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Abstract

Three different nanotube structures, armchair, zigzag and wurtzite, were studied using B3LYP/6-31G(d) for carbon, BN, AIN
and GaN nanotubes, respectively. Our calculations found that AIN and GaN can implausibly form the usual tubular morphologies
of carbon and BN nanotubes. The same conclusion was confirmed based on analyzing the different configurations of benzene, bor-
azine, and the analogies of the hexagonal AI3N3;Hg and GasN3;Hg at the same level of calculations.

© 2005 Elsevier B.V. All rights reserved.

1. Introduction

Nanotubes have been a focus of researches and re-
ceived increasing attention during the past 10 years,
due to their unique and fascinating properties, and wide
potential applications. After the discovery of carbon
nanotubes in 1991 [1], the nanotubes composed of other
chemical compositions have also been investigated [2,3].
Among them, the binary materials composed of Group
III nitrides [4,5] are viewed as ideal analogs of carbon
because of their isoelectrons in hexagon network and
potential use in light emittance device [6,7]. BN is the
first candidate to replace carbon, because hexagonal-
BN structure (a =2.50 A, c=6.66 A) is quite similar
to that of graphite (¢ = 2.46 A, c=6.71 A). The success-
ful synthesis of pure BN nanotubes was reported in 1995
[8]. BN nanotubes are also divided into armchair, chiral
and zigzag structures. Theoretical studies predicted that
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BN nanotubes are dominant in zigzag arrangement and
are wide band gap semiconductors with a band gap of
5.5eV [9,10], independent on the tube diameter and
the chirality. These properties were subsequently ascer-
tained by the experimental results. Other properties of
the BN nanotubes were also investigated theoretically
[11-14]. Owing to the great success of BN nanotubes,
the structural stability and electronic properties of
AIN [15-17] and GaN [18] nanotubes with the conven-
tional carbon nanotubes morphologies were investi-
gated. Recently, GaN nanotubes were synthesized by
an ‘epitaxial casting’ approach by Yang and co-workers
[19]. The GaN nanotubes with lengths of ca. 2-5 um,
diameters of 30-200 nm, and the wall thicknesses of 5—
50 nm, were reported. Soon after, the AIN nanotubes
were synthesized by Hu and co-workers [20] (in a hori-
zontal tubular furnace). The nanotubes were reported
to be several micrometers in length with the diameters
from 30 to 80 nm. Surprisely, the results of electron dif-
fraction and X-ray diffraction (XRD) measurements
showed that the morphologies of those obtained AIN
and GaN nanotubes are differed from the conventional
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carbon nanotubes, and they are the wurtzite structure
which orientates along their ¢ axis was observed.

The apparent distinction of the morphology among
carbon, BN, AIN and GaN nanotubes calls for further
theoretical investigations. The aim of this Letter is to
provide a theoretical exploration in the discrepant mor-
phology: i.e., why AIN and GaN can not form the con-
ventional morphologies similar to carbon and BN
nanotubes.

2. Models and computational methods

The single-walled carbon nanotube can be viewed as
infinite graphite rolled up to form a tube. The chiral vec-
tor C;, and the helicity 0 are introduced during the curl-
ing. A nanotube is defined by the chiral vector Cj, given
by equation: éh = nd; + md,, where the integers n and m
are the numbers of steps along the two unit vectors of
the hexagonal lattice, @, and d,, respectively. The vector
C;, connects two crystallographically equivalent sites
and the chiral angle 0 is the angle which makes with re-
spect to the zigzag direction. There exist two limiting
cases that the chiral angles are 0° and 30°. They are re-
ferred to zigzag nanotube (0°) and armchair nanotube
(30°), which are two important structures of carbon
nanotubes.

Three different structures, armchair (as shown in
Fig. 1a), zigzag (Fig. 1b) and wurtzite orientated along
their ¢ axis (Fig. 1d), were constructed and investigated
for carbon, BN, AIN and GaN nanotubes, respectively.
The (3,3) armchair (5,0) zigzag nanotubes and the small
wurtzite structure were used in the calculations to save
the computation time [21,22]. The properties of these
inorganic nantobes were also obtained from these sim-
plified models [3,15]. Both ends of these systems are ter-
minated with hydrogen atoms. It should be announced
that these systems may be not electronically stable as
their crystal species, however they are useful to under-
stand the electronic and bonding properties in nano-
phase [15,21,22].

