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Abstract The behavior of the carbon monoxide (CO)
adsorbed on the external surface of H-capped (6,0) zigzag
single-walled aluminum nitride nanotube (AINNT) was
studied using parallel and transverse electric field (strengths
0-140x10"* a.u.) and density functional calculations. The
calculated adsorption energies of the CO/AINNT complex
increased with increasing parallel electric field intensity,
whereas the adsorption energy values at the applied transverse
electric field show a significant reverse trend. The calculated
adsorption energies of the complex at the applied parallel
electric field strengths increased gradually from —0.42 eV at
zero field strength to —0.80 eV at a field strength of 140x10™*
a.u. The considerable changes in the adsorption energies and
energy gap values generated by the applied parallel electric
field strengths show the high sensitivity of the electronic
properties of AINNT towards the adsorption of CO on its
surface. Analysis of structural parameters indicates that the

Electronic supplementary material The online version of this article
(doi:10.1007/s00894-012-1614-x) contains supplementary material,
which is available to authorized users.

A. A. Peyghan

Young Researchers Club, Islamshahr Branch,
Islamic Azad University,

Tehran, Iran

M. T. Baei ()

Department of Chemistry, Azadshahr Branch,
Islamic Azad University,

Azadshahr, Golestan, Iran

e-mail: Baei52@yahoo.com

S. Hashemian
Department of Chemistry, Yazd Branch, Islamic Azad University,
Yazd, Iran

P. Torabi

Department of Chemistry, Mahshahr Branch,
Islamic Azad University,

Mahshabhr, Iran

nanotube is resistant to external electric field strengths. The
dipole moment variations in the complex show a significant
change in the presence of parallel and transverse electric
fields, which results in much stronger interactions at higher
electric field strengths. Additionally, the natural bond orbital
charges, quantum molecular descriptors, and molecular orbital
energies of the complex show that the nanotube can absorb
CO molecule in its pristine form at a high applied parallel
electric field, and that the nanotube can be used as a CO
storage medium.

Keywords Sensor - Aluminum nitride nanotube -
Adsorption - CO storage - Dipole moment

Introduction

In recent decades, investigations into new semiconducting
materials for carbon monoxide (CO) sensor application have
increased [1]. Carbon monoxide is a harmful gas for the
human body and is also a main cause of air pollution.
Therefore, many investigations have been undertaken to
develop rapid, simple, and sensitive methods for detecting
CO [2-4]. CO molecules affect the electronic transport
properties of nanotubes via physisorption or chemisorption.
However, several pure nanotubes cannot be used for detec-
tion of CO molecules because CO cannot be adsorbed
completely on their surfaces. Therefore, experimental and
theoretical investigations have focused on improving the
sensing performance of such pristine tubes toward various
gas molecules by doping or functionalizing [2—4].
Aluminum nitride nanotubes (AINNTSs) are inorganic
analog carbon nanotubes (CNTs). They are isoelectronic
with CNTs, and have been synthesized successfully by
different research groups [5—7]. Because of their high tem-
perature stability, large energy gap, thermal conductivity,
and low thermal expansion [8], AINNTs and aluminum
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nitride nanomaterials are used widely in technological appli-
cations, mainly in micro and optoelectronics such as laser
diodes and solar-blind ultraviolet photodetectors and semi-
conductors [8]. Unlike CNTs, AINNTs exhibit electronic
properties and semiconductor behavior independent of
length, tubular diameter and chirality. Tuning the electronic
structures of the semiconducting AINNTs for specific appli-
cation is important in building specific electronic and me-
chanical devices.

Improving the sensing performance of the pristine nano-
tubes and nano sheets by manipulating their structure is too
expensive; thus, the search for high sensitive pristine nano-
tubes generates high scientific interest. The electric field effect
is one of the best techniques with which to study the electronic
structure properties of nanotubes and adsorption of gaseous
molecules on tube surfaces. In recent years, several studies on
the computational calculation of field effects on the electronic
and structural properties of nanotubes have been published
[9-11]. However, to our knowledge, no experiments and
theoretical investigation have been reported for CO adsorption
on AINNT surfaces under electric field effects.

Investigation of the chemisorption of CO on AINNT
surfaces is important in the field of CO storage and CO
sensors. In this work, density functional calculations were
used to study adsorption of CO on the outer surface of (6,0)
zigzag AINNT. The structural and electronic properties,
charge density distributions, electric dipole moment varia-
tions, and molecular orbital energy analysis of the complex
were studied. Also, the quantum molecular descriptors [12,
13] including electronic chemical potential (1), global hard-
ness (1), electrophilicity index (w) [14], energy gap, global
softness (5), and electronegativity (x) of the complex under
the influence of both parallel and perpendicular static exter-
nal electric fields were investigated.

The results of our calculations indicate that CO adsorp-
tion on AINNT is very sensitive to the strength of the
electric field applied to the AINNT surface, and that adsorp-
tion can be enhanced simply by controlling the direction of
the electric field. In addition, the calculations indicated that
CO adsorption on AINNT under the electric field effect had
a significant influence in comparison with CO adsorption by
doping and functionalization methods [2—4]. The results
indicate that the electric field effect on the AINNT is a
suitable method for CO adsorption, production of CO sen-
sors, and other applications.

