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2.1 Introduction

It is widely acknowledged that nanosciences and nanotechnologies are going to play
an important role in our society and that they have the potential to create benefits
in many technological areas including materials science, information technology
as well as energy and the environment. The word “nano” is of Greek origin and
means dwarf. The name reveals that we are dealing with materials and processing at
fundamental length scales. Conventionally, nanotechnology involves processes and
materials at length scales between 100 nm and 1 nm or below (1 nanometer is equal
to 10�9 m).

Carbon nanomaterials are remarkable materials at the lower end of this scale. The
fullerene C60 (or Buckyball) is 0.7 nm across, while single-walled carbon nanotubes
(SWNTs) have typically diameters between 1 and 2 nm. To put this into perspective,
the Earth, a football and a C60 molecule all have approximately spherical shape.
However the Earth is about one hundred million times larger than a football, which
in turn is about one hundred million times larger than C60. It is really astonishing that
we are able to manipulate and visualise molecules with nearly atomic precision. In
this chapter we shall take a closer look at the properties and technological potential
of carbon nanomaterials such as fullerenes, carbon nanotubes and graphene.
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2.2 Fullerenes and Their Derivatives

The story of fullerenes as chemical structures started in the imagination of the
insightful chemist E. Osawa [1] in 1970. Fifteen years later Kroto, Heath, OBrien,
Curl and Smalley published their seminal paper on the discovery of C60 [2].
That work caused worldwide sensation and led to the award of Nobel Prize in
chemistry. Initially fullerenes were produced in tiny quantities, which prevented
their in-depth study. The synthetic breakthrough came in 1990. Krätschmer, Lamb,
Fostiropoulos and Huffman were the first to produce macroscopic quantities of C60

by resistive heating of graphite rods under a He atmosphere [3]. This breakthrough
led to an explosion of scientific research. Fullerenes became available in sufficient
amounts for spectroscopic analysis and further chemistry. The most characteristic
spectroscopic analysis comes from the 13C-NMR spectrum. Figure 2.1 shows the
spectrum of C60 in a CS2/CDCl3 mixture. Due to the curvature of the molecule,
C60 has got the character and behaviour of a polyalkene with 60 equivalent carbon
atoms of sp2 hybridisation. Hence only one peak appears in the NMR spectrum at
�143 ppm chemical shift.

C70 on the other hand has an elongated “rugby-ball” shape with D5h symmetry.
The 13C-NMR spectrum of C70 is shown in Fig. 2.2.
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Fig. 2.1 13C-NMR spectrum of C60 in a CS2/CDCl3 mixture. The molecule has got icosahedral
symmetry Ih. The inset shows a model of the C60 molecule
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Fig. 2.2 13C-NMR spectrum of C70 in a CS2/CDCl3 mixture. The molecule has got D5h symmetry.
The inset shows a model of the C70 molecule

It can be seen that there are five peaks at 150.6, 148, 147.4, 145.3 and 131 ppm
chemical shift. These shifts correspond to the five types of carbon atoms present
at the molecule (from pole to equator), as shown in the inset. The intensity ratio
of these peaks 1:2:1:2:1 corresponds to the relevant abundancy of the carbon
atoms. In addition to NMR, a lot of information on the electronic structure and
physicochemical properties of fullerenes has been obtained by other spectroscopies
such as UV-Vis, FTIR and Raman. The more interested reader can find out more
about these techniques and their application to fullerene science in the relevant
bibliography and references therein [4].

2.2.1 Synthesis of Endohedral Fullerenes

Undoubtedly the most important feature of fullerene molecules is their cage-like
structure. These are molecules with an enclosed interior space. It was not for long
that chemists started trapping atoms inside the fullerene empty “shell”. Fullerenes
containing atoms or clusters in their interior are called endohedral fullerenes.
The first endohedral metallofullerenes were lanthanum containing fullerene cages,
produced by vaporisation of lanthanum-doped graphite rods. The most stable
lanthanofullerene was found to be La@C82. Other group-3 metals (Sc, Y) and
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lanthanides (Ce, Gd, Pr, Nd, Ho, etc.) have since been encapsulated, mainly in
C82 and C80. In addition, group-2 metals (Ca, Sr, Ba) have been found to form
endohedral metallofullerenes [5]. To date several elements have been encapsulated
in fullerenes, including group-15 elements (N,P), noble gases (He, Ne, Ar, Kr and
Xe) and molecules such as H2 and other clusters.

2.2.2 Endohedral Metallofullerenes

Endohedral metallofullerenes are now routinely produced by the arc-discharge
method. In all cases there is a charge transfer from the metal to the cage, resulting in
considerable modification of the electronic properties of the cage. Figure 2.3 shows
a typical arc-discharge apparatus for endohedral metallofullerene synthesis.