The DFT B3LYP calculations on these systems were
carried out. Geometry optimization was also performed
with standard polarized 6-31G(d) basis set. Harmonic
frequency analysis at the same level was used to examine

(b)

Fig. 1. (a) (3,3) Armchair structure. (b) (5,0) Zigzag structure. (c)
hexagonal structure. (d) Wurtzite structure. For carbon nanotube (@,
® = C) and for other nanotubes (@ = N, @ = B, Al, Ga).

the stability of those optimized structures, and to evalu-
ate zero-point energy (ZPE). The calculations were run
with the GaussiaN 98 program suite [23].

3. Results and discussion

It is very interesting to note that all the wurtzite struc-
tures finally turn into hexagonal structures (as shown in
Fig. 1c) after structural optimization. The reason is
mainly originated from the small diameter of the calcu-
lated systems for a stable wurtzite structure. However,
such analysis is significant and valuable to explore the
difference of morphology among carbon, BN, AIN,
and GaN nanotubes.

These calculated results of carbon and BN structures
listed in Table 1 reveal that the total energies of all those
three structures (as seen as a—c in Fig. 1) are local min-
ima. The hexagonal structures in AIN and GaN systems
are the most stable. The identical stoichiometry of hex-
agonal and armchair structures of those four systems
allows us to compare their total energies directly. The re-
sults indicate that the hexagonal structures are less
stable than the armchair in carbon and BN systems.
To further validate this conclusion, the calculation is
also carried out on the nanotubes with two repeat units,
and the same conclusion is obtained finally.

For carbon hexagonal structure, lengths of the C-C
bond for the intrahexagonal and interlayer bonds are
1.566 and 1.583 A, respectively. For BN hexagonal
structure, the intrahexagonal bond length is 1.581 A,
and the interlayer bond length is 1.611 A. These bonds
belong to a non-classical tetrahedral topological struc-
ture (sp> hybridization). This high stability of these com-
pounds is derived much from the mn,—m, orbital
interaction between the parallel rings, as illustrated re-
cently by Hoffmann and co-workers [24].

Table 1
Computed total energies with ZPE correction (unit: a.u.), and the
number of imaginary frequencies (Nimag)

Morphology  E' with ZPE correction (a.u.) Nimag
a b ¢ a b ¢

C

(1 unit) —692.668 —767.520 —692212 0 0 O

(2 unit) —1149.795 —1148.414 —1148.639 0 0 0
BN

(1 unit) —724.149 —802.635 —723.803 0 0 O

(2 unit) —1202.356 —1201.121 —1201.441 0 O O
AIN

(1 unit) —2682.468 —2978.562 —2682.626 1 2 0

(2 unit)* —4442.978 —4465.018 —4443211 2 2 0
GaN

(1 unit) —17806.705 —19783.265 —17806.891 5 2 0

(2 unit)* —29559.844 —29558.681 —29560.022 2 1 O

# Calculated with B3LYP/3-21G*.
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The situation is quite different for the case of AIN
and GaN nanotubes. The energies of the hexagonal
structures are lower than those of the armchair nano-
tubes (data shown in Table 1). More importantly, the
armchair and zigzag structures are unstable due to those
imaginary frequencies in our calculations. It gives a clear
explanation why the armchair and zigzag nanotubes of
AIN and GaN are not observed in the experiments.
The bond lengths of the hexagonal structures (listed in
Fig. 2a) are almost the same with their crystal counter-
parts. The difference between the theoretical length of
interlayer bond and practical structure is only 0.009 A
for AIN, and 0.012 A for GaN. It is well known that
the chemical bonds in the hexagonal structures belong
to the non-classical tetrahedral topology, as mentioned
earlier [24]. The same conclusion can also be found in
AIN and GaN systems with two unit length.