Computational methods
In the present work, the adsorption behaviors of the CO
molecule on the (6,0) zigzag AINNT were studied by means

of density functional theory (DFT) calculations, in which
the ends of the nanotube were saturated with hydrogen
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atoms. Due to the absence of periodic boundary conditions
in molecular calculations, it was necessary to saturate the
dangling Al and N bonds with H atoms. The influence of
CO adsorption on the structural and electronic properties of
the (6, 0) zigzag AINNT was investigated. The hydrogenat-
ed model of the CO/AINNT complex consists of 74
(Al39N3oH|,CO) atoms. In the first step, all the atomic
geometrical parameters of the structure were allowed to
relax in the optimization at the DFT level of B3LYP ex-
change functional and 6-31G* standard basis set. The ad-
sorption energy (E,qs) of the CO/AINNT complex was
calculated as follows:

Eadas = [Eco/amnt] — [Eannt + Eco] + Essse (1)

Where Eco/amnt Was obtained from full optimization of
the CO/AINNT complex, Eajnnt and Eco are the energy of
the optimized AINNT and CO structures, and Egssg is the
BSSE corrected for the all interaction energies [15]. Nega-
tive or positive value for E,q4 is referred to exothermic or
endothermic processes, respectively. The influence of the
static external electric field on the adsorption, structural, and
electronic properties of the complex was then studied. The
static external electric field applied separately at the positive
X- and positive Y-directions, which are parallel and perpen-
dicular to X and Y plane, respectively. The numerical values
of static electric field strengths in the X and Y directions on
the CO/AINNT complex are 35x 1074, 70x107%, 100x10™%,
and 140x10 %a.u. (1 a.u.=5.14224x10""V/m) [16]. The
structural and electronic properties were based on AI-N
bond lengths, bond angles, length of tube, tip diameters,
dipole moment variations (Dy), energy gaps, energies,
atomic charges, molecular orbital energies, adsorption ener-
gy, density of states, quantum molecular descriptors for the
complex in above electric fields with X and Y orientations.
For the optimized complex, the quantum molecular descrip-
tors [12, 13] including electronic chemical potential (u),
global hardness (7), electrophilicity index (w) [14], energy
gap, global softness (S), and electronegativity (), was cal-
culated as follows:

=~z =~ +4)/2), [ = (I - 0)/2], [0 = 4 /21],and[$ = 1/27)
(2)

Where I (— Egomo) 1s the first vertical ionization energy
and 4 (—Eruymo) the electron affinity of the molecule. The
electrophilicity index is a measure of the electrophilic power
of a molecule. When two molecules react with each other,
one molecule behaves as a nucleophile, whereas the other
acts as an electrophile. A higher electrophilicity index
shows higher electrophilicity of a molecule. The quantum
molecular descriptors were compared in the static external
electric fields. All calculations were carried out using the
GAMESS suite of programs [17].
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Results and discussion
CO adsorption on the (6,0) zigzag AINNT

Four possible sites (i.e., the center site, above the hexagon,
the Al and N sites above the aluminum and nitrogen atoms,
and the Z site above the zigzag and axial AlI-N bond) with
two orientation (C-down and O-down) were considered
(Fig. la, b). The notation C-down and O-down denotes a
CO molecule oriented perpendicular to the surface via C and
O atoms.

The interaction of CO with nanotube outer walls was
examined. In the first step, the structures were allowed to
relax by all atomic geometrical parameters in the opti-
mization at the DFT level of B3LYP exchange-
functional and 6-31G* standard basis set. Having done
structural optimizations, it was found that CO adsorp-
tion on center, nitrogen, and Z sites of the nanotube
are energetically unstable and was collapsed to the
aluminum site, which is energetically favorable. The
adsorption energies (E,qs) of CO (C-down and O-
down) with the equilibrium distances (Raj.c and Raj.
o) at the aluminum site on the zigzag configuration of
(6,0) AINNT are summarized in Fig. la, b. For the
states, the adsorption energies characterizes an exother-
mic process, also the calculated adsorption energy
(=0.42 eV) for CO in C-down is more than that in
O-down (—0.12 eV). Therefore, we limited static the
external electric field effect to the interaction of CO at
the aluminum site with C-down.

