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Abstract. Data on the electronic and chemical structure of a new
quasi-one-dimensional form of matter, viz., nanotubulenes, are
generalised and systematised. Methods and approaches used in
modern quantum chemistry for the simulation of the composition,
structure, and properties of isolated tubulenes based on layered
phases (graphite, boron nitride, boron carbide and boron car-
bonitride), nanotubular composites and nanotube crystals are
described. The role of quantum theory in the development of the
concepts of fundamental properties of substances in the nano-
tubular form and methods of their targeted modification is
discussed. Prognostic potentials of theoretical models in solving
material science problems are considered. The bibliography
includes 197 references.

1. Introduction

The study of nanomaterials (NM) is one of the leading areas of
investigation in modern chemistry. Nanomaterials that are cur-
rently produced in the form of isolated clusters, powders, films,
and consolidated systems with a characteristic size of crystallites
not more than 100 nm possess many unusual properties that are
promising for the development of high technologies.! ~# In addi-
tion, they form a unique class of objects used for studying
fundamental problems of the metastable state of matter and the
prospects of producing its new forms that have no analogues in
nature.? %8

The greatest progress in this area has been achieved in the field
of synthesis and comprehensive studies of a new allotropic
modification of carbon, fullerenes, and first of all, ‘classical’
spheroidal carbon clusters (Cgo and C7), endohedral complexes,
as well as film and crystalline materials based on these substances
(fullerites).!->8

The topology and physicochemical properties of nonspherical
carbon clusters built of a large number of atoms (the so-called
giant fullerenes C,,, n > 70) have become the subject of numerous
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recent studies in which different types of closed carbon structures
(capsulenes, torrenes, barrellenes, ezc.) were discussed.!2

Iijima ° has discovered quasi-one-dimensional (quasi-1D) hol-
low tubular carbon fibres, viz., nanoscale carbon tubes (nano-
tubulenes), which are extended cylinders whose walls are formed
by rolled graphite sheets. Carbon nanotubes with diameters
ranging from five to several tens of nanometres and consisting of
2 to 50 coaxial graphite cylinders [the so-called multilayered
nanotubes (MNT)] were detected® by transmission electron
microscopy (TEM) in the soot obtained in arc-discharge experi-
ments using graphite electrodes. More recently, both multilayered
and single-layered nanotubes (SNT) were obtained.!0~ 16

It was suggested® !0 to consider nanoscale tubular structures
as a new, quasi-1D form of carbon that occupies a ‘vacant’
position in the series of the known forms of carbon of different
topological dimension 3D (diamond), 2D (graphite), and 0D
(fullerene).

Almost simultaneously with the first reports on the syntheses
of carbon NT,!0-1¢ several studies devoted to simulation of their
electronic structure were carried out,!’~2* and unexpected and
extremely interesting results were obtained. It was established
that, depending on the NT diameter and the type of helical
ordering of carbon atoms constituting the cylinder walls, tubu-
lenes can possess both metallic and semiconducting properties.

The predicted possibilities of targeted modification of carbon
NT conductivity have at once become the subject of daring
hypotheses for their use in diverse exotic devices and elements of
electronic circuits of uniquely small sizes (nanocoils, nanowires,
etc.).10-16 The list of possible ‘nanoscale devices’ in which elec-
tronic, optical, catalytic, capillary, and other properties of NT can
be used, is increasing rapidly.?>—3!

In the first stage of experimental studies, methods of produc-
tion of carbon NT and a number of nanotubular composites were
developed. The results of there studies were generalised in a
monograph.?

Recently, stable nanotubular structures based on several
layered compounds, viz., BN,3273¢ BC;337 BC,N,’7-3% and
MoS; 3%-40 have been synthesised and it was suggested that nano-
tubular forms of silicon 442 and boron“? as well as consolidated
nanotubular materials 4> can be obtained.

Research in the field of the synthesis and study of the proper-
ties of nanotubular forms of substances is intimately associated
with the development of quantum chemistry of tubulenes, which is
caused by several reasons. The interest of investigators in quasi-
1D carbon NT and initiation of large-scale projects in the field of
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synthesis, physical chemistry, and material science of NT is to a
great extent due to predicted unusual electronic properties of these
objects.!724

Nanotubulenes are obtained by vapour deposition in various
media (see, e.g., Refs 6, 8). For instance, carbon tubulenes are
synthesised in arc-discharge apparatus in the presence of catalysts.
As a rule, the final product is a mixture of NT and other carbon-
containing species (e.g., metal carbides), which hampers substan-
tially the studies of the properties of NT themselves. Suffice it to
say that the isolation of NT possessing semiconducting and
metallic properties predicted in 199217-2% was reported only
recently.46-47

Theoretical simulation of NT plays an extremely important
role in the solution of the problem of obtaining the nanotubular
substances ‘in pure form’: almost all the known substances in the
nanotubular form and many of their properties were predicted
from the results of calculations.

In the present review, the main stages of the development of
ideas of the electronic properties of substances in the nanotubular
form calculated first of all using modern quantum-chemical
methods are considered. Particular attention is paid to the
application of theory to the simulation of the structure and
description of physicochemical properties of non-ideal nanotubu-
lenes, nanotubular composites, and nanotubular crystals that are
most interesting from the viewpoint of their practical use.

I1. Theoretical models of electronic properties of
ideal carbon nanotubulenes

The principles of theoretical description of ideal carbon single-
layered NT were developed in 1992.17-24 Schemes of NT classi-
fication were proposed and fundamental dependences between the
atomic structure of cylindrical nanostructures and their electronic
properties were established.

Saito et al.'® considered the principles of the formation of two
types of NT taking closed tubulenes as an example. Fullerene Cgg
hemispheres were taken as the end groups; they can be obtained as
a result of dissecting the Cgp framework in such a manner that the
section plane contained 9 or 10 carbon atoms (Fig. 1). This
respectively corresponds to the so-called ‘arm-chair’ or ‘zigzag’
cross sections. Since the type of ordering of the atoms constituting
the cylinder walls closed by the above-mentioned end groups will
be determined uniquely, the corresponding terminology is also
used for the description of the NT obtained, and ‘arm-chair’ or
‘zigzag’ NT are considered (Fig. 2).

‘Open’ NT can also be constructed by rolling a planar atomic
graphite sheet. In this case each cylinder is characterised by its
diameter and the type of helical atomic ordering (chirality).'$-1°

Figure 1. ‘Arm-chair’ (@) and ‘zigzag’ (b) cross sections of fullerene Cgo.

Figure 2.

Structure of ‘arm-chair’ («) and ‘zigzag’ (b) tubulenes.

Using the basis vectors of the graphite sheet a; and a, (Fig. 3), the
diameter (d), and the pitch angle (0), the vector

C¢, = na; + map
is given [the so-called (n, m)-NT]. The parameters d and 0 are
defined by the following relationships:

de lea]  av/3(n? + m? + mn)

,}’l
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where « is the interatomic distance in the planar sheet, and

0 = arctan (—

Figure 3. The method for selecting the vector ¢, that defines the diameter
and the pitch angle 6 for an ‘open’ nanotube that can be constructed by
rolling a graphite sheet (by matching the points 4 and A").

Depending on the indices n and m, chiral (n, m) and achiral
(n, 0) nanotubes are distinguished.

Calculations of electronic properties for a large number of
SNT with variable indices n and m were performed.!”~2*1n Fig. 4,
the distributions of the density of states (DOS) calculated by the
tight-binding (TB) method for the (10, 0) and (9, 0) ‘zigzag’ carbon
NT!? are shown as an example. The energy bands are formed by
mixed m(2p-) and ¢(2s,2py,) carbon states. Depending on the
radius of curvature, carbon nanotubulenes can possess either
metallic or semiconducting properties.

According to calculations,'”~24 there is a clear dependence
between the structural indices (7, m) and conducting properties of
ideal cylindrical single-layered tubulenes. All carbon (n, n)-NT
possess a metallic type of conductivity. If m # 0 and n = m + 3¢,
where ¢ is an integer, then the corresponding tubulenes are
semiconductors with narrow band gaps, for which the band gap
(AE,) depends on the NT radius

AE,~ R™2.

All other NT possess properties of semiconductors with wide
band gaps, for which

AE;~ R—!.
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Figure 4. The total density of states (TDOS) for the ‘zigzag’ (10, 0)- (a)
and (9, 0)-carbon nanotubulenes (5).!° The TDOS for a planar graphite
sheet is shown by dashed lines.

Calculations by the TB method.

Itis natural that the relationships listed above are valid for the
tubes of relatively small diameters, whereas at d — co the band
structure of NT is transformed into that of a planar graphite sheet.
This fundamental dependence of electronic properties of NT on
their structure'’-2* was confirmed experimentally.4®47 Two
groups of NT with varied chirality were isolated and their current
vs. voltage characteristics were measured. In accordance with
theoretical predictions, a metallic or semiconducting type of
conductivity was observed for these groups of NT depending on
their structure.