During operation, two doped graphite rods are brought in very close proximity
and direct current (100–300 A) is passed through them forming an arc between
the rods, while the helium pressure inside the arc chamber is maintained at
40–100 mbar. After a few hours of operation the rods are consumed. The remnants
of the vaporised rods (slug) contain carbon nanotubes and other graphitic structures.
Transmission electron microscopy (TEM) characterisation of the produced soot
shows that it too is comprised mainly from amorphous carbon and graphitic struc-
tures. More importantly, the soot contains typically 10–20% fullerenes. The yield of
fullerenes via the arc-discharge method is very sensitive to parameters such as He
pressure, current and rod size. One discerning feature of the arc discharge shown in
Fig. 2.3 is the ability to collect and dissolve the produced soot in an organic solvent,
such as toluene and carbon disulphide, in anaerobic conditions to avoid unnecessary
degradation of the endohedral metallofullerenes. The fullerenes are separated from
the insolubles by soxhlet extraction. The fullerene extract is filtered, re-dissolved in
fresh solvent and then passed through a high performance liquid chromatography
(HPLC) apparatus in order to separate the individual fullerene species.

A particular class of endohedral metallofullerenes that has witnessed a
blossoming interest over the past few years are the so-called TNTs (trimetallic
nitride templated) or cluster fullerenes. They were first reported by Stevenson et
al. in 1999 [6]. They were synthesised by introducing a small amount of nitrogen
into the arc-discharge reactor. Although they were incorrectly identified as “small
bandgap” materials initially, they were found to be very stable and quite abundant
in the reactor. They can be produced with yields of 5% or higher and with a
small number of isomers. Since then a large family of these materials has been
synthesised with the structure M3N D C2n (34 � n � 44) where M is a metal atom
or a combination of up to three different metal atoms [7]. Some of them were even
found to break the isolated pentagon rule (IPR), which normally dictates the stability
of fullerene molecules [8]. Er3N D C80 exhibits photoluminescence from Er3C ions
at 1.5 �m, a wavelength region attractive for telecommunications [9]. This property
gives it technological value. Comprehensive reviews on these materials can be
found elsewhere [10, 11].
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Fig. 2.3 (a) Schematic illustration of an arc-reactor for the production of endohedral metallo-
fullerenes. Two doped graphite rods are brought in close proximity and high current is passed
through them. An electric arc forms and the rods begin to evaporate. The soot that is produced is
carried by helium to the collection chamber where the soot condenses on the liquid nitrogen-cooled
walls. (b) Picture of the arc-discharge apparatus during operation

2.2.3 Endohedral Nitrogen Fullerenes

In addition to metallofullerenes, non-metals such as nitrogen and phosphorus have
also been encapsulated in fullerenes. In contrast to metallofullerenes, these atoms
appear to be more stable in smaller cages such as C60 and C70. N@C60 and
N@C70 are produced using the ion implantation method developed by Weidinger
and co-workers at the Hahn-Meitner Institut in Germany [12]. Approximately 1 or
2 g of C60 are put into an effusion cell inside a vacuum chamber evacuated at a
pressure of 10�6 mbar or lower. The effusion cell is heated at around 500ıC. Under
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these conditions the C60 is sublimed inside the chamber and begins to condense
onto a water-cooled (or liquid nitrogen-cooled) copper target placed above the
effusion cell. At the same time the copper target is bombarded with low energy
nitrogen ions produced by an ion source. Best results are achieved using a mass-
separating source, for example one producing N+ preferentially to N2+. Typical
values for the beam energy and beam current are 40 eV and 1–3 mA, respectively.
The orientation of the target is such that it is located at 45ı angle to both the
effusion cell and the nitrogen ion source. After a few hours of operation, the copper
target is covered with a fullerene layer, several tens of micrometers thick. The
copper target is subsequently immersed into an organic solvent such as CS2 in
order to extract the fullerenes. The fullerene solution is ultrasonicated for a few
minutes and filtered. Between 60 and 70% of N@C60/C60 mixture is dissolved in
CS2, while the rest remains insoluble. The insoluble soot comprises polymerised
fullerenes and destroyed fullerene cages. The filtered solution is examined by EPR
(electron paramagnetic resonance) spectroscopy. The ratio of N@C60/C60 is 10�4 to
10�5.

The same group developed an alternative method of producing N@C60: the glow
discharge method [13]. This is a rather simpler experimental set-up compared to the
ion implantation device. A quartz tube is equipped with two water-cooled copper
electrodes at opposite ends. The chamber is filled with low pressure (approximately
0.1 mbar) nitrogen gas. High voltage (of the order of 1 kV) is applied across the
electrodes resulting in ionisation of the nitrogen gas. At the same time, several tens
of grams of C60 are put inside the quartz tube. The whole apparatus is then inserted
in a tube oven and the system is heated up to 500ıC. C60 sublimes and is exposed
to the ionised nitrogen gas before condensing on the copper electrodes. At the end
of the operation the copper electrodes are immersed in organic solvents and the
produced N@C60/C60 mixture is extracted. The yield of the glow discharge method
is 10�5 to 10�6 in terms of the N@C60/C60 ratio.