Field effect on CO adsorption

The total energy (E£1) and adsorption energies for the opti-
mized structure of CO/AINNT complex at the aluminum site
with C-down at various applied parallel and transverse
electric field strengths are summarized in Table 1. The
adsorption energies obtained from these calculations at dif-
ferent applied parallel electric field strengths with respect to
the corresponding values at zero fields (Ey=Ey=0) indicates
that ,with increasing parallel electric field intensity, the Et
and adsorption energy values increase. The adsorption en-
ergy values for the applied transverse electric field show a
significant reverse trend, increasing as transverse electric
field intensity increased. The calculated adsorption energies
show that the CO molecule is bound more tightly as the
parallel electric field increases, whereas the adsorption en-
ergy value for the applied transverse electric field is de-
creased gradually from —0.42 eV at zero field strength
(Ey=0) to —0.40 eV at a field strength of 140x10™*

(Ey=140). Therefore, the adsorption energy of the CO
molecule for the applied parallel electric field (Ey) from
zero field strength to 140x10 *a.u. increases by 90 %,
and the adsorption energy of the CO for the applied
transverse electric field (Ey) from zero field strength to
140x10 *a.u. decreases by 5 %. Moreover, the values
of Rarc in the complex were decreased slightly by the
external electric field. The calculated adsorption ener-
gies of the complex indicated that CO can be adsorbed
significantly on the AINNT by external parallel electric
field (Ex) and the CO adsorption on the AINNT is

Fig. 1 Two-dimensional (2D) a @0 b
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Table 1 Optimized properties of the carbon monoxide/aluminum nitride nanotubes (CO/AINNT) complex at different applied parallel and

transverse electric field strengths

Property CO /AINNT complex

X Y

0 35 70 100 140 35 70 100 140
E7 CO /keV —3.08332 —3.08332 —3.08332 —3.08332 —3.08332 —3.08332 —3.08332 —3.08332 —3.08332
Er AINNT/keV —242.88755 —242.88798 —242.88875 —242.88969 —242.89136 —242.88772 —242.88820 —242.88887 —242.89013
E7 Complex/keV —245.97129 —245.97178 —245.97264 —245.97367 —245.97548 —245.97144 —245.97192 —245.97259 —245.97385
Adsorption energy (E,qs) /eV  —0.42 —0.48 —0.57 —0.66 —-0.80 —-0.40 —0.40 —0.40 —-0.40
energy gaps /eV 4.16 4.02 3.40 2.75 1.75 3.98 3.73 3.50 3.17
Orle) 0.173 0.175 0.177 0.179 0.181 0.172 0.170 0.169 0.165
Rurc 2227 2.226 2222 2.219 2214 2227 2.227 2.227 2.225
D,/ Debye 12.57 21.15 30.58 38.94 50.35 15.22 21.24 27.58 36.82
Diameter (Al-tip) /A 6.35 6.35 6.41 6.50 6.64 6.35 6.42 6.52 6.68
Diameter (N-tip) /A 6.43 6.45 6.48 6.48 6.51 6.43 6.43 6.46 6.53
Length of tube/A 10.66 10.64 10.61 10.59 10.57 10.64 10.63 10.61 10.59

sensitive to the strength of the electric field applied to
the AINNT surface.

One of the most important characteristics of sensor devi-
ces is their recovery time (T). The strong interactions be-
tween the adsorbate and nanotube surfaces shows that
desorption of the adsorbate could be difficult and that the
nanotube device may suffer from long recovery times.
Based on conventional transition state theory, recovery time
was calculated as follows:

7= vy exp(—Eqas/KT) (3)

Where k is the Boltzmann’s constant, 7 is temperature,
and v, is the attempt frequency. According to the above
equation, an increase in the adsorption energy (E,qs) will
prolong the recovery time in an exponential path. However,
as is shown in Table 1, the adsorption energies of CO in the
applied parallel electric field strengths are not large enough
to hinder the recovery of the AINNT and the recovery time
may be short according to above equation. Therefore, with
this trend, pristine AINNT can be used as a CO sensor and
increasing the parallel electric field effect (Ex) is a suitable
method for CO adsorption on AINNTSs.

Field effects on structural parameters

Structural properties, including bond lengths, bond angles,
tip diameters, and length of tube for the optimized structure
of the CO/AINNT complex at various applied parallel and
transverse electric field strengths with significant changes in
parameters are summarized in Table 2 and Supplementary
Table S1. The bond lengths obtained at different applied
parallel and transverse electric field strengths with respect to
the corresponding values at zero fields (Ex=FEv=0) indicate
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that the changes in all AI-N, Al-H, C=0, and N-H bond
lengths of the CO/AINNT complex over the entire range of the
applied parallel and transverse electric field strengths
are <0.04 A (Table 2). The most significant change in bond
length for the applied parallel electric field was observed for
Al7-N1, which increases gradually from 1.815 A at zero field
strength (Ex=0) to 1.848 A at a field strength of 140x 10 *a.u.
(Ex=140). In the case of transverse applied electric fields, the
most significant change was observed for AlI-N1, which
increases gradually from 1.817 A at zero field strength
(Ey=0) to 1.847 A at a field strength of 140x 10 *a.u. (Ey=
140). The A120-N21 and AI19-N19 bonds show a significant
reverse trend, increasing with increasing parallel and trans-
verse electric field intensity.

