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Abstract
The aims of this research are seven fold;
e To enhance the solubility of SWNTs in organic solvents.
e To purify an untreated sample of SWNTs that contains many side products.
e To gain a greater understanding of the interaction between the polycyclic aromatic
hydrocarbons and SWNTs.
¢ To debundle and disperse SWNTs.
e To select SWNTs of a specific structure based on the structures of the polycyclic
aromatic hydrocarbons used.
e To observe and compare the interaction of polycyclic aromatic hydrocarbons with
SWNTs produced by different methods.
e To elucidate factors which contribute to different degrees of interaction between

different SWNT samples and the hydrocarbon molecules.

In this research, the solubilisation, purification and debundiing of single walled carbon
nanotubes (SWNTs) on interaction with the polycyclic aromatic hydrocarbons (PAHs),
anthracene and p-terphenyl are explored. The investigations were performed in toluene due
to its poor affinity for the retention of SWNTs. Thus this solvent can act as a good indicator
for improvements in the solubility of the SWNTSs due to the presence of the PAHs. The
hydrocarbons anthracene and p-terphenyl were chosen because of their high degree of
solubility in toluene and their simple structure that is proposed in this research to exhibit

molecular recognition of SWNTs with a similar backbone structure to that of the

hydrocarbon.

The study begins with the exploration of the interaction between the SWNTs in an
untreated sample and the PALs, and results reveal an enhanced solubility of the SWNTs in
toluene and subsequently the purification of the SWNT sample. Interaction between the
PAHs and the SWNTs draws the SWNTs into solution allowing all side products to
precipitate out. The composite solution is a stable suspension of finely dispersed SWNTs
with no evidence of SWNT precipitation observed in over a five year period. This

observation indicates an enhanced stability of the SWNTs in solutions due to an interaction



with the PAH molecules and this observation is supported by Raman and fluorescence
spectroscopic studies which are presented in this thesis. Both anthracene and p-terphenyl
map via a T — ® interaction to the SWNT backbone with strong indications of structural

selectivity between the SWNT surfaces and PAHs.

The literature is scarce with regard to the interaction between organic molecules and
SWNTSs. In this research an investigation into the interaction that occurs between PAHs and
SWNTs is conducted. The interactions and debundling of SWNTs over a broad
concentration range are probed through spectroscopic methods including fluorescence and
Raman. Fluorescence concentration dependence studies define the concentration range
where aggregated PAHs and isolated PAHs exist. A fluorescence model based on the
fraction of free hydrocarbons is used to indicate the concentration range where debundled
and bundled SWNTs and PAHs are interacting with atomic force microscopic (AFM)
studies supporting the results. AFM is used to obtain a surface profile of the SWNTs at a
range of concentrations to image the debundling of SWNTSs with decreasing concentration.
The fluorescence model also allows the calculation of a binding energy between the
SWNTs and PAHs at low concentrations. The binding energy determined is further
supported by alternative theoretical models and the results obtained correlate well. Raman
studies support fluorescence and AFM studies with regard to the interaction and debundling
of SWNTs and the Raman radial breathing modes (RBMs) are probed to investigate
selective interaction of the PAH molecules at low concentrations and results reveal a degree

of selective interaction.

To conclude this work, a study using SWNTs produced by different methods is performed
to investigate any changes which may occur to the SWNT/PAH/solvent system as a result
of replacing one tube type for another. The study elucidates factors that are favourable for
interaction with the hydrocarbon in the given solvent toluene. Spectroscopic methods such
as fluorescence and microscopic studies such as AFM are used as the investigative tools.
The studies reveal that large bundles with large diameter SWNTSs are most favourable for
interaction with p-terphenyl and debundling in toluene. Such a study is of interest for the

development of a standardised purification and processing protocol.
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CHAPTER 1 - INTRODUCTION

1.1 Research Objective

Single Walled carbon NanoTubes (SWNTs), have generated much interest due to their
unique properties and potential applications (Baughman and Zakhidov 2002; Hamada ef af,
1992; Javey ef al., 2004; McEuen, 2000; Mintmire et af., 1992; Saito ef al., 1992). There
are, however, some fundamental problems which need to be addressed. As a result of the
production process employed not only are SWNT samples impure, they are almost always
present in the form of bundles and the properties of a bundle are inferior to those of an
individual SWNTs (Cadek ef af., 2004, Coleman ef al., 2004, Strong ef al., 2003, Thess ef
al, 1996, Tomanek and Enbody, 2000). Moreover, even purified SWNTs can have
electronic properties that range from metallic to semiconducting depending on their
structure and in their as produced state a sample of SWNTSs can contain a broad range of
structures. In order to understand their fundamental properties and to realise their potential
applications, it is necessary to be able to purify, isolate and access SWNTs with particular
properties and electronic characteristics. Hence it is the objective of this research to
solubilise, purify and process SWNTSs using organic molecules such as p-terphenyl and
anthracene and to gain an understanding of the interaction that occurs between the organic

molecules and SWNTs.

1.2 Context and Overview

Carbon nanotubes are graphene (a single layer of graphite) sheets rolled up to form a
seamless cylinder that is closed at both ends by a bisected fullerene-like molecule as
depicted in Figures 1.1 and 1.2 (Dresselhaus ef al., 1996; Rao er al., 2001). Graphene is a
planar hexagonal network of sp® hybridised carbon atoms while fullerene molecules are
curved structures due to the mixture of both hexagon and pentagon carbon structures.
Carbon nanotubes are classified into two types, Multi-Walled carbon NanoTubes

(MWNTs) and SWNTs with the former being discovered in 1991 (lijima, 1991) before the



latter in 1993 (lijima and Ichihashi, 1993). During a routine production of Cgg, lijima found
hollow tubes of carbon in the by-product that are commonly known today as carbon
nanotubes. MWNTs are comprised of two to thirty concentric graphene sheets, diameters of
which range from 10 — 50 nm that have lengths of up to millimeters (mm) while SWNTs
consist of a single graphene sheet cylinder that is much thinner with diameters in the range
of 0.7 — 2.0 nm and typical lengths of a few micrometers (um). Techniques such as arc-
discharge and laser vapourisation have been used to synthesise both MWNTs and SWNTs
but the parameters used are specific to the tube type produced. For instance, MWNTs are
readily prepared by arc-discharge by striking an arc between graphite electrodes in an
atmosphere of ~500 Torr of helium. A current of 50-100 A across a potential drop of 20-25
V gives a high yield of MWNT (Harris, 1999; Rao ef al., 2001). To produce SWNTs, the
same parameters as just described are used with the addition of a specific percentage of
metal catalyst such as 2% cobalt (Co), (Harris, 1999; Rao ef ai., 2001). The graphite anode

is filled with metal powders such as iron, cobalt and niket (Fe, Co and Ni) and the cathode

is pure graphite.

roll-up

graphene sheet SWNT

Figure 1.1 Rolling of graphene to form a SWNT (Odom et al., 2002}).

10
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Figure 1.2 Classification of SWNTSs, (a) represents an armchair SWNT, (b) zigzag SWNT, and (c)
chiral SWNT (Saito ef al,, 1998, Dresselhaus, et al., 1986).

As is the case with graphene, both MWNT and SWNT contain C=C (double bonds) which
are one of the strongest bonds in nature and therefore carbon nanotubes are regarded as the
potential ultimate fibre with regards to their strength in the direction of the nanotube axis
and flexibility in the direction normal to the nanotube surface. Carbon nanotubes have the
ability to withstand cross sectional and twisting distortion and can be elongated by several
percent and compressed without fracture (Saito es al, 1998). The shear modulus was
experimentally shown to be 1 GPa and the elastic modulus was shown to be 1 TPa (Reich

et al., 2004; Yu et al., 2000). The Young’s modulus for carbon nanotubes has been

11



calculated to be between 500 — 1500 GPa depending on the diameter of the nanotube.
However Transmission Electron Microscopy (TEM) images show that MWNTSs are very
straight which indicates that they are very rigid and buckling has been observed on the
inner radius of the bend compared to SWNTs which are more pliable and can have
curvature bends without buckling. Ab initio calculations have been performed to support
the above observations (Saito ef al., 1998, Reich ez al., 2004). It has been demonstrated that
SWNTs are capable of bending around small circles or about sharp bends without breaking
and these structures exhibit a radius of curvature as low as 20 nm (Endo er af., 1993).
Structurally, carbon nanotubes of small diameter (approximately 1 nm) are examples of one
— dimensional periodic structures along the nanotube axis. In SWNTs, confinement of the
structure in the radial direction is provided by the monolayer thickness of the nanotube in
the radial direction. Large diameter MWNTSs are found not to exhibit one — dimensional
effects and it is found that the contributions from the inner constituent shells complicate the
interpretation of transport experiments. For these reasons SWNTs have generated more
interest than MWNTs as their unique properties are believed to have a greater potential for

application (Collins and Avouris, 2000; Jarvey ef al., 2004).

1.3 An Overview of SWNT

There are two structural forms of SWNTs possible depending on the angle at which the
graphene sheet is rolled. These are chiral and achiral. There are many different chiral tubes
possible depending on how the graphene sheet is rolled but there are only two
distinguishable achiral forms, ‘zigzag’ and ‘armchair’ (Figure 1.2). Further details on the

structure of SWNTs may be found in Chapter 2 section 2.2.

In terms of molecular structure, carbon nanotubes and fullerenes are very similar, both
structures containing hexagonal and pentagonal carbon rings. However, the fullerene Cgp is
a molecular insulator while carbon nanotubes exhibit metallic and semiconducting
electronic properties depending on the angle at which the graphene is rolled and the
resulting diameter, Theoretical studies indicate that the physical properties of carbon

nanotubes are strongly dependent on the tube diameter and chiral angle (Saito ef al., 1998;

12



Reich ef al., 2004) (Chapter 2). Generally the different structures of SWNTs can be
associated with distinct physical properties. Table .1 associates the chirality of the SWNTs

with their electronic properties (Dresselhaus, ef al., 1995; Liz-Marzan and Kamat, 2003).

Table 1.1 Outline of the structure and the associated physical propeities of SWNTs.

Structure Physical properties

Armchair metallic

Zigzag ~2/3 semiconducting and ~1/3 metallic

Chiral semiconducting or metallic depending on the structure

SWNTs were predicted to be one-dimensional ballistic conductors and so far this has been
observed at low bias only (Jarvey er al., 2004; Saito er al., 1998). Such properties are
highly sought in the molecular electronics industry and their potential in molecular
electronics as nanowires and even as molecular transistor candidates is currently under
investigation (Fuhrer et af.,, 2000; Javey et al,, 2004; Shea et al, 1999). A fundamental
problem for conventional semiconductors is the degradation of electrical properties due to
carrier scattering mechanisms introduced at the high-k film-semiconductor interface
(Fuhrer ef al., 2000; Javey et al, 2004; Shea ef al, 1999). For example, silicon Metal-
Oxide Semiconductor Field Effect Transistors (MOSFET) with deposited high-k dielectrics
consistently display inferior properties compared to those with thermally grown SiO, gate
insulators. Javey et al., (2004) have developed a carbon nanotube field effect transistor with
near ballistic conductance up to high biases at both room and low temperatures. Such a

result opens the field to ultra fast electronics since both ballistic transport and high-k
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dielectrics facilitate high on-current that is directly proportional to the speed of the
transistor. At present, companies such as IBM and Lucent Bell are investing large sums of

money into research of SWNT as candidates for commercial transistors (Shea ef af., 1999).

SWNT-tipped scanning probes that are used in microscopy techniques are currently on the
market (Cheung et al., 2000). It has been shown that SWNTs attached to the tip of the
scanning probe, for technigues such as atomic force microscopy (AFM), have an enhanced
lateral resolution of a factor of ten or more ailowing clearer views of proteins and larger
molecules. Imaging of deep pits in nanostructures that were previously hidden may now be
explored (Cheung et al., 2000; Collins and Avouris, 2000; Dai et al., 1996). Also SWNT-
tipped AFM can trace a strand of DNA and identify chemical markers that reveal which of
the several possible variants of the gene is present in the strand (Collins and Avouris, 2000;

Kong et al., 2000).

It has also been theoretically proposed that SWNT can store hydrogen in their hollow
centre with a potential application for a fuel-cell in electric vehicles (Lee ef al., 2001).
Experimental data to date shows low levels of hydrogen absorption but recent
improvements are attributed to the presence of metal particles (Dillon ef @/, 1997; Dillon ef

al., 2003).

Many thousands of papers in the field have been published since the discovery of carbon
nanotubes indicating the great interest in their fundamental properties and applications
potential. Research with a view to application is however hindered by the lack of readily
available pure and isolated SWNT with specific physical characteristics. Current available
techniques to purify samples are oxidation, size selection chromatography, filtration and
organic processing (Ajayan ef al., 1993; Dalton et al., 2000; Dalton er al., 2001; Dillon et
al., 1999, Duesberg ef al., 1999; Niyogi, et al., 2001; Rinzler et al., 1998; Tsang ef al,
1993). Oxidation entails combustion of impurities and amorphous carbon in air or other
oxidising agents at 600 K. This temperature is below that for the combustion of carbon
nanotubes. Size selection chromatography offers selectivity with respect to length. A

surfactant stablised solution of carbon nanotubes is passed through a column containing
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glass beads of a specific pore size hence allowing the separation of carbon nanotubes of
different lengths as they elute in different fractions. Filtration involves passing a solution of
carbon nanotubes through filter paper of pore size 0.45 pm. This allows the carbon
nanotubes to pass through the pores while the larger impurities remain on the filter paper
surface. Organic processing using the conjugated polymer (p-phenylene vinylene-co-2,5-
dioctyloxy-m-phenylenevinyl) PmPV-co-DOctOPV was shown to purify a sample of
carbon nanotubes and exhibit a degree of diameter selectivity. The technique is based on
the interaction of the organic polymer with the carbon nanotube backbone which draws the
tubes into solution and allows the amorphous carbon and impurities to precipitate out
(Figure 1.3). All of the above techniques have their advantages but there are also serious
disadvantages which hinder any up-scaling of the processing methods. A detailed

description of the pros and cons of each technique is given in Chapter 2.
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Figure 1.3 Proposed mapping of the polymer PmPV to SWNT (adapted from Keogh et al., 2602).
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1.4  Aims of Research

The aims of this research are seven fold;

e To enhance the solubility of SWNTs in organic solvents.

e To purify an untreated sample of SWNTs that contains many side products.

e To gain a greater understanding of the interaction between the polycyclic aromatic
hydrocarbons and SWNTSs.

e To debundle and disperse SWNTs.

e To select SWNTs of a specific structure based on the structures of the polycyclic
aromatic hydrocarbons used.

e To observe and compare the interaction of polycyclic aromatic hydrocarbons with
SWNTs produced by different methods.

e To elucidate factors that may disrupt universal behaviour between different SWNT

samples.

It is proposed that the aims listed above may be achieved using two types of polycyclic
aromatic hydrocarbons (PAHSs), anthracenc and p-terphenyl. Both p-terphenyl and
anthracene each contain three phenyl rings. The rings are fused in the case of anthracene
and are separated by a C-C (single bond) in the p-terphenyl structure. The two
hydrocarbons were chosen because of their structure. The structure of anthracene is similar
to the backbone structure of an armchair SWNT and the structure of p-terphenyl is like the
backbone structure of a zigzag SWNT. It was hypothesised that the similar structures would
interact resulting not only in solubilisation but also structurally selective solubilisation of
SWNTs as depicted in Figure 1.4. Selecting SWNTs based on their structure would prove
to be a novel processing technique and it would also inadvertently lead to a degree of
electronic selectivity, with armchair SWNTs being metallic and zigzag SWNTs being
mainly semiconducting. The solvent chosen for the studies was toluene as it exhibits a poor
affinity for SWNT and therefore is an ideal candidate for monitoring the improvements in
the solubility as a result of the SWNTs interacting with the PAHs (Bahr ef al., 2001). Given
that most common SWNTs production methods result in a sample containing unwanted

side products within the SWNT sample, the interaction between the SWNTs and PAHs
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would result in the solubilisation of SWNTs and the precipitation of the side products thus

providing a purification technique.

