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Summary

The main goal of this research is to prepare new chemically functionalised carbon
nanotubes and their composite materials and to investigate their properties. This work is
focused on the use of organometallic chemistry for the functionalisation and modification

of carbon nanotubes.

In chapter 2, preparation and purification of arc discharged nanotubes were initially
explored. However, due to the price reduction in CVD nanotubes from Nanocyl CVD
nanotubes were used in the following studies. The lithiation reaction using n-BuLi was
performed on the purified annealed nanotubes giving highly air and moisture sensitive and
extremely reactive adducts. The lithiated nanotubes have been reacted with selected metal
(Au, Sn, Pb, Ge) and metalloid (Si) halides. These reactions resulted in the loss of lithium
halide and the formation of covalent metal to carbon, nanotube, bonds, producing a metal
coating on the nanotubes. Lithiated carbon nanotubes have also been found to be very
strong reducing agents, which can reduce gold from its salts giving gold metal
nanoparticles on the nanotube surface. The products of the reactions have been

characterised by TEM, HRTEM, IR, Raman and XPS spectroscopy.

In chapter 3, lithiated nanotubes have been treated with a range of alkyl halides with
various carbon chain length: octyl, decanyl, hexadecanyl and docosanyl. These reactions
yielded new alkyl functionalised carbon nanotubes. TGA results have shown that the
decomposition temperature of alkyl functionalised nanotubes is substantially lower than for
the non functionalised nanotubes. Sedimentation studies have shown that the solubility of
alkyl functionalised nanotubes in THF increase with alkyl chain length reaching an
optimum for hexadecanyl. Reactions of di-halogenated alkyls (1,6 di-bromohexane and 1,
12-di-bromododecane) with lithiated carbon nanotubes resulted in the formation of a

number of tip to tip and tip to wall junctions cross-linking different nanotubes.
The alkylated carbon nanotubes were then mixed in solution with a range of polymers

(chapter 4) chlorinated polypropylene, chlorinated polyethylene, polyvinyl chloride and

polystyrene. Polymer films with alkylated nanotubes composite films have been prepared
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by solution casting. The mechanical properties of these composites (Young’s modulus,
tensile strength and toughness) have been studied using a tensile tester. This research has
shown that the mechanical properties of alkylated carbon nanotube polymer composites
strongly depend on the nature of polymer, length of the alkyl chain and vol.% of nanotubes.
In general, for the selected polymers hexadecanyl functionalised nanotubes provided the
optimum alkyl chain length for overall polymer reinforcement. The most significant
improvement in mechanical properties was observed for polyvinyl chloride and polystyrene
composites. Chlorinated polypropylene and chlorinated polyethylene composites have

shown more modest increases.

Lithiated carbon nanotubes were then reacted with halogenated polymers such as
chlorinated polypropylene and polyvinyl chloride (chapter 5). The reactions resulted in
elimination of lithium halide and covalent bonding of the polymer to the nanotubes giving
polymer grafted nanotubes. New nanocomposite materials have been studied by
transmission electron microscopy, TGA and IR spectroscopy. Subsequently, polymer
grafted nanotubes have been used to prepare a range of polymer carbon nanotube
composites by solution casting technique. The addition of the polymer-grafted nanotubes to
the chlorinated polypropylene polymer matrix resulted in the most significant increase in
mechanical properties. As the nanotube content is increased to 0.6 vol %, the Young's
modulus increased by a factor of 3, while both the tensile strength and the toughness
increased by factors of 3.8 and 4, respectively. The PVC composites reinforced with CPP
grafted nanotubes demonstrated more than a ten fold increase in the toughness of the films.
The covalent functionalisation of nanotubes enabled an efficient dispersion and excellent
interfacial stress transfer, potentially leading to new ultra-strong polymer composite

materials.

Chapter 6 contains the experimental details for the procedures and techniques described in
this work. Chapter 7 presents final conclusions and the future outlook for the research
performed in this project. Overall this work produced a number of very interesting carbon

nanotube composites which could potentially be used commercially for polymer



reinforcement and development of new devices for nanoelectronics. We also believe this

work should contribute to both materials chemistry and nanotechnology.
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“Our business is to realise the world as we see
it, not to reform it as we know it. ’
‘The Model Millionaire’ by

Oscar Fingal O’Flaherty Wills Wilde
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Chapter 1

Introduction



1.1 General introduction into carbon nanotubes

Carbon, in sp” hybridisation, is known to form several interesting structures. Most familiar is
that of graphite which has been known for centuries and more recently there has been the
discovery of Ceo, by Kroto ef al.' After the discovery of this molecule, a number of structures
from C7o to Cs00 have been produced.” Initially Cgo could only be obtained in small amounts
however in 1990 Wolfgang Kratschmer and Donald Huffman discovered a way of making Ceo
in relatively large, milligram, amounts® through the arc discharge method. This involved two
carbon electrodes which when an arc was generated, through the application of a DC current

in an inert atmosphere, produced the Cgp molecules in a deposit formed on the cathode.

In 1991 the Japanese microscopist, Sumio Iijima, who was studying the material deposited on
the cathode during the arc discharge method of formation of fullerenes, discovered tubular
structures of carbon,* which would become known as carbon nanotubes. Schematic images of
a multi-walled (MWNT) and single-walled (SWNT) carbon nanotubes are shown in figure
1.1. The nanotubes are made up of cylindrical tubes of rolled graphite layers. MWNTSs consist
of several cylindrical tubes of different diameters encapsulated in each other. In each of the
nanotubes the carbon-atom hexagons are arranged in a helical fashion about the needle axis.

The tips of the tubes are normally closed by curved, polygonal, or cone shaped caps.

Figure 1.1 Multi Walled Nanotube (MWNT), left, and Single Walled Nanotube (SWNT), right’



1.2 Preparation of carbon nanotubes

In 1991 lijima discovered multiwalled nanotubes, seven years later in 1998 Iijima, and
Ichihashi® as well as Bethune ef al.” discovered single walled nanotubes (SWNTs). Nanotubes
are produced predominantly via three methods; arc-discharge, laser ablation and chemical
vapour deposition (CVD), also known as catalytic growth. There are also different
modifications of these techniques, such as the method by Zhu er al $ who used the arc
discharge method under water, however in general these are the prevailing forms of nanotube
production. Initially MWNTs were prepared by Iijima using the Kratschmer-Huffmann
generator. They were grown on the cathode which was in an argon filled chamber at 100 Torr,
the set up is shown in figure 1.2. The MWNTs ranged from 4 to 30 nm in diameter and up to 1

micron in length.
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Figure 1.2 Kratschmer-Huffmann Generator’

In this set up both cathode and anode are carbon electrodes and the DC current is applied
whilst the system is under an inert pressurised atmosphere. Smalley, who was originally
involved in the discovery of Cgy proposed a method of producing nanotubes via the use of
laser-ablation.'” Yacaman et al.’’ were the first people to grow nanotubes catalytically via

chemical vapour deposition (CVD).

Iijima et al. reported on the growth morphology of the arc discharge MWNTs. They
discovered that there are many variations in the shape of the hexagonal rings, especially close
to the tip.'” Ebbesen and Ajayan'® reported a variation of the technique used by lijima in
which they achieved large scale synthesis of MWNTs, ~75% of the starting material, this

involved a helium atmosphere as well as slight variation on the DC current applied. The



nanotubes had diameters between 2 and 20 nm and lengths ranging in micrometers, the tips

were capped with pentagons.

Working on the laser ablation method reported by both Iijima and Bethune, Journet et al.’*

figure 1.3, obtained large quantities of SWNTs using a helium atmosphere and filling the
anode with a mixture of metal catalysts and graphite powder. The material produced was

analysed by scanning electron microscopy (SEM) and contained ~ 80% of SWNT ropes.
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Figure 1.3 The laser ablation production of carbon nanotubes (CNTs)"’

Smalley’s laser ablation method ' of SWNT production delivered high yields of nanotubes,
greater than 70%, and again involved the use of catalysts both Ni and Co. This is all carried
out in a furnace at the very high temperature of 1200 °C. The nanotubes that were produced
were reported as being uniform in diameter these nanotubes formed ropes that were 5-20 nm

in diameter.

