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Abstract

This work has focused on the use of biological molecules such as amino acids, glycolic
acids, ribonucleosides and simple sugars to improve MWCNT aqueous dispersibility
through both covalent and non-covalent functionalisation.

Oxidative treatment of MWCNTs with 6 M nitric acid has been shown to be a mild,
yet effective method for introducing carboxylic acid groups, which are known to improve
their dispersion, to the surface. The subsequent ionic interactions of these carboxylic
acid groups with selected acidic, basic and neutral amino acids was investigated with
a view to this further increasing the aqueous dispersibility of the MWCNTs. Of the
amino acids considered basic arginine was found to provide the greatest improvement
with the MWCNT concentration increasing from 0.35 to 6.79 mg/mL.

The carboxylic acid groups of the oxidised MWCNTs were also used to covalently
attach the amino acids through formation of an amide bond. In this instance taurine
was found to be the most effective amino acid with dispersibility more than doubling.
Non-covalent functionalisation of the MWCNTs was also achieved with taurine func-
tionalised poly(acrylic acid), which resulted in a fivefold increase in the concentration
of MWCNTs dispersed when compared with poly(acrylic acid).

Diazonium chemistry is widely used for the functionalisation of CNTs with aryl
groups and in this work a diazonium reaction was used to covalently functionalise
MWCNTs with pyridine. These pyridine groups were then used as the basis for the
covalent attachment of the sugars ribose, fructose and sucrose. Functionalisation with
pyridine alone did not improve the aqueous dispersion of the MWCNTs, however the
subsequent attachment of the sugars led to enhanced MWCNT dispersibility with
sucrose the most effective at 20 pg/mL.

The effect of functionalisation on MWCNT dispersibility was probed using UV-
vis-NIR spectroscopy. The modified MWCNTSs were further characterised using TGA,
TEM, Raman and FTIR spectroscopy.
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Chapter 1

Introduction

1.1 Overview

This chapter aims to provide an overview of the structure, synthesis, properties, reac-
tivity and possible applications of carbon nanotubes (CNTs). Particular emphasis is
placed on their functionalisation and dispersion in water, as these are the areas upon

which this thesis is centred.

1.2 Structure

Carbon nanotubes are allotropes of carbon that are a member of the fullerene structural
family. In general they can be separated into two categories: single-walled (SWCNT)
and multi-walled (MWCNT). SWCNTSs consist of an individual, one atom thick cylin-
der of sp? carbon atoms with a diameter typically between 0.6 and 2 nm[1] and a length
that can reach centimeters.[2, 3] MWCNTSs are assemblies of multiple such cylinders
concentrically arranged and separated by 0.34 nm, slightly larger than the interlayer
distance in graphite (0.335 nm).[4] The diameter of MWCNTs usually ranges from 2
to 100 nm[1] and they can grow several cm long.[5] A double-walled carbon nanotube
(DWCNT) is composed of exactly two concentric SWCNTs and represents the simplest
type of MWCNT.[6]

SWCNTSs can be considered as a single layer of graphite (graphene) rolled into a

seamless cylinder with the ends either open or capped with a hemisphere of a fullerene.
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The properties of nanotubes are dependent on how the graphene sheet is rolled up, as
well as on their length and diameter. The graphene sheet can be rolled into a cylinder
in a number of ways that are specified by the chiral vector Cy,.[7] Cy, is defined in terms
of the graphene unit vectors a; and a; and a pair of integers n and m (0 < |m| < n)

as in equation 1.1;

Cy = na; + mas = (n,m). (1.1)

Chiral Angle

o N
na; N

Figure 1.1: Schematic diagram showing how a graphene sheet can be rolled to make a
CNT.

Each SWCNT is defined by a distinct set of n and m values, which determines the
diameter and chiral angle, #, of the nanotube. According to the values of n and m
SWCNTs can be classified further as having armchair, zigzag or chiral structure based
on the arrangement of the carbon bonds around the circumference of the nanotube.[7]
If n = m then the circumference of the tube has an armchair pattern and the chiral
vector and chiral angle are (n,n) and § = 30°. When m is zero a zigzag outline in the
circumference is made and Cy, = (n,0) with § = 0°. Chiral tubes are formed in all
other cases with n # m # 0 and 0° < 0 < 30° (Figure 1.2).[§]
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armchair zigzag

Figure 1.2: The atomic structure of (a) an armchair, (b) a zigzag and (c) a chiral
SWCNT. Reprinted with permission from [§].

1.3 Synthesis

MWCNTSs were first observed in the soot produced from an arc evaporation method
originally designed to produce fullerenes.[9] Tijima and Ichihashi[10] and Bethune et
al.[11] independently reported the discovery of SWCNTs two years later in the prod-
uct from transition metal catalysed arc evaporation experiments. Techniques such as
arc discharge,[12] or laser ablation,[13] were first used to produce CNTs but chemical
vapour deposition (CVD) is now the primary method.[14] The CNTs produced are
contaminated with a number of impurities such as amorphous carbon, non-tubular
fullerenes and metal catalysts so purification procedures are commonly employed after
synthesis. Each synthesis method also generates a mixture of metallic and semicon-
ducting CNTs; therefore techniques for the selective preparation and separation of

nanotubes with uniform electronic character have been developed.[15]
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1.4 Purification

Metal and amorphous carbon impurities are present in as-synthesised CNTs. The
presence of impurities can interfere with the properties of CNTs and hinder their char-
acterisation and application so a variety of purification techniques, both chemical and
physical, have been developed.[16] Small quantities of CNTs have been purified by size
exclusion chromatography|[17] and microfiltration.[18] Ultrasonically assisted microfil-
tration has been employed for large-scale purification, however during the process the
nanotubes are shortened due to sonication-induced cutting.[19] Gas phase oxidation
consists of heating the CNTs in an oxidising atmosphere to oxidise the amorphous
carbon and metal present.[20-22] Removal of the metal oxides is then achieved by
treatment using an acid such as hydrochloric acid. The most commonly used method
however is liquid phase oxidation, which typically involves refluxing the CNT's in nitric
acid.[23-25] This method is straightforward and effective, yet it is known that the pro-
cess can also damage the nanotube structure and introduce oxygen-containing groups,
in particular carboxylic functionalities.[26-28] These groups confer aqueous solubility
to the nanotube and have been widely used as the basis for the attachment of other
functional groups to the CNT.[29-32]

1.5 Physical Properties

CNTs possess an array of remarkable physical properties, which make them a very
promising material for a range of applications. CNTs can carry a current density of
order 10° A/cm? which is a thousand times better than copper.[33, 34] SWCNTSs can
exhibit metallic or semiconducting behaviour, depending on their diameter and helicity
(the integers n and m). SWCNTSs are metallic if n-m=3q, where ¢ is an integer, and
semiconductors if n-m #3q. For a uniform distribution of n and m values one third of
SWCNTs are metallic and two thirds semiconducting.[35] The sharp peaks in the den-
sity of states (DOS) of SWCNTs are known as van Hove singularities, and are believed
to reflect the 1D band structure of SWCNTs (Figure 1.3).[36] All armchair SWNTs
(n, n) are metallic with a continuous DOS near the Fermi level. All other metallic
SWCNTs have a small band gap, which can be disregarded at room temperature. The
DOS of semiconducting SWCNTs have band gaps on the order of ~0.5 eV that scale

4
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inversely with diameter. MWCNTs consist of concentrically arranged SWCNTs, how-
ever due to weak coupling between them, only the outermost SWCNT contributes to

electron transport and so to their electronic properties.[37]

Armchair nanotube (5,5) Zigzag nanotube (7,0)
semi-
conductor

8 metal 8
3 IS
“ “
S % ‘
&2 & ‘
Q Q

=100 -50 50 100 -10.0 -50 .0 100

0.0 a0 s
Energy (eV) Energy (eV)

Figure 1.3: Density of states diagrams showing the electronic properties of (1) the
metallic armchair (5,5) nanotube and (b) the small gap semiconductor zigzag (7,0)
nanotube. Reprinted with permission from [36]. Copyright (2002) American Chemical
Society.

Experimental studies on the mechanical properties of CNTs have indicated that
CNTs exhibit a Youngs modulus on the order of 1 TPa,[38-42] comparable with that of
diamond.[43] The highest measured tensile strength for CNTs is 63 GPa,[42] an order of
magnitude stronger than high strength carbon fibers.[44] CNTs are very flexible, with
bending shown to be fully reversible up to bending angles of 110°.[45] The superior
mechanical properties of CNTs mean that they are promising materials for use as

fillers in polymer composites[44, 46] and as tips in probe microscopy.[47]

1.6 Reactivity

Perfect CNTs consist of a hexagonal framework in which each carbon atom is sp?
hybridised as in graphene. CNTs, however, are more reactive than planar graphene
because of the curvature of their structure. Their curvature results in the carbon
atoms experiencing strain from pyramidalization and 7 orbital misalignment between

adjacent atoms. 7 orbital misalignment is associated with bonds that are at an angle

5
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to the circumference and is principally responsible for the reactivity of their sidewalls.
As an example, for an armchair (5,5) SWCNT the m-orbital misalignment angles ¢ of
bonds parallel to the circumference and those at an angle to the circumference are 0°
and 21.3°, respectively (Figure 1.4).[48]

Figure 1.4: The m-orbital misalignment angles (¢) along the C1-C4 bond in a (5,5)
SWCNT and its capping fullerene, Cgg. Reprinted with permission from [48]. Copyright
(2002) American Chemical Society.

The end caps of tubes are equivalent to a hemisphere of fullerene and are more
reactive than their sidewalls due to the greater strain enforced by their spherical geom-
etry. In contrast to the sidewalls the 7 orbital misalignment in the end caps is almost

perfect and so pyramidalization is the main source of strain. Trigonal (sp? hybridised)
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carbon atoms prefer planarity, however, the geometry of fullerenes suits a tetrahedral
(sp® hybridised) arrangement and it is the relief of this strain as sp? hybridised carbon
is converted to sp® that drives the addition reactions. Pyramidalization and 7 orbital
misalignment angles scale inversely with CNT diameter and so smaller diameter tubes
are expected to be more reactive than their larger diameter counterparts.

The electronic properties of CNTs have also been noted to influence their reactivity
in many different functionalisation reactions.[49] Diazonium compounds are reported
to preferentially functionalise metallic CNTs, due to the availability of electrons near
the Fermi level.[50, 51] Treatment of SWCNTs with a nitric/sulfuric acid mixture has
also shown that the dissolved nitronium ions display a clear selectivity for metallic
SWCNTSs.[52] The preferential adsorption of the positively charged nitronium ions on
metallic SWCNTs was also suggested to be due to more available electron densities
at the Fermi level. Evidence for the selective oxidation of semiconducting SWCNTs
by hydrogen peroxide has been reported.[53] It was suggested that weak hole-doping
of SWCNTSs by hydrogen peroxide increased the electron density at the Fermi level of
semiconducting SWCNTs relative to metallic SWCNTs, resulting in faster oxidation.
The 1,3-dipolar cycloaddition of pyridinium ylides has been shown to be selective for
metallic SWCNTSs and larger diameter semiconducting SWCNTs.[54] In this case the
larger diameter SWCNTs were proposed to be more reactive than those of smaller
diameter due the latter having a larger band gap, and so a larger region were the DOS

was Zero.

1.6.1 Defects in Structure

In reality the structure of carbon nanotubes are not ideal and topological defects (in-
corporation of ring sizes other than hexagons), vacancies and sp® hybridisation sites
can be present in the carbon network. An important topological defect is the Stone-
Wales (SW) defect, which consists of a pentagon-heptagon pair (5/7/7/5). The SW
defect is formed by the rotation of a C=C bond by 90°, transforming four adjacent
hexagons into two pentagons and two heptagons (Figure 1.5). The presence of these
defects can have a detrimental effect on the physical properties of the CNTs and alter
their chemical reactivity. It is commonly accepted that the defect sites are more reac-

tive than the perfect sites in CNTs, however it has been shown that the central C-C
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bond of a Stone-Wales defect in an armchair (5,5) SWCNT is less reactive than those

in perfect sites.[55]
Figure 1.5: Formation of the Stone Wales (5/7/7/5) defect.

Purification by liquid phase oxidation can result in shortened open-ended CNTs
decorated with oxygenated functional groups such as carboxylic acids, both at the ends
and at sites along the sidewall (Figure 1.6).[56] The inclusion of topologic pentagon-
heptagon (5/7) defects in the hexagonal framework can bend the CNT structure,[57]
and also form intramolecular junctions between two nanotube segments with different

electronic properties. [58]

Figure 1.6: Typical defects in a CNT: A) inclusion of five- or seven-membered rings
leads to a bend in the tube, B) structure damaged by oxidative conditions which leaves
a hole lined with carboxylic acid groups and C) open end of the CNT terminated with
carboxylic acid groups. Adapted with permission from [56].
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1.7 Functionalisation of CNT's

Pristine CNTs tend to aggregate into bundles or ropes due to strong non-covalent
interactions between their sidewalls. These substantial intermolecular cohesive forces
of 500 eV/um that exist between the tubes render them insoluble in most common
solvents.[59] This lack of solubility is a major disadvantage as it makes them difficult
to process and handle and so has hindered their use in many potential applications.
In order to disrupt these strong 77 interactions and facilitate the dispersion of CNTs,
mechanical dispersion methods, such as ultrasonication and high shear mixing, and
chemical modification of the CNT surface have been employed. Mechanical dispersion
methods, although straightforward, result in sedimentation of the CNTs when the
applied agitation is removed and can also damage the CNTs.[60] Chemical alteration
of the CNT surface by functionalisation is therefore the widely accepted method to
enhance their solubility. The key approaches used for the functionalisation of CNT's
can be classified as either non-covalent or covalent. Functionalisation of CNTs for the

purpose of achieving aqueous solubility is covered in Section 1.8.

1.7.1 Covalent

The covalent attachment of functional groups to CN'T's occurs either by direct reaction
with the m-conjugated framework or through defect site functionalisation, which takes
advantage of the nanotube-bound carboxylic acid groups introduced during oxidative
acid treatment. Covalent approaches change the hybridisation of the bonding carbon
from sp? to sp®, which disrupts the extended m-conjugation of the CNT and so can
adversely affect the desirable properties they possess, however the functionalisation is
highly stable. The covalent functionalisation of CNTs is possible with a wide range of

species and has been extensively reviewed.[61-63]

1.7.1.1 Oxidation

The oxidation of CNTs has been reported using a variety of methods, such as exposure
to ozone,[64] potassium permanganate,[65] piranha solution,[66] carbon dioxide,[67]
nitric acid vapour[68] and sonication in a sulfuric/nitric acid mixture.[69] Selective oxi-

dation of metallic CN'Ts has been achieved using halogen oxoanions,[70] while the selec-
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tive oxidation of semiconducting CNTs has been realised with hydrogen peroxide.[71]
Typically however the procedure used involves reflux in nitric acid or a sulfuric/nitric
acid mixture for several hours.[72] These procedures introduce oxygenated functional
groups, primarily carboxylic acids, to the CNT surface which improves the dispersibil-
ity of the CNTs in water.[27] The number of functional groups introduced is dependent
on the oxidative conditions used.[26] An increase in the oxidising agent concentration
or oxidation duration will increase the degree of functionalisation however this must
be balanced with the accompanying increase in damage inflicted to the CNT structure.
The nanotube-bound carboxylic acid groups are commonly used as anchors for the
attachment of other functional groups to the surface, usually through esterification or
amidation reactions. In most cases the carboxylic functionalities are initially activated
by a carbodiimide or converted to the more reactive acyl chloride before undergoing

reaction with the required alcohol,[30] or amine.[73]

Figure 1.7: Thermal oxidation of CNTs and the subsequent esterification or amidation
of the carboxylic acid groups.

It has been proposed that nitric acid treatment of CNTs results in the formation of

10
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oxidation debris or carboxylated carbonaceous fragments (CCFs).[74] Amorphous car-
bon is the most reactive form of carbon present in as-synthesised CNT's so these CCFs
are suggested to act as the major carrier of acid functionality (rather than the CNT
walls).[75] Subsequent washing with aqueous base has been reported to remove the
CCFs from both MWCNTs and SWCNTs.[74, 76, 77] Haddon et al.[78] have demon-
strated that even after thorough base washing a sufficient number of acid functionalities
are available on the CNTs themselves for further reaction. Purification of CNTs to re-
move amorphous carbon before treatment with acid has been recommended to greatly
reduce the formation of oxidation debris and result in carboxylation primarily on the
CNT walls.[75] A more recent report which used a two step purification/oxidation pro-
cedure found that in the absence of the base wash step, carboxylic acid groups were

introduced to SWCNTs directly, and not just onto carbonaceous material.[79]

1.7.1.2 Diazonium

The reactivity of CNT sidewalls has been compared to that of the basal plane of
graphite, therefore highly reactive reagents are required for functionalisation to occur.
Due to their high reactivity diazonium compounds, usually generated in situ, have
been extensively used for the successful modification of CNTs.[50, 80-83] The reaction
has been shown to favour metallic CNTs and is also selective towards larger diameter
CNTs.[50, 84, 85] Diazonium salts have been generated in situ by oxidation of an aniline
precursor and activated thermally [86, 87] or electrochemically [81] for radical addi-
tion to the nanotube surface. The addition of aryl diazonium salts to CNTs has been
realised in ionic liquids,[83],urea,[88] non-aqueous solvent,[86] on water,[87] aqueous so-
lution using surfactant coated SWCNTSs,[82] and solvent-free conditions.[89] Recently
the diazonium reaction has been extended to heterocycles with pyridine functionalised
SWCNTSs achieved using a diazonium salt generated in situ from 4-aminopyridine (Fig-
ure 1.8).[51]

11
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2) NaOH

Figure 1.8: Synthesis of pyridine functionalised SWCNTs.

1.7.1.3 Cycloadditions

The 1,3-dipolar cycloaddition of azomethine ylides, created in situ from the condensa-
tion of an aldehyde and a-amino acid, has produced pyrrolidine functionalised SWC-
NTs and MWCNTs that are soluble in most organic solvents and water.[90, 91] Mi-
crowave conditions are known to increase the rate of the 1,3-dipolar cycloaddition of
aziridines,[92] (precursors to azomethine ylides) and pyridinuim ylides[54] to the nan-
otube surface. The cycloaddition of pyridinuim ylides has been shown to be selective
for metallic and large diameter semiconducting SWCNTSs, which is consistent with a
mechanism involving electron donation from the CNT to the 1,3 dipole. Ozone adds
to SWCNTs in a 1,3 dipolar cycloaddition reaction to give a primary ozonide that can
be cleaved using specific chemicals to favour a certain oxygenated functional group
over another.[93] Alvaro et al. have also carried out 1,3-dipolar cycloaddition reactions
on SWCNTs using nitrile imine,[94] and nitrile oxide.[95] The [2+1] cycloaddition of
nitrene, generated by thermal removal of nitrogen from alkyl azidoformates, has re-
sulted in aziridine functionalised SWCNTs that are soluble in DMSO.[96] The same
reaction carried out using di-nitrenes can covalently crosslink two SWCNTs or form
loops on the sidewall of one nanotube.[97] The Bingel reaction, a [2+1] cycloaddition,
has successfully functionalised SWCNTs with a cyclopropane group.[98]

12
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1.7.1.4 Fluorination

The fluorination of SWCNTs with elemental fluorine has produced stoichiometries
of approximately CoF at 325°C with the majority of the tube structure remaining
intact.[99] At higher temperatures complete destruction of the SWCNTs occurs. The
pristine SWCNTSs could be recovered by using hydrazine as a defluorinating agent.
The fluorinated tubes form metastable solutions in DMF, THF and alcohols but are
insoluble in water.[100] They can also serve as precursors for the attachment of other
functional groups to the CNT surface. Alkyllithium and Grignard reagents have been
used to alkylate fluorinated CNTs through displacement of fluorine.[101] The mild flu-
orinating agent hexafluorophosphoric acid (HPFg) has been used recently to fluorinate
MWCNTS.[102] A stoichiometry of CFy g5 could be attained, without destruction of
the MWCNT structure, when the fluorination procedure was carried out at 150 °C.

