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Nanotubes - an Outstanding
Set of Nano Particles?

Abstract. Nano particles constitute a fascinating class of material which is still difficult
to access. Modern developments in chemical syntheses, like template- and tenside-
aided reactions, downscaling of physical lithography, and availability of high-resolu-
tion microscopy, like the scanning probe and electron microscopy, have opened doors
into this size regime. The nanotube materials seem to be most attractive because of their
large anisotropy and geometrical pre-functionalization. More and more routes towards
nanotube materials are being explored based on quite different chemical compounds.
Different growth mechanisms are discussed, the study and control of which is a key
point of generating well-defined nanotubes. These may serve as hosts for future nano
devices.

ward, and only very few examples are
known which obey the conditions of sharp
determination of shape and size, today.
Although, the latter are well-developed
for molecular systems on the one hand and
micro technology on the other, they are
under enforced investigation in solid-state
and biomineralization sciences. Closing
this open gap is one of the prominent,
fascinating goals of the research on nano
particles.

The size domain we are talking about
reaches from, say, two nanometers to one
hundred nanometers, and, as already men-
tioned, shape will play an important role.
We will give a short summary of distinct
forms of such particles by which specific
functionalities may be achieved starting
with finite entities.

2.2. One-Dimensional Nano Particles
The 1D representatives we would like

to mention here, may have one macro-
scopic dimension (e.g., in the micron range)
but are in the other two directions of nano

2.1. Zero-Dimensional Nano Particles
Spheroids are compact or hollow enti-

ties of more of less spherical form (cf. Fig.
1, a-d). Fullerenes are very prominent
representatives of this class [3]. Because
of their high uniformity, they may serve
for very isotropic functions.

Tori constitute a different family to
which large ring-shaped molecules be-
long (Fig.], eand.!).Very beautiful exam-
ples of these have been synthesized in
different fields of chemistry [4][5].

Mushroom- or umbrella-shaped en-
tities carry a strong shape anisotropy which
may be used to generate highly nonlinear
effects (Fig. ], g and h [6]).

Short rods or tubes with (Fig. ], k and
I) or without open ends (Fig. ], m and n)
can be thought of as extentions of plate-
like or torus-shaped entities, by stack or
growth processes (Fig. 1, i-u and Fig. 2).

A nearly infinite number of motives of
lower shape symmetry is possible which,
in the end, may be of such a specific type
for that they constitute highly selective
key-lock couples. Many of the large mol-
ecules which are used in supramolecular
chemistry are part of this class.

All the previously mentioned catego-
ries may contain quasi-rigid entities (Fig.
I, a, c, e, g, k, m) or open grown-like
species (Fig. 1, b, d,f, h,j, I, n) for which
the class of dendrimers sets up excellent
examples. The latter may be seen as a
collective of (functional) species fused
together or bound to a surface of another
moiety to a higher hierarchical assembly
to form complex nano particles.

2. Nano Particles

However, reports ofnano particles have
a long history, a real tayloring of nano-
scopic entities is by no means straightfor-

Nanoparticles are extremely attractive
because of several reasons:
1) They belong to the size regime nature

used for building its enormously effec-
tive biological devices;

2) They may allow for a linear downscal-
ing of present technological devices by
at least two orders of magnitude;

3) The amount of material- environmen-
tally dangerous or not - for construct-
ing devices may considerably be re-
duced giving rise to changed judge-
ments in society about which com-
pounds may be dangerous and which
not;

4) The chemical activity of such particles
is by orders of magnitude enhanced
compared to macroscopic materials of
the same chemical compositions;

5) The shape may become an intimate
trigger for the functionality;

6) The physical properties change drasti-
cally giving rise to possible complete-
ly novel behavior like, e.g., low-di-
mensional cooperative effects (e.g.,
magnetic ordering, dipole ordering, or-
dinary and superconductivity);

7) Understanding of synthesis and func-
tionality of nanoscopic entities will
send fruitful impulses into many other
research fields like e.g., heterogeneous
catalysis and materials research.
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'Size is everything' is the title of a
recent comment of R.S.Berry [I] referring
to the observation of the coexistence of
'solid and liquid clusters' in sodium nano
particles by Schmidt et al. [2]. It may not
be all, but it is very important for any type
of matter and this importance increases
rapidly by reaching nano dimensions. The
design of nanoscopic entities is an ongo-
ing task on a way of which only the first
steps have been taken, hitherto. Most im-
portant for the future of science, technol-
ogy, and applications is that developments
in nano science strongly demand interdis-
ciplinary cooperation because neither
chemical nor physical nor technological
approaches are powerful enough to enter
this field successfully on their own.
Achievements in nanotechnology will
necessarily demand for transdisciplinary
creativity and expertise which will be a
matter of R&D groups of individuals of
quite different education but open minds
for interaction.

