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Functionalization of Single-Walled Carbon Nanotubes
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1. Introduction

Research into carbon nanotubes has, in the past, mainly
concentrated on the investigation of their physical proper-
ties.[1±4] The size of these macromolecular carbon allotropes
and the continuous development of the fields of scanning
tunneling microscopy and electron spectroscopy has made it
possible to conduct precise investigations of individual
molecules. Thus it was demonstrated that carbon nanotubes
possess an array of unprecedented structural, mechanical, and
electronic properties. For example, carbon nanotubes can
exhibit metallic conductivity at the same time as: a) chemical
and thermal stability, b) extremely high tensile strength and
elasticity, c) the ability to absorb gas molecules as nano-
capillaries, d) solubility when treated with surfactants, and
e) the potential of further chemical functionalization.
Uniquely, these are stable organic molecules that require no
additional doping to become metallic conductors. Once this
property profile was known, the question of technological
applications quickly arose. In reaching this goal, however, it is
necessary that not only single molecules, but also large
ensembles, of the most pure and uniform nanotubes possible
can be manipulated and investigated by analytical methods.

This goal is currently a great challenge for chemists and
materials scientists. In this context, chemical functionalization
is an especially attractive target, as it can improve solubility[5]

and processibility and allows the unique properties of single-
walled nanotubes (SWNTs) to be coupled to those of other
types of materials. Carbon nanotubes can be divided into
SWNTs and multi-walled nanotubes (MWNTs). In this
Minireview, the focus is on SWNTs, as their monomolecular
character and the related simpler structure, and easier
handling for chemical functionalization make them especially
interesting (Figure 1).

Figure 1. Idealized representation of defect-free (n,m) SWNTs with open
ends. A) A metallic conducting (10,10) tube (™armchair∫), B) a chiral,
semiconducting (12,7) tube, and C) a conducting (15,0) tube (™zigzag∫).
The armchair (A) and zigzag (C) tubes are achiral. All the (n,n) armchair
tubes are metallic, whilst this is only the case with chiral or zigzag tubes if
(n�m)/3 is a whole number, otherwise, they are semiconductors.[1 4]

2. Synthesis and Purification of SWNTs

Several methods are known for the synthesis of SWNTs.[4]

The first synthesis proceeded by arc discharge of graphite in
the presence of metal catalysts (e.g. Fe, Co, Ni)[4] . Alternative
routes are based on the laser vaporization of graphite ±Ni ±
Co mixtures or chemical vapor deposition (CVD), in which
carbon sources such as acetylene, metallocenes, Fe(CO)5/
C2H2, and CO can be used.[4] With one particular method, in
which CO serves as the carbon source, very thin nanotubes
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Abstract: Through chemical functionalization of single-
walled carbon nanotubes, the prerequisites for possible
applications of such nanostructures are established. The
derivatized tubes differ from the crude materials in their
good solubility, which enables both a more extensive
characterization and subsequent chemical reactivity.
Current derivatization methods include defect and co-
valent sidewall functionalization, as well as noncovalent
exo- and endohedral functionalization. In this way, for
example, a range of nanotubes can be prepared: with
sidewall substituents, wrapped with polymers, or with
guest molecules included. The current state of the
literature is presented in this Minireview.
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(HiPCO tubes) can be produced.[6] Milligram to gram
quantities can currently be manufactured by using such
routes, within a matter of hours. The raw material that results
contains up to 70% SWNTs by weight. The contaminants are
mainly amorphous carbon and catalyst particles, which can be
removed by treatment with oxidizing acids,[1±7] microfiltra-
tion,[8] or chromatographic procedures.[9, 10]

3. Structural and Physical Properties

What do the nanotubes we obtain look like? Are they well-
defined molecules, as is the case with the fullerenes, or
polydisperse mixtures? It appears that the situation is much
more complicated than with other macromolecular systems
because a) the SWNTs preferentially aggregate into bundles
of different diameters (Figure 2), b) the nanotubes vary

Figure 2. An idealized bundle of (10,10) nanotubes. In such bundles
individual tubes are held together with strong � �-stacking interactions.
Almost all the tubes are organized in bundles in a typical sample.

greatly in length, c) the diameters of the nanotubes them-
selves can vary, d) the nanotubes possess a range of helicities,
and e) defects occur, both at the tube ends and on the
sidewalls (Figure 3).[11] The probability of finding a pair of
identical tubes in a normal macroscopic sample of SWNTs is
extremely small.

