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Abstract

The yield and purity of multiwalled carbon nanotube (MWNT) soot was maximised by
control of production parameters. The optimal production parameters were found to be J
=190 A/cm’ and P = 500 Torr achieving a yield of up to 24mg/min with an approximate
MWNT purity of 55% as measured by electron spin resonance (ESR).

We have described a one step, high yield, non-destructive purification and processing
method for MWNT-containing soot using a conjugated organic polymer host, PmPV.
This host selectively suspends nanotubes relative to impurities. The fraction of available
MWNTs suspended can be measured using electron spin resonance. This rises with
increasing polymer mass before saturating at approximately 50% by mass for a soot to
polymer mass ratio of 1:5. Thermogravimetric analysis can then be used to calculate the
mass of nanotubes suspended and hence the purity of the original soot. Furthermore, this
allows the calculation of numerical constants relating the ESR signal intensity to the
nanotube mass allowing the routine calculation of nanotube content. Finally the host
polymer was removed by filtration giving 91% pure nanotube material. In this case the
yield of 17% pristine nanotubes were reclaimed from the soot. Full optimisation of this

process could lead to yields of up to 40%.

It was also demonstrated that a second conjugated polymer host, PFO, can also suspend
MWNTs effectively with an optimum settling time of 96 hrs. However, graphitic
nanoparticles also remain suspended which can be attributed to the structure of the

polymer itself.

A series of composite materials were produced using the insulating polymer PVP and
MWNTs. Both DC and AC conductivities were measured at a range of temperatures and
electric-field values. At room temperature, the zero-field values were observed to follow
a percolation power law with percolation threshold p. = 1.76, critical exponent t = 7.4 x
10* and conductivity prefactor of oo = 21 S/m. A percolation model based upon the

concept of excluded volume can relate p. and t to the MWNT aspect-ratio. The measured



value for p. suggests that a distribution of MWNT aspect-ratios exists and that the longest
nanotubes dominate the overall electrical connectivity. The measured critical exponent t
agrees with the predicted value using an average MWNT aspect-ratio of a ~ 117. Finally,
the measured oy can be attributed to a thin coating of amorphous polymer surrounding

each MWNT.

Temperature dependence of the conductivity data rules out any thermally activated
conduction mechanism such as variable range hopping, instead suggesting a tunnelling
mechanism. Fluctuation induced tunnelling as a possible conduction mechanism cannot
be ruled out through temperature dependence results but appears to break down when
electric field dependence is analysed. The exact nature of the tunnelling cannot be fully

described using the available data.

A series of composite materials were produced using the insulating polymer PMMA and
novel inorganic nanowires. We have shown that MogS4sl4s nanowires are highly
conducting and form a percolation network with very low threshold of p. = 1.3 x 10~
This appears to be the lowest threshold measured to date for any 1-d conductor/insulator
composite system. This result can be explained by the debundling of the nanowires
during sample fabrication at low nanowire concentrations. In addition the data shows the
importance of the longer nanowires in the sample. The highest measured conductivity

was 4 x 10~ S/m which is large enough for anti-static applications.
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Chapter 1

1.1 Scientific Background

The 20" century saw an explosion in the interdisciplinary field of ‘materials science’
producing a wide variety of interesting materials. Prior to this, the traditional materials
that served as the basic building blocks for millennia remained the same. These consisted
mainly of naturally occurring elements or compounds such as metals, wood, stone,
minerals, glass and natural fibres. In the last century, many new and interesting materials
were discovered due to a number of reasons. These include the appearance of large-scale
industry established during the industrial revolution; the development of chemistry as a
formal science; the two world wars and the twentieth-century ‘space race’. This list is by
no means exhaustive but the latter two examples demanded novel materials and the
former two examples provided part of the solutions. Strong yet lightweight materials such
carbon-fibre reinforced epoxy composites are one such example. The National
Aeronautics and Space Administration (NASA) sponsored many research programs in
this field to produce materials for aerospace to compete with aluminium [Lubin]. It has
taken over two decades of laboratory based research but these materials are now being

incorporated commercially into aeroplanes and spacecraft.

Another important point to note is that while certain materials had been known to exist
for many years, their properties were not fully understood. This was due to either the
unavailability of the pristine material itself or because of the absence of a comprehensive
scientific theory, such as Quantum Mechanics. This is particularly true in the case of
semiconductors. A century ago, our knowledge of germanium and silicon was poor even
though they had been identified in 1871 and 1787 respectively. Through a combination of
understanding the fundamental properties of these materials and advances in material
production and purification methods, these factors ultimately led to the invention of the
transistor in 1948 [Bardeen]. This single invention has changed the face of the planet.
This demonstrates that both an intimate material knowledge and also the availability of
high quality materials are required in tandem. Without one or the other, the transistor may

never have been invented!



A relatively new class of interesting materials are conjugated polymers which were
discovered in 1977 by Heeger, MacDiarmid and Shirakawa [Shirakawa]. Traditional
polymers are insulators but this discovery opened up a massive field of research into
conductive polymers. Polymers could no longer be classified as passive materials and
these materials can be used for applications such as organic light emitting diodes
(OLEDs) and solar cells. Potentially, these can be produced at a fraction of the cost of
their inorganic counterparts with the additional properties of flexibility and robustness.

This discovery was rewarded with the Nobel Prize in Chemistry in 2000.

Four years earlier, this prize was awarded to Kroto, Curl and Smalley for their discovery
of the Buckminsterfullerene molecule, Cg in 1985 [Kroto]. This was only the third stable
form of carbon ever to be discovered after diamond and graphite. This paved the way to
the discovery of the fourth allotrope of carbon in the formed of nanotubes in 1991
[lijima]. This exciting new material has been predicted to have many interesting and
potentially unique properties. Theoretically, this is the only known material that is both
strong enough and light enough to support its own weight in providing a cable hundreds

of kilometres long into space for a ‘space elevator’.

Electronically, a nanotube can exist either as a semiconductor or as a metal purely due to
the wrapping of the carbon atoms. These molecular wires have been proposed as a
solution to Moore’s Law for integrated circuits [Moore]. This predicts the limits of
current integrated circuit technology at around 2015 — 2020. In theory, an integrated
circuit could be comprised of transistors made from semiconducting nanotubes which are

connected using metallic nanotubes. These could also act as heat transfer channels.