To further study the stability of sp? hybridized AIN
and GaN nanotubes, HOMO distributions of BN and
GaN armchair nanotubes are shown in Fig. 3. The same
isodensity value, 0.015, was employed for both HOMO
orbitals. An obvious distinction between their two
HOMGOs can be seen in Fig. 3. The p. electrons are delo-
calizing on the whole BN nanotube. The delocalization
on GaN is much weaker than that on BN. All these re-
sults strongly suggest that sp” hybridization is much
unstable in Al and Ga nitrides.

We may understand the nature of bonding in all these
structures from another point of view. Carbon nano-
tubes are composed of bending benzenes (n-conjugated
six-membered rings), which are linked each other. For
example, (3,3) armchair nanotube of one unit consists
of three bending benzenes linked together by C-C

Fig. 2. Optimized bond lengths (Angstrom) of hexagonal structures
(a), and m-conjugated six-membered rings (b), H hidden.

(a) (b)

Fig. 3. Isodensity surfaces of the HOMO distributions (3,3) armchair
nanotubes: (a) for BN; (b) for GaN.

AE b
240 enzene
—e»— borazine
AI3N3H6

—v— Ga3N3H6

(a) (b)

Fig. 4. Schematic diagram for structure folding (a), and elastic strain
energies with ZPE (kJ mol™') vs. 0 (b).

bonds. The folding angle 6 (shown in Fig. 4a) varies in-
versely as the diameter of nanotube. For (3,3) armchair
nanotube, 0 is ca. 30°. It is very useful to analyze the
configuration energies at different 0s in order to under-
stand the possibility and the consumed energy for car-
bon, BN, AIN and GaN to turn them into the usual
carbon nanotube morphology.

First, the structures of benzene, borazine, and hexag-
onal AI3N3;Hg and GazN3;Hg (bond lengths shown in
Fig. 2b) was determined using the same B3LYP/6-
31G(d) calculation. All the atoms are in the same plane
with the m-conjugated skeleton for Al;N;Hg and
Ga3;N3Hg. Harmonic frequency analysis shows all of
them to be minima and stable. The calculated total
C-C bonding dissociation energy (BDE) in benzene is
636.5 kJ mol ™', which is very close to the experiment va-
lue 614 kJ mol~'. The B-N total BDE is 602.8 kJ mol ',
a little lower than that of C-C bond. However, the
BDEs of Al-N and Ga-N are only 517.3 and
422.6 kJ mol ™!, respectively. The standard scaling factor
0.9614 for B3LYP/6-31G(d) is used for vibrational fre-
quencies [25]. The scaled stretching vibrational frequen-
cies of benzene and borazine are 15924 and
1435.7 cm ™!, respectively, and both are consistent to
the experimental values at 1600 and 1420 cm™! [26].
However, the AI-N and Ga-N scaled stretching fre-
quencies are only 847.0 and 777.8 cm™!, respectively.
These indicates that the delocalized © bond in the sys-
tems of AI-N and Ga-N are much weaker than those
of B-N and C-C.

Furthermore, the natural bond order is also calcu-
lated with natural resonance theory employing 6-
31G(d) basis set [27]. The effective atomic configuration
of each non-hydrogen atoms takes the idealized sp”
hybridization, according to the natural population anal-
ysis. It can be seen clearly from Table 2 that C—C bonds

Table 2
The calculated bond order with natural resonance theory for benzene
analogues (i, j, k shown in Fig. 2b)

i ik

Total  Covalent Ionic Total  Covalent Ionic

Benzene  1.4845 1.4663 0.0182 1.4845 1.4663 0.0182
Borazine  1.8052 0.6547 1.1505 1.0843 0.4741 0.6102
ALLN;Hg  1.8626  0.3551 1.5075 1.0330 0.2442 0.7888
GasN3Hg  1.8443  0.4216 1.4227 1.0283  0.3040 0.7243
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are well delocalized in benzene, and are almost entirely
covalent bonding. It is well known that the © electron
delocalization in borazine may be expected to be re-
duced as compared to benzene, and the ionicity is more
than 50%, because of the large electronegativity differ-
ence between boron (2.0) and nitrogen (3.0). And all
the B-N bonds in borazine have almost the same length
and bonding energy suggesting it as ‘inorganic benzene’.
The systems of Al3N3;Hg and GasN3;Hg show more ion-
icity and less covalence. Moreover, their bonding ener-
gies are decreasing with the increase of their bond
lengths. It indicates that the sp® hybridization in
Al3N;Hg and Gas;N3Hg sounds reasonable, but quite
unstable. The reason is mainly assigned to quite small
overlap between the outer p. orbital of Al or Ga and
the N p. orbital, which may originate from the larger
difference in the atomic radii and in electronegativities.
This leads to much weaker m bondings of Al-N and
Ga—N in comparison with the case of B-N and carbon.