1.7.2 Non-Covalent

Non-covalent functionalisation is not discussed in depth here as the covalent functional-
isation of CN'Ts was the focus of this work, however there are many reviews that cover
this method in detail.[63, 103-105] CNTs may be functionalised non-covalently by
species that can form hydrophobic or -7 stacking interactions with the CN'T surface.
Non-covalent modification preserves the m-conjugated system, allowing the desirable
properties of the nanotube to be retained, however the adsorbed species may obstruct
further functionalisation and for some applications, particularly composite materials,
a direct bond is necessary.

Aromatic compounds such as pyrene and porphyrin derivatives have functionalised
CNTs through 7-7 stacking interactions.[106-109] Polymer wrapping of CNTs can oc-
cur through various non-covalent interactions, such as 7-w, CH-m and cation-7.[110]
Surfactants are small molecules that have a hydrophobic tail and a hydrophilic head
group and the former is able to adsorb onto the hydrophobic CNT walls, leaving the
head group free to extend into the bulk water phase.[111] Similarly proteins with
their hydrophobic and hydrophilic domains have also functionalised CNTs through
hydrophobic interactions, in addition to 7-7 stacking interactions.[112, 113] The non-
covalent functionalisation of CNTs with aromatic compounds, surfactants, polymers

and biomolecules has been used to improve CN'T aqueous dispersibilty and is considered
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in detail in Section 1.8.

1.8 Aqueous Dispersion of CNTs

The formation of stable and homogenous aqueous CNT dispersions is a crucial develop-
ment if many of the applications envisioned for CNTs are to be realised. The aqueous
dissolution of CN'Ts via both covalent and non-covalent means has been reported. The
aqueous dispersibility of the functionalised CNTs depends on the inherent water sol-
ubility of the adsorbed molecule or attached functional group and also on the extent
of modification to the CNT surface. Covalent strategies are superior to non-covalent
modifications in terms of the stability of the functionalistion, however covalent func-
tionalisation disrupts the CN'T structure and affects their desirable intrinsic properties.
Non-covalent functionalisation has been an attractive area for investigation due to the
ease of the procedure (typically just involves sonicating the desired functionality with
the CNTs) and because the nanotube’s structure, and therefore properties, are usually
preserved. Functionalising agents are needed that not only interact with the CNTs,

but also with water to achieve dissolution.

1.8.1 Covalent

Microwave assisted oxidation of SWCNTSs in a nitric/sulphuric acid mixture has been
shown to be a rapid method for producing SWCNT solutions with concentrations
as high as 10 mg/mL.[72] Elemental analysis indicated one in three carbon atoms
were carboxylated and one in ten sulfonated, accounting for the high aqueous solubil-
ity attained. An oleum/nitric acid treatment has simultaneously produced carboxy-
lated, ultra short (<60 nm) SWCNTSs that spontaneously dissolved in water up to 2
wt%.[114] Dispersions of carboxylated SWCNTs have been shown to be pH dependent
with aggregation observed at pH < 3, presumably due to protonation of the carboxy-
late groups.[115] The combination of oleum and nitric acid has also been used in the
selective oxidation of the outer walls of DWCNTs.[116] As expected an improvement
in aqueous solubility of the oxidised DWCNTs was observed, but interestingly this was
accompanied by the retention of 66% of their electrical conductivity. The preservation

of their electrical properties was attributed to the ability of the intact inner tubes to
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provide a continuous conductive pathway (Figure 1.9).[116]

unfunctionalized functionalized

]

Figure 1.9: Preservation of the electrical properties in an oxidised DWCNT: (A) The
broken conductive pathway due to sidewall functionalisation of a SWCNT. (B) Intact
inner tubes extend the conductive pathway in a DWCNT. Reprinted with permission
from [116]. Copyright (2010) American Chemical Society.

Oxidation of MWCNTs in nitric acid has been shown to better preserve the tube
structure than a nitric/sulphuric acid mixture due to its relatively lower acidity,[27]
however prolonged oxidation (48 h) in concentrated nitric acid (60%) whilst produc-
ing MWCNT dispersions of 40 mg/mL has resulted in the loss of more than 90% of
the MWCNTSs.[117] Shortened MWCNTSs (&~ 1 pum) have formed stable dispersions in
water at a concentration of 0.013 mg/mL.[118] After refluxing in dilute nitric acid the
aqueous MWCNT concentration increased to 0.24 mg/mL. The conversion of these
carboxylic acid groups to thiols through a carbodiimide activated amidation reaction
with cysteamine resulted in a decrease in concentration to 0.17 mg/mL. Phospho-
ryl choline (PC) has been attached to oxidised MWCNTs via the acyl chloride. The
hydrophilic nature of PC enabled the MWCNTSs to be dispersed at 10 mg/mL by
ultrasonication.[119] Oxidised SWCNTSs have formed an ionic bond with the proto-
nated amine group of a water-soluble functionalised crown ether to give a SWCNT
concentration of 1.1 mg/mL.[29]

Treatment of SWCNTs with sec-butyllithium to generate a carbanion followed by
reaction with carbon dioxide has produced SWCNTSs functionalised with alkyl and car-
boxyl groups that can be individually dispersed at a concentration of 0.5 mg/mL.[120]
Hydroxyl functionalised SWCNTs have been prepared from the displacement of fluo-

rine from fluoronanotubes by a selection of diols and glycerol.[121] The glycerol derived
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SWCNTs displayed the greatest solubility of 0.04 mg/mL, seemingly due to the greater
number of hydroxyl groups present on the SWCN'T surface.

Diazonium functionalisation using a range of aniline precursors in the presence of
oleum has produced individual water-soluble SWCNTs due to the sulfonation that oc-
curs on the aryl rings under these conditions.[122] An SWCNT concentration of 0.24
mg/mL was achieved using the derivative 4-chloroaniline. Radical addition of phenyl
groups to SWCNTs has also been carried out using benzoyl peroxide as the source
of phenyl radicals.[123] Subsequent sulfonation in oleum (H2SOy4, 20% free SO3) of
the phenylated SWCNTSs resulted in a concentration of 0.492 mg/mL. Sulfonation of
4-aminophenyl and phenyl groups covalently bound to the MWCNT surface by reduc-
tive arylation produced MWCNT concentrations of 0.03 mg/mL and 0.015 mg/mL
respectively.[124]

1.8.2 Non-Covalent

-1 stacking of 1-pyrenecarboxylic acid to SWCNT's non-covalently functionalises the
surface with carboxylic acid groups and affords their dispersion in water as well as
THEF.[125] Gas responsive aqueous dispersions of SWCNTs have been produced using
a pyrene functionalised with an amidinium cation.[126] Reversible conversion between
the amidinium cation and amidine triggered by the addition/removal of carbon diox-
ide allows the dispersion state of the SWCNTs to be controlled. Water soluble SWC-
NTs have been achieved using a pyrene-carrying ammonium ion.[106] Confirmation
of the importance of the 7-7 interaction was demonstrated by Nakashima et al.[127]
The phenanthrene derivative was observed to be much less effective than the pyrene
one while phenyl and naphthalene ammonium analogs were unable to solubilise SWC-
NTs. However, the successful solubilisation of SWCNTSs at concentrations between 0.1-
0.3 mg/mL through non-covalent functionalisation with various ionic naphthalene and
pyrene derivatives has been reported.[128] 7-7 stacking interactions between a phos-
phonate functionalised naphthalene derivative and SWCNTs has produced SWCNT
solutions of 1 mg/mL.[129] The strong electrostatic repulsion between the phospho-
nate groups combined with their hydrophilic nature enables the partial debundling of
the SWCN'Ts in aqueous solution.

An aqueous solution (pH 7) containing 0.11 mg/mL SWCNTSs has been attained

16



Chapter 1. Introduction

using a low concentration (0.1 wt%) of a perylene bisimide derivative bearing a hy-
drophilic dendritic structure containing many carboxylic acid groups.[130] The pery-
lene derivative displayed an enhanced affinity for adsorption to smaller-diameter
nanotubes,[131] and was found to disperse the SWCNTs more efficiently at higher
pH due to the complete deprotonation of the carboxylic acid functionalities.[132] The
alkali metal counterion has also been shown to influence the efficiency of an anionic
perylene dye to solubilise SWCNTs under basic conditions.[133]

A synthesised amphiphilic molecule containing a bent triptycene group and a hy-
drophilic tetra (ethylene glycol) chain (Trp-TEG) has enabled the selective solubilisa-
tion of SWCNTSs with a diameter of 1.0 nm.[134] An aqueous dispersion of SWCNTs
in Trp-TEG was observed to be stable for more than six months and contain a con-
centration of 0.052 mg/mL SWCNTs.

Liu et al.[135] have evaluated the ability of several aromatic dyes to noncovalently
functionalise and solubilise MWCNTSs. 7-7 stacking was found to be the most im-
portant factor in the MWCNT-dye interaction with the planar dyes Acridine Orange
(AO), Xylenol Orange (XO), Orange G (OG) and Alizarin Red (AR) producing stable
suspensions of MWCNTSs in water. OG has also been used to produce stable suspen-
sions of SWCNTSs for the solution fabrication of NOy sensors.[136] A solubility of 3.5
mg/mL for SWCNTSs has been achieved though their w-stacking interaction with the
planar, diazo dye Congo Red (CR).[137]

Graphene oxide (GO) sheets are able to stably disperse larger diameter pristine
MWCNTSs.[138] The multiple aromatic regions on GO are able to adsorb the MWC-
NTs through 7 stacking interactions while the hydrophilic oxygenated groups impart

aqueous solubility.

1.8.3 Biomolecules

1.8.3.1 Amino Acids and Peptides

The FMOC-protected aromatic amino acid tryptophan has dispersed SWCNTs and
MWCNTs in phosphate buffer saline solution at concentrations of 0.08 and 0.21 mg/mL
respectively through m-stacking interactions.[139] Remarkably high water concentra-
tions (20 and 12 mg/mL for SWCNTs and MWCNTs respectively) have been at-
tained by the 1,3-dipolar cycloaddition of an N-protected glycine derivative to the
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CNT surface.[140] Taurine, a derivative of cysteine, has been covalently linked to ox-
idised SWCNTs through amide bond formation.[141] As a result the SWCNTs were
functionalised with sulfonic acid groups, which enhanced their solubility to 1.3 mg/mL
at neutral pH. Amino acids have also been covalently attached to fluorinated SWCNT's
by reaction of their amine group with fluorine.[142] This results in the carboxylic acid
group of the amino acid being exposed and imparting some aqueous solubility to the
SWCNTs. Chain length was shown to have an effect on the SWCNT solubility ob-
tained. 6-aminohexanoic acid (AHA), a derivative of lysine, gave stable dispersions at
3 <pH <11 of 0.5 mg/mL at room temperature. The amidation of oxidised MWCNTs
with lysine has produced stable dispersions in the pH range 5-14.[143] Concentrations
of MWCNTs as high as 10 mg/mL could be obtained without sonication. pH depen-
dent dispersions of SWCNTs have been produced by non-covalent functionalisation
with poly-L-lysine (PLL), a natural polyelectrolyte.[144] In basic environments PLL
has a a-helix formation however under acidic and neutral conditions PLL adopts an
uncoiled conformation and is able to interact with the SWCNTs. Non-covalent func-
tionalisation of MWCNTSs with polycystine has produced dispersions close to 7 mg/mL
without the aid of sonication.[145]

A designed peptide, termed nano-1, adopts an amphiphilic a-helical conformation
in the presence of SWCNTSs.[146] The hydrophobic face of the peptide noncovalently
interacts with the SWCNT surface while the hydrophilic face promotes their disper-
sion to concentrations of 0.7 mg/mL. Atomic force microscopy (AFM) has showed
that nano-1 is able to debundle SWCNTs and disperse them as intact individuals us-
ing minimal sonication.[147] An increase in the number of aromatic residues on the
hydrophobic face of nano-1 has increased the amount of SWCNTSs dispersed, thus
demonstrating the importance of m-7 stacking interactions in the peptide dispersion
of SWCNTSs.[148] MWCNTSs have been dispersed using anionic and cationic peptide
amphiphiles that consist of a hydrophobic alkyl chain covalently attached to an amino
acid sequence.[149] As the net ionic charge of the peptides varies with pH so will the
ionic repulsion between the nanotubes, allowing the solubility of the MWCNTSs to be
controlled as a function of pH. Reversible cyclic peptides (RCPs), which can exist in
linear or cyclic conformations by the reduction or oxidation of a disulfide bond incorpo-
rated into their backbone, have been used as dispersants for SWCNTs.[150] The RCPs

noncovalently wrap around the SWCNT circumference and form closed rings through
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intramolecular disulfide bonds. This produces very stable dispersions, as the peptide is
unable to disassociate from the SWCNTSs, while controlling the length of the peptide

enables diameter-selective solubilisation.

1.8.3.2 Proteins

Proteins are useful dispersing agents, as they possess both hydrophobic and hydrophilic
domains, which allows for simultaneous interaction with the CNTs and water. Their
ability to disperse CNTs in aqueous medium is dependent on their amino acid sequence
and pH conditions. A variety of enzymes have been covalently attached to acid oxi-
dised SWCNTs and MWCNTs though carbodiimide activation.[151, 152] The enzymes
attached to the CNTs display enhanced stability under denaturing environments rel-
ative to the free enzyme and retained a high fraction of their native structure and
activity. Non-covalent functionalisation with lysozyme (LSZ) has been shown to se-
lectively disperse larger diameter DWCNTs and facilitate the separation of DWCNTSs
from SWCNT impurities.[153] Additionally the DWCNT-LSZ dispersions displayed a
reversible dependence on pH, the optimal pH was found to be pH 3 where the DWCNT
concentration was 0.087 mg/mL. Dispersions of SWCNT's non-covalently functionalised
with LSZ have also been shown to be pH sensitive as they aggregate between pH 8-
11 but remain highly dispersed outside this range.[154] Davis et al.[113] have demon-
strated the importance of the strength of the interaction between LSZ and SWCNTs on
aqueous solubility. LSZ was able to non-covalently functionalise pristine and oxidised
SWCNTS to give concentrations of 0.108 and 0.027 mg/mL respectively in water. The
lower solubility of the oxidised SWCNTSs was attributed to the reduced ability of the
oxidised SWCNTSs to form hydrophobic interactions with LSZ. 7w-7 stacking between
the hydrophobic aromatic amino acid residue tryptophan of LSZ and the SWCN'T side-
wall has been suggested as the key interaction.[112, 113] Bovine serum albumin (BSA)
has also been covalently attached to oxidised CNTs through diimide activated ami-
dation to give water-soluble nanotube-BSA conjugates.[155] pH responsive dispersions
of MWCNTSs have been produced using a fibrous protein component of silk known as
fibroin.[156] The dispersions are stable in basic conditions (pH 12) but sediment under

acidic conditions (pH 4) due to conformational changes in the silk fibroin.
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1.8.3.3 Sugars

The amino sugar glucosamine has been covalently attached to oxidised SWCNTSs
through an amide bond.[157] The solubility of SWCNT-glucosamine was found to be
temperature dependent with a value of 0.1 mg/mL attained at room temperature,
which increased to 0.3 mg/mL at ~100 °C.

A series of sugar dendrons of (-D-galactopyranosides (Gal) and «-D-
mannopyranosides (Man) with a terminal amino group have been covalently attached
to oxidised SWCNTSs through carbodiimide activated amidation reactions.[158] The
higher order sugar dendrons were the most effective solubilising agents with SWCNT
concentrations of 3.1 and 4.3 mg/mL achieved respectively for Galy,- and Many-
SWCNT. Pristine SWCN'T's have been covalently functionalised with three sugar azides
based on glucose, galactose and mannose under microwave conditions.[159] These ni-
trogen linked sugar functionalised SWCNTSs formed stable dispersions in water with
the galactopyranosyl functionalised SWCNTSs soluble at 1.3 mg/mL and the gluco- and
mannopyranosyl at 0.6 mg/mL.

12-membered cyclodextrins (CDs) have been used to solubilise SWCNTSs in water
and enable their partial separation by diameter.[160] Oxidised SWCNTSs have formed
complexes with CDs by using a mechanochemical high-speed vibration milling tech-
nique (HSVM).[161] The solubility in aqueous media of these SWCNT-CD complexes
increased with the CDs ring size with the «, £, and 7 complexes giving SWCNT
solubilities of 0.44, 0.73 and 1.15 mg/mL respectively. The increase in solubility was
attributed to the increasing number of hydroxyl groups on the CDs that could hydrogen
bond with the carboxylic acid groups on the SWCNTs. Under the milder conditions
of sonication SWCNTSs are insoluble in water with only CDs present, however physical
adsorption of a host-guest inclusion complex between 5-CD and the guest compound
sodium adamantanecarboxylate (AdCNa) has rendered the SWCNTSs soluble at a con-
centration of 0.83 mg/mL.[162, 163] Decreasing the pH of the solution from 7 to 3
resulted in protonation of the carboxylate of AdCNa and aggregation of the SWC-
NTs, indicating electrostatic repulsive forces between the anionic carboxylate groups
are necessary for dispersion.

