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Density functional theory (DFT) calculations were performed to calculate the electric field gradi-
ent (EFG) tensors at the sites of aliminium (¥ Al) and nitrogen (*N) nuclei in an 1 nm of length
(6,0) single-walled aliminium nitride nanotube (AINNT) in three forms of the tubes, i.e. hydrogen-
capped, aliminium-terminated and nitrogen-terminated as representatives of zigzag AINNTSs. At first,
each form was optimized at the level of the Becke3,Lee-Yang-Parr (B3LYP) method, 6-311G** ba-
sis set. After, the EFG tensors were calculated at the level of the B3LYP method, 6-311++G** and
individual gauge for localized orbitals (IGLO-II and IGLO-III) types of basis sets in each of the
three optimized forms and were converted to experimentally measurable nuclear quadrupole reso-
nance (NQR) parameters, i. . quadrupole coupling constant (gcc) and asymmetry parameter (7]g).
The evaluated NQR parameters revealed that the considered model of AINNT can be divided into
four equivalent layers with similar electrostatic properties. With the exception of Al-1, all of the three
other Al layers have almost the same properties, however, N layers show significant differences in the
magnitudes of the NQR parameters in the length of the nanotube. Furthermore, the evaluated NQR
parameters of Al-1 in the Al-terminated form and N-1 in the N-terminated form revealed the different
roles of Al (base agent) and of N (acid agent) in AINNT. All the calculations were carried out using

the GAUSSIAN 98 package program.
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1. Introduction

Since the early days of the discovery and large scale
production of carbon nanotubes (CNTs) [1, 2], numer-
ous studies have been devoted on these novel materials.
The applications of CNTs range from nanoelectronics
to nanobiotechnology. For example, they are used as
either electron field emitters or artificial muscles [3, 4].
However, since the electronic properties of CNTs are
mainly dependent on the tubular chirality and diame-
ter [5], separation of nanotubes with desired electronic
properties from other ones is a formidable task. There-
fore, substituting them by other non-carbon nanotubes
with properties independent of these factors is an ad-
vantage for the production of desired nanotubes [6 —§].
To this aim, elements of group III nitride nanotubes,
e. g., boron nitride (BN) and aluminium nitride (AIN),
are considered as possible and proper alternatives of
CNTs [9, 10]. In contrast with CNTs, the group III ni-
trides are always wide gap semiconductors, the prop-

erties of which are independent of the tubular chiral-
ity and diameter, and among them, AIN has the largest
band gap and is a good material for future electronics
and optoelectronics [11, 12].

The formation of tubular BN structures in calcu-
lations and the first synthesized pure boron nitrid
nanotubes (BNNTs) were reported in [13, 14]. How-
ever, real aluminium nitrid nanotubes (AINNTSs) have
not been synthesized yet. Their stability and unique
electronic properties were only indicated by theoret-
ical studies [15—19]. Nuclear quadrupole resonance
(NQR) spectroscopy, dealing with the quadrupole nu-
clei, is among the most versatile and insightful tech-
niques to investigate the physical properties of mat-
ters [20]. The quadrupole nuclei are those with the
nuclear spin angular momentum greater than one-half
(I >1/2), e.g., ”’Al and '"“N. From the measured
NQR frequencies the quadrupole coupling constant
(gce) and the asymmetry parameter (1)) can be de-
termined. The gcc is proportional to the interaction en-
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ergy between the nuclear electric quadrupole moment
(eQ) and the electric field gradient (EFG) tensors at
the sites of the quadrupole nuclei [21]. Another impor-
tant measurable parameter is the asymmetry parameter
(Ng), meaning the EFG tensors deviation from cylin-
drical symmetry at the sites of the quadrupole nuclei.
The EFG tensors are very sensitive elements to the
electrostatic environments and can reveal new trends
about these properties in AINNTs. Computationally,
the EFG tensors calculated are proportional to gcc and
7Ng; therefore, quantum chemical calculations permit
the NQR measurable parameters evaluation [22,23].

