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Abstract. Data on new carbon nanostructures including
those based on fullerenes, nanotubes as well as monolithic
diamond-like nanoparticles, nanofibres, various nanocom-
posites, etc., published in the last decade are generalised.
The experimental and theoretical data on their atomic and
electronic structures, the nature of chemical bonds and
physicochemical properties are discussed. These data are
compared with the results obtained in studies of nanoforms
of boron nitride, an isoelectronic analogue of carbon.
Potential fields of applications of the new nanostructures
are considered. The bibliography includes 486 references.

I. Introduction

The carbon atom can form various types of chemical bonds
due to hybridisation of s- and p-orbitals. This unique
feature distinguishes carbon from other elements. Accord-
ing to D I Mendeleev,!' ‘among volatile carbon compounds,
there are well known many containing C,,..., Cjo,...,
Cu,..., C30,... etc., generally, C, units, where n can be
rather large, and none of the elements can compete with
carbon in ability to form complex structures’. Four valence
electrons in carbon atoms can form the sp!, sp? and sp?
bond configurations, which predetermine the ability of
carbon to form various allotropes, i.e., linear, planar and
three-dimensional structures with a coordination number of
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2, 3 and 4 and the bond angles of 180°, 120° and 109.47°,
respectively.

The structures, properties and applications of conven-
tional carbon allotropes have been the subject of numerous
monographs and reviews (see, e.g., Refs 2-15). They
include diamond and lonsdalite having sp3-bond configu-
ration; graphite (hexagonal, rhombohedral and their poly-
types) with sp?-bond configuration and linear polymers
with sp!-bonds. A variety of modern structural, tool,
thermally stable, polymeric, efc. materials based on carbon
allotropes have been designed. Various forms of technical
and mineral carbon (coke, natural graphite, anthracite,
glassy carbon, carbositall, ezc.) are known.

Boron nitride, the closest isoelectronic analogue of
carbon, also forms numerous polymorphs.!s

Data on the compounds listed above as well as numer-
ous unusual carbon allotropes and BN polymorphs can be
found in periodic literature, monographs and textbooks.
The structures of many of them remain unknown so far.
Unusual carbon allotropes were discovered in meteorites
and sediments;’ they were synthesised for the first time in
the early 1960s. The authors of a review !'* pointed that not
only diamond and graphite, but also some other carbon
modifications were reported in the literature, namely, up to
eight carbyne forms, metallic carbon, Cs, etc., whose struc-
tures were unknown at that time. An attempt to systematise
all carbon modifications known to the late 1980s (before the
discovery of fullerenes) was also made.!> New BN poly-
morphs have been considered in a review.!® They are
synthesised under severe conditions. Usually, small
amounts of these polymorphs are obtained in mixtures
with other known phases.

The synthesis of carbon fullerenes (cage carbon clusters
C, containing pentagons Cs and hexagons C¢) and nano-
tubes (single- or multi-layer cylinders whose walls are
formed of hexagons Cg) !7-7° gave an impetus to extensive
experimental and theoretical search for and obtaining of
new nanoforms of carbon and related boron nitride nano-
structures.
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At present, the structures and properties of fullerenes
and nanotubes have been well investigated and thoroughly
reviewed (see, e.g., Refs 37—59 and 62 —70); therefore, they
can be treated as traditional (conventional) forms of car-
bon. In this review we leave these nanostructures out of
consideration. At the same time, a great body of informa-
tion on new non-icosahedral fullerene-like clusters and
nanotubes as well as new nanoforms of carbon and BN
has been accumulated recently.

In this review we attempt to clasify and systematise the
recently obtained data (mainly reported in the last five to
ten years) on new nanoforms of carbon including those
based on fullerenes and nanotubes, as well as on monolithic
diamond-like nanoparticles, nanofibres, various nanocom-
posites, etc.

I1. Classification of nanostructures

The discovery of fullerenes and nanotubes, fabrication of
quantum dots, nanofibres, nanolayers and various hetero-
structures gave an impetus to progress in nanomaterials
science, which recently has transformed to a more general
field called nanotechnology.”” Nanotechnology deals with
nanostructure materials, e.g., those structures and forms of
materials whose ‘building blocks’ have a submicrometre or
nanometre size at least in one dimension. Such objects
exhibit special size effects.

Various classifications of nanostructure materials are
available. One of the first schemes was proposed in the
mid-1990s (Ref. 78) by Gleiter who divided all nanostruc-
ture materials into polymeric and nonpolymeric ones and
classified only nonpolymeric three-dimensional (3D) mate-
rials. The classification was based on the shape and chem-
ical composition of crystallites. As applied to nanostruc-
tures, it was of course (i) incomplete because zero-dimen-
sional (0D), one- (1D) and two-dimensional (2D) structures
were ignored and (ii) combined because the key indications
were the shape and chemical composition of crystallites.
More recently,”® 8! Gleiter’s scheme was extended by
including the type of chemical bond in order to classify
nanostructures.

When classifying nanostructures (first of all, carbon
ones), the type of electronic configuration of the carbon
atom is most widely used as the key indication.44~ 38,8284
In this case one can divide all allotropes into three large
families, namely, sp3, sp? and sp! and choose a total of
seven main groups including sp!, sp?, sp?, sp!+sp?,
sp! +sp3, sp2+sp? and sp!+sp2+sp3. This classification
appears logical and attractive; however, it should be taken
into account that unambiguous assignment of certain nano-
structures to a particular group is not always possible. For
instance, the sp?-+sp? group includes a number of nano-
forms with different-type structures and properties, namely,
covalently polymerised fullerene or nanotube assemblies,
diamond-like crystallites and their combinations, efc.
Despite some drawbacks of this classification, we will use
it in the text below.

III1. New carbon nanoforms based on fullerenes,
nanotubes and related nanostructures

The atomic structures and morphologies of some fullerene-
like and nanotubular forms of carbon are shown in Fig. 1.
The discovery of these forms has stimulated both the search
for new nanoforms based on fullerenes and nanotubes and

the studies on structure determination of the known
unusual carbon allotropes and BN polymorphs.

1. Amorphous nanocarbon

Amorphous carbon has long been known. A characteristic
feature of amorphous carbon is a diffuse halo in the X-ray
pattern, indicating a short-range order. Amorphous carbon
(a-C) and tetrahedral amorphous carbon (ta-C) including
hydrogenated (a-C:H, ta-C:H) phases were isolated.®> They
are prepared by, e.g., vapour phase deposition, detonation
of explosives, grinding, high-temperature shock compres-
sion of charcoal, etc. Long-term grinding of graphite in a
mill induces phase transitions of graphite to turbostratic
graphite and then to amorphous carbon, which is charac-
terised by a large specific inner surface area (~335 m? g—!
after grinding for 15 h).8¢ This fact, as well as the results of
a transmission electron microscopy (TEM) study indicate a
nanoporous structure of a-C.

Amorphous carbon with a cage structure of sp?-bonds
and a density, p, of 2.9 g cm—3 (intermediate value between
those of graphite and diamond) was prepared by high-
temperature shock compression of charcoal.87-88 At high
temperatures, the Cgp and Cy fullerites go to amorphous
state.8?

The short-range order structure in amorphous carbon is
still to be clarified. It is known that the structure of this
form of carbon is strongly dependent on the reaction
duration and on the substrate temperature. One can assume
that the nanoparticle size (d) depends on the reaction rate
(vy) and duration (z;)

d~ viir.

When using detonation-induced or vapour phase depositon,
the time ¢, is short; this precludes the growth of large
particles. The substrate temperature determines the relaxa-
tion time, i.e., the characteristic time of transformation of
the nonequilibrium configuration to a stable one. This time
is also short and insufficient for diffusion processes to
occur. Only small fragments and atomic clusters, e.g., Ca
dimers, Cg¢ hexagons, one-dimensional chains, 3D small
fullerenes Cyp, Cag, Cog, Cs6, Cag, etc. can form under
nonequilibrium conditions.

Deposition causes the substrate surface to be simulta-
neously covered with randomly arranged atoms, molecules,
clusters, fullerenes, nanotubes and nanoparticles having
various configurations, size, concentration and types of
bond hybridisation (sp', sp?, sp?). Such a mixture can be
identified as ‘amorphous nanocarbon’, because the super-
position of the X-ray diffraction patterns from each com-
ponent of the mixture appears as a single diffuse line.

2. Cg carbon

A cage structure of the Cg carbon phase was proposed.”®
The sites in half-filled body-centred cubic (BCC) lattice are
occupied by tetrahedra built of carbon atoms forming
diamond-like sp3-bonds. This phase is less dense than
diamond and its structure can be treated as hypertetrahe-
dron.

3. Fullerenes and fullerites

As mentioned above, the discovery of C, fullerenes and
their heteroatom analogues gave a strong impetus to the
progress of research on unusual nanoforms of carbon and
boron nitride. Numerous publications are devoted to stud-
ies of the properties of Cgp and Cy¢ fullerenes for which
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Figure 1. Micrographs of various carbon nanostructures prepared by chlorination of carbides (¢—i)7° and electron irradiation (j—m).!%-20

Amorphous carbon consisting of randomly arranged graphite microfragments («); turbostratic carbon consisting of randomly arranged
microfragments of graphite sheets (graphenes) (b); fullerene-like carbon consisting of fullerene clusters (¢); nanodiamond consisting of randomly
arranged diamond nanocrystals (d); an onion (multishell structure consisting of nested polyhedral clusters) (e); graphite strips (f); a nanotube (g);
barrels, or imperfect cylindrical nanotubes and barrel-like nanoparticles (/); ordered graphite (i); onions with Cy4@Ce4 clusters on SiC surface
(j, k);?° and the C36 and Cy clusters on SiC surface (/, m).>* Horizontal white segments of straight lines in («)— (i) set the scale length: 5 nm in each

case.

unique properties were predicted ®! (in particular, the pos-
sibility of formation, from Cgg, of a phase whose hardness is
higher than that of diamond).°?> At present, a number of
interesting high-strength carbon materials including those
based on Cgp and Cr fullerenes have been synthesised.?3~°7
A feature of these materials consists in polymerisation of
particular fullerenes with the formation of sp3-bonds (due
to pressure treatment at elevated temperatures?3-95-97);
however, no ‘superhard fullerite’ molecular crystal from
Cgo fullerenes was obtained.

The reason is that, from the standpoint of crystal
chemistry, Cgo is an irregular polyhedron unsuitable for
building close-packed molecular crystals. Therefore, the so-
called non-icosahedral small fullerenes C, < 6o (see Fig. 2)
seem to be more appropriate.

The discovery of C, fullerenes gave an impetus to the
design of carbon materials by condensation of C,, resulting
in various systems, namely, polymeric (quasi-1D), film

(layered, 2D) or crystalline (three-dimensional, 3D) ones.
Taking account of specific features of atom—atom inter-
actions, the crystalline systems can conditionally be divided
into subgroups.

The first subgroup includes 3D molecular fullerites with
closed-shell fullerenes as crystal-forming blocks. These full-
erenes occupy the crystal lattice sites and interact between
one another through weak van der Waals bonds. Typical
representatives of this group are 3D fullerites based on Ceo
and fullerides (doped fullerites).36-4546

The second group comprises covalently bonded fullerites
with strong covalent interactions between fullerenes. The
formation of such crystals is characteristic of open-shell
small fullerenes.*’

The third group includes fullerites in which fullerenes
are bonded through both covalent and van der Waals
forces.
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Figure 2. Optimised configurations of crystal-forming polyhedral clusters Ca, .
Cao (T, 12p) (1), Caa (T, 6¢+8h) (2), Cas (D24, 12p +4h) (3), C32 (Th, 6¢+ 12h) (4), Cs6 (Do, 6¢+ 14h) (5), Cas (0, 12¢+8h +60) (6), C72 (Th,
6¢+32h) (7) and Ci20 (7%, 30c+20h+ 12d) (8). The symmetry and number of faces are given in parentheses. Notations of faces: ¢ is square, p is

pentagonal, h is hexagonal, o is octahedral and d is decagonal.

Fullerenes, as well as carbon polyhedra, clusters
and nanotubes can be copolymerised through vertices,
edges or faces to form (1D-3D)-structures with mixed
(sp! + sp? +sp?)-bonds.

The most close-packed crystals can be prepared using
copolymerisation of the so-called crystal-forming polyhedra
through faces (see Fig. 2). Such polyhedra should only have
polygonal faces with even number of edges (4, 6, 8, 10).°8
There is a limited class of crystal-forming polyhedra,?? 23.98
(e.g., Caa, Cysg) and related heteroatomic clusters X, 12Y »12,
n=1,2,3..., which are characterised by not only point
symmetry group, but also a crystal symmetry group.
A feature of crystal formation by copolymerisation of such
polyhedra through faces is manifestation of strong
sp>-bonds that stabilise the crystals. In this case, all atoms
may be involved in sp3-interactions. Examples are provided
by fullerites based on Ca4 with a simple cubic lattice, Cag
with face-centred cubic (FCC) lattice (FCCF-Cag) and some
other systems. Among this type of fullerites, there are a few
tetrahedral systems (7, symmetry), i.e., with the diamond or
sphalerite lattice. sp3>-Bonds in them are formed between
both individual polyhedra and individual atoms.?2-23.99,100

Fullerene crystals have porous structures with molecu-
lar-size pores. Taking account of this fact offers prospects
for search for novel materials: artificial zeolites.

4. Orthorhombic and tetragonal fullerites OF-C»o and
TF-Cyo

A dodecahedral cluster Cyo (Refs 101, 102) is the smallest
fullerene whose atomic cage consists of 12 pentagons Cs
(Fig. 2). High reactivity of Cyo fullerenes*’ should

favour '3 spontaneous polymerisation of these systems to
form various disordered or (1D -3D)-structures including
both sp2- and sp3-atoms (i.e., the atoms forming sp?- and
sp3-type chemical bonds). Such hypothetical structures
include fullerites 193 with orthorhombic and tetragonal lat-
tices, OF-Cyo and TF-C», respectively.

According to theoretical estimates,!%4 195 electron —pho-
non interactions in the phases based on Cy fullerenes are
much stronger than in the Cgp-based phases, which suggests
manifestation of superconducting properties in the former
case.!94.106 Thjs is the reason for interest in search for the
C,o condenced phases. Calculations 103-106.107 showed that
1D-structures where the proportion of sp3-atoms can be as
high as about 80% and the crystal of simple cubic fullerite
SCF-C; have high densities of states near the Fermi level;
this favours the onset of superconductivity. However, these
structures are metastable with respect to OF-Cyy and
TF-Cy. For instance, the energy cohesive of SCF-Cy is
~8.6 eV (c¢f. 14.9 and 14.0 eV for OF-Cyy and TF-Cy,
respectively). The last two phases are semiconductors with a
forbidden gap (FG) of ~1.4-1.8 eV.103

5. Cubic graphite SCF-C»4
The existence of the so-called cubic (cubic crystal system)
graphite (CG) was experimentally proved by many
researchers 108114

The first CG sample was synthesised ''# from graphite at
low temperatures (77—296 K) and a pressure higher than
150 kbar. The structural parameters of CG are as follows:
lattice constant a = 0.5545 nm, density p = 2.80 g cm—3,
and the number of atoms in the unit cell Z = 24. The
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Figure 3. The unit cell of SCF-Cy4 (@)''? and the 4 x 4 lattice of SCF-B1,N1, (b).2%23 4 is the lattice constant.

synthesis of CG in the course of preparation of ultradisperse
diamond powders from methane and other hydrocarbons
was reported.''? A carbon phase (cubic crystal system) with
average values @ = 0.56 nm and p = 2.78 g cm~3 was syn-
thesised.!'!'> These opaque crystals of various shape are
characterised by a hardness of 1 -5 GPa.

A structure determination study of CG was reported.!!3
Analysis of possible cubic unit cells containing 24 carbon
atoms 35 115-117 showed that Ca4 fullerene is the best candi-
date '17-11% for the formation of the CG structure (see
Fig. 2). The Ca4 molecule is the smallest one, which obeys
the isolated square rule (a stability rule similar to the
isolated pentagon rule for Cgo fullerene). This rule follows
from the principle of conservation of valence (it equals to
four for all carbon atoms in molecule). Parameters of the
molecule are as follows: 7T, symmetry, energy of atomisation
per two atoms E, = 11.875 kcal mol~—!; the bond lengths
are lo=0.1386 nm and /4 = 0.1503 nm; the average
radius of the molecule R = (5/2)"2lc _c, where Ic_c is the
C—C bond length; and the radii from the centre of the
molecule to the centres of the square and hexagonal faces
are respectively Ry = (2)!2lc_c and Rg = (3/2)'2lc_c .18

Fullerene Ca4 is the smallest polyhedron in which the
number of faces (6 squares and 8 hexagons) is sufficient to
form a simple cubic lattice with covalently bonded Css
molecules through the bonds between atoms of adjacent
square faces (Fig. 3). This structure is called a simple cubic
fullerite (SCF-Cy40; here all carbon atoms are bonded by
sp3-bonds as in diamond. The calculated '3 parameters of
SCF-C,4 are as follows: space group O}q, lattice constant
a = 0.5545 nm, density p = 2.808 g cm—?3; this is in agree-
ment with experimental data. According to calcula-
tions,!1%- 120 SCF-C,4 is a stable phase and the dependence
of its total energy on the C— C bond length is similar to that
known for diamond. The elastic constants SCF-Cy4, the
bulk modulus and the equilibrium lattice constant were
calculated using the molecular dynamics method. The
results obtained are as follows: the equilibrium Ilattice

constant ap = 0.60 546 nm, the bond lengths
le.o = 1.5032 nm and /¢4 = 1.5032 nm, the bulk elastic
modulus B =196.1 GPa and the eclastic coefficients
Cy11 = 337.6 and Ci» = 139.5 and Cy44 = 29.8 GPa. Thus,
the conditions for mechanical stability of SCF-Cy4: B > 0,
Ci11—Ci2 > 0 and C44 > 0 are met. The bond lengths differ
from the bond length in diamond by at most 5.8% and can
therefore be treated as diamond-like sp3-bonds. Simple
cubic fullerene Ca4 is a semiconductor with a forbidden
gap of ~ 1.6 eV. Similarly to zeolites, the SCF-C»y4 structure
includes a two-dimensional lattice of cylindrical nanopores
0.41 nm in diameter. This type of structures can be used as
molecular sieves.