Yacaman et al.'’ used the CVD method to produce MWNTSs. This was performed by passing a
carbon source, generally ethylene or acetylene through a furnace at 550 to 750 °C and
nanotubes are grown over a catalyst, present in the furnace, after cooling. In general the
catalysts used are iron, nickel or cobalt nanoparticles. The heat or energy source is used to
break the carbon source into reactive carbon which reacts on the catalysts surface and forms
nanotubes. Excellent alignment as well as positional control on the nanometre scale is
possible by using the CVD method.'*"” By choosing the appropriate catalyst it is possible to
grow preferentially SWNT or MWNTs."® Figure 1.4 shows the setup for a CVD chamber and
how the CVD nanotubes are produced.



Figure 1.4 Chemical Vapour Deposition apparatus for carbon nanotube production'®

The growth mechanism of carbon nanotubes is still the subject of much debate. The
mechanisms of formation are more than likely based on a combination of several of the
published theories.'*** However, one thing that is certain is the drastically different synthetic
requirements for SWNTs and MWNTs, exemplified by the necessity of the catalysts presence
in the arc discharge method of production. This suggests that the mechanism of the formation

of these nanotubes is quite different.

It has been observed experimentally that MWNTSs grow in two directions both by lengthening
and thickening. There comes a point when the nanotubes terminate or close and cease
growing, during the formation MWNTSs remain open at both ends. Guo e al.”’ suggested that
the open ended structure is supported by a /ip-/ip interaction between the walls. Tight binding
calculations on MWNTs showed that the edge is stabilised by a bridging carbon which
supports this theory.

Charlier et al*"** performed first principle molecular dynamic simulations on the growth
process of both SWNTs and double walled nanotubes (DWNTs). They found that, at
experimental temperatures in the absence of catalyst and in accordance with experimental
findings the SWNTs close. The form of a SWNT and its diameter depends on the form of
catalyst in both the arc discharge and laser ablation production methods. Sinnott et al.'®
suggests that the metal catalyst particle floats or is supported on the graphite wall which
builds up the wall as it floats. It presumes that the catalyst particles are spherical or pear-
shaped, in which case the deposition will take place on only one half of the surface (this is the
lower curvature side for the pear shaped particles). The carbon diffuses along the
concentration gradient and precipitates on the opposite half, around and below the bisecting

diameter. While floating, they prevent the formation of pentagons and dome closure and allow



the formation of hexagons.” As the catalyst forms more and more hexagons it gradually

becomes poisoned by excess carbon clusters which results in tip closure.

In some cases nanotube skeletons or filaments can form by extrusion in which the nanotube
grows upwards from the metal particles that remain attached to the substrate. This is the
formation that is observed in laser ablation method. Molecular dynamic calculations have
been carried out which support this theory.”* Another proof of this theory is that the ends of
the SWNTs produced in the laser ablation method contain the majority of metal clusters.
Depending on the size of the catalyst particles, SWNT or MWNT can be grown. In arc
discharge, if no catalyst is present in the graphite, MWNT will be grown on the C, particles,

where C, stands for n fold coordinated carbon atom, that are formed in the plasma.
1.3 Structure of nanotubes

Nanotubes exist as different types; arm-chair, zigzag and chiral. These names are attributed to
the layout or structure of the carbon atoms around the nanotubes’ surface. They can be
described by the chiral vector (n,m) where n and m are integers of the vector equation R =
na;+ma. The chiral vector is determined by the diagram in figure 1.5. The grey hexagons
drawn in figure 1.5 represent those of the graphitic plane which when rolled form the
nanotubes’ wall. The blue lines represent the nanotube; if it was possible to cut along those
lines and then connect the ends together this would form the nanotube. Point A represents
where the line intersects an atom. The yellow line coming from point A is indicative of the
arm chair form of the nanotube. Point B is the point nearest to this line which intersects
another carbon atom. The atoms shown as points are now connected with the chiral vector R.
The wrapping angle can be calculated by finding the angle between the chiral vector and the

armchair line.

Figure 1.5 the diagrammatic representation for the calculation of the chiral vector for nanotubes?



If this angle is equal to O ° then the nanotube is of the armchair form. If the angle is equal to
30 ° then it is a ‘zigzag’ type and if it is between these two values then it is chiral. The vector
in figure 5 of na, is that of the ‘zigzag’ form. If the vector of na; and ma; are added they
represent that of a chiral nanotube.”® The chirality of a nanotube affects many its properties
including its conductance and density. The armchair form shows metallic behaviour, the
zigzag is semi-conducting and the conductivity of the chiral nanotube depends on the
chirality. In figure 1.6 the three forms of nanotubes are pictorially represented which makes it

easier to visualise.
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Figure 1.6 pictorial representations of armchair, zigzag and chiral forms of nanotubes®’

Nanotubes, in particularly SWNTs frequently form bundles or ropes. In these structures
nanotubes are packed closely together in an orderly manner. Thess ef al. ® measured the
properties of these ropes of nanotubes. They found that the SWNTs in a triangular lattice had
a lattice constant of 17 A and that the nanotubes are packed in a hexagonal close packed
array.”® In general SWNTs are packed much more tightly together than MWNTs and it is
more difficult to separate SWNTs from these ropes.

1.4 Analytical techniques used for nanotube characterisation
Raman spectroscopy

Initially, Raman spectroscopy was performed on ropes of nanotubes and then later, on isolated
single SWNTs and MWNTs.?*** The Raman spectra of SWNTs usually exhibit four main
bands: at 2600 - 2700 cm™ there is the G’ band, at ~1580 -1600 cm™ is the G band, the D



band at ~1350 cm™ and the radial breathing modes (RBMs) which are generally found below
~400 cm™, figure 1.7.
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Figure 1.7 Raman spectrum of SWNTs exhibiting RBM, D, G and G’ bands®'

The G band, graphitic band, in the Raman spectra is that of tangential C-C stretching mode.
This peak is derived from the optically allowed mode E», of 2D graphite. The G band is an
intrinsic feature of carbon nanotubes one of the most important features of this peak is that
from the shape it is possible to infer whether the nanotubes are conducting or not. It is the
area of graphitisation of the nanotube and from it the degree of graphitisation can be
estimated. Due to the structure of arc discharge nanotubes which are perfectly straight the G
band of these nanotubes is very large. Conversely, the D, disorder, band is the dispersive
disorder-induced band, which corresponds to the sp® carbon atoms, if the nanotube was an
ideal nanotube this peak would be due solely to the carbon atoms on the tip. In a CVD
nanotube however, which are exceptionally curvy and defective from the theoretical structure,
there is a relatively large D band with respect to the G band. The G band is due to a second

order Raman scattering.*>

The RBMs which are found at the lower-frequency side of the spectrum are those peaks which
arise from the movement of the nanotubes. As is the case with all molecules the nanotubes are
not stationary objects. The perfect cylindrical picture which is evoked by theoretical
nanotubes like those in figure 1.6 is not in reality how they exist. The RBMs are dependant on
the diameter of the nanotubes. The nanotubes are in a constant state of movement, molecular
movement and this movement changes the size of the nanotube both laterally and horizontally.
It is this which is accounted for in the RBM peaks of the Raman spectrum. Noticeably the

RBMs are much more pronounced in the SWNTs spectrum because they have a greater



freedom of movement due to the fact they are not inhibited by the inner walls as in the

MWNTs.
Infrared spectroscopy IR

There are between seven and nine IR active modes in SWNTs which are strongly dependent

133 and

on symmetry.” The frequencies are at 868 and 1575 cm™ according to Kaster ef a
Kuhlmann.?* This form of characterisation was used initially to observe any residual catalyst
or other impurities however, as more chemistry such as organic chemistry is performed on
nanotubes this technique is fast becoming much more important. For example, Saito et al.*
characterised the MWNTSs which they had chemically altered by amino compounds using this

technique.
X-ray photoelectron spectroscopy (XPS)

XPS is another technique which provides information of the structure of the nanotubes outer
surface. Again it is a technique which is becoming more popular as more chemistry is
performed on the outer surface of the nanotubes. For instance, Droppa et al.’” studied the
incorporation of nitrogen into nanotubes. They examined the Cls and Nls regions of the XPS
and what they noticed was that not only do the peaks broaden but also they are shifted to

1.*® who studied sidewall fluorination of SWNTs also studied

higher binding energies. Lee ef a
the Cls spectra of the SWNTs. They suggest that there are three peaks in the spectrum of
pristine SWNTs, they are at 284.3 eV for sp” carbon, 285 eV for sp® carbon and 288.5 eV for

any carboxyl groups.
Transmission and Scanning Electron Microscopy

The principle of an electron microscope is based on is that electrons are fired, from an
incandescent tungsten or lanthanum hexaboride crystal, in a vacuum through a column. These
electrons are focused by a series of magnets which narrow the beam of electrons. In order to
accelerate the electrons, so as to ensure sample penetration, an anode with an orifice is placed
above the sample. The electrons which are in the centre of the beam rush through the orifice
and also the sample. The electrons, in the case of transmission electron microscopy (TEM),
are fired through the sample being analysed and the image is seen on a fluorescent screen

which is a shadow of the sample. In scanning electron microscopy (SEM) reflected and



secondary electrons are processed by an electron detector to form a three dimensional image

on a monitor.