A glycoconjugate polymer (0.5 mg/mL) with pendant sugar groups has helically
wrapped around SWCNTs through hydrophobic interactions to give a maximum
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SWCNT solubility of 0.2 mg/mL.[164]

1.8.3.4 Polysaccharides

Cellulose is insoluble in water due to its hydrogen bonded supramolecular structure.
The disruption of these intramolecular hydrogen bonds by hydroxyl groups present
on SWCNTs and the subsequent formation of intermolecular hydrogen bonds between
the SWCNTs and cellulose however has resulted in the dispersion of SWCNTs in
water.[165] Stable dispersions were achieved within the pH range 6-10 with a maximum
concentration of SWCNT's between 0.2-0.3 mg/mL. Pyrene-labelled hydroxypropyl cel-
lulose has dispersed MWCNTs in water (0.05 mg/mL) and many organic solvents
through -7 stacking interactions.[166] Takahashi et al.[167] used the anionic cellulose
derivative, carboxymethylcellulose (CMC) to disperse SWCNTSs using sonication. The
SWCNT-CMC aqueous dispersions were found to be stable for a few months. Electro-
static repulsion between the anionic CMC chains was suggested to be responsible for
this. Sodium carboxymethylcellulose (Na-CMC), an etherified form of cellulose was
found to be more effective at dispersing SWCNTs than the surfactant sodium dodecyl
sulfate with concentrations of 1.2 and 0.5 mg/mL achieved respectively.[168]
Chitosan contains both hydrophobic acetyl groups and hydrophilic amino groups.
The concentration of MWCNTSs dispersed by non-covalent adsorption of chitosan has
been improved by using chitosan with a lower degree of deacetylation.[169] This was
attributed to increased hydrophobic interactions between MWCNTs and chitosan, af-
forded by the presence of more acetyl groups. Non-covalent wrapping with chitosan is
known to result in the selective dispersion of SWCNTSs of smaller diameter, allowing for
separation of SWCNTSs by size.[170] Chitosan is insoluble in aqueous solutions at pH>6
and therefore is only effective at dispersing SWCNTs under acidic conditions.[171] 7-7
stacking of pyrene labelled chitosan,[172] and covalent grafting of chitosan to MWCNT's
through nucleophilic substitution,[173, 174] has produced MWCNTs soluble in aqueous
acetic acid solution. The chitosan derivatives O-carboxymethylchitosan (OC) and OC
modified with poly(ethylene glycol) (OPEG) however are soluble in aqueous media at
neutral pH and are thought to adsorb on SWCNTs through a donor-acceptor interac-
tion between the free electron pair in the primary amine group of OC/OPEG and the
nanotube.[175] The solubility of SWCNTs in water for OC and OPEG are 0.021 and
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0.032 mg/mL respectively, which is comparable to that achieved with chitosan in acetic
acid (0.038 mg/mL). Recently another neutral pH water-soluble derivative chitosan-
hydroxyphenyl acetamide with phenyl side chains was found to strongly adsorb onto
nanotubes resulting in individually dispersed SWCNTs at 0.033 mg/mL.

Three isomers of the sulfated glycosaminoglycan chondroitin sulfate, CS-A, CS-B
and CS-C have produced aqueous SWCNT concentrations of 0.029, 0.027 and 0.041
mg/mL respectively.[176] The greater dispersing ability of CS-A and CS-C was at-
tributed to their extended conformations, which allows them to helically wrap around
the SWCNTs. Hyaluronic acid, an anionic, nonsulfated glycosaminoglycan, has also
been used to produce stable dispersion of SWCNT's through noncovalent wrapping.[177]

Alginic acid, an anionic polysaccharide found in brown algae, has been used to
wrap MWCNTS to give a concentration of 3.2 mg/mL.[178] Mild sonication of SWC-
NTs or MWCNTs in an aqueous solution of Gum Arabic, a polysaccharide found in
Acacia trees, results in stable dispersions that consist of individual and structurally
intact CNTs.[179] Schizophyllan (SPG), a polysaccharide produced by a fungus, can
wrap around and dissolve SWCNTSs to a maximum concentration of 2.5 mg/mL.[180]
The addition of DMSO or aqueous alkaline solution dissociates the SPG resulting in
precipitation of the SWCNTs and enabling their recovery from solution.

SWCNTSs are soluble to a concentration of 3 mg/mL in an aqueous solution of a
starch-iodine complex.[181] The use of the iodine complex was suggested to be necessary
to ensure the initial preorganisation of the amylose present in starch into a helical
conformation. The SWCNTSs were speculated to displace the iodine molecules from
the amylose helix via a pea-shooting mechanism, driven by a favourable change in

entropy (Figure 1.10).
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Figure 1.10: Schematic representation of the pea-shooting mechanism whereby carbon
nanotubes displace iodine molecules from the amylose helix. Reprinted with permission
from [181].

1.8.3.5 Nucleotides/Polynucleotides

A mechanochemical high-speed vibration milling technique (HSVM) has been em-
ployed to non-covalently functionalise pristine SWCNTs with various phosphate
nucleotides.[182] A maximum SWCNT solubility of 0.78 mg/mL was achieved through
m-7 stacking of the SWCNTs with guanosine 5-monophosphate (GMP). Deoxyribonu-
cleic acid (DNA) is an effective solubilising agent for CNTs in aqueous solution.[183,
184] Sonication in the presence of singlestranded DNA (ssDNA) has proven to be more
successful than double-stranded DNA at dispersing SWCNTs.[184] It was considered
that the ssDNA wraps around the nanotube surface through -stacking interactions be-
tween the aromatic nucleotide bases and the nanotube sidewall. The exposure of the
negatively charged sugar-phosphate backbone of ssDNA to water resulted in SWCNT
concentrations of 4 mg/mL. Further research found the wrapping of ssDNA to CNTs
to be dependent on the specific sequence of the DNA strand.[185] Investigations with
MWCNTs showed that the presence of defect sites in the CNT sidewall improved dis-

persion in aqueous DNA solutions.[186]

1.8.4 Polymers

Polymers can be covalently attached to the CNT surface by grafting to or grafting from
methods.[187] The grafting to approach involves reacting the end group of the desired
polymer with functional groups that are already attached to the CNT surface. Grafting
from relies on the covalent functionalisation of the CNT with an initiator followed by

in-situ polymerisation from these sites. Non-covalent functionalisation with polymers
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involves the physical adsorption and/or wrapping of the polymer to the CNT surface.
The use of stimuli-responsive polymers, which undergo conformational changes when
an external stimulus such as temperature or pH is applied, allows the dispersion state
of the CNT's to be controlled.

1.8.4.1 Sulfonation

In situ polymerisation of aniline, followed by sulfonation with chlorosulfonic acid re-
sulted in MWCNTs functionalised with sulfonated polyaniline that are dispersible
at concentrations of 1.9 mg/mL.[188] Soluble SWCNTs have been prepared via in
situ radical polymerisation of sodium 4-styrenesulfonate.[189] The poly(sodium 4-
styrenesulfonate) is covalently bound to the SWCNTs and forms an indefinitely sta-
ble dispersion. SWCNTs grafted with polyacrylonitrile through the in situ poly-
merisation of acrylonitrile have been hydrolysed to give polyacrylic acid (PAA) func-
tionalised SWCNTSs.[190] PAA is a weak polyanion, which undergoes conformational
changes in response to pH. The solubility of SWCNT-PAA was observed to be pH
dependent as stable solutions were observed at pH >5, below which precipitation oc-
curred. Sulfonation of polystyrene chains grafted to SWCNTSs resulted in water-soluble
derivatives.[191] The degree of sulfonation was shown to be directly proportional to the
aqueous solubility achieved. The highest sulfonation level attained (34 mol%) gave a
stable solution with a SWCNT concentration of 0.24 mg/ml. The solution exhibited
pH responsive behaviour, remaining soluble between pH 3-13, but completely insoluble

outside this range.

1.8.4.2 Defect Site Functionalisation

A commonly employed tactic to covalently attach polymers to CNTs takes advan-
tage of the nanotube-bound carboxylic acid groups introduced during oxidative acid
treatment. Sun et al.[192] have attached a hydrophilic dendron species terminated
with oligomeric poly(ethylene glycol) (PEG) chains to MWCNTSs by an acylation-
esterification reaction. The resulting functionalised MWCN'Ts are soluble in water as
well as chloroform and DMSO. Direct thermal, carbodiimide activated amidation and
acylation-amidation reactions have been employed for the functionalisation of oxidised
SWCNTs using diamine terminated PEG (average molecular weight ~1500).[193, 194]
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Direct thermal reaction was the most effective for PEG functionalisation and gave a
nanotube concentration of >87 mg/mL (the viscosity of the solution hindered the deter-
mination of the exact solubility). Monoamine terminated PEG has also been attached
to SWCNTs via the acylation-amidation route to give SWCN'Ts soluble in water and
organic solvents.[195] An alternative method to achieve carboxylic acid functionalised
SWCNTs involved treatment with lithium followed by reaction with w-bromocarboxylic
acids.[196] These SWCNTs were subsequently PEGylated with monoamine terminated
PEG (HsN-mPEG-OMe) to give water-soluble SWCNTSs. Poly(aminobenzene sulfonic
acid) (PABS) and PEG have been covalently attached to SWCNTs by amidation
or esterification of nanotube bound carboxylic acids by means of an acyl chloride
intermediate.[197, 198] The PABS and PEG functionalised SWCNTSs are soluble in
water at 5.8 and 5.9 mg/mL respectively. The covalent attachment of poly(vinyl al-
cohol) (PVA) (average molecular weight ~20,000) by carbodiimide activated amida-
tion produced an SWCNT concentration of 7 mg/mL.[194] Carboxyl functionalised
SWCNTs have been functionalised with phosphoryl choline and sugar based polymers
through atom transfer radical polymerisation to give maximum concentrations of 7 and

5 mg/mL respectively.[199]

1.8.4.3 Stimuli Responsive

Poly(acrylamide) (PAM) has been grafted from the surface of SWCNTs via re-
versible addition-fragmentation chain transfer (RAFT) polymerisation to give a stable
5 mg/mL aqueous dispersion of SWCNT-PAM.[144] A diazonium reaction attached
the RAFT agents to the SWCNTs from which the PAM chains grew. RAFT poly-
merisation has also been employed to functionalise MWCNTSs with the thermorespon-
sive polymer poly(N-isopropylacrylamide) (PNIPAM).[200] This allowed the exfolia-
tion and precipitation of MWCNTs in aqueous solution to be controlled through the
temperature-induced changes in conformation of PNIPAM. Temperature responsive
dispersions of SWCNTs have also been produced by non-covalent functionalisation
with PNIPAM.[144] A unique double stimuli-responsive copolymer based on PNI-
PAM has non-covalently functionalised MWCNTS to produce an aqueous dispersion of
MWCNTs sensitive to both temperature and ionic strength.[201] Copolymers of PNI-
PAM or poly(N-cyclopropylacrylamide) (PNCPA) with pyrene side groups have been

25



Chapter 1. Introduction

used to produce stable temperature controlled dispersions through 7-7 interactions
with CNTs.[202, 203] PAA, PNIPAM and PAM have all been grafted from hydroxyl
functionalised MWCNTSs by Ce(IV) induced redox radical polymerisation.[204] These
polymer functionalised MWCNTs were all highly soluble in water and once again the
MWCNT-PAA and MWCNT-PNIPAM dispersions displayed reversible responses to

changes in pH and temperature respectively.

1.8.4.4 Non-Covalent Wrapping

The water-soluble polymers poly(vinyl pyrrolidine) (PVP) and poly(styrene sulfonate)
(PSS) have solubilised SWCNTSs in aqueous solution by helical wrapping of the
tubes.[205] A uniform dispersion of 1.4 mg/mL was possible with SWCNTs non-
covalently functionalised with PVP, while with PSS 4.1 mg/mL could be realized.
Poly(p-phenyleneethynylene) has also been shown to wrap the SWCNT surface in a
helical manner to give mostly individual water-soluble SWCNTs.[206]

Non-covalent association with PAA within the pH range 3-8 dissolves MWCNTSs in
water to give a homogeneous solution that contains 1 mg/mL MWCNTSs.[207] These
findings were supported by Zakri et al.[208] who also established the optimum pH
for dispersion was pH 5, close to the pKa of PAA.[208] A SWCNT concentration
of 1.1 mg/mL has been reported upon mild sonication of the tubes in a 1 wt% PAA
solution.[209] Grunlan et al.[210] have investigated the ability of several polyelectrolytes
to disperse SWCNTs and found that polyanions are able to stabilise SWCNTs more
effectively than polycations.

Non-covalent  functionalisation — with  poly(N-(2-(dimethylamino)  ethyl)-
methacrylate) (PDMAEMA) has resulted in the dispersion of MWCNTs at pH
3 while at pH 11 complete precipitation of the MWCNTSs was observed.[211] These
observations were attributed to the protonation of the amine groups in the polymer
side chain that occurs under acidic conditions, affording good solubility in water.

Low concentrations (0.15 mg/mL) of the natural polyelectrolytes (NPs) sodium lig-
nosulfonate (SLS) and humic acid (HA) have dispersed SWCNTs at 0.068 and 0.053
mg/mL respectively.[212] The NPs contain aromatic groups that interact with the
CNTs through 7-m interactions while the sulfonate groups present in SLS and car-

boxylic acid groups in HA allow for aqueous solubility.

26



Chapter 1. Introduction

Individual SWCNTs have been non-covalently encapsulated within a polyethylene
glycol-polyacrylic acid-polystyrene (PEG-PAA-PS) block copolymer.[213] This struc-
ture, which contains the SWCNT within the hydrophobic core of a PAA-crosslinked
PEGylated micelle, was termed a PEG-egg. These SWCNT PEG-eggs displayed aque-
ous solubility while near-infrared fluorescence confirmed that the SWCNTSs retained
their electronic structure. Oligothiophene-terminated PEG (TN-PEG) has dispersed
SWCNTs as individuals or small bundles to give very stable solutions.[214] The long-
term stability of the dispersions was attributed to the strong m-7 interactions between
the SWCNT and the thiophene unit.

MWCNTs wrapped with hydrolyzed poly(styrene-co-maleic anhydride) (HPSMA)
are soluble in water within the pH range 3-13 to a maximum concentration of 8.7
mg/mL.[215] The benzene ring of the styrene moiety on HPSMA adsorbs on MWCNTSs
while the hydrophilic maleic acid group allows for dissolution in water. Functionalisa-
tion of MWCNTs with the pyrene carrying form of HPSMA resulted in the spontaneous
dissolution of MWCNTS to a concentration of 7.4 mg/mL.[216] The pyrene moiety was
shown to improve the interactions between the polymer and MWCNTSs as the polymer

was attached irreversibly to the tube surface.

1.8.5 Surfactants

Surfactants are amphiphilic molecules that have been extensively used to solubilise
CNTs in water.[82, 217, 218] Typically dispersions are prepared by the addition of the
CNTs to an aqueous solution of the selected surfactant followed by bath or tip sonica-
tion. The mechanism for dispersion is believed to involve the non-covalent absorption of
their hydrophobic tail to the CN'T sidewall, which exposes a hydrophilic surface to the
aqueous solution for dissolution.[219] Exactly how the surfactant molecules adsorb has
been debated. The most common methods suggested involve encapsulation within a
cylindrical micelle,[220] the formation of hemispherical micelles on the surface,[221, 222]

or random adsorption (Figure 1.11).[223]
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Figure 1.11: Illustrations of the possible conformations of surfactants on the CNT
surface (a) cylindrical micelle, side (1) and cross-section (r) views, (b) hemimicelle (c)
random adsorption. The hydrophilic head is shown in red, the hydrophobic tail in blue.
Reprinted with permission from [223]. Copyright (2004) American Chemical Society.

Surfactants can be classified as anionic, cationic, non-ionic or zwitterionic according
to the charge on their head group. Ionic surfactants are able to prevent CN'Ts aggregat-
ing through Columbic repulsion. The ability of non-ionic surfactants to suspend CNT's
is due the size of the hydrophilic group, with the efficiency of the surfactant increasing
with molecular weight due to enhanced steric repulsion.[224] It has been suggested that
non-ionic surfactants are preferable for dispersing CNTs in organic solvents while ionic
surfactants are favoured for producing aqueous CNT dispersions.[103] Islam et al.[222]
however, have shown that the non-ionic surfactant Triton X-100 (TX100) is a better
dispersant for SWCNTs in water than the anionic surfactant sodium dodecyl sulfate
(SDS) with concentrations of <0.5 and <0.1 mg/mL achieved respectively. Another
anionic surfactant, sodium dodecylbenzene sulfonate (NaDDBS), however was shown
to be a substantially better dispersant for SWCNTs than TX100 with SWCNT con-
centrations of 20 mg/mL possible.[222] The observed difference between TX100 and
NaDDBS was attributed to headgroup size; the larger poly(ethylene oxide) headgroup
of TX100 lowered its packing density compared to NaDDBS (Figure 1.12). NaDDBS
and TX100 were believed to disperse SWCNTs better than SDS because they contain
a benzene ring, which allows for a greater interaction with the SWCNTs. NaDDBS has

also been shown to be capable of producing dispersions consisting of long, individual
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SWCNTs.[225]
NaDDBS SDS Triton X-100
CyoHas—)—S03"Na*  CHjy(CH,)110S05'Na*  O(CH,CH,0)-H—)—CgHy7
N=approx. 9.5
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Figure 1.12: Structure of the surfactants NaDDBS, SDS and TX100 (I-r). Reprinted
with permission from [222]. Copyright (2003) American Chemical Society.

The significance of a benzene ring was further confirmed by Rastogi et al.[226] who
evaluated the effectiveness of the non-ionic surfactants, TX100, Tween 20, Tween 80
and SDS to disperse MWCNTs. TX100 displayed the highest dispersing power of the
four which was again attributed it to its ability to adsorb more strongly than the
others to the MWCNTSs through 7-7 stacking. Tween 80 was the next best because
of its longer tail while Tween 20 was more effective than SDS due to its bulkier head
group which provided greater steric stabilisation.

The effects of pH on the dispersion of MWCNTs has been compared for the sur-
factants NaDDBS, hexadecyl(trimethyl)azanium bromide (CTAB), Pluronic F68 and
Pluronic F127.]227] Under neutral pH conditions the cationic CTAB was the most effi-
cient surfactant. Variations in pH had a negligible effect on the dispersing ability of the
non-ionic Pluronic surfactants. NaDDBS however was found to be a poor dispersing
aid at both pH extremes, while CTAB dispersions remained nearly pH independent
only under basic conditions. A stimuli responsive azobenzene based surfactant with a
third generation glycerol dendron and alkyl chain has been used to solubilise SWCNT's
as individuals.[228] The trans to cis isomerisation of the azobenzene group that occurs

upon irradiation with light has resulted in the reversible precipitation of the tubes.

1.9 Applications of CNTs

A wide range of potential applications for CNTs have been suggested as a result of the

remarkable properties they possess, however due to their poor solubility the application
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of the material is limited.[229-231] Approaches towards the solubilisation of CNTs in
water are important for fields such as polymer composites, biomedicine and conducting
thin films.

The excellent mechanical properties of CNTs make them an ideal material for use
in the reinforcement of polymer composites, but to be effective in this regard the CNT's
must be uniformly dispersed within the matrix to achieve efficient load transfer to the
nanotube network.[44] Solution casting is the most common method for fabricating
CNT polymer composites. In the case of water-soluble polymers such as poly(vinyl
alcohol) (PVA),[232, 233] this involves dispersing the functionalised CNTs in water,
mixing the CNT dispersion with the polymer solution and then evaporating off the
solvent to give a composite film.[234].

