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Abstract Density functional theory (DFT) calculations were
performed to investigate the electronic structure properties of
pristine and Si-doped aluminum nitride nanotubes as n or P-
semiconductors at the B3LYP/6-31G* level of theory in order
to evaluate the influence of Si-doped in the (6,0) zigzag
AlNNTs. We extended the DFT calculation to predict the
electronic structure properties of Si-doped aluminum nitride
nanotubes, which are very important for production of solid-
state devices and other applications. To this aim, pristine and
Si-doped AlNNTstructures in two models (SiN and SiAl) were
optimized, and then the electronic properties, the isotropic
(CSI) and anisotropic (CSA) chemical shielding parameters
for the sites of various 27Al and 14N atoms, NQR parameters
for the sites of various of 27Al and 14N atoms, and quantum
molecular descriptors were calculated in the optimized struc-
tures. The optimized structures, the electronic properties,
NMR and NQR parameters, and quantum molecular

descriptors for the SiN and SiAl models show that the SiN
model is a more reactive material than the pristine or SiAl
model.

Keywords Aluminum nitride nanotubes . Quantum
molecular descriptors . DFT . NMR . NQR

Introduction

Aluminum nitride (AlN) nanomaterials because of their high
temperature stability, largest band gap, thermal conductivity,
low thermal expansion, and resistance to chemicals and gases
[1–3] are widely used in technological applications, mainly in
micro and optoelectronics, such as laser diodes and solar-blind
ultraviolet photodetectors and semiconductors [3]. Unlike
carbon nanotubes (CNTs), aluminum nitride nanotubes
(AlNNTs) exhibit electronic properties and semiconductor
behavior independent of its lengths, tubular diameter and
chirality. Tuning the electronic structures of the semiconduct-
ing AlNNTs for specific application is evident important in
building specific electronic and mechanical devices.

Silicon is widely used in semiconductors because it
remains a semiconductor at higher temperatures than the
semiconductor germanium and because its native oxide is
easily grown in a furnace and forms a good semiconductor/
dielectric interface. Pure silicon can be doped with other
elements to adjust its electrical response by controlling the
number and charge (positive or negative) of current carriers.
Such control is necessary for transistors, solar cells, semicon-
ductor detectors and other semiconductor devices which are
used in electronics and other high-tech applications. Silicon
(Si) can replace an Al or N atom as a dopant in AlNNTs to
produce p or n semiconductors. Doping of AlNNTs by Si
atom may be able to yield changes in the electronic structure
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properties. Therefore, investigations of the influence of
Si-doping on the electronic properties of the AlNNTs
are very important. Among the available techniques,
Nuclear magnetic resonance (NMR) spectroscopy in-
cluding isotropic and anisotropic chemical shielding
(CSI and CSA) parameters [4] and nuclear quadrupole
resonance (NQR) [5] spectroscopy are the best techni-
ques to study the electronic structure properties of mate-
rials and can be well reproduced by density functional
theory (DFT) calculations [6–9].

The electronic structure properties of AlNNTs have
been theoretically studied by Mirzaei et al. [10]. They
investigated just the chemical shielding (CS) parameters
for the C-doped (10,0) zigzag AlNNT at the sites of
various 27Al and 15N atoms, whereas the objective of
the present work was to study not only the chemical
shielding (CS) parameters for the Si-doped AlNNTs at
the sites of various 27Al and 15N atoms, but also we
investigated the electronic structure properties, including
bond lengths, bond angles, tip diameters, dipole
moments (DM), band gaps, binding energy, and NQR
parameters of 27Al and 14N atoms in the pristine and Si-
doped AlNNT models. Moreover, we investigated the
quantum molecular descriptors [11, 12] including elec-
tronic chemical potential (μ), global hardness (η), elec-
trophilicity index (ω) [13], energy gap, global softness

(S), and electronegativity (χ) of the nanotubes. There-
fore, further study of the electronic properties of
AlNNTs by doping process for production of solid-
state devices and other applications remains interesting.