6. Molecular hyperdiamond fullerites MHDF-C,g and
MHDF-Cy9

Small fullerenes C,, (n = 28, 40) belong to the most interest-
ing representatives of open-shell cage clusters C, < 69. For
instance, a stable Cyg isomer with 7,; symmetry is built of
four hexagons C¢ and four groups of pentagons Cs; its shell
includes three groups of nonequivalent atoms C(1)—C(3)
(Fig. 4 a). This fullerene is a radical having four unpaired
electrons localised on C(1)-type atoms occupying the verti-
ces shared by pentagons. As a result, Cag is unstable and
highly reactive.47-84.121-128 The Cy fullerene is similar in
electronic properties to the C,g fullerene; the most stable
isomer of Cy4o fullerene also has 7, symmetry and four
unpaired electrons localised on C(1)-type atoms.

Thus, both fullerenes, C»s and Cao, are highly reactive.
Such structures can be stabilised by saturating noncompen-
sated bonds as a result of their interactions between one
another upon condensation to crystalline state.47-84.96,126
Formally, C, fullerenes are similar to carbon atom in
structure of their electron shells. Therefore, in the con-
densed state they can form lattices similar to those of
crystalline carbon allotropes (diamond and lonsdalite with
sp3-bonds). The theoretically designed Cog phases °% 127 are
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Figure 4. Atomic structure of Cyg fullerene (@) and fragments of the
crystal lattices of hyperdiamond (b) and molecular hyperdiamond
fullerite (¢) based on Cpg fullerene.!?®

Shown are three nonequivalent types of atoms, C(1), C(2) and C(3) for
Coyg fullerene (a) and fullerenes incorporated into structural voids of
the initial hyperdiamond lattice for MHDF (c).

sometimes called a hyperdiamond (HD) (see Fig. 45) and
hyperlonsdalite (HL).

The most attractive features of HD-Csg consist in its low
density (p = 1.10 g cm—3, this is one third of the density of
diamond) and presence of large structural voids whose radii
(~0.46 nm) are larger than those of C,g fullerenes
(~0.268 nm) that form the HD lattice. This suggests the
possibility of ‘autointercalation’ of HD-Cag, i.e., filling of
structural voids by additional Cas fullerenes.

Recently,'?® a model for a new 3D-phase, molecular
hyperdiamond fullerite based on HD-Cs (MHDF-Csg),
was proposed. Here, voids are filled with the same Csyg
fullerenes (see Fig. 4). When filling these voids in the initial
HD-Cyg lattice, the intercalated fullerenes are arranged in
such a manner that form their own diamond-like lattice;
therefore, the structure of MHDF-C,g can be described as
two ‘nested lattices of C,g hyperdiamond (see Fig. 4c¢).
Simlar hypothetical diamond-like phases, namely, a hyper-
diamond, hyperlonsdalite and self-intercalated hyperdia-
mond, were designed based on Cy fullerene.!?® Modelling
of the phases based on Csg and Ca¢ allowed their structural
parameters (a, ¢), densities, elastic moduli and energies of
formation to be determined and the electronic structures to
be studied.!28-131

It was found '?%-129 that the lattice parameter a remains
almost unchanged on filling of voids in the HD lattice by
additional fullerenes (it differs by at most 5x 10~3 nm for
the optimised structures of HD and MHDF). The energy of
formation of MHDF is 13.6 kJ mol—! higher than that of
HD (calculated with respect to Cag fullerene). This indicates

the onset of interactions between diamond-like sublattices
in MHDF.

The shell-to-shell distance between neighbouring Coas
fullerenes belonging to different diamond-like sublattices
in MHDF is 0.304 nm. This is almost equal to the size of the
van der Waals gap (characteristic distance between gra-
phene sheets in graphite or the wall-to-wall spacing between
neighbouring nanotubes in coaxial multilayer carbon nano-
tubes, or between neighbouring fullerene shells in onions
corresponding to the onset of van der Waals interactions
between these carbon structural motifs). Thus, MHDF
exhibits a combined type of interaction, that is, strong
covalent bonds between neighbouring C,g fullerenes in
each diamond-like sublattice and the van der Waals inter-
actions between neighbouring fullerenes from different sub-
lattices. This is atypical of fullerites.

Self-intercalation of HD causes significant changes in its
physical properties (Table 1). In particular, the density of
MHDF becomes twice as high as that of HD. The elastic
modulus of MHDF increases particularly abruptly (by a
factor of about 2.7) and reaches a value of 122.83 GPa.
Among the known C, fullerites (see review !3!), only
BCC-Cyy (B = 201.9 GPa, calculated value) and SCF-Cay4
(B = 310 GPa) have greater bulk compression moduli com-
pared to hypothetical MHDEF.!1%120 The HD-C,g and
MHDF-Cyg phases are insulators with a forbidden gap of
~1.80 and 1.31 eV, respectively.

Table 1. Energies of formation (Eform /kJ mol—1), lattice constants (a and
¢ /nm), density (p /g cm—3), elastic modulus (B/GPa) and forbidden gap
(E¢ /eV) for hyperdiamonds, hyperlonsdalites and self-intercalated hyper-
diamonds based on Cag and Cy.!28-129

Crystal Eform a ¢ p B E,

HD-Coyg 602.8 1.5952 - 1.10 45.54  1.80
HL-Cyg 598.7 1.1286 1.8429 1.10 4590 1.76
MHDF-C,s 616.4 1.6004 - 2.18 122.83 1.31
HD-Cyo 427.04 1.8924 - 0.94 29.22  1.01
HL-Cy9 422.83 1.3386  2.1860  0.78 30.25 1.01
MHDF-Cy4 427.59 1.8922 — 1.88 60.31 094

Analogous calculations 1?° of C49 diamond-like phases
revealed the following order with respect to the energy of
formation:

MHDF-Cy4 > HD-Cy49 > HL-Cy4.

The energy-of-formation difference between
MHDF-C49 and HD-Cy4 is much smaller than between the
analogous phases based on C,g. This can be explained
by weakening of additional (van der Waals) interactions
between the carbon shells of neighbouring fullerenes in
MHDF-Cy. Similarly to MHDF-Cyg, self-intercalation of
HD-Cy4 leads to a noticeable increase (by a factor of 2.1) in
the elastic modulus, however, the elastic modulus of
MHDF-Cy is almost half that of MHDF-C»g .

Analysis of the energetic stability of the hypothetical
phases HD-Css and MHDF-C,g compared to other possible
crystalline phases based on other C,, fullerenes (n # 28) is an
important task immediately related to estimation of the
possibility of their synthesis. Selected properties of HD were
compared with those of crystalline phases BCC-Cy¢ and
FCC-Cg0.'3° It was established that the stability and proper-
ties of such phases are determined by two factors, namely,
the type of bond hybridisation in fullerenes and the type of
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the fullerene—fullerene interaction during their condensa-
tion in crystal. For instance, the bond configurations of
carbon atoms in the BCC-phases of Cyo fullerene (most
unstable fullerene in the molecular state) are similar to sp3.
Among the fullerites considered above, BCC-Cy is charac-
terised by the maximum density and elastic modulus. The
properties of this crystal (including the binding energy)
depend on the interactions between Cso fullerenes. The
reverse is the situation with FCC-Cgp, namely, free Ceo
fullerenes are characterised by maximum stability, and
weak Cgo—Cso bonds make a small contribution to the
energy of FCC-Cep.

From this point of view hypothetical phases based on
Caog, C34 and Cse (Refs 132—134) can be treated as inter-
mediate ones, because their total energies will be determined
by competition between the intra- and inter-fullerene car-
bon-—carbon bonds. However, the stabilities of these mole-
cules are significantly different depending on the type of
packing to, e.g., graphite-like or clathrate structures. In
particular, high stability of hexagonal clathrate is due to
formation of sp3-bonds between all atoms.!33

7. Lattices built of different C,, clusters

Synthesis under nonequilibrium conditions can result in
simultaneous formation of C, clusters with different »
values, suitable for the design of various structures. For
instance, C, clusters deposited on a substrate surface can
form either disordered (amorphous) films or various close-
packed lattices.!3>-13¢ An example is provided by hypo-
thetical clathrate structures based on C,g, Cos and Cye
clusters.?! The characteristic features of such lattices are as
follows: a large number of atoms in the unit cell, large
lattice parameters and large molecular voids. For example,
the unit cell of a face-centred close-packed (FCCP) lattice
built of the C;z0 and Cag molecules contains a total of 168
carbon atoms. These lattices are similar to those of zeolites
and other minerals that are also built of atomic polyhedra.

8. Schwarzites

Embedding pentagons Cs and heptagons C; into a flat
graphene sheet is followed by the formation of local convex
regions with positive and negative curvature, respectively.
Therefore, the topologies of fullerene or nanotube struc-
tures can be varied by introducing carbon pentagons and
heptagons into them. Corresponding nanoforms of carbon
(Fig. 5) were called schwarzites.

An example of a negative-curvature carbon nanostruc-
ture is provided by the simple cubic schwarzite P192
(density 1.16 g cm—3) having 192 carbon atoms in the unit
cell.!3® Yet another type of schwarzite structures is pre-
sented by schwarzite D168,'3° which has a simple cubic
lattice (p = 1.2—1.3 g cm—3) and the unit cell comprised of
schwarzones containing 56 hexagons and 24 isolated hepta-
gons. Schwarzite P216 also has a simple cubic lattice
(p = 1.02 g cm—3) and the unit cell built of schwarzones
containing 80 hexagons and 24 isolated heptagons.!'4?

9. Toroids

A class of giant C, ring molecules (toroids) that can be
obtained by, e.g., joining nanotubes at ends was pro-
posed.'#1-142 To date, such structures have been synthes-
ised '43 and detailed studies of their electronic, magnetic and
mechanical properties were also reported.!*~ 151 A mathe-
matical theory of toroidal structures has been deve-
loped. 152153

Figure 5. Structures of schwarzone, a negative-curvature fulle-
rene (a) 137 and schwarzite, a crystal built of schwarzones (b).

10. Tubular nanostructures
In addition to 2D and 3D carbon nanostructures based on
C,, fullerenes, new 2D- and 3D-materials based on carbon
nanotubes have been synthesised (or hypothesised). Simi-
larly to fullerene crystals, tubular associates can be divided
into two groups. One group includes molecular associates
(nanotube bundles, bunches, ropes or tubular crystals) in
which neighbouring tubes are held together by weak van der
Waals interactions. The other group comprises associates of
covalently bonded nanotubes in which neighbouring tubes
are linked through strong covalent C—C bonds. Similarly
to isolated nanotubes the first group of associates retains
the sp2-type of bonding. The second group of nanostruc-
tures belongs to carbon nanoforms with mixed (sp?+sp?)
type of chemical bonds.

Hypothetical tubular structures, e.g., covalent lattices
built of conjugated fragments of nanotubes can be consid-
ered a particular family of new 2D- and 3D-nanostructures.

a. Nanotube bundles. Nanotubular crystals
Depending on the method of synthesis of carbon nanotubes,
reaction products can contain both isolated nanotubes and
various nanotube associates.®3-% Some nanotube bundles
can form rings !4 or entangle with one another; this results
in a dense film called ‘nanopaper’, which exhibits very
interesting properties.!35- 157

In some cases, close-packed associates of aligned nano-
tubes were obtained.'38 160 In turn, certain nanotube bun-
dles can form associates,!®! namely, a specific kind of self-
associates called bundle arrays (Fig. 6).

Figure 6. Cross-sections of individual carbon nanotube bundles (a, b)
and their possible self-associates (¢, d).!°!
Chirality indices of carbon nanotubes: (7,0) (a) and (19,0) (b).
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Taking account of the aforesaid, the possibility for
molecular crystals (periodically ordered nanotube assem-
blies) to exist was suggested. These 3D-materials were called
‘nanotubular crystals’ (NTCs). They can be grown from,
e.g., fullerene ‘nuclei’ forming an ordered structure on the
substrate surface.

Nanotubular crystals are still a subject of theoretical
research.’0-84.162 Usually, simulation of these structures
involves consideration of various packing types of identical
nanotubes resulting in the formation of, e.g., hexagonal or
tetragonal unit cells. The results of calculations are used for
prediction of the relative stability and electronic properties
of the simulated phases, on the nature of atom—atom
interactions, efc. Nanotubular crystals are treated as possi-
ble matrices for various intercalation processes.

Association of nanotubes into bundles is accompanied
by maifestation of an interesting effect, namely, polygonisa-
tion of nanotube cross sections (faceting of walls), i.e., the
morphology of nanotubes changes from ideal cylindrical to
prismatic one.'63-166 The effect is due to energy gain upon
the formation of quasi-planar areas between the walls of
neighbouring tubes; as a consequence, the interaction
between tubes in the bundle becomes stronger. A similar
effect can also be attained under hydrostatic pressure.67-168

To date, the mechanical,!®>~175 electronic and ener-
getic,!76- 181 guperconducting 82183 and thermal '8¢ proper-
ties of nanotube bundles have been studied quite thorou-
ghly. Researchers also have paid attention to the description
of molecular adsorption on the external surface of nanotube
bundles,!85 intercalation of molecules between nano-
tubes '8¢ and to consideration of more complex composite
materials based on nanotube bundles.!87

Nanotubular associates mentioned above are treated as
noncovalent (molecular) systems in which nanotubes inter-
act with one another through weak van der Waals forces.
Both the associates and their constituents (individual nano-
tubes) are essentially anisotropic systems.

Models for isotropic molecular crystals formed by
packing individual carbon nanotubes into a structure
shown in Fig. 7 have been proposed.!'®® Preliminary calcu-
lations revealed a negative difference between the energies
of formation of nanotubular crystals and those of isolated
nanotubes. This means that compaction of nanotubes to
form the lattices suggested is energetically favourable.

Figure 7. Fragment of cubic isotropic molecular crystal formed by
packing nanotubes (a) and its unit cell (b).!%8

According to calculations,'® the bulk elastic modulus of
such crystals can be very high (up to 550-650 GPa).
In addition, a crystal obtained by compacting individual
nanotubes retains their conductivity type (metal or semi-
conductor).

It was assumed '8% that nanotubular crystals can be
obtained by stacking horizontally aligned layers comprised
of individual nanotubes on an ordered system of vertically
aligned identical nanotubes arranged at a specified distance
from one another. Such systems are available at present.!8?
Clearly, the technique allows one to obtain molecular
crystals including non-cubic (e.g., hexagonal) ones or crys-
tals built of multilayer nanotubes, nanotube bundles or
based on different-composition nanotubes, e.g., BN,
B.C,N_, etc.

b. Covalently bonded associates of nanotubes. Nanofoam

A special group of nanotubular 2D- and 3D-materials
[carbon nanoforms with mixed (sp?+ sp?)-bonds] includes
covalently bonded nanotube associates. The onset of cova-
lent sp3-interactions between neighbouring tubes %0 is gov-
erned by some factors (external pressure, temperature,
nanotube size, presence of structural vacancies in nanotube
walls) which have been studied in considerable detail for
pairs of contacting nanotubes.!®! 193 Note that covalently
bonded nanotube and fullerene assemblies also belong to
the (sp?+ sp?)-nanostructures under study.

The energy of covalent carbon-carbon sp2-bonds in
nanotube wall (~0.2 eV per atom) is higher than that of the
interaction between neighbouring tubes (~15 meV per
atom).!63-194.195 Tt is assumed that, similarly to the inter-
action between neighbouring walls in multilayer nano-
tubes,!?¢ the formation of additional covalent sp3-bonds
between walls of neighbouring tubes in a bundle affects not
only the electronic properties, but also the cohesive and
mechanical characteristics, just as the formation of inter-
layer sp3-bonds in graphite (under, e.g., neutron irradia-
tion) 1°7 causes its shear modulus to increase.!%%

Simulation 199-290 of formation of covalent sp3-bonds in
a nanotube bundle upon compression and heating showed
that small-diameter nanotubes most readily undergo poly-
merisation (these systems can be the most probable
candidates for the design of superhard tubular 2D- and
3D-materials). There exists a critical external pressure,!®®
such that at higher pressures large-diameter nanotubes are
transformed to scroll-like nanostructures while small-diam-
eter nanotube scrolls undergo graphitisation. Such assem-
blies are characterised by various types of nanotube
distortion and configurations of intertubular C— C-bonds
(Fig. 8).