Hydrogels are physically or chemically crosslinked networks of hydrophilic poly-
mer chains that are able to absorb large quantities of water without dissolving.[235]
They are useful materials for biomedical applications such as drug delivery and tis-
sue engineering,[236] however their poor mechanical and electrical properties can
limit their practical application. To attempt to improve these properties CNTs
have been incorporated into the hydrogel matrix. As a uniform dispersion of the
CNTs is essential, hydrogels have used water-dispersible CNTs functionalised with
pyrene modified cyclodextrin,[237] pluronic copolymer,[238] hyaluronic acid,[239] and
polysaccharides.[240]

1.9.1 Thin Films

Transparent electronic materials are of interest for many applications, such as antistatic
coatings, touch display panels, solar cells and flat panel displays.[241] The metal oxide
indium tin oxide (ITO) is the most widely used material for such applications however
due to its brittleness, high cost and limited supply of indium suitable alternatives
are being investigated.[242] CNTs are a promising potential replacement due to their
inherent electronic properties and mechanical flexibility. The fabrication of transparent
and conductive CNT films to replace ITO in certain applications has been achieved
using drop casting from solvents,[243] inkjet printing,[244] and the Langmuir-Blodgett
technique,[245] but vacuum filtration is the most commonly used method. In this

process the CN'Ts are dispersed in aqueous solution, usually through interaction with

30



Chapter 1. Introduction

a surfactant,[246, 247] and vacuum filtered to form a homogenous film on the membrane
(Figure 1.13). The resulting film can then either be transferred to another substrate or
the membrane dissolved to give a freestanding film. As is the case in the production of
all transparent conducting films a compromise between transparency and conductivity
must be made, as an increase in CNT concentration will increase the conductivity but

result in a decrease in transparency of the film.

O CNT Dispersion

Vacuum

Figure 1.13: Schematic representation of the vacuum filtration method for the prepa-
ration of CNT thin films.

Vacuum filtration of SDS dispersed CNTs onto a membrane followed by
poly(dimethylsiloxane) based transfer printing to various substrates has produced
highly conducting CNT films with performance characteristics comparable to those
of ITO films on plastic substrates.[246] SDS dispersed SWCNTs have also been em-
ployed to produce thin films on poly(ethylene terephthalate) (PET) using a spray
method.[248] Subsequent treatment of these films with nitric acid to remove residual
SDS was found to significantly improve their conductivity. TX100 dispersed SWCNTs
have been deposited onto PET coated with an adhesion promoter via a dip-coating
technique, which allowed the transparency and sheet resistance to be controlled by
the number of coatings.[249] Post-deposition treatment with nitric acid was again ob-
served to cause a decrease in the sheet resistance of the films. Thin films fabricated
on PET using SWCNTs dispersed in TX100 have been shown to be more optically
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transparent and flexible than commercial films of ITO on PET.[250] Thin films of ni-
tric acid oxidised SWCNTSs, prepared by vacuum filtration, have displayed improved
mechanical properties but decreased electrical conductivity with increasing nitric acid

concentration.[251]
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Characterisation of CNT's

2.1 Overview

This chapter summarises the analytical techniques that have been employed in this
thesis to characterise CNTs. A detailed background of the techniques is not provided;
the focus is on how these techniques can be used to analyse CNTs. Evidence can be
gained on the extent of functionalisation, the nature of the functionalising group and
the effect of functionalisation on CNT dispersibility. There are limitations however
to the information that can be gained from each characterisation technique, so it is
common that several are used and the results correlated before reliable conclusions

about the material are drawn.

2.2 Thermogravimetric Analysis (TGA)

TGA is a destructive technique that is used to monitor the thermal stability of both as-
synthesised and functionalised CNTs. This straightforward method records the change
in mass that occurs when the CNTs are heated under a controlled atmosphere, which
can be inert (nitrogen or helium) or oxidative (air or pure oxygen).

When performed in an oxidising atmosphere TGA is a useful tool for purity analysis
of CNTs.[21, 22] CNT oxidation occurs between 400-600 °C (Figure 2.1) with the
temperature depending on a number of factors, such as CNT diameter, the number of

structural defects and the amount of metal impurity.[252, 253] Nevertheless thermal
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stability is commonly used as a measure of the quality of a CNT sample because
usually a higher oxidation temperature is indicative of a purer material containing less
defects.[254]

In an inert atmosphere CNTs are stable up to 800 °C (Figure 2.1) and so the mass
loss observed at lower temperatures can be attributed to the loss of functional groups
attached to the CNT surface. Covalently attached functionalities will be removed at
appreciably higher temperatures than adsorbed groups.[255] By assuming that all the
mass loss is due to functionalisation, an estimation of the degree of functionalisation
and the number of functional groups per carbon atom can be made by comparison
with the starting CNT material. A drawback of TGA is that it does not identify the
fragments that are removed from the CNT surface during heating. As a result TGA is
often combined with gas phase mass spectrometry (TGA-MS).[51, 54, 255, 256]
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Figure 2.1: TGA of CNTs heated in helium (solid) and in air (dashed) to 900 °C.
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2.3 Ultraviolet-Visible-Near Infrared (UV-vis-
NIR) Spectroscopy

The optical properties of CNTs arise from transitions within a one-dimensional density
of states (DOS).[257] Three-dimensional materials have a continuous DOS but due to
the one dimensional structure of CNTs their DOS is not continuous but features a
series of spikes known as van Hove singularities (Figure 2.2).[258] The optical absorp-
tion spectra in the UV-vis-NIR range of pristine SWCNTSs originates from transitions
between the first and the second van Hove singularities and are denoted as S1; and Soy
in the case of semiconducting SWCNTs and My; in the instance of metallic SWCNTs.
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Figure 2.2: Schematic representation of the electronic density of states of a semicon-
ducting (left) and metallic (right) SWCNT and the possible transitions between the
van Hove singularities. The valence bands are grey and the conduction bands are white.
Adapted from [258] by permission of The Royal Society of Chemistry.

The absorption bands seen in the visible range from 440 to 645 nm are associated

with the Mj; transitions and those in the near infra-red between 830-1600 nm and

600-800 nm are assigned to the Sy and Sgy transitions, respectively (Figure 2.3).[259]
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Figure 2.3: A typical UV-vis-NIR absorption spectrum of SWCNTs showing the My,
Sq1 and Spp regions. Adapted from [260] by permission of The Royal Society of Chem-
istry.

Covalent modification of SWCNTSs disrupts 7 conjugation and induces changes in
the electronic structure that results in the suppression of the Sii, Sos and M;; fea-
tures, therefore this technique can be used for further confirmation functionalisation
has occurred (Figure 2.4).[64, 81, 86] Unfortunately the ability to detect covalent func-
tionalisation in this manner is limited to SWCNTs because for MWCNT's the different
contributions from each tube overlap and so their spectra does not have the well-defined
features of SWCNTs.
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Figure 2.4: UV-Vis-NIR spectrum of pristine (black) and covalently functionalised
(magenta) SWCNTs.

UV-vis-NIR spectroscopy is also widely used to determine the dispersibility of
CNTs. The non-covalent or covalent modification of CNTs can result in a change
in their dispersibility, so in this respect this technique can be used as added proof of
either SWCNT or MWCNT functionalisation.[64, 261] The characterisation of CNT
dispersions by UV-vis-NIR spectroscopy allows a calculation of the CNT concentra-
tion to be made through application of the Beer-Lambert Law (Equation 2.1) which
states that the absorbance, A, of a sample is dependent on the light pathlength, 1, the
concentration, ¢, of the species and the extinction coefficient, £.[262, 263] It is there-
fore possible to determine the concentration of CNTs in a particular solvent from its

UV-vis-NIR spectrum if the extinction coefficient is known.

A(N) = ecl = ec, when; [ = lem, (2.1)
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2.4 Raman Spectroscopy

Raman spectroscopy is a non-destructive vibrational spectroscopy technique that relies
on the inelastic scattering of light. Generally a sample is irradiated with monochromatic
light from a laser source in either the visible or near-infrared range. The incident
photons excite the molecule into a virtual energy state and when the molecule relaxes
the photon is either elastically or inelastically scattered. If the emitted photon is of
the same frequency as that of the incident photon then this is an elastic process and
is referred to as Rayleigh scattering. Raman scattering occurs when there is a change
in frequency of the photon. If the frequency of the emitted photon is lower than that
of the incident photon this is termed Stokes scattering, but if it is higher it is known
as Anti-Stokes scattering. Molecules in the ground vibrational state give rise to Stokes
scattering, while molecules initially in a vibrational excited state give rise to anti-Stokes
scattering. An energy level diagram is shown in Figure 2.5, which illustrates Rayleigh

and Raman scattering.
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energy
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Figure 2.5: Energy-level diagram showing Rayleigh scattering and Stokes and Anti-
Stokes Raman scattering.

Raman spectroscopy allows an evaluation of the purity or the extent of covalent
functionalisation of CNTs to be made. Information can also be gained on the selec-
tivity of certain functionalisation reactions towards SWCNTSs of specific diameters or

chirality. A representative Raman spectrum of SWCNTSs excited at 632 nm is shown
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in Figure 2.6. The Raman spectra of SWCNTs typically have four main features; the
radial breathing mode (RBM) between 100-300 cm™*, the disorder mode (D band) be-
tween 1200-1400 cm ™!, the tangential mode (G band) between 1500-1600 cm ™! and the
D-band overtone (G’ band) between 2400-2800 cm~'. MWCNTSs display a very similar
spectrum to SWCNTSs, the primary difference being the lack of RBM bands which are

absent as the RBM signal from large diameter tubes is too weak to be seen.[264].

1.0 4
+

0.8- /G
S 06 G~
S RBM bands
> \4
2
b5 04
£

0.2

D band \I\j\/

T Ll - 1 y ] - 1

- -
400 800 1200 1600 2000 2400 2800 3200

Wavenumber (cm ')

Figure 2.6: A Raman spectrum of pristine SWCNTs showing the most characteristic
features: radial breathing mode (RBM), the D, G and G’ bands.

The RBM corresponds to the atomic vibration of the carbon atoms in the radial
direction and its frequency is directly linked to the reciprocal of the nanotube diameter.
The RBM mode can thus be used to determine the selectivity of certain functionali-
sation reactions towards particular SWCNTs.[50, 258] The D band arises due to the
presence of amorphous carbon impurities or because of the formation of defect sites on
the CNT as a result of covalent functionalisation. The G’ band feature arises from a

two-phonon second-order Raman scattering process,[264] and is generally more intense
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than the D-band because the second-order G’-band is symmetry allowed by momentum
conservation requirements, while the D-band only appears when there is a breakdown
in the in-plane translational symmetry.[265, 266] The G band consists of two compo-
nents; the G~ which is attributed to vibrations along the circumferential direction and
the GT which is associated with vibrations along the tube axis. G band splitting is
large for small diameter SWCNTSs, however for MWCNTSs the splitting is small and
smeared out because of the diameter distribution within MWCNTs and the G band
usually exhibits a weakly asymmetric lineshape.[267]

The ratio of the D to the G band is conventionally used in nanotube chemistry to
evaluate the purity or the extent of covalent functionalisation of CNTs.[22, 80, 268, 269
An enhancement in the intensity of the D band relative to the G band is associated with
successful functionalisation of CN'T's, while a decrease is associated with a reduction in

structural defects.

2.5 Fourier-Transform Infrared (FTIR) Spec-

troscopy

FTIR spectroscopy does not provide direct confirmation of covalent functionalisa-
tion or information on the degree of functionalisation but it can indicate the nature
of the functional groups present on the CNT surface and has been employed after
CNT oxidation to identify the presence of oxygen containing groups, such as carboxyl
groups.[25, 28, 65, 270, 271] This technique has also been used in the characterisation
of other functionalised CNTs and detection of a variety of functional groups includ-
ing amine, 32, 272] amide,[32, 273] hydroxyl,[272], ester,[30] dichlorocarbene[274] and
indolizine,[54] has been reported. The spectra of CNTs can be recorded using the ATR
or potassium bromide disc method. The FTIR spectrum of “as-received” CNTs has
been reported to have a strong and broad peak around 3430 cm™!, which is assigned
to the stretching vibrations of OH groups of adsorbed water and a peak at 1630 cm ™!
that is due to the C=C stretching (Figure 2.7).[25, 275, 276]
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Figure 2.7: FTIR spectrum of “as-received” CNTs recorded using the ATR method.

2.6 Transmission Electron Microscopy (TEM)

TEM is a microscopy technique that produces high-resolution, two-dimensional images.
Images are produced by illuminating an ultra-thin sample with an electron beam under
vacuum and detecting the electrons that are transmitted through the sample. The use
of electrons allows for imaging at a significantly higher resolution than light microscopes
due to the small wavelength of electrons. TEM therefore allows users to examine
detail on the nanoscale and as a result of this has become a important tool for the
morphological characterisation of nanomaterials. At low magnification, TEM of a
CNT sample can be used to measure CNT length and provide a crude assessment
of their purity,[277, 278], while at high magnification it is possible to measure their
diameter,[279] and to count the number of walls in MWCNTSs and the distance between
them.[280] TEM is also capable of identifying sidewall damage that could be caused

by functionalisation (Figure 2.8),[281] however the electrons used for imaging can also
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cause sidewall damage.[282]

Figure 2.8: High resolution TEM images of a (A) pristine MWCNT and (B) MWCNT
oxidised with sulphuric/nitric acid. The presence of amorphous carbon is indicated by
arrows and sidewall damage highlighted with circles. Reprinted from [281] with kind
permission from Springer Science and Business Media.
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Chapter 3

The Ionic Interaction of
Functionalised MWCNT's with

Amino Acids

3.1 Introduction

The functionalisation of carbon nanotubes as described in Chapter 1 is considered an
effective method to improve their dispersibility in water. In this chapter the MWCNTs
were covalently functionalised with both negatively and positively charged functional
groups through oxidation and diazonium reactions. Treatment of CNTs with nitric
acid has been widely reported as a straightforward method to simultaneously purify
and functionalise CNTs with primarily carboxylic acid groups.[26, 283, 284] The use of
these carboxylic acid groups as a basis for subsequent attachment or interaction with
other functionalising agents has been extensively exploited in nanotube chemistry.[30,
32, 285, 286] Diazonium chemistry, used for the attachment of aryl groups to the CNTs
has also been widely used as a functionalisation method due to the high reactivity of
the diazonium compounds.[86, 87, 287]

The subsequent ionic interactions of these functionalised MWCNTs with selected
amino acids in water was then investigated with a view to this further increasing the
aqueous dispersibility of the MWCNTs. This method has the advantage of potentially
improving MWCNT dispersibility without causing further disruption of the sp? net-
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work. The amino acid arginine in particular has previously been shown to enhance the
aqueous solubility of alkyl gallates,[288, 289] and small aromatic compounds [290, 291]
and to suppress the aggregation of proteins by binding to the protein through its
guanidino group.[292, 293]

Amino acids are composed of a basic amine and acidic carboxylic acid group as
well as a side chain unique to each one. They can be classified as acidic, neutral or
basic according to the charge on their side chain at neutral pH. Arginine and lysine
are basic amino acids with a guanidinium and amine group present in their side chain,
respectively. The structure of the amino acids and the pKa values of the a-carboxylic

acid, a-amine and side chain group are given in Figure 3.1.[294]
pK,;=12.48 —> NH 0

H,N Id OH -«—— pKa; =2.17

pKa, =9.04 —— NH,

pKd37 10.53 ——> H?N\/\/
OH —— pKa; =2.18

pKa, =8.95 —— NH,

Figure 3.1: Structure and pKa values of arginine (top) and lysine (bottom).

At low pH (<pKay) both these amino acids are fully protonated and carry a positive
charge of +2. Between pKa;<pH<pKa, the a-carboxylic acid loses its proton, so the
amino acid has a 41 positive charge. At pKas<pH<pK ag the a-amine loses its proton
and the zwitterion form is dominant (no net charge). The pH where an amino acid
has zero net charge is known as the isoelectric point (pl). The pl is an average of pKay
and pKag, hence the pl of arginine is 10.76 and lysine is 9.74.[294] Above pKagz the

amino acids are completely deprotonated and carry a negative charge of -1.
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Figure 3.2: Structures of arginine (1) and lysine (r) at their isoelectric points.

Glycine is the smallest and simplest amino acid, having only a hydrogen substituent
in its side chain. Taurine is an acid containing an amino group, however it has a sulfonic
acid group instead of a carboxyl group and is therefore termed an amino sulfonic acid.
The structure of the amino acids and the pKa values of the acid and amine groups are

given in Figure 3.3.[294]
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Figure 3.3: Structure and pKa values of glycine (top) and taurine (bottom).

As a result of their neutral side chains these amino acids are characterised by just
two pKa values; pKa; for the carboxylic acid and pKay for the amine. The average of
these pKa values gives a pl of 5.97 for glycine and 5.28 for taurine. The structures of

gylcine and taurine at their respective isoelectric points are shown in Figure 3.4.
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Figure 3.4: Structures of glycine (1) and taurine (r) at their isoelectric points.
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Glutamic acid is an acidic amino acid as a carboxylic acid group is present in its
side chain. The structure of glutamic acid and the pKa values of the a-carboxylic acid,

a-amine and side chain carboxylic acid are given in Figure 3.5.[294]

0O O

pK,p =425 —>HO OH=——pKa; =2.19
pKa; =9.67 — NH,

Figure 3.5: Structure and pKa values of glutamic acid.

At low pH (<2.19) glutamic acid is fully protonated and carries a net positive
charge. Between 2.19 <pH <4.25 the a-carboxylic acid loses its proton giving no net
charge and the zwitterion form is dominant. The average of pKa; and pKay gives
glutamic acid a pl of 3.22. At 4.25 <pH <9.67 the carboxylic acid group in the side
chain loses its proton and the amino acid carries a net negative charge. Above pH 9.67

the amino acid is completely deprotonated and carries a negative charge of -2.
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Figure 3.6: Structure of glutamic acid at its isoelectric point.

The functionalised MWCNTs were characterised by TGA, TEM, FTIR and Raman

spectroscopy and their dispersions in amino acid solution by UV-vis-NIR spectroscopy.

3.2 Oxidation of MWCNT's

The MWCNTs used in this procedure did not undergo any purification beforehand and
so were used “as received” (AR). The introduction of carboxylic acid groups to the sur-
face of the AR-MWCNT's was achieved by reflux in 6 M nitric acid in a similar method
to that reported previously (Figure 3.7).[26] The oxidative treatment was carried out
for 4, 8 and 16 h.
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6 M HNO;

Figure 3.7: Schematic representation of the generation of the carboxylic acid function-

alised MWCNTs.

As described in Section 1.7.1 some of the carboxylic acid functionalities generated
by treatment of MWCNTs with nitric acid are suggested to be present on oxidation
debris that is adsorbed onto the MWCNTSs. For this reason dilute base washing at
room temperature followed by an acid wash, as outlined in Section 6.3.3, has been
employed throughout this thesis for all MWCNT samples after oxidation to remove
this debris prior to further functionalisation. Base washing of the oxidised MWCNTs
produced a yellow/brown filtrate as has been reported previously (Figure 3.8).[76, 77]
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Figure 3.8: Photograph of the filtrate after washing oxidsed MWCNTSs with water (1)
and aqueous base (r).

3.2.1 Thermal Analysis

The degree of functionalisation of the oxidised MWCNTSs was estimated by thermo-
gravimetric analysis (TGA) in an inert helium atmosphere. The TGA results of the
oxidised MWCNTs for each reflux time are overlaid with that of the AR-MWCNTs for

comparison in Figure 3.9.
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Figure 3.9: TGA results of AR-MWCNTSs (black) and MWCNTs oxidised for 4 (red),
8 (green) and 16 hours (blue). All the samples were held at 120°C for 30 minutes and
then heated at a rate of 10°C min~! to 900°C.

