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Structural, energetic, electronic, reactivity and stability properties of armchair (3,3), (4,4), (5,5), (6,6), (7,7),
(8,8), (9,9) and (10,10) aluminum nitride nanotubes (AINNTSs) with different diameter have been probed using
density functional theory (DFT) in terms of Moreover, the chemical reactivity characteristics of AINNTs have
performed via some of the quantum molecular descriptors. Our results also indicate that the increasing diameter
of AINNTSs gives rise to notable changes in the electronic structure of the AINNTs. Moreover, results for UV/vis

spectra of AINNTs indicate that the maximum wavelength absorption lie in the range 188—194 nm. The number
Al-N bonds and segregation phenomena of Al and N atoms in the AINNTs have been investigated to better un-
derstand the stability of AINNTs. Besides, the energy gap and chemical hardness enhance with increase diameter
of AINNTSs, thus resulting in a rise in the stability, while the AINNTs with smaller can be considered as a
candidate for the adsorption of gas molecules and drugs for nano-electronic applications.

1. Introduction

Carbon nanotubes (CNTs) have used in distinct applications as an
electrode for oxygen reduction and supercapacitors [1,2], a molecular
junction to enhance electron transport ability of electronic devices [3],
an anode for lithium-ion battery [4], a delivery system for the anticancer
drugs [5,6], gas sensor [7], light-emitting diode [8] and so on due to
their intriguing and tunable properties. However, some obstacles such as
the non-ideal structure bringing about relatively high resistivity, the
large number of thermal defects and chirality-dependent electronic
characteristics, make them difficult to be applied in semiconductor de-
vices. To overcome these difficulties, recently, inorganic nanotubes
including B, N, Al, Si, Ga, and Ge atoms have been designed both
experimentally and theoretically. Among them, most importantly, the
aluminum nitride nanotubes (AINNTSs), which were experimentally ob-
tained in the range of 30-80 nm [9], have been researched use in some
important fields such as Hj storage, battery, sensor, etc. [10-12]. It is
found that AINNTs have some advantages over CNTs. For example,
AINNTs as an anode material provide greater cell voltage than CNTs for
Li-ion batteries [11]. AINNTs also are effective for CO adsorption [13,
14] and elimination of C4Hg toxic molecule from the environment [15]
because of their huge polarity ability enabling noticeably higher
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reactivity than CNTs.

Nanostructured materials have unique physical and chemical prop-
erties according to a change in their size and morphology due to
quantum size effects [16-19]. In this perspective, we have carried out,
for the first time, systematic research on AINNTs with different di-
ameters which may considerably modify the electronic properties of
them. Therefore, diverse structural and electronic parameters such as
the density of states (DOS), orbital energies, energy gap (Eg), binding
energy (Ep), the vertical ionization potential and vertical electron af-
finity (VIP and VEA), point group symmetry, total energy (Er), the
lowest vibrational frequency, chemical hardness (1), electrophilicity
index, and maximum amount of electronic charge index (ANy) were
calculated using density functional theory (DFT). The UV/visible ab-
sorption spectrums of AINNTs have been also analyzed using
time-dependent (TD)-DFT. Moreover, the number of Al-N bonds and
order parameter (R) of Al and N atoms in the AINNTs have analyzed to
better understand the stability of AINNTs. The obtained estimations
were discussed in detail.

2. Computational details

In this study, the armchair models of (3,3), (4,4), (5,5), (6,6), (7,7),
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Fig. 1. Side and top views of optimized AINNT models in different diameters.

(8,8), (9,9) and (10,10) AIN nanotubes (AINNTSs) are chosen. Open ends
of the AINNTSs are saturated by hydrogen atoms due to fragment stabi-
lization effect in the system [20]. All calculations was performed by
Gaussian 09 program [21] as based on the B3LYP/6-31 G(d) functional
[22] for the exchange and the correlation energy together with the
empirical dispersion term of Grimme (GD3) [23]. Harmonic vibrational
frequencies are also estimated to confirm true minima. The B3LYP
functional underestimates excited state energies when compared to
CAM-B3LYP and LC-B3LYP functionals. Therefore, the CAM-B3LYP
functional [24] is used to calculate absorption spectra of AINNTs
[25-28] based on TD-DFT method.
The binding energy per atom (Ep) are calculated by