The present computational work studies the elec-
trostatic properties of AINNTSs systematically. To this
purpose, the EFG tensors are calculated to evaluate
the 27Al and “N NQR parameters (gcc and 1q) (Ta-
bles 1,2) as a first prediction for AINNTS in a represen-
tative model of an 1-nm of length (6,0) single-walled
AINNT with hydrogen-capped, aluminium-terminated
and nitrogen-terminated tubes (Figs. 1—4). The elec-
trostatic properties of the terminating atoms are also
specifically investigated by considering different tube
models of AINNTSs.

2. Computational Procedure

In this work, an 1-nm of length (6,0) single-walled
AINNT, consisting of 24 Al and 24 N atoms, as the
representative model of zigzag AINNTSs is studied in
the three forms of tubes, i.e. H-capped, Al-terminated
and N-terminated ones (Figs. 1 —4). Density functional
theory (DFT) calculations were performed on each of
the three considered models by the GAUSSIAN 98
[24] package program. At first, geometrical optimiza-
tion at the level of the Becke3,Lee-Yang-Parr (B3LYP)
method and 6-311G** basis set was performed on each
of the three considered forms. Then, the EFG tensors
at the sites of >Al and '*N nuclei were calculated in
each of the three optimized forms of H-capped, Al-
terminated and N-terminated AINNT (Figs. 2—4). The
EFG tensor calculations were performed at the level
of the B3LYP method, and 6-311++G™* and individual
gauge for localized orbitals (IGLO-II and IGLO-III)
types of basis sets to evaluate the >’ Al and "N NQR
parameters, gcc and 7)g, (Tables 1-2). There are five
d-type Gaussian polarization functions on each non-
hydrogen atom and three p-type polarization functions
on each hydrogen atom in the large Pople’s valence
triple-zeta 6-311G** and 6-311++G** [25] basis sets
in which the diffuse functions on all atoms indicated
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by pluses are added to the latter one [26]. The larger
Kutzelnigg’s IGLO-II and IGLO-III [27] basis sets,
having functions with large exponents for the repre-
sentation of core electrons, are derived by Huzinaga’s
basis sets [28]. Both of 6-311++G™* and IGLO-types
basis sets are adapted to reproduce reliable NQR and
NMR properties [22,23,29, 30].

Since quantum chemical calculations do not directly
yield the measurable NQR parameters (gcc and 1),
(1) and (2) are used to evaluate gcc and 1), respec-
tively:

gce(MHz) = € Qg .h ™!, (1

No = |(‘bcx_%y)/‘kz|a
|‘]zz‘ > ‘ny| > ‘CIxx|a 0<ne <L

As mentioned earlier, the gcc and 1 can be deter-
mined by the measured NQR frequencies. The gcc is
proportional to the interaction energy between the eQ
and the EFG tensors at the sites of quadrupole nuclei.
The asymmetry parameter 7)o defines the EFG ten-
sors deviation from cylindrical symmetry at the sites
of quadrupole nuclei. The nuclei with the nuclear spin
angular momentum greater than one-half (I > 1/2)
are quadrupoles. The standard Q values reported by
Pyykko [31] are employed in (1): Q(*’Al) = 146.6 mb
and Q('*N)=20.44 mb. Tables 1 and 2 exhibit the
evaluated NQR parameters at the sites of 2’ Al and “N
nuclei in the three considered forms of AINNTSs. Since
the order of gcc(*’Al) is larger than that of gcc('4N),
the values of gcc(*”Al) are reported by two digits and
those of gcc(*N) are reported by 3 digits, however,
the values of 1o for both, 2’ Al and !*N, are reported
by two digits.

@)

3. Results and Discussion
3.1. The ’Al NOR Parameters

Table 1 exhibits the evaluated, experimentally mea-
surable NQR parameters (gcc and 1) at the sites of
27 Al nuclei in each of the three optimized H-capped,
Al-terminated and N-terminated forms of the consid-
ered AINNTs (Figs. 1 —4). The evaluated NQR param-
eters reveal that the 24 Al atoms of the considered
model can be divided into four equivalent layers with
similar electrostatic properties in the length of the tube,
Al-1, Al-2, Al-3 and Al-4 layers. The calculated pa-
rameters of the three employed basis sets agree with
each other, and no significant differences are observed
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Table 1. The 27 Al NQR Parameters?.