The MWCNTs that had been oxidised for 4, 8 and 16 h displayed a weight loss
of 5.0, 6.5 and 8.0 % respectively at 600 °C when compared to the AR-MWCNTs.
The successive increase in mass loss with increasing oxidation duration indicates that

greater functionalisation is achieved with prolonged acid treatment.

3.2.2 TEM

TEM images of the acid treated MWCNTs after base washing are shown in Figure 3.10.
These images show that tube-like structures remain, indicating that the oxidation/base

washing procedure preserves the MWCN'T structure.
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Figure 3.10: TEM images of MWCNTs that have been oxidised in 6 M HNOj for 4
(top), 8 (middle) and 16 (bottom) h and subsequently base washed.
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3.2.3 UV-vis-NIR Spectroscopy

The oxidation of MWCNTs and so the introduction of carboxylic acid groups to the
surface would be expected to increase their dispersibility in water. To establish the
effect of reflux time on the dispersibility of the MWCNTSs, the UV-vis-NIR spectra

of the stable aqueous dispersions achieved before and after oxidation were recorded

(Figure 3.11).
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Figure 3.11: UV-vis-NIR spectra in aqueous solution of AR-MWCNTs (black) and
MWCNTSs oxidised in 6 M HNOj for 4 (red), 8 (green) and 16 h (blue) (diluted by a
factor of 30).

As stated in Section 2.3 absorption spectroscopy has been used to determine the
concentration of CNTs in a dispersion through the Beer Lambert law (Equation 2.1).
The extinction coefficient is firstly determined from the absorption values at a chosen

wavelength () of dispersions of known CNT concentrations. In this work the wave-
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length 700 nm was used, as this value of A has been used previously to calculate the
extinction coefficient of CNTs.[51, 263] As the AR-MWCNTSs are insoluble in water
the molar extinction coefficient was calculated by plotting the absorbance values at
A=700 nm for ten different known concentrations of AR-MWCNTSs in a 1% SDS aque-

ous solution to give a straight line graph as shown in Figure 3.12. The gradient from

the graph, and therefore the extinction coefficient, is equal to 28.9 mL mg~! cm™!

and this extinction coefficient was used throughout this thesis when determining the

concentration of MWCNTSs in solution.
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Figure 3.12: The recorded absorbance value at 700 nm versus MWCNT concentration
in a 1% SDS aqueous solution.

The dispersibility of the oxidised MWCNTs was therefore calculated from their UV-
vis NIR spectra (Figure 3.11) by using their respective absorbance values at A=700
nm and the molar extinction coefficient of 28.9 mL mg~! em™!, and the results are
given in Table 3.1. As expected, the AR material was completely insoluble, and the
oxidation procedure resulted in a considerable improvement in MWCNT dispersibility.
The MWCNTs that had undergone acid treatment for the greatest length of time (16
h) produced the most concentrated dispersion at 0.35 mg/mL, presumably due to the
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greater number of functional groups present.

Oxidation Duration (h) | MWCNT Concentration (mg/mL)
0 0
4 0.11
8 0.23
16 0.35

Table 3.1: Concentration (mg/mL) of AR and oxidised MWCNTSs in water.

The significant increase in dispersibility of the MWCNTs after oxidation is clearly
demonstrated in Figure 3.13 and is indicative of the successful functionalisation of the
MWCNTs.

|

Figure 3.13: Photograph of the stable dispersions of AR-MWCNTs and MWCNTs
oxidised in 6 M HNOj for 4, 8 and 16 h in water (diluted by a factor of 30) (I-r).

3.2.4 FTIR Spectroscopy

FTIR spectroscopy was employed to further characterise the nature of the functional
groups attached to the oxidised MWCNTSs. The FTIR spectra of the AR and oxidised
MWCNTs are compared in Figure 3.14. The spectra of all the oxidised MWCNTs
show the OH (3200-2800 cm 1), C=0 (1730 cm™?!) and C-O (1220 cm™?) stretches and
O-H (1390 cm™!) bend that are characteristic of carboxylic acid groups. These peaks
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are all absent in the spectrum of the AR-MWCNTSs, which indicates that oxidation
has introduced carboxylic acid groups to the MWCNTs.
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Figure 3.14: FTIR spectra of AR-MWCNTSs (black) and MWCNTSs oxidised in 6 M
HNOj for 4 (red), 8 (green) and 16h (blue).

3.2.5 Raman Spectroscopy

Evidence for the successful covalent functionalisation of CNTs is provided by Raman
spectroscopy. Raman spectra (excited at 532 nm) of the AR and oxidised MWCNTs,

normalised to the G band at ca. 1600 cm ™!, are shown in Figure 3.15 for comparison.
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Figure 3.15: Raman spectra (532 nm, 2.33 V) of AR-MWCNTs (black) and MWCNTs
oxidised in 6 M HNOj for 4 (red), 8 (green) and 16 h (blue) normalised at the G band.
Inset: the D band.

The calculated Ip/I¢ ratios for the AR and oxidised MWCNTSs from the Raman
spectra in Figure 3.15 are given in Table 3.2. As expected the oxidised MWCNTSs
display an increased Ip/I¢ when compared to the AR-MWCNTSs, which suggests the
covalent attachment of functional groups to the nanotube surface has occurred. The
successive increase in Ip/I¢ with oxidation duration is consistent with prolonged acid

treatment introducing a greater number of functional groups.
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Oxidation Duration (h) Ip/Ie Ratio
0 0.036 + 2.1 x 1073
4 0.047 £2.5x 1073
8 0.060 + 2.9 x 1073
16 0.069 4+ 2.3 x 1073

Table 3.2: 1p /I ratios of AR-MWCNTSs and oxidised MWCNTs.

3.3 Interaction of Oxidised MWCNTs with Amino
Acids

3.3.1 Basic Amino Acids: Arginine & Lysine

An aqueous solution of 0.5 M of the basic amino acids has a pH similar to their pl
so their zwitterionic form dominates. It was expected that the negatively charged
carboxylate anions on the oxidised MWCNT surface would interact with the positively
charged side chain groups of the basic amino acids (Figure 3.16) and increase the
dispersibility of the MWCNTSs in water.
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0.5 M Arginine

Figure 3.16: Schematic representation of the interaction of arginine and lysine with
oxidised MWCNTs.

Ultrasonic sonication of the oxidised MWCNTSs in 0.5 M solutions of the basic
amino acids resulted in the formation of black dispersions. Dilution of these disper-
sions by a factor of 30 allows the difference in MWCNT dispersibility between them
to be observed (Figure 3.17). The addition of acid to the dispersions was found to
cause complete precipitation of the MWCNTSs, suggesting that the dispersions are pH
dependent (Figure Appendix A.1).
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Figure 3.17: Photograph of the stable dispersions of 16 h oxidised MWCNTSs in water,
0.5 M lysine and arginine solutions (diluted by a factor of 30) (I-r).

3.3.1.1 UV-vis-NIR Spectroscopy

To determine the dispersibility of the oxidised MWCNTSs in the basic amino acid solu-
tions, the UV-vis-NIR spectra of the dispersions were recorded and are shown in Figure
3.18.
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Figure 3.18: UV-vis-NIR spectra of MWCNTSs oxidised in 6 M HNOj3 for 4 (red), 8
(green) and 16 h (blue) dispersed in 0.5 M arginine (dash) and 0.5 M lysine (dot) (all
diluted by a factor of 30 except 16 h arginine diluted by a factor of 100).

The dispersibility of the MWCNTs in the basic amino acid solutions was determined
from the absorbance values at 700 nm and by using the extinction coefficient of 28.9
mL mg~! em™?, as outlined in Section 3.2.3, and the results are given in Table 3.3 with

those for water for comparison.
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Oxidation Dura- | Conc. in Water | Conc. in 0.5 M | Conc. in 0.5 M Ly-
tion (h) (mg/mL) Arginine (mg/mL) | sine (mg/mL)

0 0 0 0

4 0.11 1.01 0.38

8 0.23 2.48 0.69

16 0.35 6.79 1.15

Table 3.3: Concentration (mg/mL) of AR and oxidised MWCNTSs in water and 0.5 M

arginine and lysine solutions.

3.3.2 Neutral Amino Acids: Glycine & Taurine

In aqueous solution the zwitterionic form of the neutral amino acids dominates and
it was again expected that the negatively charged carboxylate anions on the oxidised

MWCNT surface would interact with the positively charged amine groups of the neutral

amino acids to increase the dispersibility of the MWCNTs in water (Figure 3.19).
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3 M Glycine

0.5 M Taurine

Figure 3.19: Schematic representation of the interaction of glycine and taurine with
oxidised MWCNTs.

The UV-vis-NIR spectra (Figure 3.20) of the dispersions were used to determine
the concentration of MWCNTs as in Section 3.2.3. The addition of the neutral amino
acids improved the dispersibility of the oxidised MWCNTs, with taurine proving more
effective than glycine (Table 3.4). The neutral amino acids however were found to be
less effective than the basic amino acids at increasing MWCNT dispersibility (Table
3.3). The dispersions were again observed to be pH sensitive as acidification resulted
in the precipitation of the MWCNTs.
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Figure 3.20: UV-vis-NIR spectra of MWCNTs oxidised in 6 M HNOj for 4 (red), 8
(green) and 16 h (blue) dispersed in water (solid), 3 M glycine (dot) and 0.5 M taurine
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(dash) (diluted by a factor of 30).

Oxidation Dura- | Conc. in Water | Conc. in 3 M| Conc. in 05 M
tion (h) (mg/mL) Glycine (mg/mL) Taurine (mg/mL)
0 0 0 0

4 0.11 0.17 0.19

8 0.23 0.32 0.39

16 0.35 0.54 0.66

Table 3.4: Concentration (mg/mL) of oxidised MWCNTs in water, 3 M glycine and

0.5 M taurine solutions.
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3.3.3 Acidic Amino Acid: Glutamic Acid

The zwitterionic form of glutamic acid dominates in aqueous solution and so its ability

to interact with the negatively charged carboxylate anions on the oxidised MWCNT

surface and improve MWCNT dispersibility was investigated (Figure 3.21).

Figure 3.21: Schematic representation of the interaction of glutamic acid with oxidised
MWCNTs.

The UV-vis-NIR spectra (Figure 3.22) of the dispersions of the oxidised MWCNT's
in glutamic acid showed that the addition of the acidic amino acid resulted in the
MWCNTSs becoming completely insoluble. This result is presumably due to the acidic
nature of the solution which has previously been reported to result in aggregation of
oxidised MWCNTSs,[295] as protonation occurs at acidic pH, which leads to aggregation

due to van der Waals forces.[115]
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Figure 3.22: UV-vis-NIR spectra of MWCNTSs oxidised in 6 M HNOj3 for 4 (red), 8
(green) and 16 h (blue) dispersed in water (solid) and in 0.05 M glutamic acid (dash)
(diluted by a factor of 30).

3.4 Interaction of AR-MWCNTs with Amino Acids

In order to demonstrate the need for the presence of functional groups on the MWCNT
surface to interact with the amino acids for the purpose of improving MWCNT dis-
persibility, a control experiment was performed by dispersing the AR-MWCNTSs in
solutions of the basic, neutral and acidic amino acids. The resulting dispersions were
characterised by UV-vis-NIR spectroscopy (Appendix Figure A.2) which shows that the
presence of the amino acids alone does not effect the dispersibility of the MWCNTs

when compared to water, as can be clearly seen in Appendix Figure A.3.
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3.5 Benzoic Acid Functionalised MWCNT's

The covalent modification of MWCNTSs using diazonium chemistry has been achieved
through many different methods, as discussed in Section 1.7.1. Benzoic acid functional
groups were attached to the nanotube surface in this case through reaction of the
MWCNTs with a benzoic diazonium salt, which was generated by the addition of

isoamyl nitrite to 4-aminobenzoic acid (Figure 3.23).

Figure 3.23: Schematic representation of the functionalisation of MWCNTs with ben-
zoic acid.

3.5.1 Thermal Analysis

The TGA data of the benzoic acid functionalised MWCNTs (MWCNT-BA) shows an
additional weight loss of 14 % at 600 °C when compared to the AR-MWCNTs (Figure
3.24), which indicates that functionalisation of the MWCNTSs has occurred.
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Figure 3.24: TGA results of AR-MWCNTSs (black) and benzoic acid functionalised
MWCNTSs (blue). All the samples were held at 120°C for 30 minutes and then heated
at a rate of 10°C min~! to 900°C.

3.5.2 UV-vis-NIR Spectroscopy

The functionalisation of MWCNTs with carboxylic acid containing benzoic acid func-
tional groups was expected to facilitate the aqueous dispersion of the MWCNTs. From
the UV-vis-NIR spectra (Figure 3.25) and by using the method outlined in Section 3.2.3
it was determined that benzoic acid functionalisation improves MWCNT dispersibility

from 0 to 0.13 mg/mL.

66



Chapter 3. The lonic Interaction of Functionalised MWCNTs with Amino Acids

0.4 -
m
=
£  03-
=
o
[
S
8 024
[
©
o
S
o
28
2 01-
0.0

T T T T T T T T T
400 600 800 1000 1200

Wavelength (nm)

Figure 3.25: UV-vis-NIR spectra of AR-MWCNTs (black) and benzoic acid function-
alised MWCNTs in water (blue) (diluted by a factor of 30).

This clear difference in dispersibility, as Figure 3.26 shows, provides further evidence
that the functionalisation of the MWCNTSs has occurred.
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Figure 3.26: Photograph of the stable dispersions of AR-MWCNTSs and benzoic acid
functionalised MWCNTSs in water (I-r) (diluted by a factor of 30).

3.5.3 FTIR Spectroscopy

The FTIR spectra of the MWCNTs before and after functionalisation with benzoic
acid are shown overlaid in Figure 3.27. The peaks observed at 3200-2800, 1730 and
1220 cm~! after functionalisation are assigned to the OH, C=0 and C-O stretches,

respectively, of carboxylic acid groups.
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Figure 3.27: FTIR spectra of AR-MWCNTSs (black) and benzoic acid functionalised
MWCNTs (blue).

3.5.4 Raman Spectroscopy

The functionalised MWCNTs show an enhancement in the intensity of the D band at ca.
1350 cm™1!, as expected, when compared to the spectrum for the AR-MWCNTs (Figure
3.28). MWCNT-BA has a calculated Ip/I¢ ratio of 0.050 £ 3.0 x 1072 in comparison
to 0.036 + 2.1 x 1073 for the AR sample, which indicates that the introduction of

functional groups to the nanotube surface has occurred.
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Figure 3.28: Raman spectra (532 nm, 2.33 eV) of AR-MWCNTs (black) and benzoic
acid functionalised MWCNTSs (blue) normalised at the G band. Inset: the D band.

3.6 Interaction of Benzoic Acid Functionalised
MWCNTs with Amino Acids

The presence of carboxylic acid groups meant that MWCNT-BA was predicted to
interact with the amino acids in an analogous manner to the oxidised MWCNTs.
Consequently, it was also expected that the amino acids would effect MWCNT-BA
dispersibility in the same way as was observed for oxidised MWCNTs. Figure 3.29
displays the UV-vis-NIR spectra recorded for the dispersions of MWCNT-BA in the

amino acid solutions.
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Figure 3.29: UV-vis-NIR spectra of benzoic acid functionalised MWCNTs in water
(blue), 0.5 M arginine (red), lysine (green), taurine (magenta), 3 M glycine (grey) and
0.05 M glutamic acid (orange) (diluted by a factor of 30).

The dispersibility of MWCNT-BA in the different amino acid solutions was deter-
mined from the UV-vis-NIR spectra, as discussed in Section 3.2.3, and the results are
shown in Table 3.5. The dispersibility of MWCNT-BA in the amino acid solutions
followed the same trend as that observed for the oxidised MWCNTSs, with arginine
providing the greatest improvement, while glutamic acid rendered the MWCNTSs in-
soluble. The dispersions using the neutral and basic amino acids were also shown to
be pH dependent with the addition of acid leading to complete precipitation of the
benzoic acid functionalised MWCNTSs, as was found in Sections 3.3.1 and 3.3.2 for the
dispersions of the oxidised MWCNTs.
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Amino  Acid o ) ) . Glutamic
. Arginine Lysine Taurine Glycine .
Solution Acid
Conc.
1.2 0.52 0.40 0.32 0
(mg/mL)

Table 3.5: Concentration (mg/mL) of benzoic acid functionalised MWCNTSs in 0.5 M
arginine, lysine and taurine, 3 M glycine and 0.05 M glutamic acid solutions.

Figure 3.30: Photograph of the stable dispersions of benzoic acid functionalised MWC-
NTs in water and 0.5 M lysine and arginine solutions (l-r) (diluted by a factor of 30).

3.7 N,N-Dimethylethylenediaminium
alised MWCNTs

Function-

Direct coupling of N,N-dimethylethylenediamine (DMEN) with the carboxylic acid
groups of oxidised MWCNTs through amide bond formation was achieved using
1-[Bis(dimethylamino)methylene|-1H-1,2,3-triazolo[4,5-b]pyridinium 3-oxid hexafluo-
rophosphate (HATU) and N,N-diisopropylethylamine (DIPEA) to give MWCNTSs
functionalised with amine groups. The tertiary amine of the functionalised MWC-
NTs was then quaternerised using methyl iodide to give MWCNTSs functionalised with
positively charged functional groups (MWCNT-DMENT™) (Figure 3.31).
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HATU, DIPEA,
Anhydrous DMF

15 min

Figure 3.31: Schematic representation of the amidation of oxidised MWCNTs with
DMEN and the subsequent quaternisation of the tertiary amine.

3.7.1 Thermal Analysis

MWCNT-DMENT displays an additional weight loss of 19 % at 600 °C when compared
to the starting oxidised material (Figure 3.32), suggesting that further functionalisation
of the oxidised MWCNTSs has been successful.
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Figure 3.32: TGA results of AR (black), oxidised (blue) and DMENT functionalised
(orange) MWCNTSs. All the samples were held at 120°C for 30 minutes and then heated
at a rate of 10°C min~' to 900°C.

3.7.2 UV-vis-NIR Spectroscopy

The concentration of the these functionalised MWCNTSs in aqueous solution was cal-
culated from Figure 3.33, using the method as outlined in Section 3.2.3. The oxidised
MWCNTs used for coupling with DMEN could disperse at a concentration of 0.35
mg/mL, but after functionalisation with DMEN the dispersibility of the MWCNTs de-
creased to 0.15 mg/mL. The dispersion of MWCNT-DMEN was however observed to
be unstable and after two days the majority of the MWCNTSs had precipitated out of
solution to give a dispersion with a concentration of 5.7x107® mg/mL. Quaternisation
of the tertiary amine with methyl iodide to give MWCNT-DMENT™ resulted in aqueous
dispersions of negligible MWCN'T concentration.
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Figure 3.33: UV-vis-NIR spectra of oxidised (blue), DMEN after 1 day (green) and
2 days (red) and DMENT (orange) functionalised MWCNTs in water (diluted by a
factor of 30).
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Figure 3.34: Photograph of oxidised, DMEN after one day and DMENT functionalised
MWCNTSs in water (I-r).