Refinement of the details of electronic structure of carbon
SNT was reported.*®~% For instance, it was pointed out that
o —rn-hybridisation should be taken into account in the case of
semiconducting tubulenes of small radius.>® A detailed study of
this effect for NT with wide band gaps in the framework of the TB
method made it possible to suggest an analytical dependence of
AE, on the tube radius.>* The results of some calculations of
(n, m)-NT with wide band gaps are listed in Table 1.

Table 1. Dependence of AE, for carbon (1, m)-NT with wide band gaps on
their radii.?6->4

(n, m) R /A AE, [eV

see? see P see®©
(7,0) 2.7 0.79 111 1.00
8,0) 3.1 1.12 1.33 1.22
(10, 0) 3.9 0.65 0.87 0.85
(11, 0) 4.3 0.80 0.96 0.88

2 Calculations >* by the TB method in the parametrisation by Tomanek
and Schluter.”®

b Calculations > by the TB method in the parametrisation by Su et al.%5
¢Data taken from Ref. 26.
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Figure 5. Dispersion of the energy bands (a, b) and the density of p (solid
line) and s (dashed line) states of NT, (¢) and (d), respectively; (a) and (¢)
(10, 5)-tubulene; (b) and (d) (9, 0)-tubulene. The é-shaped DOS resonances
near the Fermi level are shown by arrows.

The dependence of the DOS distributions on the NT radii and
pitch angles was considered taking a group of metallic NT as an
example.>® The presence of a DOS ‘plateau’ near the Fermi level
between the J-shaped peaks (Fig. 5) separated by the E interval is
a characteristic feature of carbon nanotubulenes with metallic
(and quasi-metallic) types of conductivity [e.g., the (10, 5) and
(9, 0)-NT, respectively]. A general relation describing the E(0, R)
dependence was derived and numerical calculations of this spec-
tral parameter were performed (Fig. 6). As can be seen, the E
value (the width of the DOS ‘plateau’ near the Fermi level) is
determined by the tube size, viz., E decreases substantially as R
increases. For this reason, the parameters of the electronic states
of tubulenes possessing metallic and semiconducting properties
depend explicitly on their geometric indices.

EVpp

Figure 6. Dependence of the energy interval (E/V,_,) between the
o-shaped DOS resonances near the Fermi level (see Fig. 5) for NT with
metallic (7), (2) and quasi-metallic (3), (4) types of conductivity on their
radii (R) referred to the C —C interatomic distance (do); V-, is the energy
parameter used in TB calculations and determining the interaction
between p—p orbitals; (1), (2) 0 = 30°; (3), (4) 0 < 0 < 30°.

The Peierls type of instability effects for metallic 1 D-tubulenes
was considered.!”1° Based on the results of ab initio self-consis-
tent calculations, it was shown!” that, unlike, e.g., trans-polyace-
tylene, > the temperature of the Peierls transition for the metal-like
NT should be much higher than room temperature.®
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The dependence of the stability of carbon tubulenes on their
sizes was evaluated ©© and compared to similar data for other
carbon nanoscale structures and macrostructures. The analysis
was based on calculations of carbon atom binding energies (Ep) in
NT. The calculations were carried out using two empirical po-
tentials 6162 for a total of 169 nanotubes with R < 9 A and pitch
angles in the range 0° <0 <30° (the C—C distances were
assumed to be equal to 1.44 A). Several highly symmetric (n, n)-
NT (n=3,4,5,6,7,9) were also calculated in the framework of
the ab initio local electron density functional (LEDF) method.%3 64
Figure 7 illustrates a clear dependence of the E}, of carbon atom
on the NT geometric size (Ep ~ R~2), according to which the
binding energy of a carbon atom in NT approaches that of a
carbon atom in graphite as the NT radius increases. As can also be
seen, the Eyp values of carbon atoms in fullerenes Cgo, Cig0, and
Ca40 are higher than those of carbon atoms in the NT of
corresponding radii. It was concluded that the formation of
tubular or spheroidal nanoscale forms of carbon will be controlled
not only by the energy state of a system, but also by the kinetics for
the conditions of growth.

Ep/eV atom—!
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Figure 7. Binding energies of carbon atoms for nanotubes of various
radii; (/) LDA calculations; (2) and (3) calculations by the pseudopotential
method using data taken from Refs 27 and 28, respectively. The dashed
line corresponds to the binding energy of carbon atoms in graphite. The
binding energies of carbon atoms in fullerenes Cgo, Ci30, and Ca4p are also
shown [the data were taken from Refs 27 (4) and 28 (3)].

The electron energy spectra (EES) of multilayered NT are
much less studied than those of SNT. A double-layered NT (the
radii of the ‘outer’ and ‘inner’ cylinders were 3.4 and 6.8 A,
respectively) was considered using the approximate density-func-
tional computational scheme.®® The calculations were carried out
assuming a uniform surface electron density distribution without
taking into account specific features of individual atomic geome-
try of the cylinders. It was found that the total density of states
(TDOS) distribution for the double-layered NT was similar to that
of SNT with characteristic oscillations reflecting the van Hove
DOS singularities for 1D systems (Fig. 8). It is believed ¢ that an
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Figure 8. Decomposition of the TDOS for a double-layered NT into
partial s- (1), (2), p- (3), (4), and d-components (5), (6) for the inner (1), (3),
(5) and outer (2), (4), (6) nanotubes.>®

increase in the number of layers will lead to the DOS of MNT
approaching that of graphite.

On the whole, the results of quantum-chemical simulation of
ideal cylindrical SNT made it possible to obtain a detailed
description of their electronic properties and establish clear
correlations between the parameters of the electron energy spec-
tra, topology, and NT size. These results have become the basis for
further calculations and predictions of some physicochemical
properties of NT.

II1. Defect structure of carbon nanotubulenes.
Nanotubular composites

Investigation of defect NT is a certain stage of the development of
the quantum chemistry of nanotubular forms of carbon. Both
‘intrinsic’ structural defects of tubulenes and various hetero-
structures involving NT (the so-called nanotubular composites)
are considered.® 8 Three main types of ‘intrinsic’ defects of NT are
distinguished, viz., topological defects, rehybridisation defects,
and defects of unsaturated (or ‘dangling’) bonds. In the first case,
itis assumed that the rolled graphite sheet contains pentagons and
heptagons (or their combinations). Rehybridisation defects are
associated with the possibility of changing the standard sp?
hybridisation of carbon atoms (e.g., sp> 2 sp?). The third type of
defects is due to vacancies, impurities, dislocations, and to the
structure of the end groups (open or closed) of NT.

1. Structural defects and relaxation processes

The effects of quasi-1D structural relaxation capable of distorting
the ideal cylindrical geometry of model NT were assessed 67 by the
molecular-dynamics (MD) Car — Parrinello method ® for a num-
ber of chiral and achiral NT. The ‘optimised’ structure of the
(10, 0)- and (11, 5)-tubulenes considered ¢’ virtually coincides
with the initial structure of the model rolled graphite sheet (the
difference in the interatomic distances does not exceed ~ 0.01 A).
A possible explanation ¢7 is that the substance in the tubular form
retains the main types of interatomic interactions characteristic of
graphitic sheets.

Donor (nitrogen) or acceptor (boron) substitutional impur-
ities %7 cause perturbations of the electron density and can affect
the conducting properties of carbon NT. Local relaxation rear-
rangements upon N — C substitution are insignificant. When NT
are doped with boron, the carbon atoms closest to the boron
atoms are shifted along the bond axis by ~ 0.11 A.

Charge distributions in the presence of substitutional impur-
ities (individual B, N, and Si atoms, anions, and cations) were
investigated 37 in the framework of embedded cyclic cluster
model ¢ by the MNDO/PM3 method taking a (6, 6)-NT as an
example. It was pointed out that discrete donor or acceptor levels
appear in the band gap of the tubulene. Defect-induced perturba-
tions are propagated along the NT axis to a larger number of
neighbouring spheres than those propagated along the circum-
ference of the cylinder. Charged defects produce larger perturba-
tion areas than neutral ones.

A topological type of defect associated with the formation of a
carbon vacancy was considered.”® Taking a metal-like (4, 4)-NT
as an example, it was found that the number of conductivity
channels (according to terminology 7!-7?) decreases in the presence
of carbon vacancies, which leads to suppression of conducting
properties of the NT.