More recently N@C60 has been produced using an electron cyclotron resonance
(ECR) plasma source with a yield approaching 3 � 10�4 under optimised condi-
tions [14]. However it was not clear whether this method can be used for scaled-up
production of N@C60 or even if the amounts produced are comparable with the two
more established methods described earlier.

2.2.4 Molecular Synthesis of Endohedral Fullerenes

The most impressive synthetic work on endohedral fullerene synthesis stems from
the group of Komatsu and Murata at Kyoto University in Japan. They developed the
“molecular surgery” approach, in which the fullerene cage is opened, then doped
with an atom or molecule and finally closed using a series of organic chemistry
reactions [15, 16]. They created a 13-membered circular ring orifice on the cage
with a sulphur atom on its rim. Then they managed to insert molecular hydrogen
through the orifice into the cage with a 100% yield. Finally they used a series
of reductive coupling and annealing steps in order to close the orifice and hence
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produce H2 D C60. This is a challenging but an elegant method that may be extended
in other types of endohedral fullerenes as well. Certainly D2 D C60 and HD2 D C60

seem possible as do other small atoms or molecules that can be inserted in fullerene
cages in this way.

2.2.5 Purification of Endohedral Fullerenes

In nearly all cases, the synthesis of endohedral fullerenes is only the first step
towards acquiring high purity individual species. Multi-stage HPLC is the estab-
lished method for fullerene isolation. This is usually the most crucial and laborious
step in the whole process. A combination of state-of-the-art chromatography
columns tailored for fullerene purification is required for the complete isolation
of isomerically pure fullerenes. Fullerenes tend to elute with size, thus C60 is
the first one to elute followed by C70 and the larger cage fullerenes, including
endohedral fullerenes. When fullerenes are synthesised by the arc discharge process,
C60 accounts for about 60% of the total fullerene production whereas C70 represents
approximately 25% of the production. The remainder 15% comprises larger empty
cages as well as endohedral fullerenes. Three or four stages of HPLC through a
suite of reverse-phase columns is usually enough to isolate a few milligram of high
purity endohedral species [17–19]. This process may sound complicated. However
it is routine compared to the purification of N@C60 and related species. The two
main obstacles are, first, the very low yields of the N@C60 production methods and,
second, the fact that C60 and N@C60 are chemically almost identical. Nevertheless
two groups managed independently to completely isolate N@C60 and N@C70 with
a purity of higher than 99.5% via a combination of mutliple injections and recycling
HPLC through an appropriate column (such as the Cosmosil 5-PBB by Nacalai
Tesque) [20–22].

2.2.6 Properties and Applications

It comes as no surprise that the presence of incarcerated atom(s) changes the
physico-chemical and electronic properties of the cage. These molecules have been
found to have unusual properties such as paramagnetism [23], luminescence [24]
and non-linear optical response [25]. Endohedral metallofullerenes containing
gadolinium ions have been proposed for use as MRI contrast agents [26]. Their
magnetic relaxivity values are higher than the relaxivities of clinically used Gd(III)
chelates; hence Gd metallofullerene compounds can serve as good relaxation
agents for water protons. In vivo studies of holmium-containing metallofullerenes
have demonstrated their potential as radiotracers for biomedical applications [27].
Recently it has been shown that water-soluble derivatives of endohedral fullerenes
can inhibit the growth of malignant tumors in vivo [28]. The mechanism of such
effect is not quite clear but the authors speculate that this behaviour relates with the
capacity of endohedral fullerenes to “scavenge” reactive oxygen species.
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Apart from biomedical applications, another area where fullerenes in general
have shown tremendous potential is optoelectronics. Empty cage fullerenes have
already been used successfully in organic photovoltaic devices with an efficiency
reaching 5% in polymer bulk-heterojunction devices [29]. Endohedral metallo-
fullerenes have higher electron affinity (�3 eV) and lower ionisation potential
(�7 eV) than empty cages; hence they are better electron acceptors and better
electron donors. The first published work on using endohedral fullerene derivatives
as electron acceptors in solar cell devices appeared very recently [30]. Ross
et al. produced devices with power conversion efficiency �4%. This is quite
encouraging and it looks likely that endohedral fullerenes will play a prominent
role in photovoltaic cells in the near future. An additional advantage is that one can
tune the HOMO-LUMO gap and the electronic properties of endohedral fullerenes
by selective encapsulation of specific metal ion(s) combinations. For example
Sc D C82 has ionisation potential of 6.45 eV while La D C82 has ionisation potential
of 6.19 eV.