SEM is a very good technique for studying the surface morphology of objects. It is possible to
reach very high magnitudes which are facilitated by it being in a vacuum. The vacuum allows
electrons to be fired at the sample; however, because of this the subjects must be excellent
conductors in order to dissipate the electrons. If a non-conducting sample was used it would
lead to a build up of electrons and would not allow adequate imaging. This is also a problem
with this method because in order to make nanotubes suitable for this form of microscopy
they must be covered by a thin layer up to 20 nm, of gold. The problem is visible in figure 1.8,
when trying to observe changes in the structure or surface of the nanotubes this technique is
entirely unsuitable. The reason being, that the nanotubes depicted in the SEM image on the
left of figure 1.8 are on average 50 nm in width however the actual width of the nanotubes
which can be seen on the right of the figure, is actually half this at 25 nm. Thus any minute
changes to the surface of the nanotubes would be hidden by the large coating of gold.

Figure 1.8 Examples of an SEM image, left, and TEM image, right, of CVD MWNTs

TEM, however, is a very useful technique and there are no papers published on carbon
nanotubes that are acceptable without this technique included. Again the samples are placed in
a high vacuum and electrons are fired at the sample whereas SEM works on the basis that
electrons are deflected from the surface of the subject in view the TEM works on the basis
that the electrons are transmitted through the species to form the image. The samples are
dropped on a copper grid, which has either a formvar polymer or a carbon film coating, by

suspending the sample in a solution suitable for the particular coating.

10



1.5 Mechanical, thermal and electrical properties of carbon nanotubes
Mechanical properties

Nanotubes are reported to have outstanding mechanical properties. This is due to the very
strong sp” bonding of the carbon atoms of the side walls.*® The expected Young’s modulus
for both SWNTs and MWNTs lies in the region of 1.28 TPa, which can be compared to steel
(ASTM-A36) of 190 GPa. Treacy et al*’ reported an elastic modulus of 1.25 TPa by
measuring the intrinsic vibrations of the nanotubes with the use of a TEM. A year previously
Wong et al.*’ discovered the tensile modulus of a MWNT to be 1.28 TPa. They measured the
modulus by using the tip of an atomic force microscope (AFM). An AFM works on the
principle similar to a record needle, there is a single crystal on the end of a lever. As the tip is
moved up by what is present on the surface, the lever records this. In their experiment the
nanotube was held in position by a glue, silicon oxide, and the tip was used to push the
nanotube out of its equilibrium position and the force required to do so was recorded. The
types of deformation of the nanotubes varied from a plastic deformation to complete fracture
which allowed the modulus to be calculated. E. Hernandez ef al. showed that with use of tight
binding calculations the modulus was strongly dependent on size and chirality of the SWNTs
with results of 1.22TPa for (10,0) and (6,6) to 1.26TPa for the large (20,0).*

The Young’s modulus, ultimate tensile strength and toughness of carbon nanotubes was
initially studied by Yu ef al. in 2000 when they managed to do a stress-strain measurement on
individual arc-MWNTs inside an electron microscope.* For a range of tubes they obtained
modulus values of 0.27-0.95 TPa. More interestingly they showed fracture of MWNT at
strains of up to 12% and with strengths in the range 11-63 GPa. This allows the estimation of
nanotube toughness at ~1240 J/g. Young’s modulus is calculated from the slope of the graph

shown in figure 1.9.
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Figure 1.9 Stress/Strain graph of nanotube reinforced PS
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UTS, or breaking point of the material is the highest point on the Y axis of the stress strain

curve. And toughness is calculated from the stress strain graph as the integral under the curve.

Measurements of mechanical properties for SWNTs are more difficult, because they form
bundles held together by n-m interactions. Intertube shear slippage within SWNTs bundles
presents a serious limitation to their mechanical properties. The low shear modulus means that
effective moduli and strengths for bundles are far below those expected for individual SWNT.
It is extremely difficult to de-bundle SWNT. However Garaj and co-workers showed that
SWNT could be fused together in bundles by electron irradiation. **** By fine-tuning the dose
and irradiation energy they found that they could increase the bundle bending modulus to 750
GPa, close to that of individual SWNT. The maximum tensile strength of a nanotube was
found to be 30 GPa.*°

Solubility

Alone carbon nanotubes are incredibly insoluble in most common solvents. In order to
solubilise nanotubes or prepare stable solutions, nanotubes must be chemically functionalised
or an appropriate surfactant must be used to disperse them.*’ However, the problem with
using a surfactant is that it would prevent any chemical modification of the nanotubes and
removal of the surfactant is also difficult. The best suggested solvents for nanotubes to date
are N, N-dimethylformamide (DMF) and N-methylpyrrolidone (NMP). **

Thermal Conductivity

The exact nature of the thermal conductivity appears to be a topic of some debate. Although it
is generally accepted that conductivity depends heavily on the temperature. In the early stages
of nanotube research Hone er al.*’ discovered that the thermal conductivity of SWNTs was
temperature dependent. They suggested that the conductivity was linear from 7 K to 25 K
from 25 K to 40 K the slope of the line increases and rises monotonically with temperature to
above room temperature. The same year Che ef al.’’ numerically calculated the conductivity
of a (10,10) nanotube to approach 2980 W/mK as the current applied increased. Also in the
same year Yi ef al. ! studied the specific heat properties of CVD MWNTs in the temperature
range of 4 to 300 K to which they discovered linear dependence of the specific heat on the
temperature over the entire temperature interval. The thermal conductivity they discovered

was found to vary as T which is similar to graphite. It did not show a maximum due to
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Umklapp scattering. Recently the thermal conductivity of an individual MWNT was
measured using a micro-fabricated suspend device’. The recorded thermal conductivity at
room temperature was 3000 W/mK. This is two orders of magnitude greater than those

calculated by Hone er al.*’ but is close to that of Che ef al.”’
Electrical Transport

Electrical transport, or conductivity of carbon nanotubes, has attracted researchers due to the
wide variety of possible applications, from nanoscale electronic devices to conductive
polymer composites on the macroscale. The conductance of a SWNT is quantized and a
nanotube acts as a ballistic conductor. Conversely they also have constant resistance and a
tolerance for high current density. Frank ef al.”” studied the conductance of nanotubes with
the use of a SPM. They made two contacts at either end of the nanotube with a Mercury
surface. From this they revealed that the nanotube behaved as a ballistic conductor with
quantum behaviour. As additional MWNTs were touched to the mercury surface the
conductance jumped by 1 Gy increments. The value of the conductance, Gy, was calculated as
1/12.9 kQ" where G, 2e*h. The coefficient was found to have some peculiar values such as
0.5 Go. Later in 1999, Sanvito et al>* calculated the conductance of MWNTs and supported
the values discovered by Frank.” They found that some of the quantum conductance was
blocked by interwall reactions. These reactions were able to redistribute the current over the

1.1? calculated the resistance of

individual tubes across the structure non-uniformly. Thess ef a
ropes of SWNTs to be in the order of 10 Q/cm at 300 K. They used a four point technique in
order to measure this value. One of their values was in the region of 0.34 *10™* Q™ which
would mean that these are the most highly conductive carbon fibres known. Frank et al.”

obtained a current density of the nanotube of greater than 10’ A/cm’.
1.6 Chemical functionalisation of CNTs

The discovery of carbon nanotubes was achieved by a physicist and microscopist and
subsequently these objects drew a large amount of scientific interest from every comer of the
world. Initially, the interest was almost exclusively focused on physical properties, with new
reports of the outstanding mechanical thermal and electrical properties being published almost
monthly. However, except for a few reports neither of the other two main bodies of science,
chemistry and biology, entered into the fray until the beginning of 2000s. With problems such

as ineffective interfacial stress transfer being discovered and the acknowledged glass ceiling
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for the physical research methods of polymer reinforcement the other branches of science
have much to offer this area of research. The potential exists to raise the bar of research into
this very new area of science and ultimately develop unprecedented and invaluable new

materials.