Computational methods

In this study, the electronic structure properties of the pris-
tine and Si-doped (6,0) zigzag AlNNT models were studied
by using density functional theory (DFT) calculations in
which the ends of nanotubes were saturated by hydrogen
atoms. The representative models of the (6,0) zigzag AlNNT
has three forms, namely pristine (Fig. 1c), or with a N atom
doped by a Si atom, i.e., the SiN model (Fig. 1a) as a p-
semiconductor, or with a Al atom doped by an Si atom, i.e.,
the SiAl model (Fig. 1b) as a n-semiconductor. We investi-
gated the influence of the Si-doping on the electronic struc-
ture properties of the (6,0) zigzag AlNNT, which are very
important for production of solid-state devices and other
applications. The hydrogenated models of the pristine (6,0)
zigzag AlNNT and the two Si-doped AlNNT models con-
sisted of 72 atoms with formulas Al30N30H12 (pristine),
Al30N29H12Si (SiN model), and Al29N30H16 Si (SiAl model).
In the first step, all the atomic geometrical parameters of the
structures were allowed to relax in the optimization at the

Fig. 1 (a) and (b) Two-
dimensional (2D) views of the
Si-doped (6,0) zigzag AlNNT in
the SiN and SiAl models, (c) 2D
views of pristine (6,0) zigzag
AlNNT, and (d) and (e) Three-
dimensional (3D) views of the
Si-doped (6,0) zigzag AlNNT in
the SiN and SiAl models
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DFT level of B3LYP exchange functional and 6-31G* stan-
dard basis set. Then, the binding energy (BE) of the two Si-
doped models was calculated as follows:

BE ¼ ESi�AlNNT þ EN or Al½ � � EAlNNT þ ESi½ � ð1Þ

Where ESi-AlNNT was obtained from optimization of the
Si-doped models, EAlNNT is the energy of the optimized
AlNNT structure, and EN, EAl, and ESi are the energy of
an isolated N, Al, and Si atoms. A negative BE denotes
exothermic substitute. The structural properties of repre-
sentative (6,0) zigzag AlNNT models are summarized in

Table 1.The CS tensors of the sites of various 27Al and
15N atoms and NQR parameters of 27Al and 14N atoms
were calculated for the optimized structures at the
B3LYP/6-31G* level. It is noted that, when applying
DFT, the B3LYP level usually gives more reliable
results in comparison with experiments and is usually
more convincing [14, 15]. The calculated CS tensors in
the p r inc i pa l ax i s sys t em (PAS) wi t h o rde r
σ33>σ22>σ11 [14, 15] were converted to measurable
NMR parameters, i.e., the isotropic (CSI) and anisotrop-
ic chemical shielding (CSA) parameters, using Eqs. 2
and 3 [6–9]; the NMR parameters of 27Al and 15N