2.2.6.1 Endohedral Fullerenes for Quantum Information Processing

One characteristic property of endohedral fullerenes is the presence of electron spin
on the molecule. The electron spin (and indeed the nuclear spin too) is a quantum
property; hence quantum information can be embodied in the electron/nuclear spin
state. Sc-, Y- and La-metallofullerenes have unpaired electrons [5]. The unpaired
electron spin resides mostly on the cage [31]. Nitrogen containing fullerenes also
carry quantum information embodied in the electron spin of the unpaired electrons
of the nitrogen atom. In this case the spin-density is almost entirely localised
inside the carbon cage [32]. The atomic nitrogen orbitals fit “snuggly” within the
fullerene and because of the curvature of the cage, interaction with the carbon
orbitals is not favourable [33]. The relative isolation of the electron spin from
the environment makes these systems attractive for quantum computation schemes.
For successful realisation of quantum computing there must be adequate immunity
to decoherence: the degrading of quantum states due to interactions with the
environment. Provided the coherence time is sufficiently long compared with the
gate operation time, fault-tolerant error correction schemes can be implemented
to overcome decoherence [34]. To date, NMR spin systems have hosted the most
complex quantum algorithms [35]. In these systems the quantum bits, or qubits,
are embodied in the slowly decohering nuclear spins of the atoms of a molecule.
However, owing to the fact that the thermal energy is always large compared to
the nuclear Zeeman energy in NMR experiments, NMR-based quantum computers
face a fundamental limitation in scalability and appear to be practically limited to
around ten qubits. Since scalability is one of the preconditions of effective quantum
computation [36, 37], the practical applications of NMR-based quantum computers
seem limited. EPR offers the potential to use experimentally accessible fields
and temperatures to approximate pure quantum states. Endohedral fullerenes are
molecular materials; therefore they are all identical at the most fundamental level.
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Fig. 2.4 Energy level diagram of 14N@C60 in a magnetic field. 14N@C60 has electron spin
S D 3=2 and nuclear spin I D 1. This gives rise to a 12-level structure due to the Zeeman splitting.
Taking into account just the first-order hyperfine interaction, the allowed transitions (the selection
rules are �MS D 1 and �MI D 0) are triply degenerate

In addition, sophisticated chemistry can be applied to create scalable nanostructures
based on these molecules.

2.2.6.2 N@C60 as a Spin Qubit

N@C60 is a S D 3=2 electron spin system coupled to the 14N nuclear spin I D 1 via
an isotropic hyperfine interaction. This gives rise to the rich energy level diagram
shown in Fig. 2.4.

Taking into account only the first-order hyperfine interaction, the nine allowed
electron transitions are triply degenerate. For this reason the observed continuous-
wave EPR spectrum of N@C60 dissolved in CS2 at room temperature (shown in
Fig. 2.5) comprises three sharp resonance peaks.

The three EPR resonances are quite narrow. Their intrinsic linewidth was
measured to be �0:3 �T. In fact the linewidth is mainly limited by the resolution
of the spectrometer and in particular the magnet stability and field homogeneity.
The ability of N@C60 to store quantum information effectively is demonstrated
by the spin-lattice relaxation time T1 and the phase-coherence time T2. T2 was
measured to be �0:25 ms in CS2 solution at 160 K [38]. Pulse sequences in a typical
EPR spectrometer are of the order of 30 ns. This corresponds to more than 104

electron spin Rabi oscillations, before decoherence occurs. These properties of the
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Fig. 2.5 Continuous-wave EPR spectrum of 14N@C60 in a CS2 solution. The two small
resonances on either side of the central peak are associated with 15N nuclei naturally abundant
(less than 0.4%) in the sample

N@C60 system ensure that it meets all the basic criteria for fault-tolerant quantum
computing. Consequently N@C60 has been proposed as a building bock of a solid-
state quantum computer [39–41].

2.2.7 Chemistry of Endohedral Fullerenes

Most of the practical applications highlighted above require the construction of
controlled molecular arrangements. For instance, in the case of quantum information
processing, the smallest device where universal quantum gates could be applied
is a two-qubit system. This requirement translates into linking two endohedral
molecules together via covalent or non-covalent bonds. Moreover, dipolar coupling
between adjacent spins is proportional to 1/r3, where r is their spatial separation.
Hence, in order to control the strength of the spin-spin coupling, one must control
their spatial separation. In other words, chemistry can be used to control the coupling
strength of the qubits.