The variations in bond angles for applied parallel and
transverse electric field strengths in Table 2 indicate that the
maximum deviation of optimized bond angles with respect
to the zero electric field (Ey=FEy=0) at various parallel and
transverse electric field strengths are less than 4°. The most
significant change in the bond angles for the applied
parallel electric field is observed for N9-All15-N14,
which decreases gradually from 118.61° at zero field
strength (Ex=0) to 115.20° at a field strength of 140x
10 %a.u. (Ex=140). In the case of transverse applied
electric fields, the most significant change was observed
for N1-A17-N8, which decreases gradually from
119.21° at zero field strength (Ey=0) to 115.20° at a
field strength of 140x 10 *a.u. (Ey=140). The results
shown in Supplementary material and Table 2 show that
the variations in the values of bond lengths and bond
angles for applied parallel and transverse electric field
strengths in the CO/AINNT complex are negligible.
Therefore, nanotubes are resistant to applied parallel
and transverse electric field strengths.
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Table 2 Differential values of optimized bond lengths (A) and bond angles (°) of the CO/AINNT complex at different applied parallel and
transverse electric field strengths

Bond length

CO /AINNT complex

X Y
0 35 70 100 140 0 35 70 100 140
All-N1 0.000 —0.003 —0.005 —0.007 —-0.010 0.000 0.007 0.015 0.021 0.030
Al2-N1 0.000 0.000 0.001 0.002 0.004 0.000 —0.006 —0.012 —0.016 —0.022
Al2-N2 0.000 —0.008 —-0.015 —-0.020 —0.026 0.000 0.002 0.005 0.007 0.011
Al3-N2 0.000 0.004 0.007 0.010 0.016 0.000 0.000 0.000 0.000 0.000
Al3-N3 0.000 —0.007 —-0.015 —-0.021 —0.029 0.000 —0.004 —0.007 —-0.010 —-0.015
Al4-N3 0.000 0.001 0.003 0.005 0.008 0.000 0.006 0.011 0.017 0.025
Al7-N1 0.000 0.007 0.014 0.022 0.033 0.000 0.000 0.001 0.002 0.003
Al8-N2 0.000 0.006 0.012 0.018 0.026 0.000 0.002 0.005 0.008 0.012
Al9-N3 0.000 0.005 0.010 0.014 0.020 0.000 0.001 0.003 0.005 0.007
Al7-N7 0.000 —0.001 —0.002 —0.003 —0.003 0.000 —0.006 —0.012 —-0.017 —-0.024
Al7-N8 0.000 —0.005 —-0.010 —0.014 —0.019 0.000 —0.003 0.011 0.017 0.024
AlI8-N8 0.000 0.002 0.005 0.008 0.011 0.000 —0.003 —0.005 —0.007 —0.009
Al8-N9 0.000 —0.008 —0.015 —0.021 —0.029 0.000 0.001 0.001 0.002 0.004
AI9-N9 0.000 0.002 0.004 0.005 0.007 0.000 0.004 0.009 0.013 0.020
AI9-N10 0.000 —0.005 —0.009 —-0.013 —-0.017 0.000 —0.005 —0.010 —-0.015 —0.021
All13-N7 0.000 —0.002 0.014 0.022 0.032 0.000 0.000 0.000 0.000 0.000
Al14-N8 0.000 0.007 0.014 0.020 0.029 0.000 0.002 0.003 0.004 0.006
All15-N9 0.000 0.005 0.011 0.016 0.024 0.000 0.002 0.004 0.006 0.009
Al16-N10 0.000 0.006 0.013 0.020 0.030 0.000 0.000 —0.020 —0.001 —0.001
All13-N13 0.000 —0.002 —0.004 —0.005 —0.007 0.000 0.006 0.013 0.019 0.027
All4-N13 0.000 0.001 0.002 0.003 0.006 0.000 —0.005 —-0.010 —-0.013 —-0.018
All4-N14 0.000 —0.007 -0.014 —0.020 —0.027 0.000 0.003 0.007 0.011 0.016
All5-N14 0.000 0.003 0.006 0.009 0.012 0.000 0.002 0.003 0.005 0.008
All5-N15 0.000 —0.007 —0.015 —0.021 —0.028 0.000 —0.002 —0.004 —0.005 —0.007
All16-N15 0.000 0.002 0.003 0.005 0.008 0.000 0.005 0.011 0.016 0.024
Al19-N13 0.000 0.006 0.013 0.019 0.028 0.000 0.000 0.001 0.002 0.002
Al20-N14 0.000 0.006 0.012 0.017 0.024 0.000 0.002 0.003 0.004 0.006
Al21-N15 0.000 0.004 0.009 0.013 0.020 0.000 0.001 0.001 0.002 0.004
Al19-N19 0.000 —0.002 —0.002 —0.003 —0.003 0.000 —0.007 —-0.013 —0.018 —-0.025
Al19-N20 0.000 —0.005 —0.010 —0.013 —0.017 0.000 0.006 0.013 0.019 0.027
Al20-N20 0.000 0.003 0.006 0.008 0.012 0.000 —0.001 —0.003 —0.003 —0.005
Al20-N21 0.000 —0.008 —-0.015 —0.022 —0.030 0.000 0.001 0.003 0.005 0.007
Al21-N21 0.000 0.001 0.002 0.003 0.007 0.000 0.005 0.010 0.015 0.022
Al21-N22 0.000 —-0.006 —-0.012 —-0.016 —-0.022 0.000 —0.005 —0.010 —-0.013 —-0.018
Al25-N19 0.000 0.005 0.010 0.016 0.022 0.000 0.000 0.000 0.001 0.001
Al26-N20 0.000 0.005 0.010 0.015 0.021 0.000 0.000 0.001 0.002 0.003
Al27-N21 0.000 0.005 0.010 0.015 0.021 0.000 0.001 0.002 0.002 0.004
Al28-N22 0.000 0.005 0.010 0.015 0.023 0.000 0.000 0.001 0.002 0.002
Al25-N25 0.000 —0.001 —0.001 —0.001 —0.001 0.000 0.007 0.014 0.020 0.030
Al26-N25 0.000 0.003 0.005 0.008 0.013 0.000 —0.005 —0.009 —0.012 —-0.017
Al26-N26 0.000 —0.006 —0.012 —0.016 —0.023 0.000 0.005 0.011 0.016 0.023
Al27-N26 0.000 0.004 0.008 0.012 0.017 0.000 0.003 0.006 0.009 0.013
Al27-N27 0.000 —-0.007 —0.014 —-0.019 —0.026 0.000 —0.001 —0.003 —0.004 —0.005
Al28-N27 0.000 —0.001 —0.001 —0.001 0.000 0.000 0.007 0.014 0.021 0.031
Average Al-N 0.000 0.000 0.001 0.002 0.004 0.000 0.001 0.002 0.003 0.005
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Table 2 (continued)