Anthracene m

i

SWIT amchair metallic

Individual molecules mapped

p-Terphenyl (}{}{} onto respective nanotubes

- @D

SWNT zigzag 2/3 semiconducting

Figure 1.4 Proposed mapping of anthracene and p-terphenyl to armchair and zigzag SWNTs

respectively.

Both hydrocarbons anthracene and p-terphenyl are chromophores, absorbing light at ~350
and ~295 nm and emitting it at ~405 and ~345 nm respectively. Both UV-Vis-NIR and
fluorescence spectroscopy are thus used to characterise the PAHs in the absence and
presence of SWNTs and changes to the spectroscopic properties are used to monitor the
interaction of the chromophores with the nanotubes. Fluorescence concentration
dependence studies of the chromophores in the absence and presence of SWNTs are
conducted to gain a greater understanding of the interaction between the two components
(PAHs and SWNTs). It is proposed that the study will divulge information as to the
behaviour of the PAHs over a large concentration range and any effect the SWNT's exert on

the PAHs. A model also based on a fluorescence study proposes to reveal concentration
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ranges where bundled and debundled SWNTs exist. Within the mode! are equations which

elucidate the binding energy between debundled SWNTs and PAHs.

SWNTs have a signature Raman spectrum which gives details of the vibrational energies
within the SWNTs (Kuzmany ef af, 1998). The signature spectrum is examined for
changes that may result from interaction with the hydrocarbons. It has been reported that an
up-shift in the lower frequency Raman modes is a result of a change to the local
environment of SWNTs but the up-shift may also be attributed to the debundling of
SWNTs as a result of the addition of a third species to the solution such as a hydrocarbon
(Dalton et al., 2000; Fantini et al., 2004; Rao et al., 2001; Zhang ef al., 2002). Raman
spectroscopy is used to probe the ability of anthracene and p-terpheny! to debundle SWNTs
and add support to the results obtained from fluorescence spectroscopy. Raman
spectroscopy is also used to probe for selective interaction between the PAHs and SWNTs.
The concentration range where dispersed SWNTs and PAHs are interacting (as determined
from the fluorescence model) is probed. Finally AFM and Transmission Electron
Microscopy (TEM) are used to obtain a surface profile of the SWNTs before and after the
interaction with the PAHs. AFM is used to support the effects of debundling that are
exerted by the hydrocarbon on SWNTs.

To conclude the study, the interaction between PAHs and SWNTs produced by different
methods are probed to investigate if the behaviour of SWNTs is universal irrespective of
the production method. Spectroscopic analysis as described above is conducted and
similarities and differences in the behaviour of the SWNT with the PAH are examined and
factors which contribute to non-universal behaviour are explored. This study proposes to
broaden the understanding of the behaviour of SWNT and is essential in the quest for a

standardised processing and purification protocol.



1.5 Thesis Outline

In Chapter 2 an account of the structural, electronic and vibrational properties of SWNTs is
provided and the proposed relationship between the structure and the electronic properties
of the SWNTs is discussed. Past and present production methods as well as processing
methods are described and related experimental and theoretical papers from the literature
are reviewed. Chapter 3 explores the structure and photophysics of PAH molecules,
specifically anthracene and p-terphenyl. This chapter also gives an overview of the physical
properties of the two hydrocarbons as isolated molecules and also when stacked in
molecular crystals, a differentiation which is relevant in the binary mixtures of PAHs and
carbon nanotubes. Chapter 4 takes a look at the background of the various spectroscopic
methods that were used in this research and the individual materials, namely the two
hydrocarbons and SWNTs, are characterized using the methods discussed. Chapter 5
presents the examination of the composite solutions of PAHs and SWNTs, from the initial
fluorescence spectroscopy results which point towards a mapping of the hydrocarbons onto
the SWNTs surface to the Raman spectroscopy results which indicated that the
hydrocarbons are interacting with, and debundling, the SWNTs. Conclusions are drawn
from the results obtained as to what further experimental work is required to meet the
objectives of the research. Chapter 6 describes this experimental work, which included the
concentration dependent fluorescence studies to indicate the concentration range where
debundled and bundled SWNTs and hydrocarbons exist and Raman analysis is used to
explore the selective nature of the SWNTs. In Chapter 7, a comparison study of the
interaction between the PAH, p-terphenyl and SWNTs produced by different methods is
presented and arguments which obstruct universal behaviour between the different samples

are made. Chapter 8 is a summation of the work conducted with a view to further work

which may be carried out.
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CHAPTER 2 -SINGLE WALLED CARBON NANOTUBES

2.1 Introduction to Single Walled Carbon Nanotubes

SWNTs were first synthesised en masse in an arc-discharge chamber using metal catalysts,
such as iron (Fe) or cobalt (Co), during the synthesis process (Harris, 1999). Initial
experiments showed a diameter range of 0.7-1.6 nm and lengths of 700 nm with low yield
and purity (Bethune et al., 1993; lijima and Ichihashi, 1993; Saito er al.,, 1998). The
impurities were comprised of amorphous carbon and catalyst particles. However, in 1997 a
French group showed that high yields of SWNTs could be achieved using the arc technique
(Journet ef al., 1997). Yields of 70 % SWNTs, an average diameter of 1.4 nm and lengths
of many micrometers were obtained in gram quantities. The diameter distribution as well as
the structure of SWNTs is of interest, since theoretical studies indicate that the physical
properties of carbon nanotubes are strongly dependent on these two factors (Reich erf al,
2004; Saito ef al., 1998). A breakthrough in the synthesis of SWNTs, making significant
amounts of material available for experimental study, was the laser vapourisation method
developed by Rice University in 1996 (Kroto ef al., 1985; Thess et al., 1996). High yields
with >70 % SWNTs and an average diameter of 1.4 nm were reported. The remaining 30 %
consists of amorphous carbon and catalyst particles. The laser vapourisation technique was
surpassed in 1999 by high pressure carbon monoxide disproportionation, commoniy
referred to as the HiPco method, which can produce >90 % pure SWNTs with an average
diameter of 1.1 nm, the only impurity being iron catalyst particles (Nikolaev ef al., 1999).
However mass production with a yield of 100 % SWNTs is yet to be achieved. In addition,
irrespective of the production technique, SWNTs were found to form two-dimensional
hexagonal-packed bundles during the growth process with the properties of the bundle
inferior to that of individual SWNTs (Zhang, 2004). Processing techniques to purify and
debundle SWNTs were devised and these included oxidation and filtration and the use of
polymeric materials to name a few (Deusberg ef al., 1999; Rinzler ef al., 1998; Saito ef al.,
1998). Although many of the processing techniques are effective they have been found to
be destructive to the tube or offer a poor level of efficiency (Ajayan et af., 1993; Tsang ef

al., 1993).
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2.2 Structure

As described in the overview in Chapter 1, a geometrically perfect carbon nanotube
consists of an sp’-hybridised graphene sheet rolled to form a cylinder which is capped on
both ends with a bisected fullerene like structure. There are many ways to roll and
seamlessly close a graphene sheet and thus there is a large variety of possible helical
geometries for carbon nanotubes that provide a family of structures with different diameters
and chiralities. How the geometries are defined and how the physical properties of carbon

nanotubes depend on that geometry will be discussed in this chapter.

As discussed in Chapter 1, there are two primary classification of SWNTs, achiral and
chiral (Wildoer ef al., 1998; Odom et al., 1998). An achiral nanotube is defined as a carbon
nanotube whose mirror image is superimposable on itself. There are only two cases of
achiral nanotubes; armchair and zigzag, and they are depicted in Figures 1.2 (A) and 1.2
(B). Their names originate from the cross sectional ring of each tube. Bisecting the
circumference of Figure 1.2 (A) shows a periodic armchair structure while Figure 1.2 (B),
has a jagged zigzag structure. A chiral nanotube, shown in Figure .2 (C) has a twisted
helical structure with no periodicity about the bisected circumference and exhibits a spiral

symmetry whose mirror image is non-superimposable.

A more detailed description of the formation of different SWNT structures is given in
Figure 2.1. It depicts the rolling of a graphene sheet along the line OA4 so that the origin O
of the sheet overlaps with an arbitrary lattice point A and points B and B’ coincide resulting
in an uncapped carbon nanotube. The direction O4 in Figure 2.1 determines the structure of
the SWNT, and corresponds to a section perpendicular to the nanotube axis (equator). The
vector OB corresponds to the direction of the nanotube axis. The vectors O4 and OB define
the chiral vector C and the translational vector T of a carbon nanotube respectively. The
chiral vector Cj, is expressed in real space by the unit vectors a; and a; of the hexagonal

lattice (Equation 2.1) where n and m are integers, n 2 |m|>o0.

27



0202060
BSOS OB g B
DRSS =

TR LIS
0‘0..04\'
KRR o.c» Q‘_.,
SQa SeSacE pun
2 E e Ya e

BSOTOLOSO-

a,

Figure 2.1 Unrolted honeycomb lattice of a nanctube. When the sites O and A coincide as well as B
and B', a nanotube can be constructed. The rectangle OAB’B defines the unit cell for the nanotube.

The vector R denotes a symmetry vector (Saito ef al., 1998).

Cy = nay + may =(n, m) Equation 2.1

Accordingly, any SWNT is characterised by two integers, » and m. For n = m the tubes
have an armchair-like (Figure 1.2 (A)) arrangement of carbon atoms at the circumference
and when either » or m is equal to zero the arrangement is zigzag (Figure 1.2 (B)). For n not
equal to m and neither equal to zero the tubes are said to be chiral (Figure 1.2 (C)). Note
that @is the chiral angle (Figure 2.1) and the value of @determines the nanotube type
(chiral, zigzag, and armchair) that is formed and also the electronic properties of the
nanotube; whether the tube exhibits metallic or semiconducting behaviour (Saito ef al.,
1998). Rolling the graphene sheet depicted in Figure 2.1 at an angle of 0° and 30°, results in
the formation of zigzag and armchair SWNT respectively. Chiral SWNT are formed when
the graphene sheet is rolled at an angle between 0° and 30°. Table 2.1 shows the

correspondence between the chiral angle and the associated electronic properties.
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Table 2.1 Classification of single walled carbon nanotubes.

Structure electronic propreties chiral angle (6) chiral vector C,
Armchair metallic 30° (n,n)
Zigzag 2/3 semiconducting 0° (n.0)
1/3 metallic
Chiral semiconducting 0°< @] <30° (n,m)

and metallic

2.3  Electronic Properties

The ideal infinite graphene sheet is a semiconductor with a band-gap of 0 eV, and hence is
usually observed to have metallic conduction propetties (Reich ef al., 2004; Saito ef al.,
1998). Due to the structure of graphene, electrons moving at the Fermi level are back-
scattered by the atoms in the laitice, which give the material an energy gap, like that of a
semiconductor. However in other directions, the electrons scatter from different atoms in
the lattice and interfere destructively, which suppresses the back scattering leading to
metallic behaviour. This suppression only occurs in certain directions and, for this reason,
graphene can be described as a “semi-metal” since it is metallic in some directions and

semiconducting in others (Harris, 1999; Reich et al., 2004; Saito ef al., 1998).

The basic electronic structure of a SWNT can be derived from a graphene sheet while
neglecting hybridisation effects due to the finite curvature of the tube structure. Graphene is
a semi-metal which has valence and conduction bands that are degenerate at only six
corners of the hexagonal first Brillouin zone (Kjp) and so the Fermi surface of the graphene
sheet is thus reduced to these six points as depicted in Figure 2.2 (a) and Figure 2.2 (b). In

SWNT, the wave vector k is quantized along the circumferential direction due to periodic
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boundary conditions known as the Born-von Karman boundary conditions given in

equation 2.2 (Ouyang ef al., 2002).

Figure 2.2 (a) Three-dimensional plot of the m and m* graphene energy bands and (b) a two-
dimensional projection. (c) Allowed one-dimensional wavevectors for a metallic (9,0) SWNT. (d)
Allowed one-dimensional wavevectors for a semiconducting (10,0) tube. The black hexagons define
the first Brillouin zone of a graphene sheet, and the black dots in the corners are the Kg points. Blue
lines represent allowed wavevectors, k, within the first Brillouin zone (adapted from Ouyang et al.,
2002).

knCn = 2mq Equation 2.2  (Joselevich, 2004)

In Equation 2.2, ¢ is an integer, k, is the quantised momentum vector and C, is the
circumference or chiral vector of the tube. The density of states (DOS) (Okahara et al.,

1994) of the carbon nanotube is restricted to states that have this periodicity. Therefore only
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a particular set of states which are parallel to the corresponding tube axis with a spacing of
2/d, (where d, is the tube diameter) are allowed. On the basis of this simple scheme, if one
of the allowed wavevectors passes through a Fermi K of the graphene sheet, the SWNT
will be metallic. Qtherwise the SWNTs will be semiconducting as depicted in Figure 2.2 (c)
and Figure 2.2 (d).

2.4  Effect of Structure on Electronic Properties

Applying Equation 2.2 to model the electronic structure, it is found that nanotubes differ
dramatically depending on the circumference of the carbon nanotube, and hence on the (7,
m) values of the chiral vector. Depending on the length of periodicity, allowed states can
exist at the Fermi energy (Ey), and therefore the carbon nanotube will be metallic, or a
band-gap can exist at the Fermi level (E; = 0), and the carbon nanotube will be
semiconducting. At the Fermi energy, the density of states is finite for a metallic tube
{though very smail), and zero for semiconducting tubes. At higher energies, sharp peaks in
the DOS, called van Hove singularities, appear at specified energy levels (Joselevich,
2004). Figure 2.3 below shows the DOS for both a metallic (a) and semiconducting (b)
carbon nanotube where vn represents the valence bands and cn, the conduction bands for

the first electronic transition (Yu ef al., 2001).
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Figure 2.3 The density of states for carbon nancotubes. The van Hove singularities are apparent as
sharp spikes in the density of states. The v1-c1 is the first electronic transition between van Hove

singularities, corresponding to the band-gap in metallic (a) and semiconducting nanotubes (b}

respectively (Yu ef al., 2001).

Figure 2.4 shows the energy band dispersion relations calculated for the three broad
categories of electronic structures into which all carbon nanotubes fall (Dresselhaus et al,
1996). Figure 2.4 (a) shows a metallic carbon nanotube with states existing at the Fermi
level. Figure 2.4 (b) is a pseudo-metallic nanotube which similar to graphite is a
semiconductor with a zero band-gap. This will be metallic at all temperatures above
absolute zero, as thermal energy will ensure there are a large amount of occupied states in
the conduction band. Figure 2.4 (¢) is a semiconducting nanotube, with a finite band-gap.
The relationship that determines which nanotubes will be metallic is relatively simple

(Dresselhaus ef al., 1996) and is given in Equation 2.3 below.

(n-m)/3 =p Equation 2.3
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With respect to Equation 2.3, if p is zero the nanotube is metallic, if p is an integer it is
pseudo-metallic and ifp equals anything else the nanotube is semiconducting. Immediately
apparent from this is that one third of all nanotubes are metallic, and that all armchair

nanotubes are metallic, i.e. nanotubes where n = m.
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Figure 2.4 Energy dispersion relations based on structure calculations for single walled nanotubes
where (a) is due to a truly metallic tube as there is a finite density of states at the Fermi energy, (b}
is a semiconducting tube with zero band-gap and (c) is semiconducting (Dresselhaus et al., 1996).