The chemistry of fullerenes is already well established. For example, Diels-
Alder cycloaddition, Bingel, Prato and other reaction schemes have been employed
in the synthesis of fullerene adducts and a rich relevant literature exists [42, 43].
The situation is markedly different when it comes to endohedral fullerenes. There
are two main obstacles on the road to chemical functionalisation of endohedral
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Scheme 1: The epoxidation of 1 (N@C60) to form 2 (N@C60O)

fullerenes. The first one is the difficulty in producing these materials in multi-
milligram quantities. The second (and an equally formidable one) is the lower
thermal and photolytic stability of some functionalised endohedrals such as N@C60

adducts. The first derivative of N@C60 was N D C61(COOEt)2, produced via the
Bingel reaction of a N@C60/C60 mixture with diethyl bromomalonate [44]. At the
time no effect on the stability of N D C61(COOEt)2 was reported.

It was not until a few years later that another functionalisation of N@C60

was published. Franco et al. reported a series of fulleropyrrolidine derivatives
of N@C60 [45]. Almost simultaneously the synthesis of N@C60O was reported
according to Scheme 1 [46].

N@C60/C60 was enriched by HPLC to 10�3. The epoxide was formed by reacting
1 with H2O2 in the presence of MeO3Re under ambient conditions for 12 h to give 2.
It was observed that 2 is stable in the dark at room temperature. However, dissolved
in toluene and exposed to ambient light, 2 exhibited a linear decay of EPR intensity
with a half life of approximately 2 days.

Since that work was published the functionalisation chemistry of N@C60 has
been expanded. We now know that most additions to the cage inflict some degree of
EPR signal loss on N@C60. This implies that either some N@C60 is destroyed or
that the nitrogen atom escapes from the fullerene cage. The limited availability
of high purity N@C60 combined with its thermal and photo-instability might
initially look like an insurmountable obstacle to further chemistry. However, it is
possible to tune reaction conditions in such a manner that a significant “number
of spins” survive the reaction. N@C60 was reacted with 4-nitrobenzaldehyde and
N-methylglycine, according to the Prato reaction as shown in Scheme 2 [47].

An excess of N@C60 was refluxed with the aldehyde and sarcosine in toluene for
2 h under nitrogen. Under these conditions 3 (N D C69H10N2O2) was produced with
31% yield. Crutially, the EPR signal intensity of the product mixture was found to
be arround 73% of the initial N@C60 signal.

One step further is the production of a half-filled endohedral fullerene dimer
using again the pyrrolidine functionalisation (Scheme 3) [48].

After reflux in toluene for 2 days, the C60-azo-C60 dimer was produced in
95% yield. In order to preserve the nitrogen spin signal, the same reaction with
N@C60 was performed for approximaely 2 h. 4 (N D C60-azo-C60) was produced
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Scheme 2: Synthesis of N D C69H10N2O2 via the Prato reaction scheme
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Scheme 3: Synthesis of photo-switchable dimer N@C60-azo-C60 and its photoiso-
merisation

with 30% yield. Its EPR signal was found to be approximately 70% of the starting
material. The azobenzene moiety is one of the most efficient photoisomerised
molecules. Exposed to visible light it is mostly in the trans- form. Upon irradiation
with UV light, it changes to the cis-isomer. We performed the same isomerisation
with 4. Using pulse EPR, molecular rotation correlation times �c D 37:2˙1:6 ps for
the trans- and �c D 34:8 ˙ 2:7 ps for the cis-isomers were measured, respectively.
This subtle difference is attributed to the difference in size between the two isomers.
The trans is the bulkier of the two hence its tumbling is slightly slower than the cis
which leads to a longer rotation correlation time.

The beauty of this scheme is that it not only retains most of the N@C60 signal,
but also affords both the dimer and the monomer products by manipulation of
the reagent molar ratios. This is the first time that a two-step reaction to yield
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an asymmetric endohedral fullerene dimer in a controlled way seems feasible.
For example, a 14N@C60-15N@C60 dimer could be possible by first doing the
reaction with excess aldehyde to produce the 14N@C60 monomer and then reacting
the monomer with 15N@C60 to produce the asymmetric dimer. Such a molecule
would be the first fullerene two-qubit system. Also the bridge molecule would act s
a photo-switch modulating the distance between the fullerene cages and hence the
interaction between the qubits. It must be noted that even though this is a unique
molecule, a directly bonded N@C60-C60 dimer was synthesized previously via
the high speed vibration milling technique (HSVM) method [49]. However the
purity of N@C60 was too low to allow for in-depth spectroscopic study of that
molecule.

The synthetic schemes analysed in the previous paragraphs involved C60 or
N@C60 the chemistry of which is very similar to C60. Endohedral metallofullerenes
have not been used extensively in functionalisation schemes. One reason is that most
of them involve C82 or C80. These are cages with lower symmetry that give rise to
a number of isomers and multi-adducts. On the other hand, metallofullerenes are
thermally robust unlike N@C60 as we have seen above. Although their chemistry
is not so well developed (compared to C60), they are beginning to be available in
multi-milligram quantities of high purity materials. Some synthetic protocols for
metallofullerene adducts have begun to appear in recent years [50–53]. As more
endohedral metallofullerenes become available in larger amounts, their chemistry
will be developed further, and sophisticated synthons such as an endohedral
metallofullerene dimer may become attainable.