1. Introduction
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size. If suitable growth processes are found
(c.f Fig. 2), some of the 00 entities may be
transformed into 10 species.

Chains set up basic moieties for the
wast field of polymer chemistry (Fig. 1, 0
and p). Although polymers are extremely
well-handled in polymer science and tech-
nology, it is still a major problem to sepa-
rate and align single chains; this problem
is not solved in general terms for all other
nano particles, as well.

Sheets are very anisotropically cut parts
of 20 layered materials which have only
strong interactions in two directions (Fig.
1, t). In case one dimension of the layer is
yery small, a narrow sheet is formed (of a
few nanometers, depending on the type of
compound and on its structure). If the
dangling bonds at the borders can be satu-
rated by some way, the sheet may be
relatively stable, if not the relatively large
number of dangling bonds along the long
layer direction may be saturated by fold-
ing into a cylinder or a scroll.

Rods are more or less compact 10
entities, to which unbranched polymers
belong (Fig. 1, 0). These may be classical
organic or inorganic polymers, but also
metal, semiconductor or insulator wires
like those which have already been gener-
ated inside of hollow nanotubes of carbon
or of aluminum oxide.

Nanotubes (NT) are hollow entities
which may consist of a single or of multi-
ple walls and may exhibit open (Fig. 1, q
ands) or closed ends (Fig. 1, rands). In the
latter case, the walls may be separated or
a rolled sheet of material like the famous
serpentine mineral (Fig. 1, s [7]).

2.3. Two-Dimensional Nano Particles
The class of 20 nano objects can only

contain layer-like entities. Many related
materials are applied in industrial process-
es, e.g., graphite, molybdenum sulfide,
pillared clays, and muskovite,just to men-
tion a few. However, the sheet thicknesses
of a few angstroms in these materials
makes them belong much more to the
molecular than to the nana regime. Again
it is quite tricky and difficult to grow
thicker layers or eventually such that dif-
ferent types of layers get together in a
well-ordered form. Such quantum layers
can be produced, e.g., of semiconducting
compounds, by molecular beam epitaxy,
and their precise formation is essential,
e.g., for the construction of high-power
semiconductor diodes. However, one
should not only think of flat layers, be-
cause the planar arrangement is just a very
specific case of curved topologies in gen-
eral. We thus would like to discriminate
the following 20 groups:

Planar layers (Fig. 1, t), puckered
layers which extend in two dimensions
(Fig. 1, u), and hyperbolically curved
layers which extend in three dimensions
(Fig. 1, v).

It is not surprising that tenside solu-
tions allow for a consecuti ve generation of
spheroid, tubular, layer-like arrangements
(lamellar phases) which may be planar or
curved, and finally curved layers which
extend into 3D space. If the molecules in
solution impose their shape or the shape of
their aggregations onto another compound
or material which forms from the same
solution, then these molecules are struc-

ture-directing templates [8]. Quite recent-
ly, it has been shown that such tenside
solution structures can mould novel forms
of alumosilicates like the MCM41 and
MCM48 materials with tube openings of
more than 3 nm [9]. We have used a
similar way in synthezising the vanadium
oxide NTs which we will focus on in
greater depth in the following.

3. Nanotubes

The serpentine or crysotile minerals
are the best and longest known examples
of all nanotubes. The compound
Mg3(OHMSi20S] forms a double layer
which consists of Mg06 octahedra on the
one side and Si04 tetrahedra on the other.
As there is a small mismatch of the relative
sizes of the different layers, the double
layers roll up like a carpet [7][10][11].