Table 1 Structural properties of representative models of the (6,0) zigzag AlNNT

bond SiN model SiAl model Pristine bond SiN model SiAl model Pristine

Al1-N1 1.815 1.816 1.817 Al19-N20 1.817 1.817 1.816

Al2-N1 1.817 1.818 1.817 Al20-N20 1.817 1.816 1.816

Al2-N2 1.818 1.821 1.818 Al20-N21 1.817 1.810 1.816

Al3-N2 1.817 1.816 1.817 Al21-N21 1.816 1.810 1.816

Al3-N3 1.817 1.816 1.817 Al21-N22 1.824 1.816 1.816

Al4-N3 1.816 1.821 1.818 Al25-N19 1.810 1.806 1.807

Al7-N1 1.811 1.814 1.814 Al26-N20 1.807 1.810 1.807

Al8-N2 1.817 1.811 1.814 Al27-N21 1.807 1.804 1.807

Al9-N3 1.812 1.811 1.814 Al28-N22 1.809 1.810 1.807

Al7-N7 1.810 1.815 1.815 Al25-N25 1.814 1.815 1.816

Al7-N8 1.812 1.811 1.815 Al26-N25 1.809 1.816 1.816

Al8-N8 1.821 1.804 1.815 Al26-N26 1.820 1.815 1.816

Al8-N9 1.821 1.826 1.815 Al27-N26 1.820 1.815 1.815

Al9-N9 1.812 1.826 1.815 Al27-N27 1.808 1.815 1.815

Al9-N10 1.811 1.804 1.815 Al28-N27 1.814 1.816 1.816

Al13-N7 1.816 1.813 1.812 Average Al-N 1.818 1.814 1.815

Al14-N8 1.816 1.803 1.812 Al-H 1.582 1.582 1.582

Al15-N9 1.817 – 1.812 N-H 1.019 1.019 1.019

Al16-N10 1.816 1.802 1.812 Bond angles

Al13-N13 1.834 1.816 1.818 N1-Al7-N8 119.6 118.2 119.3

Al14-N13 1.831 1.812 1.818 N2-Al8-N9 117.4 120.9 119.3

Al14-N14 – 1.821 1.818 N7-Al13-N13 121.6 118.7 119.2

Al15-N14 – – 1.818 N8-Al14-Si 115.3 – –

Al15-N15 1.832 – 1.818 Al14-Si-Al20 98.7 – –

Al16-N15 1.834 1.820 1.818 N9-Si-N14 – 111.6 –

Al19-N13 1.832 1.805 1.811 Al8-N9-Si – 123.5 –

Al20-N14 – 1.820 1.811 N20-Al20-N21 118.2 118.7 118.7

Al21-N15 1.832 1.820 1.811 N21-Al27-N27 117.6 116.5 116.8

Si-Al14 2.428 – – Diameter(Al-tip)/Å 6.37 6.49 6.33

Si-Al15 2.427 – – Diameter(N-tip)/Å 6.48 6.43 6.43

Si-Al20 2.379 – – DM 12.33 11.97 12.30

Si-N9 – 1.761 – ET/keV −249.272 −244.166 −242.888

Si-N14 – 1.773 – BE/eV 6.21 −0.82 –

Si-N15 – 1.773 – Band gap/eV α03.93 α02.27 4.29

Al19-N19 1.824 1.813 1.816 β02.45 β04.22
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atoms for the investigated (6,0) zigzag AlNNT models
are summarized in Table 2.

CSI ppmð Þ ¼ 1 3= σ11 þ σ22 þ σ33ð Þ; ð2Þ

CSA ppmð Þ ¼ σ33 � 1=2 σ11 þ σ22ð Þ ð3Þ

For NQR parameters, computational calculations do not
directly return experimentally measurable NQR parame-
ters, i.e., the nuclear quadrupole coupling constant (CQ)
and asymmetry parameter (ηQ). Therefore, Eqs. 4 and 5
were used to calculate the EFG (electric field gradient)
tensors to their proportional experimental parameters;

CQ is the interaction energy of the nuclear electric
quadrupole moment (eQ) with the EFG tensors at the
sites of quadrupole nuclei, but the asymmetry parameter
(ηQ) is a quantity of the EFG tensors that describes the
deviation from tubular symmetry at the sites of quadru-
pole nuclei. Nuclei with I>1/2 (where I is nuclear spin
angular momentum) are active in NQR spectroscopy.
The calculated EFG tensor eigenvalues in the principal
axis system (PAS) with order |qzz| > |qyy| > |qxx| were
converted to measurable NQR parameters, i.e.; the nu-
clear quadrupole coupling constant (CQ) and asymmetry
parameter (ηQ), using Eqs. 4 and 5. The standard Q
values [(Q (27Al)0146.61 and Q (14N)020.44 mb)
reported by Pyykko¨ [16] are used in Eqs. 4. The
NQR parameters of 27Al and 14N atoms for the

Table 2 NMR parameters/ppm of the sites of various 27Al and 15N in representative models of the (6,0) zigzag AlNNTs