In addition to covalent bonding, non-covalent interactions present an attractive
route toward the assembly of arrays of endohedral fullerenes. Such interactions
include hydrogen bonding, van der Waals interactions, � � � stacking interactions
and coordination chemistry. Porphyrins, cyclodextrins, calixarenes and other macro-
cycles can be complexed with fullerenes in order to create supramolecular arrays.
Although weak in comparison to covalent bonds, it is well known that very stable
structures can be achieved through the cooperative effect of such interactions. An
advantage of these interactions is that they are driven with an inherent ability to
“self-correct” due to their thermodynamic nature [54]. It looks likely that these
schemes can be extended to endohedral fullerenes too.

2.2.8 One-Dimensional, Two-Dimensional Arrays and Beyond

The structure of one-dimensional arrays of fullerenes is relatively straightforward.
Fullerene molecules self-assemble into ordered arrays inside SWNTs. The process
is spontaneous upon heating and the resulting structures are called nanotube
“peapods” [55]. Metallofullerene peapod structures are well established [56, 57].
What is less understood are the peapod electronic structure and the effect of filling
on the spin properties of the metallofullerenes. This is partly due to the fact
that SWNTs come as a mixture of semi-conducting and metallic ones and with
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many paramagnetic impurities that interfere with the magnetic properties of the
encapsulated endohedral fullerenes. Thermally unstable molecules such as N@C60

and its derivatives can also be inserted into SWNTs using solution methods or
supercritical fluids [58, 59]. It has even been suggested that the thermal stability of
N@C60 is enhanced in the peapod structures compared to its crystalline form [60].

Two-dimensional supramolecular structures can form on surfaces by exploiting
non-covalent (mainly hydrogen bonding) interactions between the constituent
molecules. Some molecular networks can form porous structures that can act as
hosts for fullerenes. The arrangement of the guest fullerene molecules is largely
controlled by the size and shape of the network pores. Hexagonally packed C60 hep-
tamers have been formed in a perylene tetra-carboxylic di-imide (PTCDI)-melamine
network on a silver-terminated silicon surface [61]. Single C60 molecules have
been incorporated in a trimesic acid (TMA) molecular network on graphite [62].
Recently, a strontium titanate (SrTiO3) “waffle” surface was used as a template
for arrays of paired endohedral fullerenes (Er3N D C80) [63]. The molecules “fit”
like eggs fitting into an egg carton. This work shows that it is possible to arrange
endohedral fullerenes in ordered, two-dimensional arrays in a controlled manner
and should pave the way for more intricate arrangements of endohedral molecules.
In principle, such patterns can be extended in to three-dimensional networks too.
Such architectures are prerequisites for many technological applications including
nanoelectronics and quantum information processing.

2.3 Graphene

Graphene is a two-dimensional sheet of carbon atoms arranged in a hexagonal
structure with sp2 bonding, shown in Fig. 2.6. Layers of graphene are stacked on
top of each other in an AB orientation to form the well- known three-dimensional
solid graphite. The layers of graphene are not directly bonded to each but instead
are held together within graphite by van der Waals forces. This enables the
exfoliation of graphite to form single graphene layers. Two layers of graphene are
known as bilayer graphenes, whist 3–6 layers are known as few layer graphenes
(Fig. 2.7). Rich physics has been observed in graphene layers [64], along with
superior mechanical properties [65]. This has stimulated a buzz in the international
community about the possible future exploitation of graphene in electronics and
mechanical strengthening applications.

2.3.1 Synthesis

Graphenewas first discovered in 2004 by the Geim group at the University of
Manchester [66]. This was the major breakthrough that stimulated an entirely
new field. Their process was to mechanically exfoliate graphite by repeatedly
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Fig. 2.6 Graphene sheet with
arm-chair edge termination at
the sides and zigzag
termination at top and bottom
edges

removing layers of high quality graphite (such as highly orientated pyrolytic
graphite (HOPG)) using scotch tape. This reduced the average number of layers
in the graphite flakes, which were then stamped onto a silicon substrate coated
with a thin 300 nm layer of SiO2. This process produced only a small number of
graphene layers with respect to thicker multi-layered graphite pieces on the surface
of the silicon substrate and thus finding graphene was like looking for a needle in a
haystack. The key innovation by the Geim group was to use optical microscopy
to visually inspect the graphene layers and use a change in the optical contrast
that arises from an interference effect caused by the presence of the SiO2 layer.
Optical microscopy enabled thin graphene monolayers to be identified by their weak
contrast and then checked with atomic force microscopy to determine the height.
Andre Geim and Konstantin Novoselov were awarded the Nobel Prize in Physics
2010 for their groundbreaking experiments with graphene.