Bond length CO /AINNT complex

X Y

0 35 70 100 140 0 35 70 100 140
c=0 0.000 —0.002 —0.004 —0.005 —0.007 0.000 0.000 0.000 0.001 0.001
Al-H 0.000 0.010 0.010 0.020 0.030 0.000 0.000 0.010 0.010 0.020
N-H 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Bond angles
N1-Al7-N8 0.000 —0.060 —-0.110 —0.140 —0.160 0.000 —0.730 —-1.520 —2.230 -3.220
N2-Al8-N9 0.000 0.370 0.790 1.150 1.610 0.000 —-0.230 —-0.550 —0.870 -1.370
N7-Al13-N13 0.000 —0.380 —-0.790 —-1.150 —1.640 0.000 —0.580 —-1.150 —1.630 —2.300
N8-Al14-N14 0.000 0.100 0.220 0.340 0.510 0.000 —0.400 —0.820 —1.200 —1.740
Al14-N14-A120 0.000 0.010 0.060 0.120 0.240 0.000 —-0.520 —1.040 —1.500 -2.140
N9-Al15-N14 0.000 —-0.830 —1.680 -2.410 -3.410 0.000 —-0.200 —-0.420 —0.620 -0.910
N10-Al16-N15 0.000 -0.620 —1.280 —1.890 =2.790 0.000 —0.440 —0.880 -1.270 —1.860
N20-AI20-N21 0.000 0.580 1.160 1.680 2.380 0.000 0.400 0.750 1.000 1.290
N21-Al27-N27 0.000 0.040 0.080 0.110 0.160 0.000 0.520 1.020 1.440 2.000

The length of the CO/AINNT complex is an important
parameter characterizing the structural response to the ap-
plied parallel and transverse electric field in the nano-
electronic circuit. The distance between the Al2 and Al26
atoms of the complex (see Fig. 1c) is considered as the
length (/) of the complex. The calculated lengths and tip
diameters of the complex at various parallel and transverse
electric field strengths with respect to the zero field (Exy=
Ey=0) are presented in Table 1. The results indicate that the
length of the complex does not change significantly with
any increasing electric field strengths (< 0.84 %). The length
resistance of the complex against the external electric field
can be considered as an advantage of the complex in mo-
lecular scale devices. Likewise, the values of tip diameters
in the complex were increased slightly by the external
electric field.

Field effects on electronic properties of the CO/AINNT
complex

Densities of states

The influence of the external electric field on the electronic
properties of the complex was studied. The total densities of
states (DOS) of the complex at various applied parallel and
transverse electric field strengths are shown in Fig. 2. As it
is shown in Fig. 2 and Table 1, the energy gap obtained from
these calculations indicates that, with increasing parallel and
transverse electric field intensity, the energy gap values
decrease. The energy gap value for the applied parallel
electric field is decreased gradually from 4.16 eV at zero
field strength (Ex=0) to 1.75 eV at a field strength of 140 x

@ Springer

10 %a.u. (Ex=140) and the value for the applied transverse
electric field also decrease gradually from 4.16 eV at zero
field strength (Ey=0) to 3.17 eV at a field strength of 140x
10 *a.u. (Ey=140). The total densities of states (TDOS) of
the complex show significant changes due to the external
electric field in the gap regions of the TDOS plots. In

Total densities of states (DOS)

Energy/eV

Fig. 2 Total densities of states (TDOS) for the CO/AINNT complex at
different applied parallel and transverse electric field strengths
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comparison with zero field strength, the energy gaps of the
complex due to external electric field were reduced while
their electrical conductance was increased. These results
also show that the applied parallel electric field has more
influence on the energy gap of the complex than the applied
transverse electric field due to the stronger interaction of the
CO molecule with the AINNT. This trend is in agree-
ment with the changes seen in the adsorption energies
of the complex within the complex, with the applied
parallel electric field having a stronger effect than the
applied transverse electric field on the adsorption energy
of the complex (Table 1).