The following account gives a brief introduction to the chemistry that has been performed on

CNTs as well as the major analytical techniques, which have been used.

In 2002 M. Aizawa and M.S. P. Shaffer’’ silylated nanotubes with five silylating agents and
narrowed them down to two effective agents. The nanotubes chosen were CVD nanotubes
which were oxidised so as to introduce polar functional groups on the nanotubes. The
conditions were reasonably straightforward once again with 20 mgs of CNTs dispersed in
NMP. 40 mmol of reagent was added to the dispersion in an inert atmosphere. The products

were analysed by IR, EDX and UV/Vis.

In 1999 Boul et al.”® reported the sidewall functionalisation of SWNTs. The intention was to
manipulate the nanotubes sufficiently so that instead of getting suspensions of nanotubes they
would obtain actual solutions. Their goal was to solvate the nanotubes but allow for reversible
functionalisation so the nanotubes could be left unaltered. The nanotubes which they used
were produced by the laser ablation method. In this report they undertook two methods of
functionalisation, after the preliminary fluorination of the sidewalls. The first method was
lithiation of the fluorinated nanotubes using a range of alkyl-lithium species and the second
was to from a nanotube Grignard reagent using alkyl-magnesium bromides in THF. In each
case they use the same chain lengths; -methyl, -ethyl, -butyl, -hexyl, -octyl and -dodecyl.
After functionalisation they tested the nanotubes stability and solubility in a range of solvents
after which they were able to remove the alkyl chains by oxidation. They compared the
nanotubes before oxidation and after oxidation through AFM and noticed no shortening in the
length of the nanotubes. They came to the conclusion that the oxidation did not destroy the
SWNTs.

In 2005 S. Chen et al.”’’ functionalised SWNTs with the use of sec-butyl lithium (sec- BuLi).
Due to the reactivity of the reagents being used all reactions were carried out in an inert
atmosphere. The nanotubes were sonicated in THF for 4 hrs to obtain a good dispersion and
subsequently the sec-Buli was added through a syringe to 25 mg of HIPCO SWNTs. Then

carbon dioxide was bubbled through the reaction vessel in order to functionalise the nanotubes
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with both alkyl and carboxyl groups. Characterisation of these nanotubes was carried out by
Raman and IR spectroscopy as well as TGA. After functionalisation they noticed that the

nanotubes were stable in water at 0.5 mg/ml.

Recently in 2005 Wei et al.’® coated CVD MWNTs with several metal sulfides using the
known nanotube surfactant sodium dodecyl sulphate (SDS). After suspending the MWNTSs in
an aqueous solution of SDS the nanotubes were then sonicated in a solution of the relevant
metal salt. Subsequently sodium sulfide was added and after a 30 hr reaction the final products
were obtained. The products were analysed by TEM and photoluminescence. The images of
the coated nanotubes which they obtained were very impressive with nanoparticles of 30 nm
surrounding the walls of the nanotubes. The authors suggest that these new materials could

have potential applications in field emitters or nanometre optoelectronic devices.

A similar type of functionalisation was carried out by Hernadi et al’”

who again
functionalised CVD MWNTs with metal oxides. This was carried out by using aluminium
isopropoxide, tetraethyl orthosilicate (TEOS) and tetraethyl orthotitanate as the reactants. The
nanotubes were placed in a suspension of the reactants without any solvents. In the case of the
reactant being a solid it was heated to just above its melting point after which water was added
to hydrolyse organometallic compounds. The products were then analysed by TEM and EDX.
The MWNTs were observed to have a homogeneous coating around the exterior which was

the metal deposit.

The formation of novel donor-acceptor compounds has been known for many years and
recently phthalocyanine molecules were combined with fullerene molecules in an effort to
obtain an optoelectronic system®. In a very recent paper published by H.B. Xu ef al.? it is
suggested that a similar device could be made by substituting the fullerene molecule by a
SWNT. In this case the SWNT would act as the electron acceptor and the charge transfer
would come from the chosen porphyrin which was erbium bisphthalocyanine which would be
covalently attached to the nanotubes. The methods of characterisation carried out were IR,
DSC, TGA, UV/Vis and Raman spectroscopy. Once again the nanotubes chosen for the
reaction were CVD nanotubes that were purified by strong acid oxidation. The residual
carboxyl groups were seen as adventitious as they would be incorporated into the covalent
link to the porphyrin. The nanotubes were refluxed with SOCl, for 24 hrs and then were
treated with the bispthalocyanine in DMF with a catalytic amount of pyridine at 95 °C for 10

days. The nanotubes were then bound to the erbium compound via amide bonds. The authors
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observed these bonds through the shift in the Raman spectrum thus the authors suggest that

these products be used as photo-detectors.

Koos et al.”” studied MWNTs which they connected via a diaminopropane linker group. In
this study they exploited the fact that nanotubes once oxidised by strong acids are not only
opened at the tips of the tubes but also the oxidation leaves carboxylic acid groups at the ends
of the nanotubes. Once functionalised the authors studied the surface of the MWNTS with a
scanning tunnelling electron microscope (STEM) and found that the surface had been
modified by the functional groups which had attached themselves. As well as this they studied
the sample with TEM and found an image of one tube connecting to the side wall of another

nanotube.

Similar to Koos work was the work carried out by Zhao ef al.”” who functionalised MWNTs
with isocyanate groups in 2004. Again in their experiment they used nanotubes that had been
oxidised and still had carboxylic acid groups bound to the surface of the nanotubes. As in the
case of the majority of functionalisation on nanotubes and in particular MWNTs they have
seen an increased stability of the nanotubes in solution. The method of functionalisation was
through the use of toluene 2.4-diisocyanate in anhydrous acetone at 50 °C for a 24 hr period.
The functionalised nanotubes were then characterised by a series of techniques including IR,
XPS and TGA. In the TGA they noticed that the degradation temperature of the functionalised
nanotubes was much lower than that of the pure nanotubes. This is consistent with the paper
published by A. Garg and S.B. Sinnott®* who carried out molecular dynamics simulations
which suggested that on covalent functionalisation the nanotubes weaken irrespective of the

nanotubes structure.

A cycloaddition reaction was performed on SWNTs by Holzinger et al. % in 2004. They
proposed that through the use of nitrenes they could attack the nanotube sidewall in an
electrophilic [2+1] or undergo a transition into a triplet state by intersystem crossing, figure
1.10. Whichever process occurs the outcome would be the same that of the formation of
aziridine ring formation. These are composed of a three membered ring with two carbon
atoms which constitute the side wall of the nanotubes. More functionality could be then added
to the nanotubes through these rings.

16
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Figure 1.10 The schematic presentation of the nitrene reaction with nanotubes

Barthos ef al® functionalised SWNTs with; trifluoromethane, trichloromethane,
hexafluoropropene and tetrachloroethylene. As in the previous cases the nanotubes they chose
to manipulate were CVD grown. The method they used to functionalise the nanotubes was

through ball-mixing in an atmosphere of the chosen functionality at room temperature.