E, = [i x (E(Al) + E(N)) +j x E(H) — E(AINNT)1/(2i +J) €h)

The vertical ionization potential (VIP) and vertical electron affinity
(VEA) were calculated using the following expressions: [VIP =
Eection _ prevral] and [VEA = Erre — E@on]  Density of state (DOS) cal-
culations were performed by utilizing GaussSum program [29] to assess

the difference in energies of the HOMO — LUMO orbitals (Egomo and
Erumo)- In addition, the Koopman’s theorem [30] offers an alternative
method to identify the ionization potential and electron affinity through
negative of HOMO and LUMO energies (-Egomo and -Epymo)- Based on
this theorem, chemical hardness (1), electrophilicity index (w) and
maximum amount of electronic charge index (AN,,) can be determined
in terms of orbital energies: n = (I —A)/2, @ = p2/2y and ANy = —
u/n [311.
The number of bonds (n;) [32] is defined by

ny =Y @)

i<j

1,y <12r)
where §; = o) bj=AlorN,r; is the distance between
0, ryj >1.2r

atom i and j and ri(j0> is a nearest neighbor criterion obtained from the
experimental binary data of Al-N interactions [33]. We research the
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Table 1

The structural and energetic properties of AINNT models. (Symm is symmetric
structure, E, is total energy (in Hartree), f is the lowest frequency and Ej is
binding energy).

Models Symm E, f Ep
3 x3x3 Se —5358.4186 53.18 5.20
4 x 4%3 Sg —7144.6321 26.89 5.23
5 x 5x%3 S10 —8930.8306 17.85 5.24
6 x 6x3 S12 -10717.0233 12.39 5.25
7 X 7x3 GC; —12503.2126 9.41 5.25
8 x 8x3 Cg —14289.3995 7.25 5.26
9 X 9%x3 G —16075.5849 5.86 5.26
10 x 10 x 3 Sy —17861.7690 4.41 5.26
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Fig. 2. Binding energy per atom (E,) and number of bonds (n) of AI-N
inteactions of AINNT models.

atomic distribution of Al and N in AINNTs by n;.

We also studied segregation phenomena of the two types of atoms (Al
and N) [32-34] with the order parameter (Ry,) to discover the stable
structure of AINNTs with different diameters.

Let nr, be the number T; type atoms in the binary AB nanotubes, r; the
distance of the atoms to the coordinate center of the nanotube, then Ry,
the average distance of a type T; atoms in accordance with the center of a
nanotube, is expressed by

Ry= 130 3)

nr, i—1

An ¢ distance from center of nanotube to a reference point is deter-
mined to indicate the position of atoms; if Ry, < &min (a “small” value), it
means that the T; type atoms are at the center, and if Ry, > enqe (a
“large” value), it means that the T; type atoms are at the surface region of
NP. If neither is true, ie., if emn <Ry, < émer (@ “medium” value), it
means a well-mixed NP.
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Fig. 3. HOMO, LUMO and HOMO-LUMO energy gap (Eg) of AINNT models.

3. Results and discussions

We study the structural optimization of armchair (3,3), (4,4), (5,5),
(6,6), (7,7), (8,8), (9,9) and (10,10) AINNTS, in whose cell there are 48,
64, 80, 96, 112, 128, 144 and 160 atoms with various diameters,
respectively. The relaxed geometry of AINNTSs is presented in Fig. 1.