Molecular orbital

To better understand the electric response and electrical
transport in CO/AINNT complex, we studied the electronic
energies of the complex at different applied parallel and
transverse electric field strengths. The electric response
and electrical transport depend on all the molecular orbital
(MO) energy spacings between the occupied and virtual
MOs. The highest occupied molecular orbital (HOMO)
and lowest unoccupied molecular orbital (LUMO) for the
complex as functions of the different applied parallel, Ey,
and perpendicular, Ey electric field strengths are plotted in
Fig. 3. The HOMO and LUMO are both stabilized more in
the parallel case than in the perpendicular case. The HOMO
and LUMO values in the applied parallel electric field
increased gradually from —6.36 and —2.20 eV at zero field
strength (Ex=0) to —6.61 and —4.86 ¢V at a field strength of
140x 10 *a.u. (Exy=140). On the other hand, the HOMO and
LUMO values for the applied perpendicular electric
field decreased gradually from —6.36 and —2.20 eV at
zero field strength (Ey=0) to —3.43 and —0.26 eV at a
field strength of 140x10 *a.u. (Ey=140) (see Table 3).
Therefore, the electronic energies study of the complex
show the strong interaction of the CO molecule on the
AINNT in the applied parallel electric field. Also, ad-
sorption of the CO molecule on the AINNT in the
applied parallel electric field decreases the energy gap
of the pristine AINNT significantly, and increases the

% o . -0.26

:’3 21 M ~+-HOMO Ex

5 R P s4s =HOMOE,
o ;

= 59 -4.86 LUMO E

S 61 2

= 661 —LUMOEy

o s

-10 20 50 80 Mo 140 170
Field Strenght

Fig. 3 highest occupied molecular orbital (HOMO) and lowest unoc-
cupied molecular orbital (LUMO) for the CO/AINNT complex at
different applied parallel and transverse electric field strengths

electrical conductance. The electric conductivity of the
complex was calculated as follows [18]:

7ocenp( 55 @

Where o is the electric conductivity of the complex and &
is the Boltzmann’s constant. According to the above equa-
tion, a smaller energy gap (E,) at a particular temperature
leads to the larger electric conductivity. However, in the
complex, E, decreases from 4.16 ¢V at zero field strength
(Ex=0) to 1.75 eV at a field strength of 140x 10 *a.u. (Ex=
140) in the applied parallel electric field (see Table 1). The
significant change in energy gap value shows the high
sensitivity of the electronic properties of AINNT upon ad-
sorption of the CO molecule.

LUMO energy of the complex at different electric field
strengths

One of the most important factors in HOMO/LUMO inter-
actions is the energy difference between the HOMO of the
CO molecule and LUMO of the nanotube. Our FMO anal-
ysis indicates that the HOMO energy of the CO molecule
is —10.11 eV, and the LUMO energies for the complex at
different applied parallel and transverse electric field
strengths are shown in Table 3, suggesting that the large
value of adsorption energy (E,,=—0.80 eV) for the complex
at a field strength of 140x10 *a.u. (Ex=140) may come
from its smaller LUMO energy level (—4.86 eV). Therefore,
due to the decreasing energy level of the LUMO of the
complex with increasing applied parallel electric field
strengths, its nanotube has a much stronger interaction with
the CO molecule. The increase in LUMO energy of the
complex with increasing applied transverse electric field
strengths suggests that the relatively small adsorption
energy of the complex may come from its higher
LUMO energy level. An interesting conclusion that
can be drawn from these investigations is that this
factor can affect values of energy adsorption depending
on external electric field strengths.

Dipole moment

When a nanotube is placed in an external electric field, its
atomic charge distribution is easily changed as are the
centers of the positive and negative charge of the nanotube
due to the redistribution of atomic charges. Consequently,
there is a polarization of the nanotube and an induced
electric dipole moment (Dy). As is obvious from Table 1,
the values of the induced electric Dy, vector obtained from
these calculations increases linearly with an upward trend in
the applied external electric field strengths. Thus, the
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Table 3 Quantum molecular descriptors of the CO/AINNT complex at different applied parallel and transverse electric field strengths. / Ionization
potential, 4 electron affinity, 77 global hardness, S softness, ;1 chemical potential, w electrophilicity