Their bending energies were calculated too, and the
reasonable bending configurations were examined by
counting the number of imaginary frequencies. Then,
the natural populations and the natural bond orders
were recalculated at corresponding angle with the same
level. Their sp* hybridization and their bond compo-
nents are consistent with the original planar configura-
tion. It can be seen from Fig. 4 that the elastic strain
energy of borazine is smaller than that of benzene at
the same 6. The same result, as obtained by Blaxe
et al. [9], can be concluded that BN nanotubes are ener-
getically more favorable than carbon nanotubes. The
elastic strain energies of Al3N3;Hg and GasN3;Hg are
much less than those of benzene and borazine at the
same 6. The less elastic energy of Group III nitrides
should be derived from their high ionic bond compo-
nents, because ionic bond is non-directional, whereas
covalent bond is directional. These results are also con-
sistent with the calculations for AIN [16,17] and GaN
[18]. The lowest vibrational frequencies at different 0s
are listed in Table 3, for revealing the bending effect
on the stability. However, the lowest frequencies of
AIN and GaN decrease dramatically with increases of
0. No imaginary frequency at a higher 0 (larger than
40°) can be found for benzene and borazine. It suggests
that the nanotubes composed of bending benzene and
borazine is stable and practical. The imaginary frequen-

Table 3
Computed the lowest scaled vibration frequency at different bending
angle 0 unit: (em™h

0 0 10 20 30 40

Benzene 398.9 398.2 396.8 3932 385.3
Borazine 2779 233.1 228.4 2109 126.8
ALN;H, 129.7 34.6 239 —455 ~974
Ga;N;Hg 132.5 —40.2 717 —99.1 ~1204

(a) diameter increasing

Van der

(b)

Packing Defect

>
-
.

ﬂ C axis of the wurtzite structure

Fig. 5. Scheme for the different nanotube morphologies: (a) for C and
BN; (b) for AIN and GaN.

cies for AlsN3Hg is obtained at 30°, and for GasN3Hg is
at 10°. It indicates that the nanotubes morphologies
based on the bending Al3N3Hg and GazN3Hg are impos-
sible in nature. This also suggests that the instability of
AIN and GaN nanotubes with the conventional carbon
nanotubes morphologies is not originated from the large
elastic energies, as suggested early [20], actually it should
be from the unfavorable non-planar sp? hybridization.

The different nanotube morphologies among C, BN,
AIN and GaN are illustrated in Fig. 5. The carbon
and BN nanotubes are formed as a graphite structure
based on the sp® hybridization. The nanotube diameter
ranges widely from less than one nanometer to hundreds
of nanometer. The interaction between layers of multi-
walled nanotubes is van der Waals force (seen in Fig.
5a). However, it is impossible for AIN and GaN to form
similar carbon nanotube morphologies based on sp”
hybridization. The chemical bonding in AIN and GaN
nanotubes must be dependent on the fourfold coordina-
tion (diamond-like structure). The wurtzite crystal nano-
wires can form a unit-cell packing alone ¢ axis. Such
nanotubes are part of the defect structure in the center
of the nanowires (shown in Fig. 5b), which can be ob-
tained commonly using epitaxial casting [19] and grow-
ing in a horizontal tubular furnace [20].

4. Summary

Our calculations confirmed that it is implausible for
AIN and GaN to form the tubular morphologies of
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carbon and BN. The reason is from the weaker overlap
between Al's (Ga’s) and N’s p. orbitals. The calcula-
tions also verified that the bending benzene analogues
(m-conjugated six-membered rings) are very useful mod-
els in exploring the stability of the nanotube morphol-
ogy based on sp” hybridization.
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