A number of regular 3D-structures built of covalently
bonded nanotubes was proposed.!90-193.201.202 Electronic
structure calculations showed that the forbidden gaps of
these materials depend on the type of polymerisation of
individual nanotubes, namely, they increase as the
number of intertubular sp3-bonds increases. Noteworthy is
the structure of a ‘nanotubular clathrate’ based on
(6,6)-tubes,?°2 here all sp3>-atoms have a coordinaton num-
ber of 4. Preliminary calculations?! showed that regular
crystals built of covalently bonded nanotubes are less stable
than graphite or isolated nanotubes.

Yet another kind of covalently bonded (sp?+ sp?)-nano-
forms is provided by model nanofoams 293296 representing
specific nanotextured carbon materials.?°’-2!! Nanofoam
models (note that the actual structure of these materials can
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tubular covalent bonds (c).!*°

Figure 8. Polymerisation patterns of assemblies

be much more complex 2°9) represent 203 porous structures
(Fig. 9) comprised of graphite-like nanoplatelets with
sp2-bonds linked by C(sp?) atoms. Such systems are stable.
Similarly to nanotubes, nanofoams can exhibit metal-like or
semiconductor properties depending on their structure
(armchair or zigzag); their elastic moduli can vary from 5
to 300 GPa?2% depending on the ratio of graphite-to-dia-
mond-like segments.

c. Nanotube lattices. Supertubes

The ability of nanotubes to form I'-, T-, Y- and X-shaped
junctions #8-31,212-214 wag used 2! to simulate various re-
gular 2D (graphite-like) and 3D (diamond-like) covalent
lattices. The electronic and mechanical properties of nano-
forms having these lattices were predicted.?!> These proper-
ties depend first of all on the lattice symmetry. Note that all
carbon atoms in the lattices have a coordination number of
3 and an sp?-like bond configuration. This fundamentally
distinguishes the systems in question from the covalently
bonded (sp?+sp?) tubular 2D- and 3D-nanosystems men-
tioned in the preceding subsection.

An interesting example of structures built of nanotube
fragments with Y-junctions is provided by the so-called
supertubes (Fig. 10).216-218 Schematically, the formation of
supertubes can be illlustrated by replacing each C—C bond
in a conventional nanotube by a nanotube fragment, or by
rolling a cylinder from a graphite-like nanotube lattice.
Atomic models of some supertubes were used for studying
their electronic and mechanical characteristics.!?3-193
Hypothetical supertubes are classified as tubular nano-
structures with sp2-bonds.
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Figure 9. Atomic structures of carbon nano-
foam.203

Zig-zag structures: (1,5) (a), (1,1) (b) and
(5,1) (¢); armchair structures: (5,5) (d) and
(3,3) (e). Figures in parentheses denote the
number of C¢ hexagons in planar layers and
between them, respectively.
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Figure 10. Fragment of supertube structure .21©
Conventional nanotube (/) and Y-junction (2).

11. Hexagonal carbynes and chaoite

The synthesis and structure of carbynes have been deba-
table in the scientific literature since the discovery’ of
these systems up to the moment. It is assumed that carbyne
is built of long weakly interacting linear chains including
about 103 carbon atoms with alternating —C=C—-C=C—
(a-carbyne) or double =C=C=C=  (B-carbyne)
sp'-bonds.® However, according to one of the authors of
the discovery, ... unfortunately, no rigorous and structur-
ally unambiguous proofs of the existence of carbynes are
available as yet’.® The structure of carbyne was, in partic-
ular, represented by linear chains copolymerised through
one atom, which form a ‘quasi-nanotube’ similar to a
square-shaped well.?!° Yet another carbyne structure 220-221
was represented by an ordered array of aligned, folded
carbon chains which form a tetragonal 2D-lattice with the
parameters a = 0.460 nm and b = 0.746 nm. A variety of
carbynes with other structures were designed using the
graph theory; however, no mutual consistence between the
structure, parameters and density was obtained for them.
Sometimes carbynes are confused in the literature with
chaoite discovered 222 in gneiss samples from the Ries crater
(Germany). Chaoite has a hexagonal lattice with the lattice
constants a = 0.8948 nm and c¢ = 1.4078 nm,%°! whereas
the carbyne lattice constants are « = 0.892 nm and
¢ = 1.536 nm.> 223 Turbostratic carbyne (new cubic super-
hard carbon allotrope)??* has the lattice constant
a = 1.46970 nm;??> unfortunately, no unit-cell type was
reported.

Hexagonal carbynes can be constructed only from
hexagonal clusters or fullerene molecules (Css and C72)
rather than cubic (Ca4, Cag) or icosahedral (Cgo) ones.
Hexagonal polycrystalline powders and films tentatively
composed of a mixture of C3¢ and Cgo molecules were
synthesised in arc discharge.??° The proposed structure of
these substances contains complexes Ce/7C36 (Ceo fullerene

+ USSR Discovery Certificate No 107 (19.03.1973) for the discovery ‘of
the existence of new crystalline form of carbon called carbyne, which is
characterised, in contrast to diamond and graphite, by a chain (linear)
structure of carbon macromolecules’ was given to researchers from the
Institute of Organoelement Compounds, USSR Academy of Sciences
A M Sladkov, V I Kasatochkin, V V Korshak and Yu P Kudryavtsev.

is surrounded by seven Css molecules; intermolecular dis-
tance is 0.668 nm). These complexes are only suitable for
forming molecular rather than close-packed crystals. Note
that the Cs¢ fullerenes are metastable because the steric
angles (120°, 60°, 60°, 60°) deviate from the equilibrium
value of 109.47°.

Theoretical analysis showed that linking Cs¢ molecules
through faces causes their ‘opening‘ and transformation to
rings built of strips with the unit cell of (6,0)-nanotube.
From this it follows that hexagonal carbynes have the same
unit cell as the (6,0)-nanotube. This assumption is con-
firmed by chemical inertness of carbynes towards oxidants,
which indicates diamond-like sp3-bonds between nanotubes
rather than sp'-bonds between linear chains.

A variety of hexagonal nanotube crystals of different
diameter, length, chirality, packing type and intertubular
bonds can be simulated. For instance, molecular crystals
comprised of aligned, high pressure-copolymerised nano-
tubes forming a 2D honeycomb hexagonal structure were
reported.?2% A 2D structure built of long aligned (6,0)-nano-
tubes covalently bonded through adjacent faces was pro-
posed.??7-228 This type of nanotube crystals seems not to be
improbable, but this is clearly not crystalline 3D-carbynes.

IV. Nanodiamonds

A large group of carbon nanoforms known as nanodia-
monds comprises various nanostructures containing carbon
atoms with a coordination number of 4 typical of crystalline
diamond and sp3-like bonds. Nanodiamonds include quasi-
0D and quasi-1D structures, which in turn can be mono-
lithic [so-called diamond-like nanocrystallites (DLNC) and
diamond-like nanofibres (DLNF)3%-84.229-237] or hollow.
Nanodiamonds were first obtained in 1960 by detonation of
explosives in a closed volume; therefore, they are also called
ultradisperse detonation diamonds.?? 231

1. 0D-Nanodiamonds
0D-Nanodiamonds of mineral, artificial and interstellar
origin are best studied. The smallest (about 1 nm) dia-
mond-like hydrocarbon clusters were isolated from oil.
These ‘diamond molecules’, known as diamondoids, repre-
sent cage structures comprised of a few tens of carbon
atoms and having terminal hydrogen atoms and a mixed
(sp!'+sp3) type of bonds. Diamondoids, in particular
Cy6H3sz and CssHie, show a variety of shapes including
rods, disks, pyramids, helicoids, etc. They are divided into
higher (particle size up to 1—2 nm) and lower ones (particle
size less than 1 nm) (Fig. 11). Diamondoids can form
molecular crystals belonging to orthorhombic, triclinic or
monoclinic systems. They have not been synthesised so far
and mechanisms of their formation are still unclear.

Natural diamond-like nanocarbon in the form of
sp3-clusters (particle size less than 10 nm) is known. These
clusters can forn disordered aggregates of size to a few
micrometres, which represent the so-called mineral amor-
phous diamond-like carbon.?32

Meteoritic 0D-nanodiamonds are constituents of inter-
stellar dust; they attract the attention of researchers as
cosmochemistry objects that allow one to study specific
features of nuclear and physicochemical processes beyond
the Solar system.?33234 Next we will consider the structure
and properties of the key groups of diamond-like nano-
structures.
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Figure 11. Nanodiamonds.

Four lower diamondoids («)2*® and main morphological types of
diamond nanocrystallites: spherical grains (b) and polyhedral
particles (c).2%°

2. Diamond-like nanocrystals

There are two main types of DLNCs with respect to their
morphology, non-spherical (fullerene-like) and polyhedral
ones. The latter type comprises diamond-like particles
(grains) faceted in various (octahedral, cubooctahedral or
pentagonal) manner.

Attempts to elucidate subtle details of the atomic struc-
ture of DLNCs, to establish how their stability depends on
the morphology, grain size and other factors (e.g., hydro-
genation or heat treatment of the surface) were carried
out using quantum chemistry and molecular dynamics
methods. The mechanisms and conditions for nanodia-
monds < fullerenes phase transformations were analysed
and the effect of various impurities on the stability and
electronic properties of DLNCs was also studied.?38:239 A
series of studies aimed at establishing correlations between
changes in the atomic structure and stability of DLNCs and
the particle size, crystallite morphology and thermal con-
ditions was carried out.

The particle size belongs to the key parameters deter-
mining the morphology and phase stability of the 0D-nano-
forms of carbon. The dependence of the morphology of
carbon nanoparticles on their size (number of atoms or
mean diameter, d) was studied in the framework of thermo-
dynamic models.?40~-244 According to the results obtained,
preferred formation of sp3-DLNCs will occur for particles
containing from ~ 1100 to ~25000 atoms. Beyond this
interval, the sp?-nanoforms of carbon including fullerenes
(onions) and nanographites are more stable. This is in
agreement with the results of calculations?#°-247 in which
the energies of the sp3- (nanodiamonds) and sp?>-nanoforms
of carbon (onions and nanographites) were estimated and
compared and the °‘scale’ for their phase stability was
proposed. According to the results obtained, the formation
of sp3-diamond-like grains can be expected at particle sizes
in the interval 1.9 < d < 5.2 nm. Particles of paricular
diameters (1.7 <d <2.2nm) can have intermediate
(sp?>+sp?) structures built of diamond-like cores sur-
rounded by fullerene shells.

The relative stability of DLNCs is governed by not only
the particle size, but also their morphology. A comparison
of the energy estimates of non-spherical or polyhedral
(octahedral, cubooctahedra or cubic grains) diamond-like
nanoparticles revealed?*? significant structural rearrange-
ments due to changes in the type of atomic coordination
(electronic configuration) from fourfold (sp3-type) to three-
fold (sp?-type) in all polyhedral particles. Structural rear-
rangements are most pronounced for the carbon atoms in
the outer layer of grains, which makes it possible to consider
‘graphitisation’ of the outer shells of diamond grains.

When synthesising diamond-like nanoparticles, hydro-
gen is often present in the atmosphere within reac-
tors.#8.49,51.55,56,84,248,249  The passivating action of
hydrogen atoms on ‘pendant’ bonds formed by the outer
atoms of DLNCs is an important factor of stability control
of their morphological forms.30-84,243,250-254 Analysis of
the structures and energy states of hydrogenated DLNCs
showed that the formation of hydrogen shells precludes the
nanodiamonds — onions transformations characteristic of
‘pure’ DLNC (see reviews 084, 243)

External factors including temperature, pressure, irradi-
ation, etc. are of great importance in performing and
controlling sp3-nanodiamonds « sp?-onions interconver-
sions.2’5-262 For instance, heat treatment can lead to
graphitisation of DLNCs and formation of onions. The
reverse process, i.e., degradation of the cage structure of
onion shells and their transformation to DLNCs can be
conducted under irradiation.

The conditions and mechanisms of nanodia-
monds — onions transformations were predicted.?63-268
For instance, in a molecular dynamics study 2> ‘heating’
of DLNCs (particle size from 1.2 to 1.4 nm) to 3000 K was
followed by passing additional energy pulses to the system,
which simulated its radiation treatment. In the first step,
sp3-DLNC transformed to a hybrid structure comprised of
a fullerene sp2-shell with a diamond-like sp3-core inside.
The final structure represented an sp?-onion. In other
words, the thermal- and radiation-induced transformation
DLNC — onion begins with rearrangement of the ‘surface’
of nanodiamond and then propagates into its ‘interior’.
Radiation-induced defects cause cleavage of sp3-bonds, thus
favouring a decrease in the barrier to thermal activation of
this phase transformation.

In addition to the factors mentioned above, the stability
of DLNC:s is also affected by their size, the sign of charge
(anionic or cationic form),?% external pressure,?’? chemical
composition, impurities (in particular, the effect of boron
and nitrogen impurities on the stability of DLNCs was
studied 239-271-273),

Electronic spectra calculations of diamond-like nano-
particles revealed a rather complex spectrum of ‘pure’
DLNCs, which can be represented by a superposition of
electronic states of nonequivalent sp3- and sp?-atoms in the
diamond-like core and fullerene-like shell, respectively
(Fig. 12). In the electronic spectrum of DLNCs the filled
valence band A and the conduction band C are composed
of the 2p-orbitals of the sp3-atoms, whereas the near-Fermi
states (band B) are formed by the 2p-orbitals of the ‘sur-
face’ sp?-atoms. The spectra can have both the semiconduc-
tor (forbidden gap >0) and metal-like (zero forbidden gap)
type, however, no regular dependence of the forbidden gap
of crystallites on the particle size and morphology was
revealed. The electronic spectrum of nanodiamond grains
passivated by hydrogen has a semiconductor type.?’* As the
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Figure 12. Electronic spectrum of diamond-like nanocrystallites (sche-
matic).

Shown are the energy regions of localisation of the filled and free
(asterisked) 2p-orbitals of structurally nonequivalent carbon atoms
forming diamond-like sp3-core and sp?-grain shells. The vertical line
corresponds to the Fermi level.

crystallite size increases, the forbidden gap noticeably
decreases and approaches the forbidden gap of crystalline
diamond (~5.5 eV) for the particles containing more than
1500 atoms (average grain size ~2.5 nm).

Artificial nanodiamonds have found application in
many inductries, such as power engineering and electronics,
as well as in biology, pharmaceutics and medicine. In
particular, it was proposed to use them as antifriction or
abrasive materials, as precursors in growing diamond films
and for obtaining of polycrystalline diamonds and reinforc-
ing coatings.

3. Icosahedral nanodiamonds

Structural models for novel carbon nanoforms have been
developed.?’>~277 They were constructed by joining icosa-
hedral particles in which all carbon atoms have the sp3
tetrahedral coordination. These spherical particles called
icosahedral nanodiamonds (INDs) form a homologous
series C,, (n = 100, 280, 600, 1100, 1820...). The stability
of INDs was compared with that of cage sp2-structures
based on a small fullerene Cy (/; -onions having the same
number of atoms as the INDs) in terms of energy character-
istics.27”

Considering small particles (d < 3.3 nm), it was found
that cage particles (I,-onions) are energetically more
favourable. As d increases, the relative stability of INDs
increases and icosahedral nanodiamond particles become
the most stable particles at d > 3.3 nm. Qualitatively, this
fact can be explained by the decrease in the proportion of
surface atoms with pendant bonds, which leads to enhanced
stability of sp3-nanocrystallites. At a particle size of about
3.3 nm, the total energies of icosahedral sp?- and sp3-nano-
forms become comparable; at the same time both types of
nanoparticles are metastable towards crystalline carbon
allotropes. The relative stability of icosahedral sp?- and
sp3-nanoforms was also estimated?’” with allowance for
structure relaxation (possibility of sp?<« sp? interconcer-
sion). A stable form of Cjgo particles is a Cyo@Csp two-
shell onion (Fig. 13). As the number of particles increases,
INDs do not completely transform to onions and the
resulting clusters have intermediate structures.

Saturation of bonds of the surface atoms with hydrogen
precludes 277 ‘separation’ of diamond-like particles C,H,,
into fullerene-like fragments. It is assumed 2> that by
varying the degree of hydrogenation of icosahedral nano-

Figure 13. Structures of icosahedral diamond-like nanoparticles before
relaxation (lower row) and after geometry optimisation (upper row).?”’
Cioo (a), Ceoo (b) and CiooHeo (¢).

diamonds one can control their stability, morphology and
parameters of electronic spectrum. This may be quite
important when using INDs as components of galvanic
coatings, polymeric composites or emitter materials.