Property CO /AINNT complex

X Y

0 35 70 100 140 0 35 70 100 140
Enomo /eV —6.36 —6.56 —6.59 —6.60 —6.61 —6.36 =5.72 —4.99 —4.33 —3.43
Erumo eV —2.20 —2.54 -3.19 —3.85 —4.86 —2.20 -1.74 -1.26 —0.83 —0.26
[ELumo -Enomo] eV 4.16 4.02 3.40 275 1.75 4.16 3.98 3.73 3.50 3.17
[I=— Enomo] /eV 6.36 6.65 6.59 6.60 6.61 6.36 5.72 4.99 433 3.43
[A=— ELumo] /eV 2.20 2.54 3.19 3.85 4.86 2.20 1.74 1.26 0.83 0.26
[n=(-A4)2] eV 2.08 2.01 1.70 1.38 0.88 2.08 1.99 1.87 1.75 1.59
[u=— I+ A)2] leV —4.28 —4.55 —4.89 —5.23 —5.74 —4.28 -3.73 -3.13 —2.58 —-1.85
[S=1/2n] /eV! 0.24 0.25 0.29 0.36 0.57 0.24 0.25 0.27 0.29 0.31
[w=p?/2 1] leV 4.40 5.15 7.03 9.91 18.72 4.40 3.50 2.62 1.90 1.08

electric Dy of a nanotube is an important property that
characterizes its electronic and geometrical structure. The
size and components of the electric Dy, (in Debye) for the
complex at various applied parallel and transverse electric
field strengths are shown in Fig. 4. Dy 1o, variations for the
applied parallel electric field increased gradually from 12.57
Debye at zero field strength (Ex=0) to 50.35 Debye at a
field strength of 140x 10 *a.u. (Ex=140). Dy 1o variations
for the applied transverse electric field also increased grad-
ually from 12.57 Debye at zero field strength (Ey=0) to
36.82 Debye at a field strength of 140x10 *a.u. (Ey=
140). These results show that when the complex is exposed
to an external electric field, it has a much stronger interac-
tion with the electrodes of the nano-electronic circuit.

Charge density distribution

As discussed above, the electronic charge distribution on
atoms of the nanotube changes because of the applied ex-
ternal electric field strengths and, consequently, all charge-
related molecular properties became different. Therefore,
the study of the electric field-dependent charge distribution

that determines molecular behavior directly is important. In
order to study the atomic charge distribution as a function of
the parallel and transverse electric field strengths (Ex and
Ey), the natural bond orbital charges (NBO) [19] were
calculated and are plotted in Fig. 5.

As shown in Fig. 5, the large variations in Al atom charge
distributions at different parallel electric field strengths (Ex)
are on Al28 and Al7 atoms, which increased and decreased
gradually with field strength, respectively. In Fig. 5, a sim-
ilar trend in atomic charge variations was observed on atoms
N24 and N12. For the applied transverse electric field
strengths (Ey), large variations in the Al atom charge dis-
tributions were seen on Al30 and Al27 atoms, which in-
creased and decreased gradually with field strength; a
similar trend in atomic charge variations was observed on
atoms N2 and N14. As is evident from Fig. 5, the atomic
charge variations obtained from these calculations in-
crease with any upward trend in the applied external
electric field strength. Moreover, separation of the center
of the positive and negative electric charges of the CO/
AINNT complex increases with the increase in applied
external electric field strength.

Fig. 4 Size of the electric ey 40 n
dipole moment (Dy,) vector and _E"a 45 1
its components (in Debye) at 7] 457 —
different applied parallel and a <Dy x
transverse electric field - 5 4 D
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§ 35 ~Dprror 20 1 \\\.
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Fig. 5 Natural bond orbital (NBO) charges at different applied parallel and transverse electric field strengths on the Al atoms (a, b) and N atoms (¢,

d) in the CO/AINNT complex

The charge distribution can be explained by molecular
electrostatic potential (MEP) calculations. The MEP is the
potential generated by the charge distribution of the nano-
tube, which is defined for each atomic site as follows:

V(r) = ZA(ZA/RA —r) — /p(r/)dr//|rl —1| (5)

Where Z, is the charge on nucleus 4, located at R5. The V'
(r) depends on whether the effects of the nuclei or the electrons
are dominant at any point. We computed the MEP surfaces for
the CO/AINNT complex in the different applied parallel (Ex)
and perpendicular (Ey) electric field strengths. The MEP has
been used to explore the chemical properties of several

materials [20, 21]. As shown by the MEP plots in Fig. 6, in
the pristine (6,0) zigzag AINNT, the aluminum atoms are
positively charged (blue) while the N atoms are relatively
negatively charged (yellow or red) in AI-N bonds of the
pristine surface. This indicates that some charge is transferred
from the Al atoms to the N atoms, resulting in an ionic
bonding in AINNT surface. On the other hand, as shown in
Fig. 6a, the C atom of the CO molecule is more negative (red)
than its O atom; therefore, it is expected that the electron
carbon atom of CO should interact with the electron Al atom
of the pristine surface. In Fig. 6¢, the CO-attached (6,0)
AINNT complex at zero field strength (Ey, Ey=0) shows that,
after the adsorption process, the CO fragment is more positive
(blue) confirming a charge transfer from CO to the pristine
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Fig. 6 Computed B3LYP/6-31G* electrostatic potentials on the mo-
lecular surfaces of (a) an isolated CO molecule (b) a pristine (6,0)
AINNT, and (¢—k) the CO/AINNT complex at different applied parallel

surface due to an interaction. As shown in Fig. 6, with increase
in the applied parallel electric field strengths (Ex), the charge
transfer from CO to the AINNT increases gradually, whereas
with an increase in the applied transverse electric field
strengths (Ey), the charge transfer from CO to the AINNT
decreases gradually (see CO fragment colors).