nucleus SiN model SiAl model Pristine nucleus SiN model SiAl model Pristine

CSI CSA CSI CSA CSI CSA CSI CSA CSI CSA CSI CSA

Al1 436.8 11.1 440.0 9.1 437.9 8.90 N1 135.7 64.5 139.5 63.0 137.5 67.3

Al2 437.7 9.5 438.5 9.7 437.9 8.90 N2 132.7 66.8 133.3 62.0 137.5 67.3

Al3 438.2 8.3 436.3 15.1 437.9 8.90 N3 136.5 65.2 132.4 62.9 137.5 67.3

Al4 437.0 10.9 438.8 9.6 437.9 8.90 N4 136.4 67.6 137.7 64.5 137.5 67.3

Al5 438.0 8.6 440.4 9.4 437.9 8.90 N5 138.5 66.5 136.5 66.0 137.5 67.3

Al6 438.5 8.5 434.4 13.9 437.9 8.90 N6 136.8 67.6 136.2 66.4 137.5 67.3

Al7 454.1 37.3 454.9 29.3 454.2 28.7 N7 147.0 55.8 173.9 26.4 173.3 26.3

Al8 458.7 33.4 455.5 45.1 454.2 28.7 N8 146.5 51.9 170.3 26.3 173.3 26.3

Al9 454.2 36.4 456.1 44.4 454.2 28.7 N9 132.7 66.8 147.6 59.0 173.3 26.3

Al10 455.2 28.2 455.8 29.7 454.2 28.7 N10 172.6 27.6 168.8 28.3 173.3 26.3

Al11 454.1 28.5 455.2 28.4 454.2 28.7 N11 172.4 24.5 174.0 28.3 173.3 26.3

Al12 455.3 27.9 454.9 28.6 454.2 28.7 N12 169.9 30.2 171.6 25.9 173.3 26.3

Al13 457.6 39.5 456.1 36.5 454.4 36.0 N13 162.8 29.2 171.6 25.2 174.5 24.0

Al14 426.4 59.1 460.3 54.2 454.4 36.0 N14 – – 148.1 36.3 174.5 24.0

Al15 426.3 58.3 – – 454.4 36.0 N15 162.8 29.3 147.8 33.2 174.5 24.0

Al16 457.8 38.9 462.8 52.6 454.4 36.0 N16 174.5 24.4 169.8 24.5 174.5 24.0

Al17 452.4 35.2 456.5 36.2 454.4 36.0 N17 174.4 27.9 173.6 25.8 174.5 24.0

Al18 452.9 35.2 454.6 35.9 454.4 36.0 N18 174.5 24.1 173.1 23.6 174.5 24.0

Al19 463.5 39.0 454.1 37.2 453.7 38.1 N19 185.8 25.5 184.6 30.5 183.9 28.8

Al20 435.2 43.7 455.3 29.2 453.7 38.1 N20 161.5 32.4 183.8 29.7 183.9 28.8

Al21 463.2 39.0 455.6 30.3 453.7 38.1 N21 162.2 33.8 178.7 35.0 183.9 28.8

Al22 454.3 36.1 455.0 36.2 453.7 38.1 N22 185.4 24.7 182.0 32.4 183.9 28.8

Al23 451.4 38.4 454.6 39.7 453.7 38.1 N23 183.0 31.9 184.5 32.1 183.9 28.8

Al24 453.7 36.3 454.6 39.2 453.7 38.1 N24 182.8 31.0 182.7 31.2 183.9 28.8

Al25 450.3 37.7 451.0 34.2 450.4 35.4 N25 219.8 32.2 221.3 28.8 221.4 29.6

Al26 452.3 33.1 451.4 35.6 450.4 35.4 N26 220.5 28.3 220.7 29.6 221.4 29.6

Al27 452.7 33.1 452.0 32.1 450.4 35.4 N27 220.4 32.5 220.5 30.6 221.4 29.6

Al28 450.3 37.9 451.3 34.1 450.4 35.4 N28 221.0 28.8 221.4 28.4 221.4 29.6

Al29 450.7 34.3 451.0 33.8 450.4 35.4 N29 221.3 29.5 221.1 30.6 221.4 29.6

Al30 451.4 34.5 450.4 37.1 450.4 35.4 N30 221.5 29.5 221.0 30.5 221.4 29.6
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investigated models of the (6,0) zigzag AlNNT are
summarized in Table 3.

CQ MHzð Þ ¼ e2 Q qzz h
�1 ð4Þ

ηQ ¼ jðqxx�qyyÞ qzz= j 0 < ηQ < 1 ð5Þ

For the optimized AlNNT models, the quantum molec-
ular descriptors [11, 12] including electronic chemical
potential (μ), global hardness (η), electrophilicity index
(ω) [13], energy gap, global softness (S), and electro-
negativity (χ) of the nanotubes were calculated as
follows:

½μ ¼ � c ¼ � Iþ Að Þ 2= ;� ½η ¼ I Að Þ 2= �;

½w ¼ μ2 2η= ; and� ½S ¼ 1 2η= �

ð6Þ

Where I (− EHOMO) is the first vertical ionization en-
ergy and A (−ELUMO) the electron affinity of the mol-
ecule. The electrophilicity index is a measure of
electrophilic power of a molecule. When two molecules
react with each other, one molecule behaves as a nu-
cleophile while the other acts as an electrophile. Higher
electrophilicity index shows higher electrophilic of a
molecule. The quantum molecular descriptors were
compared for the pristine and the two Si-doped models.
All the calculations were carried out using a locally
modified version of the GAMESS electronic structure
program [17].

Results and discussion

Optimized properties of the (6,0) zigzag AlNNT models

The structural properties consisting of the Al–N bond lengths,
bond angles, tip diameters, dipole moments (DM), band gaps,
energies, and binding energy for the investigated models of the
(6,0) zigzag AlNNTs, are summarized in Table 1. There are two
forms of the Si-doped AlNNT for the (6,0) zigzag model,
namely with a N atom doped by a Si atom, i.e., the SiN model
(Fig. 1a), or with a Al atom doped by an Si atom, i.e., the SiAl
model (Fig. 1b). There are Al–N and Si-Al bonds in the SiN
model and Al–N and Si–N bonds in the SiAl model. In Fig. 1,
the atoms of the AlNNTs are numbered in order to describe the
relevant structural parameters. We optimized the investigated
models of the (6,0) zigzag AlNNTs at the B3LYP/6-31G*
computational level. The values of the Al-N bond distances
indicate that the effects of the Si dopant are important for the
Al-N bond distances close to the Si-doped regions, whereas the
values for other bonds do not show notable changes (see
Table 1). The results presented in Table 1 indicate that the
average Al–N bond lengths are almost the same in the pristine
(6,0) zigzag AlNNT (Fig. 1c) and the SiAl model (Fig. 1b), but
different in the SiN model (Fig. 1a) due to the influence of the
Si doping on the AlNNT. In this model, the average Al–N
bond length is increased from 1.815 Å in the pristine model to
1.818 Å in the SiN model.