Q. Li et al.”” non-covalently functionalised SWNTs in 2004. Their argument was that by non-
covalently functionalising nanotubes, the nanotubes pure structure would not be degraded and
further manipulation through the covering molecule would be possible. Once again the
nanotubes chosen for manipulation were CVD SWNTs. The nanotubes were combined with
thionine which has two amino groups symmetrically distributed on either side of three
benzene rings. The method of synthesis was a very straightforward one; the nanotubes were
placed in an aqueous solution and sonicated with thionine for 12hrs at room temperature. The
nanotubes were analysed by a number of common nanotube analysis techniques including
SEM, TEM, AFM and Raman as well as TGA. Similar to Zhao et al.** the TGA spectra show
that the degradation temperature of the functionalised nanotubes decreases significantly as
compared to pristine nanotubes. The TEM analysis of the MWNTSs functionalised with
thionine compare well with the AFM images of the SWNTs.
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In-situ polymerisation

In situ polymerisation is another method of nanotube functionalisation. In 1999, J. Fan et al.*®
functionalised carbon nanotubes with polypyyrole. They characterised the functionalised
nanotubes in the standard ways; Raman, IR and TEM. They also measured the conductance of
the composites they fabricated from the nanotubes. Later Shaffer ef al. attempted to form high
strength polystyrene-nanotube composite films by following a similar method of in situ
polymerisation of polystyrene.69 Very recently Jiang et al. 7 functionalised MWNTSs via in-
situ polymerisation of polyimide with the intention of investigating the resulting composites
conductive properties. The result was an impressive increase in the polymers conductivity by

eleven orders of magnitude.

Another recent publication showed the chemical modification of CVD MWNTs by Yang et
al”. In this case the MWNTSs were functionalised with polyvinylimidazole, the nanotubes
were modified by in situ free radical polymerisation. Again the authors have characterised
their sample by standard methods of TEM, IR as well as XRD and SEM. This form of
polymerisation offers another creative method of incorporating nanotubes within polymers. A.
Eitan ef al.” functionalised the surface of MWNTSs with the intention of forming nanotube
polymer composites. Again in this application CVD nanotubes were chosen and oxidised to

add the functional groups. These nanotubes were then functionalised with di-epoxy groups.

Recently in January of 2005 Banerjee, Benny and Wong published a review”> on all
functionalisation carried out on SWNTs. The overview of the functionalisation of SWNTs

from this review is presented in figure 1.11.
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Figure 1.11 An overview of the functionalisation of SWNT to date.”

1.7 Introduction to CNTs for polymer reinforcement

The combination of unprecedented physical and chemical properties of carbon nanotubes

envisaged taking advantage of their conductivity to produce conductive plastics with
exceedingly low percolation thresholds.”® In another area, it is thought that their massive
thermal conductivity can be exploited to make thermally conductive composites.”” However,
probably the most promising area in nanotube composite research involves the reinforcement

of plastics using carbon nanotubes as fillers.
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In fact, the largest commercial use of nanotubes at the moment is at very low loadings (3-5
wt%) within thermoplastic matrices for the purpose of anti-static dissipation, particularly in

the automotive and electronics industries.”®

After over a decade of research on carbon nanotubes none of the expected potential has been
realised through NT composite materials. The potential of achieving exceptional
improvements in plastic strengths through the involvement of CNTs retains researchers’

interest in polymer reinforcement.

One of the most common ways of preparing nanotube polymer composites involves mixing
dispersions with solutions of polymer and then evaporating the solvent (polymer solution
casting). Shaffer er al. demonstrated that carboxyl functionalised nanotubes are more stable
than pristine nanotubes in aqueous solutions and thus taking a polymer soluble in water
facilitates good dispersion in that polymer solution. Polymer films can then be cast by
allowing the water to evaporate.””*" The polymer casting method has also been applied to
nanotube/polystyrene films. This was done by Hill ef al. who stabilised a solution of both
SWNT and MWNT in polystyrene with the use of a copolymer.®" They facilitated this by first
oxidising the nanotubes and subsequently carrying out an esterification reaction on the
carboxyl groups of the nanotubes. The composite film was fabricated using wet casting. A
more physical than chemical approach was carried out by Qian et a/. who used high energy
sonication with the use of a sonic tip to disperse the MWNTs in toluene and subsequently
mixed this solution with a solution of polystyrene in toluene.*” The method of mixing
polymers with a solvent they are readily soluble in and allowing the solvent to evaporate off is

limited by the solvents.

Another method of composite formation is to use a thermoplastic and melt processing. In this
method shear mixing is used to produce a homogeneous dispersion of nanotubes in the plastic.
Andrews ef al. used this method to disperse CVD nanotubes in several polymers; high impact
polystyrene, acrylonitrile butadiene styrene and polypropylene.®* Haggenmueller ef al. used a
combination of solvent casting and melt mixing to disperse SWNTs in
polymethylmethacrylate.** Potschke er al. and Sennett ef al. used polycarbonate as another

thermoplastic polymer to fabricate nanotube composites.*>*

A different method of nanotube composite material formation was to place both the nanotubes

and monomers in a reaction vessel and to carry out an in-situ polymerisation reaction. This
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new approach was introduced by Cochet er al.®” in 2001 when they made a MWNT and
polyaniline composite. The nanotubes that they used were arc-discharge nanotubes. Through
this method they were able to obtain a very high loading of 50 wt%. Shortly after the
discovery of the mechanical properties of CNTs, work on obtaining a composite material
which would mediate these properties began. In 1999 eight years after the original discovery
of MWNTs Shaffer and Windle* used a Dynamic Mechanical Thermal analyser (DMTA) to
run an in depth study of the mechanical properties of their MWNT and PV A composites. The
results that they obtained were far from impressive. By applying the rule of mixtures they
discovered that the modulus of a nanotube in their system was 150 MPa which is well bellow
the expected value of 1.28 TPa and even below that of a CVD grown nanotube of 500 GPa.
The low value is indicative of poor interfacial stress transfer as opposed to inherently weak
nanotubes. The problem is symptomatic of the structure of the nanotubes sidewalls which are
very similar to graphite, one of graphite’s common uses is for frozen lock lubrication. The
property of graphite which mediates these common uses is the fact that the hexagonal planes
held together by weak Van-der-Waals forces allow the planes to slip by each other readily.
Thus this characteristic is carried through in the structure of the nanotubes. In order to
improve the mechanical properties of composite materials made from nanotubes this must be
overcome. Typically an increase in the strength of composite materials is seen in the low wt%
of nanotube concentration. Recently in 2002 Cadek et al. obtained an increase in modulus of
a factor of 1.8 in composites made from arc-discharge nanotubes in PVA. This increase was
obtained with a 1 wi% of nanotubes. Qain e al.% studied the mechanical properties of
polystyrene nanotube composites. In this case the nanotubes used were CVD MWNTs, they
obtained 42% increase in the modulus with 1 wt % of nanotubes. A loading of 1 wt% of
MWNTs in an ultra high molecular weight polyethylene film increased the polymers strain
energy by 150%.%

For SWNTs a process has been reported which allowed a colossal 60 wt% of SWNT in PVA.
Fibres were spun from this process and the mechanical properties were measured. These fibres
reported an energy absorbing capacity nearly 3.5 times that of spider silk (165 J/g).* Slippage
between the SWNTs was suggested as the mechanism responsible for the enhancement in the
toughness. The slippage increases the amount of elongation of the film after yielding and thus
as toughness is a function of both yielding and elongation this is the reason for the increase.
An addition of 1 wt% of MWNTs to isotactic polypropylene affected the polymer’s
crystallisation as was exhibited in the Differential Scanning Calorimetry (DSC).”® An increase
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in a polymer’s crystallinty would readily increase the polymer’s Young’s modulus but could,

potentially, decrease the polymer’s toughness.