2. Radial deformations of nanotubulenes
Charlier er al.”? discussed the effect of change in the curvature of
atomic layers along the circumference of the carbon cylinder on
the electronic properties of NT. The possibility for non-cylindrical
carbon NT with pronounced ‘cut’ of the walls to be formed was
confirmed by three-dimensional holographic TEM images.”*~7¢
It should be noted that the nature of microdeformations of
carbon NT walls (the ‘ripples’ observed on the NT surface7?) is
associated with the rehybridisation effect, i.e., with the change in
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the effective hybridisation of the carbon atom from sp? to sp?
(diamond). In this case, local protrusions of the surface that form
‘structural waves’ (folds) with variable curvature will be charac-
terised by averaged sp>** carbon hybridisation, where the param-
eter o depends on the curvature of the microarea of the NT
surface.

The edges of prismatic NT can be considered as visual lines of
rehybridisation that occurs upon the change in the atomic
configurations from sp? to sp3, or as lines of hybridisation
defects.”’

Tight-binding DOS calculations for a cylindrical (10, 0)-tube
and (10, 0)"-tubes with n-gonal cross sections showed that in the
latter case there is a number of peculiarities on the DOS profile
such as clearly seen effects of ¢* —n* hybridisation and appreci-
able changes in the energy band structure. These peculiarities are
characteristic of small-diameter NT.

In Fig. 9, the energy band structures of the (10, 0)- and
(10, 0)>-NT are shown as an example. The n*-band energy of the
(10, 0)>-NT decreases substantially (the so-called NT ‘metallisa-
tion’). The nature of this phenomenon becomes clear from
comparing the charge density distributions (p) in the cross-
sectional planes of cylindrical (10, 0)- and pentagonal (10, 0)°-
NT for the I'-states near the Fermi level. The clearly seen p
anisotropy at the vertices of the pentagon, partial outward shift of
the charge density (the formation of o-like states), and the
reduction of the symmetry of the system lead to a substantial
decrease in the band gap and to a change in the type of
conductivity from semiconducting for the (10, 0)-NT to metallic
for the (10, 0)>-NT.

I
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Figure 9. The energy band structures of (10, 0)- (a) and (10, 0)>-NT (¢),
and a tubulene with ‘intermediate’ type of cross section (b).

Changes in the energy band structure of metal-like NT upon
‘polygonisation’ of their cross sections were considered taking
(12, 0)*-NT (n = 6, 4, 3) as examples.” It was established that the
conducting properties of the NT change in the following order:
metallic [(12, 0)-NT] — semiconducting [(12, 0)®-NT with a band
gap of about 0.5 eV] — metallic [(12, 0)*- and (12, 0)3-NT], which
is mainly determined by the energies of the m—n* bands.

3. Uniaxial compression (tension) of nanotubes
Along with radial deformations in the cross-sectional plane,
nanotubes can undergo longitudinal compressions (in particular,
axial ones). This type of effect becomes of particular interest in
connection with the investigation of mechanical properties of
NT.6-8.78.79

The effect of uniaxial stress on the density of states and type of
conductivity of SNT was studied by the TB method taking ‘zigzag’

(n, 0) and ‘arm-chair’ (n, m) carbon nanotubulenes as examples.8°
A homogeneous uniaxial compression (¢ < 0) and tension (¢ > 0)
was simulated by displacements of carbon atoms. Uniaxial stress
will lead to the change in the NT chirality, which determines the
energy characteristics of the cylindrical structures. It was found 8¢
that, depending on the index » and considering it as (3¢ — 1), 3¢, or
(3q + 1), where ¢ is an integer, the (n, 0)-NT can be arbitrarily
classed into three groups. The band gaps of (3¢ + 1)-NT will
increase while those of (3¢g—1)-NT will decrease upon compres-
sion of (n, 0)-NT. The type of conductivity of the (3¢, 0)-NT
changes from metallic to a semiconducting one; for this reason,
these NT are the most convenient objects for experimental testing
of the dependence predicted.?°

For all (n, 0)-NT considered,® the band gaps depend linearly
on the modulus of compression (¢). According to the estimates 8°
the band gap sensitivity to stress, |dE,/dg|, is about
10.7 meV GPa~!in the range |o| < 10 GPa. All metal-like ‘arm-
chair’ (n, m)-NT retain their properties upon uniaxial stress.

The effect of compression on the electronic characteristics and
other properties (in particular, on chiral currents) of nanotubu-
lenes was studied by the self-consistent electron density functional
method taking a group of carbon NT as an example (Table 2).8! It
was found that the major effect of compression of (9, 7)-NT
consists in an appreciable increase in the band gap due to a
decrease in the dispersity of ® and ©* bands near the Fermi level. It
is possible to make the system conducting by introducing hole or
electron carriers. This can be done by doping NT with atoms of
alkali metals (AM) or halogens. Miyamoto 8! simulated this effect
by fixed shift of Er. By solving the Boltzmann equation the
components of the conductivity tensors of NT were found and
the pitch angles for charge carrier currents were determined (see
Table 2). It was stated®! that violation of the symmetry of the
hexagonal atomic ordering of the cylinder walls upon its com-
pression can cause chiral currents to flow. This effect is most
pronounced for the ‘arm-chair’ NT.

Table 2. Geometric parameters of compressed (n, m)-NT and pitch angles
of chiral currents (0") in the case of doping with electrons (¢) and holes (h).

Geometric parameters of (1, m)-NT 0" /deg
(see®)
(n, m) d/A 0 /deg degree of compression (%)
(13, 1) 10.78 4.1 10 1.6(h)
8.8(e)
(11.4) 10.60 15.5 10 0.5(h)
12.4(c)
9,7 10.97 249 S 4.2(h)

2 The calculations were carried out assuming that Ef is shifted by 50 meV
from the bottom of the conduction band and from the top of the valence
band upon doping of NT with electrons and holes, respectively.

TEM images >34 indicate that carbon NT can undergo
diverse changes in their shapes and spatial configurations and
that the types of NT deformations considered (radial and uniax-
ial) are a particular case of such changes. Studies of arbitrarily
deformed NT are scarce due to the complexity of the description
of their electronic properties.

4. Deformations of carbon nanotubulenes
As a rule, the problems of deformational behaviour of NT are
studied in the context of the development of ‘nanomechanics’.
Most of experimental studies in this line %8 78:79-85-90 have been
devoted to investigation of the brittle —elastic properties of NT
under different conditions of external strain.

The microscopic simulation of the energy characteristics of
mechanically deformed NT was performed by MD methods 881
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Figure 10. Dependence of the strain energy (E) and its derivative (dE/d¢)
on the bending angle (¢) for the (13, 0)-NT (a) and the NT shape upon
‘kink’ (b).

using many-body interatomic potentials ®!-%2 and energy param-
eters obtained in band structure calculations of ‘slightly deformed’
NT.60.92.93

Typical of this investigation line are MD calculations of the
brittle —elastic properties of NT exposed to classical types of
deformation (compression, bending, and torsion).8-°! Figure 10
illustrates the results obtained from MD calculations of the strain
energy dependence of a (13, 0)-NT, 8 nm in length and 1 nm in
diameter, on the tube bending angle. External strain was applied
to both tube ends. The strain energy smoothly increased before the
tube ‘kink’ (or inelastic bending) and sharply decreased after-
wards.

The results of calculations 8% °! reproduce the observed singu-
larities on the strain—stress curves of NT of different dimension-
ality and are in good agreement with the experimental
results.® 85-89 This makes it possible to point to the development
of theoretical foundations of the nanomechanics of nanotubular
objects.

Quantum-chemical calculations of electron states were carried
out only for certain possible statistical configurations of deformed
NT, e.g., for uniform and non-uniform tubular helices (Fig. 11)°*
both predicted theoretically®> and observed using the TEM
technique.®®>°7 In addition to hexagons, the walls of helices
include various heptagonpentagon combinations. Helical NT are
an extensive class of objects related to toroidal carbon nano-
structures.$-20:98-102 The topology of helical NT is

Figure 11. Models of helically deformed uniform (Cseo) (¢) and non-
uniform (Cssp) (b) tubular structures.®*

described %% 193 using the Kekule structures and the concept of
‘phason lines’.'%* Tight-binding calculations ** showed that the
energy band structure (in particular, the change in the band gap
AE,) depends strongly on the topology of the NT helices: an
interrelation has been found between the arrangement of the
‘phason lines’ in the helices and the type of their conductivity.

5. Connection of nanotubulenes
Targeted introduction of topological defects into an NT, i.e.,
replacement of a part of hexagons in the rolled graphite sheet that
forms tubulene walls by other polygons (heptagons or pentagons)
can change substantially its electronic properties. In this case, the
theoretically predicted possibility of the formation of hetero-
junctions based on NT ¢ 8 opens wide prospects for using carbon
NT as the elements of integrated circuits of uniquely small size.
This situation can be considered from the viewpoint of
longitudinal connection of two different tubulenes in which
heptagons, pentagons, and their various combinations play a
determining role in the formation of matched structures of NT
(Fig. 12), thus opening new possibilities of producing electronic
n—p transitions.