The bond angles shown in Table 1 indicate some difference
in comparison to the pristine model, reflecting some structural
deformations. Furthermore, in the pristine model, it should be
noted that Al atoms relax in, while N atoms relax out, with
respect to the nanotube surface, yielding different diameters of
6.33 Å for the Al mouth and 6.43 Å for the N mouth, whereas

Table 3 The 27Al and 14N NQR parameters in representative models of the (6,0) zigzag AlNNTs

nucleus SiN model SiAl model Pristine Difference betweenSiN model
and pristine

Difference betweenSiAl model
and pristine

CQ
/MHz ηQ CQ

/MHz ηQ CQ
/MHz ηQ ΔCQ

/MHz ΔηQ ΔCQ
/MHz ΔηQ

Al1 30.52 0.16 29.97 0.13 30.42 0.15 0.10 0.01 −0.45 −0.02

Al7 25.85 0.05 25.39 0.02 25.45 0.01 0.40 0.04 −0.06 0.01

Al13 25.27 0.04 25.48 0.03 25.48 0.01 −0.21 0.03 0.00 0.02

Al19 24.78 0.10 25.62 0.04 25.56 0.04 −0.78 0.06 0.06 0.00

Al25 24.38 0.07 24.59 0.03 24.59 0.04 −0.21 0.03 0.00 −0.01

Average Al 26.16 0.08 26.21 0.05 26.30 0.05 −0.14 0.03 −0.09 0.00

N25 2.21 0.7 2.22 0.74 2.20 0.74 0.01 −0.04 0.02 0.00

N19 0.54 0.46 0.51 0.03 0.52 0.10 0.02 0.36 −0.01 −0.07

N13 0.13 0.93 0.58 0.18 0.51 0.11 −0.38 0.82 0.07 0.07

N7 0.37 0.83 0.47 0.37 0.48 0.36 −0.11 0.47 −0.01 0.01

N1 0.81 0.71 0.80 0.71 0.81 0.73 0.00 −0.02 −0.01 −0.02

Average N 0.81 0.73 0.92 0.41 0.90 0.41 −0.09 0.32 0.02 0.00
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in the SiN model (Fig. 1a), the diameters at the Al and N
terminals undergo changes to 6.37 and 6.48 Å, and in the SiAl
model (Fig. 1b) the diameters at the Al terminal undergo
changes to 6.49 Å. For the SiN model (Fig. 1a) the diameter
values are increased, whereas in the SiAl model (Fig. 1b) the
changes of the diameters at the N terminal remain unchanged.
The results presented in Table 1 indicate that, in the two forms
of the Si-doped AlNNTs, the binding energy (BE) for the SiAl
model is attractive, which is characteristic a chemisisorption
process and denotes exothermic substitute, whereas for the SiN
model is not attractive and do not characterize a chemisisorp-
tion process and denotes endothermic substitute. Also, the
calculated energy value for the SiN model (Fig. 1a) is higher
than that for the SiAl model (Fig. 1b) and the dipole moments
(DM) of the Si-doped AlNNTstructures (Fig. 1a and b) showed
slight changes due to the Si-doping with respect to the pristine
model.

Electronic properties of the (6,0) zigzag AlNNT models

We studied the influence of Si-doping on the electronic prop-
erties of the AlNNTs. The total densities of states (DOS) of
these tubes are shown in Fig. 2. As is evident from Fig. 2, the
calculated band gap of the perfect (6,0) zigzag AlNNT is
4.29 eV, whereas the calculated band gaps of the SiN model
(Fig. 1a) and the SiAl model (Fig. 1b) for α and β molecular
orbital’s are 3.93, 2.45 and 2.27, 4.22 eV. The total densities of
states (TDOS) of these tubes show significant changes due to
Si-doping in the gaps regions of the TDOS plots. Also, the
band gaps showed differences between the two forms (Fig.1a
and b). In comparisonwith the pristine model, the band gaps of

the models shown in Fig.1a and b were reduced while their
electrical conductance was increased, with the doping in the
SiN model having a stronger effect than the doping in the SiAl
model on the band gap of the AlNNT (Table 1).