25 Effect of Tube Diameter and Chirality on Eleletronic Properties

It is a well established fact that tube diameter as well as chirality, determine whether tubes
are semiconducting or metallic (Dresselhaus et al., 1996; Rao ef al., 1997). The energy gap,

Eopap, is related to the diameter of the tube as described by the following equation.
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Egep = kac.cp/d Equation 2.4

where E is the transition energy, ac.c is the distance between the carbon to carbon single
(C-C) bonds, 0.144 nm, d is the diameter and y is the C-C tight binding overlap energy,
experimentally determined to be 2.9 eV for carbon nanotubes, and & is a constant (Brown er
al, 2000). The value of k is 2, 4 and 8 for the ls, 2nd and 3rd van Hove transitions in
semiconducting tubes and 6, and 12 for 1stand 2nd van Hove transitions in metallic tubes,

respectively (White and Mintmire, 1998).

Equation 2.4 determines the band-gap energy, being the energy difference between two
mirroring van Hove singularities, between ¢n and vn in Figure 2.3, which is related to the
diameter of the carbon nanotube (Yu and Brus, 2001). This occurs because the curvature of
the lattice induces a strain (due to changes in the bond alternation/hybridisation) in the
graphene sheet, manifesting itself in the band-gap (Okahara ef al,, 1994). As the curvature
decreases with increasing diameter, the band-gap will reduce. As the diameter goes to
infinity, the band-gap goes to zero, and the result is a flat semiconducting graphene sheet

with zero band-gap, as in graphene.

Figure 2.5 illustrates and also supports Table 2.1 by showing that the structure and
electronic properties of the SWNTSs are determined by the chiral angle of the graphene
sheet. For metallic SWNTs, the condition is (2 + m) or equivalently (#-m) is a multiple of
three. In particular the armchair SWNTs denoted by (n, n) are always metallic, and the
zigzag (n, 0) are only metallic when n is a multiple of three, otherwise they are
semiconducting. Table 2.1 also shows that generally one third of SWNT are expected to be

metallic while two thirds are semiconducting.
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Figure 2.5 Carbon nanoiubes (n, m) that are metallic and semiconducting, and are denoted by open

and solid circles respectively on the map of chiral vectors (n, m) (Dresselhaus et al., 2001).

Ideally, a carbon nanotube is a unique, quasi-one-dimensional conductor, which can have
either metallic or semiconducting properties. Not all SWNTs produced are perfect,
however, and nanotube structures with kinks and bends are also known to exist (Zhou ef
al., 1994). These imperfections are as a result of defects. For example, pentagons,
heptagons and sp® hybridised carbon are commonly found in the graphene sheet. Also,
these hollow cylinders have a strong tendency to agglomerate as they form, resulting in
bundles, or "ropes,” of aligned SWNTSs. The aggregates are complex composite conductors
incorporating many weakly coupled nanotubes, each having a different electronic structure.
The bundles are held together by weak van der Waals inter-nanotube bonds to form a two-
dimensional triangular lattice with a lattice constant of 1.7 nm and an inter-tube separation
of 0.315 nm at closest approach within a bundle as shown in Figures 2.6 and 2.7 (Kasuya ef
al, 1998; Thess et al., 1996). It is found that the spread in nanotube diameters within a
single bundle is smaller than between bundles that are grown at the same time under the

same conditions. Bundles of SWNTs have an added effect on the electronic properties
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(Reich et al., 2002) and they will also have an effect on the vibrational properties, which

will be discussed later (Chapter 4).

Figure 2.6 TEM image at high magnification shows that ropes comprise of bundles of SWNTs. This

bundle is bent in such a way that it is seen edge-on (Thess ef al., 1996).

Figure 2.7 Bundles of SWNT observed by TEM. The bundles are 5-20 nm thick and up to several
100 pm long (Thess et al., 1996).
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2.6 Production Methods

Since the discovery of SWNTs there has been a considerable drive towards the buik
production of this material. Today, many different techniques exist and are used to produce
them. This section gives a brief insight of a selected number of production methods. The
methods discussed are electric arc-discharge (Hsu ef al., 1996; lijima and Ichihashi 1993;
Journet et al., 1997), pulsed laser vapourisation (Puretzky ef al., 2000; Scott et al., 2001;
Thess et al., 1996), and high pressure carbon monoxide disproportionation, also referred to
as the HiPco process (Nikolaev er al, 1999). The arc-discharge technique was the first
technique by which SWNTs were produced and it was from a basic understanding of this
technique that many other synthetic methods spawned. The laser ablation technique was the
first technique to produce SWNTSs en masse and it is these SWNTSs that are used for the
bulk of the experimental work in this thesis. Finally, the HiPco process is discussed as it is
by far one of the most common techniques used to produce high purity SWNTs today. The
description given below will show that the diameter, purity and bundle size of the SWNT
sample is sensitive not only to the method used but also the parameters of the reaction

chambers.

Arc-Discharge

The arc-discharge method was the first and is still one of the most widely used techniques
for the production of SWNT (Bethune ef al., 1993; lijima and Ichihashi 1993; Journet and
Bernier, 1998). The carbon arc provides a simple traditional tool for generating the high
temperatures needed for the vapourisation of carbon atoms into plasma (Ebbesen et al.,
1993; Seraphin ef al., 1993). Figure 2.8 is a schematic representation of the apparatus used
in the University of Montpellier (France). The principle of this method is based on an
electric arc-discharge generated between two graphite electrodes under an inert atmosphere
of helium or argon. The high temperature occurring between the two rods allows the
sublimation of carbon. The synthesis is performed in a water-cooled reaction chamber
which is first evacuated and then filled with an inert gas atmosphere. Two graphite rods are
used as electrodes: one is fixed while the other one can be moved by a translation

mechanism. The mobile electrode (the anode) is moved towards the cathode until the
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distance between them is so small (< 1 mm) that the current (60-100 A) passes through the
electrodes and a plasma is created between them. The average temperature in the inter-
electrode plasma region is extremely high (of the order of 4000 K) and therefore the carbon
is sublimated and the positive clectrode is consumed. In order to maintain the arc between
the electrodes, the anode has to be continuously translated to keep a constant distance
between the rods. Generally the anode is smaller than the cathode and both electrodes are
water-cooled. By controlling the voltage (30 V) and the separation between the two rods, it
is possible to reduce the fluctuations of the plasma. The technique first produced MWNTs
in 1991 and it was later discovered that the addition of metal catalysts such as Co and Ni at
specified ratios to the anode led to the production of SWNTs in 1993 (Harris, 1999; Iijima,
1991; lijima and Ichihashi, 1993).

Vacuun water-cooled system

& mobile
d
_ 9 " cathode
inert gas
[
| I
Generator

Figure 2.8 Schematic representation of electric-arc apparatus used at the University of Montpellier
(France). The apparatus is also known as the Kraetschmer generator (Journet and Bernier, 1998).

SWNTs were produced by drilling a hole in the centre of the anode and filling it with a
mixture of metal catalysts and graphite at specified ratios. Under the conditions stated
above, the anode is consumed and a cylindrical deposit forms at the cathode which

comprises of an exterior hard grey metallic shell and a soft interior belt. It is within the soft
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belt that the amorphous carbon, spherical metallic nanoparticles, a few graphitic sheets and
a high density of SWNT are found. Growing from the cathode to the reactor walls and
decorating the chamber are “spider webs”. These structures contain fullerenes and
amorphous carbon and also a low density of SWNT. The purity and yield of the SWNTs
sample using yttrium, nikel and graphite (Y/Ni/C) at 1 %/4 %/95 % was estimated at ~ 70
% with the majority of SWNTs having a diameter of 1.4 nm and gram quantity yields being
achieved (Harris, 1999; Journet et al., 1997). The number of tubes within the bundle was of
the order of 20 and the bundle lengths were several micrometers. It is important to note that
the quality and quantity of SWNTs produced mainly depend on the metal/carbon mixture as

well as the pressure, temperature, current, and the geometry of the system.

Laser Ablation

The second technique for producing carbon nanotubes is laser ablation. A piece of graphite
is vapourised by laser irradiation under an inert atmosphere, for example argon (Thess et
al., 1996). MWNTs are produced when a pure graphite target is used and the yields and
quality are dependent on the temperature of the furnace. When a small amount of transition
metal has been added to the carbon target, SWNTs are produced. Historically, laser ablation

was the first technique used to generate fullerene clusters in the gas phase (Kroto ef al.,

1985).

To produce SWNTs a carbon target containing 1 to 2 % Ni/Co catalyst is maintained at
1473 K in a tube furnace and is vapourised by a focused pulsed laser (Journet and Bernier,
1998). The laser beam scans across the target surface to maintain a smooth, uniform face
for vapourisation. The vapourisation produces carbon species such as SWNTs, and to a
lesser extent carbon nano-spheres (fullerenes) in the resultant plasma and both are swept
down stream from the high temperature zone by the flowing argon gas where they are
collected on a cold finger before they pass completely out of the furnace (for a schematic
representation of the apparatus see Figure 2.9). The sample is removed and soaked in
carbon disulphide (CS;), to remove fullerenes and other soluble organics. Daily production

of 1g of 70 % to 90 % pure SWNTs is achievable. The SWNT material is composed of
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ropes (Figure 2.7) of 10-20 nm in diameter, with the bundles consisting of 100-500 SWNT,
and 10-100 pm in length and gram quantity yields (Thess et al., 1996). Transition electron
microscopy (TEM) experiments on samples show that the average diameter is 1.4 nm for an

isolated SWNT (Thess ef al., 1996).

Laser beamm ——3m = Graphite ———* Water-cooled
— —yn target ——g,  Cucollector

1200°C furnace

Figure 2.9 Schematic representation of oven laser-vapourisation apparatus used at Rice University

(Houston, Texas, USA) (Journet and Bernier, 1998).

SWNTs were proposed to form through what is called the scooter mechanism, where atoms
and catalysts Ni and Co are envisioned to attach to a fullerene or graphite sheet (Thess er
al., 1996). The catalyst atoms prevent the closing of the fullerene as additional carbons
attach and lead to the formation of a tube. It was proposed that a single metal atom or a few
metal atoms chemisorb to the open edge of a curving graphite sheet and circulate or scoot
around the open end of the tube. They adsorb atoms of carbon and convert them into a
tubular graphene sheet. Although only a single metal atom need be involved in the original
nucleation and early growth of SWNT, other metal atoms congregate at the live end of the

SWNT forming small metal clusters which then aggregate on the end of the nanotube. The
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metal particles can then cither detach or become over-coated with sufficient carbon to

poison them hence allowing the tube to terminate with a fullerene like tip (Thess e/ al.,

1996).

Scott et al., (2001), proposed an alternative mechanism for the growth of SWNTs. They
proposed that the laser pulses heat the target surface containing graphite, Co and Ni and
vapourise them. A very hot plume is formed that expands and cools rapidly. As the
vapourised species cools, small carbon molecules and atoms quickly condense to form
larger clusters, including possibly fullerenes. The catalyst also begins to condense but much
more slowly than carbon and attaches to the carbon clusters preventing their closure. [t was
thought that the catalysts may also open closed cage structures when they attach to them.
From the initial clusters, SWNTSs grow until the catalyst particles become too large or until
conditions have cooled sufficiently so that carbon can no longer diffuse through the catalyst
particles. It is also possible that the catalyst becomes so over-coated with a carbon layer

that it can longer absorb and nanotube growth ceases.

High Presure Carbon Monoxide Disproportionation (HiPco)

High pressure carbon monoxide (CO) disproportionation (HiPco) has been shown to
produce SWNTs of high purity, with current purity of 90 % atomic percent SWNTs. The
tubes are produced by a gas-phase catalytic process. Catalysts for SWNT growth form in
situ by thermal decomposition of iron pentacarbonyl (Fe(CO)s) in a heated flow of carbon
monoxide (CO) at pressures of 1 to 10 atm and temperatures of 1100 to 1500 K (Chiang er
al., 2001; Nikolaev et al., 1999). The tube diameter and yield can be varied by controlling
the process parameters and SWNTs as small as 0.7nm in diameter, the same as that of a Ceo
molecule, can be generated. Previously, all investigations reporting gas-phase continuous
flow production of SWNTs had relied on hydrocarbons as the carbon source molecule for
tube growth. However, hydrocarbons pyrolise readily on most surfaces above 900 to 1000
K (temperature required for growth of SWNT) forming graphitic deposits or amorphous

carbon. In this case CO is used as the carbon feed stock and Fe(CO)s as the iron containing
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catalyst precursor. The Boudard reaction in Equation 2.5 shows how carbon soot is

produced from reacting CO.

CO + CO—%C(S) + COg(g) Equation 2.5

The model proposed for SWNT growth begins with the formation of metal clusters which
nucleate and grow SWNTSs. Metal clusters initially form by the aggregation of iron atoms
from the decomposition of iron pentacarbonyl. The clusters grow by collision until they
reach a size near that of Cgy by which time CO can disproportionate on the surface of the
metal cluster vig Equation 2.5 and SWNTSs nucleate and grow. The tubes continue to grow
until the metal cluster, which is also growing, reaches a size that favours formation of a
carbon shell around the cluster and this ends the growth of the SWNT. The average
diameters and percentage of graphite converted to SWNTs are 1.1 nm and 90% respectively
but the diameters can be enlarged to 1.47 nm by heat treatment. The conditions for
achieving tubes with 0.7nm diameter are 10 atm of pressure and a temperature of 1500 K.
The average lengths of the SWNTs produced are of the order of 1pm and yields obtained
are gram quantities per day. The dominant impurity in the tubes are metal catalysts, which
are encased in thin carbon shells and distributed throughout the sample as 3-5 nm size
particles, Four to five percent of Fe is typical in raw HiPco material (Chiang er al., 2001;

Nikolaev et al., 1999; Yudasaka et al., 2001).

2.7 Processing of SWNT

All large scale production methods afford SWNT that contain side products and the
presence of these hamper progression in SWNT applications. Some of the impurity species
are Cgo, carbon polyhedra, amorphous carbon and metal catalyst particles to name a few
(Journet et al., 1997; Nikolaev ef al., 1999; Thess ef al., 1996). Besides the impurities,
SWNTs are not uniform in diameter, chirality or length (Saito et al., 1998). The different

species are closely entangled as bundles in the raw soot and occasionally even via chemical
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bonds. As a consequence, the raw material is difficult to process. A number of techniques
have been devised to try and rid the sample of side products and this began with improving
the production methods. The HiPco process (discussed above) and chemical vapour
deposition (CVD) are currently the most successful production techniques with >90 %
conversion of reactants to SWNTs. Hence these samples contain <I0% impurities
(Nikolaev et al., 1999; Zheng ef al., 2002). A number of purification techniques have been
developed. These include oxidation (Dillon ef al, 1999; Tsang ef al., 1993), size selection
chromatography (Ajayan et al., 1993; Duesberg et al., 1999; Niyogi, et al., 2001), filtration
(Rinzler et al., 1998) and organic purification (Dalton ef af., 2000; Dalton et al., 2001).

Oxidation

Oxidation is a wide spread technique used to purify SWNTs. Oxidation involves burning
off amorphous carbon by heating the carbon nanotubes in air or other oxidising agents at
600 K. This particular technique is known as gas-phase oxidation (Tsang et al., 1993).
When using the wet or liquid-phase approach, strong oxidising agents such as nitric acid
(HNOs) or ruthenium tetroxide (RuQy) attack the raw material. The technique has been
found to be destructive to SWNTs however as oxidation readily occurs in areas of high
curvature thercfore targeting SWNT tips as well as polyhedra and fullerenes (Ajayan ef al,
1993, Tsang ef al., 1993). The process results in the consumption and opening of the
SWNT at the tip thus destroying the integrity of the SWNT. It is believed that the SWNT
tips are targeted because of the strain due to curvature and the presence of pentagons.
Although the technique is very successful in the removal of side products, over all it is
destructive to the integrity of the SWNT and therefore not ideal. It is of interest to note that
open SWNTs have been put to use. SWNTs that are functionalised with halogens or
amines, which makes them more soluble in organic solvents, have been reported (Bahr ef
al, 2001; Chen et al., 1998), but functionalising SWNTs also brings about the loss of
metallic behaviour. It should be noted that this technique offers no degree of selectivity of

the carbon nanotubes.
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Size Selection Chromatography

Size selection chromatography is a powerful non-destructive tool. The technique offers
selectivity with respect to the varying lengths of SWNTs (Duesberg ef al., 1999). The
technique is applied to a surfactant stablised dispersion of the SWNT material. The solution
is passed through a column containing porous glass, (CPG 3000 A, Fluka) with a pore size
of 300 nm. It works on the basis that the pores are large enough to trap the amorphous
carbon in the cavity, but allow frec passage of the SWNTs through the column. The
SWNTs are too large for the cavity and are collected in the fraction taken from the column.
Experimental results showed that the SWNTs taken from different fractions differ
significantly in length. Histograms show that one fraction taken contains SWNTs with an
average length of 1jxm whilst in another fraction 0.6 pm is the average length (Duesberg ez
al., 1999). These results would appear to suggest that longer SWNTs elute first followed by
the shorter tubes. It has also been demonstrated that as the number of fractions increase the
amount of SWNTs in each fraction decreases, hence adding support that SWNTSs elute in
the early stages of chromatography. AMF investigations confirm length separation but no

diameter selectivity was inferred or observed.