Figure 12. Variants of longitudinal connection of ‘zigzag’ carbon tubu-
lenes; (a) (12, 0)/(9, 0)- and (b) (12, 0)/(8, 0)-tubulene. Carbon atoms
participating in the formation of heptagons and pentagons in the structure
of intertubular connectors are shown as bold solid circles.

It should be noted that the above-mentioned polygons (pen-
tagons and heptagons) can be constituents of the ends of ‘open’
nanotubes and impart to them a conical shape of variable conicity,
which can become of great importance for the development of
nanoscale electron-emitting devices based on NT.105

Different types of matching and the properties of carbon NT
of different diameter involving a heptagon—pentagon pair were
simulated by the TB method taking (12, 0)/(9, 0)- and (12, 0)/(8, 0)-
tubulenes as examples (see Fig. 12).19 According to calculations
performed taking into account only n-states, there are delocalised
states for each of the tubulenes and localised states corresponding
to open ends of NT (‘dangling’ bonds) in the spectrum of the entire
system. The estimates '°¢ of the dependence of conducting proper-
ties on the voltage applied (U) showed that the current 7 increases
as U increases for matched (12, 0)/(9, 0)-nanotubes with metallic
type of conductivity and that oscillations corresponding to
resonances of tunnelling probability between the two NT are
observed on the current vs. voltage plot. The conductivity of the
system of connected metallic (12, 0)- and semiconducting (8, 0)-
nanotubes will be determined by the contribution from the (12, 0)-
tubulene to the region near the Fermi level in the spectrum of the
entire system.

A more detailed consideration of the EES of carbon NT with
variable number of topological defects (pentagon—heptagon
pairs, or 5/7-defects) of the wall surfaces of ‘zigzag’ (n, 0)-tubu-
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lenes was carried out.!%7 A system of (12, 0), (11, 0), and (9, 0)-
nanotubulenes matched in pairs using one, two, and three
pentagon—heptagon pairs arranged either along the cylindrical
axis or along the cylinder circumference was calculated. The data
listed in Table 3 illustrate the change in the energy of NT with
topological defects (relative to that of ‘perfect’ tubulenes). As can
be seen, in the general case, an axial arrangement of the 5/7-defect
is the most energetically favourable. Even more energetically
favourable is the formation of a specific type of defect in which a
pentagon and a heptagon are separated by rings of hexagons (the
5/6/7-defect, see Table 3).

Table 3. Energy changes (relative to the energies of ‘perfect’ tubulenes) for
different types of nanotube connection depending on the type of the
arrangement of topological defects.

NT system Number AE eV atom~!
of defects
5/7 defects axial specific
along the 5/7 defects defect @
circumference
(12, 0)/(11, 0) one 5/7 0.132 - -
(12, 0)/(11, 0) two 5/7 0.258 0.249 0.208
(12, 0)/(9, 0) three 5/7 0.405 0.291 -

a5/6/7-Defect, see text.

Regularities of the rearrangement of electron states near the
Fermi level in the region of hetero-junction can be traced taking a
matched (12, 0)/(11, 0) metallic—semiconducting NT with opti-
mised geometry as an example (Fig. 13). On going from the last
segment of the (12, 0)-NT to the first segment of the connection
structure, the DOS oscillations relative to the DOS ‘plateau’ of
isolated (12, 0)-NT are observed near Er. Similar DOS oscillations
of gradually decreasing amplitude are observed when moving
further along the connection structure toward the first segment of
the (11, 0)-NT. The first segment of the (11, 0)-NT is gapless,
which manifests itself as a smooth metal to semiconductor
transition. The DOS of the hetero-junction structure approaches
those of individual nanotubulenes at a distance of +20 A from
the connection structure on each side of the cylinders.
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Figure 13. The electron density of m states («) and the cross sections
(I)—(18) of the intertubular connector structure for the (12, 0)/(11, 0)-
NT (b).

6. Nanotubular composites: intercalation of carbon
nanotubulenes

Intercalation of NT with atoms of various elements makes it
possible to obtain quasi-1D nanomaterials with varied properties.
For instance, it is possible to obtain composites by incorporating
metal wires into NT. These can be used as nanowires of uniquely
small cross section in which the tubulene simultaneously acts as
both an insulator and a protective shell (e.g., in oxidation
processes). The properties of the components can change substan-
tially upon interaction between the metal nanowire and NT (e.g.,
new phases of a metal ‘encapsulated’ into the NT can be formed).
This interaction can also cause a non-trivial modification of the
properties of the entire hetero-system. For instance, its electron-
phonon spectra and superconducting properties can be changed
appreciably by intercalating the NT with alkali metals (AM), as is
observed for fullerenes doped with AM or for intercalated graph-
ite (see, e.g., Ref. 8).

In most of experiments on NT intercalation, multilayered
tubulenes of large diameter (> 100 A) were obtained, which were
filled (either directly in the synthesis or using the capillary effect)
with Mg, Bi, Pb, several transition metals, lanthanides, and their
carbides. 108117

These systems are considered in the framework of several
computational schemes. Semiempirical MNDO calculations >’ of
(n, 0)-tubulenes (n = 6, 8) with one or two encapsulated mona-
tomic potassium wires oriented along the cylinder axis were
performed using the embedded cyclic cluster model. It was found
that the band gaps characteristic of initial NT disappear in the
intercalated systems because of the appearance of new K 4p states.
As a result, the K@(n, 0) systems are 1D conductors.

A quasi-1D hetero-structure consisting of a carbon nanotube
(R =134 A) filled with a Pb nanowire (r = 2.4 A) was consid-
ered.®® Taking into account the approximations used in the
calculations (a numerical method 118 was employed), Ostling et
al %% could only suggest that the electron states of the Pb nanowire
will hybridise mainly with the near-the-Fermi-level nt-states of the
tubulene.

More rigorous calculations of (4, 4)-NT intercalated with 1D
potassium and aluminum wires were carried out by the ab initio
pseudopotential method.!'®-129 It was assumed that the metal
wires and the (4, 4)-NT constitute commensurate ‘phases’ and that
the interatomic distances in the wires are the same along the whole
tube length. For the K@(n, n)-NT system, the energy effect of
intercalation (heat of formation) was also calculated depending on
the tubulene diameter (~ 1 eV atom—! K—1).1"° The corre-
sponding value for the Al@(4, 4)-NT system was found to be
negative'?0 and it was assumed that intercalation of Alinto the (4,
4)-NT can occur only in the gas phase under high pressure. Under
normal conditions, only carbon nanotubes of large diameter can
be intercalated with aluminum.

The results obtained ''%-120 show that quantum-chemical
methods can be effectively used for solving important problems
related to search for compositions of nanotubular composites and
conditions of their production. Taking into account promising
technological applications of these materials, one can expect the
development of the material science of this class of substances.

IV. Electronic properties of several non-metal
compounds in the nanotubular form

The progress in the synthesis and the study of the properties of
carbon NT has initiated investigations on the search for tubular
nanostructures of other substances. Hexagonal boron nitride
(h-BN), an isoelectronic and isostructural graphite analogue,
was proposed 121-122 ag the first candidate. It should be noted
that the syntheses of the nanotubular form of BN and some other
boron compounds 3238 were performed on the basis of predic-
tions made in the first theoretical studies on their structure and
properties.121-124
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Based on similarity in the structural and electronic properties
of the known 2D boron compounds (h-BN, BCj;, and
BC,N 125:126) and graphite, the theoretical approaches successful
in calculations on the tubular forms of carbon were used.!?!~124

1. Boron nitride-based nanotubulenes

Electronic properties of nanotubes based on h-BN were consid-
ered.!?!-122.127 The dependence of the EES of chiral and achiral (n,
m)-NT on their diameters was studied using a simple s,p TB
model.!?? It was found that all the boron nitride nanotubulenes
(BNT) considered are semiconductors in which the band gap
(AE,) decreases as the tube radius decreases. Chiral (n, m)-NT are
less sensitive to variations of the tube radius than (n, 0)-NT. In
addition, (n, 0)-NT are semiconductors with direct gaps (I'—1I'),
whereas (n, m)-NT have indirect band gaps (4—TI'). Changes in
AE, upon varying pitch angles 0 are most pronounced for the
tubes of small diameter. Nanotubes with ¢ > 12 A have wide
band gaps which depend slightly on 0. The following qualitative
explanation can be proposed: in NT of small radii, the number of
nonadjacent atoms is larger, and the distances between them
appear to be comparable with interlayer separations in h-BN.

MNDO calculations of the electronic properties of (n, 0)- and
(n, n)-BNT (n =6, 7, 10, 12) were performed.’” All NT were
referred to dielectrics (AE; ~ 4.8 eV). The position of the bottom
of the conduction band is determined mainly by boron s, p states,
whereas that of the top of the valence band is determined by
nitrogen states.