To better understand the nature of the interaction in the Si-
dopedmodels, we studied the electronic energies of the models.
The highest occupied molecular orbital (HOMO) and lowest
unoccupied molecular orbital (LUMO) in the pristine, SiN, and
SiAl models are plotted in Fig. 3. For the pristine model, the
HOMO is distributed throughout the N atoms; whereas, the
LUMO is localized at the center of the nanotube. For the SiN
and SiAl models, the HOMO is highly localized in the Si-doped
regions. The LUMO for the SiN and SiAl models is localized at
the center of the nanotube except at the Si-doped regions which
approve the significant changes of geometries are just for those
atoms located in the nearest neighborhood of the Si-doped
AlNNTs whereas those of other atoms remain almost
unchanged.

The charge distribution can be explained by MEP calcula-
tions.We computed theMEP surfaces for pristine and in the Si-
doped models. The MEP is the potential generated by the
charge distribution of the molecule, which has been used to
explore the chemical properties of several materials [18, 19].
The electrostatic potentials of boron nitride nanotubes (BNNTs)
and carbon nanotubes (CNTs) have been theoretically studied
by Politzer et al. [18]. They showed that the pristine of BNNTs
have much stronger and more variable surface potentials than
the CNTs and the B and N atoms are positively and negatively
charged on outer surfaces of the BNNTs, whereas as shown by
the MEP plots in Fig. 4, in the pristine (6,0) zigzag AlNNT, the
aluminum atoms are positively charged (blue colors) and the N

Fig. 2 Total densities of states
(DOS) for different models of
the AlNNTs
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atoms are relatively negatively charged (yellow or red colors) in
Al–Nbonds of the pristine surface. It indicates that some charge

is transferred from the Al atoms to the N ones resulting in an
ionic bonding in AlNNTsurface. On the other hand, in the SiAl

Fig. 3 HOMO and LUMO for
different models of the AlNNTs

J Mol Model (2012) 18:4427–4436 4433



model (Fig. 4b), the Si-doped regions negatively charged (red
colors), whereas in the SiN models (Fig. 4c), in the Si-doped
regions, the electrostatic potential going from negative to neu-
tral (green colors).

NMR parameters of the (6,0) zigzag AlNNT models

The NMR parameters including isotropic and anisotropic
chemical shielding (CSI and CSA) parameters for the

investigated (6,0) zigzagAlNNTmodels at the sites of various
27Al and 15N atoms are summarized in Table 2. In the pristine
model of the (6,0) zigzag AlNNT, there are 30 Al and 30 N
atoms in the considered model, and the NMR parameters are
separated into five layers: 1–6, 7–12, 13–18, 19 – 24, and 25–
30 (Table 2, Fig. 1c). In this model, the values of the NMR
parameters in each group were the same; however, the results
presented in Table 2 indicate that the calculated NMR param-
eters were not similar for the different groups, meaning that
the CS parameters for the atoms of each layer have equivalent
chemical environment and electrostatic properties. The CSI

parameters show the average value of the CS tensors, whereas
the CSA parameter indicates the orientations of the CS tensors
at the atomic site [4]. Atoms Al1 to Al6, which are located at
the edge of the (6,0) zigzag AlNNT (Al-terminated ends),
have the smallest values of the CSI and CSA parameters
among the Al atoms in the pristine model of the (6,0) zigzag
AlNNT, whereas atoms N25 to N30, which are located at the
edge of the (6,0) zigzagAlNNT (N-terminated ends), have the
largest values of the CSI parameters. The results show that the
changes of values of CSI parameters follow opposite direc-
tions for Al and N layers.

In Fig. 1a, i.e.; the SiN model, atom N14 is doped by the
Si atom. Thus, there are three Si–Al bonds instead of three
Al-N bonds. Therefore, there are 30 Al and 29 N atoms in
the considered model. The calculated results presented in
Table 2 show that, the CSI and CSA values of atoms Al14,
Al15, and Al20, which are directly bonded to the Si atom,
show the most significant changes due to the Si-doping
among the Al atoms of the SiN model; the CSI values of
the atoms are decreased, whereas the CSA values of the
atoms are increased (see Table 2). Also, the changes in the
values of the CSI parameters for atoms Al19 and Al21,
which are indirectly bonded to the Si atom, are notable.
For other Al atoms of the model, changes of the CSI and
CSA values of the Al atoms are almost negligible. Among
the N atoms of Fig. 1a (SiN model), the N7, N8, N9, N15,
N20, and N21atoms, which are indirectly bonded to the Si
atom, show the most significant changes due to the Si-
doping among the N atoms of the SiN model, the CSI values
of the atoms are decreased, whereas the CSA values of the
atoms are increased. For other N atoms of the model, the CS
parameters of the atoms remain almost unchanged. In the
original Al-N bonds, because of larger value of electroneg-
ativity of the N atom than the Al atom, the bonding elec-
tronic distribution is oriented to the N atom, whereas in the
new Si-Al bonds, because of low electronegativity differ-
ences between the Al and Si atoms, the electronic distribu-
tion between two atoms is almost the same. This trend could
well be proven by decrease of the values of the CSI param-
eters and increase of the values of the CSA parameters for
the Al and N atoms of close to the Si-doped regions in the
SiN model.