4. Diamond-like nanofibres

A large group of sp3-nanoforms of carbon includes
extended monolithic diamond-like nanofibres.84-235-237.278
They are synthesised under laboratory conditions by chem-
ical vapour deposition on nuclei (nanodiamonds) in the
presence of catalysts, by plasma treatment (various regimes)
of polycrystalline diamond films, from graphite-like nano-
tubes and using other techniques. Depending on the syn-
thetic procedure and regime, one can obtain either
individual DLNFs or their ordered assemblies; the fibres
can have various morphologies and their diameters vary
from tens of nanometres to a few tens of micrometres.
Diamond-like nanofibres attract the attention of research-
ers first of all as alternative (compared to nanotubes)
extended nanostructures with unusual mechanical and ther-
mal properties.

In addition to 0D- and 1D-nanodiamonds (nanocrystal-
lites and nanofibres, respectively) there are two groups of
carbon nanomaterials containing carbon atoms with a
coordination number of four and the sp3-type of bonds.
These are the so-called diamond-like nanotubes whose walls
are built of C(sp?) atoms and a family of carbon—carbon
composites including nanodiamond constituents.

Unlike conventional nanotubes whose walls are made of
graphene sheets,*%-4% 351 the walls of the synthesised dia-
mond-like nanotubes consist of diamond nanograins.?7”?

The morphology, atomic structure and stability of
DLNFs have been studied.?33-237-279-281 The stability fac-
tors and electronic structure of thin nanofibres (with cross-
sections S in the range 5 < § < 280 Az) were analysed as
functions of their morphologies and size.?®! Three groups of
DLNF (I-III), ‘cut’ from a diamond crystal normal to the
(001), (111) and (110) planes, (Fig. 14), were considered. It
was established that Group I DLNFs, for which structural
relaxation mainly affects positions of the outer carbon
atoms having the maximum number of pendant bonds, are
characterised by the smallest structural distortions com-
pared to the initial ideal diamond-like structure. The sit-
uation with Group II DLNFs is fundamentally different.
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Figure 14. Initial (/) and optimised (2) atomic structures of cross-sections of diamond-like nanofibres.?8!

I-1III denote structural types (see text).

Here, hollow (tubular) nanostructures containing axially
aligned chain motifs of carbon atoms are formed within thin
(S < 25 A2) nanofibres. The walls of the distorted nano-
tubes are built of both various carbon polygons and linear
atomic chains. Stabilisation of the diamond-like structure of
Group II DLNFs is achieved at S > 40—50 Az, Particularly
interesting is the type of structural relaxation in Group III
DLNFs (see also Refs 213—215). The thinnest nanofibres
considered (up to S~ 110-120 Az) exhibit separation in
such a fashion that the outer layers undergo ‘graphitisation’
with the formation of nanotube walls (or fragments of
walls) containing encapsulated thinner diamond-like nano-
fibres (see Fig. 14). These hybrid (sp?+ sp?)-nanostructures
combine the atomic types of 1D-nanostructures, namely,
hollow graphite-like sp2-tubes and monolithic sp3-fibres,
and can be considered as 1D-analogues of the hybrid
0D-nanostructures (diamond-like cores encapsulated in
fullerene shells) mentioned above.

The stabilities of all types of DLNFSs noticeably increase
as their cross-section areas increase.?33-237.279-282 At the
same time the stabilisation mechanisms are fundamentally
different. For thin DLNFs the number of surface atoms
having a coordination number of less than four is larger
than or comparable with the number of sp3-atoms ‘in the
bulk’ of the fibre. Structure stabilisation of these systems is
due to partial graphitisation and formation of hybrid
(sp?+sp?)-nanoforms. Contrary to this, more massive
DLNFs having a larger number of inner C(sp?) atoms retain
their initial diamond-like structure, whereas structural
relaxation mainly affects atoms in the outer layer.28°

All diamond-like fibres contain not only the main C(sp?)
and C(sp?) atoms, but also a proportion of carbon atoms
with other bond configurations. In addition, different
DLNFs contain different sets of nonequivalent types of
C—C bonds. The electronic spectra of these nanostructures
represent superpositions of the states of individual non-
equivalent atoms (atomic groups) and correspond to semi-
conductor or metal-like type depending on the fibre size and
morphology.2¢0

Studies aimed at estimating the stabilities of DLNFs
compared to those of other carbon nanoforms (first of all,

commensurate nanotubes) are available.?35-237.279 [t was
found that DLNFs will be more stable than nanotubes in a
limited interval of cross-section diameters (from 2.7 to
3.7-3.9 nm).?3¢ It should be emphasised that these esti-
mates are averaged. Both the upper and lower bounds of
this interval can differ significantly for DLNFs with differ-
ent morphologies and crystallographic orientations.

Hydrogenation is one of the most important factors
affecting the stability of DLNFs. Coverage of the DLNF
surface with hydrogen atoms can be done separately or
immediately during the synthesis provided that hydrogen is
present in the reaction zone.?35237 Generally, hydrogena-
tion of DLNFs leads to considerable decrease in relaxation
distortions of the atomic ‘shell’ of nanofibres; this is quite
understandable taking into account the role of hydrogen
atoms that close the broken bonds of the carbon atoms in
the outer layer of the nanofibre.

A study on regularities of changes in DLNF stability as
function of their morphology, size, and degree of hydro-
genation (H:C atomic ratio) has been reported.?3> The
heats of formation of hydrogenated nanofibres were esti-
mated using the relation

dH(DLNF) = NcdH°(C) + NudH°(H) — Ea,,

where Nc and Ny are the numbers of carbon and hydrogen
atoms in the fibre, dH°(C) and dH°(H) are the enthalpies of
formation of corresponding free atoms from graphite and
H> and E, is the calculated atomisation energy of DLNF. It
was established that the heat of formation of a fibre is
proportional to the reciprocal radius of DLNF and that an
increase in the Ny/Nc¢ ratio can lead to fundamentally
different changes in dH values of groups of DLNFs of
different morphology. Namely, either stabilisation of fibres
(if the fibre size decreases) or their destabilisation [if
dH(DLNF) increases] can occur. Some thin hydrogenated
fibres were more stable than a carbon nanotube with a
comparable Ny/Nc ratio.

Additional information on the character of bonds in
DLNFs is provided by the results of simulation of their
mechanical stability (compared to that of nanotubes), which
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was calculated with inclusion of forces required for destruc-
tion of these structures.?®3 Small-diameter nanotubes are
more stable than corresponding nanofibres; however, the
reverse occurs as the diameter increases. This effect is simple
to explain taking account of the energies of carbon—carbon
bonds, namely, sp>—sp3-bonds in diamond are weaker than
sp?—sp2-bonds in graphite. Therefore, nanotubes are more
stable than DLNFs provided comparable numbers of
interatomic bonds. As the diameter increases, the number
of bonds in monolithic fibres increases much faster than in
nanotubes; this is the reason for higher stability of DLNFs.
At d>1.3-3.0 nm, DLNFs become more stable than
commensurate single-wall nanotubes.?®3 Yet another inte-
resting result of simulation of mechanical characteristics of
DLNFs is that the ‘core’ is more stable towards external
loads than the ‘shell’. A similar effect was also obtained for
multilayer nanotubes whose degradation under the action
of external stress begins with breakdown of outer graphene
cylinders.

The dependence of thermally induced distortions of the
atomic structure of DLNFs on the surface area of their
cross-sections, morphology and crystallographic orienta-
tion was studied.?63-264,282,284,285 Thege factors can give
rise to manifestation of various atomic mechanisms of
thermally induced structure deformations in DLNFs. The
most characteristic is thermally induced amorphisation of
the outer layer of DLNFs. At relatively low temperatures,
the fibre represents a diamond-like rod covered with amor-
phous carbon shell. Raisng the temperature causes the shell
to thicken and, at a particular critical temperature, the
DLNF undergoes transformation to an amorphous fibre.
Unusual mechanisms of thermal deformations were
revealed.?82-285 For instance, thin DLNF are transformed
to quasi-1D structures composed of fragments of carbyne
chains,?® or heat treatment of thicker fibres causes them to

separate into graphite-like cylinders,?8? which can unroll
into strips on further heating. These structural rearrange-
ments can be treated as thermally induced phase trans-
formations sp? — sp! and sp® — sp?, respectively.?8¢

5. Diamond-like nanotubes

Unusual extended hollow nanostructures called diamond-
like nanotubes (DLNTSs) were fabricated.?®” Their walls
have a diamond-like single-crystalline atomic structure.
DLNT samples were grown by plasma-assisted chemical
vapour deposition on polycrystalline diamond substrates in
the presence of CH4—H> mixture in the chamber. It was
assumed 287 that the formation of DLNTSs is due to coales-
cence of diamond-like nanocrystallites.

Models for the atomic structure of these nanotubes are
available.?82.286 Factors affecting their stability, electronic
structure and thermal stability have been studied. It was
established 282 that the atomic structure of DLNTSs notice-
ably changes with an increase in the size of the inner cavity,
namely, ‘graphitisation’ occurs (Fig. 15). As a result, the
structure of the nanotube walls changes as follows: the
diamond-like layer is covered from both sides with graph-
ite-like layers. The nanotube wall stability decreases as their
thickness decreases (in some cases, separation of thin films
was observed). Therefore, the following qualitative conclu-
sion was made:?82:28¢ there is a critical size (thickness) of
DLNT walls, which is comparable with the size of internal
cavities; in this case the walls are still monolithic. In
addition, DLNTSs are energetically less stable than DLNFs
at comparable cross-section surface areas. This can be
understood with ease taking into account the fact that
DLNTs contain a larger number of surface atoms. The
thermal stability of DLNTS is also much lower than that of
DLNFs:264-282 3t 300 K, diamond-like nanotubes lose their
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Figure 15. Atomic structures of cross-sections before (1) and after (2) structural optimisation of DLNTs with internal voids of different size.?82

I and II denote structural types (see text).
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initial (at 0 K) shape; the walls of this system include
various entanglements and clusters from carbyne chains.

6. Nanodiamonds as constituents of carbon—carbon
composites

Nanodiamond crystallites and DLNF considered above can
be constituents of various composite materials. A number
of nanocomposites have been synthesised. They became the
subject of theoretical analysis. In particular, considerable
attention was paid to composite (or hybrid) nanostructures
including DLNCs and graphite-like nanotubes. The aim of
these studies is to design novel carbon—carbon composites
with unusual properties due to combination of the charac-
teristics of sp3>-DLNCs and sp?-nanotubes.

Recently, carbon—carbon composites containing nano-
diamonds have attracted the attention of researchers. In
terms of dimension these objects can be considered as
carbon (0D + 1D)-hybrids, i.e., thay can include sp3-dia-
mond crystallites and sp?-nanotubes as constituents. As an
example, Fig. 16 presents the so-called nano-mushrooms.
These systems are considered as possible prototypes of field
emitters and nanodiodes.

LR
e

OO

Figure 16. Atomic models of (0D+ 1D) carbon composites (nano-
tube + nanodiamond grains) — prototypes of field emitters (a) and
nanodiods (b).288

Yet another family of (0D + 1D)-nanostructures com-
prises composites made of bundles of single-wall graphite-
like sp?-nanotubes decorated by sp3-nanodiamond particles
from the outside.?8 In this case nanotubes are densely
coated with well-faceted diamond-like crystallites of aver-
age size ~20—100 nm. It is assumed?8® that the formation
of sp3-crystallites on the surface of sp?-nanotubes is due to
nucleation occurring in the presence of reactive hydrogen
atoms.??9~292 Under particular conditions, hydrogen can 23
‘create’ defects in nanotube walls, which favours nucleation
of sp3-grains. It is assumed that these composites can be of
interest as materials for production of cold cathodes,
cathode ray tubes, light emitters or for micromechanics.

The atomic structure and electronic properties of these
composites have not ben studied in detail so far.

Yet another type of (0D + 1D)-nanostructures desig-
ned 3% in nanopeapod fashion (see also Section VI) repre-
sents a 1D-chain of nanodiamond sp3-clusters confined
within a carbon sp?-nanotube. The crystallites considered
included the smallest diamondoid (Ci¢), CioHi6 (hydrogen-
terminated Cjo) as well as diamondoids with two, three or
four diamond-like shells. The results obtained ?3® suggest
the possibility of polymerisation of clusters inside the nano-
tube and formation of new quasi-linear diamond-like poly-
mers under particular conditions. In this case the nanotube
cavity acts as nanoreactor.

Of course, the number of carbon—carbon nanocompo-
sites containing diamond-like nanostructures is not limited
to those considered above. For instance, one cas assume the
existence of various (0D + 1D)-hybrids whose structures are
composed of monolithic sp>-DLNFs and sp?-fullerenes,
(1D + 1D)-hybrids (sp3-diamond nanofibres + graphite-like
sp2-nanotubes) or (0D + 0D)-hybrids (sp3-diamond crystal-
lites + graphite-like sp>-fullerenes), and some other struc-
tures. 162

7. Concerning stability of nanostructures

Evaluation of the relative stability of various novel nano-
forms of carbon is topical (for some estimates, see above).
For instance, model calculations predicted that reduction of
nanoparticle size is followed by transformation of 0D-
graphite to O0D-nanodiamond (particle size about 5 nm)
and subsequent stratification with formation of 0D-onions
and fullerenes. Depending on their size, 1D-nanofibres can
undergo transformation to nanotubes.

Size-dependent structural transformations of carbon
nanoforms can be explained taking into account the fact
that the key factors responsible for particle stability on the
nanostructural level include the particle size (d), morpho-
logy and surface energy (y) related by the Laplace equation

Y

P= i

In the case of a liquid the parameter P can be treated as
capillary pressure, which ‘tends’ to reduce the surface area
and the total surface energy of the liquid. By analogy, the
phase transition of nanographite to nanodiamond with a
decrease in the particle size to d* ~5—-10 nm can be
interpreted as equalisation of the total energies of both
phases. In this case the surface tension is stronger than the
bulk forces, which causes nanographite to shrink and trans-
form to nanodiamond.

To explain the second transition (stratification and
graphitisation of nanodiamond into onion), one should
take into account the fact that the energy of sp>-bonds in a
graphite layer is higher than that of sp3>-bonds in diamond
under normal conditions. The system tends to decrease the
total energy of chemical bonds by increasing the surface
area, which for graphite is larger than for diamond. There-
fore, transformation of nanodiamond to an onion and an
increase in the surface area with the decrease in the particle
size to the critical value (d* ~ 2 nm) can be explained by an
increase in the bnding energy of the onion owing to the
change in the surface itself and the surface energy (in
nanodiamond, the surface atoms are bonded to the bulk
atoms by three covalent sp3-bonds; ¢f. three covalent intra-
layer sp?-bonds in onion).
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V. Non-graphite nanostructures

In addition to planar hexagonal graphitic sheet (graphene)
there exist2°42% a variety of other networks built of
conjugates including squares C4, hexagons Cs, octagons
Cg, decagons Cjop, efc. having equal edges. These are, e.g.,
the (4,6), (4,6,8), (6,10) networks, efc. Among them, one can
select subsets of networks with atomic coordination num-
bers of 2 and 3 and a subset of cage structures with atomic
coordination number of 4; they can serve models for sp!-,
sp?- and sp3-bonds in carbon 1D-chains, 2D-planes and
3D-crystals, respectively. If the angles between particular
bonds differ only slightly from the equilibrium value (120°),
these networks and cages can be obtained as metastable
modifications of carbon. Now we will consider non-graphite
layered nanoforms of carbon and models for nanostructures
designed using atomic motifs of these phases, the so-called
non-graphene fullerenes and nanotubes, which include pen-
taheptites, graphynes, haeckelites, etc.

Similarly to graphite, layered systems are built of planar
atomic networks. In each network, atoms are bonded by
strong covalent bonds. Neighbouring networks interact
through weak (van der Waals type) bonds. A salient feature
distinguishing these 2D-systems from graphene is that their
atomic networks include various combinations of carbon
rings C,, 2.

Note that the presence of C, «¢ rings in carbon nano-
structures is well known. In particuar, pentagons Cs are
essential constituents of fullerene cage: for instance, Ceo
fullerene is comprised of hexagons and 12 pentagons. Full-
erene-like structures with negative Gaussian curvature
(schwarzites, see above) contain periodically embedded
heptagons C7 or octagons Cs. In addition, the introduction
of pentagons, heptagons or other C, rings as topological
defects into walls (shells) of carbon nanotubes (fullerenes) is
an efficient method of modification of their structures and
properties and a promising method of search for new
nanostructured forms of carbon.30~43,47-51.56-58,70-75

1. Pentaheptites

The possibility for 2D non-graphite carbon nanostructures
to exist can be substantiated using simple structural argu-
ments. It is known that introduction of pentagons Cs or
heptagons C; into graphene sheet leads to its distortion.
However, planar character of the network is retained if
equal numbers of Cs and C7 are available.?°%-2°7 This can be
achieved by, e.g., the formation of a Stone — Wales defect,?*®
which appears in the graphene sheet upon rotation of a
C—C bond by 90°, namely, in this case four neighbouring
hexagons are transformed to two pentagon—heptagon pairs
(Fig. 17)

4Cs —> 2Cs+2C5.