Inorganic NTs and inorganic rul-
lerene-related (IF) entities of early tran-
sition-metal disulfide compounds likeVS2,

MoS2, and WS2 have been generated as
well by Tenne et al. The syntheses are
based on the preparation of corresponding
compact oxide nano particles as precur-
sors which are then reacted with H2S to
form the layered disulfides and finally the
NTs and IPs. The latter ones are mainly
wrapped around the solid cores of the
residual oxide particles which act as inor-
ganic templates [12]. Quite naturally, the
quality of the NTs and IFs prepared by
such a procedure is very much dependent
on the definition of the precursor particles
and on the actual growth processes, which
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Fig. 1.Schematic representation of nano particles grouped into a-n) zero-dimensional (OD), o-s) one-dimensional (lD), and t-v) two-dimensional (2D)
entities. a-d) Compact and open dendrimer-Iike spheroids, e),f> tori, i)j) rods, k), l) open tubes, 111) 11) closed tubes, 0) linear polymeric strand or rod, p)
nonlinear polymer, q) closed tube, r) open tube, s) scroll, t) planar sheet, u) puckered layer, v) hyperbolic layer extending in 3D (the ball and stick model
has been added to show how a descrete structure can follow such a hyperbolic topology).
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again from a fullerene dome of larger
fullerenes, which areeitherchiral or achiral.
A cylindrical tube is formed by preferen-
tial growth along the rim of this dome
(Fig. 2, a). Even if the initial tube is
achiral, a subsequent sheet generally has
to become chiral when forming a cylinder
(Fig. 2, b). The second sheet serves as a
template for the third sheet which presum-

t
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ings larger than that. From these findings,
another model has been developed which
takes into account that the tubes might
consist of scrolls rather than concentric
cylinders. Simulations have shown that
the scroll and cylinder images would be
almost indistinguishable when viewed
along a normal to the tube axis [28]. In this
new model (Fig. 2, a-e), growth starts

Fig. 2. Proposed formation mechanism of multiwalled carbon nanotubes (MWCNTs). The model
describes the asymmetrical fringe patterns and deviations of fringe spacings frequently observed in
TEM observations of the longitudinal structure of MWCNTs. Starting from a fullerene dome a tube
starts to grow (a). The subsequent closed chiral sheet (b) serves as a template for the third (c) which
does notc1ose (d), because the induced helicitycannot be realized at this enhanced circumference. This
gives rise to a dislocation, which finally leads to the formation of a scroll (e) and therefore to deviations
of fringe spacings from the expected value. f) Construction principle of single-walled carbon
nanotubes (SWNCTs). A graphene sheet is wrapped around a specific direction of the chiral vector
Ch (defined by the unit vectors al and a2 and the chiral angle ()) leading to three different kinds of
SWCNTs (zigzag (n,O), chiral (n,m), and armchair (n,n» with a translational vector Tparallel to the
tube axis. Here, the orientation and length of Ch gives rise to a (4,2) chiral SWCNT.

are difficult to control [12-14]. Very small
amounts of NT and IF materials have only
been obtained in this way.

Another procedure makes use of car-
bon NTs (CNT) as outer templates. There
are several publications on filling CNTs
by different materials leading to forma-
tion of short solid rods [15-17]. Quite
recently, the coating of CNTs by V20S
was also reported resulting in the forma-
tion of a multilayered material [18][19].
Anodized aluminum metal develops lay-
ers of Al203 on the surface which shows
nano pores of quite different sizes and
packing densities [20], which can be used
as outer templates for the formation of
nanorod and nanotube arrays of different
materials which may be deposited into the
pores [20]. Even in the famous 'silica
garden' experiment [21] nanofiber forma-
tion has just recently been observed [22].

Multiwalled carbon nanotubes
(MWCNTs) are preferentially formed in
carbon arc synthesis of fullerenes at the
cathodic deposit as it had been first dis-
covered by Iij ima [23]. According to TEM
investigations, MWCNTs are concentri-
cal, helical tubes consisting of 1-50 bent
graphite layers in a turbostratic arrange-
ment with an buter diameter of 2-30 nm
and lengths up to. I /J1l1. They are closed
mostly on both sides, to a lesser extent
only on one side, either with spherical,
conical or polygonal caps. Most of the
structural investigations ofMWCNTs have
been performed along longitudinal pro-
jection directions; i.e., the tube axis is
perpendicular to the electron beam. These
investigations have shown that the carbon
nanotubes consist of two sets of equally
spaced parallel lattice fringes with d-spac-
ings of 0.34 nm slightly greater than 0.334
nm for crystalline graphite, symmetrically
arranged on opposite sides of the hollow
core. From these investigations, a forma-
tion mechanism has been proposed [24]
leading to a hollow concentric circular
cylinder model (Russian doll model): start-
ing from a fullerene dome at the cathodic
surface, an initial tube is formed that grows
parallel to the electrical field by adding
successively C-atoms which form six-
membered rings. This tube serves as a
template for the second tube that grows
epitactically around the first and so on (cf
Fig. 2, a and b). The incorporation offi ve-
membered rings leads to the closure of the
tubes.