Filtration

As with size selection chromatography, the filtration technique is non-destructive to
SWNTs. This technique is often used in conjunction with oxidation. The acid
decomposition products are highly soluble in basic solutions and SWNTs are not and they
are separated using a basic solution of pH 11 and a filter with a pore size of 3-5 pm. With
the standard filtration technique the efficiency is limited by SWNTSs blocking the filter
pores. As the SWNTs filter cake thickens, the permeation rate of the basic solution
containing the impurities decreases dramatically. When the amount of material exceeds 3
mg/em” of filter surface area this method of washing becomes prohibitively slow and a
number of successive [iltration steps are necessary to get satisfactory purity (Rinzler ef af.,
1998). A method to overcome this problem was introduced. The technique is known as

hollow-fibre, cross-flow filiration. In this technique the filtration membrane takes the form
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of a hollow-fibre, the wall of which is permeable to the solution. The cartridge contains
fibres of mixed cellulose ester having a diameter of 0.6 mm with a pore size of 200 nm and
0.56 m* of surface area. Triton X-100, a non-ionic surfactant was added to both the filtrate
in the system reservoir and the buffer solution to prevent the SWNTs from clumping and
blocking the pores. The filtrate is pumped down the bore of the fibre at head pressure from
the reservoir and the major fraction of the fast flowing solution which does not permeate
out from the sides of the fibre is fed back into the same reservoir to be cycled through the
fibre repeatedly. The fast hydrodynamic flow down the fibre bore sweeps the membrane
surface to prevent the build up of a filter cake. A second reservoir contains buffer solution
which is used to make up the filtrate reservoir solution volume lost to permeation through
the fibre wall. Despite the dramatic improvement in the SWNTs purity, high-resolution
transmission electron microscopy (TEM) images show that the material still contains a

significant amount of impurities (Rinzler ef al., 1998).

Organic Processing

SWNTs have been processed using organic polymers such as poly PmPV-co-DOctOPV
(Dalton et al., 2000; Dalton et al., 2001). PmPV-co-DOctOPV is soluble in organic
solvents such as toluene. As previously stated in Chapter 1, SWNTs show a varying degree
of solubility in commonly used organic solvents. In particular, SWNTs show a negligibie
degree of solubility in toluene. However, solubility is greatly improved as a result of the
interaction with PmPV-co-DOctOPV. The polymer works vig n-m mapping to the SWNT
backbone drawing them into solution while all unwanted side products and catalyst
particles precipitate out (Figure 1.3). Studies report that the polymer is diameter selective,
selecting SWNTs in the range of 1.35 nm to 1.55 nm (Dalton ef ai., 2000; Dalton ef al.,
2001; Keogh ef al, 2004). It was also reported that the polymer isolated SWNTs by
separating bundles, acting as a nanospacer. Purified SWNTSs were obtained by washing the

polymer from the nanotube with excess toluene through a Buchner funnel and collecting

the washed tubes on filter paper of pore size 0.45um.
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Objectives for this Study

This thesis proposes to use the hydrocarbon molecules p-terphenyl and anthracene, to
purify and process SWNTs. It is proposed that the hydrocarbon molecules, like the polymer
molecules, will map via m-n interaction onto the backbone of the SWNTs drawing them
into solution and allowing all side products to precipitate out (Figure 1.4). It is aiso
proposed that the differing structures of the two hydrocarbon molecules will interact with
specific SWNTs whose backbone is similar to their structure thereby resulting in structural
selectivity of the SWNTs as depicted in Figure 1.4. It is proposed that anthracene will
preferentially map to armchair SWNT while p-terphenyl will preferentially map to zigzag
SWNTs. Consequently a degree of electronic separation will be achieved as all armchair
SWNTs are proposed to be metallic and two thirds of all zigzag SWNTs are

semiconducting.

Fluorescence guenching, concentration dependent studies will be carried out to probe not
only the optimum solubility conditions but also to identify concentration ranges where
bundled and debundled SWNTs and PAHs exist thereby giving a greater understanding of

the nature and delicate balance of the different systems at different concentrations.

Summary
This Chapter has dealt with the structural and physical properties of SWNTs. An overview

of some of the major production and processing techniques was given. In the case of the
processing methods, a new and novel technique, using PAHSs, has been proposed that will
not only purify the SWNT sample but also select SWNTs relative to their backbone
structure. Chapter 3 looks at the structural and physical properties of polycyclic aromatic

hydrocarbons.
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CHAPTER 3 - POLYCYCLIC AROMATIC HYDROCARBONS

3.1 Introduction to Polycyclic Aromatic Hydrocarbons

This chapter gives a brief introduction to the physical and electronic properties of the
polycyclic aromatic hydrocarbon (PAH) molecules p-terphenyl and anthracene mentioned
in Chapter 1. The purpose of this chapter is to give some background information as to the
structure and behaviour of both molecules. This knowledge will then be applied in the
experimental section to explain and account for results obtained. Both molecules were
chosen for this research because of structural characteristics that gave them the potential to
selectively interact with SWNTs. In addition, as they are non polar molecules and toluene is
a non polar solvent, both molecules exhibit a high level of solubility in the chosen solvent

toluene.

An aromatic hydrocarbon is a molecular structure which incorporates one or more planar
ring structures consisting of six carbon atoms of alternating single and double covalent
bonds. Benzene (depicted in Figure 3.1) is the simplest of the aromatic hydrocarbons. It has
a configuration of six carbon atoms and when it is present in larger structures it is often
referred to as a phenyl group or an aromatic ring. The structure of benzene consists of an
sp” hybridised sigma (o) framework which is responsible for the steric configuration
observed (Figure 3.1(b)) and delocalised pi (1) electrons. sz hybridised carbons typically
have a planar geometry and bond angles of 120°. One large group of aromatic hydrocarbons
is the polycyclic aromatic hydrocarbons (PAHs), which consist of two or more aromatic
rings made up of only carbon and hydrogen atoms only. When discussing the structure of
PAHSs it is convenient to divide them into two separate categories, constrained and
unconstrained, with the molecules anthracene (Figure 3.2(a)) and p-terphenyl (Figure
3.2(b)) discussed as specific examples from each category respectively. Anthracene
consists of three side by side fused phenyl rings whereas p-terphenyl consists of three

phenyl rings each connected through a C-C single bond.
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Figure 3.1 CgHs (benzene): (a) chemical structure formula, (b} spatial distribution of the sp?
hybridised o-orbitals which is responsible for the steric configuration, (c) spatial distribution of the -

orbitals forming a delocalized m-system (Haken and Wolf, 1598).

(a) (b)

Figure 3.2 (a) Structure of anthracene and (b) p-terphenyl showing the aliernating single and double

bond structure.

3.2 Physical Properties of Anthracene andp-Terphenyl

As depicted in Figure 3.2 (a) anthracene is a planar conjugated structure with a linear fusion
of three phenyl rings which has the molecular formula CysHio. Valence bond theory
considers that anthracene is best regarded as a resonance hybrid of structures and
examination of the canonical forms indicates that the three rings cannot all be phenyl in
character at the same time (Hepworth et al., 2002). There is only one true phenyl ring in
anthracene and in the case of Figure 3.3 the resonance structure shows the phenyl ring is
positioned to the far left. The numbering system for anthracene shown in Figure 3.3 is a
little unusual and was introduced during carly chemical studies to indicate the special

character associated with the 9- and 10- positions. The molecule is known to be stable in

55



the absence of light but when irradiated, anthracene can form a reversible photodimer

through the 9-,10- positions as depicted in Figure 3.4.

1 9 8

4 10 5

Figure 3.3 Numbering system for anthracene ring system.

O e S
hv, IA /7~ O

Figure 3.4 Depiction of the reversible photodimer of anthracene formed in the presence of light

(http://en.wikipedia.orgiwiki/Anthracene).

The structure of p-terphenyl (Figure 3.2 (b)) is viewed as three phenyl rings connected to a
neighbouring ring by a single carbon bond. It has the molecular formula CygHys. Unlike
anthracene the phenyl rings are not constrained as they are not fused and the single carbon
bonds linking the rings can rotate. Therefore the structure is not planar. The resulting
torsion angle of the phenyl rings is a direct result of the effect of their hydrogen atoms. The
hydrogen atoms in p-terphenyl play a role in the electronic properties although they are not
involved in states near the Fermi level (Cote, 2003). Due to the fact that the
electronegativity of the hydrogen is less than that of carbon there is a significant charge
transfer (~0.3 eV) from the hydrogen atom to the carbon ring and this means that the
hydrogen is positively charged and the ring is negatively charged. The hydrogen atoms
repel each other as they possess like charges but remain tightly bound to their carbon atom.

The steric constraint between the hydrogen atoms can be overcome if the phenyl rings
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rotate with respect to each other thus developing a torsion angle between the phenyl rings
located on the C-C single bond. Figure 3.2 (b) shows p-terphenyl in the planar structure
(torsion angle of 0°) but the hydrogen atoms prefer to be at a maximum separation, a
torsion angle of 90° that minimizes the electrostatic energy of the system. The C-C single
bond of the molecule is not completely free to rotate, however, and tight binding
calculations show that the 7 electrons on each carbon atom across the bond are interacting
(Cote, 2003). This implies that the torsion angle is not as severe as 90° (Cote, 2003). 1t is
also worth bearing in mind that the torsion angle affects the electronic structure. With a
greater degree of 7 interaction, i.e. as the torsion angle approaches 0°, the valence and
conduction bands broaden and the band gap is reduced resulting in a red shift of the
absorption spectrum (Heimel ef al., 2003a; Puschnig ef al., 2001; Puschnig, er al., 2003).
Calculations by Cote reveal the torsion angle is ~257 and this value is in good agreement
with experimental values obtained by Ambrosch-Draxi ef al., (1995) (Cote, 2003, Heimel et
al., 2001). Figure 3.5 shows the relative energy of p-terphenyl with respect to the torsion

angle as calculated by Cote and it is evident that the torsion angle with the lowest energy

difference is ~25°.
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Figure 3.5 Relative energy of p-terphenyl as a function of the torsion angle (Cote, 2003).
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3.3 The Electronic Structure of Anthracene andp-Terphenyl

The electronic structure of PAHs such as anthracene and p-terphenyl are based on the
presence of delocalised 7 electrons. In both anthracene and p-terphenyl, each carbon atom
provides four valence electrons, three of which form bonds termed o bonds by end on
overlap of orbitals with neighbouring carbon or hydrogen atoms, thus defining the
geometry of the respective molecules (see Figure 3.1 (b)). The remaining valence electrons
on each of the carbon atoms occupy p: orbitals, which are aligned perpendicular to the
plane of the o bonds. The p: electrons from two neighbouring carbons form an additional
bond by lateral overlap of their orbitals (see Figure 3.1 (c)), known as a = bond, so that the
molecules consists of several alternating single and double bonds termed conjugated double
bonds. In this conjugated & system, 7 electrons can no longer be attributed to one specific
C-C bond. Instead, their wavefunction is delocalised over the entire conjugated ring system
(Haken and Wolf, 1998). These delocalised n electrons are relatively weakly bound and are
responsible for the electron transport properties of anthracene and p-terphenyl. The extent
of the conjugation length together with the bond alternation determines the highest
occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO)
band-gap and the gap decreases as the aromatic hydrocarbon chain length increases.
Experimentally, the band-gap follows the 1/n law (n denotes the number of phenyl rings per
molecule) where the position of the first absorption peak shows a linear dependence as a
function of the inverse of the PAHs length (Cote, 2003; Puschnig, 1999). The band-gaps for
anthracene and p-terphenyl are 3.9 eV and 4.3 eV respectively. The following paragraph

gives the first principle approach that describes the intrinsic electronic properties of PAHs.

Density functional theory (DFT) is an ab initio method since it does not rely on any
experimental parameters and the calculations for crystalline PAHs have been proven to be
in accordance with experimental data (Cote, 2003; Puschnig, 1999; Tobik ef al., 2004).
However even the most sophisticated approximations of DFT when applied to molecular
crystals show intrinsic limitations in that the band-gap is severely underestimated but
results obtained can be used to predict trends within a single family of compounds. In
PAHs there are two distinct bonds: strong covalent bonds within a single molecule and

weak molecule — molecule bonds responsible for the cohesion of the molecular solid.
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Within DFT, the van der Waals forces which are an important part of the molecule-
molecule interaction cannot be accounted for. However, once the crystal geometry is

chosen the DFT description is reasonable for molecular crystals.

The energy dispersion bands are shown in Figure 3.6 for anthracene between -2.0 and 3.5
eV. In the energy window the HOMO-1, HOMO and LUMO derived bands which
represent the 7 orbitals are visible in Figure 3.6. The band structure of the molecular crystal
shows a small dispersion which reflects the weak chemical interactions of the molecules
with each other. The bandwidths of the HOMO and LUMO derived bands for anthracene
are 0.3 and 0.4 eV respectively with the splitting of the bands being a measure of the
intermolecular interaction. The band-gap for anthracene is calculated to be 2.1 eV but it is
known that DFT underestimates the band-gap and experimentally it was measured to be 3.9
eV. In a pure 7 electron picture the unoccupied n conduction bands would mirror the
occupied 7 valence bands. In Figure 3.6 this is not the case due to intermolecular
interaction. As a result of the interaction the valence bands no longer have pure ©t character
and the mirror relation is destroyed. A detailed description of DFT is given by Puschnig

(1999).
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Figure 3.6 Electronic structure of anthracene as calculated by density functional theory (Tobik et al.,
2004).
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p-Terphenyl shows similar energy dispersion bands to anthracene. Again, the HOMO-1,
HOMO and LUMO lie between -2.0 and 3.5 eV. The bandwidth splitting of the HOMO
derived bands is 0.45 eV due to intermolecular interactions. A band-gap of 2.71 eV was
calculated by DFT but experimentally the value was found to be 4.3 eV for the same

reasons discussed for anthracene.

3.4  The Crystal Structure of Anthracene andp-Terphenyl

The following section examines the behaviour of both molecules within a crystal. In
particular, the stacking arrangement and interaction between the individual molecules are of
interest. Both anthracene and p-terphenyl form monoclinic crystals (Hiemel er al., 2003a;
Hiemel et al., 2003b; Oehzelt e al., 2002), and this structure is recognisable by the
‘herringbone’ arrangement which is depicted in Figure 3.7. In a crystal, the molecules form
layers which are aligned parallel to the ab plane as depicted in Figure 3.8 and 3.9 with the
long molecular axes almost perpendicular to the plane. The distinctive ‘herringbone’
pattern is determined by the unit cell axis a and b and the herringbone angle & which is the
angle between the planes of translationally inequivalent molecules. The arrangement of two
layers of molecules as shown in Figure 3.8 has the long molecular axes within the ac plane
(Hegmann, 2003; Oehzelt er al., 2001), and the molecules are tilted with respect to this
plane by the setting angle y with J representing the angle between the long molecular axes
of two inequivalent molecules. The setting angle, x, not only represents the topology of the
surfaces but also describes the ‘linear slip’ between two adjacent molecules within a layer
as hydrocarbons, like graphite, tend not to stack directly in a coplanar fashion but in a

commensurate fashion (Heimel et al., 2003a).

