexes, the equilibrium
distances of C...0 and O...Cdecreased by increasing
the number of CO or V and the diameter of the
tube, while the interaction energies increased.
Therefore, it is predicted that the large-diameter
nanotubes to be more appropriate for the
adsorption of CO gas molecules.

The effect of the number of CO absorbed on the
electronic properties of BNNTs and V - BNNTs

To understand the effect of CO molecules
adsorbed on the electronic properties of BNNTs
and V - BN nanotubes, some of the quantum
molecular descriptors for (CO) /BNNT and (CO)
/V -BNNT complexes in the gas phase were
investigated, and data were given in Tables 3 and
4, respectively.

The results show that in the interaction of
CO molecules with BNNTs, the energy gap (Eg)
of nanotubes decreased, and conductivity of
the nanotubes increased upon complexation.
Also, the chemical softness, chemical potential,
electrophilicity index, and AN__ of the CO/BNNT
complexes increased, and the chemical hardness
decreased upon complexation. As can be seen,
the value of the energy gap for b configurations
is higher than a ones. Therefore, the stability and
conductivity of a configurations are more than b
ones. After the V-doping, the energy gap of BNNTs
was reduced, and the conductivity of BNNTs was
significantly increased (Table 4).

The results show that the energy gap and
chemical hardness of (CO) /BNNTs are higher
than those of (CO) /V -BNNT complexes. Also,
chemical potential, chemical softness, AN__,
and electrophilicity index for (CO) /BNNTs are
smaller than those of (CO) /V -BNNT complexes.
Therefore, it is predicted that after the doping
of BNNTs, the stability and conductivity of
the complexes were increased. The electronic
properties of BNNTs and (CO) /BNNTs complexes
didn’t significantly change by increasing the
diameter of the tube and the number of CO
molecules. But, in V -BNNTs, with increasing the
diameter of the tube, the band gap energy and
the chemical hardness of BNNTs decreased, and
also their softness and reactivity increased. In V -
BNNTs, with the same diameter, the energy gap
and the chemical hardness of complexes decreased
by increasing the number of CO molecules and
V doped atoms. Therefore, chemical softness,
chemical potential, electrophilicity indexand AN __
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Fig. 3. Optimized structures for a configuration of (a) (CO) /V -(8,0)BNNT, (b) (CO) /V-(12,0)BNNT, and (c) (CO), /V-(16,0)BNNT, (n=1-4).

Table 2. The interaction energy (kJ/mol), the C(O)...B distances (d), and the value of charge transfer (CT) from CO to nanotube in (CO)
/V.-BNNT complexes at the B3LYP/6-311++G(d) level of theory.

Complex AEPSSE d/(A) cT AEPSSE d/(A) cT AEPSSE d/(A) cT
BNNT (8,0) (12,0) (16,0
(CO)1/V-BNNT
a -144.552 1.960 -0.017 a -146.271 1.946 -0.201 a -157.533 1.945 -0.057
b -51.994 1.995 -0.077 b -57.593 1.983 -0.100 b -59.855 1.979 -0.111
(CO)2/V2-BNNT
a -296.680 1.949 -0.778 a -312.990 1.946 -0.106 a -314.833 1.945 -0.099
b -103.991 1.979 -0.231 b -113.062 1.974 -0.198 b -117.467 1.971 -0.218
(CO)3/Vs-BNNT
a -404.546 1.947 -0.144 a -470.424 1.946 -0.157 a -478.262 1.943 -0.189
b -166.489 1.983 -1.109 b -172.543 1.980 -0.316 b -207.528 1.979 -0.443
(CO)a/Va-BNNT
a -622.941 1.948 -0.199 a -628.204 1.945 -0.214 a -631.484 1.944 -0.307
b -228.190 1.977 -0.539 b -230.085 1.973 -0.432 b -235.513 1.970 -0.457
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Table 3. The molecular descriptors for nanotubes and (CO) /BNNT complexes in the gas phase at the B3LYP/6-311++G(d) level of