However, this model can not explain
the observations of several groups [25-
27] that most of MWCNTs have asym-
metrical structures, i.e., usual lattice fring-
es with 0.34 nm spacings on one side and
unusual lattice fringes with singular spac-
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ably tends toward a graphitic stacking
with the former, but a complete junction to
a seamless cylinder is not possible be-
cause another chirality has to be realized
due to the enhanced circumference (Fig.
2, c). This leads to a misfit along the
meeting ledges giving rise to an edge-type
Frank dislocation (Fig. 2, d). Therefore,
this sheet now becomes a chiral scroll and
its lateral growth leads to a number of
sheets with the same chiral angle (Fig. 2,
e). The tube, generated by this mecha-
nism, would contain pairs of edge disloca-
tions, which are roughly parallel to the
tube axis and terminate successive scrolls.

Finally, HREM investigations of cross
sections of carbon nanotubes [29] revealed
MWCNTs to be polyhedral or elliptical
along the tube axis with many defects in
the microstructure, e.g., edge-type dislo-
cations and variable spacings between ad-
jacent tube sheets. The application of both
models (seamless cylinder and scroll) is
suitable for the description of these obser-
vations.

Single-walled carbon nanotubes
(SWCNTs) were first produced via co-
vaporizing carbon and a transition metal
(Fe, Co, Ni) in an arc generator [30][31].
There1atively low yields as well as the low
purity of the samples regarding the large
amorphous overcoating of the tubes in
these initial experiments have been drasti-
cally improved using mixtures of transi-
tion metals [32][33]: especially Y in the
presence of Co or Ni strongly favors the
growth of SWCNTs leading to yields in
the range of70-90%. Alternatively, pure
SWCNTs can be produced in high yields
(50-70%) by laser vaporization of transi-
tion metal (metal-mixture)/graphite com-
posite rods in the condensing vapor in a
heated flow tube [34][35]. The extreme
uniformity of the diameters of these
SWCNTs (1.4 A.) leads to a self-organiza-
tion into crystalline 'ropes' or bundles
consisting of 20 [33] or 100-500 [35]
SWCNTs in a two-dimensional triangular
lattice with a = 17 A in the latter case. A
four-probe resistivity measurement re-
vealed that the SWCNTs ropes are metal-
lic.

From these observations, a 'scooter'
mechanism has been hypothesized for the
preferential formation of apparently one
type of SWCNT: A metal atom (Ni) scoots
along the rim of an initial fu]]erene dome
preventing the formation of any energeti-
cally unfavorable carbon structure (e.g.,
incorporation offive-membered rings) by
catalyzing the rearrangement of C-atoms
during growth. If the number of C-atoms
is within a specific critical size range, the
most favored (10,10) armchair configura-

tion of the resulting metallic SWCNT is
realized as observed in these experiments.

Three different kinds of SWCNTs can
be theoretically constructed by rolling a
planar graphene sheet around a vector Ch
of a certain direction on the sheet to form
an open cylinder and close them with
fullerene domes (Fig. 3) [36][37]. The
vector Ch = na, + ma2,which is perpendic-
ular to the tube axis, is defined by different
combinations of the unit vectors a, and a2
on the honeycomb lattice and the chiral
angle e with respect to the zigzag axis: a)
e= 30° yields an (n,n)- 'armchair' tube, b)
e = 0° an (n,O)-'zigzag', and c) a general
direction between 0 and 30° an (n,m)-
'chiral' tube. Theoretical calculations [38]
[39] revealed that the physical properties
of the nanotubes strongly depend on diam-
eter and helicity, and, therefore, symmetry
dictates the physical properties: (n,n)-arm-
chair tubes have band crossings at the
Fermi level and therefore are expected to
be metallic aswell as (n,O)-zigzagor (n,m)-
chiral tubes with n-m = 31(l is an integer),
whereas in the case of n-m -:;:.3 I semicon-
ducting behavior is predicted with a band
gap of ca. 0.5 eV. Quite recently, these
predictions, especially those concerning
the strong one-dimensional nature of con-
duction, have been confirmed from atom-
ically resolved STM images and STS of
individual SWCNTs [40][41].