Charge transfer from CO molecule to AINNT

The variations in electronic properties of the complex in CO
adsorption show a charge transfer from the CO molecule to
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and transverse electric field strengths. The surfaces are defined by the
0.0004 electrons/b3 contour of the electronic density. Color ranges are
in a.u.

the nanotube. The amount of charge transfer between the
CO molecule and the nanotube (Qr) is given in Table 1.
Positive values of Ot indicate that the CO molecule acts as
an electron donor, while a negative value of Ot indicates
that the CO molecule act as an electron acceptor. The charge
value transferred from the CO molecule to the AINNT in the
applied parallel electric field is increased gradually from
0.173e at zero field strength (Ex=0) to 0.181¢ at a field
strength of 140x% 10 %a.u. (Ex=140) and its value for the
applied transverse electric field is decreased gradually from
0.173e at zero field strength (Ey=0) to 0.165¢ at a field
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strength of 140x10 *a.u. The results confirm the high ad-
sorption energy and sensitivity of the AINNT towards the
CO molecule in the applied parallel electric field.

Quantum molecular descriptors

The quantum molecular descriptors for the CO/AINNT com-
plex in the different applied parallel (Ex) and perpendicular
(Ey) electric field strengths are summarized in Table 3. We
observe that with any increase in the applied external electric
field strengths, the energy gap (Erumo— Enomo) of the com-
plex decreased. This lowering of energy gap in the complex
may be able to increase the reactivity of the complex. The
results in Table 3 indicate that the ionization potential (/) and
electron affinity (4) of the complex for the applied parallel
electric field is increased gradually from 6.36 eV to 2.20 eV at
zero field strength (Ex=0) to 6.61 and 4.86 eV at a field
strength of 140x 10 *a.u. (Ex=140), whereas the ionization
potential (/) and electron affinity (4) of the complex for the
applied transverse electric field decreases gradually from
6.36 eV to 2.20 eV at zero field strength (Ey=0) to 3.43 and
0.26 eV at a field strength of 140x10 *a.u. (Ey=140). The
chemical potential (1) with the increase in applied parallel
electric field strengths is increased gradually, whereas with
increase of the applied transverse electric field, strengths
decrease gradually. The electrophilicity index (w) is a measure
of the electrophilic power of a molecule. The electrophilicity
of the complex with increased applied parallel electric field
strengths is increased strongly, whereas with any increase in
the applied transverse electric field strengths are decreased
gradually. These trends are in agreement with changes in the
adsorption energies of the complex, explaining why the ad-
sorption energy values of the complex show a significant
reverse trend with increasing applied transverse electric field
(Evy). The global hardness (1) of the complex at different
external electric field strengths decreased and, consequently,
the global softness (S) of the complex increased. The decrease
in global hardness and the energy gap of the complex is due to
the external electric field strength, and, consequently, the
stability of the complex is lowered and its reactivity increased.
This increasing in the ionization potential (/) , electron affinity
(4), chemical potential (1), electrophilicity (w), and HOMO
and LUMO in CO adsorption with increase of the applied
parallel electric field strengths may be able to increase the
reactivity of the complex, and show charge transfer taking
place between the CO and pristine AINNT sidewalls.

Conclusions
We studied the adsorption of the CO molecule on the (6,0)

zigzag AINNT, as well as structural and electronic proper-
ties including bond lengths, bond angles, length of tube, tip

diameters, dipole moment variations, energy gaps, energies,
atomic charges, molecular orbital energies, adsorption ener-
gy, density of states, and quantum molecular descriptors.
The study was carried out at different applied parallel and
transverse electric field strengths by means of DFT calcu-
lations. We compared all the adsorption energies of CO
interacting with all possible sites of adsorption on the nano-
tube walls in several structural configurations. The calculat-
ed adsorption energy for CO in the C-down configuration is
higher than that in O-down, and the aluminum site was the
most stable configuration. The adsorption energies obtained
from these calculations at different applied parallel electric
field strengths with respect to the corresponding values at
zero fields indicates that, with any increase in parallel elec-
tric field intensity, total energy and adsorption energy values
increase. So CO could be absorbed significantly on AINNT,
especially at higher parallel field strengths, whereas the
adsorption energy values for the applied transverse electric
field show a significant reverse trend. Therefore, the parallel
electric field effect is a suitable method for adsorption,
storage, and fabrication of CO sensors. The length and tip
diameters of the complex do not change significantly with
any increase in the electric field strength, indicating that the
complex is stable over the entire range of the applied elec-
trical field strength. The dipole moment variations of the
complex increase linearly with increases in the applied
external electric field strengths. We also showed that when
the complex is exposed to an external electric field, it has a
much stronger interaction with the electrodes of the nano-
electronic circuit. Analysis of DOS, MO energies, LUMO
energy, charge transfer of the CO molecule, NBO charges,
and quantum molecular descriptors of the complex show
that with increasing applied parallel electric field strengths,
the nanotube can detect the CO molecule significantly and
thus can be used as CO storage.
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