A non-graphite 2D carbon allotrope formed by planar
atomic networks containing [Cs]> ‘clusters’ surrounded by
six heptagons was proposed.??® This structure is built of
pentagons and heptagons only, thus being called pentahep-
tite (PH). The energy of the pentaheptite network is higher,
by about 0.3 eV per atom, than that of the graphite net-
work; this is a metastable allotrope prone to transformation
to graphite.?’® Pentaheptite has a metal-like electronic
spectrum, the density of states at the Fermi level is rather
high (about 0.1 eV—!atom~—!). Taking account of the
covalent type of atom—atom bonds, this allotrope can be

Figure 17. Scheme of formation of heptagon + pentagon pairs in gra-
phene sheet: Stone—Wales defect (@),2°° boron pentaheptite sheets in
structures of ternary borides YCrBy () and ThMoBy (¢).3%

treated as covalent metal. It is assumed ?°® that PH can be
obtained by pressure treatment of graphite or under the
action of other physical (or chemical) factors capable of
initiating the necessary rotation of bonds. In addition to
highly symmetrical structure of pure PH network comprised
of pentagons and heptagons only, researchers have studied
the possibility of extending the pentaheptite family by
embedding higher polygons into the network.?°® Note that
some kinds of pentaheptite atomic motifs are known for a
number of inorganic compounds; e.g., boron atomic net-
works in the structure of ternary borides YCrBs and
ThMoB4 have the pentaheptite type (see Fig. 17).

2. Haeckelites. Graphynes

A family of layered forms of carbon containing various
ordered combinations of polygons was proposed.3°! These
structures were called 3°! haeckelites.*

All haeckelites were divided 3°! into three groups: (i) rec-
tangular haeckelites (Rs7), which contain only various
combinations of pentagon/heptagon pairs; (ii) hexagonal
haeckelites (Hs,6,7) whose networks are comprised of repeat-
ing clusters built of three heptagons surrounded by alter-
nating pentagons and hexagons; and (iii) bent haeckelites
(Os,6,7) containing Cs and C;, coordinated by hexagons
(Fig. 18). Pentaheptites represent a group (first group) of
the haeckelite family. All haeckelite networks contain equal
numbers of the Cs and C7 rings, but the total number of
both types of rings differs from one haeckelite to another.
The first and second groups of haeckelites have planar
networks, whereas the third group has folded networks.
Haeckelites are less stable than graphite, but more stable
than Cgo fullerenes. According to calculations,3°! all haeck-
elites exhibit metal-like conducting properties.

Yet another group of hypothetical 2D-nanostructures
includes planar polycylic modifications of carbon. Among
them, graphynes are best known.392-3%4 Graphynes and
related graphdiynes3°° can be considered as hybrid poly-
meric systems combining structural elements of graphite
and carbyne (Fig. 19). For instance, the structure of the
a-graphyne network is such that carbon atoms in the
neighbouring vertices of each hexagon are linked by an
‘additional’ C; unit and the total number of atoms in each
hexagon equals 18 {C¢+ 6 C>}. The B-, y-graphyne (graph-
diyne) networks also include C¢ hexagons, but their vertices

1 The haeckelites are named in honour of German zoologist E Haeckel
who reported images of radiolaria (simplest protistic organisms) whose
structures are similar to those of the layered forms of carbon in question.
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Figure 18. Structures of planar
sheets for main groups of haeck-
elites and nanotubes based on
them.3!

Rs.7 (a), Hse,7 (b) and Os7 ().

are linked through C, units (or their multiples, linear
chains nC,, see Ref. 305). In these structures the
..—=C=C=C=... bonds typical of graphene sheet are
partially replaced by polyyne bonds ..—C=C—... and
carbon atoms have the coordination numbers 2 or 3 and
the sp! or sp? electronic configurations.

It is assumed 302 that graphynes will be thermally stable
and similar to graphite in mechanical properties. -Graph-
yne is a semiconductor 3°2 with a forbidden gap of about
1.2 eV. Quasi-1D planar strips ‘cut’ from graphyne nets also
exhibit semiconductor properties.3°® These systems have
attracted the attention of researchers who did search for
novel materials, namely, m-bonded polymers and oligomers
showing nonlinear optical properties. Analysis 307 of linear
molecular systems including fragments of some complex
polymers, in which four benzene rings are linked by cumu-
lene units, showed that their energy spectrum exhibits a very
broad (~3-5¢V) gap between the highest occupied and
lowest unoccupied molecular orbitals (HOMO and LUMO,
respectively), which became narrower with elongation of the
(=C=C=), atomic chain. The major contributions to the
HOMO and LUMO come from the n-states of the atoms of
cumulene chain; atomic oscillations depending on the length

and interatomic distances provide an interesting example of
the onset of quasi-1D charge-density wave. For more
detailed analysis of the electronic states of various carbyne
chains see, for e.g., Refs 308 —313.

The structural and energy properties of graphynes and
graphdiynes have been studied.?93-394 As the length of the
carbyne units connecting hexagons increases, the graphyne
networks become less stable, whereas the width of the
forbidden gap varies insignificantly 28! and remains in the
interval ~0.5—0.6 ¢V. Possible polymorphs of crystalline
B-graphyne 393 differ from one another in alternation pat-
tern of planar networks along the ¢ axis, that is, 444 (o)
and three types of the 4 BAB packing type (Bi, B2 and B3).
All of them have been analysed. Depending on the packing
type, PB-graphyne crystals exhibit fundamentally different
electrophysical properties. Namely, the o and B3 poly-
morphs are zero-gap semimetals characterised by low den-
sity of states at the Fermi level, whereas the most stable
forms, PB; and B, are semiconductors with considerably
different witdths of the forbidden gap (0.19 and 0.50 eV,
respectively). These features are due to differences between
the ‘inter-plane’ interactions of C2pr-orbitals. The inter-
layer distances in the graphyne polymorphs are ~4% —9%
longer than in graphite.

To date, certain types of the graphyne structural motifs
were identified in a number of supramolecular sys-
tems.3!4-315 For instance, graphyne-like networks are parts
of crystalline 2.4,6-triethynyl-1,3,5-triazine;3'* hexagonal
networks form triazine rings with C(sp)—H---N bonding
pattern.

3. Polycyclic 2D-forms of carbon
A number of hypothetical 2D-forms of carbon representing
strained-ring polycyclic networks (Fig. 20) was pro-
posed.?16 Information on these systems is scarce. Quantum
chemical calculations of a planar polymeric motif com-
prised of alternating benzene and cyclobutadiene rings
have been reported.3'® The system is a wide-gap semicon-
ductor with a forbidden gap width of about 2 eV.
Non-graphite 2D-nanostructures are difficult to synthe-
sise because the formation of various strained rings within

Figure 19. Structures of a- («), B- (b) and y-graphynes (c).302~304
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Figure 20. Examples of planar polycyclic carbon sheets with strained
three- () and four-membered (b) rings.3'®

planar carbon networks requires large energy expenditure
and the final systems become metastable. At the same time,
observation of C, . rings, as topological defects, in con-
ventional graphite-like nanotubes is not infrequent.*®~5!
Some types of C, ¢ rings are essential structural units in
fullerenes, ‘caps’ of graphite-like nanotubes and nanocones.
Topological defects are present in giant spherical fullerenes
or in negative-curvature fragments of multi-wall nanotubes,
X-, Y-, L-shaped nanotubes, etc. Moreover, microscopic
studies 3!7-318 showed that up to 10% of nanotubes synthes-
ised by high-energy methods (laser ablation, pyrolysis,
electric arc technique, efc.)>> have ‘inetr-tubular’ inter-
growth regions containing topological defects capable of
changing the curvature and chirality type of tubulenes. It is
natural to assume that the structural motifs of the networks
of non-graphite 2D carbon allotropes (see above) can realise
in low-dimensional (0D, 1D) forms of carbon, thus prede-
termining unusual properties of the latter systems compared
to the properties of classical graphite-like nanotubes and
fullerenes.31?

4. Pentaheptite and haeckelite nanotubes

A series of nanotubes designed based on pentaheptite and
haeckelite networks has been studied.3?! All nanotubes have
metal-like electronic spectra irrespective of the tube diame-
ter and chirality. Probably, hexagonal (Hs,7) and haeck-
elite nanotubes characterised by intense peak of the density
of states at the Fermi level possess superconducting proper-
ties.

One of the most important features of nanotubes is that
they can have extremal mechanical characteristics. Young’s
modulus (Y) of conventional graphite tubes is known to be
as high as ~1.2 TPa.*~ 57 Estimate showed3°! that haeck-
elite tubes are characterised by somewhat lower Y values
(~0.9-1.1 TPa) that are, however, higher than those of,
e.g., BN nanotubes (~0.8 TPa) or SiC nanorods
(~0.6 TPa). At very small diameters (less than 0.4 nm),
the energy states of the haeckelite and graphite nanotubes
are similar; an increase in nanotube diameter causes the
total energy difference (JE) to increase to 0.20—0.35 eV per
atom, which is comparable with the JF value of planar
haeckelite and graphene sheets (~0.32 eV per atom.3?° The
deformation energies of Haeckelite nanotubes (calculated
relative to the energies of planar networks from which the
tubes were ‘rolled’) are lower than those of conventional
graphite nanotubes.This is considered 320 as an argument in

favour of possible fabrication of these systems. A possible
synthetic route involves electron irradiation of graphite
nanotubes resulting in the appearance of defects (five- or
seven-membered rings) in nanotube walls.3?!-322 Other
methods include reconstruction of graphite nanotube walls
upon treatment with strong acids, annealing of nanotubes in
inert atmosphere or other processes appropriate for activa-
tion of rearrangement of some valence bonds.

Atomic models for non-graphite nanotubes and related
nanostructures (toroids, helical nanotubes, 1D-structures of
the ‘pearl necklace’ type) built of so-called azulene units
(Cs+ Cy pairs where pentagons share an edge) and hexa-
gons 393 have been proposed.329-323-325 When rolling corre-
sponding atomic strips, the bond shared by two
neighbouring pentagons acts as a mechanical stress concen-
trator. These bonds were called ‘stressors’; they initiate
changes in the local curvature of nanotubes leading to
appearance of local convex or concave regions in nanotube
wall. If stressors are arranged periodically, surface-modu-
lated nanotubes are formed. They exhibit 324 semiconductor
properties with a forbidden gap of about 0.6 eV provided
that the tube diameter lies in the range 0.223—1.119 nm.

In addition to nanotubes, pentaheptite fullerene struc-
tures Cag, Caq and Coz (point symmetry groups is D74, D3p
and Cs,, respectively) and a series of icosahedral fullerenes
C, (n = 20, 60, 80, 140) have been proposed.?*®

5. Graphyne nanotubes and fullerenes

A family of graphyne-based nanotubes (g-NTs) has been
proposed.32¢:327 Depending on the diameter and geometry,
theory predicts for them a vast variety of changes in
electronic properties compared to conventional graphite
nanotubes. a-, B- and y-Graphyne sheets used as precursors
were ‘rolled’ to obtain infinite cylinders belonging to achiral
armchair (n,n), zig-zag (n,0) and chiral (n,m) g-NTs.

The closest analogues of graphite nanotubes are
a-graphyne-based nanotubes whose walls are formed by
regular hexagons {Ce¢+ 6 C>}. They also show similar elec-
tronic properties. For instance, irrespective of NT diameter,
all armchair a-g-NTs exhibit metallic properties, whereas
zig-zag a-g-NTs exhibit the properties of semimetals (if their
indices n are multiples of three). All other zig-zag nanotubes
are semiconductors, their forbidden gaps decrease as the
tube diameter increases. Specific structural features of the
B-graphyne network determines a more complex depend-
ence of the forbidden gap width on the nanotube geometry
and diameters. Namely, the zig-zag B-g-NTs exhibit metal-
like properties only at particular » values while all armchair
B-g-NTs show the properties of semiconductors. Theory
predicts semiconductor properties for y-g-NTs (forbidden
gap width ~ 0.4—0.5¢V); the pattern of their atomic
configurations affects the symmetry type of the bottom of
the conduction band. Therefore, one can expect that the
armchair and zig-zag y-g-NT exhibit significantly different
optical and conducting properties, which, in particular,
depend on the effective masses of electrons oscillating
upon variation of nanotube diameter. Estimation of the
energy effects acompanying the roliing of graphyne net-
works showed 326 that the formation of tubular forms based
on y-graphyne is most probable. The width of the forbidden
gap in semiconductor g-NTs was studied as function of
tension —compression uniaxial deformations and regular-
ities of its variation have been predicted.??7

Models for single- and multi-wall nanotubes and full-
erene-like molecules based on B-graphyne have been pro-



New nanoforms of carbon and boron nitride

855

posed.328-329 Their relative stabilities were estimated by the
molecular dynamics method. The formation of multi-wall
B-g-NTs was found to be less probable than that of single-
wall B-g-NTs.

A new class of cage structures based on modified graph-
ite (hexagons in the planar network are partially replaced by
pentagons) was predicted.??? In this case the role of ‘build-
ing blocks’ is played by graphanes representing planar
layers in which short chains of carbon atoms are linked by
five-membered rings. These blocks comprise both sp?- and
sp3-bonds and allow one to design various cage structures
(graphanofullerenes) and graphane nanotubes.

According to calculations,?3? fullerene-like a-graphyne
molecules (g-Cgo, g-Cas0) are less stable than graphite-like
isomers due to narrower HOMO-LUMO energy gaps.
Graphyne structural fragments were identified in a number
of complex polymer systems. 331339

A variety of cage structures representing 3D-entangle-
ments of distorted graphite rings have been proposed.3#?
These systems can form in intermediate stages of formation
of the diamond lattice from graphite.

Clearly, graphyne-like nanotubes and fullerene-like mol-
ecules can by and large be treated as metastable modifica-
tions of conventional graphite-like nanostructures. These
objects are most interesting because of much greater versa-
tility of their structures and electronic properties compared
to the properties of graphite-like analogues. In addition,
these nanostructures have lower densities and highly porous
walls (shells). Taking into account these properties, the
nanostructures in question can probably be used as matrices
in various intercalation processes, in particular, as hydrogen
storage systems. Note that the key problem in using full-
erenes and nanotubes for hydrogen storage is to carry out
dehydrogenation (high temperature is required for hydro-
gen release); at the same time, highly porous walls (shells)
can favour dehydrogenation. Finally, non-graphite carbon
nanostructures have become parent structures in simulation
of their heteroatomic analogues just as conventional graph-
ite-like nanotubes are considered as prototypes in search for
nanotubular forms of other inorganic substances and com-
pounds. Some examples will be considered below.

Summing up, even more complex hybrid systems com-
bining structural elements of the two families of non-graph-
ite 2D-structures (haeckelites and graphynes) considered
above can also be proposed with ease.?'® For instance, by
forming bond rotation defects (rotation of some
—C—-C=C—C— bonds by 90°) in the a-graphyne network
one can obtain planar networks comprised of pentagons
{Cs+5C,}, hexagons {Ce+6C,} and heptagons
{C7+7C3}, i.e., a combination of ‘graphyne + haeckelite’
structural motifs with a mixed (sp'+sp?)-bonding type.
These networks can be employed in further simulation of
new 1D- and 0D-nanostructures with sp! +sp?+sp? bond
configurations.

VI. Carbon - carbon nanocomposites

In this Section we will cosider carbon —carbon nanocompo-
sites (NCs) containing carbon nanostructures (or their
elements) of different dimension, coordination number and
bond type. Such materials are sometimes called ‘symbiotic’,
or ‘hybrid’, ones. Some examples of NCs containing dia-
mond crystallites and nanotubes were considered above (see
Section IV).

Methods of formation of NCs are similar to those used
for functionalisation of nanostructures (fullerenes or nano-
tubes). Targeted control of properties can be
attained,38-41,46-51,62-70.84, 162 firgt by doping (partial
replacement of nanotube or fullerene atoms by other
atoms); second, by exohedral funcionalisation (adsorption
on surface), i.e., by attaching extra atoms or molecules to
the outer nanotube (fullerene) walls; and third, by endohe-
dral funcionalisation, i.e., introduction of atoms or mole-
cules into the nanotube (fullerene) cavity or into the space
between neighbouring tubes in nanotube bundles. The last-
mentioned technique was practically implemented 34! by
researchers who discovered a specific group of composite
nanostructures, the so-called nanopeapods.