3.7.3 FTIR Spectroscopy

The FTIR spectra of the oxidised and DMENT™ functionalised MWCNTS are given in
Figure 3.35. The peak observed at 1730 cm™! in the spectrum of the oxidised MWC-
NTs is attributed to the C=0 stretch of the carboxylic acid group. In the spectrum
of the amide functionalised MWCNTs the peak at 1730 cm™! is absent however the
appearance of a peak with lower frequency (1660 cm™') assigned to the amide carbonyl
(C=0) stretch is visible. Additionally, the apperance of peaks at 1573 and 1223 cm™*,
corresponding to N-H in-plane and C-N bond stretching, respectively, further indicates

the presence of the amide functional group.
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Figure 3.35: FTIR spectra of AR (black), oxidised (blue) and DMENT functionalised
MWCNTs (orange).

3.7.4 Raman Spectroscopy

The Raman spectra of MWCNT-DMENT shows no significant change in the intensity
of the D band when compared to the spectrum for the oxidised MWCNTSs (Figure 3.36).
As the D band represents the conversion of MWCNT carbon atoms from a sp? to a sp®
hybridisation state this result is expected because the reaction is taking place on the
carboxylic acid groups. The spectra therefore give comparable Ip /I ratios of 0.069

4+ 2.3 x 1072 and 0.066 + 2.7 x 1073 for oxidised MWCNTs and MWCNT-DMENT

respectively.
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Figure 3.36: Raman spectra (532 nm, 2.33 eV) of AR (black), oxidised (blue) and
DMENT (orange) functionalised MWCNTSs normalised at the G band.

3.8 Interaction of Amino Acids with N,N-
Dimethylethylenediaminium Functionalised
MWCNTs

The positively charged DMENT groups on the MWCNTSs were expected to interact
with the negatively charged groups of the basic, acidic and neutral amino acids that

were investigated previously to improve MWOCNT dispersibility as shown in Figure
3.37.
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0.5 M Arginine

0.05 M Glutamic Acid

0.5 M Taurine

Figure 3.37: Schematic representation of the interaction of basic arginine, acidic glu-
tamic acid and neutral taurine amino acids with MWCNT-DMENT.

The UV-vis-NIR spectra for the dispersions of MWCNT-DMENT in the selected
amino acid solutions are given in Figure 3.38. From Figure 3.38 it can be seen that

the amino acids did not have any significant effect on the dispersibility of MWCNT-

79



Chapter 3. The lonic Interaction of Functionalised MWCNTs with Amino Acids

DMENT which remained negligible.

0.007
0.006

2 0.005

c

=

2 0.004

S

Q

(3]

S 0.003

©

Ke)

[

9

2 0.002

<
0.001
0.000 |

T T T T T T T T T
400 600 800 1000 1200
Wavelength (nm)

Figure 3.38: UV-vis-NIR spectra of DMEN™ functionalised MWCNTSs in water (blue),
0.5 M arginine (red), lysine (green), taurine (magenta), 3 M glycine (grey) and 0.05 M
glutamic acid (orange).

3.9 MWCNT Thin Films

The observed ability of arginine to create highly exfoliated and stable dispersions of
oxidised MWCNTs was investigated for use in the preparation of MWCNT thin films.
The thin films were fabricated using the vacuum filtration method, as described in
Section 1.9.1. Dispersions of oxidised MWCNTSs in water and 0.5 M arginine solution
at a concentration of 1 and 2 mg/L with an overall volume of 50 mL were used to give
films of 191 and 382 nm thickness, respectively. The conductivity of the thin films is
attributed to the formation of a continuous CNT network, and so it was speculated
that the sheet resistance of the films fabricated from MWCNTs dispersed in arginine
would be less than that measured for water due to a better dispersion of the MWCNTs.
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Electrical measurements as outlined in Section 6.2.6 were performed on the thin films

produced and the results are given in Table 3.6.

Sheet Resistance (€2/sq)
Film Thickness (nm) | Water Arginine
191 (2.1 £ 0.1) x 10° (2.6 £ 0.03) x 107
382 (4.8 £ 0.2) x 102 (5.4 £ 0.4) x 102

Table 3.6: Electrical measurements of thin films that have been produced by vacuum
filtration of dispersions of oxidised MWCNTs in water and 0.5 M arginine.

From Table 3.6 it can be seen that doubling the concentration of the MWCNTSs
used decreases the sheet resistance of the films by an order of magnitude in both cases.
The use of arginine in the preparation of the MWCNT dispersions however was not
observed to result in a decrease of the sheet resistance of the films produced, when

compared to water.

3.10 Conclusion

Water dispersible CN'Ts have been obtained previously by the covalent attachment of
the amino acids taurine and lysine to carboxylic acid functionalised CNTs.[141, 143] In
this chapter, however, the ionic interaction of the amino acids arginine, lysine, glycine,
taurine and glutamic acid with MWCNTSs functionalised with negatively and posi-
tively charged functional groups was investigated in an attempt to increase MWCNT
aqueous dispersibility. Oxidative treatment of MWCNTs with 6 M nitric acid was
shown to be a mild, yet effective method for introducing carboxylic acid groups to the
surface, while a diazonium reaction was successful in functionalising MWCNTs with
carboxylic acid containing benzoic acid groups. N,N-dimethylethylenediaminium func-
tionalised MWCNTs were produced by the reaction of N, N-dimethylethylenediamine
with oxidised MWCNTSs and subsequent quarternisation of the amine group using
methyl iodide. These MWCNT functional groups were suitably charged in aqueous
solution to investigate their ionic interaction with the selected acidic, basic and neu-
tral amino acids. The inability of the amino acids to disperse AR-MWCNTSs indicates
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that successful dispersion of the MWCNTs with amino acids is dependent on an ionic
interaction between the amino acid and the functional groups on the nanotube surface.

The degree to which the amino acids improved functionalised MWCNT dispersibil-
ity varied with the number of functional groups present on the MWCNT surface; a
greater number of functional groups resulted in more interactions and so a dispersion
with a higher MWCNT concentration. Additionally, each amino acid was shown to
have a distinct capacity for improving MWCNT dispersibility, as variations in dis-
persion concentration were found for MWCNTSs that were functionalised to the same
extent. As the amino acids have the same general structure, this demonstrates the
importance of the side chain group in increasing the dispersibility of the functionalised
MWCNTs in the case of the basic amino acids and the superiority of the sulfonic acid
group over carboxylic acid for the neutral amino acids. Furthermore, it was found that
acidification of the basic and neutral amino acid assisted dispersions resulted in the
precipitation of the MWCNTSs, providing a simple method for removal of the MWCNT's
from solution.

Of the amino acids considered in this study arginine was found to provide the great-
est improvement in aqueous dispersibility for MWCNTs functionalised with carboxylic
acid groups, as shown in Figure 3.39, while no significant change in dispersibility was
observed for MWCNT-DMENT™ with any of the amino acids. As a result of the ob-
served exceptional ability of arginine to disperse MWCNTs; it was investigated for use
in the preparation of MWCNT dispersions for the fabrication of thin films. Thin films
of oxidised CNTs have been made previously, and it was shown that as the level of
CNT oxidation increased the electrical conductivity of the films decreased, due to the
resulting increase in structural defects.[230, 296] The thin films made in this chapter
were prepared using the vacuum filtration method from dispersions of the same con-
centration of oxidised MWCNTSs in both water and 0.5 M arginine solution. It was
found that doubling the concentration of MWCNTSs decreased the sheet resistance by
an order of magnitude in both cases, but the films made from the arginine dispersions
did not show a significant decrease in sheet resistance when compared to those made

using water.
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Dispersibility of 16h Oxidised MWCNTs (mg/mL)

)
I I I I I I
Water Arginine Lysine Glycine Taurine Glutamic Acid

MWCNT Dispersion Medium

Figure 3.39: The recorded dispersibility (mg/mL) of 16h oxidsed MWCNTSs in water
and amino acid solutions.
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Chapter 4

The Covalent Attachment of Amino
Acids to MWCNTs

4.1 Introduction

This chapter concerns the covalent functionalisation of MWCNTs with the amino acids
that were found to improve MWCNT dispersibility through ionic interactions in Chap-
ter 3. The formation of an amide bond between the amine group of the amino acids
and the carboxylic acid groups of oxidised MWCNTs was investigated first in order
to assess the consequences of the covalent attachment of the amino acids on MWCNT
dispersibility.

The basic amino acids, arginine and lysine, have two potential sites of reaction
with the oxidised MWCNTSs, owing to the presence of the a-amine and side chain
amine groups. Therefore to specifically form an amide bond using a particular amine
group of these amino acids it is necessary to use the commercially available protected
forms and remove the required protecting group from the amine before reaction. The
neutral amino acids glycine and taurine however have only one amine group through
which amide bond formation can occur, meaning protecting groups aren’t required and
functionalisation with them is more straightforward.

Once it was ascertained which amino acid caused the greatest improvement in
the dispersibility of the MWCNTSs, further methods to exploit this were investigated.
Firstly amine functionalised MWCNTSs were synthesised through coupling of ethylene-
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diamine to oxidised MWCNTs. The amine functionalised MWCNTs were then further
functionalised with mellitic acid, a hexacarboxylic acid, or poly(acrylic acid) (PAA),
a carboxylic acid containing polymer, through amide bond formation to give MWC-
NTs functionalised with many carboxylic acid groups. These carboxylic acid groups
were then reacted with the amino acid to attempt to improve MWCNT dispersibility
further.

Finally, as non-covalent wrapping of MWCNTs with PAA has previously been
shown to facilitate the dispersion of MWCNTSs in water,[208, 209] an amino acid
modified PAA derivative was prepared, again through amide bond formation, and

its effectiveness at dispersing MWCNTSs investigated.

4.2 Covalent Attachment of Basic Amino Acids to
Oxidised MWCNTs

The a-amine group of both the arginine and lysine used in this synthesis was protected
by the protecting group 9-fluorenylmethyl carbamate (Fmoc), while their side chains
were protected using 2,2,4,6,7-pentmethyl-2,3-dihydrobenzofuran-5-sulfonyl (Pbf) and
tert-butyloxycarbonyl (BOC) respectively. Fmoc is stable under acidic conditions but
is cleaved under mild basic conditions and Pbf and BOC are stable under basic con-
ditions but cleaved under acidic conditions. Basic piperidine, a secondary amine, is a
commonly used reagent for Fmoc deprotection and was used to free the a-amine group

whilst leaving the side chain groups protected (Figure 4.1).
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Figure 4.1: Schematic representation of the deprotection of the Fmoc protecting group
from arginine (top) and lysine (bottom).

MWCNTs were oxidised for 16h, as outlined in Section 3.2, to form car-
boxylic acid groups on the MWOCNT surface which were then deprotonated us-
ing N,N-diisopropylethylamine (DIPEA). The resulting carboxylate anions attack
1-[Bis(dimethylamino)methylene]-1H-1,2,3-triazolo[4,5-b]pyridinium 3-oxid hexafluo-
rophosphate (HATU) to form an active ester. This active ester then reacts with the
deprotected amine group of the amino acid, which results in the formation of an amide
bond between them. After the attachment of the protected amino acid to the MWCNT's
the Pbf/Boc protecting groups were removed using trifluoroacetic acid (TFA). Figure
4.2 gives an overview of the covalent attachment reaction to form MWCNT-Argininel
and MWCNT-Lysine.
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Anhydrous DMF

15 min

Figure 4.2: Schematic representation of amide bond formation between the a-amine
group of arginine (1) and lysine (r) to oxidised MWCNTSs to give MWCNT-Argininel
and MWCNT-Lysine respectively.
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Arginine was also covalently attached to oxidised MWCNTSs through its side chain
guanidinium group by firstly using TFA to remove the Pbf protecting group and then
following the same procedure for amide bond formation as described in Section 4.2.
Following the attachment of arginine the Fmoc protecting group on the a-amine group

was removed using piperidine to give MWCNT-Arginine2 (Figure 4.3).

NH 0} NH 0
HN J OH —— H)N N OH
| N H L
be HN N
\Fmoc \Fmo:
Fmoc-Arg(Pbf) Fmoc-Arg

Figure 4.3: Schematic representation of amide bond formation between the guani-
dinium group of arginine and oxidised MWCNTs to give MWCNT-Arginine2.
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4.2.1 Thermal Analysis

TGA of MWCNT-Argininel, MWCNT-Lysine and MWCNT-Arginine2 display a fur-
ther weight loss of 7, 9 and 12 % respectively at 600 °C when compared to the oxidised
MWCNTSs (Figure 4.4). This additional weight loss suggests that the attachment of
the amino acids to the carboxylic acid groups present on the MWCNT surface has

occurred.
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Figure 4.4: TGA results of AR-MWCNTSs (black), oxidised MWCNTSs (blue),
MWCNT-Argininel (red), MWCNT-Lysine (green) and MWCNT-Arginine2 (purple).
All the samples were held at 120°C for 30 minutes and then heated at a rate of 10°C
min~! to 900°C.

4.2.2 UV-vis-NIR Spectroscopy

As outlined in Section 3.2.3 the aqueous dispersibility of the functionalised MWC-
NTs can be determined from the UV-vis-NIR spectra (Figure 4.5). The aqueous dis-
persibility of the oxidised MWCNTSs is 0.35 mg/mL, however after functionalisation
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with the basic amino acids the concentration of MWCNT-Argininel, MWCNT-Lysine
and MWCNT-Arginine2 decreases to 0 mg/mL in water. Figure 4.6 shows this clear
decrease in MWCNT concentration and provides further evidence that the functional-
isation of the MWCNT's has occurred. The amino acid functionalised MWCNTSs can
however be dispersed in basic solution of pH 10, which is similar to the respective
isoelectric points of the amino acids (Figure 4.7). MWCNT-Argininel is the most dis-
persible at 0.24 mg/mL, while MWCNT-Lysine and MWCNT-Arginine2 disperse at
concentrations of 0.089 and 0.099 mg/mL, respectively, as is demonstrated in Figure
4.5, while the dispersibility of the oxidised MWCNTSs increases from 0.35 mg/mL to
0.42 mg/mL.

Absorbance (arb. units)

0.0 + — a—

T I T T
400 600 800 1000 1200

Wavelength (nm)

Figure 4.5: UV-vis-NIR spectra of oxidised MWCNTs (blue), MWCNT-Argininel
(red), MWCNT-Lysine (green) and MWCNT-Arginine2 (purple) in water (dashed)
and basic solution (solid) (diluted by a factor of 30).
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Figure 4.6: Photograph of the dispersions of oxidised MWCNTs, MWCNT-Argininel,
MWCNT-Lysine and MWCNT-Arginine2 in water (diluted by a factor of 30) (l-r).

Figure 4.7: Photograph of the dispersions of MWCNT-Argininel, MWCNT-Lysine
and MWCNT-Arginine2 in basic solutions with a pH equal to the respective isoelectric
points of the amino acids (diluted by a factor of 30) (l-r).

4.2.3 Raman Spectroscopy

The Raman spectra of the amino acid functionalised MWCNTSs show no significant

change in the intensity of the D band when compared to the spectrum for the oxidised
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MWCNTs (Figure 4.8). As the D band represents the conversion of MWCNT carbon
atoms from a sp? to a sp® hybridisation state this result is expected because further
functionalisation is taking place on the carboxylic acid groups already present on the
MWCNT surface. The spectra therefore give comparable Ip /15 ratios of 0.087 + 2.3 x
1073, 0.089 £ 3.1 x 1073, 0.087 £ 3.0 x 1073 and 0.090 =% 2.3 x 10~ for oxidised MWC-
NTs, MWCNT-Argininel, MWCNT-Lysine and MWCNT-Arginine2 respectively.
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Figure 4.8: Raman spectra (532 nm, 2.33 eV) of oxidised MWCNTSs (blue), MWCNT-
Argininel (red), MWCNT-Lysine (green) and MWCNT-Arginine2 (purple) normalised
at the G band.

4.2.4 Effect of Piperidine and TFA on Oxidised MWCNTsSs

In order to determine any effects the reagents that were used to deprotect the amino
acids could have on the MWCNTSs, a control experiment was performed by subject-
ing the oxidised MWCNTSs to the same conditions used in the deprotection steps.

The MWCNTSs were then isolated using the same procedure given for the amino acid
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modified MWCNTSs. The resulting material was characterised using thermal anaylsis,
Raman and UV-vis-NIR spectroscopy. The Raman and UV-vis-NIR spectra and TGA
plot are shown in Appendix C. Overall the data shows that the piperidine and TFA
had no effect on the oxidised MWCNTs.

4.3 Covalent Attachment of Neutral Amino Acids
to Oxidised MWCNTs

The process to attach glycine and taurine to oxidised MWCNTs is more straightfor-
ward than for arginine and lysine as these neutral amino acids have only one amine
group through which they can form an amide bond with the MWCNTSs. The reaction
between the amine group of the amino acids and the carboxylic acid groups of oxidised
MWCNTs to form an amide bond then occurs as described previously in Section 4.2
(Figure 4.9).
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HATU, DIPEA,
Anhydrous DMF

Figure 4.9: Schematic representation of the covalent attachment of glycine (1) and
taurine (r) to oxidised MWCNTs through amide bond formation to give MWCNT-
Glycine and MWCNT-Taurine respectively.

4.3.1 Thermal Analysis

TGA of MWCNT-Glycine and MWCNT-Taurine shows a further weight loss of 10 and
7 % respectively at 600 °C when compared to the oxidised MWCNTSs. This additional
weight loss suggests that the addition of glycine and taurine to the carboxylic acid

groups on the MWCNT surface has occurred.
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Figure 4.10: TGA results of AR-MWCNTSs (black), oxidised MWCNTs (blue),
MWCNT-Glycine (grey) and MWCNT-Taurine (magenta). All the samples were held
at 120°C for 30 minutes and then heated at a rate of 10°C min~! to 900°C.

4.3.2 UV-vis-NIR Spectroscopy

The concentration of functionalised MWCNTSs in water was determined from the UV-
vis-NIR spectra (Figure 4.11) as outlined in Section 3.2.3. The oxidised MWCNTs
could be dispersed at a concentration of 0.35 mg/mL, however after functionalisation
with glycine and taurine the aqueous dispersibility of the MWCNTSs increased to 0.37
and 0.92 mg/mL, respectively.
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Figure 4.11: UV-vis-NIR spectra in water of oxidised MWCNTs (blue), MWCNT-
Glycine (grey) and MWCNT-Taurine (magenta).
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Figure 4.12: Photograph of the dispersions of oxidised MWCNTs, MWCNT-Glycine
and MWCNT-Taurine (I-r).

