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Abstract The aim of this work is to study the structural,
electrical, NMR, NBO and quantum parameters of the
adsorption of CO molecule on pristine, As, B and BAs
doped (4, 4) armchair aluminum nitride nanotubes
(AINNTs). The considerable changes in the adsorption
energies, gap energies, global hardness, NBO, and NMR
parameters show the high sensitivity and significant change
of the electronic properties of AINNTSs to doping of As, B,
BAs atoms and CO molecule adsorption. The results reveal
that the As, B, and BAs atoms replaced in AINNTSs are
good candidates for CO adsorption and increase the
adsorption of CO molecule on the surface of nanotube. The
gap energy of all adsorption models is in the range of
3.51-4.45 eV. The analysis of NMR parameters indicate
that the CSI values of Al and N sites around the adsorption
position of the AIV model decrease significantly from the
original values, while they increase significantly from the
original values for the AIl and BII models. The NBO
charge values of CO molecule in the AIV model are neg-
ative while they are positive for the other models. The
positive values of NBO charge prove that CO molecule is
an electron acceptor and decrease charge density around
nanotube surface.
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Introduction

With the rapid growth of industrial expansion and the
increase in automotive emissions, combustion or natural
gas manufacturing, the environmental pollution has sig-
nificantly increased which is very dangerous for human
health. Therefore, monitoring environmental characteris-
tics and providing a reliable accurate and low-level
detection limit of pollutant gas in the environment are of
great importance for the modern society [1, 2]. Among all
the pollutants, carbon monoxide (CO) is a more haz-
ardous gas in the atmosphere and is to be monitored [3].
Carbon monoxide is a common industrial hazard resulting
from the incomplete burning of natural gas and any other
material containing carbon such as gasoline, kerosene, oil,
propane, coal, or wood and coke ovens. When the con-
centration of carbon monoxide increases in the atmo-
sphere, it becomes dangerous for the human body and
other life forms [2-5]. Some research groups have
investigated the detection and adsorption of CO gas with
various methods [6-9]. After the discovery and synthesis
of carbon nanotubes (CNTs) [10] and studying all their
properties and applications, many researchers have
undertaken to investigate other non-carbon based nan-
otubes that exhibit electronic properties independent of
these features. Among these, aluminum nitride nanotubes
(AINNTSs) which are neighbors of carbon in the periodic
table have been an interesting subject of many studies
[11, 12]. After the prediction of AINNTSs by Zhang [13],
Tondare et al. [14], other articles reported the synthesis of
AINNTs through different methods [15, 16]. AINNTS is
the largest band-gap semiconductors with the energy of
6.2 eV and have several unique properties such as high
thermal conductivity, high electrical resistivity, low ther-
mal expansion coefficient, high dielectric breakdown
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strength, good mechanical strength, excellent chemical
stability, and non-toxicity [17-19]. In recent years, theo-
retical investigations have shown that AINNTS is sensitive
to NH3, H,, N», and CO, gas. Ahmadi et al. showed that
the pristine type of these tubes is not sensitive to NH; and
CO molecules, while the O-doped AINNTs would be a
potential candidate for NH3; molecule detection [20-25].
Ahmadi Peyghan et al. calculated structural and electrical
parameters of the adsorption of CO gas on the surface of
AINNTSs at different parallel electric field strengths and
indicated that the electric field effect on the AINNTS is a
suitable method for CO adsorption [26]. In our previous
work, we studied the NMR, NQR and structural param-
eters of AsGa, Ga, C doped on BPNTs and CO adsorption
on the surface of pristine and AsGa doped of (4, 4)
armchair boron phosphide nanotubes (BPNTs) [27-31]. In
this research, we consider eight models (AI-BIV) (see
Fig. 1) for the adsorption of CO molecule on pristine, As,
B and BAs doped AINNTs. The structural, quantum
parameters, adsorption energies, band gaps of HOMO-
LUMO orbitals, NBO and NMR parameters of the (Al-
BIV) models have been investigated by using density
function theory.