Vanadium-oxide nanotubes (VOx·
NTs) were obtained as main product
via a sol-gel reaction from vanadium-
alkoxide precursors and primary amines
(C"H21l+,NH2, n = 4-22) which act as
templates [42][43]. The first step of the
synthesis is the formation of a lamellar
structured composite of surfactant and
vanadium oxide which is obtained by hy-
drolysis of an alcoholic solution of a vana-
dium-triisopropoxide amine adduct. Hy-
drothermal treatment of this composite at
1800 leads to the formation of isolated
VOx-NTs after one week. The nominal
composition is V02.4(CI6H33NH2)O.34
when hexadecylamine is used as struc-
ture-directing agent.

Depending on the synthesis conditions,
e.g., concentration or types of template,
VOx-NTs appear as either open or closed
multiwalled tubes (Fig. 3, a). The walls
consist of 2-20 sheets with outer diame-
ters ranging from 15 to 100 nm. The tube
openings vary between 5 and 50 nm, and
maximum lengths up to 15 !-lIIl are ob-
served. VOx-NTs are frequently grown
together in the form of bundles. In the
electron diffraction patterns, the average
layer thickness of the walls present in the
tubes gives rise to a corresponding row of
sharp reflections with narrow distances

close to the center of reciprocal space.
This fact indicates that the wall layers are
indeed well-ordered and oriented in a par-
allel manner in the observed area. Howev-
er, further Bragg reflections are present,
which are arranged on a square with an
edge length of ca. 0.62 nm and which are
caused by the structure within the layers.
Remarkably, these reflections appear on
the same sites in all NT samples, while the
distance between the reflections in the row
significantly shifts with the layer thick-
ness which varies with the template. This
row of reflections is rotated by 45° in
respect to the square of reflections, indi-
cating a well-defined orientation relation-
ship between layer structure and the walls.
Due to the bending ofthe layers as well as
to defects of the nanotubes, the square of
reflections is blurred in most cases. It
should be noted that the electron diffrac-
tion pattern reveals more structural infor-
mation than HRTEM images: the square
structure of the layers is mostly not recog-
nizable since this part of the structure is
destroyed by the intense electron beam
which is necessary to record the HRTEM
images. Only the shell structure withstands
this treatment. In addition, also the row of
reflections disappeared quite often in the
beam, indicating that the shells have be-
come less ordered.

A good correlation between the data
obtained from diffraction methods and
from TEM is gained regarding the reflec-
tions caused by the structure within the
layers. The square arrangement of spots in
the electron diffraction patterns as well as
the set of four less intense peaks at smaller
d-values in the X-ray powder diffracto-
gram can be indexed on the basis of a two-
dimensional square lattice with a = 0.62
nm. On the other hand, there is a certain
discrepancy between the data obtained by
the two methods: the peak with the highest
intensity in the 001series of reflections in
the X-ray powder patterns appears at d-
values between 1.5 and 3 nm and, thus,
corresponds to the distance of the shell
layers. This value is sometimes 6-8 A.
larger than the one determined by electron
diffraction or from HRTEM images. This
might be due to a certain rearrangement of
the template molecules between the sheets
under the influence of the electron beam
giving rise to smaller sheet distances. This
phenomenon, which could not be induced
thermally to that extent, can be sufficient-
ly eXplained with a flexible structural
model proposed below.

As it is already apparent from TEM
observations of the longitudinal structure,
the diameters of the nanotubes vary in a
wide range (approximately between 30



ADV ANCED MATERIALS IN SWITZERLAND 575
CHIMIA 52 (1998) Nr. IO(Oklobcr)

Fig. 3. a) Typical TEM image of vanadium-oxide nanotubes (VOx-NTs) with hexadecylamine (HDA)
as template obtained after hydrothermal synthesis. b) TEM image of cross sections of HDA -VOx-NTs:
concentrical tube structures (marked by asterisks) are present besides single- and double-layer
scrolls. c) Higher magnification of a single-layer scroll (the lower edge of the image corresponds to
100 nm): the starting point of the scrolled sheet in the center of the tube is marked by an an-ow. Holes
within the tubes are frequently observed in cross sections of monoamine- VO,-NTs. d) Cross section
of a double-layer scroll (arrows) obtained by an exchange reaction of HDA- VOx-NT.~with dodecyl-
diamine. The well-ordered sheet structure as well as the enhanced inner diameter compared to c) is
striking. e) A five-layer undecylamine- VOx-NT built up of twenty sheets: variations in the fringe
spacings lead to a disordered sheet structure.f) An incompletely closed undecylamine-VOx-NT.