More rigorous LDA calculations 2! of (n, 0)- and (n, n)-BNT
with diameters in the range from 4.0 to 12.0 A indicate that they
are semiconductors with wide band gaps (AE; ~ 5.5 eV). Because
of this, the dependence of the electronic properties of BNT on
their size and structure is less pronounced than in the case of
graphite-based tubes. This fact is of importance for the prepara-
tion of nanomaterials with preset parameters.

When analysing the bands near the Fermi level, it was found
that the states of the bottom of the conduction band are similar to
those of ‘quasi-free’ electrons.'?! These states are concentrated in
the inner part of the tube (Fig. 14). This peculiarity may have
important technological applications in the doping of BNT with
electron carriers, which would make it possible to vary their
electrophysical properties over a wide range.

Figure 14. The total charge density distribution in the longitudinal section
(including nitrogen atoms) («) and in the cross section (b) of the (6, 6) BNT
(LDA calculations).

Interesting results were obtained in the optimisation of the
geometry of BNT.!2! It was shown that this tubular structure can
be considered as a ‘double-layered’ structure consisting of oppo-
sitely charged coaxial cylinders that form a specific quasi-1D
dipole. The boron ions constitute the ‘outer’ cylinder, while the
nitrogen ions constitute the ‘inner’ one. The ‘intercylinder’ dis-
tance depends slightly on the tube chirality and decreases as its
diameter increases. The total energy (Eior) of BNT appeared to be
lower than that of carbon NT of the corresponding diameter
(Fig. 15). Comparison of the total energies of a BNT and an h-BN
‘strip’ obtained upon the ‘development’ of the corresponding
cylinder showed that the ‘strip’ form of h-BN is much less stable
than its tubular form.

It was established that if the distance between the tube walls in
double-layered BNT [e.g., a (4, 4)@(9, 9)-NT] is comparable with
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Figure 15. Dependence of the total energy (Eior) on the diameter (d) for
carbon (/) and BN (2) nanotubes. The E value for a ‘strip’ obtained by
‘developing’ the (6, 0)-BN nanotube (the point 3) is shown.

the interlayer separation in crystalline h-BN, the intertubular
interaction has virtually no effect on the structure of electron
states of individual NT. Single-layered and multilayered BN
tubulenes are stable semiconductors with wide band gaps.!?!
Simulation of hetero-structures based on boron nitride tubu-
lenes was first performed by Rubio et al.'?® who considered (4, 4)-
BN-tubulenes intercalated with K and Al. It was assumed that,
taking into account the peculiarities of the electronic structure of
BNT,!21:122 the interaction between the metal atoms and the NT
walls will be appreciably weaker than for carbon tubulenes. The
estimated intercalation energies (the difference between the total
energies of the composite and its components, viz., the tubulene
and the metallic wire) of these hetero-structures appeared to be
much lower than those of analogous systems based on carbon NT.
The K 4s states of the K@(4, 4)-BNT were found to interact with
the tubulene band near the Fermi level (Fig. 16). For an
Al@(4, 4)-BNT, it was found that additional Als and p. levels

Figure 16. Energy band structures (a)—(d) and charge distributions
(e)—(h) for the (4, 4)-BNT and for the composite K@(4, 4)-BNT and
Al@(4, 4)-BNT.

The energy bands: (¢) K@(4, 4)-BNT; (b) and (c) (4, 4)-BNT for single and
double unit cells, respectively; and (d) Al@(4, 4)-BNT. Charge distribu-
tions for the states near the Fermi level are shown for longitudinal sections
of the tubes. For the composite Al@(4, 4)-BNT, the contributions from
Al s states are shown by solid lines.
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appear in the band gap. The EES of the Al@(4, 4)-BNT appeared
to be close to a simple superposition of the spectra of a monatomic
Al wire and a (4, 4)-tubulene, which indicates a weak interaction
between them. The plots of the charge density distributions for the
near-the-Fermi level states in the K(Al)@(4, 4)-BNT (see Fig. 16)
show that the density of electron carriers that control the
conductivity of intercalated BNT is localised inside the cylinder.
This differs these systems from composites based on carbon NT in
which the contribution to the conductivity from the tubulene walls
dominates. For this reason, BNT can be preferred (as compared to
carbon tubulenes) for production of the nanowires with preset
properties. The possibility of intercalation of BNT with Ag and
Au atoms for production of continuous nanowires 2’ cannot also
be ruled out.

2. Boron carbide-based nanotubulenes

Electronic characteristics of some hypothetical (1, 0)-NT based on
layered BC; were considered.'>* The conductivity type changes
from metallic to semiconducting as the NT diameter increases.
This effect is associated with noticeable deviations of the bond
angles (for NT of small diameter) from 120 °. With an increase in
the NT diameter, the bond angles approach the ideal value for
planar sheets (120 °), and AE, for NT approaches the band gap of
single BCjs sheets (see, e.g., Refs 125 and 126). The analysis of the
DOS distribution for a BCs-tubulene shows that the lowest
unfilled bands are composed of n- and m*-states and the highest
filled bands are composed of o-states. Near the Fermi level, the
density of g-states is considerably higher than that of n-states. It is
assumed that the conductivity of a BC5-NT of a fixed diameter can
be varied over a wide range upon doping by varying the degree of
filling of the energy bands. In this case, ‘metallisation’ of the
g-band, i.e., a decrease in the concentration of electrons, will be a
more efficient way of increasing the NT conductivity. Additional
holes can appear upon partial replacement of carbon atoms by
‘superstoichiometric’ boron atoms. Atoms of halogens (Cl, Br, I)
can also act as hole donors, as is the case for, e.g., intercalated
graphite-based compounds.!?*

Strain energies of BC; nanotubes were calculated.!?* The total
energies of these tubulenes appeared to be lower than those of
graphite-based NT. Further studies of BCs-nanotubes should be
carried out taking into account not only single-, but also multi-
layered nanotubes, since it is known that the interlayer interaction
plays a decisive role in the formation of conducting properties of
crystalline BC3.1%°

3. Boron carbonitride-based nanotubulenes

Depending on the ordering type of atoms (B, C, N) constituting
the layers and on the type of layer-by-layer packing, graphite-like
boron carbonitrides can possess either metallic or semiconducting
properties.!23-126 In addition, the strong ‘intralayer’ anisotropy of
charge distributions suggests that circular chiral currents can arise
upon rolling the single layers into cylinders. In this case the NT
can be considered as nanoscale solenoids.

The geometry of several (n, n)-BC2N nanotubes was calcu-
lated by the TB method.!?* Nanotubulenes of small diameters
(n = 2) retain the conductivity type intrinsic in the initial BCoN
single layers.'>> However, for (1, m)-NT the change in the
conductivity type from metallic to semiconducting is possible
depending on their diameters and chirality (like for graphite-based
NT). It is assumed that (n, n)-NT should be the most stable, since
their atomic configuration provides the maximum number of the
strongest C—C and B— N bonds.

According to Miyamoto e al.,'?? partial replacement of
carbon atoms by ‘extra’ B or N atoms leads to the appearance of
donor or acceptor impurity levels, respectively, in the band energy
spectrum of carbonitride NT. This occurs due to the increase in
the concentration of electrons or holes in B;_,C,+ N or
BC, <N _, nanotubes, respectively. Calculations of chiral cur-
rents for doped BC,N-tubulenes were carried out and the magni-
tude of induced magnetic field was evaluated.!?®

4. ‘Mixed’ boron carbonitride-based nanotubulenes
Hypothetical ‘mixed’ single-layered NT built of segments of
carbon and BN hexagons that alternate either along the tube
circumference or along the tube axis are considered as an example
of possible quasi-1D systems possessing interesting quantum
properties. They were studied by the MNDO method.>” The
following combinations of packing of carbon and BN hexagons
were considered: alternation of C¢ and B3;Nj ‘belts’ T along the
circumference of a (6, 6)-NT (kB3N3 + [Ce; k= 3,2, I;and [ =1,
2, 3, respectively) and alternation of strips ¥ of hexagons along the
tube axis (kBsN3 + [Cq; k=1,2,3,4,5;and /[ =5,4, 3,2, 1,
respectively). We present here only the most important conclu-
sions.?” The introduction of a ‘belt’ or a strip of carbon hexagons
substantially reduces AE, of the boron nitride NT. An increase in
the number of carbon fragments is accompanied by further
decrease in the AE, value. The introduction of ‘belts’ or strips of
carbon hexagons between dielectric B3N3 ‘belts’ or strips leads to
the appearance of additional states in the band gap of the (6, 6)-
BN tubulene, with the major contribution from the ‘frontier’
atoms of contacting different strips or ‘belts’. For a ‘belt’ structure
of mixed tubulenes, the contribution of carbon states to the bands
near the Fermi level dominates, thus controlling the conducting
and magnetic properties of the C¢ ‘belts’.