theory.
Complex configuration Eg(eV) n(eVv) S(eV) u(ev) o(eV) ANmax(eV)
(8,0) BNNT 5.607 2.803 0.178 -3.615 2.331 1.290
a 5.311 2.656 0.188 -3.753 2.652 1.413
(CO)/BNNT b 5.429 2.714 0.184 -3.706 2.529 1.365
a 5.311 2.655 0.188 -3.748 2.645 1.411
(CO)2/BNNT b 5.338 2.669 0.187 -3.721 2.594 1.394
a 5.303 2.651 0.189 -3.747 2.648 1.413
(CO)/BNNT b 5.324 2.662 0.188 -3.715 2.592 1.395
a 5.303 2.652 0.189 -3.744 2.644 1.412
(CO)/BNNT b 5.303 2.651 0.189 -3.709 2.595 1.399
(12,0) BNNT 6.266 3.133 0.160 -3.325 1.765 1.061
a 5.370 2.685 0.186 -3.770 2.646 1.404
(CO)1/BNNT b 5.382 2.691 0.186 -3.753 2.617 1.394
a 5.374 2.687 0.186 -3.766 2.639 1.401
(CO)2/BNNT b 5.377 2.688 0.186 -3.744 2.606 1.392
a 5.373 2.686 0.186 -3.764 2.637 1.401
(CO)s/BNNT b 5.383 2.691 0.186 -3.766 2.635 1.399
a 5.373 2.687 0.186 -3.762 2.634 1.400
(CO)e/BNNT b 5.364 2.682 0.186 -3.726 2.588 1.389
(16,0) BNNT 6.192 3.096 0.162 -3.322 1.782 1.073
a 5.336 2.668 0.187 -3.747 2.631 1.404
(CO):/BNNT b 5.347 2.674 0.187 -3.732 2.605 1.396
a 5.334 2.667 0.187 -3.745 2.629 1.404
(CO)/BNNT b 5.363 2.681 0.186 -3.738 2.606 1.394
a 5.331 2.666 0.188 -3.743 2.627 1.404
(CO)s/BNNT b 5.334 2.667 0.187 -3.717 2.590 1.394
a 5.329 2.665 0.188 -3.741 2.626 1.404
(CO)e/BNNT b 5.345 2.673 0.187 -3.715 2.582 1.390
15 2.5
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Fig. 4. The total and projected density of states for (a) monomers, (b) (CO),/V,-(8,0)BNNT, (c) (CO),/V,-(12, 0) BNNT and, (d) (CO), /
V,-(16,0)BNNT complexes in a configuration.
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Table 4. The molecular descriptors for nanotubes and (CO) /V_-BNNT complexes in the gas phase at the B3LYP/6-311++G(d) level of

theory.

Complex Configuration Eg(eV) n(ev) S(eV) u(eVv) w(eV) ANmax(eV)
(8,0)V-BNNT 2.504 1.252 0.399 -3.308 4371 2.642
a 1.761 0.881 0.568 -4.103 9.556 4.659
(CON/V-BNNT b 1.875 0.938 0.533 -3.570 6.795 3.807
V-BNNT 2.486 1.243 0.402 -3.330 4.459 2.678
a 1.640 0.820 0.610 -4.065 10.073 4.956
(CO)2/V2-BNNT b 1.691 0.846 0.591 -3.496 7.228 4.135
Vs-BNNT 2.227 1.113 0.449 -3.335 4.997 2.996
a 1.584 0.792 0.631 -4.049 10.349 5.112
(CO)s/V3-BNNT b 1.627 0.813 0.615 -3.795 8.856 4.667
Va-BNNT 2.176 1.088 0.460 -3.352 5.165 3.081
a 1.581 0.791 0.632 -3.900 9.619 4.933
(CO)/Va-BNNT b 1.621 0.811 0.617 -3.306 6.740 4.078
(12,0)V-BNNT 2.443 1.222 0.409 -3.132 4.015 2.564
a 1.847 0.924 0.541 -3.871 8.111 4191
(CO)/V-BNNT b 1.857 0.929 0.538 -3.423 6.310 3.686