There are however many great limitations to ever realising these futuristic ideas, none the
least being nanotube purification and processability. In general, the current production
methods for nanotubes also produce unwanted materials such as metal catalyst particles
and/or other forms of extraneous carbon. Nanotube transistors [Tans] and ballistic

conductors [Frank] have been demonstrated for individual nanotubes. These approaches,



while useful for understanding the fundamental properties of nanotubes, are not practical

or useful for producing circuits containing 10° integrated devices.

A more realistic approach to addressing the issues of purification and processability is to
combine nanotubes with a polymer. Through careful selection of the polymer host,
purification of the as-produced nanotube material is possible. Furthermore, these
composite materials can easily be handled and processed using standard techniques. By
varying the nanotube dilution in the host, various effects can be observed from bulk
properties to almost individual nanotube networks. The main focus of the work in this
thesis is nanotube purification using complementary polymers along with electrical
characterisation of novel composite materials. These include both carbon nanotube-

polymer and inorganic nanowire-polymer systems.

1.2 Thesis Outline

The main materials studied in this thesis are first introduced in Chapter 2: carbon
nanotubes and polymers. The properties of carbon nanotubes are described in great detail
and an overview of nanotube-polymer composite materials is presented. Finally, the
theory of charge transport in composite systems is introduced with an emphasis on

carbon nanotube-polymer composites.

The focus of Chapter 3 is on sample preparation and experimental methods. Production
and purification of carbon nanotubes are discussed. The formation of carbon nanotube-
polymer composite materials (which are the main interest of this work) is then outlined.

Finally, the various characterisation techniques used in this thesis are presented.

Chapter 4 contains the first set of experimental results consisting mainly of electron spin
resonance measurements of nanotube soot and nanotube-polymer composites. This
technique allows us to monitor and quantify the nanotube content in various soots and
therefore to optimise the production method. Measurements on composite materials then
allow for a non-destructive purification scheme for multi-walled nanotubes. Finally, the

relative merits of two conjugated polymers in purifying nanotubes are then compared.



A set of novel nanotube-polymer composites was produced and Chapter 5 deals with the
electrical properties of these materials. The nature of nanotube network formation as a
function of nanotube volume fraction is described by analysing the DC and AC
conductivities. Temperature and electric-field dependence of these conductivities are then
measured in order to attempt to determine the underlying charge transport mechanism.
Various possible candidates are studied and these are discussed in detail in the second

half of this chapter.

The third and final experimental chapter, Chapter 6, looks at the room temperature DC
and AC properties of a very novel inorganic nanowire-polymer composite. These
nanowires are metallic and of large aspect-ratio. This leads to composite materials with
huge increases in conductivity at very low nanowire volume fractions. Debundling of
nanowires in the polymer leads to the lowest recorded percolation threshold to date for a

1-d conductor/insulator system.

The main important results achieved in this body of work are then summarised in Chapter

7. A brief debate on possible future work leading from these results is then discussed.
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Chapter 2

2.1 Introduction

This chapter will introduce the important properties of the materials used in the main
body of work, namely carbon nanotubes and polymers. The physical and chemical
properties of carbon nanotubes will be presented. In addition, a description of the
polymer matrices used in this study will be given. A brief overview of carbon nanotube-
polymer composites and their main applications is then provided. Finally, a specific
overview of these composite materials for electrical applications will be presented along
with a theoretical background into charge transport in nanotube-polymer composite

materials.

2.2 Carbon Nanotubes

Physical Structure of Carbon Nanotubes

Carbon is one of the most abundant elements in nature and is considered unique amongst
the elements due to the wide variety of diverse structures and forms that it can assume.
This is partly due to the fact that three possible hybridisations occur: sp, sp” and sp’; and
it is the only group IV element that can form stable double-bonds. Silicon and

germanium, for example, exhibit primarily sp’ hybridisation.

For centuries, the only two stable allotropes of carbon known to exist were diamond and
graphite. In diamond, carbon atoms exhibit sp> hybridisation, in which four bonds are
directed towards the corners of a regular tetrahedron. This results in an extended, rigid,
three-dimensional network with a bond length of 1.56 A between sp’ carbon atoms. For
graphite, sp” hybridisation is present within three carbon atoms, evenly distributed in the
x-y plane (120°) forming planar graphene sheets with a carbon-carbon (C-C) sp® bond
length of acc = 1.42 A. Overlap of the unhybridised p, orbitals results in the weak van der
Waals interaction between graphene layers producing the extended graphite with
interplanar spacing of 3.35 A. Furthermore, the electrons in the p, orbital form a cloud

and are no longer localised to any particular, individual carbon atom. This explains why



graphite can conduct electricity. Diamond, on the contrary, behaves as an electrical

insulator because all of the electrons are localised within the sp> bonds.

In 1985 however, Kroto, Curl, and Smalley [Kroto] discovered the ‘football’ shaped
molecule Ce, the first new member of the fullerene family. This spherical cage consists
of twenty hexagons of carbon and importantly, twelve pentagons (as required by Euler’s
Law), which provide the necessary curvature of the structure to close the sphere. The
coordination at each carbon atom in Cg is not planar, as is the case in graphite, but is
slightly pyramidal with some sp® character present in essentially sp” bonded carbon
atoms. Other fullerenes of different radii and shape were subsequently discovered, such

as C';() and Cs().

Figure 2.1: The Csp molecule and other members of the fullerene family.

Figure 2.1 shows that one can form C;y by inserting ten carbon atoms into a Ceo
molecule. Repeating this process produces the Cgo fullerene and one can imagine
repeating this process a large number of times, to produce a capped cylinder with a very

large length-to-diameter aspect ratio.

An explosion of research into this new family of carbon nanostructures ultimately led to
the very important discovery of multi-walled carbon nanotubes by Iijima at the NEC
Laboratory in Japan in 1991 [lijma']. Two years later Iijima also discovered single-

walled carbon nanotubes [Iijimaz]. Carbon nanotubes have been predicted to have very



interesting electronic and mechanical properties and much experimental work has been

done in an attempt to verify many of these predictions.