Results and discussion
Structural parameters

The structural parameters: the (Al-N) bond lengths and the
(Al-N—Al) bond angles of eight stable (AI-BIV) models
(See Fig. 1) are determined from optimized structures and
the results are given in Fig. 2. The average (Al-N) bond
length is 1.811 A parallel with the tube axis, and another is
1.818 A diagonal to the tube axis which is in agreement
with other researches [27, 32-35]. With doping of B atom,
the bond lengths (Al-N) decrease significantly to 1.48 A
and with doping of As the bond lengths increase signifi-
cantly to 2.369 A. The radius of B atom is smaller than Al
atoms while the radius of As atom is larger than N atoms.
As a result, with doping of B atom the bond lengths (Al-N)
decrease significantly from original values whereas with
doping of As atom the bond lengths increase significantly
from the original values. On the other hand, when the CO
molecule is adsorbed on the surface of AINNTSs (the Al-
BIV models) the bond length changes slightly from the
original values. Comparing the results reveal that doping of
(B and As) has a significant effect on the charge transfer

BI BII

BIII BIV

Fig. 1 2D views for adsorption CO gas on the surface of pristine and
B, As, BAs-doped of (4, 4) armchair model of AINNTs (models Al-
BIV): AI vertical adsorption of CO gas on the Al site of pristine
AINNTS via carbon head. AII Vertical adsorption of CO gas on the Al
site of B-doped of AINNTS via carbon head. AIII Vertical adsorption
of CO gas on the Al site of As-doped of AINNTSs via carbon head.
AIV Vertical adsorption of CO gas on the Al site of BAs-doped of
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AINNTs via carbon head. BI Vertical adsorption of CO gas on the N
site of pristine AINNTSs via carbon head. BII Vertical adsorption of
CO gas on the N site of B-doped of AINNTs via carbon head. BIII
Vertical adsorption of CO gas on the N site of As-doped of AINNTSs
via carbon head. BIV Vertical adsorption of CO gas on the N site of
BAs-doped of AINNTSs via carbon head
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BIII
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Fig. 2 2D views of bond length and bond angle for CO gas on the surface of pristine and B, As, BAs-doped of (4, 4) armchair model of AINNTs

(models AI-BIV)

Table 1 Quantum parameters

of O adsormtion on the (AL Al Al AIIT AIV BI BII BIII BIV
BIV) models, see Fig. 1 Egiomo) (ev) 638  —621  —627 552  —635  —622  —627  —597
Equmoy (ev) ~193  —216  -212 200 —219  —222 212  —2.02
Egapy (eV) 445 4.04 4.15 3.51 4.16 4.00 4.15 3.94
Er (ev) 415 4.18 419 3.76 427 422 4.19 3.99
I (ev) 6.38 6.22 6.27 552 6.35 6.22 6.27 5.97
1 (ev) 222 2.02 2.07 1.75 2.08 2.00 2.07 1.97
S (ev)™! 0.22 0.24 0.24 0.28 0.24 0.25 0.24 0.25
1 (ev) 416  —419  —419 376  —427  —422  —419  —3.99
7 (ev) 4.16 4.19 419 3.76 427 422 4.19 3.99
A (ev) 1.93 2.16 2.12 2.00 2.19 222 2.12 2.02
o (ev) 3.88 434 425 4.02 4.40 4.47 447 4.05
AN 1.86 2.07 2.02 2.13 2.05 211 1.89 2.02
Eu. (Kcal/mol) — —2.63  —983  —7.16  —654 —231  —755 —7.16  —6.40
Apeso) 0.04 0.16 0.15  —033 0.17 0.16 0.15 0.16
Apsatiiken) 0.06 0.17 0.14  —023 0.15 0.14 0.14 0.15
Dipole moment 0.82 1.50 1.09 436 1.70 1.47 1.09 0.77

from Al and N atoms and yielding asymmetric electronic
charge density distribution along B-N and Al-As bonds.
The adsorption of CO molecule on the surface of AINNTs
has a slight effect on the charge transfer from Al and N
atoms and therefore the bond length slightly changes. The
bond angles of neighbor atoms of As-doped in all the
models decrease from the original values due to the larger
radius of As atom. We found that when CO gas is adsorbed
on the Al site of BAs doped on AINNTSs (AIV model) due
to strong adsorption of CO molecule the bond length of B—

As increases largely to 3.25 A. The dipole moment results
(see Table 1) indicate that the electrical dipole moment of
AIV model is more than those of the other models. When a
nanotube is placed under interaction with foreign mole-
cules, its atomic charge distribution is easily changed and
the center of the positive and negative charges of the
nanotube change due to redistribution of the structures of
nanotube, consequently leading to the polarization of the
nanotube and giving it an induced electric dipole moment.
The dipole moment and charge distribution of BIV model
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Fig. 3 Diagram of adsorption energy for adsorption CO gas on the
surface of pristine and B, As, BAs-doped of (4, 4) armchair model of
AINNTSs (models AI-BIV)

are lower than those of other models, whereas the dipole
moment and charge distribution of AIV model are more
than those of other models.