5. On the possible existence of nanotubular forms of boron
The results of calculations #3139~ 134 of elemental boron clusters
have led to unexpected and non-trivial conclusions about possible
directions of structural evolution of isolated boron microparticles
upon their aggregation into larger associates.

Calculations 43 130-134 were carried out using the Hartree —-
Fock methods with different basis sets (STO-3G, 3-21G, and
SCF/DZ) and the local electron density functional method. The
energy band structure was calculated for boron clusters with
optimised geometry. A large number of topologically different
B, forms (starting from B;) was designed. Three main possible
types of their structural evolution were revealed, which lead to the
formation of stable forms of boron clusters: (1) three-dimensional
(3D) due to the growth of individual fragments of the structure of
crystalline boron; (2) convex clusters (segments of a sphere or a
cylinder); and (3) quasi-planar clusters.!2¢

Nanotubes can also be formed in the bulk of «-boron quasi-
crystals.’32:133 This follows from calculations of possible local
structural transformations in the bulk of an a-boron quasi-crystal
with a ‘compressed’ rhombohedral unit cell for one of its frag-
ments, viz., joined B> icosahedra, lying on the minor diagonal of
the rhombohedron. The structure of the Bys group changes
substantially in the course of optimisation. The stages of struc-
tural evolution of the B4 fragment are illustrated in Fig. 17.
‘Diffusion’ of the boron atoms located between the By, icosahedra
leads to the formation of a closed pseudotubular group (see

Figure 17. Structural evolution of the Bis fragment in the bulk of
rhombohedral a-boron quasi-crystal in the course of geometry optimisa-
tion.

T According to terminology used in Ref. 57, a ‘belt’ is a tube segment ‘cut’
perpendicular to the tube axis, whereas a ‘strip’ is ‘cut’ along the tube axis.
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Fig. 17 ¢), which can become a ‘protoform’ of extended nano-
tubular boron structures.

It was emphasised 43132134 that the structure and properties
of proposed nanostructural forms of elemental boron (including a
nanotubular form of boron) can differ fundamentally in the
presence of impurities of other elements (e.g., carbon, nitrogen,
silicon, efc.). However, neither detailed studies along this line nor
calculations of the electronic structure of the nanotubular form of
boron have been carried out so far.

V. Theoretical models of the growth and
morphology of nanotubes

One of the fundamental challenges of theoretical investigations is
to describe the nature, the kinetics of nucleation and growth, and
the morphology of nanotubular structures on the microscopic
level.

Thermodynamic aspects of the formation of tubular and
spheroidal carbon structures have been discussed.® 11-14 It was
emphasised 3% 136 that a symmetry axis determining the direction
of the structure growth is required in the reaction zone in order to
form tubulenes. In the synthesis of cylindrical structures, such a
direction can be specified, e.g., by a beam of accelerated carbon
ions 135136 or catalysts.®

The most widely used method for the NT synthesis is their
growth in an electric arc discharge apparatus between graphite
electrodes in the presence of various catalysts. It is not possible, in
the present state-of-the-art in the field of NT synthesis, to control
their size and chirality exactly. Along with NT (or NT bundles
whose diameters vary over a wide range), the end product contains
fullerenes, other nanoparticles, and soot.8 11,14, 135-138

The nature and mechanism of NT growth became the subject
of discussion in the first studies in which the preparation of NT
was reported.® Fullerene hemispheres were considered to be
precursors, 819 139,140 and the growth of tube walls was explained
by successive addition of C, dimers to the carbon atoms at the
hemisphere circumference.

Yet another type of mechanism of SNT growth involving
cyclic structures as precursors was proposed.!#! These structures
were found in the studies of laser ablation of graphite.!42~144 The
most typical structures of C, species (10 < n < 40) are planar
cyclic structures,'#3~ 145 whereas spheroidal structures are formed
at n > 40. Two mechanisms of growth of the structures built of
carbon rings were suggested,'#! viz., the formation of either a
fullerene or an NT. According to the model proposed by Kiang
and Goddard,'#! tubular structures are formed due to the pres-
ence of catalysts that activate the process.!38

The model of NT growth from a nucleus (a carbon ring) is
illustrated in Fig. 18. In the first stage, a planar ring is distorted in
arc plasma in the presence of a catalyst (e.g., cobalt carbide,
Co,,C,) to adopt a cis- or a trans-form analogously to crystalline
carbyne rings.'#® The cis-form of the ring can act as a precursor in
the synthesis of achiral NT by addition of C, dimers. The trans-
form of the carbon ring may give rise to a larger number of
cylindrical structures. The formation of the NT geometry occurs
without involving the catalyst species.!#!

In other models of NT growth, the primary emphasis is placed
on the role of the substrate and the catalyst. A phenomenological
model of mechanism of SNT growth on diamond-like crystallites
was proposed.'#” The (111) type of the surface was considered and
it was found that the prerequisite for the beginning of the process
is the presence of a nanoscale surface defect, e.g., an atom of
another element that ‘shades’ one of the carbon atoms of the
upper monatomic layer. A ‘nanoisland’ that formed is surrounded
along its circumference by carbon atoms that have free bonds
oriented normal to the surface and interact with the ions in the
vapour phase. The ions that precipitate form a ring, an NT ‘root’
capable of further independent growth. The formation of the first
layer according to the model proposed by Chernozatonskii 47 is
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Figure 18. A model of the formation of seeds of nanotubular structures
based on cyclic structures: (@) initial planar ring; (b) local deformation
involving the planar ring with the formation of cis- and trans-forms; (c)
nucleation of an achiral nanotube based on the cis-form; (d) nucleation of
an achiral nanotube based on the trans-form; and (e), (f) nucleation of
chiral nanotubes based on the trans-form.

depicted schematically in Fig. 19 taking a (6, 0)-NT as an exam-
ple.

The above-mentioned model '47 is versatile and provides a
qualitative explanation for the NT growth under any conditions
of their synthesis. An important point is that the size of the nucleus
(a surface defect) or that of metal particles (catalysts) should be
smaller than the characteristic diameter of the SNT. Then, taking
into account that each preceding carbon atom interacts with the
‘surface’ states of the nanostructure to form its own ‘free’ bond
and becomes an active adsorption centre for the succeeding atom,
the process can be interpreted simply.'48

In the case of metal particles whose size is larger than the
characteristic SNT diameter, a carbon (carbide) layer is formed on
the surface in the first stage of precipitation, which is then
followed by growth of the SNT nuclei (roots). For several metals
(e.g., lanthanides) it was found 8 14%:150 that, depending on the
surface morphology, SNT can grow in the form of compact
bundles radiating from the nucleus. In this case it is assumed
that nanoscale inhomogeneities (protrusions) of the surface of
metal grains play the role of ‘active nuclei’ in the formation of
SNT roots.
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Figure 19. A scheme of the formation of the (6, 0)-NT on the diamond
(111) surface. The substrate atoms (/), the tube ‘root” atoms (2) surround-
ing the surface atom (3) ‘shaded’ by a univalent ion (4), and the atoms of
tubulene walls (5) are shown. The surface (4) and near-surface (B), (C)
atomic layers are shown.
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A microscopic model of growth of carbon NT on the surface
of a metal catalyst was developed.'>! The process on a planar
metal surface covered with a hexagonal network of carbon atoms
formed upon primary precipitation was considered. Special
emphasis was placed on the energy effects upon the rearrangement
of the initial layer geometry in the region of curving the elementary
polygons that form the SNT base (Fig. 20). It was shown that such
a rearrangement results in the formation of pentagons and
heptagons. The carbon atoms that precipitated successively on
the metal carbide surface migrate toward the SNT base to form
‘belts’ of hexagons constituting the SNT stem. This provides the
possibility for the tube wall surrounding the protrusion on the
substrate surface to grow. The model 3! makes it also possible to
explain why multilayered NT do not grow.

Figure 20. A scheme of growth of single-layered carbon nanotube on a
protrusion (/) of a surface layer (2) of a metal catalyst.

(A)—(E) are characteristic positions of carbon atoms migrating from the
SNT base toward its stem (according to the model by Maiti et al.'>").

Starting from the first study by Iijima,® the MNT were
considered as a system of ideal coaxial cylinders formed by rolled
graphitic sheets. The conditions of the MNT growth depending on
the substrate (diamond) structure were considered.!*’ It was
argued that the presence of the (111) crystallite terraces is a
prerequisite for the MNT growth. In this case, ‘nucleation ring
seeds’ consisting of the atoms separated from one another by a
distance of several Angstrom can be distinguished. It has been
pointed out that the MNT growth can give rise to intercylindrical
interactions and narrowing of the walls of individual NT. As a
result, the MNT can be ‘shrunk’ into cones,'? thus forming a
peculiar kind of ‘graphite caps’ that close the protrusions of
diamond crystallites.