While the scotch tape exfoliation method sparked the graphene boom, it is
widely acknowledged that this approach has severe limitations in the commercial
uptake of graphene in the electronics industry due to the relatively small size
of the graphene layers that are produced. Solution phase chemical exfoliation is
another technique that has successfully been used to obtain graphene and few layer
graphene [67]. In this approach, graphene layers are peeled apart from one another
by the combination of ultrasound sonication in a suitable polar solvent or aqueous
surfactant system. This leads to flakes of graphene, bilayer graphene and few layer
graphene mixed among large chunks of graphite. The large pieces of graphite are
removed from the solution by centrifuging at low speeds. Most success in solution
phase exfoliation has been achieved using solvents like N -methyl-2-pyrrolidone
(NMP), Dimethylformamide (DMF), 1,2-dichloroethane and aqueous surfactant
systems such as sodium dodecyl sulphate (SDS) and sodium cholate. It seems
that currently the chemical exfoliation methods do not produce large area flakes of
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Fig. 2.7 Bilayer graphene
with AB stacking. Top layer
is yellow and bottom layer is
pink

graphene needed for electronic applications, but can produce macroscopic amounts.
The most promising routes for growing large area graphene layers are the surface
precipitation growth on SiC substrate [68], and the epitaxial growth on catalytic
metals such as nickel [69] and copper [70] using chemical vapour deposition.
Graphene grown on these substrates can be transferred to other substrates such as
quartz using a variety of techniques [71–73]. The major challenge remaining in this
approach is to get the charge carrier mobility up to those reported for the mechanical
exfoliation technique.

2.3.2 Properties and Applications

Graphene has raised massive interest in the international electronics community by
exhibiting ambi-polar electric field effect behaviour at high carrier concentrations
of up to 1013 cm�2 and charge carrier mobilities exceeding 15,000 cm2V�1s�1.
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Fig. 2.8 Aberration
corrected high-resolution
transmission electron
microscopy image of
graphene taken at an
accelerating voltage of 80 kV

Graphene exhibits ballistic charge transport on the sub-micrometer scale [74]
and also quantum Hall effects at room temperature [75]. The charge carriers
move so fast in graphene that they are best described by the Dirac equation for
relativistic particles than the Schrödinger equation. Graphene has immense potential
in nanoelectronic applications and for this to be realised, large area mm2 sheets of
high quality graphene or bilayer graphene are needed.

Graphene also boasts one of the highest mechanical strengths ever reported [65].
This makes it very appealing for blending with polymers for reinforcement. Since
graphene is only one atomic layer thick and mechanically stable it is ideal for using
as an ultrathin transparent support for high resolution electron microscopy [76].
Figure 2.8 shows a high-resolution transmission electron microscopy image of
graphene showing the atomic structure.

This image was taken with aberration correction to achieve sub-Angstrom
spatial resolution and at a low accelerating voltage of 80 kV in order to minimise
damage [77]. The periodic atomic structure is easily removed by post-processing
digital filtering leaving images of nanoparticles or molecules as if they were
suspended in free space.

2.4 Carbon Nanotubes

A SWNT can be formed by rolling up a graphene sheet to form a tubular structure.
The properties of carbon nanotubes are defined by their chirality, which is linked to
the way they are rolled up into a cylinder. A chiral vector Ch is used to classify the
chirality of a nanotube in terms of (n,m) values, where Ch D na1 C ma2 as shown
in Fig. 2.9. A translational vector T, perpendicular to C, defines the length of the
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Fig. 2.9 Determining
chirality of single-walled
carbon nanotubes

nanotubes’ unit cell. The chiral angle � defines the direction of C relative to the basis
vector a1. The (n,m) values of a nanotube indicate whether it will be semiconducting
or metallic. When n-m is divisible by three the nanotubes are typically metallic,
alternatively they are semiconducting. Arm-chair SWNTs are defined as n D m, i.e.,
(n,n), zigzag as (n,0), and chiral when n ¤ m.

As the radius of a nanotubes decreases, the degree of curvature increases. This
places significant strain on the sp2 carbon bonds and leads to an increase in the
chemical reactivity of smaller diameter nanotubes and a reduced stability [78], [79].
For semiconducting carbon nanotubes, the bandgap generally increases for decreas-
ing nanotubes radius. This leads to diameter-dependent photoluminescence from
SWNTs [80]. Multi-walled carbon nanotubes are formed by concentric addition
of larger tubes around a core inner SWNT. Inter-wall coupling leads to MWNTs
being primarily metallic. Figure 2.10 shows an end-on perspective view of a (18,0)
SWNT.