V2-BNNT
2.375 1.187 0.421 -3.184 4.268 2.681
a 1.834 0.917 0.545 -3.953 8.522 4311
(CO)2/V2-BNNT b 1.854 0.927 0.539 -3.402 6.244 3.670
Vs-BNNT 2.367 1.183 0.422 -3.146 4.181 2.658
a 1.587 0.794 0.630 -4.007 10.117 5.049
(CO)a/Vs-BNNT b 1.811 0.906 0.552 -3.345 6.176 3.693
Va-BNNT 2.346 1.173 0.426 -3.156 4.245 2.690
a 1.456 0.728 0.687 -3.978 10.868 5.464
(CO)/Va-BNNT b 1.820 0.910 0.549 -3.314 6.036 3.642
(16,0)V-BNNT 2.425 1.213 0.412 -3.051 3.838 2.516
a 1.818 0.909 0.550 -3.886 8.307 4.275
(CO)/V-BNNT b 1.853 0.927 0.540 -3.351 6.058 3.616
V2-BNNT 2.427 1.213 0.412 -3.064 3.869 2.525
a 1.814 0.907 0.551 -3.900 8.384 4300
(CO)2/V2-BNNT b 1.852 0.926 0.540 -3.342 6.030 3.609
Vs-BNNT 2.321 1.161 0.431 -3.028 3.949 2.609
a 1.705 0.853 0.586 -3.921 9.016 4.598
(CO)a/V-BNNT b 1.833 0.916 0.546 -3.290 5.905 3.590
Va-BNNT 2.315 1.157 0.432 -3.045 4.004 2.630
a 1.343 0.672 0.744 -3.756 10.505 5.593
(COJa/Ve-BNNT b 1.386 0.693 0.722 -3.543 9.062 5.115

of (CO) /V -BNNT complexes were increased.
With the change of the tube diameter, it is not
observed the regular change in the electronic
properties of (CO) /V -BNNT complexes. Based on
Table 3, the energy gap and the chemical hardness
of a configurations is less than b configurations.
Therefore, conductivity, chemical softness, the
chemical potential, electrophilicity index, and
AN__ of a configurations is greater than b ones.
In comparison with the previous work, the results
show that the adsorption of CO molecules on the
V -BNNTs is stronger than Al-doped and Ga-doped
BNNTs [36]. It is predicted that V -BNNTs could
be a more appropriate option for adsorption of
CO molecules. The density of states (DOS) plots
for monomers and the most stable configuration
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of CO/V-BNNT complexes are shown in Fig. 4.
Based on the DOS spectra of complexes, the
HOMO and LUMO states have been shifted upon
complexation. Therefore, in comparison with the
V-doped nanotubes, HOMO, and LUMO states of
CO/V-BNNT complexes move to more negative
energy. These results show that the adsorption of
CO molecules on the V-BNNTs leads to a change in
the conductivity of the nanotubes.

The charge analysis discloses important
details on the electron density transfer (CT) in
donor-acceptor interactions (Tables 1 and 2).
In the interaction of CO molecules with BN and
V -BNNTs, the charge transfer occurs between
nanotubes and CO molecules. In this work, the
charge transfer can be defined as the sum of
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Table 5. The molecular descriptor for nanotubes and (CO) /V -BNNT complexes. in the solution phase.

Complex Configuration Eg(eV) n(ev) S(eV) u(ev) o(eV) ANmax(eV)
(8,0)BNNT V-BNNT 2.45 1.23 0.41 -2.90 3.43 2.37
a 1.84 0.92 0.54 -4.01 8.73 4.36
(CO)/V-BNNT b 1.95 0.98 0.51 -3.33 5.69 3.42
V,-BNNT 2.43 1.22 0.41 -2.91 3.48 2.39
a 1.81 0.90 0.55 -4.01 8.90 4.44
(CO)a/V2-BNNT b 1.72 0.86 0.58 -3.32 6.41 3.85
Vs-BNNT 2.18 1.09 0.46 -2.84 3.70 2.61
a 1.76 0.88 0.57 -3.92 8.74 4.45
(CO)s/V-BNNT b 1.81 0.91 0.55 -3.81 8.39 4.40
Va-BNNT 2.14 1.07 0.47 -2.84 3.79 2.66
a 1.88 0.94 0.53 -3.89 8.06 4.14
(CO)e/V-BNNT b 1.64 0.82 0.61 -3.15 6.05 3.85
(12,0) BNNT V-BNNT 2.39 1.19 0.42 -2.80 3.29 2.35
a 2.35 1.17 0.43 -4.23 7.62 3.61
(CON/V-BNNT b 1.92 0.96 0.52 -3.25 5.49 3.38
V2-BNNT 2.39 1.20 0.42 -2.80 3.28 2.34
a 1.85 0.93 0.54 -3.91 8.26 4.22
(CO)2/V2-BNNT b 1.92 0.96 0.52 -3.25 5.50 3.39
V3-BNNT 2.32 1.16 0.43 -2.78 3.34 2.40
a 1.78 0.89 0.56 -3.92 8.62 4.40
(CO)a/V-BNNT b 1.88 0.94 0.53 3.21 5.48 3.42
Va-BNNT 2.30 1.15 0.43 -2.78 3.35 2.41
a 1.71 0.86 0.58 -3.89 8.83 4.54
(CO)e/V-BNNT b 1.89 0.94 0.53 -3.20 5.43 3.39
(16,0) BNNT V-BNNT 2.37 1.18 0.42 -2.78 3.27 2.35
a 1.84 0.92 0.54 -3.89 8.22 4.23
(CO)/V-BNNT b 2.36 1.18 0.42 -2.79 3.28 2.36
V2-BNNT 2.36 1.18 0.42 -2.79 3.28 2.36
a 1.84 0.92 0.54 -3.89 8.22 4.22
(CO)2/V2-BNNT b 1.91 0.96 0.52 -3.21 5.40 3.36
V3-BNNT 2.35 1.17 0.43 -2.79 3.31 2.38
a 1.83 0.91 0.55 -3.93 8.45 4.30
(CO)s/V3-BNNT b 1.16 0.58 0.86 -3.58 11.02 6.16
Va-BNNT 2.34 1.17 0.43 -2.78 3.31 2.38
a 1.84 0.92 0.54 -3.89 8.25 4.24
(CO)e/V-BNNT b 1.89 0.95 0.53 -3.19 5.38 3.37