Structure of Carbon Nanotubes

An ideal carbon nanotube can be considered as a single layer of a graphite sheet
(graphene) rolled up to form a seamless cylinder which is closed at each end by the
introduction of pentagons into the hexagonal networks. This structure is called a single-
walled carbon nanotube (SWNT) and usually has a diameter in the range 0.7 — 2.0 nm. A
multi-walled carbon nanotube (MWNT) is regarded as the composition of concentric
SWNTs with an inter-shell spacing of 0.34 nm, a value that is slightly greater than the
basal inter-plane separation of bulk graphite (0.335 nm). Iijima attributed this difference
to a combination of the tubule curvature and van der Waals interactions between

successive cylinders [Iijima'].

It is possible to construct many different SWNTs depending on the rolling orientation of
the graphene hexagonal network. This property is known as the chirality (or helicity) of
the nanotube. There are two special types of nanotube, known as ‘armchair’ and ‘zigzag’,
which are achiral. In these configurations, two C-C bonds on opposite sides of each
hexagon are perpendicular and parallel, respectively, to the nanotube axis. All other
conformations, where the C-C bonds lie at angle to the tube axis are known as chiral

structures.

Mathematically, the chirality of a nanotube can be defined in terms of a chiral vector,

C,=na,+ ma,, where a, and a, are the unit vectors in the two dimensional hexagonal

lattice, and n and m are integers with 0 < m < n. Figure 2.2(a) displays the specific chiral
vector (OA) for the SWNT described by the parameters (n,m) = (4,2). This particular
nanotube can be constructed by rolling the graphene sheet so that the end points O and A
coincide. The chiral vector determines the circumference (and hence diameter, d;) of a
SWNT and in the general case, the lattice site (n,m) is superimposed with the origin (0,0).

Another important parameter is the chiral angle 0, which is defined as the angle between

C, and &,. The translation vector T lies perpendicular to C, on the unrolled lattice and



points along the nanotube axis. Each different pair (n,m) describe a unique nanotube
structure and these hexagonal lattice points which define the chiral vector are shown in

Figure 2.2(b).

(a)

@ :metal e :semiconductor armchair”

(b)

Figure 2.2: (a) The chiral vector E';, for the (n,m) = (4,2) SWNT. (b) The 2D graphene
sheet along with the (n,m) pairs that specify the chiral vector of the nanotube. The circled

dots denote metallic nanotubes and the small dots represent semiconducting nanotubes.

As previously mentioned, SWNTSs can be classified into three types. Armchair nanotubes
are formed when n = m whereas zigzag nanotubes are formed when m = 0. All other
nanotubes for which 0 < m < n are called chiral. Typical examples of these three

structures are illustrated in Figure 2.3.



Figure 2.3: Three typical single-wall nanotube types: (a) (5,5) armchair, (b) (9,0) zigzag
and (c) (10,5) chiral. Each end is capped by half of a fullerene molecule.

The diameter and the chiral angle (d;,0) also uniquely describe a particular nanotube and

it can be verified that these values have the following relations with (n,m):

'
d = |——h—’ = —a—\/m2 +n’ + nm 2.1
T T
0 = tan*‘—‘@— (2.2)
2m + n

where a = 2.46 A is the lattice constant in the graphene sheet. Note that a = \/gacc.

Armchair nanotubes correspond to 0 = 30° while zigzag nanotubes correspond to 0 = 0°.
All other nanotubes have chiral angles in the range 0° < 0 < 30° as illustrated in Figure

2.2(b).

Multi-walled nanotubes (MWNTSs) can be imagined as the ‘Russian doll’ extension of
single-walled nanotubes. They can consist of up to 100 graphene sheets which are rolled
up into concentric cylinders with an inter-shell spacing of 0.34 nm, similar to the
interlayer spacing of graphite. Due to the multiple shells, multi-walled nanotubes are
much stronger than single-walled nanotubes. Also, it is easier to isolate individual multi-
walled nanotubes because of their size whereas single-walled nanotubes tend to aggregate

in bundles.



Because of the remarkable strength and stability of the sp® carbon-carbon bonds present
in nanotubes, their current-carrying capability is outstanding. Both SWNTs and MWNTs
have been observed to carry current densities of greater than 10° A/cm’ before electrical
breakdown by electromigration [Dekker, Wei]. These are more than 3 orders of
magnitude greater than that for copper. The latter measurement was performed at a
temperature of 250°C and the MWNT resistance remained constant for the lifetime of the

experiment (334 hours) indicating the high stability of the device.

For a MWNT, each individual shell does not necessarily have the same chirality. There is
no correlation between the concentric shells and they can be either metallic or
semiconducting (depending on the (n,m) requirement (2.5) described in the next section).
Although MWNTs can withstand remarkable current densities, eventually however at a
certain high threshold power, the outermost shell can be destroyed through rapid
oxidation in air [Collins']. Collins et al [Collins®] consecutively destroyed 14 shells of a
MWNT electrically and observed a random ordering of metallic and semiconducting

shells by monitoring the conductance as a function of an applied gate bias.

Carbon-carbon covalent bonds are among the strongest bonds in nature with the in-plane
C-C bond in graphite having an elastic constant of 1.060 TPa [Dresselhaus]. A nanotube
which is a uniform structure based on a perfect arrangement of these bonds is expected to
display very high strength along its axis. Theoretical and experimental studies have
predicted the tensile strength of nanotubes to be up to 600GPa which is two orders of
magnitude higher than that of current high-strength carbon fibres [Breuer]. The Young’s
modulus for an individual SWNT has been calculated to be 640GPa [Gao], which is
consistent with experimental measurements [Yu']. The density of SWNTs is
approximately 1.3 g/cm’ [Hadjiev] compared to a value of 1.8-1.9 g/cm3 for commercial
carbon fibres. This is an important factor in the production of light-weight materials for
advanced applications such as in the aerospace industry. Composite materials fabricated
from nanotubes incorporated into a polymer matrix for mechanical purposes will be

discussed in section 2.4.
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The thermal conductivity of a carbon nanotube is highly anisotropic, diamond-like along
the length of the tube and insulating in the transverse direction [Breuer]. This is closely
connected to the high strength of the atomic bonds in nanotubes along which vibrational
energy can efficiently travel. Theory predicts a room-temperature thermal conductivity of
6000 Wm™'K™' for an isolated SWNT whereas experimental values of approximately 200
Wm'K™" have been measured [Biercuk]. This property of nanotubes could be particularly

useful for the extraction of heat in nanoscale electronic devices.