Nucleus gcc (MHz) Mo

Al-1 40; 27; 40 0.12; 0.98; 0.15
[39; 27; 39] [0.14; 0.96; 0.16]
(39; 27; 39) (0.14; 0.96; 0.16)

Al-2 34;33; 34 0.02; 0.06; 0.05
[33;32; 33] [0.02; 0.06; 0.05]
(33;32; 33) (0.02; 0.06; 0.05)

Al-3 34; 34; 34 0.04; 0.06; 0.08
[33;33; 33] [0.04; 0.06; 0.08]
(33;33; 32) (0.04; 0.06; 0.08)

Al-4 34;34; 34 0.02; 0.02; 0.07
[33;33; 33] [0.02; 0.02; 0.07]
(32;32; 33) (0.03; 0.02; 0.08)

4 In each row, the first number is for H-capped, the second one for
Al-terminated and the third one for N-terminated forms of AINNTs
(see Figs. 2—4 for details). The results of the IGLO-II type basis set
are in brackets, those of the IGLO-III type in parenthesis, and the
others are for the 6-311++G** basis set.

Fig. 1. 3D view of
the (6,0) single-walled
AINNT.

Al-4 Al-3 Al-2 Al-1
Fig. 2. 2D view of the H-capped form of the AINNT.

with them, hence the magnitudes of the parameters are
validated.

Al-1 layer is placed at the end of the tube and forms
the Al end of the AINNT. Therefore, because of the im-
portant roles of ending atoms in growing and synthe-
sizing processes of nanotubes [32,33], distinguished
properties are expected for this layer. In both of the
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Fig. 4. 2D view of the N-terminated form of the AINNT.

H-capped and N-terminated forms (Figs. 2 and 4),
gee(*’Al-1) is 40 MHz, which means that this layer
feels equivalent electrostatic environments in these two
forms of AINNTSs. This trend reveals that the con-
sidered 1 nm of length AINNT is a proper model to
be studied because the different condition of the N-
terminated form does not influence the electrostatic en-
vironment of the Al-1 layer. Furthermore, the magni-
tudes of Np(*’Al-1) do not show any significant dif-
ferences in the two considered forms of H-capped and
N-terminated AINNTSs. However, the situation of the
Al-1 layer in the Al-terminated form of an AINNT is
remarkably different from those with the H-capped and
N-terminated forms. gcc(*’ Al-1) reduces by 13 MHz
and nQ(27A1— 1) increases by 0.76 from the H-capped to
the Al-terminated form, which means that the EFG ten-
sors at the site of >’ Al-1 nuclei change significantly be-
cause of the Al-terminating situation. Al plays the base
agent in an AINNT, therefore, in the Al-terminated
form, it has a better condition to interact with acid
agents rather than those of H-capped and N-terminated
forms.

Al-2, Al-3 and Al-4 layers are the other equivalent
Al layers in the length of tube, for which the calcu-
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Table 2. The "N NQR Parameters®.

Nucleus gcc (MHz) Mo

N-1 2.29;2.30; 8.00 0.78; 0.78; 0.22
[2.33;2.34; 8.10] [0.76; 0.76; 0.21]
(2.32;2.32; 8.12) (0.76; 0.76; 0.21)

N-2 0.55; 0.53; 1.02 0.03; 0.05; 0.08
[0.54; 0.52; 0.99] [0.01; 0.08; 0.07]
(0.53; 0.52; 1.02) (0.02; 0.07; 0.09)

N-3 0.51; 0.65; 0.52 0.24; 0.29; 0.30
[0.50; 0.63; 0.49] [0.28; 0.26; 0.37]
(0.50; 0.64; 0.51) (0.27; 0.28; 0.35)

N-4 0.90; 0.24; 0.88 0.65; 0.53; 0.61

[0.88; 0.27; 0.86]
(0.90; 0.26; 0.89)

[0.67; 0.56; 0.66]
(0.68; 0.57; 0.67)

2 In each row, the first number is for H-capped, the second one for
Al-terminated and the third one for N-terminated forms of AINNTSs
(see Figs. 2—4 for details). The results of the IGLO-II type basis set
are in brackets, those of the IGLO-III type in parenthesis, and the
others are for the 6-311++G** basis set.

lations (6-311++G**) yielded an equal magnitude of
34 MHz for all of them. This trend reveals that in the
considered AINNT, the Al-1 layer plays a remarkable
role in the Al layers as is easily seen by the equal calcu-
lated gcc’s of Al-2, Al-3 and Al-4 layers. Furthermore,
just nQ(27A1-1) has the significant difference compar-
ing with 1g of the other three Al layers Al-2, Al-3 and
Al-4.