1. Nanopeapods

Recently, a group of NCs representing a combination of
two types of different-dimension (0D + 1D) nanostructures
has become famous. These systems are often called nano-
peapods. They are comprised of quasi-1D nanostructures
(nanotubes) containing quasi-0D nanoclusters (fullerenes)
in the cavity. Two main families of nanopeapods synthes-
ised to date are based on carbon nanotubes containing
fullerenes or endohedral metallofullerenes in cavities.34>~345
Carbon peapods C,@C-NTs, i.e., ordered 1D-assemblies of
C, fullerenes (n = 28 —82) encapsulated into carbon nano-
tubes (Fig. 21), are the best known representatives of these
hybrid (0D + 1D)-systems.
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Figure 21. Micrographs (a, b)3*® and atomic structure models (¢, d)
for peapods.347
Peapods: Cep confined within single-wall nanotubes (a); Ceo confined

within two-layer nanotubes (b); Ceo@(10,10)C-NT (¢) and
Ceo@(9,9)C-NT (d).
Filling of single-wall nanotube cavities was first

observed **! in a high-resolution TEM (HRTEM) study of
a material prepared by pulsed laser vaporisation of a
graphite target containing impurities (metal catalysts) fol-
lowed by annealing at 1100 °C and treatment with acid.
These results were confirmed experimentally.346-348,349
Clear HRTEM images of (Ceo, C70)@C-NT hybrid struc-
tures show 340-348 that the available nanotube fragments
contain not only single-wall nanotubes containing regular
fullerenes chains, but also molecular clusters (dimers,
trimers, efc.) and ~2-nm long extended nanocapsules
‘capped’ at both ends. Possible mechanisms of formation
of these structures include (i) fullerene diffusion through the
open ends of nanotubes or through wall defects and (ii)
rolling of graphene sheet on the inner nanotube wall to give
a fullerene in the reaction of joint formation of nanotube
and fullerenes.
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At present, a variety of peapods containing various
fullerenes (from Csz¢ to Cop) and some endofullerenes have
been synthesised, certain properties of these systems have
been studied, the growth scenarios were proposed and
electronic characteristics were simulated.342~ 345,350,351
Methods of synthesis of peapods include pulsed laser vapor-
isation of a graphite target (see above) and a vapour-phase
technique,?>% 333 which uses nanotubes and fullerenes as
‘reactants’. A low-temperature (~70 °C) method of syn-
thesis of peapods involves nanotube filling with fullerenes in
solution.334

Peapods are stable to ~800 °C; at higher temperatures,
fullerenes coalesce with the formation of extended nano-
capsules and tubular cylindrical fragments.?>® At
~1200 °C, individual Cgo fullerenes almost completely
disappear and the peapods transformed to two-layer nano-
tubes. Polymerisation of Cgo inside a nanotube can be
induced by introducing dopants, e.g., potassium atoms.33¢
These linear polymers can be obtained only inside nanotube
cavities which in this case act as nanoreactors.

An ideal structural model for Ceo@C-NT peapods
represents a single-wall carbon nanotube containing a
regular linear chain of encapsulated fullerenes placed on
the nanotube axis (see Fig. 21 ¢,d). The distances between
fullerenes in peapods are longer than in free polymer chains
but shorter than in molecular crystals formed by corre-
sponding fullerenes. For instance, in Cgo@C-NT the dis-
tance between centres of molecules (ais the ‘lattice
constant’ of quasi-1D crystal) is ~0.97 nm and the distance
between fullerenes and nanotubes is ~0.35 nm.$

Peapods containing non-spherical isomers of higher
fullerenes (C70, Cgo) form337-358 two types of structures
with a; » = 1.00 and 1.10 nm differing in mutual orientation
of fullerenes (Fig. 22). It was proposed 3°® to consider them
as individual phases. A study of Cgo@C-NT revealed 337 a
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Figure 22. Quasi-1D ‘phases’ of non-spherical Cy¢ fullerenes in
C70@C-HT peapods with different mutual orientation of fullerenes.3%7
The ‘lattice parameter’ a of these ‘phases’ depends on fullerene
orientation.

mixed (anisotropic) orientation of molecules. It is assumed
that mutual arrangement of non-spherical fullerenes (i.e.,
the lattice constants of corresponding 1D-crystals) can be
controlled by varying the diameters of carbon nanotubes.

§ This is the so-called van der Waals gap of the third type. The van der
Waals gap of the first and second types are the distance between walls of
neighbouring coaxial cylinders in multilayer nanotubes and the distance
between external walls of neighbouring tubes in compact bundles,
respectively.

From the standpoint of fullerene encapsulation the smallest
size is 1.37 (CGO), 1.45 (C76 . C78) and 1.54 nm (C84).359

Specific features of atom—atom interactions and
selected properties of peapods were studied using quantum
chemistry methods.342~345.350.351 According to calcula-
tions,3%° the minimum diameter of a carbon nanotube for
encapsulation of Cgg is 1.29 nm, the optimal being 1.36 nm.
Analysis 3! showed that peapods containing fullerenes
placed on the nanotube axis are most stable. This is
explained by repulsive van der Waals interactions. Covalent
interactions between Cgo and nanotubes almost do not
occur. The structural properties and energy characteristics
of Ceo@C-NT peapods have been simulated.347-362-367 For
instance, Cgo@(10,10)C-NT (nanotube diameter 1.357 nm)
showed almost no changes in the geometry of the peapod-
forming nanotube and fullerenes. As the nanotube diameter
decreases, deformation (ellipsoidal distortions) of both
nanotubes and fullerenes occurs. The calculated peapod
formation energies (AE) are —0.51, 0.27 and 15.19 eV for
the chirality indices equal to 10, 9 and 8, respectively. 32 In
other words, insertion of Cgo into a (10,10)C-NT will be
exothermic, whereas for smaller-diameter nanotubes (start-
ing with ~1.28 nm) it will be endothermic (AE > 0). The
energy effects of encapsulation of non-spherical Cyo full-
erenes depend not only on the nanotube diameter, but also
on their relative orientation.?®® For thin nanotubes, the on-
the-tube-axis orientation is preferable; as the nanotube
diameter increases, C7o fullerenes are arranged in such a
fashion that their long axes become perpendicular to the
nanotube axis (see Fig. 22).

Calculations 78:368 of the potential energies of the
interaction between Cgo and carbon nanotubes revealed an
interval of nanotube diameters suitable for the formation of
hybrid structures with regular arrangement of encapsulated
fullerenes (linear chains). For the Cgo@/(10,10)C-NT sys-
tem, the E(Cso—NT) curve has only one symmetrical mini-
mum on the nanotube axis. In the case of Co@(15,15)C-NT
(diameter 2.04 nm), energy minima are located near nano-
tube walls and the local maximum is on the axis. For larger-
diameter tubes (d >1.46 nm),!”® linear periodicity in the
fullerene distribution along the axis is violated. An addi-
tional disordering factor is abrupt weakening of fullerene —
nanotube interactions. For instance, the Cgo—nanotube
binding energy has an extremal value at a nanotube dia-
meter of 1.356 nm and decreases as the nanotube diameter
decreases and asymptotically approaches the binding energy
of Cep with flat graphene sheet.

Peapods exhibit a variety of interesting physical and
chemical properties.34?-350.351 These compounds seem to be
promising for application in micro- and nanoelectronics,
they attract increasing attention as model systems for
studying quasi-1D diffusion, structural and phase trans-
formations and chemical reactions.

2. Bunker phases

If the inner diameters of nanotubes are much larger than the
fullerene diameter and the fullerene concentration is high,
fullerene — fullerene interaction becomes possible; this leads
to ordering with the formation of quasi-crystalline phases
inside the nanotubes. Such structures are called ‘bunker’
phases. A solution3®® to a mathematical problem of
arrangement of ideal spheres in a cylinder (bunker) showed
that, depending on the diameter of the cylinder, one can
obtain a number of ordered phases with different packing
motifs. A similar task aimed at minimising the packing
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energy of Cgo molecules in carbon nanotubes with
1.25<d <270 nm was solved by the Monte Carlo
method.37? Ten chiral and achiral configurations governed
by the nanotube diameter were revealed. It was shown that
generally the molecular packing motifs are determined by
the nanotube size, concentration of encapsulated fullerenes
and by the energies of the fullerene—fullerene and full-
erene —nanotube wall interactions.

A number of bunker phases have been synthesised to
date. Analysis of peapods34® based on two-layer carbon
nanotubes (TLNT) with inner diameters lying in the interval
1.1-2.6 nm showed that four packing types of Ceo mole-
cules are possible. At d < 1.5 nm, fullerenes form linear
chains, as in the peapods based on single-wall nanotubes.
As the nanotube diameter increases, linear chains are trans-
formed to zig-zag ones. At d > 2 nm, a number of chiral
structures appear; their lattice constants are related to the
nanotube diameter. Yet another packing type is achiral two-
molecular motif. Experiments 34 revealed a clear correla-
tion between the formation of ordered fullerene ‘phases’ in
the nanotube and the degree of its filling with molecules
(N). At N <90%, there is no ordering and fullerenes form
an ‘amorphous phase’, just like it was predicted.?’® There-
fore, the structure of the quasi-1D ‘phase’ can be varied
with ease using bunker nanotubes with appropriate diame-
ters and particular number of encapsulated fullerenes. The
types of molecular ordering in cylinders and the structural
factors are controlled by the fullerene—fullerene and full-
erene—nanotube wall (van der Waals) interactions.

A series of bunker phases was observed?’! in
Ceo@BN-NT peapods. At small diameters of BN-nano-
tubes (d = 2 nm), the Cgo fullerene packing motif is similar
to a linear chain. As the nanotube diameter increases to
2.8 nm, the Cgo molecules in the chain form triangles
rotated by 60° relative to one another. Further increase in
the nanotube diameter causes more complex packing types
of Cgo molecules to appear, e.g., a mixed configuration
combining two screw packings at d = 3.3 nm. The last-
mentioned structure is one of many possible incommensu-
rate structures 34334 with two (or more) Cgo motifs of
different axial periodicity (Fig. 23). Crystallographically,
these structures are intermediate between known structures
with double periodicity (systems with charge-density waves)
and orientationally ordered systems without long-range

Figure 23. Models

for possible
nanotubes — bunker phases.3”!

types of fullerene packing in

translational order (quasi-crystals). The types of fullerene
packing in bunker crystals are completely different from the
packing types of fullerenes confined within thin films or
fullerites.

One can also expect the formation of bunker crystals in
more complex systems upon, e.g., ordering of ensembles of
fullerene dimers or endofullerenes within the nano-
tube 342345

3. Nanobuds

New composite (0D+ 1D)-carbon nanostructures called
‘nanobuds’ have been synthesised recently.3”> These struc-
tures represent single-wall nanotubes (i) covered with Ca»
and Cgo fullerenes from the outside or (i) grown in
reactions of co-synthesis of nanotubes and fullerenes
(Fig. 24).

Figure 24. Micrographs of nanobuds (carbon nanotubes with attached
fullerenes) (a) and atomic models for nanobuds (b, ¢).37?

Depending on the synthesis conditions, the density of
fullerenes on the nanotube walls can be higher than 1
fullerene nm—! (Ref. 372). Fullerenes are tightly bound to
nanotubes; they do not dissolve in organic solvents and can
not be displaced under the action of the probe tip of a
scanning tunnelling microscope, electron beam of a trans-
mission microscope or on heating to 700 °C. It is assumed
that the stability of nanobuds is due to formation of addi-
tional covalent sp3-bonds between fullerenes and the nano-
tube. From the standpoint of materials science an attractive
feature of nanobuds consists 372 in the presence of numerous
curved ‘surfaces’ of (0D + 1D)-structures, which favours
autoemission and an increase in emission current (compared
to ‘smooth’ nanotubes). High nonuniformity of the distri-
bution of electron states along nanotube axes can also be
useful for their applications in nanoelectronics as memory
devices, decoders and quantum dots. Compared to nano-
tubes, nanobuds have a much more developed outer surface
and can therefore serve efficient adsorbents and catalysts.

4. Nanobeads

The term ‘nanobeads’ (or ‘pearl necklace’) is used in the
literature to denote a number of different-type quasi-1D
nanostructures morphologically similar to threaded beads.
For instance, this term was used3?° to describe quasi-
tubular nanostructures obtained by rolling particular types
of haeckelite strips. The largest group of linear structures
with nanobead morphology is based on carbon fullerenes, in
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Figure 25. Fragments of periodic quasi-1D structure (nanobeads) built
of Ceo fullerenes linked by carbon chains (a) and hypothetical 2D (b)
and 3D (c) structures based on nanobeads.?7*
Fragments of: planar sheet (b) and crystal (c).

particular, small fullerenes C,, < 60 (Ref. 47). Polymerisation
of these reactive fullerenes in chain is, as a rule, due to the
interaction between certain atoms, which form various rings
between fullerenes. Stable-shell higher fullerenes can be
joined 373-375 to form linear chains using ‘additional’ frag-
ments of carbyne chains.

Linear structures (nanobeads) are often used as parent
compounds in search for new film (2D) or crystalline (3D)
carbon structures. Examples of hypothetical films and
crystals based on nanobeads3’4 are shown in Fig. 25.
Two- and three-dimensional structures built of nanobeads
differ from fullerites in that fullerene constituents are
bonded by covalent bonds rather than through weak van
der Waals forces. These bonds are formed due to partic-
ipation of ordinary, double, ternary, efc. chains of carbon
atoms connecting vertices, edges and faces of neighbouring
fullerenes. Owing to fivefold icosahedral symmetry, close

packing and connection of fullerenes at all faces is impos-
sible; therefore, they are connected through vertices, edges
and some faces. A great variety of combinations of these
bonds is possible and each of them will represent an
alternative reaction channel leading to formation of a
crystal from nanobeads. At moderate temperatures and
pressures, various types of covalent bonds between full-
erenes are possible; X-ray diffraction patterns of such a
phase will be similar to those of amorphous phase.

5. Nanotube/platelet composites
One of the key problems in research on exo-functionalised
nanotubes is to design carbon nanomaterials suitable for
being used as efficient accumulators of hydrogen and other
lightweight gases.37%377 Since hydrogen condenses on the
nanotube surface (or within its cavity),?”” a clearly seen
method of increasing the hydrogen adsorption capacity of
carbon materials is to design novel tubular structures with a
larger surface area. This method was implemented in
practice.?’® Deposition of graphite nanoplatelets on nano-
tube walls (Fig. 26) led to an increase in the nanotube
surface area from ~90 m? g—! to 131 m? g—! in the graph-
ite nanotube/platelets composite material. These carbon
materials can also be used for the synthesis of catalysts or
fabrication of electrodes for fuel cells.?7®

Atomic models of such composites (nanotube + frag-
ment of graphene sheet) are available.3”® The effects of the
type of carbon nanotubes (chiral or achiral), graphene
fragments and possible types of adsorption of these planar
structures on the outer nanotube walls (see Fig. 26) on the
stabilities and electronic properties of the composites were
studied. It was established that owing to strong covalent
C—C bonds, the composites retain their aggregate structure
(do not separate to initial ‘building blocks’, i.e., graphene
and nanotube fragments). After structural relaxation the
structure of tubes remains almost unchanged, whereas the
structures of attached graphene platelets differ significantly
from their initial models, namely, some C—C bonds in
hexagons are cleaved and corresponding atoms form frag-
ments of carbyne-like atomic chains.

Figure 26. Atomic models37° for initial (¢) and optimised (b) structures of (14,0)-NT with
covalently bonded graphite platelets (types /—4); a micrograph37® of a carbon nanotube
covered with graphite nanoplatelets (¢), and energy band structures3’® of isolated and
modified (14,0)-carbon nanotube (d).

Initial nanotube (/) and modified nanotube (2—4). The Fermi level is 0.0 eV.
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Thus, nanotube/platelet composites contain three types
of carbon atoms, that is, four-, three- and two-coordinate
ones. Most atoms (in C¢ hexagons responsible for the
formation of nanotube walls and platelets) have a coordi-
nation number of 3 and sp?bonds. Four-coordinate
sp>-atoms are the atoms of nanotube walls participating in
the covalent bonds with fragments of graphene platelets.
Finally, the sp'-atoms in carbyne-like chains are two-
coordinate. In terms of electronic configuration, nanotube/
platelet composites can be treated as new carbon nanoforms
with mixed (sp! +sp?+ sp?)-type of bonding. In this respect
they are similar to the nanobeads considered above.

According to calculations,?”® joining various graphene
fragments and nanotubes should be followed by the for-
mation of some preferred configurations (forms), which
indicates that formation of periodically decorated nano-
structures is energetically favourable. The type of platelet
ordering on the nanotube surface depends on the size and
geometry of the graphene platelets and on the chirality of
the carbon nanotube. Therefore, variation of these factors
for the initial nanostructures (platelets and nanotubes) can
be an efficient method of nanotube decoration and targeted
‘tuning’ of the properties of such composites. Finally, band
structure calculations (see Fig. 26 d) showed that all com-
posites under study have partially filled bands near the
Fermi level; therefore, their electronic spectra are of metal-
like type.

6. Nanoflowers

There exist systems which can be considered related to
nanotube/platelet composites discussed above. These are
the so-called ‘nanoflowers’,38% j.¢., spheres 200 to 600 nm in
diameter composed of many graphite-like flakes (thickness
less than 5 nm each) that are ‘linked’ in some way. Nano-
flowers have hollow cores. It is assumed 330 that these
structures can (i) find application as materials for catalysts
and (ii) be interesting for the design of electric and magnetic
nanodevices. More detailed information on the atomic
structure and character of interatomic interactions in these
materials is unavailable as yet.