The most interesting property of carbon nanotubes however is the electronic structure
because they can be either metallic or semiconducting purely due to their chirality. This

characteristic will be discussed in further detail in the next section.

Electronic Properties of Carbon Nanotubes

Even though the chemical composition of all perfect carbon nanotubes is fundamentally
the same, the electronic structure of any particular SWNT can be either metallic or
semiconducting depending on its diameter and chirality. This can be explained by
looking at the band structure of a SWNT whose electronic properties are strongly related
to the gap between the highest occupied molecular orbital (HOMO) and lowest
unoccupied molecular orbital (LUMO). The analogue for a solid-state material is the

behaviour of the energy dispersion in the neighbourhood of the Fermi level.

Imagine the construction of a SWNT by taking individual sp® hybridised carbon atoms
and assembling them together one at a time. Initially, when there are only two atoms
present, the discrete HOMO and LUMO states are the m and ©* molecular orbitals,
produced by the overlap of the p, atomic orbitals. As more atoms are added, these states
split due to the Pauli Exclusion Principle. This ultimately leads to formation of HOMO
and LUMO bands because of the extensive number of carbon atoms in a SWNT. These
are the m and n* bands, respectively, and are separated by the Fermi level. Thus a
nanotube’s electronic behaviour is essentially determined by the p, orbitals. The ¢ and o*

bands produced by the splitting of the sp® molecular orbitals lie far above and below the

11



Fermi level and can be neglected in determining the nanotube’s electronic behaviour.

Similarly, mixing of the o and n orbitals can be ignored.

The electronic band structure of a SWNT can be obtained from that of two-dimensional
graphite (graphene). A tight-binding model which considers only nearest-neighbour
interactions (and ignores those between planes) gives the 2-D energy dispersion in the

vicinity of the Fermi level as [Wallace]:

k,
E,,(k k)= i}’o\/l + 4005(\/3;"1]005 ( k;a ] +4cos’ (—‘2‘1) (2.3)

where + correspond to the unoccupied n* band and fully occupied n band respectively; yo

is the nearest-neighbour overlap integral and a = 2.46 A is the lattice constant in the
graphene sheet. A three-dimensional plot of the dispersion relations of these bands is
shown in Figure 2.4(a) [Avouris]. The first Brillouin zone of graphene is hexagonal and
this is also illustrated in Figure 2.4(a). The two bands are degenerate only at the six K
points (the corners of the Brillouin zone) through which the Fermi energy passes and

hence graphene is a zero-gap semiconductor or semimetal.
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Figure 2.4: (a) The band structure of graphene in the neighbourhood of the Fermi level.
The valence () and conduction (n*) bands meet at the six corners (K points) of the first
Brillouin zone. (b) The black lines represent the allowed k-states for a chiral SWNT as

determined by the boundary condition (2.4).
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Due to the small diameter of a SWNT the number of allowed electronic states in the
circumferential direction is discrete, whereas the allowed wave-vectors along the
nanotube axis form a continuum since the nanotube length is essentially infinite.
Therefore, the band structure of a SWNT can be derived from that for graphene with the

incorporation of the Born-Von Karmen periodic boundary condition required for

quantisation of the wave-vectors, k, in the circumferential direction:
k-C, =2rj (2.4)
where j is an integer and C, is the chiral vector.

This confinement condition means that the allowed states of a nanotube lie on parallel

lines in the first Brillouin zone of graphene that are separated by a spacing of 2x /|Ch|.

Figure 2.4(b) displays sets of these lines for a chiral nanotube. The 1-D energy dispersion
for the SWNT is obtained by restricting Eqn (2.3) to these quantised k-states. It can be
see from Figure 2.4 that there is a gap between the m and n* bands of graphene
everywhere except at the six K points of the Brillouin zone. Therefore a SWNT will have
a bandgap unless one of these K points intersects with an allowed k-state line, in which
case it will be metallic. The general criterion for a SWNT to be metallic is given by:

(n—m)mod3=0 (2.5)
Thus it is apparent that all armchair nanotubes (n = m) are truly metallic whereas this is
true for only one third of zigzag nanotubes (m = 0). The 1-D dispersion relations for an
armchair (5,5) nanotube, a zigzag (9,0) nanotube and a zigzag (10,0) nanotube are

displayed in Figure 2.5 [Saito'].

13



energy

-n/fa 0 -n/v3a o] -nfv3a o]
wavevector wavevector wavevector

Figure 2.5: Dispersion relations for three nanotubes: (a) armchair (5,5) (b) zigzag (9,0)
and (c) zigzag (10,0). The first two nanotubes are metallic whereas the third nanotube is

semiconducting as governed by condition (2.5). Energy is in units of overlap integral y,

By combining the dispersion relation with the number of available electronic states per
wavevector (dN/dk), the density of states (DOS) for any nanotube can be calculated.
Figure 2.6 shows the DOS for both a semiconducting (10,0) and a metallic (9,0) zigzag
SWNT [Saito’]. For each nanotube, the DOS contains sharp peaks known as van Hove
singularities. It has been shown that SWNTs can be induced to fluoresce via the de-

excitation of promoted electrons across the gap between singularities [Bachilo].
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Figure 2.6 Electronic density of states for two zigzag SWNTs: (a) semiconducting (10,0)
and (b) metallic (9,0) nanotubes. The corresponding DOS for semimetallic graphene is

also plotted (dashed lines) for comparison.

For all metallic nanotubes, irrespective of their diameter and chirality, it can be shown
that the density of states at the Fermi level, per unit length along the nanotube axis is a

constant value given by [Saito']:

N(E;)= (2.6)

8
‘/gﬂ'a}’o

The overlap energy has been predicted to be yo = 2.5eV for a single graphene sheet
[Dresselhaus, Mintmire]. Experimentally, a value of 2.7eV has been estimated from

scanning tunnelling spectroscopy DOS data for a SWNT [Wildoer].
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The band-gap E, of a semiconducting nanotube has been predicted to vary inversely with

its diameter d; and can be written as [White]:

Y o4
Q2.7
3

E =
g \/— j
independent of chirality. The bandgap of semiconducting SWNTs can be varied

continuously from 0eV to leV through diameter variation. Thermal energy at room

temperature exceeds the band-gap for nanotube diameters > 14nm. Therefore, all

MWNTs with d; > 14nm are either metallic or semi-metallic. In the limit where the

diameter becomes infinite we simply have a zero band-gap semiconductor: graphene.