This multitude of possibilities highlights the difficulties that
occur in the structural characterization of the resulting
mixtures. Enrichment of particular structural forms by use
of classical separation techniques (for example, separation
according to length, by use of centrifugation) is only possible
within narrow limits. The spectroscopic characteristics of
subsequently derivativatized nanotubes will always give the
average of a polydisperse mixture. Past a certain length, the
electronic properties of nanotubes are independent of their

Figure 3. Typical defects in a SWNT: A) five- or seven-membered rings in
the C framework, instead of the normal six-membered ring, leads to a bend
in the tube, B) sp3-hybridized defects (R�H and OH), C) C framework
damaged by oxidative conditions, which leaves a hole lined with -COOH
groups, and D) open end of the SWNT, terminated with -COOH groups.
Besides carboxy termini, the existence of which has been unambigously
demonstrated, other terminal groups such as -NO2, OH, H, and �O are
possible.

length.[11] Therefore, only diameter, helicity, and defects will
be considered in the following section, which contains an
analysis of structure ± property relationships.

3.1. Diameter and Helicity

The electronic properties of carbon nanotubes depend
primarily on the roll-up vector Ch� na1�ma2 (Figure 4)[11]

and thus on the diameter and helicity. The rolling-up of a 2D
graphite sheet to a quasi-1D nanotube causes the formation of
so-called van Hove singularities, which are energy levels with
a significantly high density of states. Only in some cases, such
as (10,10) or (15,0) tubes, does a finite density of states occur
at the Fermi level, which results in metallic conductivity. In a
typical sample of SWNTs, there is a continuous distribution of
tubes with different roll-up vectors.[11] The diameter of the
SWNTs lies typically in the range 1 ± 2 nm.[1, 4] In contrast, the
diameter of HiPCO tubes is about 0.7 nm.[6]

3.2. Defects

Some defects of the six-membered-ring carbon structure of
the nanotubes, such as the inclusion of five- or seven-
membered rings in the carbon network, stem from the initial
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complexes have been used in the manufacture of photovoltaic
devices.[48]

The wrapping of SWNTs with polymers that bear polar
side-chains, such as polyvinylpyrrolidone (PVP) or polystyr-
enesulfonate (PSS), leads to stable solutions of the corre-
sponding SWNT/polymer complexes in water.[50] The bundles
are again broken up by complex formation in this case. The
thermodynamic driving force for complex formation is the
need to avoid unfavorable interactions between the apolar
tube walls and the solvent water. A range of other, mostly
ionic polymers, such as bovine serum albumin, are capable of
coating SWNTs. Polymers such as poly(ethylene glycol) and
poly(vinyl alcohol) are ineffective in this respect. It is thought
that multi-helical wrapping of the tubes with the polymers is
most favorable for reasons of strain. Changing to a less polar
solvent such as THF causes the polymer complexes to
dissociate once more. The SWNT/PVP complexes exhibit
liquid-crystalline properties.

7. Endohedral Functionalization

The inner cavity of SWNTs offers space for the storage of
guest molecules (Figure 5E). To date, the uptake and the
endohedral chemistry of metals and metal salts have been
intensively investigated.[51±56] For example, gold and platinum
nanothreads have been created in the capillaries of the tubes,
by treating the SWNTs with the corresponding perchlorome-
tallic acids at high temperatures. In some cases, the resulting
nanothreads are single crystals. The incorporation of full-
erenes such as C60

[57, 58] (Figure 5) or metallofullerenes such as
Sm@C82

[59] are especially impressive examples of the endohe-
dral chemistry of SWNTs. This incorporation is executed at
defect sites localized at the ends or in the sidewalls. The
encapsulated fullerenes tend to form chains that are coupled
by van der Waals forces. Such arrays are sometimes called
™bucky peapods∫. Upon annealing, the encapsulated full-
erenes coalesce in the interior of the SWNTs, which results in
new, concentric, endohedral tubes, with a diameter of 0.7 nm.
The progress of such reactions inside the tubes could be
monitored in real time by use of high-resolution electron
microscopy.[59]

8. Concluding remarks

The examples described of the functionalization of single-
walled carbon nanotubes demonstrate that the chemistry of
this new class of molecules is just beginning. The basis for the
exploitation of macroscopic quantities of this carbon allotrope
has been laid. The unique properties of SWNTs can now be
coupled with those of other classes of material. For the
successful future development of this research area, however,
it is important to improve the quality of the nanotube raw
material, with particular emphasis on the uniformity of the
samples. Furthermore, comparative studies on individual
nanotubes before and after functionalization are necessary,
so that both the dependence of reactivity on electronic

structure and the effect of chemical modification on the
electrical and mechanical properties can be determined.
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