and 100 nm) owing to different numbers
of the layers. The shell structure of the
nanotubes is directly visible in the cross-
sectional HRTEM images (Fig. 3, b-f). It
is obvious, that most nanotubes are not
rotationally symmetric; depressions and
holes appear frequently. Furthermore, they
rather form rolls of layers than concentric
shells (Fig. 3 , b). The contrast of the nano-
tube waJls is often blurred at a distinct
site; this fact impedes an unambiguous
discrimination between a cylindric tube
structure and rolled layers. A clear con-
centric tubular arrangement is only found
in tubes consisting of four or fewer sheets,
which are rarely observed « 1%). Some-
times, scrolls with a seam on one side have
been observed. Moreover, sheets are only
partiaJly closed or irregularly arranged
appearing as open half cycles (Fig. 3, e and
1).

In cross-sectional HRTEM images as
well as in the longitudinal projection di-
rection, a weak contrast between the sheets
has been observed which can be attributed
to a monolayer of protonated amine mol-
ecules in a paraffin-like arrangement. Such
monolayers were frequently observed in
alkylamin-intercalated sheet structures of
a large variety of substances [44]. This
assumption of a monolayered structure is
supported by the following experimental
facts: J) The template molecules can be
substituted either by a cation exchange
against, e.g. , alkali cations, or by a proton
exchange with neutral amines or diamines;
2) The exchange reaction with diamines
leads to the formation of rather short tubes
(1-2 J..lIll) with a well-ordered sheet struc-
ture and uniform distances throughout the
tube length. The inner diameters of these
tubes have increased in the average by ca.
40%. In the cross section, these tubes
appear either as closed scroJls or, fre-
quently, as open half cycles with a well-
ordered sheet arrangement and without
those holes which are often observed in
VOx-NTs with monoamines as templates
(Fig. 3, d). Apparently, an entropically
dri ven exchange reaction of two monoam-
ine molecules with one diamine molecule
took place, which leads to a stiffening of
the sheet structure and, therefore, to high-
er structural order.

The scrol\ structure in conjunction with
the flexible paraffin-like monolayers of
the template molecules between the sheets
is an arrangement of extraordinary flexi-
bility that is capable of compensating any
strain imposed on the tubes very efficient-
ly by realization of a large variety of sheet
distances. Different forms of strain can be
encountered: 1) The enormous reduction
of the sheet distance from 3 to 0.86 nm

100 nm

caused by cation exchange of protonated
hexadecylamine with ammonium cations
under preservation of the tube morpholo-
gy can only be rationalized with the scroll
structure. 2) Strain, which was imposed by
external pressure during embedding the
tubes in a polymer matrix for the cross-
sectional analysis, partially leads to a de-
formation of the tubes, i.e., a variety of
sheet distances in one tube can only be

a

realized by the flexibility of the template
arrangement. The latter might also be re-
sponsible for the above-mentioned dis-
crepancy between the sheet distances de-
termined by X-ray powder diffraction and
by HREM investigations.

To explain these observations, the fol-
lowing model is proposed (Fig. 4, a-f):
Starting from a lamellar arrangement of
vanadium-oxide sheets separated by a par-
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affin-like arrangement of template mole-
cules (Fig. 4, a), the sheets start to bent
(Fig. 4, b) and close after exceeding a
certain sheet width realizing the circum-
ference of the scroll or tube determined by
the length of the alkylamines. In such a
process, different tube structures may form:
1) A concentric tubular arrangement where
the sheet ledges meet in the right way,
which is only likely to be realized if a
relatively small number of sheets is present
(Fig. 4, d). 2) A dislocation of one-sheet
gives rise to a one sheet scroll after closure
(Fig. 4, e). 3) A dislocation of two sheets
leads to the formation of a double-layer
scroll (Fig. 4,f). The probability of sheet
dislocations is higher if a larger number of
sheets is involved. Different sheet widths
in the lamellar structure lead either to
incomplete closure or widening of the
sheet distances (holes and depressions in
the tubes and scrolls (el Fig. 3, b). The
structure of such scrolls can be described
by the 'paper-mache' model proposed for
MWCNTs [28]. A 'zip' -like rather than a
'scrolling of a carpet' -mechanism (Fig. 4,
c) can be assumed for the curling and
closure of the sheets, exceeding gradually
over the whole tube length. This may give
rise to various kinds of dislocations along
the tube which is expressed in different
fringe spaces and nonsymmetrical fringe
patterns in the longitudinal projection di-
rection of VOx-NTs.