One of the most important electrical properties of metallic nanotubes is the reduced
probability for carrier scattering as a consequence of the limited number of allowed
electronic states [White]. This leads to ballistic transport over distances of greater than 1
um [Frank]. Effectively the electrons encounter no resistance and dissipate no energy in
the conductor. Room temperature conductivity values of 3 x 10° S/m have been measured
for ropes of predominantly metallic (10,10) SWNTs (as determined using x-ray
diffraction and transmission electron microscopy) [Thess, Fischer]. This value is twenty
times smaller than that for silver indicating the true metallic behaviour of nanotubes. In
studies of MWNTSs with a metallic outer shell that are bonded to metal electrodes, it was
concluded that the electrical transport at low energies is dominated by outer-shell

conduction [Schoenenberger].

Chemical Properties of Carbon Nanotubes

In order to fully exploit the unique properties of nanotubes, it is necessary to be able to
process and handle these materials on a macroscopic scale. Carbon nanotubes in their
unmodified, pure form are highly unreactive due to the seamless arrangement of
hexagonal rings without any dangling bonds. This makes them insoluble in all common
solvents. This is a major barrier for further processing of raw nanotube soot and two main
approaches have been taken to remedy this. These involve (1) covalent and (2) non-

covalent interactions between nanotubes and various chemical species.
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Covalent Functionalisation

Carbon nanotubes are not highly reactive but as they are subject to the rules of carbon
chemistry, this means they can be covalently functionalised. Covalent modifications of
nanotube tips and sidewalls include oxidation and fluorination. As one might expect, the
more highly strained caps at the end of nanotubes contain the most reactive carbon atoms
[Colbert] and hence the ends of nanotubes are more susceptible to functionalisation than
the side-walls. It is known that real nanotubes are not completely defect-free. Several
different structures other than the main hexagonal shape are incorporated along the tubule
walls such as pentagons and heptagonal rings. These sites are potentially more reactive
than the more stable, majority hexagonal lattice [Chang]. Also, smaller diameter single

wall nanotubes are more reactive than larger nanotubes.

Nanotubes respond to strong acids and other chemical oxidisers which can attach
functional groups (e.g. hydroxyl, carboxyl and ketone groups) directly to the ends and
side walls [Dillon, Yu?, Hiura]. Other species such as small molecules or polymer chains
can then be covalently attached to these functional groups through traditional chemical
reactions [Sun]. After various modifications, the dissolution of SWNTs in common
organic solvents such as tetrahydrofuran (THF), dichlormethane and chloroform has been
demonstrated [Chen', Hamon, Riggs, Czerw]. Water-soluble functionalised nanotubes
have also been produced [Riggs, Czerw]. Direct fluorination of side-walls has also been
achieved between 250°C and 400°C. [Nakajima]. Fluorination at a temperature above
400°C was found to cause decomposition of the nanotube structure indicating the harsh

treatment involved.

The major drawback to all of these schemes however is that covalent modification
dramatically alters the structure and intrinsic properties of the nanotubes themselves. The
treatments involved generally destroy the ends of the nanotubes and damage the
sidewalls. This leads to severe disruption of the nanotube band structure and unique
electronic properties. For example, oxidation of nanotubes introduces scattering defects

which reduce the mean free path and ultimately the loss of ballistic transport.
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Non-covalent Chemistry

Noncovalent chemistry involves self-assembly of molecules or macromolecules about
nanotubes to form thermodynamically stable structures held together by weak non-
covalent interactions. These include hydrogen bonding, n-m stacking, van der Waals
forces, electrostatic forces and hydrophobic and hydrophilic interactions [Chen?, Star'].
This approach offers an advantage in that the nanotube’s structure is not changed and

hence its electronic properties are largely retained.

A commonly employed approach to the stable dispersion of nanotubes is through the use
of a surfactant in an aqueous suspension [Burghard]. This method relies on the
hydrophobic nature of nanotubes which allows surfactant molecules to arrange into
ordered micelles around the nanotubes. These solutions while stable are not particularly
useful in producing nanotube films due to the presence of the surfactant which forms

large crystalline regions when dried.

Nanotubes can be combined with various polymers to form stable composite dispersions.
Coupling between MWNTs and the n-system for conjugated polymers such as poly(m-
phenylenevinylene-co-2,5-dioctyloxy-p-phenylenevinylene) (PmPV) has been reported
[Curran, Star']. It was originally assumed that the polymer wraps around the nanotube
but through binding energy considerations [Coleman'], this seems unlikely. Dispersion of
nanotubes via polymer wrapping has been suggested in non-conjugated polymers
[O’Connell, Star’]. O’Connell [O’Connell] formed stable SWNT dispersions using
polyvinylpyrrolidone (PVP). It was proposed that the wrapping is thermodynamically
driven and leads to a screening of the hydrophobic interaction at the nanotube-solvent

interface.
Another advantage of these weakly bonded composites is that unlike covalently bonded

composites [Niyogi], the process is reversible and the polymer can be removed relatively

easily. Alternatively, the nanotubes can remain in the matrix allowing easy processing.
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2.3 Polymers

Many of the interesting properties of carbon nanotubes have been extolled in the previous
sections. However, as was mentioned (and will be discussed further in the next chapter),
the problems of nanotube purity and processability are critical issues. Complementary

materials to nanotubes that address these issues are polymers.

PmPV
One conjugated polymer used in this work was poly(m-phenylenevinylene-co-2,5-
dioctyloxy-p-phenylenevinylene) (PmPV) which is a derivative of the more widely

studied polyphenylenevinylene (PPV). The repeat unit is shown in Figure 2.7.
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Figure 2.7: Repeat unit structure of the polymer poly(m-phenylenevinylene-co-2,5-

dioctyloxy-p-phenylenevinylene), PmPV.