Fig. 4 Computed B3LYP/6-31G* electrostatic potentials on the mo-
lecular surfaces of (a) a pristine (6,0) AlNNT (b) a Si-doped (6,0)
zigzag AlNNT in the SiAl model (c) a Si-doped (6,0) zigzag AlNNT in
the SiN model. Color ranges are in a.u

4434 J Mol Model (2012) 18:4427–4436



In Fig. 1b, i.e.; the SiAl model, atom Al15 is doped by the Si
atom. Thus, there are three Si–N bonds instead of three Al-N
bonds. Therefore, there are 29 Al and 30 N atoms in the
considered model. The calculated results presented in Table 2
show that just, the CSA values of atoms Al8, Al9, Al 14, and
Al16, which are indirectly bonded to the Si atom, show the
most significant changes due to the Si-doping among the Al
atoms of the SiAl model; the CSA values of the atoms are
increased, whereas the CSI values of the atoms remain almost
unchanged. For other Al atoms of the model, changes of the
CSI and CSA values of the Al atoms are almost negligible.
Among the N atoms of Fig. 1b (SiAl model), the N9, N14, and
N15 atoms, which are directly bonded to the Si atom, show the
most significant changes due to the Si-doping among the N
atoms of the SiAl model, the CSI values of the atoms are
decreased, whereas the CSA values of the atoms are increased.
For other N atoms of the model, the CS parameters of the atoms
remain almost unchanged. In the SiAl model, because of almost
same values of electronegativity of the Al and Si atoms, the
bonding electronic distribution in Al-N and Si-N bonds are
almost same. Therefore, this trend is agreement with the slight
changes in CSI andCSAvalues of the SiAl model with respect to
the pristine (6,0) zigzag AlNNT. Comparison of the calculated
NMR parameters in Fig. 1a, b shows that the electronic struc-
ture properties of Fig. 1a of the Si-doped (6,0) zigzag AlNNT
where the N atom is doped by the Si atom (SiNmodel) are more
strongly influenced than those of Fig. 1b where the Al atom is
doped by the Si atom (SiAl model). According to these results, it
could be suggested that the SiN model is a more reactive
material than the pristine or SiAl model of the (6,0) zigzag
AlNNT.

27Al and 14N electric field gradient tensors of the (6,0)
zigzag AlNNT models

The NQR parameters at the sites of various 27Al and 14N
nucleus for the optimized investigated (6,0) zigzag AlNNT
models are summarized in Table 3. There are 30 Al and 30 N
atoms in the considered models of the (6,0) zigzag AlNNT, and
the NQR parameters are separated into five layers based on the
similarity of the calculated electric field gradient (EFG) tensors
in each layer. The results presented in Table 3 shows that the
calculated NQR parameters are not similar for various nuclei;
therefore, the electrostatic environment of the AlNNT is not
equivalent along its lengths of the nanotube models. In Figs. 1,
the Al1 (Al-terminated end) and N25 (N-terminated end) atoms
indicates the position of the first layer, atoms Al7 and N19
shows the position of the second layer, atoms Al13 and N13
indicates the position of the third layer, atoms Al19 and N7
indicates the position of the fourth layer, atoms Al25 and N1
indicates the position of the fifth layer in the considered zigzag
models. The Al1 (Al-tip) and N25 (N-tip) layers are placed at
the end of the tubes and include Al and N atoms. In the (6,0)

zigzag AlNNT models, the values of CQ(
27 Al1 and 14N25) are

the largest among the 27Al and 14N nucleus (Table 3), indicating
greater orientation of the EFG tensor eigenvalues along the z-
axis of electronic distribution at the sites of 27Al and 14N2
nucleus. The electrostatic environment of atoms Al 1 and
N25 are stronger than in the other layers along the length of
the tube. Other research has shown that such nanotubes grow
from their ends; hence, the properties of the end nuclei in
nanotubes are important for their growth and synthesis [20,
21]. Therefore, in the AlNNTs the Al and N atoms located at
the edge of the (6,0) zigzag nanotubes play important roles in
determining the electronic behavior of the (6,0) zigzag
AlNNTs, because the geometrical properties of this layer are
different from those of the other layers. Comparison of the
calculated CQ (27Al), CQ (14N), and ηQ parameters of the
considered (6,0) zigzag AlNNT models shows that the elec-
tronic sites of the Al and N atoms of Fig. 1a, i.e., the SiN model,
exhibit greater changes than the SiAl model in Fig. 1b with
respect to the pristine model. Therefore, the NQR results pre-
sented in Table 3 shows that with the doping in the SiN model
having a stronger effect than the doping in the SiAl model on the
NQR of the AlNNT.This trend is in agreement with the changes
in the NMR parameters and band gap of Fig. 1a (SiN model), in
comparison with the model of the pristine (6,0) zigzag AlNNT.