7. Nanodisks and nano-batons

Unusual composite materials are formed upon incorporat-
ing additional carbon clusters into cage nanostructures.
Inner ‘linking’ in these structures can be due to participa-

tion of atoms of the fullerene or nanotube walls.3®! Hypo-
thetical cage structures built of carbon atoms forming 3 and
4 covalent bonds with neighbouring atoms were respectively
called 3! carbon nanodisks (NDs) — analogues of full-
erenes — and carbon nano-batons (NBs) — analogues of
carbon nanotubes. Unlike conventional nanotubes and full-
erenes, these structures contain not only C(sp?) atoms with
a coordination number of 3, but also C(sp?) atoms with a
coordination number of 4 (Fig. 27).

A homologous series of simplest nanodisks containing
two C(sp?) atoms to form an sp3-bond and thus to ‘link’ two
half-disks was proposed.?8! This series includes NDs con-
taining the number of atoms given by the following expres-
sion:

Ci=44+48i+ 1242,

where i = 0, 1, 2, .... One can assume #4390 the existence of
more complex nanodisk structures containing more than
two C(sp?) atoms. Such structures can also have a disk-like
shape, but they contain a larger number of ‘links’ (provided
the same number of atoms, see Fig. 27). Calculations point
to stability of NDs.?8! The total number of sp?*-atoms in ND
structures can vary from 4 to Nmax

Nmax = 612+ 18i + 14,

where i =0,1, 2, ....

Nano-batons3¥! can be obtained from nanodisks just
like carbon nanotubes are made of fullerenes, i.e., by
‘cutting’ nanodisks into two pieces and inserting fragments
with two C(sp?) atoms between the half-disks. Similarly to
carbon nanotubes, nano-batons can differ in orientation of
carbon —carbon bonds relative to the axis.

The total (Eio) and specific (Esp) energies were esti-
mated for the optimised structures of NDs and NBs.38! It
was established that for nanodisks the Eg, value monotoni-
cally decreases as the number of atoms increases; in other
words, the formation of large NDs is energetically favour-
able. The formation of NBs is less favourable compared to
NDs and the energies Es, of zig-zag NBs are lower than
those of armchair NBs. It is assumed$*38! that these
structures can be obtained from fullerenes and short nano-
tubes in the case of formation of strong covalent bonds
between neighbouring fullerene or nanotube walls. Prob-
ably, these bonds can form upon high-pressure treatment of
fullerenes and nanotubes when the oppositely lying walls of

baton Ciags (d).38!

atoms.

Figure 27. ‘Umbrella’-shaped group of carbon atoms (Cazs), which serves a basis for the
structure of nanodisks («); nanodisk structures: Ca4/2 (b) and Cas7 (¢); and structure of nano-

Positions b—d: side view (on the right) and top view (on the left); the subscripts in the formulas
Caap2, Caaj7 and Ciagp> are the ratios of the number of C(sp?) atoms to the number of C(sp?)
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deformed structures can approach one another to form
covalent bonds between them.

VII. Boron nitride nanostructures

1. Clusters, onions, nanotubes and horns

There exist a number of crystalline boron nitride poly-
morphs. These are sphalerite-type c-BN (analogue of cubic
sp3-diamond), wiirtzite-type w-BN (analogue of sp3-lonsda-
lite), graphite-like h-BN (analogue of sp?-graphite) and its
hexagonal (2H, 4H, 6H), cubic (3C) and rhombohedral (3R,
15R, 21R) polytypes, turbostratic t-BN, ezc.!>93-382 Short
affter the discovery of carbon fullerenes, onions, nanotubes
and other nanostructures, their BN-analogues were synthes-
ised or corresponding atomic models were reported.383 411
The atomic structure, properties and possible fields of
application of BN-nanostructures have been studied quite
thoroughly.30162.383-387 Here we will consider new boron
nitride nanoforms based on the BN-nanostructures men-
tioned above.

2. Fulborenes, a family of fullerene analogues

An atlas of carbon fullerenes includes thousands of full-
erenes.*!? The question arises of which boron nitride poly-
hedra are analogues of C,, fullerenes. Carbon fullerenes with
homopolar C—C bonds are comprised of hexagons and
pentagons; their structures contain no squares with strained
bonds that are much weaker due to deviation of the bond
angles from the equilibrium values. In BN-fullerenes, the
B~—B~ and N*—N" bonds are much weaker than
B~ —N™* heteropolar bonds; therefore, ring formation
from squares, octagons and decagons is more favourable
than from pentagons. Thus, stable BN-analogues of carbon
fullerenes should not contain pentagons.

As mentioned above, icosahedral carbon fullerenes can
bond to one another through vertices, edges and (in some
cases) faces; in this case the formation of close-packed
covalent diamond-like crystals is impossible. Contrary to
this, crystal-forming B, N,, polyhedra can form close-packed
crystals. According to a general approach,®® crystal-forming
X, Y, polyhedra used to form close-packed crystals should
be convex polygons and meet the following conditions:

(1) Euler’s rule

fryv=1+2,

Table 2. Parameters of the smallest crystal-forming (4,6)-clusters.

where f, v, [ are the numbers of faces, edges and vertices,
respectively;

(2) faces should be square, hexagonal, octagonal, deca-
gonal, efc. (generally, contain only even number of edges,
ie., 4, 6, 8, 10, etc.); in contrast to C, fullerenes, these
polygons should not contain pentagons;

(3) the isolated ring (square, octagon, decagon, etc.) rule
analogous to the isolated pentagon rule for fullerenes;

(4) contain only alternating X —7Y covalent bonds that
are more stable than the X—X and Y —Y bonds;

(5) the number of isolated faces should be consistent
with the crystal system. If it is equal to 4, 6, 8, one deals with
tetrahedral, cubic and hexagonal symmetry, respectively.
Joining clusters through these faces using the same bonds as
those between the atoms located at polygon vertices allows
one to obtain close-packed crystals with sphalerite, simple
cubic (SC), body-centred, face-centred cubic or hexagonal
close-packed lattice (Table 2).

Crystal formation by copolymerisation through faces
causes formation of strong diamond-like sp3-bonds, which
stabilise cluster crystals; if all isolated faces in a crystal are
copolymerised, all bonds in the crystal are diamond-like
ones. The conditions 3 and 4 are stability criteria for
clusters and the conditions 2 and 5 are the criteria for
crystal-forming ability.

As an example, we will calculate the smallest crystal-
forming (4,6)-clusters comprised of squares and hexagons.
If the number of squares (hexagons) is equal to ¢ (h), the
total number of faces is

f=c+th,

and the total number of edges is

l_4c+6/1
=5

because each square and hexagon has 4 and 6 edges,
respectively, one of them being shared between two faces.
Taking into account the fact that each vertex is shared by
three faces, the total number of vertices is

4c¢ + 6h
3

c h f=c+h [=@c+6h)2 v=_(4c+ 6h)/3 Cluster Lattice
6 4 10 24 16 Cig, XYy sphalerite
6 12 30 20 Ca, X10Y10 SC
8 14 36 24 Caq, X12Y12 SC, BCC
12 18 48 32 Cs2, X16Y76 SC, FCC/FCCP
14 20 54 36 Css, Xi1sY1s SC
12 4 16 36 24 C24 N X12Y12 FCC/FCCP, sphalerite
6 18 42 28 Cas, X14Y 14 SC, FCC/FCCP
8 20 48 32 Cs2, Xi16Y 16 FCC/FCCP,BCC
12 24 60 40 Ca0, X20Y20 FCC/FCCP
18 4 22 48 32 Cs2, X16Y 16 sphalerite
6 24 54 36 Cs6, X18Y18 SC
8 26 60 40 Ca0, X20Y20 BCC
12 30 72 48 Cag, X24Y24 FCC/FCCP
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Substituting these expression into Euler’s relation, one
gets the following equation:

cih4 (4c+6h): (4c+6h)+2’

3 2

which has the solution ¢ = 6. It follows that the number of
square faces in (4,6)-clusters should be equal to or multiple
of six,c=6i(i =1, 2, 3,...), while the number of hexagons

can be arbitrary. By sequentially searching for i and specify-
ing & in accordance with the crystal system, one can obtain a
complete set of all possible crystal-forming clusters.

Similar relations can also be derived for other basic non-
hexagonal networks. For instance, the B24N»4 cluster
(Fig. 28) is built of (4,6,8)-rings and the BeoNgo cluster is
built of (4,8,10)-rings. Clearly, there exist isomers contain-
ing same-composition clusters of different structure, e.g.,
three B1sNj¢ isomers.

Figure 28. Structures of fulborenes (@) and crystals based on them, fulborenites (b, ¢).?>23

Fulborene molecules (@); the unit cells of fulborenites built of B12N;, fulborenes with the SC- (I) and BCC- (2) lattices and the coordination
tetrahedron of the wiirtzite and sphalerite lattices (3) (b); the unit cells of fulborenites built of B24N»4 fulborenes with the SC- (7), BCC- (2) and
FCC- (3) lattices (c); and the unit cell of molecular FCC-crystal (/) and a polymer chain (2) formed by BsoNeo fulborenes (d).
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Based on the conditions /-5, which specify the total
number and structure of crystal-forming clusters, and using
the Schlegel diagrams, one can simulate the structure of
these clusters and determine coordinates of all atoms. Next,
one can determine the symmetry groups and crystal lattice
types for these clusters.

For example, fullerene-like boron nitride clusters
B12Ni2, B2aNoy, BeoNgo called fulborenes were considered
as crystal-forming clusters.?>23 They were synthesised by
laser ablation of hexagonal BN and detected by time-of-
flight mass spectroscopy and high-resolution electron
microscopy.?# 23413 Note that a large group of BN-clusters
is available at present, in particular, BogN>g (Ref. 414),
B36N3g (Ref 415), etc.

3. Fulborenites, crystals built of B12N;2 and B24N24
fulborenes
Boron nitride has not only conventional polymorphs
(see above), but also a number of unusual ones.!® Some
of them have been synthesised; their densities are inter-
mediate between those of h-BN (2.28 g cm—3) and ¢-BN
(3.5 g cm—3).416-420

For instance, the E-phase (explosive) was obtained as
tiny crystals (size 0.1—0.5 mm, density 2.51-2.60 g cm—3)
by exploding hexogen (~ 100 g) over hexagonal BN.#!¢ The
E-Phase was also synthesised 4> ~423 by deposition of h-BN
powders on a cold Si-substrate; vapour phase crystallisation
of, e.g., BH3;+ NH3 obtained from a B,O3;+ N>+ H, mix-
ture; crystallisation of the BN-phase obtained by laser or
electron irradiation of h-BN under normal pressure. The IR
spectrum of B9Ny cluster was calculated; taking account of
coincidence of the theoretical frequencies of three vibra-
tional modes (960, 1247 and 1459 cm—!) with experimental
data, it was concluded that the E-phase is built of BgNy
molecular clusters with sp?- and sp3-bonds.#?> A new boron
nitride polymorph 4?4 is also similar to the E-phase.

An approach to structure determination of such poly-
morphs has been reported.?”23 BN-crystals with SC-,

Figure 29. Matching of X24Y24
polyhedra 2223

In BCC-lattice of central poly-
hedron with polyhedra located
in vertices of a cube (a), in a
tetrahedron with rotation of cen-
ke b tral polyhedron (in sphalerite
Py 2 lattice) (b) and in tetrahedron
" without rotation of central poly-
hedron (in diamond lattice) (c¢).

FCC-, BCC- and diamond lattices were built of the fulbor-
enes mentioned above. Note that obtaining an equilibrium
and stable structure upon joining crystal-forming X»,Y>,
heteromolecules requires rigorous alternation of X—Y
heteroatomic bonds, which is not always possible. For
instance, Fig. 29 presents the matching of X»4Y 24 polyhedra
through edges and faces in the formation of BCC-lattice and
tetrahedra in the sphalerite and diamond structures. In all
cases, an ideal matching of faces to form only hybridised
X —Y bonds is impossible, because weaker X —X and Y —Y
bonds are formed unavoidably.

a. Hyperdiamond fulborenite HDF-B;,N1>

The unit cell of hyperdiamond fulborenite HDF-B;>Nj> is
shown in Fig. 30.%° This is a sphalerite lattice whose sites
are occupied by B12Nj2 fulborenes. Hyperdiamond fulbor-
enite B12Nj2 has a porous structure belonging to faujasite
structural type (natural zeolite). The lattice parameter and
density of HDF-B,2N, calculated 402-403 using a value of
0.145 nm for the B—N bond length are a =1.152 nm
and p =259 gcm~—3, being in good agreement with
experimental data for the E-phase (a=1.114 nm,
p=25-2.6 gcm3).83423 This suggests that the E-phase
is actually HDF-B;2Nj>. The fulborenite in question is a
semiconductor with a forbidden gap of 3.5 eV.

Figure 30. Unit cells of hyperdia-
mond fulborenite HDF-B;)N»
[projected on the (111) plane] (@)
and simple cubic fulborenites
SCF-B24N24 (b) and SCF-B12N12
().

Vertices of a cube (shown by
thicker lines) are occupied by ful-
borenes.

The calculated 424425 bulk modulus of HDF-B|>2Nj»
(B =658 GPa) is higher than those of diamond
(B = 443 GPa) and c-BN (B = 369-400 GPa), which can
be responsible for the increased hardness of this crystal.#2¢
The elastic moduli depend on the strength of atom—atom
bonds and structure. The energy of B—N sp3-bonds in
HDF-B2Nj2 is no higher than that in ¢c-BN (~4.00 eV)
owing to distortions of tetrahedra and deviation of bond
angles (90°, 120°) from the equilibrium value (109.47°).
Therefore, an increase in the bulk modulus of
HDF-B2Nj2 is due to strengthening of the cage. Compared
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to the sphalerite-type BN, HDF-B;2N > has a distorted, but
stronger cage. This can be explained as follows. Compres-
sion causes structural distortion but not ‘softening’, as in
diamond; rather, it is followed by structural recovery and
transition to a more equilibrium state. The internal strain
energy is compensated by external load.

b. Simple cubic fulborenite SCF-B24N24

According to calculations,*?* simple cubic fulborenite
SCF-B24N»24 has the following parameters: equilibrium
SC-lattice constant « = 0.7346 nm, B—N bond length
0.1521 nm, number of atoms in unit cell Z =48,
p=2495gcm~3, B=367 GPa and a forbidden gap of
3.76 eV. The equilibrium B—N bond length is somewhat
smaller than in cubic boron nitride (0.1565 nm),*** being
close to the lengths of the bonds between n-membered rings
in isolated molecule (lg_¢ = 0.1425, [3_4=0.1503,
le 4 = 0.1529 nm).#!3 Besides, SCF-By4Ny4 is characterised
by electron density transfer from boron to nitrogen atom; in
addition, the B—N bond covalency is higher than its
ionicity.

Fulborenite SCF-B24Nb»4 is a heteropolar semiconductor
whose bulk modulus is comparable with that of cubic boron
nitride. At the same time it is a new BN-zeolite with a
channel diameter of 0.46 nm. This fulborenite seems to be a
new promising semiconductor, ligthweight superhard struc-
tural material, molecular sieve and catalyst.

c¢. Simple cubic fulborenite SCF-B{3N2

The calculated characteristics of simple cubic fulborenite
SCF-B2Nj> are shown in Table 3. This is a semimetal with
a forbidden gap of 0.1 eV. It should be noted that the
crystal lattice of SCF-B12Nj2 is not too stable, because it
contains the B— B and N —N bonds not present in fulbor-
ene B;2N2 and all known boron compounds with nitrogen.
These bonds between two neighbouring fulborenes can be
excluded by rotating one of them by 90° about common
twofold symmetry axis passing through the centres of the
square faces. Consecutive exclusion of B—B and N—N
bonds leads to formation of a face-centred NaCl-type lattice
in which sodium an chlorine atoms correspond to the initial
and rotated B12Nj2 fulborene molecule, respectively.

Table 3. Calculated parameters of fulborenites: bond lengths (/5 _n /nm),
lattice constants (¢ /nm), number of atoms in the unit cell (Z), density
(p /g em—3), forbidden gap (~ E, /eV) and bulk modulus (B /GPa).”®

Fulborenite IB_N a Z p ~E, B

HDF-B>N» 0.1405 1.1191 192 2.823 3.05 658
SCF-By4No4 0.1521 0.7346 48 2.495 3.76 367
SCF-B12Ny» 0.1537 0.5886 24 2.425 0.1 340

4. BN-nanotube associates

Recently, some advances have been made in the synthe-
sis 427432 of both random (straw-type or cotton wool-type)
and ordered associates of BN-nanotubes in the form of
bundles, forest or wheat field. By analogy with carbon
nanotube bundles, BN-nanotube bundles were grown on a
substrate 4°° preliminary coated with catalysts (iron nano-
particles). Nanotubes grow on these particles and then
merge to form bundles; therefore, the pattern of nano-
particles on the substrate prescribes the structure of the
growing nanotubes.