60



anthracene crystal

Figure 3.7 "Herringbone” stacking arrangement of anthracene in the ab plane of crystralline

anthracene which is a typical polyacene molecular structure (Hegmann, 2003).

(a) (b) ()

Figure 3.8 Different views of the anthracene unit cell to describe the definition of the three
characteristic angles: (a) depicting the herringbone angle 8, (b) the tilting angle ¥ and (c) the angle

between two inequivalent molecules & (Oehzelt, 2001).

61



The interactions that take place between anthracene or p-terphenyl molecules within the
crystal are two fold as mentioned in section 3.3. There are the strong covalent intra-
molecular bonds and weak inter-molecular van der Waals forces acting between separate
molecules, The weak nature of the bonds between molecuies in the crystal results in the
retention of the properties of the individual molecule. An isolated anthracene molecule, as
discussed in section 3.2, is a planar molecule and no structural deviations are observed
within the crystal (Figure 3.7). However, p-terphenyl in its isolated state is not planar and
has a torsion angle of ~25° about the C-C bond. In the crystal structure, the inter-chain
interactions (packing forces) result in a more planar arrangement of the molecules. X-ray
and neutron diffraction experiments at room temperature reveal a planar configuration of p-
terphenyl within the monoclinic crystal. As will be discussed in Chapter 4, the transition of
p-terphenyl in its isolated state to a crystal structure is easily detected via spectroscopic
methods. The planarisation of the three phenyl groups increases the m conjugation across
the molecule and this is expressed by an increase in the fluorescence emission maximum
from 345 nm in the isolated state to 365 nm in the crystal state. Figure 3.9 shows a side

view of ap-terpheny! unit cell.

a

Figure 3.9 Side view of the unit cell of p-terphenyl. The unit cell depicts the tilting angle x with
respect to ¢* (perpendicular to the ab plane) and the linear slip s between two adjacent molecules
along the a direction. It also indicates that the unit cell height h to the lattice parameter ¢ and B is

the angle between two inequivalent molecules (Heimel ef af., 2003b).
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Summary

Anthracene and p -terphenyl represent constrained and unconstrained PAHs. Anthracene has
a naturally occurring planar structure however p-terphenyl does not. The phenyl rings of p-
terphenyl have been shown to have a torsion angle of 25° relative to each other about the C-
C single bonds linking them. The electronic structure of anthracene and p-terphenyl was
discussed with relation to experimental data and the DFT model. Experimental data reveals
that the 7 electrons are responsible for the electronic behaviour of the molecules and the
DFT model puts the & orbitals in the HOMO-1, HOMO and LUMO energy states. The DFT
model also accounts for the interaction between the molecules and the energy gap between
the HOMO and LUMO can be calculated. One of the draw backs of the DFT model is that
it severely underestimates the energy gap however it can predict trends within a single
family of compounds. In a molecular crystal, both PAH molecules were found to stack in
the herringbone arrangement showing strong covalent intra-molecular and weak inter-
molecular interactions. It was also shown that as a result of packing forces p-terphenyl
altered- its conformation from a non-planar arrangement to a planar arrangement. Such a
change in conformation may be detected spectroscopically as the more planar conformation
increases the effective conjugation of the molecule. Knowledge of the interaction that
oceurs between individual PAHs is important as it potentially competes with the interaction
of the PAHs with SWNTs. It is proposed however that the PAHs will stack via a face-face
interaction as depicted in Figure 1.4. If this is the case, significant spectroscopic changes
are expected for p-terphenyl on interaction because a face-face interaction requires a torsion
angle of 0° but in its isolated state the torsion angle is 25°. Such spectroscopic changes are

not expected for anthracene as its isolated conformation is ideat for face-face interaction.

This chapter provided a description of the physical and electronic properties of both
anthracene and p-terphenyl. The next chapter looks at a number of spectroscopic and

microscopic techniques which were used in this research to characterise both the SWNTs

and PAH materials.
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CHAPTER 4 - CHARACTERISATION OF MATERIAL PROPERTIES

4.1 Spectroscopic and Microscopic Techniques

Characterisation of the materials used in this research involved using well-established
techniques to probe the electronic properties and the materials morphology. Two
approaches were taken: the first was to use spectroscopic techniques to gather information
on the electronic, molecular and physical structure of the material by measuring parameters
such as absorption, emission, and chemical bond vibrations; the second was to use
microscopic techniques to directly image the material structure on the micrometer and

nanometer scale.

Both electronic and vibration spectroscopic techniques were employed. Electronic
spectroscopy is defined in this thesis as methods that probe the electronic transitions of the
material as a result of the interactions with photons whereas vibrational spectroscopy is

defined as methods which give information concerning molecular vibrations.

4.2 Electronic Spectroscopy

The two principle electronic spectroscopic techniques used in this research are the
complementary techniques of absorption and fluorescence spectroscopy. These two
techniques examine the electronic transitions within a molecule, and hence provide

information about the electronic structure of a material and its local environment.
In an organic system, the ground and excited states have many vibrational and rotational
degrees of freedom. When Born-Oppenheimer separability conditions are assumed valid

(Wayne, 1970), the total wave function of the molecule may be written as the product of the

separated wavefunctions and the total energy £, can be written as:

E =E,+E, +E, Equation 4.1
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where e,v and » in Equation 4.1 are the electronic, vibrational and rotational components

respectively.

The absorption and emission of an organic molecule is depicted in the Jablonski diagram in
Figure 4.1. The act of absorption involves the interaction of electromagnetic radiation with
the components of a molecule. The initial absorption step takes the molecule to an excited
electronic state. Since electronic transitions take place on a much faster time scale than
nuclear motion, most electronic transitions are completed before the nuclei can alter their
spatial relationships. Such a transition is denoted as a Franck-Condon transition and is
indicated in Figure 4.1 by the solid vertical tines. The Franck-Condon principle states that
an electronic transition occurs so rapidly in comparison with vibration frequencies that no
change occurs in inter-nuclear separation during the course of the transition. After
excitation of the molecule to an upper vibronic state, the nuclear coordinates are not in their
equilibrium configuration for the new electronic state and hence non-radiative relaxation
between the vibrational states occurs. Generally, after relaxing to the lowest vibrational
state, the electron can return to the ground state by emitting the excess energy as a photon
or by other radiationless channels of decay. The emitted photon is characteristically of
longer wavelength than that of the exciting light. The wavy lines in Figure 4.1 represent
radiationless energy conversion. The vertical wavy lines within a particular electronic state
indicate degradation of vibrational excitation, while the horizontal wavy lines indicate
changes of state. The term “internal conversion” is applied to radiationless transitions
between states of the same spin multiplicity, while “intersystem crossing” refers to

transitions between states belonging to different spin systems.

Deactivation through emission of radiation can happen in one of two ways. These two
processes were originally distinguished in terms of whether or not there was an observable
afterglow. In 1935, Jablonski interpreted phosphorescence as being emission from some
long lived metastable electronic state lying lower in energy than the state populated by the
absorption of radiation (Wayne, 1970). This was in fact a triplet state of a species. The long
lifetime of the emission is a direct consequence of the forbidden nature of a transition from

an excited triplet to the ground state singlet. Hence, phosphorescence can be described as a

68



radiative transition between states of different multiplicity. Fluorescence is then understood

to be a radiative transition between states of the same multiplicity (Wayne, 1970).
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Figure 4.1 Jablonski diagram showing the sequence of steps leading to radiative decay. After initial
absorption the upper excited vibrational states undergo non radiative decay by giving up energy to
the surroundings. A radiative transition then occurs from the lowest vibrational level of the excited
electronic state (Wayne, 1970). S, is the singlet ground electronic state and Sy is the singlet excited
electronic state; with T, representing the triptet state. ISC and IC represent intersystem crossing of
an electron from the S, to T excited states or vice versa and internal conversion where the electron

orients itself so that it may return from T, to Sy respectively.
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4.2.1 Absorption Spectroscopy of Materials

The three materials used in this research are anthracene, p-terphenyl and SWNTs. Their
structure consists of a conjugated system of atoms covalently bonded with alternating
single and double bonds. Such a system results in a general delocalisation of the 7 electrons
as described in Chapters 2 and 3. UV-Vis-NIR spectroscopy is based on exciting the
electronic levels in these conjugated molecules and the wavelength at which the conjugated
systems absorb is determined by the conjugated length. The absorption spectra of the

materials are presented and discussed in the following section.

The spectrometer used to probe the materials in this research was the Perkin Elmer Lambda
900 UV-Vis-NIR spectrometer. The spectrometer is a double-beam, double monochromator
ratio recording system with pre-aligned tungsten-halogen and deuterium lamps as sources.
The wavelength range is from 175 to 3,300 nm with an accuracy of 0.08 nm in the UV-Vis
region and 0.3 nm in the NIR region. It has a photometric range of £ 6 in absorbance. For
all of the experimental studies, the absorption was measured at all times with a reference
sample in a double beam arrangement; for example a solution of anthracene in toluene
would have a reference sample of just toluene. The purpose of this was to eliminate

variations caused by the difference in lamp intensities at different frequencies.

Sample Preparation

Solutions containing concentrations of I x 10° M of p-terphenyl in toluene and 3 x 10° M
of anthracene in toluene were prepared for UV-Vis-NIR analysis as these were determined
to be the optimum concentrations for this study. It was necessary to use a very dilute
concentration of p-terphenyl compared with anthracene as saturation at higher
concentrations was an issue. In the case of SWNTSs a mass of 5.6 mg was added to 10 ml of
toluene as it had been established by trial and error to be the optimum mass of SWNTs to
work with. The SWNT solution was then spin-coated onto a spectrosil B disc in order to
obtain a thin uniform film as solution samples resulted in a background with a large degree

of scattering.
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Results and Discussion

Figures 4.2 and 4.3 depict the absorbance spectra of anthracene and p-terphenyl
respectively, the spectral profiles being similar to those reported in the literature (Berlman,
1971; Wayne, 1970). The absorbance spectrum of anthracene in Figure 4.2 shows the
electronic and vibrational structure of the molecule. The electronic absorption corresponds
to an electronic transition involving the lowest excited electronic state, S;. The individual
absorption bands at ~330 nm, ~345 nm, ~360 nm and ~380 nm correspond to the excitation
of a series of vibrational states within this electronic transition. The absorption of
anthracene between 330 and 380 nm indicates that a minimum energy of 3.9 eV is required
to excite an electron from the ground electronic state to the excited electronic state. The
vibrational energy spacing is approximately 1400 cm’! coresponding to an aromatic ring
stretching mode which is influenced by the promotion of a @ electron from the bonding
orbitals to the anti-bonding orbitals (Mullins and Sheu, 1999). The vibrational levels of the
ground electronic state will overlap with several of the vibrational levels in the excited
electronic state and they are identified in Figure 4.2 as (0,0), (1,0), (2,0), (3,0). By
convention, the first figure in the parentheses represents the vibrational levels of the excited
electronic state and the second figure in the parentheses represents the vibrational levels of

the ground electronic state.

The absorbance spectrum of p-terphenyl in Figure 4.3 is broad and featureless with the
absorbance maximum at approximately ~300 nm indicating that a minimum energy of 4.3
¢V is required to excite an clectron from the ground electronic state to the excited
electronic state (Malkin, 1992; Wayne, 1970). The absence of a vibrational structure in the
absorbance spectrum is due to rotation of the phenyl groups about the C-C single bond. The
molecule p-terphenyl was found to absorb at a lower wavelength than anthracene because
the degree of effective conjugation of p-terphenyl was less, again due to the rotation of the

rings about the connecting C-C single bonds (Chapter 3).
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Figure 4.2 UV-Vis absorbance spectrum of anthracene in toluene at a concentration of 3 x 10° M at
room temperature. The figures within the parentheses represent the vibrational levels of the
molecule with the figure on the left in the parentheses representing the vibrational levels in the
excited electronic state and the figure to the right representing the vibrational levels in the ground

electronic state.
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Figure 4.3 UV-Vis absorbance spectrum of p-terphenyl in toluene at a concentration of 1 x 10° M at
room temperature. The absorbance is featureless because of the rotation of phenyl rings about the
C-C bond. The resulting variety of structures within the sample leads to an unresolved vibrational

spectrum.
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The absorbance spectra of three different samples of SWNTs precipitated from solutions of
5.6 mg of substance in 10 ml of toluene were investigated. The sample weight of 5.6 mg
was chosen as it was found to give the optimum concentration to work with in 10 ml of
toluene. The three SWNT samples probed were produced by high pressure carbon
monoxide disproportionation (HiPco) (H-SWNT), laser vapourisation (LV-SWNT) and
arc—discharge (AD-SWNT) (see Chapter 2). Each of the samples was sonicated for 15 s
using a sonic tip (ultrasonic processor VCX, 750 Watts) and the samples were then spin
coated onto spectrosil B discs to obtain a uniform distribution before characterisation.
Figure 4.4 shows the absorbance spectra of LV-SWNT, AD-SWNT and H-SWNT. The
features observed have origin in the singularities in the density of states (DOS) as discussed
in Chapter 2. It is immediately obvious that the absorption spectra of the three SWNT
samples differ. Therefore it may be concluded that the UV-Vis-NIR spectral profiles of
SWNTs are to a degree dependent on the production process. Literature reports predict that
the absorbance profile may also differ from batch to batch for SWNTs produced by the
same process (Ausman ef al., 2000; Cai et al., 2002; Chiang ef al., 2001; Hagen and Hertel,
2003). Therefore the only information that can be taken from the UV-Vis-NIR spectra is
the range of diameters of SWNTs present in that sample and the ratio of metallic to

semiconducting SWNTs.

Theoretical predictions suggest that the absorbance bands of SWNTs can be ascribed to the
inter-band transitions between the mirror image spikes in the DOS of SWNTs (Chapter 2).
From electronic band theory, absorbances between 1400 — 1900 nm are assigned to the first
inter-band transition vl = ¢l in semiconducting SWNTs , whereas the bands between 300
— 1100 nm are assigned to the second inter-band transitions v2 = ¢2 again in
semiconducting SWNTs (Yu and Brus, 2001). The predicted absorbance at 650 nm is
believed to be the vl = ¢l of metallic SWNTs and weak bands at 550 nm and 300 nm are
due to v3 > ¢3 in semiconducting SWNTs and v2 > ¢2 in metallic tubes respectively
(Ryabenko ef al., 2004). The absorbance at 270 nm is the n plasmon frequency of carbon
material such as Cgy, SWNTSs, and graphite. The precise position of the SWNT absorption

bands has been shown to be roughly described by the following equations;
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ES), =2kid Equation 4.2
ES), = 4kid Equation 4.3
EM,| = 6k/d Equation 4.4

where k& is a constant, d is the diameter, £ is the energy transition and the superscripts S and
M represent semiconducting and metallic SWNTs respectively whereas the subscripts 11
and 22 represent the first and second electronic transition between mirror spikes in the DOS
(Hamon ef al., 2001). However it has since been shown experimentally that the relationship
between £ and d is more complex than originally thought as described by more current
calculations by Bachilo ef a/.(2002) (Bachilo ef al., 2002; Ryabenko ef al., 2004). The
width of the van Hove bands are determined by the overlapping transitions from all

different diameters and chiral indices.