PmPV is a light-emitting polymer [Davey, Drury] with a meta-linked phenyl which adds
curvature to the otherwise planar para-monomer. This allows a slight helical twist to the
planar backbone and this flexibility is believed to permit interactions with a nanotube
over the whole length of the molecule (~5-10 repeat units) [in het Panhuis]. The polymer
was synthesised in our laboratory in Trinity College and a detailed description of the

production is presented in Chapter 3.

PFO
Another conjugated polymer poly(9,9-di-n-octylfluorenyl-2,7’-diyl) (PFO) as shown in
Figure 2.8 was obtained commercially from the American Dye Source, Inc. (product code

ADSI129BE).
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Figure 2.8: Repeat unit structure of the polymer poly(9,9-di-n-octylfluorenyl-2,7’-diyl),
PFO.

PFO is a blue light-emitting polymer with a rigid backbone and octyl side chains that can

facilitate interactions with nanotubes.

PVP

A third polymer used to form composites was polyvinylpyrrolidone K25 (PVP) as shown
in Figure 2.9. This was obtained commercially from Sigma-Aldrich (product code 81400
Fluka).

™.

|
<—CH CH, —)
n

Figure 2.9: Repeat unit structure of the polymer polyvinylpyrrolidone, PVP.

PVP is soluble in water and other polar solvents. When dry it is a light flaky white
powder, which readily absorbs up to 18% of its weight in atmospheric water. Therefore
before usage it must be dried in an oven. Industrially it is used for a variety of
applications including coatings for photo-quality ink-jet papers and transparencies, as

well as in inks for inkjet printers. This is due to the fact that it binds to polar molecules
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exceptionally well. PVP is completely amorphous and its glass transition temperature is

approximately T, = 168°C.

2.4 Carbon Nanotube - Polymer Composite Materials

Carbon nanotubes have attracted much interest since their discovery in 1991. Much of the
early research focused on the intrinsic physics and chemistry of these materials without
much consideration for large-scale applications. Due to the outstanding and interesting
characteristics that were discovered in these early works, many diverse potential
applications have been proposed and investigated [Baughmann]. These include
mechanical reinforcement of materials [Cadek'], biological and chemical sensing
[Wong], field emission [Teo], transistors [Tans'] and supercapacitors [An] to name a few.
In order to realise their potential, a number of problems with nanotubes need to be

addressed.

First, the issue of nanotube purity is a huge barrier to large-scale applications. This will
be discussed in greater detail in section 3.2. Another issue is the production cost of
nanotubes. Currently, commercial nanotubes cost $375/g for soot containing up to 35%
impurities and $2000/g for oxidative-purified soot containing up to 5% impurities
(Carbon Nanotechnologies Incorporated). One would expect these costs to decrease as
applications are found and nanotubes are produced on a larger scale. A third problem
with nanotubes is their utility. As-produced nanotube material is a soot and further
processing and manipulation is required in order to produce useful devices. Pristine

nanotubes have low solubility in organic solvents so direct dissolution is not possible.

A solution to some of these problems is to combine the nanotube material with a polymer
to produce a composite. This approach is advantageous for a number of reasons. First, it
will be shown that through the careful choice of polymer, nanotube purification is
possible. This process also creates a composite material that can be easily handled and
manipulated with standard solution techniques such as spin-coating. The bank of
available polymers is enormous with wide and varied properties and this opens up a large

field of novel materials. Polymers are generally cheap to produce and through the
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addition of a small volume fraction of nanotubes, an economical composite can be
produced combining favourable properties of both components. Useful examples include
harnessing the mechanical strength and/or electrical conductivity of nanotubes to
fabricate lightweight, mechanically tough, conductive plastics. Due to their large aspect
ratios, only small quantities of nanotubes are generally needed to impart a particular
property to the matrix without compromising any of the polymer’s intrinsic properties

(such as flexibility for example).

The critical challenges in composite production lie in uniformly dispersing the nanotubes
in an appropriate matrix. Depending on the application, other questions are important
such as achieving nanotube-matrix adhesion that provides effective stress transfer for
mechanical reinforcement along with avoiding intra-nanotube sliding between individual

nanotubes in bundles.

Carbon Nanotube - Polymer Composite Research in Trinity College

While the study of carbon nanotubes is a relatively new field, the use of nanotubes as
fillers for composite materials is even newer, being less than ten years old. One of the
very first studies concerning carbon nanotube-polymer composites is that of Curran et al
[Curran]. The very first stable composite solution (over 6 months stability) was produced
with  MWNTs  dispersed in  poly(m-phenylenevinylene-co-2,5-dioctyloxy-p-
phenylenevinylene (PmPV). An increase of up to eight orders of magnitude in
conductivity was measured along with a fivefold increase in device lifetime for organic

LEDs produced with the composite compared to the pristine polymer.

The preferential suspension of MWNTs relative to impurities in this same polymer was
first reported by Coleman et al [Coleman®]. This purification effect was verified by
electron spin resonance (ESR) and Raman spectroscopy. The former method is discussed
in detail in chapter 4. The Raman studies involved the comparison of the peaks at
1350cm™ and 1580cm™ which are attributed to nanotubes and graphitic impurities
respectively. Raman spectroscopy performed on low concentration SWNT-PmPV

composites [Dalton'] also showed preferential selection of SWNTs plus diameter
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selectivity. Fine features appear in the composite spectra that can be assigned to the radial
breathing modes (RBM) of SWNTs (which are highly diameter dependent). The range of
SWNT diameters in the soot were calculated to be d = 1.32 - 1.54 nm while those that
remained suspended in the polymer belonged to the narrower distribution of d = 1.45 -

1.54 nm.

Electrical measurements involving this composite [Coleman’, Kilbride] have reported the
formation of a percolating network of nanotubes. Further composites produced using the
polymer polyvinyl alcohol (PVA) displayed similar behaviour and a percolation threshold
as low as p. = 2.9 x 10™ by volume was measured. Fluctuation induced tunnelling (FIT)
and space charge limited conduction (SCLC) mechanisms are reported for composites
with MWNT volume fractions p < 1% and p > 1% respectively. The SCLC behaviour
was due to the presence of traps in PmPV and FIT occurred between nanotubes separated

by very thin polymer layers.
These polymer layers surrounding individual MWNTs have been imaged using

transmission electron microscopy for both PmPV [McCarthy] and PVA [Cadek’] as

shown in Figures 2.10 and 2.11 respectively.
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Figure 2.10: TEM image of a MWNT coated with a thin layer of PmPV.