The driving force for the bending of
the sheets is not yet clear, but there are
different possibilities at hand: 1) As pro-
posed by A. MiiLLer et at. [45][46], the
introduction of mixed valency into a vana-
dium- or molybdenum-oxide structure may
induce the necessary curvature. In this
case, the extent of curvature should be a
selective function of the redox state of the
transition metal. 2) The anisotropic at-
tachment of a few template molecules to a
small oligooxometallate group may curve
the met all ate moiety [47]. However, this
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Fig. 4. Proposed formation mechanism of VOx-

NTs. Starting from a lamellar, anisotropically
extended sheet structure composed of vanadium-
oxide sheets separated by double layers of proto-
nated mono-amine molecules, the sheets starts to
bent (a, b). The sheet ledges either close perfectly
(d) to a concentrical set of cylinders (g), or miss
each other in that way that dislocations of either
one (e) or two sheets if) occur which give rise to
single- (h) or double-layer scroll (i). A possible
'zip' -like closure mechanism is illustrated in c)
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polymer length during a polymerization
process inside an NT. Surely, there are still
many difficult problems to solve towards
such devices, but it seems that we are close
to finding feasable roads and - do we
really have other alternatives?

____ ~.~ J
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Fig. 5. a) Model of afield emission device constructedfrom afilm of aligned MWCNTs. b) Schematic
representation of the electrical.field at the tip surface of a closed MWCNT. c) Schematic model of a
nano sensor built of a nanotube and self-assembled conducting entities inside the tube. In case of the
VO. NTs the walls should change their chemical potential with respect to changes of pH, pH2> pOz,
or an outer electrical field. d) Schematic representation of a nano capacitor made of two different NTs.
e) Schematic illustration of a bundle of MWCNTs attached to the probe tip of a STM. The bundle
tampers to a single CNT at the lower end.

There are many hypothetical and but
only some really tested applications of
nanotubes, however, all of which appear
to be quite fascinating. An obvious appli-
cation is to use NTs as storage devices. As
already mentioned, incorporation of dif-
ferent materials into carbon NTs has been
shown. More attracting, however, are re-
ports of hydrogen [51] and lithium uptake
[52][53] giving rise to extremely good
storage densities. The electronic transport
in CNTs has been measured and quanti-
sized one-dimensional conduction char-
acteristics have been found [40][41][54]
[55]. In a recent theoretical work, CNTs
are proposed as long ballistic conductors
[56]. There are several proposals for using
CNTs ashigh-strength-elastic nano springs
and levers [57-59]. Application as tips for
scanning microsopy has been proved to be
very powerful (ef Fig. 5, e), but the tip
preparation is still very difficult [60][61].
A further step is the functionalization of
the tip of the CNTs by attaching molecules
with functional groups making it a selec-
tive nano probe in chemistry and biology
[62].

As the anisotropy of NTs is so large
and their form is quite special they allow
for principle functionalization at three dis-
tinct regions: the inner surface, the outer
wall, and the tube ends, which may be
distinct enough to be selectively contacted
or functionalized. Multiple walled NTs
offer under certain circumstances for an
introduction of guests inbetween the walls.
This gives rise to numerous speculations
about possible nano devices (ef Fig. 5, a-
d), like nano sensors, nano transistors [63-
66], nano electrodes, and nano reaction
vessels [67-70], which may, e.g., limitthe

4. Possible Applications

must be a very favorable pathway for this
reaction taking into account the outstand-
ing yield of VOx-NTs in our synthesis. 3)
The dangling bonds at the border of a
narrow sheet can be saturated forming
NTs via a zip mechanism, as already men-
tioned, or directly during the growth pro-
cess of the sheet. It seems quite reasonable
that, under well-chosen conditions, most
layer structures should be transformable
into nanotubes.

However, the question where the nar-
row sheets arise from must find another
answer that may be due to a prestructuring
process. It has been observed many times
that V205 gels adopt fibrillar or ribbon-
like structures [48-50], indicating that the
growth processes of the individual layers
are highly anisotropic.
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