We calculated the adsorption energies (E,q) of CO
molecule/AINNTs by using Eq. 1 (see Table 1; Fig. 3). As
shown in Fig. 3, E,4 adsorption of CO molecule on the
surface of AINNTs is in the range of —2.31 to
—9.83 kcal/mol. The range of adsorption energy in this
research confirms that the adsorption of CO molecule on
the surface of AINNTS is in physisorption form due to the
weak van der Waals interaction between the nanotube and
CO molecule. Comparing the results shows that the
adsorption energy depended on the orientation and location
of the CO molecule on the surface of AINNTSs. Therefore,
the adsorption energy of AIl model is more than those of
other models and therefore this model is thermodynami-
cally more stable than the other models. On the other hand,
the adsorption energy of BI model is lower than those of
the other models and it is more unstable than the other
models. It is notable that the adsorption of CO molecule on
the Al site of nanotube is stronger than N site. Quantitative
results revealed that doping of B and As atoms increase the
adsorption of CO molecule on the surface of nanotube.

Quantum molecular descriptors

To study the distribution of electron density on the surface
of nanotubes, the highest occupied molecular orbital
(HOMO) and the lowest unoccupied molecular orbital
(LUMO) are calculated for the (AI-BIV) models and the
results are shown in Fig. 4. Notations 1 and 2 are used to
determine the HOMO and LUMO orbital, respectively.
Comparing the results of electron distribution shows that
the HOMO orbital density in the AINNTs is mainly
localized on the N atoms, while the density of LUMO
orbital is located on the Al ones, resulting in a more strong
HOMO/LUMO interaction. By adsorbing CO molecule on
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the surface of AINNTSs at the (AI-BIV) models the density
of HOMO orbital is mostly localized on the surface of
nanotubes around the adsorption position. Meanwhile, the
density of LUMO orbitals for all models is mostly local-
ized on the CO molecule. Due to acceptor effects of CO
molecule, the electron charge density around adsorption
sites decreased. It is notable that the density of HOMO
orbital on the AIV model is localized on the CO surface,
which is in agreement with NBO charge distribution. The
quantum parameters including gap energy between
HOMO-LUMO orbitals, electronic chemical potential (y),
global hardness (#), electrophilicity index (w), density of
state (DOS plot), global softness (S), electronegativity ()
and the fractional number of electrons transfer (AN) of the
AINNTSs/CO complex are calculated by Egs. (4—11). The
calculated results are summarized in Table 1 and the plots
are shown in Figs. 5, 6 and 7. GaussSum program [32] is
used to obtain the plots of density of states (DOS) of all the
models. The results of DOS plots for the (AI-BIV) models
are shown in Fig. 5. From DOS plots of Al and BI models,
it can be concluded that these materials are semiconductors
with an Eg,;, of 4.45 and 4.16 eV, respectively. When the B
and As atoms are doped on nanotube, the interaction
between them is approximately strong and the electronic
properties of nanotube are changed significantly, and as a
result the E,,, of the (AIl, AIILAIV,BILBII and BIV)
models decrease significantly from original values. The
results show that the gap energy of the AIV and BIV
models decrease significantly from 4.45 and 4.16 eV to
3.51 and 3.94 eV, respectively. These results indicate that
the electronic properties of AINNTSs are very sensitive to
the adsorption of CO molecule and doping of BAs. It can
be concluded that for CO/AINNTs complexes, the DOS
plots in the gap regions are dramatically affected by the
adsorption of CO and doping of As and B atoms.