Comparing the spectra in Figure 4.4, it is evident that both AD-SWNT and LV-SWNT
have a strong absorbance centred at ~1700 nm and ~950 nm which correspond to the first
and second inter-band transitions for semiconducting SWNTs. H-SWNT has absorbances
centred at ~1400 and ~800 nm which also fall under the first and second inter-band
transitions for semiconducting SWNTs. The fact that H-SWNT are centred at ~1400 nm
compared to ~1700 nm indicates a different diameter distribution for the H-SWNT sample
compared with AD-SWNT and LV-SWNT samples in that range. AD-SWNT and H-
SWNT have a strong absorbance at ~650 nm compared to LV-SWNT and absorbance in
this region corresponds to the first inter-band transition for metallic SWNTs. This would
indicate the presence of more metallic SWNTs in the H-SWNT and AD-SWNT samples
compared to the LV-SWNT sample. Absorbance at ~550 nm corresponds to the third inter-
band transition for semiconducting SWNTs and it is evident in the AD-SWNT and H-
SWNT samples and negligible for LV-SWNT. Finally, the © plasmon band at ~270 nm is
present for all three SWNT samples. It is of interest to note that the H-SWNT spectrum
exhibits more structure in this region than that of either of the other two samples and this is

believed to be due to a smaller average tube diameter of about 1.0 nm resulting in a higher
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degree of structural information (Chiang ef al, 2001; Hagen and Hertel, 2003; Kataura ef
al., 1999).
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Figure 4.4 UV-Vis-NIR absorbance spectra of arc-discharge, laser vapourisation and HiPco SWNT.

4.2.2 Fluorescence Spectroscopy

A molecule that has absorbed a photon can discard its excess energy via radiative decay, in
which an electron relaxes back into the lower energy levels of the ground electronic state
and in the process generates a photon and yields information with regards to the electronic
and vibrational levels of the ground electronic state. The three materials used in this
research undergo fluorescent radiative decay. However, only anthracene and p-terphenyl
are discussed as the fluorescence of the SWNTs was beyond the range of the fluorimeter

used (O’Connell et al., 2002).

The Perkin Elmer LS55 luminescence spectrometer used throughout this research was
computer controlled. Excitation is provided by a pulsed Xenon discharge lamp with a pulse
width at half peak height of < 10 us and pulse power 20 kW. The source is monochromated

using a Monk-Gillieson type monochromator and can be scanned over the range of 200-800
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nm. The luminescence is passed through a similar monochromator, which can be scanned

over the range of 200-900 nm.

Sample Preparation

The solutions prepared for fluorescence spectroscopy were of concentrations in toluene of |

x 10" M forp-terphenyl and 3 x 10” M for anthracene.

Results and Discussion

Figure 4.5 depicts the emission spectral profile of anthracene and it is evident that it is a
mirror image of the absorbance spectrum. It is often found that the emission spectrum is a
mirror image of the absorption spectrum for a So-S; transition but is shifted to a higher
wavelength (Wayne, 1970). The similarity occurs because the same electronic transitions
are involved in both absorption and emission spectroscopy and because of similarities of
the vibrational energy levels of Sg and S;. In many molecules the vibrational energy levels
are not significantly altered by the different electronic distributions of Sp and S,. The
vibrational levels are identified in Figure 4.5 as (0,0), (0,1), (0,2), (0,3). The (0,0) band is of
slightly longer wavelength in the emission spectrum than the absorption spectrum and this
is due to the Stokes shift. The emission spectrum of anthracene is independent of which
vibrational band is excited as emission will occur only from the lowest vibrational encrgy

level in the excited electronic state (Mullins and Sheu, 1999).

In Figure 4.6 it can be seen that the emission spectral profile of p-terphenyl was found not
to mirror the absorption spectrum. While the absorption spectrum is devoid of vibrational
structure the emission spectrum shows a degree of structure. This deviation from the mirror
image rule usually indicates a different geometric arrangement of the nuclei in the excited
state and ground state. For p-terphenyl, the individual phenyl rings that make up the
structure become more co-planar in the excited state and as a result the emission spectrum
becomes more structured than the absorption spectrum (Ajayaghosh, 2004). The vibrational

levels of p-terphenyl are identified in Figure 4.6.
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Figure 4.5 Fluorescence of anthracene at a concentration in toluene of ~3 x 10° M with an
excitation wavelength of 350 nm. The figures within the parentheses represent the vibrational levels
with the figure on the left in the parentheses representing the vibrational levels of the excited
electronic state and the figure to the right representing the vibrational levels of the ground electronic

state.
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Figure 4.6 Fluorescence of p-terphenyl at a concentration in toluene of ~1 x 10* M with an
excitation wavelength of 300 nm. The figures within the parentheses represent the vibrational tevels
with the figure on the left in the parentheses representing the vibrational tevels of the excited
electronic state and the figure to the right representing the vibrational levels of the ground electronic

state.
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4.3 Vibrational Spectroscopy

Vibrations can be excited by the absorption of electromagnetic radiation at an appropriate
frequency and analysis of the frequencies where absorption is observed yields information
about the identity of the molecule and the flexibility of its bonds. Molecules absorb
radiation of frequencies which exactly match the frequencies of vibrations within the
molecule. The frequencies at which the molecules vibrate depend on the forces between the
atoms, the mass of the atoms and the geometry of the molecule. The stronger the forces
between the atoms in the molecule, the higher the vibrational frequency while heavier
atoms display lower vibrational frequencies. Traditionally, there are two techniques used to
obtain a vibrational spectrum; infrared absorption (IR) and Raman spectroscopy (Atkins,

2001).

The energies associated with the vibrations in a molecule with respect to one another are
quantised and absorption of electromagnetic radiation in the infrared region gives rise to
transitions between these different vibrational states. Absorption results from the coupling
of a vibration with the oscillating electric field of the IR radiation and this interaction can
only occur when the electric dipole moment of the molecule changes during the vibration.
Since vibrating atoms are linked together by chemical bonds it is usual to refer to the
vibration as a bond deformation. The simplest bond deformations are bending and
stretching. Usually, the only significant absorptions correspond to promotion of the bond
deformation from their ground state to the next highest energy level. IR spectroscopy is
based on bond deformation and hence the vibration which is related to the atoms involved.
Thus by measuring the IR absorption spectrum over a range of energies, a series of
absorptions corresponding to characteristic vibrations of particular bonds is obtained.
Analysis of the location of the frequencies of these absorptions can aid in the identification

of the material composition (Atkins, 2001).

Transitions between vibrational states can result from the scattering of radiation from
molecules. In such scattering processes, the incident oscillating electric field of the incident
optical wave should be of an energy that is greater than the energy difference between the
vibrational states, for example UV or visible radiation. The oscillating electric field of the

incident optical wave can be scattered off the molecule in two different ways. If the
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scattered light induces an oscillating polarisation in the scattering molecule and when the
oscillating electric field exchanges energy with the molecule, then the scattered radiation
may have a higher (anti-Stoke) or lower (Stoke) frequency than the incident electric field.
The difference in frequency corresponds to vibrational modes of the molecular structure
and is referred to as Raman scattering. When the incident frequency equals the scattered
light, the scattering is referred to as Rayleigh scattering. In Stokes Raman scattering, the
molecule starts out in a lower vibrational energy state and afler the scattering process ends
up in a higher energy state. Thus the interaction of the incident light with the molecule
creates a vibration in the material. In anti-Stokes scattering, the molecule begins in a higher
vibrational energy state and after the scattering process ends up in a lower vibrational state.
Thus the vibration in the material is lost as a result of the interaction. The frequency
difference between Raman lines and the exciting lines are characteristic of the scattering
molecule and are independent of the excitation frequency. Whereas in IR a change in dipole
moment is required, in Raman a change in polarisability is required. As polar bonds are not
often very polarisable, and vice versa, the two techniques are mutually complementary

(Atkins, 2001).

4.3.1 [Infrared Spectroscopy of Materials

When dealing with polyatomic molecules such as anthracene and p-terphenyl, normal
modes are used to describe molecular vibrations and they are IR active if they give rise to a
change in dipole moment on interaction with IR electromagnetic radiation. The IR spectra
of anthracene and p-terphenyl are depicted in Figures 4.7 and 4.8 respectively and some of
the normal modes which include stretching and bending are displayed. Figure 4.9 depicts

the IR active phonon modes of SWNTs.

The spectrometer used in this research to carry out experimental work was the Perkin Elmer
Spectrum GX. It is a single-beam, Michelson interferometer based, Fourier transform
infrared spectrometer. It has a dual level optical module that is sealed and desiccated. The
system is configured with a mid-infrared (MIR) single source. MIR and far infrared (FIR),

beam splitters allow the range 7000 to 50 cm™ to be covered with a maximum resolution of
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0.3 cnt’'. The spectrometer is configured with the AutoIMAGE microscope system which
can operate in transmittance and reflectance modes. All manual microscope operations
including adjustments to aperture, focus and illumination are fully automated and collected
from the PC. It includes a built-in 35W tungsten halogen illuminator, a motorised stage and
a CCD video camera. The medium beam MCT detector covers the range from 5500 to 550
cm”. An ATR attachment with a micro germanium crystal with a range from 5500 to 600

cm” can be used for micro samples and ATR mapping for surface studies.

Sample Preparation

Solutions containing a concentration of 2.5 x 10? M of p-terphenyl in toluene, 3 x 10° M
of anthracene in toluene and a mass of 5.6 mg of SWNTs in 10 ml of toluene were each
dropcast from solution onto silver oxide coated gtass surfaces (mirrIR reflectance plates,

Kevley Technology, OH, USA). The three samples were then allowed to dry for 24 hours

before characterisation.

Results and Discussion

Both anthracene and p-terphenyl show intense vibrational modes between 900-650 em™!
which are attributed to the out-of-plane C-H vibrations of the aromatic rings. Between 1290
-900 cm”' both PAHs exhibit in-plane C-H deformation vibrations which have a weak to
medium intensity. The modes at 1625 - 1430 cm™ are due to C-C ring stretching and C-H
ring stretching vibrational modes are found between 3080 - 3010 cm’ with vibrations that
are strong to medium in intensity for both anthracene and p-terphenyl. Anthracene alone
has a strong vibrational mode at 474 em” due to the out-of-plane C-H ring vibrations and
also modes at 726 and 884 cm™ with the higher frequency modes attributed to the atoms at
positions 9 and 10 (see Figure 3.3). IR vibrational modes unique to p-terphenyl are the
intense modes at 746 and 688 ¢m™' which are attributed to mono-substituted benzene of
which there are two in the molecule, one at each end. The second of the modes is

characteristically not as intense as the first. The molecule p-terphenyl also has an intense
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(a) (b) (c)

Figure 7.1 The composite solution at 2.5 x 10° M for p-terphenyl with SWNT present at a 1:1 wiw
ratio. (a) depicts a composite solution containing H-SWNT, (b) contains a composite solution with

AD-SWNT and (c) contains the composite solution containing LV-SWNT.

In Chapter 6 a fluorescence concentration dependence study was conducted for both the
PAH molecules and the composite samples containing LV-SWNT. The study yielded
information with regards to the concentration range where isolated and aggregated PAH
molecules existed and also the effect the SWNTs exerted over the aggregation process of
the PAH molecules. A similar study is conducted where H-SWNT and AD-SWNT are used
and results are compared with the LV-SWNT study. It is anticipated that such a study may

provide answers to the observations described in Figure 7.1.
Figure 7.2 depicts the fluorescence of p-terphenyl in the absence (fifled black circles) and
presence (filled grey squares) of AD-SWNT within a concentrations range of ~2.5 x 10°

and ~2.5 x 10° M. As is the case in Chapter 6 the plot is a linear/log axis and the solid
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black line denotes linear behaviour. The p-terphenyl (filled black circles) fluorescence fits
well to a linear increase between ~2.5 x 10? and ~3 x 10°® M. From a concentration of ~3 x
10 to ~2.5 x 10> M the fluorescence deviates from linearity and is considerably quenched

due to aggregation as described in Chapter 6.
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Figure 7.2 Fluorescence of p-terphenyi in the absence {filled black circles) and presence (filled grey
squares) of AD-SWNT on a linear/iog axis. The solid line denotes a linear fit.

Upon the addition of AD-SWNT (filled grey squares) the fluorescence trend appears
similar to that discussed above. Within a concentration range of ~2.5 x 10® and ~3 x 10°M
the fluorescence is again linear but quenched relative to p-terphenyl as a result of the n — =
interaction between the the PAH molecules and the SWNTs. Within the concentration
range of ~3 x 10® and ~2.5 x 10> M the fluorescence deviates from lincarity as was the
case for p-terphenyl alone within a similar concentration range. At a concentration of 1 x

10 M the fluorescence is now in excess relative to p-terphenyl and that is attributed to the
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de-stacking of p-terphenyl aggregates as the presence of AD-SWNT interferes with the
aggregation process as indicated by the marker in Figure 7.2 (refer to Chapter 6).

Similar fluorescence results for p-terphenyl were observed when using H-SWNT as
depicted in Figure 7.3. Figure 7.3 depicts the fluorescence of p-terphenyl in the absence
(filled black circles) and presence (filled grey squares) of H-SWNT within a concentrations
range of ~2.5 x 107 and ~2.5 x 10° M in toluene. However what is most noticeable in
Figure 7.3 is that no excess fluorescence of p-terphenyl on interaction with H-SWNT was

observed as indicated by the marker, in contrast to both AD-SWNT and LV-SWNT
(Figures 6.1 and 7.2).
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Figure 7.3 Fluorescence of p-terphenyl in the absence (filled black circles) and presence (filled grey
squares) of H-SWNT as a function of concentration on a linear/log axis. The solid line denotes a

linear fit.
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The studies in Figurse 6.1, 7.2 and 7.3 reveal the concentration range where p-terphenyl
exists as isolated and aggregated molecules. The studies also reveals that the presence of
SWNT hinders the aggregation of p-terphenyl molecules and this is expressed by the excess
emission of p-terphenyl in the composite solutions containing LV-SWNT and AD-SWNT
compared to the fluorescence of p-terphenyl alone. Results show that LV-SWNT are better
at preventing the aggregation of p-terphenyl than AD-SWNT and H-SWNT and this is
shown by fluorescence studies where the excess fluorescence of p-terphenyl is experienced
and is greater in the presence of LV-SWNT than either of the other two SWNT types. The
interference of the aggregation of p-terphenyl by the presence of SWNT shows that the
hydrocarbon preferentially interacts with the SWNT as opposed to itself. Such a result is
not surprising as theoretical and experimental studies described in Chapter 6 discuss the
favourable interaction between the hydrocarbon molecules and graphitic surfaces. To
decifer as to why both LV-SWNT and AD-SWNT hinder the aggregation process of p-
terphenyl while H-SWNT do not, the composition of each of the SWNT samples was

examined. Table 7.1 lists the parameters of the SWNTs present in each sample.

Table 7.1 Composition of SWNT as reported by literature (Journet et al., 1997, Nikolaev ef al.,
1999; Thess ef al., 1996).

diameter distribution average no. of tubes per bundle purity
LV- SWNT  broad 1.4 nm 100-500 tubes 85%
AD- SWNT broad 1.4 nm 20-40 tubes 70%
H- SWNT narrow 1.1 nm 20-40 tubes 90%

Examination of the composition of each of the tube samples along with results from
Figures 6.1. 7.1 t07.3 show that large bundles of SWNT along with a large tube diameters
arc preferable for the interaction and solublisation of SWNT by p-terphenyl in toluene at a
1:1 ratio p-terphenyl/SWNT. Figure 7.1 indicates that the large bundle size of LV-SWNT is

favourable for a high degree of interaction with p-terphenyl. The fluorescence
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concentration dependence study of p-terphenyl in Figures 6.1, 7.2 and 7.3 indicate that
larger diameter SWNTs are preferable for a good degree of interaction with p-terphenyl
which is depicted by the excess fluorescence of p-terphenyl in the composite samples of
AD-SWNT and LV-SWNT compared to p-terphenyl alone at a similar concentration. H-
SWNT which is stated to have a smaller diameter distribution between 0.7 -1.2 nm does not

exert the same effect over the p -terphenyl molecules.