3.2. The '*N NOR Parameters

The evaluated NQR parameters (gcc and 1g) from
the calculated EFG tensors at the sites of '#N nuclei in
the three optimized H-capped, Al-terminated and N-
terminated forms of the considered AINNTs (Figs. 1 -
4) are presented in Table 2. Parallel with the Al atoms,
the 24 N atoms of the considered model can be di-
vided into four equivalent layers with similar electro-
static properties, N-1, N-2, N-3 and N-4, according to
their evaluated NQR parameters. The three employed
basis sets of 6-311++G**, IGLO-II and IGLO-III types
yield no significant difference in the calculated results
of Table 2 agrees with Table 1.

N-1 layer is placed at the end of the tube and
makes the N end of the AINNT. The magnitudes of
gee(MN-1) and nQ(14N-1) in the two forms of H-
capped and Al-terminated AINNTSs are almost the
same; this means that removing H atoms in the Al-
terminated form does not influence the electrostatic
environment at the sites of N-1 nuclei. This trend re-
veals that parallel with Al-1, the considered length of
the nanotube in the calculations is proper to study the
electrostatic environment at the sites of ending '*N
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nuclei. However, when H atoms are removed in the
N-terminated form, the evaluated NQR parameters of
N-1 significantly deviate from the H-capped and Al-
terminated forms. gcc('*N-1) increases by 0.7 MHz
and nQ(14N-1) reduces 0.56 from the H-capped to
the N-terminated form. As mentioned earlier, Al plays
as base agent in AINNTSs, and here N plays as acid
agent from which the H atoms are removed; N-1 nuclei
are more activated to interact with other base agents.
In contrast with Al-1 layers the Al-2, Al-3 and Al-4
show almost similar properties in the three forms of
AINNTSs, N-2, N-3, and N-4 layers do not show this
similarity.

Although N-2 and N-3 layers have similar NQR
parameters in the H-capped form, significant differ-
ences are seen in the two other forms. Since N has
a lone pair of electrons, its electrostatic environment
at the site of a nucleus is very sensitive and feels
changes by the neighbouring effects which is easily ob-
served by different NQR parameters of N-2 and N-3 in
both the Al- and N-terminated forms of AINNTs. The
N-4 layer is the last one in the considered model of
AINNTs. The calculated magnitudes of gec(*N-4) and
also nQ(14N-4) in H-capped and N-terminated forms
are the same, meaning that removing the H cap in
the N-terminated form does not influence the electro-
static environment at the sites of the N-4 nuclei. How-
ever, removing the H cap in the Al-terminated form
causes significant changes in the calculated NQR pa-
rameters of N-4 which is the first neighbour layer of
Al-1, gcc(*N-4) reduces by 0.65 MHz and 1o(!*N-4)
reduces by 0.1 from the H-capped to the Al-terminated
form.

4. Concluding Remarks

We performed a DFT study to evaluate NQR pa-
rameters (gcc and 17)p) in a representative model of
zigzag AINNTS by calculations of EFG tensors at the
sites of 2’Al and '“N nuclei in three forms of tubes,
i. e. H-capped, Al-terminated and N-terminated, for the
first time. From the calculated results, some trends
are concluded. First, the electrostatic environment at
the sites of various nuclei in the considered model
can be divided into four equivalent layers. Second,
the NQR parameters at the sites of Al and N nuclei
in ending layers (Al-1 and N-1) are significantly dif-
ferent from those of other layers, this trend being in
agreement with the previous trends about the impor-
tant roles of ending nuclei in nanotubes. The basic role
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of Al and the acidic role of N are clearly observed
in Al-terminated and N-terminated forms, respectively.
Third, neighbouring with the N-1 layer does not in-
fluence the NQR parameters of Al-4 nuclei in the N-
terminated form, however, the NQR parameters of N-4
nuclei are influenced in the Al-terminated form. Forth,
except for Al-1 nuclei, the other three layers have equal
magnitudes of NQR parameters, however, all of the
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