The structural properties such as total energy (E), point group
symmetry (Symm) and lowest frequency (f) is tabulated in Table 1
where we also have listed the binding energy per atom (E,) of the
optimized AINNTs. There is no negative frequency which indicates the
transition state at a saddle-point on the potential energy surface. Note
that the lowest vibrational frequencies of AINNTs are decreased with
increasing the size of nanotubes (see Table 1). The point group sym-
metries of the optimized (3,3), (4,4), (5,5), (6,6), (7,7), (8,8), (9,9) and
(10,10) AINNTSs are S, Ss, S10, S12, Ci, Cs, Cj, C4, respectively (see Fig. 1).
The AI-N = 1.80 and 1.81 A bond length between walls are approxi-
mately the same for all AINNTs. In addition, the lengths of the optimized
(3,3), (4,4, (5,5), (6,6), (7,7), (8,8), (9,9) and (10,10) AINNTs are in
range of 7.8 and 7.9 A, and their diameters are 5.18, 7.13, 8.83, 10.66,
12.36, 14.16, 15.82, 17.64 A, respectively (see Fig. 1). Compared with
the pure CNTs [16] and boron nitride nanotubes (BNNTs) [35], the
average diameter of AINNTs is higher than that of the others. In addi-
tion, the order of the average diameter of AINNTs (for nx nx 3;
n = 3-8) is found as follows: CNTs < BNNTs < AINNTs [16].

Fig. 2 shows that the results for the E, of AINNTs. The E, increases
with an increase in the AINNTs diameter. The values in Table 1 imply
that the Ej, of (3,3) AINNT is 5.20 eV. The Ej increases with an increase
in the AINNTs diameter, and the highest value is therefore found for
(10,10) AINNT. This also indicates that the stability increases with an
increase in the AINNTSs diameter. This trend is compatible with previous
our studies showing that the E, of AINNTs is lower than that of CNTs
[16].

To get more detailed information about the stability, we carry out the
number of Al-N binary bonds (n4y) which is expressed in Eq. (1). There
are many parameters to determine the stability of materials, such as

Table 2

The electronic and reactivity properties (in eV) of AINNT models.
Models HOMO LUMO Eg VIP VEA n o ANyor
3 x 3x3 —6.49 -1.85 4.64 7.58 0.79 2.32 20.17 1.80
4 x 4%3 —6.49 -1.83 4.66 7.45 0.87 2.33 20.16 1.79
5x 5x3 —6.48 -1.67 4.81 7.36 0.81 2.41 19.97 1.69
6 X 6x3 —6.47 —1.56 4.91 7.37 0.78 2.46 19.79 1.64
7 X 7%3 —6.46 -1.50 4.96 7.29 0.78 2.48 19.64 1.60
8 x 8x3 —6.45 —1.46 4.99 7.22 0.79 2.50 19.51 1.59
9 X 9x3 —6.45 —1.44 5.01 7.16 0.81 2.51 19.49 1.57
10 x 10 x 3 —6.44 —-1.42 5.02 7.11 0.83 2.51 19.38 1.57
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Fig. 4. Density of states (DOS) of AINNT models.
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Fig. 5. Vertical ionization potential (VIP) and vertical electron affinity (VEA) of
AINNT models.

larger binding energy and lower vibrational frequency and others. In
this part, the order of stability of eight AINNT models has been corre-
lated in terms of the E}, based on the ngyy. The relationship between the
E}, and nyuyy is plotted Fig. 2 which shows that an increase in the E, is
proportional to nsyy (the number of Al-N bonds in AINNTSs). Therefore,
we can conclude that maximum n,yy corresponds to maximum stability.

The values in Table 2 imply that the energies of HOMO and LUMO
levels of (3,3) AINNT are —6.49 and —1.85 eV, respectively; therefore,
the E; is 4.64 eV. LUMO levels shifted to higher energy with increasing
diameter of AINNTs and the energies of LUMO increase from —1.85 (for
(3,3) AINNT) to —1.42 eV (for (10,10) AINNT), as seen in Fig. 3. How-
ever, the HOMO level remained unchanged by increasing radius of the
AINNTSs. Consequently, the E; shows an increase trend as the diameter of
AINNTSs increases. The Eg of (10,10) AINNT is calculated to be 5.02 eV
and this value is bigger than that of the other AINNTSs, indicating elec-
trically a semi-conductive behavior. When it comes to the stability,
AINNT with the biggest diameter has the biggest stability due to its
largest HOMO-LUMO gap which is compatible with literature [36,37].