Ordered associates are fabricated 430-432 by template-
assisted vapour phase deposition (or by sol—gel technique)
of BN-nanotubes in channels of mesoporous matrices,
which include various SiO,- or Al,Os-based membranes
prepared by electrochemical etching of plates a few micro-
metres to a few millimetres thick. They contain hexagonal
lattices of cylindrical pores whose diameter (~ 10 nm)
depends on the duration of the process (etching).

5. Haeckelite- and graphyne-like boron nitride
nanostructures
Among boron nitride nanostructures, graphite-like BN sp?-
nanotubes (h-BN-NT) whose walls are formed by B3Ns3
rings have been best studied.>0-63.162,382-387 [n addition,
BN-tubes with modified wall structure have been proposed.
Namely, BsN3; hexagons are replaced by a combination of
tetragons (B2N3) and octagons (B4N4) or by B—N-penta-
gons or/and heptagons.*33

It is known that carbon nanostructures are often treated
as prototypes in search for their heteroatomic ana-
logues.>0-63,162.382-387 Factors affecting the stability, struc-
ture and electronic-energy properties of new BN-nanotubes
and fullerenes based on structural motifs of non-graphite
forms of carbon, namely, haeckelites and graphynes (see
Section V) have been studied.434 438

The structures of planar networks of 2D-forms of boron
nitride, that is, hexagonal h-BN and hypothetical graphyne-
like g-BN (isostructural analogue of a-graphyne), are built
of B3N3 and {B3N3(BN)e} rings, respectively. They are
shown in Fig. 31. Estimates*3** of the dependence of the
total energies of zig-zag and armchair nanotubes on their
diameters showed that nanotubes become less stable as their
diameters decrease. The energies of achiral (armchair or zig-
zag) tubes are close, i.e., one can expect that the synthesis of
g-BN-NT will afford comparable amounts of the armchair
and zig-zag nanotubes unlike most inorganic nano-
tubes,48-31.162,363,439-441 which are characterised by pre-
ferred stability of a particular configuration type.

All g-BN-nanotubes are wide-gap semiconductors
(width of forbidden gap is ~ 5.7-5.9 ¢V);*3® with B—N-
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Figure 31. Fragments of planar sheets: h-BN (a) and g-BN (b) and
structural models for corresponding zig-zag (z) and armchair (a)
nanotubes.*33
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interactions being the main type of covalent bonds. These
nanotubes are characterised by longitudinal and transverse
anisotropy of B—N-bonds; the populations of two-centre
B —N-bonds in B3N3(BN)e rings are significantly different.
This effect, as well as the electron density polarisation along
the B — N direction may result in atomic displacements in
the nanotube wall and in a radial (or more complex) atomic
relaxation, i.e., one can expect43*-43¢ transformation of
‘ideal single-wall’ g-BN nanotubes to ‘multi-wall’ ones,
comprised of coaxial ‘atomic cylinders’ made of various
(nonequivalent) boron and nitrogen ions. g-BN nanotubes
contain B(sp') and N(sp?) atoms with the coordination
numbers 2 and 3, respectively. Similarly to the carbon
prototypes (see Section V), they can be classified as mixed
(sp! + sp?)-type boron nitride nanopolymorphs.

One of the most attractive features of g-BN-NT is their
highly porous structure.#34-43¢ These systems can be con-
sidered as promising matrices for the design of a family of
novel intercalated nanomaterials with various properties.
Magnetisation studies of g-BN-NT with defect walls or
impurities (as in the case of ‘classical’ h-BN-tubes) may
appear to be quite interesting.**?4*3 Models for graphyne-
like cage (fullerene-like) BN particles were also proposed 444
and their stabilities analysed in comparison with those of
the carbon analogues.**’

Haeckelite-like BN-nanotubes are comprised of 4-, 6-
and 8-membered boron-—nitrogen rings.*37-43% Simulation
of their structural and electronic-energy properties showed
that they are wide-gap semiconductors (forbidden gap
width ~ 3.3—4.1 eV). These systems are less stable than
classical h-BN tubes (by 0.3 eV per atom).*37-438 The
possibility of using haeckelite-like BN-nanotubes as mate-
rials for opto-electronic devices has been discussed.*38

6. Monolithic BN-nanofibres
Information on monolithic BN-nanofibres is rather scarce.
The case in point is that the known BN-fibres with h-BN (in
the form of a ‘rope’ of nested cones rolled from graphite-
like h-BN networks),*#0-448 . BN 44 and c-BN* struc-
tures are, as a rule, fabricated in a mixture with other
BN-nanostructures (nanotubes, nanoplatelets, nanocrystal-
lites, fullerenes, ezc.). Isolation of fibres in a pure state is a
complicated task.#*® The structural, thermal and electronic-
energy properties of cubic BN-nanofibres were simu-
lated.*>' A complete or partial rearrangement of the cubic
to hexagonal structure of BN-nanofibre depending on the
size, morphology and thermal treatment was revealed
(Fig. 32). Energetically stable c-BN nanofibres are two-
phase systems: the nanofibre ‘shell’ has a hexagonal (sp?),
whereas the ‘core’ has a cubic (sp?) structure. Therefore, one
deals with the formation of hybrid (sp?+sp®) BN-nano-
fibres combining two structural types, h-BN and c-BN.
Experimental evidences for simultaneous presence of sp?-
and sp3-bonds in BN-nanofibres have been reported.*>2 For
BN-fibres, the structural rearrangements mentioned above
will depend on the nanofibre size (diameter), face type
(nonpolar or polar face) and the number of noncompen-
sated (broken) bonds at the atoms located on faces.
Simulation of sp? «» sp? structural transformations
including those induced by heat treatment*! in
BN-nanofibres revealed noticeable variation of B—N
interatomic distances. This correlates with the change in
the coordination number of atoms, which equals 3 for the
hexagonal (sp?) and 4 for the cubic (sp?) structure. For
instance, for the most thin fibres the average coordination

number is appreciably smaller than three owing to the
presence of numerous ‘surface’ atoms with broken bonds.
The average coordination numbers of the thickest fibres are
greater than three due to the presence of sp*-atoms with a
coordination number of four in the cubic ‘core’ of the
nanofibre. As the fibre size increases, the average B—N
distances increase from 0.143 nm to 0.155 nm, obeying
a known trend in the following order: BN molecule
(coordination number 1, lp—~ = 0.128 nm) — linear
chain ...—B—N—-B—-N-—... (coordination number 2,
Is_~ = 0.130 nm) — crystals: h-BN (coordination num-
ber 3, Ig_~n = 0.145 nm) — c-BN (coordination number 4,
Ig_~ = 0.157 nm).#3%-453 Boron —nitrogen nanofibres can
possess both semiconductor (forbidden gap is narrower
than in ¢-BN) and metal-like properties.*>*

7. Nanocomposites

In this subsection we will consider main types of composite
materials containing boron-—nitrogen nanostructures and
first of all BN-nanotubes.

a. Nanopeapods

In addition to ‘carbon only’ peapods (see above), a family of
related heteroatomic (0D + 1D)-nanomaterials is known.
Here, the role of shells is played by boron—nitrogen nano-
tubes and the intercalant molecules include C, fuller-
enes,302:371.455-458 M, @C, endofullerenes*® and other
cage systems (metallocarbohedrenes MgCj,) 460463 or bor-
on—nitrogen molecules B, N,, 391,464,465

An interesting feature of nanopeapods is the ability of
the fullerene ensemble confined within the nanotube to
undergo a spontaneous, thermally induced or radiation-
induced polymerisation. For instance, a study of
Ceo@BN-NT nanopeapods (regular Ceo chains within BN
nanotubes) suggested 349 coalescence of Cgo fullerenes with
the formation of two-layer nanotubes (carbon NTs inside
boron nitride NTs). The system is thought3? to be a
prototype nanowire, that is, a conducting carbon nanotube
is sheathed with boron nitride ‘insulation shell” (BN-nano-
tube) possessing the properties of a wide-gap semiconductor
(forbidden gap width ~ 5 eV). Exposure of C,@BN-NT
peapods to a high-energy electron beam led to formation of
a carbon nanotube inside the BN-NT.37!

Simulation of B12N2@BN-NT nanopeapods based on
boron nitride nanotubes with inner cavities filled with
1D-chains of small boron—nitrogen fullerenes B;2Nj> was
reported.*®> These structures have attracted the attention of
researchers as ‘structural units’ of new a boron nitride
polymorph, E-phase, or hyperdiamond fulborenite (see
above). The electronic-energy properties of the boron-—
nitrogen peapods under study depend on the mutual (sym-
metrical or asymmetrical) arrangement of neighbouring
Bi2N;> molecules, i.e., when the closest atoms in the
neighbouring molecules are of the same (B—B or N—N)
or different (B—N) nature. Thermally induced deformation
of these nanopeapods is of considerable interest: 4% at
300 K, fullerenes in the chain become noticeably distorted
due to formation of additional B— N bonds between Bi2N»
particles. Therefore, one can suggest that under standard
conditions Bi2Nj> fullerenes in structural voids of
BN-nanotubes are prone to undergo spontaneous polymer-
isation with the formation of quasi-1D structures of the
‘pearl necklace’ type. Further heating to 1000 K causes a
complete degadation of individual B;2N;> particles
and formation of a system of monatomic ‘threads’
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Figure 32. Initial atomic structures of cubic BN crystal (a), cross-sections of initial and optimised nanofibres () and initial and optimised type I

nanofibres (¢).*!

(a) 1, 11, TII denote nanofibre types; 001, 111, 110 denote the directions of ‘cutting’ boron nitride nanofibres; (b) from left to right shown are types
I, II and III; (c¢) initial nanofibre (/), nanofibre with nonpolar faces (2), nitrogen-rich nanofibre with polar faces (3), and boron-rich nanofibre with

nonpolar faces (4).

...—B—N—B—N-—... inside the tube; similarly to carbyne,
they have a coordination number of 2 and the sp!-type
of bonding. In other words, heat treatment of
BioN12@BN-NT leads to formation of a new structure of
the mixed (sp! +sp?) type. Peapods retain this structure up
to 2000 K. Finally, raising the temperature to 3000 K
causes the atomic structure of the peapod shell to break
down. The entire system completely loses its initial structure
(at 0 K), being transformed to a variety of entanglements
and ropes of —B—N—B—N— threads; this is accompa-
nied by partial atomisation of the system.

Thus, thermally induced coalescence of carbon fuller-
enes in the peapod causes the formation of extended nano-
capsules or carbon nanotubes inside the nanotube,*0°

whereas coalescence of small fullerenes (B12Nj2) results in
the formation of a system of atomic threads
—B—-—N—-B—N-— (from the initial particles) rather than
new cage structures within the nanotube.

b. BN-nanotubes bundles and lattices

Unlike carbon nanotubes, BN-nanotubes are not prone to
form compact bundles. A possible reason can be the electro-
negativity difference between the boron and nitrogen atoms.
Indeed, it is very hard to form the most energetically
favourable system, which requires a perfectly ordered
arrangement of neighbouring nanotubes in such a manner
that the nearest atoms be of different nature (B—N).
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Nevertheless, estimates*®7 point to the possibility of
formation of ordered assemblies of BN-nanotubes, because
the cohesive energies of nanotube beams at equilibrium
intertubular distances (~0.30—0.31 nm) are negative,
which indicates the possibility of spontaneous formation
of BN-nanotube bundles. The bundles retain cylindrical
morphology of BN-NTs. Interestingly, the degree of charge
transfer (B — N) in nanotube walls increases upon bundle
formation. This indicates strengthening of intertubular
interaction as nanotubes approach one another, although
the overall charge density distribution in the bundle is
essentially anisotropic and depends on the chirality and
arrangement pattern of neighbouring nanotubes in the
bundle. Apparently, the stabilities of nanotube bundles
will depend on the number of B—N pairs in the region of
contact between neighbouring nanotubes, which ensure the
strongest bonds. Young’s modulus of BN-NTs is lower than
that of carbon tubes; with respect to conducting properties,
the BN-NT bundles are wide-gap semiconductors (forbid-
den gap width is ~4.4 eV).44¢

A particular family includes theoretically designed 387
tubular superstructures representing covalent lattices com-
prised of fragments of conjugated BN- and carbon nano-
tubes. These systems are considered as prototypes of
electronic nanodevices. As in the case of ‘carbon only’
nanotubular lattices, all atoms (B, C, N) in these systems
have a coordination number of 3 and form sp-bonds.

c. Nanowires and other heteroatomic composites containing
BN-nanotubes

At present, a large number of theoretically predicted nano-
composites combining BN-nanotubes with nanostructures
based on other substances or compounds have been syn-
thesised (Fig. 33). Among them, nanowires (nanoscale con-
ductors sheathed with insulation shell, see above) have
attracted the attention of researchers as promising func-
tional elements for various electronic nanodevices. Here, the
role of insulation shells is played by BN-nanotubes possess-
ing stable dielectric properties. As mentioned above, the
widths of their forbidden gaps remain almost constant (vary
between 4 and 5 eV) irrespective of tube diameter and
chirality.

Figure 33. Fragments of 2D- («) and 3D-lattices (b) made of carbon
and BN nanotubes.?%7

Two types of nanowires have been proposed.*68=480 The
first type represents a system of two coaxial nanotubes
including a nanotube with metal-like conductivity type,
e.g., (C-NT)@(BN-NT)468.:472.473 o (BCN-NT)@(BN-
NT) 47 encapsulated within insulation shell (BN-NT). The
other type of nanowires includes BN-nanotubes filled

with conducting monolithic nanorods (nanofibres),
e.g., SiC@(BN-NT),4”> M@(BN-NT),4’> where M is a
3d-metal. The last-named nanocomposites also exhibit
attractive magnetic properties.442 480

Considerable literature 386,387,468 -471.481-486 ig deyoted
to studies of a large set of other (both synthesised and
predicted) nanocomposites containing BN-NTs. These are,
e.g., BN-nanotubes with different-type impurity atoms (C,
Si) on NT walls covered with various adatoms, conjugated
with nanotubes of different chemical composition or
‘inserted’ into various matrices.38% 387 However, analysis of
these nanomaterials goes beyond the scope of this review.

VIII. Conclusion

The discovery of carbon fullerenes and nanotubes laid the
foundation of present-day step in the development of
concepts of carbon nanoforms. Numerous experimental
and theoretical studies carried out in the last two decades
made it possible to obtain and collect detailed information
on the atomic structure and physicochemical properties of
carbon nanoforms and to determine fields of their applica-
tions.

A new line of investigations in physicochemistry of
carbon nanoforms involves search for and synthesis of new
nanostructures based on them, namely, quasi-1D, 2D
(films) and 3D (crystals) associates of the hollow nano-
structures. These efforts are accompanied by studies on the
synthesis and properties of new monolithic carbon nano-
forms (diamond-like crystallites and fibres) as well as more
complex carbon—carbon nanocomposites representing var-
ious combinations of the carbon nanoforms mentioned
above.

A large class of new carbon nanostructures was pre-
dicted theoretically. To date, many systems have been
synthesised. They provide a much better insight into the
nanosized states of carbon. In addition, they are of consid-
erable practical interest as promising superhard materials,
catalysts, materials for gas storage, molecular sieves and
nanoelectronics. Clearly, the most interesting avenue of
research involves extension of (i) variability ranges of
properties and (ii) application fields of carbon nanomate-
rials. Progress in this area will give an impetus to more
thorough investigations of systems in question.

Research in this field is in essence scientific exploration
aimed at predicting the atomic structure, stability factors
and physicochemical properties and developing methods of
synthesis of new nanoforms. It also involves solution of
materials science problems concerning the design of novel
polyfunctional carbon nanomaterials. Modern quantum
chemical methods of computer-assisted materials science
also play an important role in elucidation of the structure
and properties of these materials.

Concluding, the results obtained in studies of new
carbon nanoforms enabled structure determination of
some previously found unusual carbon allotropes. These
studies also gave an impetus to search for analogous nano-
forms of other inorganic compounds. The authors of this
review tried to report on some advantages in the last-
mentioned investigation line taking new boron nitride nano-
forms as examples. Taking account of experience accumu-
lated in studies of fulborene(B,N,)-based phases, one can
assume that many other compounds with sp2-type of bond-
ing can form fulborene-like crystal-forming clusters of
general formula X, Y, and therefore one can design a
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variety of systems representing new nanoforms of related
compounds of the AIN, SiC, etc. types. Based on combined
lattices of crystal-forming clusters, one can derive a large
class of new artificial zeolites, clathrates and polymers.

Small size of these structures can be explained by high
degree of their ordering and complexity. Unfortunately, the
same reasons preclude large-scale synthesis. Many of the
proposed carbon and BN nanoforms are metastable, which
also makes their synthesis difficult.

Summing up, in the nearest future one can expect the
emergence of novel nanoarchitectures based on metal
oxides, metal dichalcogenides and other layered compounds
prone to formation of nanotubes and fullerene-like clusters,
as well as novel nanomaterials, nano-items and nanodevices
based on them. It is these novel nanoarchitectures ‘tuned’ to
detect the predicted size and resonance effects that should
be used to observe new phenomena.
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