Mention may be made of yet another structural model of a
‘quasi-tubular’ form of carbon. The conditions under which
‘hangars’ (multilayer ‘arches’ of graphene sheets ‘resting’ on the
substrate surface) are formed have been discussed.'” There are
open ‘hangars’ and those closed at the ends with truncated
spheroidal structures.

A growth model of conical multilayered tubular structures
was proposed 133 and the possibility of the formation of a helical
MNT structure was considered.!>* 135 Successive stages of the
growth of helical MNT are shown in Fig. 21. The NT nucleus was
assumed to consist of a fullerene hemisphere formed at the
substrate surface. Depending on the type of the hemisphere cross
section, the ‘primary’ tube stem can grow in different ways.
Ideally, this is a right circular cylinder;'3? however, if the tube
base contains pentagons (a ‘zigzag’ Ceo cross section), the NT
walls can be tilted with respect to the normal to the surface. The
first tube type and the corresponding energy of interaction
between the pair of graphitic sheets clearly defines the nucleation
template (achiral or chiral) of the graphite layer of the next tube
walls. The structure of the third sheet (the outer one with respect to
the first and second sheets) is not unambiguously defined. This
allows mutual reorientations of the system of coaxial tubes (e.g.,
rotations about a common axis). Effects of NT sliding over one
another in MNT have been discussed.®

Figure 21. The major stages of growth of helical NT (a)—(f).!53

(1)—(3) graphitic layers in the cross sections of corresponding structures;
the edges of dislocations are shown. Arrows indicate the direction of MNT
growth.

The increase in the number of graphitic sheets (see Fig. 21) can
lead to the formation of lateral dislocations that are considered as
energy stabiliser of the system.!'33 As a result, the MNT structure is
transformed into a helical one and the MNT grows by building up
a helix rather than by nucleating the next graphitic sheet. It is of
importance that a pair of lateral dislocations of opposite signs
should be present in each helical nanotube.

The presence of dislocations will lead to some increase in the
tube volume. The MNT growth is terminated when dislocations
become oriented parallel to the tube axis.!*?

The authors of the above-mentioned models of MNT growth
used qualitative ideas of a specific type of interatomic interactions
in the systems in question. Kwon er al.'>% studied growth con-
ditions, morphology, and stability of achiral double-layered (5,
5)@(10, 10)- and (9, 0)@(18, 0)-tubulenes consisting of coaxial
cylinders with respectively ‘arm-chair’ and ‘zigzag’ edges by
performing rigorous ab initio calculations in the framework of
the electron density functional formalism (a cluster model with
geometry optimisation according to the DMol version).

During the NT growth process, adatoms can either build up
the open end of either tube or connect these ends to become
bridging atoms (see respectively configurations / and 2, 3 in
Fig. 22). For each of the configurations considered, ab initio
calculations of energy parameters and electronic structure were
carried out. The tube growth was analysed with an increment of 10
extra atoms arranged as described above. Relaxation effects were
taken into account by the MD method.

Let us illustrate the results of calculations'*° taking a double-
layered (5, 5)@(10, 10)-MNT as an example. Placing extra carbon
atoms exactly on the tube edges leads to the formation of a system
of ‘dangling’ bonds. However, in this case the cohesive energies of
MNT remain virtually unchanged. For bridging atoms, the

N

b

Figure 22. Cross (a) and longitudinal (b) section of possible growth
structures (1)—(3) of a two-layer (5, 5)@(10, 10)-NT.!5¢
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situation is markedly different. For a fully optimised structure, the
energy gain per each extra atom is rather large (AE ~ 0.42 eV),
which confirms the assumption '3 of stabilising contribution of
‘lip-lip’ interactions between the walls of neighbouring tubes to
the total energy of the system. The stabilising effect of bridging
atoms depends on their distance from the tube interior and on the
type of the polygons formed by these bridging atoms and the
atoms of tube walls in the NT cross section. Thus, the config-
uration 3 in Fig. 22 is unstable (AE ~ —3.52 e¢V). Analogous
conclusions can be drawn from the analysis of the (9, 0)@(18, 0)-
MNT. The optimum NT morphology is determined by a combi-
nation of the above-mentioned factors.

Ab initio studies of MNT growth and termination depending
on the number of extra atoms have also been carried out.!>® The
main parameter used in the case of a growing cylindrical MNT
was the degree of the edge coverage

where N is the total number of carbon atoms on the tube edge and
N, is the number of added (extra) atoms. Then the energy
parameter was calculated as a function of ¢

_ Etol(CN) — NEtol(Coo)

E
c Na >

where Eio1(Cy) is the total energy of the truncated NT of a given
length and Eo(C,) is the total energy of an infinite tube.? It was
assumed that NT growth is favoured to the greatest extent at a
minimum FE, value that can be achieved at a certain concentration
and for particular configurations of adatoms on the tube edge
when the ‘growing’ tube has a minimum energy as compared to the
‘end reaction product’, a perfect infinite MNT.

The results of calculations for a (5, 5)@(10, 10)-NT are shown
in Fig. 23. Stabilisation of the structureis ate = 2/3. The ‘lip-lip’
interactions play an important role in the structure stabilisation.
Stable structures of MNT growth contain carbon hexagons and
pentagons, but no squares or triangles. In the range 0 < ¢ < 2, the
initial tube growth is simulated. The interval 2 < ¢ < 4.5 corre-
sponds to an ‘intense edge coverage’ of the tubulene. Changes in
the relative energies of dome closure, which terminates the process
of nanotube growth, are also shown. The simplest types of the
domes for closing the inner and outer tubes of the (5, 5)@(10, 10)-
NT are hemispheres of the Cgp and Caap fullerenes, respectively.
To form closed noninteracting domes, the degree of the edge
coverage should lie in the range 8/3 <& < 14/3.

E/eV

0 1 1 1 1 1 1 1 L

05 10 15 20 25 30 35 40 €

Figure 23. Dependence of the energy (E) of edge groups of the (5, 5)@(10,
10)-NT on the number of adatoms & (see text). The interval 0 < & <2
corresponds to the MNT growth; curves (/)—(3) in the region 2 < ¢ < 4.6
describe how E changes for continuous NT growth (/) and for the dome
closure of the nanotube without (2) and with (3) account of ‘lip-lip’
interactions.!%°

The mechanism of double-layered NT growth and conditions
of its termination '3¢ can be extended to MNT with any number of
layers. However, problems can arise in the case of odd-walled

1 Anidealised model of a quasi-1D structure is an infinite tube.

MNT. It is much more difficult to determine optimum conditions
of the saturation of ‘dangling bonds’ in this case. Probably, MNT
with an odd number of layers are less stable. This is indirectly
confirmed by larger abundance of MNT with an even number of
layers.!>® At the same time, the proposed growth mechanism can
be corrected to a certain extent for the presence of ‘passivating’
elements as impurities (‘covalent spot welds’) capable of saturat-
ing one or several free (‘dangling’) bonds of the carbon atoms of
outer cylinders.

VI. Nanotube crystals

Nanotube crystals (NTC) are regular 3D structures formed by
individual NT.

To date, theoretical models of crystalline nanotubular forms
of matter and predictions of their characteristics have been
reported only for certain possible crystalline forms of nanotubular
carbon. It was suggested that NTC be considered as a new phase
of crystalline carbon with quasi-one-dimensional, strongly aniso-
tropic properties.

Progress in the synthesis of single-layered NT and, in partic-
ular, the possibility of producing NT of most plausible diame-
ters 8 under specified conditions of plasmochemical process
provides an experimental basis for performing theoretical studies.
Production of compact nanotubular associates, e.g., NT bundles
and ropes, as well as nanotube films with regular arrangement of
individual cylinders has been reported.® 8159169

Let us consider the main lines of theoretical investigations of
nanotube crystals.

1. Intertubular interactions in nanotube crystals

In the studies of NT packed into regular 3D structures, the
problem arises of establishing the form of their packing and the
nature of interaction between individual NT, and of determining
the energy effect of this process. It is assumed '°%167 that the
intertubular bonding is due to the van der Waals interactions (as is
the case, e.g., for fullerites $).

Optimum ways of packing individual NT into a periodic 3D
structure were studied.'®® Nanotube crystals formed by (6, 6)-
nanotubulenes with parallel cylindrical axes were calculated.
Depending on the type of mutual arrangement of individual NT
in the nanotube crystal, a tetragonal and a hexagonal unit cell was
investigated. In the latter case, calculations were performed for
two types of packing of single-layered NT, which correspond to
the hypothetical graphite AA4A4... stacking and to the conventional
graphite ABAB... stacking.