Contrary to BNNTs, AINNTSs are narrower gap semiconductors with
the E; in the range of 4.64-5.02 eV, independently of diameter, chiral
and number of walls [38,39]. For example, the E; of armchair (4,4)
AINNT is calculated to be 4.66 eV in this study, whereas, those of
armchair (4,4) BNNT and armchair (5,5) BNNT is reported as 6.29 eV
[40] and 6.31 eV [35,41], respectively. On the other hand, the E; of
AINNTs is larger than that of CNTs [16].

To better understand the sensitivity of the AINNTs depending on an
increase in diameter, we calculated and compared the density of states
(DOS) in the energy range —10 to 2 eV, as presented in Fig. 4. We note
that notable changes in the DOS are not observed near the Fermi level.
However, it can be seen that after an increase in diameter of AINNTs, a
small shift near the conduction band compared to that of the AINNTs
with smaller diameters was seen. Therefore, our results clarify after an
increase of AINNTSs in diameter, the HOMO-LUMO energy gaps of tubes
have noteworthy increases. Therefore, it is concluded that AINNTs with
smaller diameters can be a better candidate as a sensor for nanodevice
applications.

Fig. 5 shows that a comparison of the VIP and VEA of AINNTs. As
seen Table 1, the VIP of AINNTSs decreases from 7.58 (for (3,3) AINNT)
to 7.11 eV (for (10,10) AINNT). However, VIP value of (6,6) AINNT is
slightly higher than that of neighboring AINNTs (see Fig. 5). The values
of VEA remain trapped in the range of 0.78 and 0.87 eV, whereas the
(4,4) AINNT gives a pick, which prefers higher electron affinity. Note
that the increasing diameter of AINNTs does not cause a significant
change in VEA.

With increasing the diameter of AINNTSs, the 7 and AN, of AINNTs
was increased and the o of the AINNTs was decreased, which indicated
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that the chemical reactivity of the AINNTs was decreased (see Fig. 6).
We note that by increasing in chemical hardness for AINNTs depending
on an increase in diameter leads to increase in chemical stability.

In the last part of this section, we calculated segregation phenomena
of the different types of atoms with the order parameter (R) to discover
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the stable structure of AINNTs with different diameters (see Fig. 7),
which is a desirable property of materials, especially, with high-
efficiency. Our results show that a decrease of the R of N atoms and
an increase of the R of Al atoms contribute to the stability of AINNTs.

Ultraviolet-visible (UV/vis) absorption spectroscopy for the AINNTs
are analyzed by using time-dependent DFT (TD-DFT) and presented in
Fig. 8. The maximum UV/vis absorption spectrum values of AINNTSs give
an absorption peak located in the UV-C portion of the spectrum, which is
good agreement with previous results [42]. Moreover, UV/vis values of
(3,3), (4,9, (5,5), (6,6), (7,7), (8,8), (9,9) and (10,10) AINNTs are found
to be 188.0, 186.5, 190.0, 192.0, 193.5, 193.5, 194.0 and 194.0 nm,
respectively. Therefore, we note that the UV/vis absorption spectros-
copy shifts slightly towards higher wavelengths depending on an in-
crease in diameter.

4. Conclusions

The geometrical structures, energies, electronic properties of
armchair (3,3), (4,4), (5,5), (6,6), (7,7), (8,8), (9,9), and (10,10) AINNTs
in different diameter are investigated using DFT calculations. Our results
showed that binding energies increases with an increase in diameter of
AINNTs, thus the stability of AINNTs enhances with increasing diameter.
Similarly, increasing chemical hardness for AINNTs leads to an increase
in chemical stability. This also indicates that the chemical reactivity of
the AINNTs was decreased. Depending on the increase in diameter,
HOMO-LUMO energy gaps and DOSs show notable changes in the
conductivity of AINNTs. Indeed, the number of Al-N bonds and segre-
gation phenomena of Al and N atoms in the AINNTs are also indicators of
the stability of AINNTs. Results for UV/vis absorption spectrum of
AINNTs indicate that the maximum wavelength absorption lie in the
range 188—194 nm, located in the UV-C region. On the other hand,
AINNTs with smaller diameter has better conditions in terms of con-
ductivity than larger diameter; therefore, they would be preferable as a
candidate for the adsorption of the drug or molecule.
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