Thus after nearly a decade of intensive research, the potential of nanotubes as reinforcement
for polymers has not been fully realised; the mechanical properties of derived composites

have still fallen short of predicted values.
1.8 Nanotubes and ceramic composites

Ceramics are second only to polymers in their popularity for the incorporation of CNTs. The
ceramics have very high stiffness and very good thermal stabilities. For example, the breaks
used in high spec cars such as Aston Martins must withstand very high temperatures, when
required to break from 217 to 0 mph. These are generally manufactured of ceramics. The
problem with ceramics is that they have low breaking strengths that is to say they are brittle.
As CNTs have exceptional thermal conductivity properties and would be expected to increase
the overall toughness of the composite this would be an excellent combination. The obstacles
to making good composite materials that have been observed are similar to the problems
found in polymer composites. Obtaining a homogeneous mixture between the Al,Os, ceramic,
and the nanotubes is a tricky problem. Peigney e al. i engineered a technique which involved
the catalytic growth of nanotubes followed by hot pressing of the powders together to form
the final composite. The initial mechanical properties of these composite materials were not as
high as was expected and in some cases a combination of the iron catalyst and the oxide gave
a stronger product than when the nanotubes were combined.”” In order to combine ceramics
and nanotubes effectively and to allow for stress transfer between the two different matrices it
was discovered that at very small grain sizes polycrystalline ceramics become super plastic
which facilitates thermo mechanical processing. This allowed the in situ production of

nanotubes in ceramics.

Zhan et al*?

studied the interaction of SWNTSs and ceramics. The method which they used to
prepare the composites was through spark plasma sintering, which allowed a high percentage
of SWNTs to be incorporated, 10 vol%. Before the composite was sintered it was mixed
thoroughly through ball-mixing this which produced a homogenous dispersion. The increase
they obtained through this method was excellent with a two fold increase as compared to the

original Al,O3 matrix.
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As well as aluminium oxide ceramic several authors have looked at combining nanotubes with
silca. Seeger et al®® described a method involving preparing a gel of MWNTs with
tetraethoxysilane (TEOS) and sintering this at 1150 °C in argon. The main flaw of this
technique is that it resulted in partial crystallisation of the SiO, resulting in a bad mixture. An
adaptation of this was to use a Nd:YAG laser’ to allow rapid heating of the mixture which

would inhibit the formation of the crystals.
1.9 Nanotubes in Biology

In order to emphasize the fact that nanotubes offer other areas of science the chance to unite in
the study of these new exceptional materials, there follows a brief review of the major work
being carried out in the most unlikely of branch of science that should be interested in CNTs:

biology.

The shape of nanotubes which is similar in structure to a syringe needle has suggested their
potential application as a drug delivering tool. In 2005 Venkatesan et al.”® took the hormone
which is responsible for red blood cell production, erythropoietin (EPO), and filled a range of
nanoparticles with this potential drug. This drug would help people who have renal failure,
cancer, bone marrow transplantation and AIDs. The problem with this drug as with many new
drugs is that the only route of administration is intravenous which can be very distressing for
patients. The ultimate goal for all drugs is that they can be administered orally. The authors
suggest that the structure of nanotubes would facilitate oral administration as they would be
able to withstand the harsh conditions of the gastro intestinal tract from acidic to basic. The
results that they obtained were that the SWNTs which they used offered the highest increase
in serum EPO levels through administration via the jejunum, which is the second part of the

small intestine after the duodenum.

CNTs have been suggested as enzyme anchor sites. In 2003 Yu er al.”’ proposed the
construction of SWNT arrays on silicon, or forests as they called them on to which they added
the enzyme horseradish peroxidase and myoglobin which were attached to the ends of the
arrays through covalent functionalisation with carbodiimide. They argue that these enzyme
bound nanotubes, would be used in immunoassays and DNA hybridisation assays where
peroxidase enzymes are used as tags. In 2004 Lim et al.”® suggested their potential application
for glucose sensing. The potential here is that the nanotubes functionalised with glucose

enzymes could monitor blood glucose levels and help people control their illness. The enzyme
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which breaks down glucose alleviates hydrogen peroxide as one of the by-products. The
amount of peroxide present could then be analysed by an electrochemical detector. After
experimenting with their theory they achieved a five fold increase in effectiveness of the NT

bound enzyme electrodes as opposed to a non nanotube bound enzyme activity.

Nanotubes have even been known to ‘put on’ weight, in 2004 Chen et al” functionalised
carbon nanotubes with lipophilic molecules. After functionalisation their, overweight,
nanotubes were soluble in liquid paraffin. They suggested that these nanotubes could have

good potential as lubricating additives.
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1.10 Aims of this work

The main objective of this work is to develop new functionalised carbon nanotubes and their
composites using organometallic approaches. We believe that the use of organometallic
techniques will allow us to enter into a new area in carbon nanotube functionalisation and
modification. These aspects are very important for the potential applications of carbon

nanotubes in nanotechnology.

The first task will be to develop effective purification techniques for carbon nanotubes. Then
the aim will be to functionalise both SWNTs and MWNTs using lithium alkyls. In our
research the lithiated nanotubes will serve as macromolecular ligands for different
organometallic reactions. Initially reactions of the lithiated nanotubes with selected metal (Au,
Ge, Sn, Pb) and non-metal (Si) halides will be studied. We expect that all these reactions will
result in products with stable silicon-carbon or metal-carbon bonds. This would allow us to
investigate these new materials without using special handling techniques (high vacuum or
extra clean and dry inert gases). The new nanocomposites will be characterised by various

techniques such as: TEM, TGA, XPS, elemental analysis, Raman and IR spectroscopy.

One of the most important tasks of this project is to prepare new ultra-strong polymer
composite materials using chemically modified multiwalled carbon nanotubes as additives and
as a result providing an efficient bonding of nanotubes to the polymer matrix and good
interfacial stress transfer. An organometallic approach using BuLi will be used for carbon
nanotube modification with the followed by binding the lithiated nanotubes to alkyl halides or

halogenated polymers.

Then the functionalised carbon nanotubes will be used to reinforce high and low molecular
weight polystyrene (PS), polyvinyl chloride (PVC), chlorinated polyethylene (CPE) and
chlorinated polypropylene (CPP). This will be achieved by mixing of polymer with an optimal
amount of the functionalised carbon nanotubes in organic solvent containing the selected
polymer and by the preparation of films of nanotube-polymer composites via solution casting
methods. Mechanical properties of the films will then be investigated using a Zwick-100
tensile tester. It is our expectation that through the interaction between the alkyl or polymer

chains grafted to carbon nanotubes and surrounding chains, interfacial stress transfer will be
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enhanced. TGA and DSC tests will be undertaken to analyse the thermal transitions of the

nanotube-polymer composites to see if the nanotubes affect the crystallinity of the polymers.

One more of the objectives of our work is also to perform sedimentation studies for
functionalised carbon nanotubes in organic solvents to measure the solubility of the nanotubes
in pure solvent and then with the addition of nanotubes and polymers in the solvent. The
successful outcome of the project will contribute to the development of both nanoscale

physics and the chemistry of nanotubes and related materials.
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Chapter 2

Preparation, Purification and

Metalation of Carbon Nanotubes



2.1 Introduction

Carbon nanotubes can be synthesised by three main methods: arc discharge, laser ablation and
chemical vapour deposition (CVD)'. Recently new modified techniques have been employed
such as the method by Zhu ef al * who used the arc discharge method under water. The
approach employed in our work was the original arc discharge method using the Kratschmer-
Huffman generator which was originally used to make Fullerenes in large amounts. This

technique involved creating an electrical arc under pressure in an inert gas atmosphere.

Once the nanotubes have been synthesised the next step is purification. Nanotubes when
formed are found amongst considerable amounts of amorphous carbon material, in the region

of 70%. There are many different methods of purification, we employed only a few.

Primarily and traditionally the nanotubes have been purified by oxidation using two strong
acids, nitric and sulphuric. It has been published that nanotubes have been purified from the
other amorphous carbon material by using a column of glass balls however this method was
not followed here.’ The result of applying the acid purification method is that the acid severs
the tip from the terminus of the nanotubes leaving the tubes open ended as is shown in the

figure 2.1.

Figure 2.1 TEM image of a tip opened MWNT

Another method of purification that was employed was the use of a polymer that has
considerable aromaticity and hence affinity for the nanotubes. The n-n interaction holds the

nanotubes in solution and lets the amorphous carbon material fall out of solution over time.
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Many applications involving carbon nanotubes require chemical modification of the carbon
nanotubes to make them more amenable to rational and predictable manipulations. One of the
most innovative aspects of this project is the development of a new method of chemical
functionalisation of carbon nanotubes. Until now the routes that have been traditionally taken
by chemists followed organic chemistry approach. For example Georgakilas et al. reported
functionalising single walled carbon nanotubes with various different long chain carboxylic
functional groups'. Holzinger et al. reported the addition of nitrenes to form
alkoxycarbonylaziridino-SWNT’. Our work here focuses on chemical modification of carbon
nanotubes through an organometallic approach. This chapter describes our work on nanotube

production, subsequent purification and also nanotube metallation.