The comparison DOS spectrum of (a—d) models of
AINNTSs before CO adsorption and (AI-BIV) models of
AINNTSs after CO adsorption show that the number of DOS
peaks at the HOMO region are five peaks and at the LUMO
region are three peaks in range of -10 to O eV. By doping B,
As and BAs atoms the altitude of all pecks increase sig-
nificantly from pristine models, and so the photoelectric
properties of all doped nanotube increase from original
form. In addition, the comparison of DOS spectrum before
and after CO adsorption show that the numbers of peaks are
constant, the altitude of all pecks change slightly. In other
words, the comparison results indicate that the interaction
of CO gas with AINNTSs is rather weakly, and that no sig-
nificant hybridization of the respective orbitals of the two
entities takes place; the small interaction is obtained
quantitatively in terms of binding energies. On the other
hand, we found that the doping of BAs and CO adsorption
generated a virtual peak in the region of LUMO orbital.
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Fig. 4 2D views of HOMO and LUMO orbitals for CO gas on the surface of pristine and B, As, BAs-doped of (4, 4) armchair model of AINNTSs

(models AI-BIV)

The HOMO, LUMO and Fermi level (Ex; ) energy of the
(AI-BIV) models are given in Fig. 6. The canonical
assumption for Fermi level (Eg) is that in a molecule (at
T=0 K) it lies approximately in the middle of the highest
occupied molecular orbital (HOMO) and the lowest
unoccupied molecular orbital (LUMO). It is worth men-
tioning that, in fact, the Fermi level energy is the chemical
potential of free gas electrons as traditionally defined.
Herein, the Fermi level energy of all the models is at the
center of the energy gap.

The calculated results of Fig. 7 show that the global
hardness of the AIV model is lower than those of other
models and therefore this model is more reactive than the
other models. The decrease in global hardness and the gap
energy proves that the stability of the nanotube/CO com-
plex decreases significantly from original values and the
reactivity of the complex increases. The chemical potential
values of all the mentioned models are negative which
indicate that all structures are stable from a thermodynamic
approach (see Table 1). The electrophilicity index (w) of
the Al model is lower than those of the other models, on
the other hand, the electrophilicity index of BII and BIII

models are slightly more than those of the other models.
The electrophilicity indexes are a measure of the elec-
trophilicity power of a molecule. The chemical potential
and chemical hardness are key indicators of the overall
reactivity of the molecule and are the most fundamental
descriptors of charge transfer during a chemical reaction. A
molecule with low chemical potential is a good electrophile
and an extremely hard molecule has feeble electron
acceptability. Consequently, a measure of molecular elec-
trophilicity depends both on the chemical potential and on
the chemical hardness. The electronegativity (y) of nan-
otube in the AIV model is lower than those of other models
are. On the other hand, the electrons transfer (AN) param-
eter of the AIV model is more than those of the other
models and therefore the charge transfer takes place
between the CO and AINNTs sidewalls.

By using NBO analysis [36] the charge transfer (Ap)
between CO molecule and AINNTs is calculated from the
difference between the natural charge concentration on CO
molecule after adsorption and an isolated CO. The results of
Table 1 show that the Apgo) values for Al AlIl, AIll, BI,
BII, BIII and BIV models have positive values and the

* @ Springer
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Fig. 5 DOS plot for adsorption CO gas on the surface of pristine and B, As, BAs-doped of (4, 4) armchair model of AINNTs (models AI-BIV)

and a-b unadsorbed models

Fig. 6 Diagram of quantum
parameters for adsorption CO
gas on the surface of pristine
and B, As, BAs-doped of (4, 4)
armchair model of AINNTSs
(models AI-BIV)

results prove that CO molecule

Al
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All AIll AlV BI BII BIII BIV

-6.21
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-6.27 2635 -6.22 -6.27

sE(HOMO)ev =E(LUMO)/ev wEFL/ev

is a donor electron. Nev-  The NMR parameters of adsorption of CO

ertheless, when CO molecule is adsorbed on the Al site of on AINNTSs

BAs doped AINNTSs (model AIV), the NBO charge of CO

molecule has a negative value due to donor electron effects ~ To study the NMR parameters of adsorption of CO
of BAs doped on nanotube. The results indicate that the CO ~ molecule on the surface of pristine and As, B atoms
molecule at the AIV model is an acceptor electron, which is doped of AINNTs, we calculate the CSI and CSA
in good agreement with the decrease of electronegativity (y)  parameters of B Alnuclei and "N nuclei by Egs. (2, 3)
and the increase of the electrons transfer AN of nanotube. and the evaluated NMR parameters are presented in
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Fig. 7 Diagram of quantum

parameters for adsorption CO
gas on the surface of pristine 4.50 A
and B, As, BAs-doped of (4, 4) 4.00 -
armchair model of AINNTSs
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Fig. 8 CSI plot of Al and N site for adsorption CO gas on the surface
of pristine and B, As, BAs-doped of (4, 4) armchair model of AINNTs
(models AI-BIV)