4.3.3 Raman Spectroscopy

The Raman spectra of the amino acid functionalised MWCNTSs show no significant
change in the intensity of the D band when compared to the spectrum for the oxidised
MWCNTs (Figure 4.13), and so similar Ip /I ratios of 0.087 + 2.3 x 1073, 0.086 + 2.8
x 1073 and 0.088 & 3.2 x 1073 are observed for oxidised MWCNTs, MWCNT-Glycine
and MWCNT-Taurine respectively. This outcome is anticipated as the amino acids are
attached through the carboxylic acid groups already present on the MWCNTs.
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Figure 4.13: Raman spectra (532 nm, 2.33 eV) of oxidised MWCNTs (blue), MWCNT-
Glycine (grey) and MWCNT-Taurine (magenta) normalised at the G band.

4.4 Covalent Functionalisation of MWCNTs with
Mellitic Acid

The approach adopted for the attachment of mellitic acid to MWCNTs initially in-
volved modifying oxidised MWCNTs with amine groups (Figure 4.14). Amine func-
tionalisation was achieved by using HATU to couple the carboxylic acid groups with
the simple alkyl chain diamine, ethylenediamine. The formation of an amide bond
between the amine-functionalised carbon nanotubes and the carboxyl groups of mel-
litic acid was again facilitated by HATU and resulted in mellitic acid functionalised
MWCNTs (MWCNT-Mellitic). The free carboxyl groups of MWCNT-Mellitic were
further modified with taurine by again forming an amide bond between them to give
MWCNT-MelliticTaurine.

98



Chapter 4. The Covalent Attachment of Amino Acids to MWCNTs

HATU, DIPEA,
Anhydrous DMF

HzN /\/ NH2

HATU, DIPEA,

Anhydrous DMF Mellitic acid

Figure 4.14: Schematic representation of the covalent attachment of mellitic acid to
amine functionalised MWCNTSs through amide bond formation.

4.4.1 Thermal Analysis

The amine functionalised MWCNTs (MWCNT-Amine) display a weight loss of 2 %
when compared to the oxidised MWCNTs and MWCNT-Mellitic shows a further weight
loss of 9 % at 600 °C when compared to MWCNT-Amine (Figure 4.15). This addi-
tional weight loss suggests that the attachment of mellitic acid to the amine groups
present on the MWCNT surface has occurred. A further weight loss of 3 % at 600 °C
is shown when MWCNT-MelliticTaurine is compared to MWCNT-Mellitic indicating

that modification of the mellitic acid groups with taurine has been successful.
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Figure 4.15: TGA results of AR-MWCNTSs (black), oxidised MWCNTs (blue),
MWCNT-Amine (red), MWCNT-Mellitic (green) and MWCNT-MelliticTaurine (pur-
ple). All the samples were held at 120°C for 30 minutes and then heated at a rate of
10°C min~! to 900°C.

4.4.2 UV-vis-NIR Spectroscopy

Using the absorbance values at 700 nm from the UV-vis-NIR spectra (Figure 4.16),
and the extinction coefficient as described in Section 3.2.3, the functionalisation of the
oxidised MWCNTs with amine groups was calculated to decrease their dispersibility
from 0.35 to 0.14 mg/mL. However, the reaction of MWCNT-Amine with mellitic
acid increases dispersibility to 0.51 mg/mL, and the subsequent functionalisation of

MWCNT-Mellitic with taurine improves dispersibility even further to 0.94 mg/mL.
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Figure 4.16: UV-vis-NIR spectra in water of oxidised MWCNTs (blue), MWCNT-
Amine (red), MWCNT-Mellitic (green) and MWCNT-MelliticTaurine (purple).

4.4.3 Raman Spectroscopy

The Raman spectra of the functionalised MWCNTs show no significant change in the
intensity of the D band when compared to the spectrum for oxidised MWCNTSs (Figure
4.17). As the further reactions required the use of the carboxylic acid groups already
present on the MWCNTSs this result is anticipated and the spectra give comparable
Ip /I ratios of 0.087 £ 2.3 x 1073, 0.085 £+ 2.9 x 1073, 0.088 £ 2.1 x 1072 and 0.088 =+
1.9 x 1072 for oxidised MWCNTs, MWCNT-Amine, MWCNT-Mellitic and MWCNT-

MelliticTaurine respectively.
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Figure 4.17: Raman spectra (532 nm, 2.33 eV) of oxidised MWCNTs (blue), MWCNT-
Amine (red) MWCNT-Mellitic (green) and MWCNT-MelliticTaurine (purple) nor-
malised at the G band.

4.5 Functionalisation of MWCNTs with Taurine
Modified Poly(acrylic acid)

Functionalisation of MWCNTSs with taurine modified PAA was achieved through both

covalent and non-covalent means as outlined in Sections 4.5.1 and 4.5.2.

4.5.1 Covalent

To covalently functionalise MWCNTSs with taurine modified PAA, oxidised MWCNTs
were modified with amine groups as described in Section 4.4 and PAA attached through
amide bond formation to give MWCNT-PAA (Figure 4.18). Once covalently attached

the carboxylic acid groups of PAA were modified with taurine, again through amide
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bond formation, resulting in MWCNT-PA ATaurine.

HATU, DIPEA,
Anhydrous DMF

HATU, DIPEA,
Anhydrous DMF \L

Figure 4.18: Schematic representation of the covalent attachment of PAA to MWCN'Ts
through amide bond formation.

4.5.1.1 Thermal Analysis

TGA of MWCNT-PAA displays a weight loss of 22 % at 600 °C when compared to
MWCNT-Amine (Figure 4.19). This additional weight loss suggests that the attach-
ment of PAA to the amine groups present on the MWCNT surface has occurred. A
further weight loss of 7 % at 600 °C is shown when MWCNT-PAATaurine is compared

103



Chapter 4. The Covalent Attachment of Amino Acids to MWCNTs

to MWCNT-PAA indicating that modification of the PAA groups with taurine has

been successful.
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Figure 4.19: TGA results of AR-MWCNTSs (black), oxidised MWCNTs (blue),
MWCNT-Amine (red), MWCNT-PAA (green) and MWCNT-PAATaurine (purple).
All the samples were held at 120°C for 30 minutes and then heated at a rate of 10°C
min~! to 900°C.

4.5.1.2 UV-vis-NIR Spectroscopy

Using the same method as described in Section 3.2.3, the aqueous dispersibility of
MWCNT-Amine was determined to be 0.14 mg/mL, however after functionalisation
with PAA the dispersibility of the MWCNTs increases to 0.82 mg/mL. Further derivati-
sation of PAA with taurine improves the dispersibility of the MWCNTSs to 1.43 mg/mL
in water (Figure 4.20).
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Figure 4.20: UV-vis-NIR spectra in water of oxidised MWCNTs (blue) and MWCNT-
Amine (red), MWCNT-PAA (green) and MWCNT-PAATaurine (purple).

4.5.1.3 Raman Spectroscopy

The Raman spectra of the polymer functionalised MWCNTs show no significant change
in the intensity of the D band when compared to the spectrum for MWCNT-Amine
(Figure 4.21). This result is expected because the additional reactions involve the
amine groups already present on the MWCNT surface. The spectra therefore give
comparable Ip /I ratios of 0.087 4 2.3 x 1073, 0.085 4+ 2.9 x 1073, 0.086 + 2.0 x 103
and 0.089 & 1.6 x 1073 for oxidised MWCNTs, MWCNT-Amine, MWCNT-PAA and
MWCNT-PA ATaurine respectively.
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Figure 4.21: Raman spectra (532 nm, 2.33 eV) of oxidised MWCNTs (blue), MWCNT-
Amine (red), MWCNT-PAA (green) and MWCNT-PAATaurine (purple) normalised
at the G band.

4.5.2 Non-Covalent

The carboxylic acid groups of PAA were reacted with taurine in the presence of HATU
to give taurine modified PAA (PAA-Taurine) (Figure 4.22). The MWCNTSs were then
dispersed in a 1 wt% aqueous solution of the modified polymer using an ultrasonic bath

for 30 minutes to give MWCNTSs non-covalently functionalised with PAA-Taurine.
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Figure 4.22: Schematic representation of the covalent attachment of taurine to PAA
through amide bond formation and the non-covalent functionalisation of MWCNTs
with the resulting modified polymer.

4.5.2.1 UV-vis-NIR Spectroscopy

The dispersibility of the MWCNTSs in 1 wt% PAA was determined to be 0.04 mg/mL
from the UV-vis-NIR spectra (Figure 4.23), by using the method outlined in Section
3.2.3. The dispersion of the MWCNTSs in 1 wt% PAA-Taurine however was found to
significantly improve MWCNT dispersibility to 0.20 mg/mL. It was also observed that
it was not possible to disperse MWCNTSs in a 0.5 M aqueous taurine solution that
contained 1 wt% PAA, suggesting the covalent modification of PAA with taurine is
necessary to improve MWCNT dispersibility.
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Figure 4.23: UV-vis-NIR spectra of AR-MWCNTSs dispersed in 0.5 M taurine/1 wt%
PAA solution (red), 1 wt% PAA (blue) and 1 wt% PAA-Taurine (magenta) (diluted
by a factor of 3).

The considerable improvement that non-covalent functionalisation with PAA-

Taurine has over PAA on MWCNT dispersibility is demonstrated in Figure 4.24 and

indicates that the modification of PAA with taurine has been successful.
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Figure 4.24: Photograph of the dispersion of MWCNTSs in 1 wt% PAA (1) and 1 wt%
PAA-Taurine (r) (diluted by a factor of 3).

4.6 Conclusion

In summary, the covalent attachment of selected basic and neutral amino acids to
oxidised MWCNTSs has been achieved through amide bond formation. The functional-
isation of oxidised MWCNTs with the basic amino acids arginine and lysine however
was found to render the MWCNTs insoluble in aqueous solution and significantly de-
crease the dispersibility of the MWCNTSs in basic solution from the level observed for
oxidised MWCNTs. This result is in direct contrast to a previous study of lysine func-
tionalised MWCNTs, that were derived from oxidised MWCNTSs via the acyl chloride,
which could produce stable aqueous concentrations nearly two orders of magnitude
higher than the oxidised MWCNTSs and were dispersible over the pH range 5-14.[143]
The attachment of the neutral amino acids glycine and taurine on the other hand
was found to increase MWCNT aqueous dispersibility beyond that observed simply
by oxidation, with the UV-vis-NIR spectra indicating that taurine provided the most
significant improvement. The covalent attachment of taurine to oxidsed SWCNTs has
previously been reported to increase SWCNT concentration to 1.3 mg/mL in water at
pH 7,[141] however glycine functionalised SWCNTS, produced from fluoronanotubes,
have previously been found to show no solubility in water across all pH values.[142]
In order to exploit the ability of taurine to improve MWCNT aqueous dispersibil-

ity, MWCNT's were covalently functionalised with the carboxylic acid containing com-
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pounds mellitic acid and PAA, which were themselves subsequently functionalised with
taurine through amide bond formation. The attachment of the carboxylic acid con-
taining compounds was found to improve MWCNT dispersibility beyond that observed
by oxidation, while their subsequent modification with taurine improved MWCNT dis-
persibility even further.

MWCNTs were also non-covalently functionalised with a taurine modified polymer
that was sythesised through amide bond formation between PAA and taurine. The
dispersion of MWCNTSs in a 1 wt% solution of PAA-Taurine resulted in a fivefold
increase in MWCNT dispersibility over that achieved with just 1 wt% PAA to 0.20
mg/ml. A previous investigation has however reported that much a higher concentra-
tion of 1 mg/mL MWCNTSs can be achieved by non-covalent wrapping with unmodified
PAA.[207]
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Chapter 5

The Functionalisation of MWCNT's
with Hydroxy Groups

5.1 Introduction

This chapter involves the covalent functionalisation of MWCNTs with compounds con-
taining the hydroxy functional group. Alpha-hydroxy acids (AHAs) consist of a car-
boxylic acid with a hydroxy group on the adjacent carbon. Glycolic and citric acid
(Figure 5.1) are common and simple AHAs that have one and three carboxylic acid
groups respectively. Amine functionalised MWCNTSs were generated from the reaction
of oxidised MWCNTs with ethylenediamine and glycolic and citric acid were attached
to these amine functionalised MWCNTs through amide bond formation.

(0} OH
[0} (0] (0]
)J\/ OH
HO HO OH
OH

Figure 5.1: Structures of glycolic acid (1) and citric acid (r).

Next the ability of pyridine functionalised MWCNTSs to act as the starting point
for the covalent attachment of hydroxy group containing compounds was investigated.
Pyridine was covalently attached to the carbon nanotube surface through a diazonium

reaction, then the nitrogen of pyridine was used to displace bromine from a series of
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bromoalcohols. Following the success of these reactions the attachment of the bromo
substituted derivatives of the ribonucleosides uridine and adenosine (Figure 5.2) was

considered using the same method.

0 NH,
Br
NH /N XN
| /K " 4< |
/

N 6) N N

o 0

HO
HO oH
OH

HO HO

Figure 5.2: Structures of 5-bromouridine (1) and 8-bromoadenosine (r).

The pyridine functionalised MWCNTs were further employed as the basis for the
attachment of the simple sugars ribose, fructose and sucrose. This was achieved through
the reaction of pyridine with bromoacetyl bromide and then displacement of bromine
by the selcted sugar. Finally, the water-soluble polymer poly(ethylene glycol) (PEG),
a polymer of ethylene oxide terminated with alcohol groups, was covalently attached

to pyridine functionalised MWCNTSs in the same manner as the sugars.

5.2 Covalent Attachment of Alpha Hydroxy Acids
to Oxidised MWCNT's

The AHAs were covalently attached to MWCNTSs by the reaction of a carboxylic acid
group of the AHAs with amine functionalised MWCNTSs as outlined in Figure 5.3.
Firstly, the carboxylic groups of oxidised MWCNTs are deprotonated using DIPEA and
then activated by HATU. The addition of an excess of ethylenediamine then results
in the formation of amine functionalised MWCNTs which can then react with the

carboxylic acid group of the AHAs to form an amide bond.
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HATU, DIPEA, NH,
Anhydrous DMF HZN/\/

Glycolic Acid HATU, DIPEA, Citric Acid
Anhydrous DMF

Figure 5.3: Schematic representation of the functionalisation of MWCNTs with glycolic
acid and citric acid to give MWCNT-Glycolic (1) and MWCNT-Citric (r).
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5.2.1 Thermal Analysis

TGA of amine functionalised MWCNTs displays an additional weight loss of 2 % at
600 °C when compared to the oxidised MWCNTSs (Figure 5.4). This increased weight
loss suggests that the attachment of the amine groups to the MWCNTSs has occurred.
Further weight losses of 2 and 6 % at 600 °C are observed when MWCNT-Glycolic
and MWCNT-Citric, respectively, are compared to MWCNT-Amine, indicating that

the reaction of the amine groups with glycolic and citric acids has been successful.
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Figure 5.4: TGA results of AR-MWCNTs (black), oxidised MWCNTSs (blue),
MWCNT-Amine (red), MWCNT-Glycolic (green) and MWCNT-Citric (orange). All
the samples were held at 120°C for 30 minutes and then heated at a rate of 10°C min~*

to 900°C.

5.2.2 UV-vis-NIR Spectroscopy

By applying the Beer Lambert law, as described in Section 3.2.3, the UV-vis-NIR
spectra (Figure 5.5) show that the functionalisation of the oxidised MWCNTs with
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ethylenediamine was found to result in a significant decrease in MWCNT dispersibility
from 0.35 to 0.14 mg/mL. Subsequent functionalisation of MWCNT-Amine with gly-
colic and citric acid however improved the dispersibility of the MWCNTSs to 0.24 and
0.43 mg/mL, respectively, as shown in Figure 5.6.
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Figure 5.5: UV-vis-NIR spectra in water of oxidised MWCNTs (blue), MWCNT-Amine
(red), MWCNT-Glycolic (green) and MWCNT-Citric (orange) (diluted by a factor of
30).
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Figure 5.6: Photograph of the dispersions of MWCNT-Glycolic and MWCNT-Citric
in water (I-r).

5.2.3 Raman Spectroscopy

The Raman spectra of the alpha hydroxy acid functionalised MWCNTSs show no sig-
nificant change in the intensity of the D band when compared to the spectrum for
MWCNT-Amine (Figure 5.7). This result is expected because the AHAs are attached
to the MWCNTSs through the amine groups already present on the MWCNT surface.
The spectra therefore give comparable Ip /I ratios of 0.087 + 2.3 x 1073, 0.085 + 2.9
x 1073, 0.087 £ 2.8 x 1072 and 0.09 £ 3.2 x 103 for oxidised MWCNTs, MWCNT-
Amine, MWCNT-Glycolic and MWCNT-Citric respectively.
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Figure 5.7: Raman spectra (532 nm, 2.33 eV) of oxidised MWCNTs (blue), MWCNT-
Amine (red), MWCNT-Glycolic (green) and MWCNT-Citric (orange) normalised at
the G band.

5.3 Covalent Functionalisation of MWCNTs with
Pyridine

Pyridine groups were attached to the nanotube surface by reacting the MWCNT's with
a pyridinium diazonium salt, which was prepared by the addition of isoamyl nitrite
to 4-aminopyridine in HCI.[51] The acidic conditions of the reaction ensure that the
pyridine nitrogen is protonated prior to generation of the diazonium salt, preventing

oxidation (Figure 5.8).
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Isoamy] nitrite/HCI
DMF, 60°C, 16 h

NaOH

Figure 5.8: Schematic representation of the functionalisation of MWCNTs with pyri-
dine.

5.3.1 Thermal Analysis

The TGA data of the pyridine functionalised MWCNTs (MWCNT-Pyridine) shows
a further weight loss of 3 % at 600 °C when compared to the AR-MWCNTSs (Figure
5.9), which corresponds to the presence of 1 functional group per 213 carbon atoms.
These values are significantly less than the 18 % weight loss (1 functional group per 30
carbon atoms) reported previously for SWCNTs.[51]
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Figure 5.9: TGA results of AR (black) and pyridine functionalised (purple) MWCNTs.
All the samples were held at 120°C for 30 minutes and then heated at a rate of 10°C
min~! to 900°C.

5.3.2 UV-vis-NIR Spectroscopy

The UV-vis-NIR spectra of the AR-MWCNTs and MWCNT-Pyridine are given in
Figure 5.10 and by using the absorption values at 700 nm and the extinction coefficient
of 28.9 mL mg~! em™!, as outlined in Section 3.2.3, the concentration of MWCNTSs
in solution can be determined. Functionalisation with pyridine does not facilitate the
dispersion of the MWCNTSs in water, however an increase in DMF' dispersibility from
0 to 1.4 pg/mL was observed. The observed dispersibility of MWCNT-Pyridine in
DMEF is however considerably less than the 163 pg/mL concentration reported before
for pyridine functionalised SWCNTs.[51] This improvement in DMF dispersibility can
be clearly seen in Figure 5.11 and suggests that the functionalisation of the MWCNT's

has been successful.
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Figure 5.10: UV-vis-NIR spectra of AR-MWCNTSs in water (black) and DMF (red)
and MWCNT-Pyridine in water (blue) and DMF (purple).