electronic charges of atoms in CO molecules. In
CO/BNNT complexes, charge transfer happened
from CO molecules to the nanotubes, while the
opposite happened in (CO) /V -BNNT complexes.
In CO/BNNT complexes, the value of charge
transfer in b configurations is smaller than a ones.
The opposite of this result happened in (CO) /
V -BNNT complexes. As shown, by increasing the
number of CO molecules, the value of the charge
transfer between CO molecules and nanotubes
was increased upon complexation.

Solvent effects

Investigations show that the dielectric constant
of the solvents can be effected on the relative
energies, physicochemical propertyies, and the
frontier molecular orbital levels of complexes
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through the interaction between solvent and
solute [50, 51]. To understand the influence of the
polar solvent on the physicochemical properties
of complexes, quantum molecular descriptors
were investigated in the solution phase by the
PCM model. Single point calculations in water
solvent at B3LYP/6-311++G(d) level of theory
were performed on the (CO) /V -BNNT complexes
optimized in the gas phase. The results are
summarized in Table 5. According to the results,
in V -BN nanotubes, the energy gap, and the
chemical hardness decrease, whereas softness,
chemical potential, electrophilicity index, and
AN__ increased in the solution phase relative to
the gas phase. These results were reversed in (CO)
r]/Vn—BNNT complexes. It seems that V -BNNTs are
softer in the solution than the gas phase.

255



B. Makiabadi et al.

CONCLUSION

In this research, the effect of the interaction of
CO molecules on the molecular descriptors of pure
andV -doped (8, 0), (12, 0) and (16, 0) BNNTs were
investigated. Based on the results, (CO) /V -BNNT
complexes are more stable than (CO) /BNNT ones.
By doping of V atoms, the electronic properties
of nanotube were changed and the energy gap
of complexes decreased. Thus, the conductivity
of nanotubes was increased upon complexation.
It seems that the V -BNNTs could be appropriate
for the adsorption of the CO molecules. It obvious
that the conductivity and the chemical reactivity
of Vn-BNNTs in the soluble phase are greater than
the gas phase. According to the NBO results, in
CO/BNNT complexes, charge transfer was carried
out from CO molecules to nanotubes, while
the opposite was observed in (CO) /V -BNNT
complexes. The value of charge transfer in (CO) /
V_-BNNT complexes is more than (CO) /BNNT. By
increasing the number of the CO molecules, the
value of charge transfer between CO molecules
and nanotubes was increased upon complexation.
It is predicted that the V -nanotubes with a
larger diameter can be a better candidate for the
adsorption of the CO molecules. It was found that
compared to carbon nanotubes, boron nitride
nanotubes are a better candidate for adsorption
of the CO molecules [32] and the best pure BN
nanotubes for adsorption of the CO molecules,
are smaller diameter nanotubes [35, 49]. Also, the
interaction of the CO molecule with the V-BNNTSs is
stronger than Al, Ga, Si-doped BNNTs and weaker
than Ni, Pd and Pt-doped boron nitride nanotubes
[33-36].
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