Fig. 8. The results indicate that in the AIV model the CSI
values of N51 and AlS2 sites decrease significantly from
those of pristine models. The negative values of NBO
charge distribution for AIV model prove that adsorption
of CO gas significantly decreases the charge density
around adsorption position and so the CSI tensors at these
sites decrease. On the other hand, by doping of B atoms
the CSI values at the site of Al21 of AIl model increase
significantly from those of pristine models due to donor
electron effects of B doped. The values of CSI tensors of

415 425

HE(gap)/ev En/ev MX/ev Bo/ev MAN

4.40 4.47 4.47
= 401 B 4.15 gz

v
~

4.02

v

394 405

v

4.16
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the (AI, AIIl, BI, BII, BIII and BIV) models show slight
changes due to CO adsorption.

Conclusions

The adsorption energy results reveal that the adsorption of
CO molecule in vertical direction of Al site of B-doped of
AINNTS is more stable than those of other models from a
thermodynamic approach. The adsorption energy of All
model is —9.83 kcal/mol and distance of CO from nan-
otube is 2.26 A. The results indicate that when CO mole-
cule is adsorbed on the Al site of BAs doped AINNTSs
(model AIV), the NBO charge of CO molecule becomes
negative due to donor electron effects of nanotube and BAs
doped. These results are in good agreement with the
decrease of the NMR parameters of the N51 and Al52 sites
of AIV model. On the other hand, the NBO charge of CO
molecule at Al, All, AIl, BI, BII, BII, and BIV models are
positive and these results prove that CO molecule at these
models is a donor electron.

Computational methods

In the current research, to study the interaction and
adsorption of carbon monoxide (CO) gas on the surface of
AINNTS, we consider eight models Al, All, AIl, AIV, BI,
BII, BIII and BIV (see Fig. 1). The structures of (AI-BIV)
representatives models are optimized successfully using
GAMESS suite of programs [37] with density functional
theory (DFT) and using B3LYP level of theory and 6-31G
(d) basis set.

The adsorption energy (E,q4s) of CO gas on the surface of
AINNTsS at the (AI-BIV) models was calculated as follows:

Eaas = Eannts—co — (Eainnts + Eco) (1)

where EannTs.co Was obtained from the scan of the
potential energy of the AINNTs/CO, Eznns 1S the energy
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of the optimized AINNTSs structure, and Ecq is the energy
of optimized CO gas.

Subsequently, the CS tensors were calculated from the
optimized structures by using the same level of the theory.
Furthermore, the chemical shielding (CS) tensors at the
sites of Al "N nuclei were calculated based on the gauge
included atomic orbital (GIAO) approach [38]. The cal-
culated CS tensors in the principal axes system (PAS)
(033 > 025 > 01;) were converted to measurable NMR
parameters, chemical shielding isotropic (CSI) and chem-
ical shielding anisotropic (CSA) by using Egs. (2) and (3),
respectively [28-31].

1
CSI(ppm) = 3 (011 + 022 + 033) (2)

CSA(ppm) = 033 — (022 + 033)/2 3)

Form results of HOMO and LUMO energies, Fermi
level energy (Efr), chemical potential (u), global hard-
ness(#), electrophilicity index (w), gap energy (Eg,p), glo-
bal softness (S), electronegativity (y) and the fractional
number of electrons transfer AN of the nanotubes were
calculated as follows:

p=—(I+A))2 (4)
n=(1-A)/2 (5)
1=—n (6)
o= 1*/2n (7)
S=1/2n (8)
Er. = (Enomo + ErLumo)/2 9)
Egp = ELumo — Enomo (10)
u
—-* (11)

where I (—Eyomo) is the ionization potential and
A (—Epumo) the electron affinity of the molecule [31, 39—
42].
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