It was noted that the general trend of the fluorescence concentration dependence study is
similar for all three SWNT types in Figures 6.1, 7.2 and 7.3. However the degree of
quenching in the fluorescence of p-terphenyl and the emission maximum varies with
SWNT type. At a concentration of 2.5 x 107 M for the LV-SWNT composite the emission
maximum was observed to be 365 nm (Figure 5.4) yet at similar concentrations for the AD-
SWNT and H-SWNT the emission maximum is 345 nm as depicted in Figure 7.4 (a) and
(b) respectively.
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Figure 7.4 Graph (a) and (b) represent the fluorescence of p-terphenyl in the absence (1) and
presence (11} of AD-SWNT and H-SWNT at a concentration of 2.5 x 10 M in toluene respectively.
The spectra labelled (II) emphasises the fluorescence emission maximum as a result of the

interaction with different SWNT types.
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Both the degree of fluorescence quenching and the variation in the fluorescence emission
maximum of p-terphenyl may be attributed to the bundle size of the SWNTs in question.
Results from Chapter 6 gave strong indications that indicate that quenching is subject to the
SWNT surface area that the hydrocarbon interacts with. As discussed in Chapter 6, the
fluorescence emission maximum is sensitive to the SWNT bundle surface area. Depending
on the bundle size and hydrocarbon concentration the molecules will interact via face-face
interaction when there is sufficient space or T-shape interaction when crowding of the
hydrocarbons occurs on the SWNT bundle surface area (Meehan ef al., 1980; Zacharia ef
al., 2004). If this is the case the results suggest that LV-SWNT should have the largest
bundles of the three SWNT samples. AFM studies are conducted to verify this claim. The

dimensions obtained from AFM studies are listed in Table 7.2.

Table 7.2 Observed dimensions of the different SWNT types in their as produced state via AFM

measurements.
SWNT Sample average length average width average height
AD-SWNT 1,000 nm 19 nm [.5 nm
H-SWNT 800 nm 15 nm 1.25 nm
LV-SWNT 5,000 nm 33 nm 4 nm

Table 7.2 reveals that the bundle size of LV-SWNT is 3.7 x 10" m*and H-SWNT and AD-
SWNT are 2.6 x 10" m? and 4.1 x 10 m? respectively. The formula to calculate the
surface area is that for the surface area of an elongated box based on the geometry of the
results obtained from AFM studies. From these results it is clear that LV-SWNT have the
largest bundles of the three SWNT samples thereby confirming the interpretation of results

discussed above. Because LV-SWNT have a much larger bundle size than either the H-
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SWNT or AD-SWNT this further supports evidence which indicates that p-terphenyl
exhibits a greater interation with larger SWNT bundles. LV-SWNT have very large bundles
compared to the other two SWNT samples and therefore a greater degree of interaction can
take place between the PAH and SWNT surface. A high degree of interaction between the
two components leads to a high degree of solubility with respect to the SWNTs and this
high degree of interaction is visibly evident in the LV-SWNT composite sample in Figure
7.1. The H-SWNT and AD-SWNT, being of a much smalier bundle size, do not experience
the same degree of interaction with the PAHs and this is expressed by a reduced degree of
solubility (Figure 7.1 (a) and (b)). Such a result also provides evidence as to why the

fluorescence quenching is less for H-SWNT and AD-SWNT compared with LV-SWNT.

A model to investigate the debundling of LV-SWNT is described in Chapter 6. The same
model is used in this study to monitor and compare the rate and extent of the debundling of
both the H-SWNT and AD-SWNT. The theory behind this model may be found in Chapter
6 and it is worth reiterating that the model is based on the interaction of a fluorescent

organic molecule with SWNT at a 1:1 w/w ratio.

Adapting the model to this study and applying Equation 6.1 to Figure 7.5 depicted below, a
plot of the fraction of free p-terphenyl as a function of concentration was achieved as a
result of the interaction with H-SWNT. Proceeding from left to right across Figure 7.5,
from approximately ~1 x 10" to ~1 x 10 M the fluorescence of the fraction of free p-
terphenyl decreases steadily with increasing concentration, the free, isolated PAHs and H-
SWNT exist in dynamic equilibrium with bound PAHs and H-SWNT. The data within this
concentration range fits well to the solid line which is a plot of Equation 6.1, resulting in a
Cp value of ~1 x 10" M. This value indicates that below ~1 x 10" M p-terphenyl molecules
are interacting with H-SWNT where the surface area of the SWNTs is constant. Deviation
from the fit at approximately ~2 x 10°® M is attributed to an increase in the SWNT bundle
surface area as demonstrated for LV-SWNT composites in Chapter 6 (Coleman et al.,
2004). Within the concentration range of ~2 x 10® to ~2.5 x 10™ M isolated p-terphenyl

molecules are interacting with SWNT of increasing surface area. From a concentration of
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approximately 2.5 x 10° M up-wards, the fluorescence of the fraction of free p-terphenyl

decreases due to the interaction between bundles of H-SWN'T and aggregated p-terphenyl.
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Figure 7.5 Graph of the fraction of free p-terphenyf as a function of concentration. The solid line is a
fit to Equation 6.1 for H-SWNT. The black solid line gives a Cy value of ~1 x 10 M and the best fit
to the data. To the left of the solid line, the dashed iine gives a Cq value of ~6.5 x 109 M and to the
right of the solid line the dashed dotted line gives a C, value of ~2.5 x 10° M.

AFM studies presented in Figure 7.6 confirm what the model predicts in that the bundle
size of the H-SWNT decreases with concentration. The AFM measurements of the
untreated H-SWNT and the composite samples at ~1 x 10°® M result in an estimated bundle
size 0f 2.6 x 107" m? to 1.5 x 10™"* m? for both sample respectively. In accordance to the fit
of the data the Cy indicates that the extent of debundling occurs to an estimated value of 1.5

x 107'* m? and the H-SWNT then cease to debundle further.
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Figure 7.6 AFM of (a) untreated sample of H-SWNT and the composite (b) ~1 X 10° M of p-

terphenyl/H-SWNT in toluene. The string-like features represent SWNT as indicated by the markers
with a bundle surface area of approximately 2.6 x 10™* m” for the untreated H-SWNT and 1.5 x 10°

" m? for the composite sample.
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Similar studies were conducted using AD-SWNT and the results are presented in Figure
7.7. The most striking feature of the model with respect to Figure 7.7 is that no value for Cp
is found to produce a good fit to the data in contrast to Figures 7.5 and 6.3. To further
investigate this result, AFM studies were conducted in order to observe the SWNT within

the low concentration range.
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Figure 7.7 Fraction of free p-terphenyl as a function of concentration. The solid line is a fit to
Equation 6.1 for AD-SWNT. The black solid line gives a C, value of ~3.5 x 107 M and the best fit to
the data. To the left of the solid line, the dashed line gives a C; value of ~1 x 10" M and to the right
of the solid line the dashed dotted line gives a C, value of ~6 x 107 M.
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AFM was conducted on the composite sample at approximately ~1 x 10® M (Figure 7.8).

The results estimate a surface area of 2.4 x 10" m? for the composite at [ x 10% M

compared to 4.1 x 107 m? for the untreated AD-SWNT.

pm

pm

0.0 0.5 1.0 1.5 2.0

Figure 7.8 AFM of (a) untreated sample of AD-SWNT and the composite (b) 1 x 10 M of p-
terphenyl/AD-SWNT in toluene. The string-like images are the SWNT as indicated by the markers.
The bundle surface area is approximately 4.1 x 10°" m? for the untreated AD-SWNT and 2.4 x 10™"*

m? for the composite sample at 1 x 10° M.
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The AFM data for the three different SWNT types is compiled in Table 7.3. The initial
bundle size and the bundle size at | x 10® M for all three SWNT types are tabulated. These
results can then be compared to that of an isolated SWNT which is calculated using the area
of an open cylinder as quoted by Coleman et al., (2004) from which the study was adapted,

in order to compare the extent of debundling.

Table 7.3 Calculated bundles sizes for SWNTs in their initial state and the composites at 1 x 10° M
p-terphenyl/SWNT in toluene. The bundle sizes were calculated using the surface area of an
elongated box due to the parameters resuiting from AFM studies. The area of an isolated SWNT
using the area of a cylinder (2mrl as used by Coleman ef al, 2004) was calculated in order to

compare the degree of debundling of the SWNT samples.

SWNT sample Initial bundle size Bundle sizeat | x [0°* M Isolated SWNT
p-terphenyl/SWNT

LV-SWNT 3.7 x 103 m? 9.6x 107" m? 1.8x 10" m?
H-SWNT 2.6 x 107 m? 1.5x 10" m? 1.5x 10" m?
AD-SWNT 4.1x 10" m? 2.4 % 10" m? 22x 10" m?

A comparison between the bundle sizes at 1 x 10® M and the estimated area of an isolated
SWNT indicate that LV-SWNT disperse to the greatest degree and given the error incurred
measuring the width of the SWNT at 1 x 10® M as a result of the apex radius of the AFM
tip at 10 nm it may be suggested that LV-SWNT are fully disperse. It is suggested by the
Table 7.3 that both H-SWNT and AD-SWNT remain bundled to some degree even at the
very low concentrations with H-SWNT being more dispersed than AD-SWNT.
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An overlay of the data for the fraction of free p-terphenyl as a function of concentration as
a result of the interaction with different SWNT types is given in Figure 7.9. This graph
highlights the degree of debundling of the different SWNT types as a function of

concentration.
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Figure 7.9 Graph of the fraction of free p-terphenyl on the interaction with the different SWNT types
as a function of concentration. The red squares represent a plot of the fraction of free p-terphenyl
on interaction with LV-SWNT as a function of concentration. The black circles and grey triangles
represent a plot of the fraction of free p-terphenyl on interaction with H-SWNT and AD-SWNT as a
function of concentration respectively. The solid lines are fits to Equation 6.1 for the different
samples. The black solid lines give Co values of 4 x 10'°M, ~1 x 10° M, 3.5 x 107 M, for LV-SWNT,
H-SWNT and AD-SWNT respectively and the best fits to each set of data.
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Figure 7.9 suggests that from a concentration of approximately 1 x 10" M with decreasing
concentration the rate of debundling of the SWNTs is approximately equal for all types.
Deviation occurs first for the AD-SWNT at a concentration of approximately 3.5 x 107 M.
The poor fit of the model to the subsequent data indicates that no single Cy value exists and
thus that some degree of further debundling occurs in the range of 107 - 10® M. Both H-
SWNT and LV-SWNT continue to debundle at an almost equal rate until H-SWNT ceases
debundling at approximately 2 x 10® M. The LV-SWNT continue to debundle down to a
concentration of approximately 2 x 10® M. It is interesting to note that as the degree of
debundling increases so too does the degree of quenching suggesting that the two are
linked. The fluorescence minimum of p-terphenyl varies in both concentration and degree
of quenching on interaction with different SWNT types. The difference in the fluorescence
quenching profiles of the three samples gives a clear indication that the effectiveness of p-

terphenyl in dispersing the SWNTs varies.
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Figure 7.10 Cp as a function of concentration. The red squares represent a plot of the C, for p-
terphenyl on interaction with LV-SWNT as a function of concentration. The black circles and grey
triangles represent a plot of the C, for p-terphenyl on interaction with H-SWNT and AD-SWNT

respectively as a function of concentration.
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A plot of the Cy as a function of concentration for the three different SWNT types is
depicted in Figure 7.10. The graph adds support to the results in Figure 7.9 in that it clearly
displays the concentration at which the parameters within Equation 6.2 cease to change.
Figure 7.11 shows an overlay of the bundle size of the different SWNT as a function of
concentration as measured by AFM. Both Figure 7.11 and Table 7.3 confirm that LV-
SWNT debundle to the greatest extent suggesting that the LV-SWNT are isolated. The Cy
value for H-SWNT and AD-SWNT was found to increase with increasing concentration
indicating that the extent of debundling decreases with increasing concentration and AFM
studies presented in Figure 7.11 confirm that both H-SWNT and AD-SWNT are bundled in
the low concentration range with H-SWNT more dispersed than AD-SWNT.
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Figure 7.11 AFM data of SWNT surface area as a function of concentration. The red squares
display the LV-SWNT data. The black circles and the clear circles display the AD-SWNT and H-

SWNT data respectively.
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These finding are attributed to the bundle size and purity of the SWNT sample as this has
an impact on the assumption of a 1:1 ratio by mass of SWNT to p-terphenyl on which the
model is based. A variation in the ratio will affect the position of the Cp value and as the
ratio of p-terphenyl increases the Cp value moves to higher concentrations. However,
differences of purity of 90 % and 70 % would not account for variations of effective
concentrations by 2 orders of magnitude (Journet ef al., 1997; Nikolaev ef al., 1999; Thess

et al., 1996).

The extent of SWNT debundling in the presence of p-tephenyl at a 1:1 w/w ratio is related
to the initial bundle size of the SWNT material. Results show that larger bundles with a
broad diameter range (LV-SWNT) interact more strongly with (measure of the degree of
fluorescence quenching of p-terphenyl, Figure 9) and disperse to a greater extent (Figures 9
— 11) whereas smaller SWNT bundles (AD-SWNT and H-SWNT) are more tightly bound
and in the case of AD-SWNT (Figure 7, Figure 10) do not disperse at a constant rate.
Smaller bundles are often more tightly bound than larger ones (Kai er al., 2005; Strong ef
al., 2003). The fact that H-SWNT disperse to a greater degree than AD-SWNT may result
from the initial purity of the SWNT sample as this has an impact on the assumption of'a 1:1
w/w ratio of SWNTp-terphenyl on which the model is based. A variation in the weight
ratio will affect the position of the Cq value and as the ratio of p-terphenyl compared to
SWNT increases the Cy value moves to higher concentrations. However, differences of
purity of 90 % (H-SWNT) and 70 % (AD-SWNT) would not account for variations of
effective concentrations by 2 orders of magnitude so this area requires further research

(Chiang et al., 2001; Colomer et al., 2001; Nikolaev et al., 1999).

Summary
This chapter investigated the interaction of and debundling of SWNTs produced by

different methods in the presence of the molecule p-terphenyl in toluene. The study showed
that under similar conditions that the degree of interaction of SWNT with p-terphenyl was
favoured by large bundles of SWNT with a broad diameter distribution where the average
diameter of the SWNT was 1.4 nm. The extent of debundling was found to be related to

bundle size with larger bundles dispersing to a greater extent than smaller bundles.
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However differences in the extent of debundling were noted for SWNT of similar bundle
size and the difference were attributed to the degree of purity of the SWNT sample as this
would effect the assumption of the 1:1 w/w ratio of SWNT/p-terphenyl in toluene and shift
the Cp value to higher concentrations. However more work is needed in this area to verify

this.
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CHAPTER 8 - CONCLUSIONS

8.1 Summary of Findings
The aims of the thesis were seven fold:
¢ To enhance the solubility of SWNTs.
e To purify an untreated sample of SWNTs that contains many side products.
¢ To gain a greater understanding of the interaction between PAHs and SWNTs.
e To debundle and disperse SWNTs.
¢ To select SWNTs of a specific structure based on the structures of the PAHs.
¢ To observe and compare the interaction of PAHs with SWNTs produced by
different methods.
e To elucidate factors that may disrupt universal behaviour between different SWNT

samples.

Chapter 5 presented results which showed that the PAH molecules anthracene and p-
terphenyl purify and enhance the solubility of LV-SWNT in toluene via mn-n interaction
between the two components. SWNTs show a poor level of solubility in toluene and
precipitate out within a matter of hours and therefore the solvent is a good indicator as to
any enhanced solubility due to the presence of the PAHs. Upon the introduction of PAHs to
a solution of LV-SWNT in toluene the solubility of the SWNTs is greatly enhanced and the
LV-SWNT are finely dispersed with the composite solutions stable for prolonged periods
of time (now greater than five years) with no indications of the LV-SWNT settling
observed. The PAHs draw the LV-SWNT into solution and allow the precipitation of the
side products such as the amorphous carbon and metal catalyst particles. Spectroscopic
investigations such as fluorescence and Raman point toward a mapping of the PAHs onto
the LV-SWNT surface. Fluorescence spectroscopy indicates that an interaction occurs
between the two components by the quenching in the PAH fluorescence. This result is
further supported by Raman spectroscopic studies. Within the composite spectrum there are
modes from the PAHs and LV-SWNT present but also a number of unique vibrational

modes. The washing of the composite sample with excess toluene results in a Raman
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spectrum similar to the untreated LV-SWNT spectrum. The Raman spectrum of the washed
composite provides clear evidence that the PAH are interacting with the LV-SWNT and not
any of the side products present therefore it may be concluded that the PAH purify

untreated samples of SWNT as well as enhance there solubility.