It was found that the system in which carbon atoms of
neighbouring tubes are packed similarly to graphite 4BAB...
stacks is the most stable (Fig. 24). In addition, the ‘intertubular’

Eson/ eV cell—1
oL

—02 L w

_0.3 1 1 1
3.0 3.2 34 I/A

Figure 24. Dependence of the cohesive energy of an NTC formed by
(6, 0)-NT on the distance (/) between individual NT for tetragonal (/) and
hexagonal (2), (3) unit cells.

Type of the NT packing in hexagonal unit cells: (444...) (2), and
(ABAB...) (3).
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cohesive energy Econin NTC (9.76 meV atom—!) is lower than the
interlayer energy in graphite (20 meV atom—') 70 and compara-
ble with the energies of intercluster interactions in condensed
fullerenes (~ 10 meV atom—"'). It can be assumed that the con-
ditions of the formation of 3D NTC from tubes of different
diameters control the degree of close packing of individual NT
and the possibility of the AB type of packing of the carbon atoms
in neighbouring tubes. Any violation of the optimum combination
of these factors will lead to destruction of crystal structure and to
orientational disorder in the NT arrangement.

The energy band structure of a hexagonal carbon NTC is
characteristic of a mixed 1D —3D electronic system.'®® The main
dispersive effects are due to ‘intratubular’ interactions; at the same
time, intertubular interactions also make a noticeable contribu-
tion. The NTC analysed possess a metallic type of conductivity,
which means that packing of individual (6, 6)-NT into a crystal
does not change the nature of their conductivity.

2. Radial deformations of nanotubulenes in crystals
Charlier et al.'%® considered an NTC in which the shape of NT
constituting the crystal was assumed to be preset and unchanged
upon packing into the 3D structure. The problem of possible
deformations of SNT in the interaction was posed.8- 166167

The original concepts of the effect of the interaction between
two NT on their cross section geometry were developed by Ruoff
et al.'% who calculated structural deformations for a pair of
nanotubes using a many-body interaction model. It was estab-
lished that, first, the walls of neighbouring NT become ‘flattened’
so that the respective regions of NT reproduce the geometry of
planar graphite sheets (which corresponds to a maximum inter-
action energy) and, second, the intertubular volume is decreased
(Fig. 25). It was also pointed out '¢ that the degree of deforma-
tion depends strongly on the NT diameter and increases as the
diameter increases.

p (rel. units) b

—40 0 40 x/A

Figure 25. Radial deformations of a pair of contacting NT upon their
interaction (a) and the charge density p distribution (b).

The above-mentioned peculiarities of deformation of two
individual cylinders upon their packing into a 3D structure are
clearly illustrated in Fig. 26. The principles of calculations of
structural distortions for a pair of contacting cylinders!¢® were
extended to 3D NTC.'®7 In Fig. 26, one can clearly see the
formation of a ‘honeycomb’ structure of the NTC cross section
with gradual transformation of the cross sections of cylindrical
NT into those of hexagonal prisms as the tube diameter increases.
In the framework of the model used,'¢” the ‘flattening’ effects of
NT walls are detected starting from d ~ 15 A.

These structural deformations will play an important role in
the formation of cohesive and elastic properties of NTC. In the
general case, one can expect that the increase in the NT diameter

Figure 26. NT deformations in the NTC as a function of tubulene
diameter; (a) d = 10 A; (b) d = 40 A; and (c) hexagonal distortions of a
nanotube cross section in the crystal with an increase in the NT diameter
(foran NT with d = 10, 15, 20, 30, and 40 A) The points correspond to the
carbon atoms in the NT cross section.

will be accompanied by weakening of interparticle interactions (in
the XY plane of the NTC) and reduction of its 2D cohesive
characteristics. According to calculations,'¢” the dependence of
the cohesive energy and the modulus of elasticity on the NT
diameter is noticeably nonmonotonic (Fig. 27). The formation of
a ‘honeycomb’ structure imparts an anomalous hardness to the
NTC that is maintained upon further increase in the diameter
(starting from d ~ 25 A) of NT constituting the crystal. It is
suggested that NTC be divided arbitrarily into two groups with
‘small’ (or ‘large’) diameters of NT constituting the crystal,
possessing respectively a nonmonotonic and a monotonic depend-
ence of the cohesive energy on the NT diameter. Presumably, these
groups of NTC will have substantially different physicochemical
properties and will respond differently to the effects of doping
(e.g., upon introduction of alkali metal ions into intertubular
channels) upon the formation of composites, etc.

—Econ a Mjev A-3 b
/meV atom—! o
o
15 ° ° o 02 %o
[e]
[e]
20 0.1
o o o
[e]

25 1 1 1 0 ! ! 'o

20 40 60 20 40 d/A

Figure 27. Dependence of the cohesive energy (Econ) (@) and the modulus
of elasticity (M) (b) for a nanotube crystal on the diameter (d) of nanotubes
constituting the NTC. Filled circles correspond to analytical extrapolation
of the results of calculations of NTC consisting of nanotubes of small
diameter.

3. Hetero-junctions in nanotube crystals

In the formation of 3D structures of regularly packed NT it may
happen that the geometric and electronic parameters of a pair of
neighbouring NT are different or an NTC contains the domains
consisting of different NT. It is obvious that in this case one can
suggest the existence of ‘interphase domains’ (or ‘interface
domains’) between nanotube ‘polycrystals’. Chico er al.”® consid-
ered hetero-junctions in pairs of (12, 0)/(6, 6)- and (9, 0)/(6, 3)-NT
and possible differences in electronic properties between the
‘interphase domain’ and the NT constituents using Green’s
functions formalism. This study can be considered as the first
attempt to describe the above-mentioned systems by semiempir-
ical quantum-chemical methods.

The development of the ideas of condensed regular nano-
tubular forms of matter as 3D periodic structures, viz., nanotube
crystals, makes it possible to consider these solids taking into
account all factors determining the ‘composition—structure—
properties’ interrelations inherent in all ‘conventional’ solids.

Assuming that isolated nanotubes whose properties can be
varied over a wide range can be considered as ‘structural elements’
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of NTC, one can accept the idea of a defect (impurity, vacancy)
structure of NTC and consider the order—disorder problem
therein. Such an approach makes it possible to consider NTC in
the context of general problems of the description of specific
properties of crystals (including electronic ones) and to pose the
problems of surface states of NTC, interfaces between nanotube
polycrystals, etc.

The above-mentioned lines of the development of the ideas
concerning fundamental properties of NTC are still in a primitive
state even for carbon NTC. One can expect that they will be useful
for the development of the problems of quantum materials science
and their application to NTC forms of other substances including
those considered in this review.

VII. Conclusion

The discovery of the nanotubular form of matter was one of the
major achievements of physical chemistry in the last decade.
Unique properties of nanotubulenes offer extremely attractive
prospects of their use in technology and are of considerable
interest for fundamental research.

Only the principal results of the studies of electronic structure
of NT by methods of solid state quantum chemistry have been
covered in this review. The most considerable progress has been
achieved in the studies of single-layered isolated nanotubes and
prediction of their properties.

Recent studies on the synthesis of NT and nanotubular
materials '7! 174 are intimately associated with the development
of theoretical models. One of the most important theoretical
problems is to describe the ‘life cycle’ of tubulenes (nucleation — -
growth —disintegration). Currently, considerable interest is dem-
onstrated in ‘intermediate’ nanoscale forms (barrellenes,!”>~177
onions,!”® calabashes,!” and other nanoscale structures and
mesostructures '8%-181) which can act as intermediates in the
formation or disintegration of NT.!$2

Topical are investigations of various nanotubular structures
(tori,'83-185 cones, '8¢ nanotubes with negative Gaussian curva-
ture,'®” quasi-2D NT associates, and nanotubular layers and
films 188~ 191) " nanotubular superstructures,’®' =194 and ‘mixed’
nanoscale forms and composites (e.g., NT-fullerene,'®> amor-
phous nanotubular carbon '%%) which can possess unusual proper-
ties.

The theory of adsorptive, capillary, electromagnetic, catalytic,
mechanical, and other properties of NT that are of interest for
researchers in the field of materials science is in the early stage.

The problem of whether the nanotubular form of matter is a
universal form for the whole known diversity of inorganic
substances or are there certain physical or chemical criteria clearly
reducing the number of potential objects whose nanotubular
forms can be obtained under certain (which?) conditions, is a
basic problem which remains open so far.

The solution of the above-mentioned problems is one of the
priorities in the quantum chemistry of nanotubulenes. It provides
a basis for the development of the tubulene materials science, thus
favouring their effective use in nanoscale electronics, in instru-
ments and chemical engineering, and in other areas.
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