These thin layers are of thicknesses < 5nm. In the case of PVA, it has been shown that the
layer plays an important role in the mechanical properties of the composite. The
nanotube-matrix stress transfer is enhanced by the layer [Cadek?]. Furthermore,

! Ryan’] show that

differential scanning calorimetry (DSC) measurements [Ryan
nanotubes act as nucleation centres for crystallinity in semi-crystalline polymers. An
increase from 14% crystallinity for PVA itself to 28% was measured upon the addition of
1 wt% MWNTs. A model relating the thickness of the coating around the MWNT to the
rate of increase of crystallinity with volume fraction was derived [Cadek']. This predicts

thickness values comparable to those observed by TEM.
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A final result demonstrating the first generation of highly advanced carbon nanotube-
polymer composites that can outperform conventional materials is that of Dalton and
coworkers [Dalton’]. Using a coagulation technique, they produced a 100m long
composite fibre of nanotubes embedded in PVA which is tougher than any natural or
synthetic fibre. The energy required to break the fibre (toughness) at a strain of 30% was
570 Jg'. This value is over 3 times greater than that for spider dragline silk and over 17

times greater than that for Kevlar fibre [Vollrath].

The area of composites for electrical applications was alluded to briefly. A small volume
fraction of nanotubes added to polymers can drastically alter their electrical
characteristics without compromising other properties. This is particularly useful in the
production of lightweight, conductive plastics for use in applications for electrostatic
dissipation, electromagnetic interference and flexible displays. Critical issues relating to
the successful fabrication of composites for these purposes include uniform dispersion in
the matrix, minimisation of the percolation threshold and maximisation of the overall
composite conductivity. Insight into these questions can be gained by studying the
electrical response as a function of nanotube volume fraction, temperature and electric

field.

2.5 Carrier Transport in Composite Materials

The carrier transport mechanism in composites or other disordered media is a
complicated function of a number of factors including temperature and electric field. A
general expression for the conductivity of such a material can be written as:

o(T,E) =0, /(1) /L(E) (2.8)
where oy is an independent conductivity and f; are unknown functions dependent on the
particular system and regimes probed. The most likely candidates for conduction
mechanisms that are expected in carbon nanotube — polymer composites are discussed in

the following sections.
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Quantum Mechanical Tunnelling

For composite systems where the conducting channels are interrupted by sufficiently thin
barriers, a tunnelling process can occur. This could be either directly between the
conduction bands of conducting particles (such as nanotubes) or through one or several
intermediate states within the insulating bandgap. The probability of tunnelling is given
by the square of the wavefunction |¥|*> which decays exponentially with thickness. This
probability multiplied by the electron flux n(vyx) at the barrier (where vy is the

approaching electron velocity) gives the tunnelling current density and for electrons:
J= [n(v)p(e,)de, 2.9)
0

where p(ex) is the transition probability for electrons with energies g, up to a maximum

energy €m.

The shape of the barrier is important in calculating the probability and hence current
density. For non-trivial shapes the Wentzel-Kramers-Brillouin (WKB) approximation is
employed which approximates an arbitrary barrier shape as a superposition of rectangular
barriers. For a barrier with varying height V(x) across its thickness w, the transition

probability for electrons with energies & can be estimated as:

p(e)= ex;){-ﬂ,/%’(ﬂx) —6,)dx} (2.10)

where m and h = 2xh are electron mass and Planck’s constant respectively.

For a simple rectangular barrier of width w and height V, (assumed to be large for pure

tunnelling) it can be shown that the conductivity can be written as [Hurd]:

N\

o =0, exp(-%vﬁj 2.11)

—

; 2mV,
where o is a constant and y = \/ rE

equals the tunnelling constant. This tunnelling

constant is a measure of wavefunction decay and can also be considered as an inverse

tunnelling distance. In addition, it can be shown that for low voltages, this form of
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conductivity also describes any arbitrarily shaped barrier when the WKB approximation

is used [Simmons, Lamb].

The field-independent tunnelling current for a rectangular barrier decays exponentially
with barrier width but for moderate electric fields E < E,, the field-dependent current is

given by [Celzard]:

2
o myw( E
~ j,exp| ———| —— 2.12
1= Jo= 5B s [Eo ) (2.12)
whereE0=ﬂ.
ew

Essentially, tunnelling is a temperature independent process because the crucial
parameter is the width of the barrier. However, depending on the material and
temperature scale under study, because tunnelling current is highly sensitive to barrier
thickness, a small variation due to thermal expansion or contraction can play an important

role in determining the overall current.

Hopping Transport

Hopping transport is a common conduction mechanism in disordered media such as
amorphous semiconductors and conductor-insulator composites. The term hopping
describes the phonon-assisted quantum mechanical tunnelling transfer of an electron
between two localised electronic states centred at different locations in energy and space.
This process differs substantially from conventional electronic band transport in solids,

since localised states are not compatible with the translational symmetry of crystals.

Nearest-Neighbour and Variable Range Hopping
When the Fermi energy lies in a range of energies where states are localised in a highly
disordered medium (Anderson localisation) then two conduction mechanisms are

possible.
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First, there can be direct excitation of an electron from a localised state at the Fermi level
(EF) into the conduction band (Ec) so that the electron now belongs to an extended state.
This contributes to the conductivity in a way similar to that of a conduction electron in a
metal. Unlike a metal however, the carrier density n(T) is generally small and quite
temperature sensitive. This leads to a highly temperature dependent band transport
conduction mechanism described by an Arhennius activation law:

o =0, exp[—£] (2.13)

k, T

This form of conduction is normally predominant at high temperatures or when the
activation energy AE = Ec — Ef is small. This can be thought of as an expression that

describes temperature dependent Ohmic conductivity with 6, being a constant.

Mott Variable Range Hopping

Second, thermally activated hopping conduction by electrons between localised states
near the Fermi energy can occur. There can be a finite probability that an electron in a
filled state below the Fermi level, upon the absorption of a phonon, can jump to an
unfilled state above Ep. This probability of hopping from one state to another is the
product of a number of factors including the Boltzmann factor (describing the distribution

of energies) and a factor dependent on the overlap of the wavefunctions.