2.2 Aims of this work

First of all obtaining pure carbon nanotubes was paramount for this project and therefore our
initial task was to purify nanotubes, produced in TCD by arc discharge, using a selection of
methods that were published previously. Ultimately our aim was the identification of the most
efficient method of purification to produce the required reactant for this work. The next
objective of this part of our work was to develop a new organometallic approach for chemical

functionalisation and metallation of carbon nanotubes.

On choosing a route for the chemical modification of carbon nanotubes and realising the
difficulties of analysis it was important to obtain products that could be characterised by all
available methods. In order to prove that there is interaction between butyl-lithium and carbon
nanotubes it was recognised that the most easily identifiable and stable bonds between a
nanotube and any other species was that of metal carbide bonds which has been well
documented and studied by XPS, IR and Raman spectroscopy. On this basis, a selection of
metal (tin, lead, germanium and gold) halides and silicon halide were chosen. We expect that
this research will contribute to the development of two very important areas in
nanotechnology: doping of carbon nanotubes with metals or non-metals and forming metal

nanoparticles and nanowires using nanotubes as templates.
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2.3 Results and Discussion

2.3.1 Production of Carbon Nanotubes
Multiwalled carbon nanotubes (MWNT) were made using a Kratschmer-Huffmann generator

the basic design of which was shown in figure 1.2.

Two graphite carbon electrodes were placed in a chamber that had been evacuated and then
put in a helium atmosphere (500 atm). An electric current was passed through and the
nanotubes were formed and deposited on the cathode as a hard deposit inter-mixed with other

graphite and amorphous material.

The optimum parameters, 24 mg/min, when the current is supplied at 190 A/cm and pressure is
500 atm, for this method were published by M. Cadek et al.’ The deposit was opened and the

soft fibrous internal material was removed and divided into a fine powder.

2.3.2 Purification of Carbon Nanotubes

TEM images of the impure sample of the nanotubes found in the arc-discharge deposit are
shown in figure 2.2. The nanotubes can be seen here as the fibrous material amongst clearly
quite a large amount of amorphous material. One of the main problems when using carbon
nanotubes is their purity and the involved with large scale purification; this is also the reason

for their great expense.

Figure 2.2 TEM images of carbon nanotubes found in the deposit before purification

In order to separate the nanotubes from the amorphous carbon material three different types of
previously published purification techniques were undertaken, the advantages and

disadvantages of the techniques along with each technique’s characteristic procedure are
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outlined below. These main techniques were employed coming from two different ideologies:

those of purification by oxidation and purification by filtration.

The technique, published by Smalley et. al”; for purification of SWNT using strong acids
results in the removing of graphite chunks and the opening of the nanotube tips. A
modification of this technique reported by Hou and Bai ef al.® involved heating the carbon
nanotube graphite mixture with bromine water under reflux, followed by refluxing the mixture

with sulphuric and nitric acid for six hours. Another technique which involved annealing the

mixture at a high temperature was reported by Soo Park and Chul Choi et al.’.

S

Figure 2.3 TEM image of HBr purified arc discharge carbon nanotubes

It can be seen in figure 2.3 that there has been a large removal of graphitic material and the
nanotubes are much more noticeable in this image than in figure 2.2. However, this method did
not produce nanotubes of sufficient purity for the reactions in which it was intended that they

would be used.

The strong acid treatment removes the majority of graphite and the metal catalyst, e.g. iron.
This is not so important for the purification of the arc discharge nanotubes since no metal
catalyst is used in their production. Some papers state that the nanotubes are filtered after
refluxing with acids and this adds an extra dimension where more impurities can enter into the
mixture and can also lead to much greater loss of nanotubes through inevitable waste. The
nanotubes become etched by this type of purification. The main site for etching is at the tips of
the nanotubes. Functional groups such as carboxylic acid groups and hydroxide groups are
formed on the open tips of the nanotubes. Depending on the type of experiments planned for
the nanotubes this can be seen as an advantage or disadvantage. These groups may be removed

later by annealing of the nanotubes, but this can lead to a further reduction in yield.

36



Figure 2.4 TEM image of the acid treated arc discharge nanotubes

Figure 2.4 shows acid purified nanotubes. As can be seen this has quite some degree of success
at removing the amorphous carbon material. With the addition of the carboxyl groups to the
end of the nanotubes and the large amount of wastage due to the use of the sintered funnel, it
was felt that perhaps an alternative method could first be researched before using the acid

purification method.

The other type of purification was the method involving the polymer poly m-
phenylenevinylene-co-2,5-dioctyloxy-p-phenylenevinylene (PPV). The basis for this method,
as described by the authors,® is that the polymer has an affinity for the aromatic electrons on
the nanotube because the polymer also has two aromatic functional groups. Hence the polymer
wraps around the nanotube holding it in solution and allowing the smaller amorphous material
to fall out of solution. On removal of the polymer pure nanotubes are left. The advantage of

this technique is that the nanotubes are left untouched with the tips of the nanotubes still intact.

After all of these techniques had been attempted it was decided that the best route would be to
use the PPV based method. This was the best technique, as there was no etching of the tips by
strong acids and no addition of extra functional groups. However, even after purification was
carried out some traces of graphite residue were still visible. The TEM image of the nanotubes

after the purification is shown in figure 2.5.
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Figure 2.5 TEM images of arc discharge nanotubes after purification using PPV

The purification of the arc discharge nanotubes above allowed us to prepare pure straight

multiwalled carbon nanotubes on a milligram scale.

Once the purification techniques were analysed, the ultimate yields and time taken to obtain
these yields. It was realised that the amount of nanotubes supplied would not be sufficient for
the project. As a result some of the valuable properties of using arc-discharge nanotubes had to
be sacrificed to allow reactions to be performed on a larger, milligram scale. The Nanocyl
Company reduced the price of their CVD nanotubes as they were able to produce good quality

highly purified nanotubes at lower cost, 1g ~50 euro.

Subsequently curly, CVD, MWNTs were purchased from Nanocyl (figure 2.6). The
disadvantage of these CVD nanotubes is that they are considerably curly due to the presence of
defects in the side walls of the nanotubes which are formed during their production. The fact
that they are highly flawed means that the relative strength of these tubes as compared with
the, perfectly straight arc discharge nanotubes, is reduced. Also, analysis of these tubes by
TEM i1s much more difficult as any structural differences are difficult to attribute to either a

chemical modification or just how the nanotubes have been manufactured.
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Figure 2.6 TEM image of the curly MWNT purchased from Nanocyl

The Nanocyl MWNTSs have been purified by acid treatment. Then the carboxylic acid groups
attached to the nanotube surface were removed by annealing under argon in the CVD machine
(scheme 2.1) at 500 "C for 1 hour. After thermal treatment the nanotubes were allowed to cool
under argon for two hours. IR analysis, of the sample has shown the absence of the signal at

3417 cm™ and 1668 cm™ attributed to CO groups in the sample before annealing, appendix 2.1.

I immEL

Scheme 2.1 A CVD machine set used for annealing of nanotubes

Once annealed, these nanotubes are suitable for the suggested organometallic
functionalisation. Annealing is critical for organometallic reactions because the carboxy
groups will be the first to react with the butyl-lithium. Once these groups are removed the

nanotubes are susceptible to reacting directly with the butyl-lithium.
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THF 263°K n-Buli

Figure 2.7 Schematic representation of the lithiation reaction (left) and an image of the dispersion of the lithiated
and non-lithiated nanotubes (right). The Schlenk on the left side of the image contains a dispersion of lithiated

MWNTs in THF and on the right one contains a suspension of pure annealed pristine MWNTs.