Literature information is scarce with regards to the nature of the interaction that takes place
between organic molecules and SWNTSs. The research presented in Chapter 6 investigates
the interactions that take place between the PAHs and SWNTs as well as the proposal that
the interaction results in the debundling of the SWNTs via spectroscopic methods. A model
is used to determine the concentration range where aggregated and dispersed PAHs and

SWNTs interact and microscopic techniques are used to support spectroscopic results,

Fluorescence concentration dependence studies clearly indicate concentration ranges where
aggregates of SWNTs and PAHs as well as dispersed LV-SWNT and PAHs interact. The
fluorescence studies show that at the higher concentration range the presence of SWNTs
hinders the PAH aggregation and it was also observed that the PAHs debundled the
SWNTs. This indicates that the interaction between the PAHs and SWNTs is more
favourable than the interaction between the PAHs molecules. Quenching in the
fluorescence and the resuiting changes in the degree of the fluorescence red-shift of p-
terphenyl gave insight as to the orientation of the PAH and it is found that the orientation is

influenced by the PAH concentration and the SWNT bundle size at the time of interaction.

The model by Coleman et al., (2004), is used to determine the concentration range where
bundled and dispersed LV-SWNT exist. However, where a ternary system is concerned the
model is sensitive to the solvent used and the method by which the SWNT are produced as
well as the molecules used to disperse the SWNTs. These factors must be taken into
account if direct comparison of different systems is to be considered. Binding energies for
both composite samples were obtained and found to be 1.1 and 0.9 eV for p-terphenyl and
anthracene composite samples respectively. Such a result indicates that p-terphenyl binds
more tightly to the LV-SWNT surface than anthracene but anthracene is more prolific at

dispersing LV-SWNT bundles.
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Raman spectroscopy shows the composite spectra with the characteristic SWNT modes
such as the RBMs and the G-line up-shifted in frequency on going from the untreated LV-
SWNT material to the composite material. The up-shift of the composite RBMs compared
to the untreated LV-SWNT sample is indicative of debundling with decreasing
concentration and this is supported by AFM studies. Examination of the Raman RBMs and
the fluorescence concentration dependence study of the PAHs indicate that the results from
both spectroscopic methods correlate when determining the region at which fully dispersed
LV-SWNT and PAHs are interacting. Results show that anthracene disperses LV-SWNT at
~107 M and p-terphenyl at ~10 M. Raman studies were then used to probe for selective
interaction of the PAHs with LV-SWNT in the concentration range where dispersed LV-
SWNT and PAHs exist. It is found that anthracene preferentially interacts with metallic
LV-SWNT whereas p-terphenyl preferentially interacts with mainly semiconducting LV-
SWNT hence providing evidence of selective interaction. However due to the lack of
sophistication of the current models available it was not possible to clarify the extent of
selectivity any further and therefore deduce if indeed the PAHs had interacted with SWNT
of a specific structure but selective interaction was strongly indicated. Therefore it may be
deduced that the PAH molecules solubilise, purify and debundle LV-SWNT with strong

indications of selective interaction as initially proposed.

Finally the study presented in Chapter 7 investigates the potential of using PAH molecules
to process a variety of SWNTs. The study elucidates a number of similarities as well as
contrasting features with regards to the interaction between p-terphenyl and SWNT
produced by different methods. Firstly p-tetphenyl enhances the solubility and debundles
SWNTs in toluene irrespective of the SWNT sample used. However the extent and degree
of debundling varies from SWNT sample to sample. When investigated spectroscopically,
the spectral changes of the p-terphenyl fluorescence on interaction with the different types
of SWNTs indicates a non universal behaviour. Differences in the quenching in the
fluorescence of p-terphenyl and variations in the emission maximum of p-terphenyl are
observed on interaction of p-terphenyl with the different SWNT samples at similar
concentrations. The variation in the degree of fluorescence quenching is believed to be
related to the ratio of p-terphenyl/SWNT and the initial SWNT bundle size. Both
fluorescence and AFM studies revealed that LV-SWNT fully disperse, with partial
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debundling observed for H-SWNT and AD-SWNT debundled least of the three samples. It
is well established that SWNTs produced by different methods contain SWNTs with
differing bundle sizes and degrees of purity and this is an important consideration in the

quest for a standardised processing and purification protocol.

8.2  Future Work
To further the research presented in this thesis a number of suggestion are made below.
Additional research such as the study of the composites under different conditions would

further the knowledge of the behaviour of SWNTs and PAHs.

s Adjusting the ratios of the SWNTs and PAHs.

The main focus of the research presented in this thesis was at a 1:1 ratio by weight for
PAH/SWNT. By adjusting the ratios, the interaction between the PAHs and SWNTs
may be maximised and from that the viability of up scaling the method for use as a

standard purification technique may be considered and tested.

¢ Investigate the role of the solvent in the PAH/SWNT system.

Toluene was the only solvent used throughout this thesis. Although toluene is known
for its poor affinity for the retention of SWNTs its contribution was not considered in
the composite systems with all changes being attributed to the interaction between the
PAHs and SWNTs. The investigation of different solvent systems may shed light as to
the role of the solvent with regards to the interaction of the PAHs and SWNTs and also

any debundling effects the solvent may exert on the PAHs and SWNTs.

e The use of longer PAHs molecules

The interaction of the molecules anthracene and p-terphenyl containing three phenyl
rings, from the constrained and unconstrained PAHs catagories respectively, with
SWNT were investigated. Similarities and differences are observed with respect to their
interaction with SWNT. To continue this research and to build a profile of the

behaviour of the PAHs with SWNTs, longer PAH chains need to be investigated.
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Increasing the PAH chain length may effect a number of properties such as the
structural selectivity of SWNTs, the degree of interaction, rate of debundling and
strength of interaction. Figure 8.1 proposes the interaction between tetracene and p-
quaterphenyl with SWNTs. It may be seen that the diagram proposes that the PAHs
may display structural selectivity with the structure of tetracene being similar to that of

an armchair SWNTSs and of p-quaterphenyl being similar to a zigzag SWNTs.
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Figure 8.1 Proposed interaction between tetracene and p-quaterphenyl with armchair and

zigzag SWNT respectively.
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APPENDICES

APPENDIX A

Calculated parameters for the determination of Cy values for LV-SWNT

—Eg 1kT

C, = 7'vp,,Ay.€ /(48Df) Equation 6.2

Table 1 Calculated parameters for LV-SWNT composites for Equation 6.2, where D = kt/61na.
Where g is the viscosily of the solvent and a is the radius of the long axis of the PAH.

Parameters  p-terphenyl/LV-SWNT anthracene/LV-SWNT

3.6 x 10" kg/m*

Co 9.2 x 10°® kg/m’

d 1.3 nm 1.3 nm

] 300 nm 400 nm

v 10" Hz 10" Hz.

T 3.14 3.14

Abun 1.0x 10 m? 23x 10" m?
f 800 800

Poun 1.33 x 10* kg/m® 1.33 x 10° kg/m’
D 7.6 x 10" m¥s 4.6 x 1071 m%s
t 298K 298K

n 0.5x 107 sPa 0.5x 107 sPa
a 574x 10 m 3.6x10m
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Calculated parameters for the determination of py,, values

Pbun = SRDMCI[3ac-c(D+d)]

Equation 9.1

Table 2 Calculated parameters for LV-SWNT, H-SWNT and AD-SWNT for Equation 9.1.

Parameters LY-SWNT H-SWNT AD-SWNT
D 1.3x 107 ecm 9x10%cm 13x 107 cm
d 34x 10%cm 34 x10%cm 3.4 x 10 em
Mc 2x 108 g 2x 107 ¢ 2x 108 ¢
e 1.42 x 108 cm .42 x10% cm 1.42x 108 em

Calculated parameters for the determination of Cq values for H-SWNT and

AD-SWNT

Table 3 Calculated parameters for H-SWNT and AD-SWNT p-terphenyl composites for Equation

6.2. where D = kt/6rmrna.

Parameters  p-terphenyl/H-SWNT p-terphenyl/AD-SWNT
Co 2.3 x 10 kg/m’ 8.1 x 107 kg/m’
d 0.9 nm 1.3 nm

| 750 nm 1000 nm

v 108 Hz 10" Hz

T 3.14 3.14

Abun 2.1x 10 m? 24x 10" m?

f 800 800

Pbun 1.6 x 10° kg/m* 1.33 x 10° kg/m’
D 7.6 x 10 m?/s 7.6 x 109 m%s
t 298K 298K

M 0.5x 107 sPa 0.5x 107 sPa

a 574x 10" m 574x 10 m
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APPENDIX B

Transmission Electron Miicroscopy of AD- SWNT

Figure 1 depicts the TEM images of AD-SWNT, with the long bundle-like images
representing the SWNT bundles and the dark amorphous structures representing the metal
catalyst particles and amorphous carbon within the sample. It is clear from the image that

the untreated SWNT samples exist in bundles and the bundle sizes were estimated on

average to be approximately 30 nm.

Figure 1 TEM images of untreated arc discharge SWNT at a magnification of 40,000X. The bundle-
like structures represent the SWNT bundles and the amorphous structures represent the metal

catalyst particles and amorphous carbon.
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Raman Spectra of the PAHs, SWNTs and Composite Samples
Raman spectroscopy of AD-SWNT bundles was concucted. The purpose of this was to
investigate if new modes were present in the composite spectrum compared to that of the

untreated AD-SWNT and pristine PAHs as was observed for the composite spectra of [LV-
SWNT.

Figure 2 compares the Raman spectra of the untreated AD-SWNT (Figure 2 (a)), pristinep-
terphenyl powder (Figure 2 (b)), and a composite sample derived from a 1:1 w/w ratio of
SWNT/p-terphenyl for a 2.5 X 10 M solution (Figure 2 (c)) taken at a laser excitation of
514.5 nm. The composite spectrum in Figure 2 (c) is in some ways a combination of the
untreated LV-SWNT and the PAH material but unique modes not accounted for in either
the LV-SWNT or the PAH spectra are also present. The new modes are indicated by the
markers in Figure 2. Therefore the composite spectrum maybe considered to be a unique

compound.
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Figure 2 Raman spectra of (a) the untreated AD-SWNT, (b) the pristine p-terphenyl powder and (c)

the composite sample at 2.5 x 107 M a 1:1 wiw ratio of p-terphenyl/SWNT at laser excitation 514.5

nm.
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Figure 3 compares the Raman spectra of the untreated AD-SWNT (Figure 3 (a)), pristine p-

terphenyl powder (Figure 3 (b)), and a composite sample derived from a 1:1 w/w ratio of

SWNT/p-terphenyl for a 2.5 x 107 M solution (Figure 3 (c)) taken at a laser excitation of
Y

632.8 nm. The composite spectrum in Figure 3 (c) shows little or no sign of any PAH

modes prehaps because these modes are damped on interaction or it may be a result of the

laser line used as similar observations were made with regards to LV-SWNT at laser

excitation line 632.8 nm (see Chapter 5). What is interesting about spectrum (c) is that the
RBMSs have up-shifted and the profile of both the RBMs and G-line has changed. An up-

shift is indicative of a change in the local environment and may result from selective

interaction. However more research is required to verify selectivity.
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Figure 3 Raman spectra of (a) the untreated AD-SWNT, (b) the pristine p-terphenyl powder and (c)
the composite sample at 2.5 x 10° M a 1:1 wiw ratio of p-terphenylfSWNT at laser excitation 632.8

nm.
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Figure 4 compares the Raman spectra of the untreated AD-SWNT (Figure 4 (a}), pristine
anthracene powder (Figure 4 (b)), and a composite sample derived from a 1:1 w/w ratio of
SWNT/anthracene for a 3 x 10° M solution (Figure 4 (c)) taken at a laser excitation of
632.8 nm. As is the case with Figure 3, the composite spectrum in Figure 4 (c) shows no
PAH modes and no up-shift is observed for the RBMs although the profile is different
compared to spectrum (a). To add to this the profile of the G-line has altered slightly but

still remains broad which is characteristic of metallic behaviour.

Intensaty (au )
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Figure 5 Raman spectra of (a} the untreated AD-SWNT, (b) the pristine anthracene powder and (c)
the composite sample at 2 x 10 M a 1:1 wiw ratio of anthracene/SWNT at laser excitation 632.8
nm.
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APPENDIX C

Transmission Electron Miicroscopy of HiPco SWNT

Figures | and 2 depict the TEM images of H-SWNT, with the long bundle-like images
representing the SWNT bundles and the dark amorphous structures representing the iron
catalyst particles within the sample. It is clear from the image that the untreated SWNT
samples exist in bundles and the bundle sizes were estimated on average to be
approximately 30 nm. Figure 2 in particular shows the presence of the iron particles and

these are represented by the circular objects adhered to the SWNT bundles.

0.5 il ‘

Figure 1 TEM images of untreated HiPco SWNT at a magnification of 80,000X. The bundle-like
structures represent the SWNT bundles and the amorphous structures represent the iron catalytst

particles.
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Figure 2 TEM images of untreated H-SWNT at a magnification of 100,000X. The bundle-like
structures represent the SWNT bundles and the circular structures represent the iron catalyst

particles.
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Raman Spectra of the PAHs, SWNTs and Composite Samples
Raman spectroscopy of AD-SWNT bundles was concucted. The purpose of this was to
investigate if new modes were present in the composite spectrum compared to that of the

untreated AD-SWNT and pristine PAHs as was observed for the composite spectra of LV-
SWNT.

Figure 3 compares the Raman spectra of the untreated H-SWNT (Figure 3 (a)), pristine
anthracene powder (Figure 3 (b)), and a composite sample derived from a 1:1 w/w ratio of
SWNT/anthracene at a concentration of 3 x 107> M (Figure 3 (c)) taken at a laser excitation
of 632.8 nm. The composite spectrum in Figure 3 (c) shows little or no sign of any PAH
modes prehaps because these modes are damped on interaction or it may be a result of the
laser line used as similar observations were made with regards to LV-SWNT at laser
excitation line 632.8 nm (see Chapter 5). What is interesting about spectrum (c) is that the
RBMs have up-shifted and the profile has changed. An up-shift is indicative of a change in

the local environment and may result from selective interaction. However more research is

required to verify selectivity.

intensity (a.u.)

s00 1000 1500
wavenumber (cm-1)

Figure 3 Raman spectra of (a) the untreated H-SWNT, (b) the pristine anthracene powder and {c)
the composite sample at 2 x 10° M a 1:1 w/w ratio of anthracene/SWNT at laser excitation 632.8

nm.
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Figure 4 compares the Raman spectra of the untreated H-SWNT (Figure 4 (a)), pristine p-
terphenyl powder (Figure 4 (b)), and a composite sample derived from a 1:1 w/w ratio of
SWNT/pp-terphenyl at a concentration of 2.5 x 10° M (Figure 4 (c)) taken at a laser
excitation of 632.8 nm. The composite spectrum in Figure 4 (c) shows little or no sign of
any PAH modes prehaps because these modes are damped on interaction or it may be a
result of the laser line used as similar observations were made with regards to LV-SWNT at
laser excitation line 632.8 nm (see Chapter 5). What is interesting about spectrum (c) is that
the RBMs have up-shifted. An up shift is indicative of a change in the local environment

and may result from selective interaction. However more research is required to verify

selectivity.
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Figure 4 Raman spectra of (a) the untreated H-SWNT, (b) the pristine p-terphenyl powder and (c)
the composite sample at 1.5 x 10° M a 1:1 wiw ratio of p-terphenyl/SWNT at laser excitation 632.8

nm
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