The wave function of a localised state decays according to exp(-aR) at a distance R from
the localisation centre, where a is the inverse localisation length. If the average nearest
neighbour distance is Rj; then we can describe localisation as being very strong if 1/a <<
R;. In this case, overlap of wavefunctions is negligible and the most energetically
favourable hop by an electron is to a state nearest in space. This is known as ‘Miller-
Abrahams’ or ‘nearest-neighbour’ hopping [Miller]. In this case, a conductivity
temperature dependence of the form given by Eqn (2.13) is also expected (with AE = E; —
E)

If however the inverse localisation length is comparable to the average nearest neighbour

distance (1/a > Rj) then significant overlap of wavefunctions is to be expected and in this
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instance the most energetically favourable transition need not necessarily be to the

nearest empty state in space. Mott’s argument is described as follows [Mott].

First, the probability of finding an electron a distance R from its initial site is proportional
to the square of the wavefunction and is given by exp(-2aR). Second, due to the
electron’s need for energy-conserving phonon assistance in overcoming the energy
mismatch W between the final and initial state, we must multiply this by the Boltzmann
factor (which determines the number of phonons of energy W available). Hence, at a
given temperature, the probability p of an energy-upward transition from one state to
another, separated in space and energy by R and W respectively, is proportional to the
product of these two factors:
w

P~ exp(—2aR _kB_TJ (2.14)
The essential point introduced by Mott’s analysis is that there exists a trade-off between
hopping distance R and mismatch energy W which implies that the nature of the most
probable hops changes with temperature. For example, suppose two competing final
states for an electronic transition exist with distance and energy separations (Ra, W) and
(R, W) from the initial state. State A is closer in space (Rx < Rg) but state B is closer in
energy (Wp < Wj,). At a certain temperature, hops to A contribute to the conductivity
more than hops to B due to smaller space separation. As the temperature is lowered, the
hopping probability decreases for both transitions (because of the second term in Eqn
(2.14)) but p(A) decreases more rapidly than p(B) because W, > Wpg. At some
temperature, p(B) exceeds p(A) and it is now more energetically favourable to make the
longer hop. This is because in spite of the smaller wavefunction overlap, the phonon
contribution becomes appreciable and the more desirable it is for the electron to hop

further in space to find a lower W.

This enhanced probability of encountering this smaller W is achieved by allowing the
electron to choose among a larger selection of final state sites contained within a larger
neighbourhood, namely a sphere of increased radius R surrounding the initial site. This

restricts the range of available energies and W and R are related as follows:
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3

T (2.15)

W(R)

where N(EF) is the constant density of states at (and about) the Fermi level.

This expression can be substituted into Eqn (2.14) and the probability can be maximised

with respect to R by setting dp/dR = 0, yielding the most probable hopping distance of:
R,, ~(aN(E,)k,T) (2.16)
Assuming that these most probable hops dominate conductivity, by substituting this value

into Eqn (2.14), an expression for the Mott 3-d variable range hopping (VRH)

conductivity is given by:

0
o =0, exp[—(%) J (2.17)

3
where T, :lg—aand oo is dependent on N(Ef) and the average hopping distance,

kyN(E.)
and can be assumed to be temperature independent. It is easy to see that this argument
can be extended to d-dimensions and in this more general case the conductivity exponent

x = Y should be replaced by x = 1/(1+d).

Efros-Shklovskii Variable Range Hopping

Mott derived his VRH exponent x = % for a system of non-interacting carriers and for a
constant density of states near the Fermi energy or a slowly varying function of energy.
In disordered systems however (such as a MWNT-polymer composite) localised
electrons cannot screen the Coulomb interaction as effectively as in metals. Coulomb
interactions in a many-electron system deplete the density of states N(E) near the Fermi
energy Ep, relative to the non-interacting case. Efros and Shklovskii [Shklovskii] argued
that if Coulomb interactions are included, the ground state is stable with respect to a one-

particle excitation only if N(E) has a quadratic dependence on energy E near Eg.

The Efros and Shklovskii (ES) argument may be summarised as follows. Consider the

ground state of a disordered system of localised electrons. States below the Fermi energy
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will be occupied, those above empty. Consider a filled state of energy E; and an empty
state of energy E;. If there is a transition of the electron from i to j and Coulombic

interactions are included, then the net energy change will be:

2
€

W=E,—E,- (2.18)

47zgr,j

where ¢ is the permittivity of the medium and rj; is the spatial separation of the sites. This
third term is the Coulombic potential between the negative charge added at j and the
effective positive charge added at i. But for the stability of the original (ground) state we
require W > 0. This limits the density of states at low energies. Efros and Shklovskii
argue that the charges will adjust their configurations to from a ground state such that W
= 0 for all ry;. This condition results in 3- and 2-dimensional density of states of the form:
N,,(E)=N,(E-E,)

N,,(E)=N,(E-E;) (2.19)
where N3 and N, are constant densities of states dependent on the dielectric constant of
the material only. Obviously, N(E) cannot continue to rise indefinitely and it is assumed
to level off when N(E) reaches that constant density of states which is obtained if
Coulomb interactions are neglected. Since N(E) vanishes only at Ep, a “soft” Coulomb
gap opens which is dependent only on the bulk dielectric constant. This independence
from microscopic detail is a result of the densities of states being determined solely using

Coulomb’s law.

Mott’s argument can be further modified to include a non-uniform density of states of the
general form [Jana]:
N(E)=N,(E-E.) (2.20)

where v is an integer and this produces a temperature dependent conductivity of the form:

o =0, exp(—(%)x] (2.21)

where the exponent x depends on both dimension d and density of states index v:

v+1
xX=
d+v+l1

(2.22)
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Therefore for both d = 3 and d = 2 dimensions with v =2 and v = 1 respectively, the ES-

2
VRH exponent x =Y and 7, , ~ 2.8ce

e
If a constant density of states is assumed (v = 0) one recovers the Mott exponent x = % in

three dimensions.

For disordered materials, various models have been proposed to predict the electric field
dependence of the current density when hopping between localised states is the dominant
conduction mechanism [Hill, Apsley, Pollak]. <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>