2.4.1 Synthesis

Observations of nanotubes were reported as far back as 1952 by L. V. Radushkevich
and V. M. Lukyanovich in the Soviet Journal of Physical Chemistry [81]. However,
it is widely acknowledged that the spark that ignited the field of carbon nanotubes
was the seminal paper by Sumio Iijima in 1991 [82]. His combination of obser-
vation and interpretation was critical in developing nanotube science. The use of
transmission electron microscopy was crucial to this discovery. Advances in electron
microscopy now enable the atomic structure of nanotubes to be directly imaged,
such as in Fig. 2.11 [79].
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Fig. 2.10 An end-on
perspective view of a (18,0)
SWNT

Fig. 2.11
Aberration-corrected
high-resolution transmission
electron microscopy image of
a single-walled carbon
nanotube showing the atomic
structure

Several techniques have been developed to produce carbon nanotubes in large
scale quantities. These are arc-discharge [83], laser ablation [84, 85], chemical
vapour deposition [86] and high pressure carbon monoxide (HiPCO). Each of
these techniques has its own merits depending on what applications the nanotubes
are to be used for. Arc-discharge tends to produce large quantities, but often
contains a significant amount of catalyst nanoparticles that are usually magnetic
and amorphous carbon. Arc-discharge is a desirable route to fabricating nanotubes
with diameters between 1.2 and 1.6 nm. Laser ablation tends to produce a higher
yield of nanotubes compared to catalysts and amorphous carbon, but does not have
the ability to produce the same volume of material that arc-discharge can. HiPCO
nanotubes are generally smaller in diameter than arc-discharge or laser ablation with
diameters between 0.7 and 1.2 nm. CVD-grown nanotubes often lack the structural
quality of nanotubes produced via laser ablation or arc-discharge, but are ideal
for growing vertical forests or nanotubes on substrates for nanoelectronics. The
diameter distribution of CVD-grown nanotubes is often broader than other methods.

Purification of carbon nanotubes is one of the most challenging aspects of their
research. It is important to remove catalyst particles and amorphous carbon to obtain
pristine nanotubes. Amorphous carbon is generally removed by either burning in air
below the nanotubes decomposition temperature or refluxing in H2O2. Catalysts
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are generally Ni, Co or Fe and can be removed by refluxing in acids such as
HCl and HNO3. Both of these methods also damage the nanotubes and reduce
the total amount of product. Alternative way to remove catalyst particles is to use
high speed centrifugation methods or to anneal at high temperatures (1,200ıC)
under high dynamic vacuum. Density gradient ultracentrifugation has recently been
demonstrated as a technique to separate metallic and semiconducting nanotubes
from each other [87].

2.4.2 Applications

Carbon nanotubes are promising for a wide range of applications involving elec-
tronics, mechanical strengthening, photonics and heat dissipation. Semiconducting
SWNTs emit photoluminescence in the NIR wavelength region between 1.1 and
2.0 �m, which makes them appealing as biological chromophores and in telecom-
munications applications. Metallic nanotubes have low resitivity and a high capacity
to carry larger currents than metals. The electronic transport of nanotubes shows
quantised transport down to the single electron level. Significant advances have been
made in developing field effect transistors comprising semiconducting nanotubes
operating at GHz frequencies. Young’s modulus measurements of nanotubes are on
the order of TPa and the incorporation into polymers leads to light-weight ultra-
strong composites that are already commercially available. Carbon nanotubes have
excellent thermal conductivity up to 2,000 W/m/K, which makes them appealing for
heat dissipation. Because of these properties, carbon nanotubes have been hailed as
the “wonder material” for the twenty-first century.

2.5 Summary

In this chapter we focused on carbon nanomaterials. We described their synthesis
and we analysed their electronic and physico-chemical properties with practical
applications in mind. Perhaps the most exotic application is the use of these
molecules as building blocks for a quantum device. Quantum phenomena are inher-
ent in atoms and molecules and carbon nanomaterials are the perfect playground
to study quantum phenomena even at room temperature. We discussed the synthetic
developments in endohedral fullerene chemistry. We focused particularly on various
chemical syntheses that have been applied to give endohedral fullerene adducts:
from monomers and small fullerene dimers to larger one-dimensional and two-
dimensional array architectures.

We discussed the properties of graphene and carbon nanotubes. We showed that
quantum phenomena can be studied using these materials and innovative science can
be performed at the nanoscale. The unique properties of these materials put them at
the forefront of many technologies.
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There is little doubt that there are advantages but also complications with carbon
nanomaterials and with their potential in applications ranging from medicine to
quantum information. It was our intention to highlight the properties that make these
molecules unique and the main challenges that need to be overcome. Two Nobel
Prizes have been awarded so far for discoveries related to fullerenes and graphene.
This is testament of the importance of carbon nanomaterials. Research to date has
demonstrated that fullerenes, graphene, carbon nanotubes and their derivatives are
not far from finding their way in the market place via established nanotechnological
applications.
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