Quantum molecular descriptors of the (6,0) zigzag AlNNT
models

The quantum molecular descriptors for the pristine (6,0)
zigzag AlNNT, SiN, and SiAl models are summarized in
Table 4. We observe that in the SiN and SiAl models, the
energy gap (ELUMO - EHOMO) decreased. This lowering of
energy gap in the Si doping process may be able to increase
the reactivity of the models. The global hardness and ioni-
zation potential of the Si-doped AlNNT models decreases

Table 4 Quantum molecular descriptors in representative models of
the (6,0) zigzag AlNNTs

Property SiN model SiAl model Pristine

α β α β

EHOMO/eV −5.92 −6.04 −4.28 −6.43 −6.42

ELUMO/eV −2.09 −3.59 −2.01 −2.21 −2.13

[ELUMO -EHOMO]/eV 3.93 2.45 2.27 4.22 4.29

[I0− EHOMO]/eV 5.92 6.04 4.28 6.43 6.42

[A0− ELUMO]/eV 2.09 3.59 2.01 2.21 2.13

[η0(I _ A)/2]/eV 1.96 1.22 1.14 2.11 2.14

[μ0− (I+A)/2]/eV −4.00 −4.82 −3.14 −4.32 −4.28

[S01/2η]/eV−1 0.26 0.41 0.44 0.24 0.23

[ω0μ2/2 η]/eV 4.08 9.52 4.32 4.42 4.28

I 0 ionization potential, A 0 electron affinity, η 0 Global hardness, μ 0
Chemical potential, and ω 0 electrophilicity
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with a decrease in energy gaps of the models. Decrease in
global hardness, energy gap, and ionization potential be-
cause of the Si doping process lowers the stability and
increase the reactivity of the models. The electrophilicity
index is a measure of electrophilic power of a molecule. The
electrophilicity of the Si-doped AlNNT models are much
further from the electrophilicity of the pristine model.
Therefore, the Si doping process increases the electrophilic-
ity of the models. The value of hardness, softness, electer-
ophilicity, and chemical potential for the Si-doped AlNNT
models differ from that of the individual tube. In the Si
doping process, the capacity of the AlNNT models to attract
electrons was diminished and the hardness of the Si-doped
AlNNT models was decreased, which means decreased
stability of the systems.

Conclusions

We studied the electronic structure properties including bond
lengths, bond angles, tip diameters, dipole moments, band
gaps, the quantum molecular descriptors, and NMR and NQR
parameters of pristine and two Si-doped AlNNT models by
means of DFT calculations. The calculated results showed that
the effects of the Si dopant are important for the Al-N bond
distances close to the Si-doped regions, whereas the values for
other bonds do not show notable changes. Also, the average
Al–N bond lengths are almost the same in the pristine (6,0)
zigzag AlNNT and the SiAl model, but different in the SiN
model due to the influence of the Si doping on the AlNNT.
The binding energy (BE) for the SiAl model is attractive, which
is characteristic a chemisisorption process and denotes exother-
mic substitute, whereas for the SiN model is not attractive and
do not characterize a chemisisorption process and denotes
endothermic substitute. The dipole moments of the Si-doped
AlNNT structures showed slight changes due to the Si-doping
with respect to the pristine model. In comparison with the
pristine model, the band gaps of the SiN and SiAl models were
reduced while their electrical conductance was increased, with
the doping in the SiN model having a stronger effect than the
doping in the SiAl model on the band gap of the AlNNT. The
HOMO and LUMO of the models show that the significant
changes of geometries are just for those atoms located in the
nearest neighborhood of the Si-doped AlNNTs whereas those
of other atoms remain almost unchanged. The NMR and NQR
results show that, for the SiN and SiAl models, the electronic
structure properties of the SiN model are more strongly

influenced than those of the SiAl model, and the electronic sites
of the Al and N atoms in the SiN model show greater changes
than in the SiAl model due to the Si doping process, which
shows the SiN model is a more reactive material than the
pristine or SiAl model of the (6,0) zigzag AlNNTs. Also,
decrease in global hardness, energy gap, and ionization poten-
tial because of the Si doping process lowers the stability and
increase the reactivity of the models. The important results can
help in production of solid-state devices and to better under-
stand the mechanism of action of doping in nanotubes and also
design further molecules with better reactivity.
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