We suggest that at a low concentration of BuLi the metalation proceeds mainly at the tips and
other non-hexagonal regions due to the steric stresses that the carbon atoms here are under. As
the amount of BuLi is increased, these sites saturate resulting in side wall functionalisation.
Additionally, depending on the electronic properties (e.g metallic, semi conducting) of each
nanotube, a partial or complete charge delocalisation in the nanotube could occur. This may
result in some nanotubes being more susceptible to functionalisation with alkyl groups and Li
atoms along the entire body of MWNTs. Lithiated nanotubes were extremely air and moisture
species to be studied by any of the available methods. Therefore the lithiated nanotubes have
been hydrolysed and then studied by IR spectroscopy, appendix 2.2. The IR spectrum of the
sample contains characteristic alkyl (CH) bands at 2927 cm™ and 1450 cm™.

As well as reacting the nanotubes with n-BuLi, a reaction was performed with 7-BuLi in the
same conditions to compare the reactivity of different lithium alkyls and correspondent degree
of functionalisation of carbon nanotubes. Results of the, C, H, N elemental analysis of
annealed, n-BuLi and #-BuLi functionalised nanotubes were compared. It was found that #-
BuLi functionalised nanotubes have shown a higher content of both hydrogen and carbon thus
it can be deduced that there was a larger amount of functionalisation by the n-BuLi. In the
elemental analysis of annealed pristine nanotubes the amount of hydrogen present as a

percentage of carbon is 0.48% compared to 1.65% for -BuLi functionalised nanotubes which
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increases to a significant 3.29% for n-BuLi functionalised nanotubes. This shows that the
degree of functionalisation is approximately twice as high for the reaction with n-BuLi. The
most plausible explanation for this is steric hindrance. The f-butyl is a more sterically
demanding group and fewer groups are needed to cover the nanotube surface, as result the

lithiation degree is lower for #~-BuLi functionalised carbon nanotubes.

2.3.4 Interaction of lithiated carbon nanotubes and metal halides

We expected that the lithiated nanotubes should be susceptible to metathetic exchange
reactions with any halogenated species via elimination of lithium halides, scheme 2.2. To test
this idea the lithiated carbon nanotubes have been treated with different metal halides in dry
THE

Reactions with AuBrs, SnCls, SnBr,, PbBr,, GeCly and SiCly have been performed in this
work. We anticipated that the reactions with SnCls, SnBr,, PbBr;, GeCls and SiCls would
result in products with stable metal-carbon or silicon-carbon bonds. This should allow us to
investigate these new materials without using special handling techniques (high vacuum or
extra clean and dry inert gases). Products have been analysed using TEM, HRTEM, EDX,
XPS, IR and Raman spectroscopy.

M=Au, Sn,Pb,Si

X=ClI,Br

Scheme 2.2 Reaction of lithiated NTs with metal halide resulting in loss of lithium halide and metal to nanotube

bond formation.

42



The procedures were carried out for both multi-walled and single walled lithiated nanotubes.
The SWNT have a tendency to form very strong bundles, which are very difficult to split into
individual nanotubes and provide an effective functionalisation of SWNTs. The problems of
analysis can be seen in figure 2.8 where a sample of MWNTs and a sample of SWNT are
pictured. What can be seen is a single MWNT and SWNTs at comparable magnification. The
SWNTs are bound together in a bundle and hence observing small changes to the external
surface of SWNTs is exceptionally difficult. In the MWNT sample it is easy to identify one

nanotube and it is nearly possible to observe the walls of the nanotube.

Figure 2.8 Shown here are TEM images of MWNT (left) and SWNTs bundles (right) at comparable

magnification.

2.3.4.1. Reaction of lithiated MWNTSs and AuBr;

It has been previously demonstrated that non-functionalised SWNTSs can spontaneously reduce
some metal ions (Au and Pt) from their solutions with the formation of metal nanoparticles on
sidewalls.'” The formation of Au particles on SWNT sidewalls was attributed to direct redox
reaction between nanotubes and metal ions. We expect that the lithiated carbon nanotubes
should be extremely strong reducing agents. We also believe that the lithiated nanotubes could

act as a large electron donor reducing “ligands”.

Lithiated MWNTSs were treated with AuBr; with a weight ratio of 1:10 in THF at -10 °C for 16
hrs. The reactions resulted in reduction of gold(III) species into gold metal and formation of

gold nanoparticles on the surface of the carbon nanotubes.

TEM images of the MWNT with gold nanoparticles are shown in figure 2.9. The gold

nanoparticles can be seen as black dots on the walls of the nanotubes.
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Figure 2.9 TEM images of gold-MWNT composites gold particles are seen lining the walls of the tubes as black

dots the bottom right image is a dark field image where the particles are white.

These dots have been identified as gold nano-particles through the use of dark field imaging
and the identification of gold through the use of diffraction patterns, all done with the use of
HRTEM in Japan.

Figure 2.10 below shows the Raman spectra of the gold-nanotube composites. The I and Ip
bands are more pronounced which might be explained by increased conductivity of the
metalated carbon nanotubes. The Is/Ip bands arise due to scattering from graphite-like and
disordered forms of sp® bonded carbon. In the lower wave number region of the spectrum
there is a new peak at 350 cm™ with peak broadening. The IR spectrum, appendix 2.3, shows
the spectrum for the Au functionalised MWNTs sample. The sample was also analysed by
EDX using the high resolution TEM, where the EDX (appendix 2.4) clearly shows the gold
peak and notably no presence of a bromine peak. This allows us to conclude that the halide has
been removed as the lithium salt, resulting in the reduction of gold(III) to the gold metal on the

nanotube surface.
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Figure 2.10 Raman spectra of the gold MWNTs composites.

2.3.4.2. Reaction of lithiated MWNTSs and SnCl,

Interaction of lithiated MWNT with SnCls in aratio of 1:14 by weight in THF gave the new tin

containing nanotube composites. TEM image of the coated MWNT composites is shown

figure 2.11.

Figure 2.11 TEM image of tin containing MWNT composites

Some dark-field images (Figure 2.12 left) were taken to confirm the presence of tin in the
coating of the walls of the tubes. The diffraction pattern of tin atoms was identified and
subsequently this was used for dark field imaging, the nanotubes shown as white in this image

due to the tin containing coating.

As can be seen from the Raman spectrum, figure 2.12, there is a shift in the peaks found by
comparing with the reference sample and also a broadening of some peaks, as well as two new
peaks found at 809 cm™ and 351 cm™. The effect on the graphitic and defect, I and I, bands

has also been examined. The defect region of the sample becomes more pronounced. This is
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due to the fact that the carbon atoms are deviating from the sp” hybridisation because they are
bound to the metal atoms and are hence becoming more sp> hybridised. The IR spectrum of the
tin MWNT composites clearly shows the presence of Sn-C bands at 652 cm™ and 385 cm™ in

the sample, appendix 2.5.
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Figure 2.12 Dark-field HRTEM image of tin-MWNT and the Raman spectra, low region middle and high region
far right, of tin-MWNT composites

These peaks indicate that the reaction resulted in the formation of Sn-C bonds thus with the
inclusion of the EDX spectrum, appendix 2.6, right it can be deduced that the Sn is bound to

the nanotubes.

This sample was analysed by XPS and the composition of this sample was calculated by
quantitative analysis of the XPS spectra. The composition of the sample was as follows C
94.5%, Sn 1.4%, O 3.4% and Cl 0.8%. The presence of chlorine and oxygen indicates on the
occurrence of unreacted Sn-Cl bonds, which might also be partially hydrolysed giving tin

oxychloride species. The IR spectra also showed a carbonyl band, which is likely to have
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arisen from the oxidation of metalated nanotubes after the sample was washed and exposed to

the air.

In figure 2.13 a peak with B.E. at 487 eV can be attributed to a Sn-C bond as it is reported in
the literature.”® In general metal carbides are found in the Cls spectra at 283 eV binding
energy.'*'"”> The subsequent spectrum analysed was that of the C1s which had a typical carbide
peak at 284.2 eV. The full width at half maximum (FWHM) was compared between the peaks
of the annealed sample and the tin(IV) sample. The FWHM for the annealed sample was
considerably lower than the tin sample at 1.53 eV compared to 1.8 eV this would suggest that
the bonding of the ca<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>