Figure 5.11: Photograph of the dispersion of AR-MWCNTs and MWCNT-Pyridine in
DMF (I-r).
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5.3.3 Raman Spectroscopy

The pyridine functionalised MWCNTs show an enhancement in the intensity of the
D band at ca. 1350 cm™! as expected when compared to the spectrum for the AR-
MWCNTs (Figure 5.12). MWCNT-Pyridine has a calculated 1p/Is ratio of 0.045 +
1.4 x 1073 in comparison to 0.036 4 2.1 x 1073 for the AR-MWCNTSs, which indicates
that the introduction of pyridine groups to the nanotube surface has occurred. The
Ip/1¢ ratios observed for AR-MWCNTs and MWCNT-Pyridine are appreciably lower
than the previously reported Ip /I ratios of 0.14 and 0.41 for unmodified and pyridine
functionalised SWCNTs respectively.[51]
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Figure 5.12: Raman spectra (532 nm, 2.33 eV) of AR-MWCNTs (black) and MWCNT-
Pyridine (purple) normalised at the G band. Inset: the D band.
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5.4 Hydroxy Functionalised MWCNTs

Pyridine functionalised MWCNTSs were synthesised as described in Section 5.3. The
pyridine nitrogen was then used to displace bromine from the bromoalcohols, 2-
bromoethanol, 3-bromo-1,2-propanediol and 2-(bromomethyl)-2-(hydroxymethyl)-1,3-
propanediol, to give products MWCNT-Hydroxy, MWCNT-Diol and MWCNT-Triol,

respectively, as shown in Figure 5.13.
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Figure 5.13: Schematic representation of the reaction of 2-bromoethanol, 3-bromo-1,2-
propanediol and 2-(bromomethyl)-2-(hydroxymethyl)-1,3-propanediol with MWCNT-
Pyridine to give MWCNT-Hydroxy, MWCNT-Diol and MWCNT-Triol, respectively.

5.4.1 Thermal Analysis

TGA of MWCNT-Hydroxy, MWCNT-Diol and MWCNT-Triol display a weight loss of
1.7, 2.0 and 2.5 %, respectively, at 600 °C when compared to the pyridine functionalised
MWCNTs (Figure 5.14). This additional weight loss suggests that the reaction of 2-
bromoethanol, 3-bromo-1,2-propanediol and 2-(bromomethyl)-2-(hydroxymethyl)-1,3-
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propanediol with the pyridine groups present on the MWCNT surface has occurred.
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Figure 5.14: TGA results of AR-MWCNTSs (black), MWCNT-Pyridine (purple),
MWCNT-Hydroxy (blue), MWCNT-Diol (red) and MWCNT-Triol (green). All the
samples were held at 120°C for 30 minutes and then heated at a rate of 10°C min~! to

900°C.

5.4.2 UV-vis-NIR Spectroscopy

The hydroxy functionalised MWCNTSs can be dispered in water through probe sonica-
tion, and the UV-vis-NIR spectra of these dispersions are shown in Figure 5.15. The
concentration of MWCNT-Pyridine, MWCNT-Hydroxy, MWCNT-Diol and MWCNT-
Triol in water after probe sonciation was determined from their UV-vis-NIR spectra,
as outlined in Section 3.2.3, and the results are given in Table 5.1. All of the hydroxy
functionalised MWCNTSs display an improved dispersibility in water, when compared
to MWCNT-Pyridine. The highest concetration recorded was for the MWCNT-Triol,

which is presumably due to the greater number of hydroxy functional groups present.
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Figure 5.15: UV-vis-NIR spectra of the dispersions of MWCNT-Pyridine (purple),
MWCNT-Hydroxy (blue), MWCNT-Diol (red) and MWCNT-Triol (green) in water

after probe sonication.

MWCNT Sample | MWCNT Concentration (ug/mL)
Pyridine 0
Hydroxy 1.9
Diol 2.5
Triol 2.9

Table 5.1:  Concentration (pg/mL) of MWCNT-Pyridine, MWOCNT-Hydroxy,
MWCNT-Diol and MWCNT-Triol in water after probe sonication.

5.4.3 Raman Spectroscopy

The Raman spectra of the series of hydroxy functionalised MWCNT's are shown overlaid
for comparison with the spectrum of MWCNT-Pyridine in Figure 5.16. The spectra
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show no significant change in the intensity of the D band when compared to the spec-
trum for MWCNT-Pyridine and so give similar Ip/Ig ratios of 0.063 4 1.4 x 1073,

0.065 £ 2.0 x 1073, 0.062 & 1.9 x 1073 and 0.063 % 2.4 x 1073 for MWCNT-Pyridine,
MWCNT-Hydroxy, MWCNT-Diol and MWCNT-Triol respectively.
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Figure 5.16: Raman spectra (532 nm, 2.33 eV) of MWCNT-Pyridine (purple),
MWCNT-Hydroxy (blue), MWCNT-Diol (red) and MWCNT-Triol (green) normalised
at the G band.

5.5 Ribonucleoside Functionalised MWCNTSs

Following on from the successful further functionalisation of MWCNT-Pyridine by us-
ing the pyridine nitrogen to displace bromine from a series of bromoalcohols (Section
5.4), the same method was tried with the bromo-substituted ribonucleoside deriva-
tives, b-bromouridine and 8-bromoadenosine to give MWCNT-Uridine and MWCN'T-

Adenosine, respectively, as outlined in Figure 5.17.
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>

8-Bromoadenosine

Figure 5.17: Schematic representation of the reaction of 5-bromouridine and 8-
bromoadenosine with MWCNT-Pyridine to give MWCNT-Uridine (top) and MWCNT-
Adenosine (bottom), respectively.

5.5.1 Thermal Analysis

TGA of MWCNT-Uridine and MWCNT-Adenosine both display a further weight loss
of 4 % at 600 °C when compared to the pyridine functionalised MWCNTSs (Figure 5.18).
This additional weight loss suggests that the attachment of uridine and adenosine to

the pyridine groups present on the MWCNT surface has occurred.
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Figure 5.18: TGA results of AR-MWCNTSs (black), MWCNT-Pyridine (purple),
MWCNT-Uridine (orange) and MWCNT-Adenosine (blue). All the samples were held
at 120°C for 30 minutes and then heated at a rate of 10°C min~! to 900°C.

5.5.2 UV-vis-NIR Spectroscopy

MWCNT-Pyridine is insoluble in water, however after functionalisation with uridine
and adenosine the MWCNTSs can be dispersed in water through probe sonication. An
MWCNT concentration of 1.5 and 0.4 ug/mL was determined from the UV-vis-NIR
spectra (Figure 5.19), as outlined in Section 3.2.3, for MWCNT-Uridine and MWCNT-

Adenosine, respectively.
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Figure 5.19: UV-vis-NIR spectra of the dispersions of MWCNT-Pyridine (purple),
MWCNT-Uridine (orange) and MWCNT-Adenosine (blue) in water after probe soni-
cation.

5.5.3 Raman Spectroscopy

The Raman spectra of the nucleoside functionalised MWCNTs do not show a consid-
erable difference in the intensity of the D band when compared to the spectrum for
MWCNT-Pyridine (Figure 5.20). Similar Ip/Ig ratios of 0.063 + 1.4 x 1073, 0.064
+ 1.4 x 1072 and 0.061 £+ 2.3 x 1073 for MWCNT-Pyridine, MWCNT-Uridine and
MWCNT-Adenosine respectively are observed, as expected, because the ribonucleo-
sides are attached to the MWCNTSs through the pyridine groups already present on
the MWCNT surface.
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Figure 5.20: Raman spectra (532 nm, 2.33 eV) of MWCNT-Pyridine (purple),
MWCNT-Uridine (orange) and MWCNT-Adenosine (blue) normalised at the G band.

5.6 Sugar Functionalised MWCNT's

The simple sugars ribose, fructose and sucrose were covalently attached to MWCNT-

Pyridine, as outlined in Figure 5.21. The pyridine nitrogen reacted with bromoacetyl

bromide to give MWCNT-Bromide which was further reacted with ribose, fructose
and sucrose in the presence of the base DIPEA to give products MWCNT-Ribose,
MWCNT-Fructose and MWCNT-Sucrose.
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Figure 5.21: Schematic representation of the the covalent attachment of ribose, fructose
and sucrose to MWCNT-Pyridine to give MWCNT-Ribose (top), MWCNT-Fructose
(middle) and MWCNT-Sucrose (bottom), respectively.
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5.6.1 Thermal Analysis

At 600 °C TGA of CNT-Bromide demonstrates a further weight loss of 1.5 %, when
compared to pyridine functionalised MWCNTs (Figure 5.22), which suggests that the
reaction of MWCNT-Pyridine with bromoacetyl bromide has occurred. Compari-
son of the TGA of MWCNT-Ribose, MWCNT-Fructose and MWCNT-Sucrose with
MWCNT-Bromide shows an additional weight loss of 5, 7 and 9 %, respectively, indi-
cating that the covalent attachment of the sugars to the MWCNTSs has occurred.
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Figure 5.22: TGA results of AR-MWCNTs (black), MWCNT-Pyridine (purple),
MWCNT-Bromide (red), MWCNT-Ribose (orange), MWCNT-Fructose (green) and
MWCNT-Sucrose (blue). All the samples were held at 120°C for 30 minutes and then
heated at a rate of 10°C min~! to 900°C.

5.6.2 UV-vis-NIR Spectroscopy

Pyridine functionalised MWCNTSs are insoluble in water and after reaction with bro-

moacetyl bromide the MWCNTSs remain insoluble in water (Figure 5.23). However,
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functionalisation of MWCNT-Bromide with the selected simple sugars enables the
MWCNTs to be dispersed in water using probe sonication, as can be seen in Fig-
ure 5.24. The effect of functionalisation with ribose, fructose and sucrose on MWCNT
aqueous dispersibility was determined from Figure 5.23, using the method outlined in

Section 3.2.3, and the results are shown in Table 5.2.
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Figure 5.23: UV-vis-NIR spectra of MWCNT-Pyridine (purple), MWCNT-Bromide
(red), MWCNT-Ribose (orange), MWCNT-Fructose (green) and MWCNT-Sucrose
(blue) normalised at the G band.
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Figure 5.24: Photograph of the dispersions of MWCNT-Ribose, MWCNT-Fructose
and MWCNT-Sucrose in water (I-r).

MWCNT Sample | MWCNT Concentration (pg/mL)
Pyridine 0
Bromide 0
Ribose 7.6
Fructose 15.0
Sucrose 20.0

Table 5.2:  Concentration (ug/mL) of MWCNT-Pyridine, MWCNT-Bromide,
MWCNT-Ribose, MWCNT-Fructose and MWCNT-Sucrose in water after probe soni-
cation.

5.6.3 Raman Spectroscopy

The Raman spectrum of MWCNT-Pyridine is shown overlaid for comparison with the
spectra of MWCNT-Bromide and the sugar functionalised MWCNTs in Figure 5.25.
The spectra display comparable Ip /I ratios of 0.063 + 1.4 x 1072, 0.064 + 1.2 x 1073,
0.062 £ 3.2x 1073, 0.060 £ 2.8 x 1072 and 0.064 & 1.7 x 10~® for MWCNT-Pyridine,
13, MWCNT-Ribose, MWCNT-Fructose and MWCNT-Sucrose, as expected, because
the sugars are attached to the MWCNTSs through the pyridine groups already present
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on the MWCNT surface.
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Figure 5.25: Raman spectra (532 nm, 2.33 eV) of MWCNT-Pyridine (purple),
MWCNT-Bromide (red), MWCNT-Ribose (orange), MWCNT-Fructose (green) and
MWCNT-Sucrose (blue) normalised at the G band.

5.7 Covalent Functionalisation of MWCNTs with
Poly(ethylene glycol)

The water-soluble polymer poly(ethylene glycol) (PEG) was covalently attached to
MWCNT-Pyridine, as shown in Figure 5.26. Pyridine functionalised MWCNTSs reacted
with bromoacetyl bromide to give MWCNT-Bromide, as in Section 5.6. The hydroxy
end groups of PEGyy were deprotonated with DIPEA and reacted with MWCNT-
Bromide to give PEG functionalised MWCNTs (MWCNT-PEG).
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Figure 5.26: Schematic representation of the the covalent attachment of PEGyy to
CNT-Bromide to give MWCNT-PEG.

5.7.1 Thermal Analysis

TGA of MWCNT-Bromide displays a further weight loss of 1.5 % at 600 °C when com-
pared to MWCNT-Pyridine (Figure 5.27), suggesting that the reaction of bromoacetyl
bromide with the pyridine groups present on the MWCNT surface has occurred. TGA
of MWCNT-PEG shows an additional weight loss of 10 % at 600 °C when compared
to MWCNT-Bromide, which indicates that the attachment of PEG to the MWCNTs

has been successful.
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Figure 5.27: TGA results of AR-MWCNTs (black), MWCNT-Pyridine (purple),
MWCNT-Bromide (red) and MWCNT-PEG (green). All the samples were held at
120°C for 30 minutes and then heated at a rate of 10°C min™! to 900°C.

5.7.2 UV-vis-NIR Spectroscopy

As demonstrated in Section 5.6.2 the dispersibility of the pyridine functionalised MWC-
NTs in water is 0 pg/mL, and this remains unchanged after the reaction with bro-
moacetyl bromide (Figure 5.29). Functionalisation with PEG however facilitates the
dispersion of the MWCNTs in water through probe sonication, as shown in Figure
5.28. From the UV-vis-NIR spectrum (Figure 5.29) and by using the method outlined
in Section 3.2.3 it was determined that PEG functionalisation improves MWCNT dis-
persibility to 30 ug/mL.
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Figure 5.28: Photograph of the dispersion of MWCNT-PEG in water.
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Figure 5.29: UV-vis-NIR spectra of MWCNT-Pyridine (purple), MWCNT-Bromide
(red) and MWCNT-PEG (green) in water.
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5.7.3 Raman Spectroscopy

The Raman spectrum of MWCNT-PEG is shown overlaid with the spectra for
MWCNT-Pyridine and MWCNT-Bromide in Figure 5.30. No significant change in
the intensity of the D band is expected as PEG is attached to the MWCNTSs through
the pyridine groups already on the MWCNT surface, and so, as anticipated, the spectra
of MWCNT-Pyridine, MWCNT-Bromide and MWCNT-PEG give comparable Ip/I4
ratios of 0.063 £ 1.4 x 1073, 0.064 £ 1.2 x 1073 and 0.061 &£ 2.0 x 103 respectively.
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Figure 5.30: Raman spectra (532 nm, 2.33 eV) of MWCNT-Pyridine (purple),
MWCNT-Bromide (red) and MWCNT-PEG (green) normalised at the G band.

5.8 Conclusion

The attachment of the alpha-hydroxy acids, glycolic and citric acid, to MWCNTs was
achieved through amide bond formation with amine functionalised MWCNTs, which
had themselves been prepared by the reaction of oxidised MWCNTs with ethylenedi-
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amine. The UV-vis-NIR spectra indicated that functionalisation with citric acid had
the overall effect of slightly improving the dispersibility of the MWCNTs above the level
achieved by just oxidation. On the other hand despite functionalisation with glycolic
acid improving MWCNT dispersibility beyond that observed for MWCNT-Amine, the
dispersibility was not improved to the extent that could be achieved simply by oxida-
tion.

The attachment of pyridine groups to the surface of SWCNTs through a diazonium
reaction has been described previously,[51] and in this chapter pyridine groups were
introduced to the MWCNT surface using in situ generated pyridine diazonium salts,
which were prepared by the addition of isoamyl nitrite to p-aminopyridine in hydrochlo-
ric acid. The pyridine functionalised MWCNTs display an improved dispersibility in
DMF but remain insoluble in water. The pyridine nitrogen is capable of displacing
bromine from a variety of compounds, and so several strategies to further function-
alise the MWCNTs using the attached pyridine were developed to try to improve the
aqueous dispersibility of the pyridine modified MWCNTs.

Hydroxy functionalised SWCNTSs, which display an improved dispersibility in po-
lar solvents, have been produced before through the displacement of fluorine from
fluorinated SWCNTs by a series of diols, glycerol and amino alcohols.[121] In this
chapter a series of bromoalcohols were used to functionalise MWCNT-Pyridine and of
those tried 2-(bromomethyl)-2-(hydroxymethyl)-1,3-propanediol provided the greatest
improvement in MWCNT dispersibility, as determined from the UV-vis-NIR spectra,
seemingly due to the presence of a greater number of hydroxy functional groups.[121]
In the same manner, MWCNT-Pyridine was also covalently functionalised with the
bromo-substituted ribonucleosides uridine and adenosine. The UV-vis-NIR spectra in-
dicated that ribonucleosides have a limited dispersion affinity towards the MWCNTSs
with uridine providing a greater improvement than adenosine, presumably due to the
greater aqueous solubility of uridine.

The bromine displacement reaction was then extended to non-brominated com-
pounds by reacting the pyridine groups on the MWCNT surface with bromoacetyl
bromide. The three simple sugars ribose, fructose and sucrose were then covalently at-
tached to the MWCNTs by displacement of bromine from the modified pyridine groups
on the MWCNTs. Of the sugars used functionalisation with sucrose was found to re-

sult in the greatest improvement in MWCNT dispersibility to 20 pg/mL. This result is
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however five times lower than the previously recorded 100 ug/mL concentration that
was reportedly achieved for surcose functionalised SWCNTs which were synthesised
through substitution of fluorine from fluorinated SWCNTs by sucrose.[297]

It was also shown that the polymer poly(ethylene glycol) (PEG) could be attached
to MWCNT-Pyridine using the same bromine displacement method as used for sugars,
which resulted in an even greater improvement in MWCNT dispersibility than was ob-
served through sugar functionalisation. Moderate aqueous dispersibility of SWCNTs
functionalised with PEG has been reported before, however in this case amine termi-
nated PEG was used to form an amide bond with oxidised SWCNTs to yield PEG
functionalised SWCNT's.[196]
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Experimental Details

6.1 Materials

The MWCNTSs used were received as a wet cake (MWCNT content 3.56 %) from
Thomas Swan Ltd (UK), synthesised by the CVD method. All chemicals were pur-
chased from Sigma Aldrich and used without further purification unless otherwise
stated.

6.2 Analytical Instruments

6.2.1 Thermogravimetric Analysis

Thermogravimetric analysis (TGA) data were recorded on 1-2 mg of MWCNT sample
using a Perkin-Elmer Pyris I. Data were recorded in flowing He (20 mL min™!) at a
ramp rate of 10 °C min~! to 900 °C after being held at 120 °C for 30 min to remove

any residual solvent.

6.2.2 Raman Spectroscopy

Raman spectra were recorded using a HORIBA Jobin Yvon LabRAM HR Evolution
spectrometer in a back scattered confocal configuration using Nd:YAG (532 nm, 2.33

eV) laser excitation. All samples were prepared by drop casting onto glass slides and
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air drying. All spectra were recorded on the solid samples over five regions and were

referenced to the silicon line at 520 cm™~! and normalised to the G band.

6.2.3 UV-vis-NIR Spectroscopy

The UV-vis-NIR absorption spectra were recorded on a Perkin-Elmer Lambda 900
spectrometer using quartz cells with a 1 cm path length over a wavelength range of
300-1350 nm. The samples were prepared by sonicating the MWCNTSs in the appropri-
ate solvent using either an ultrasonic bath (Ultrawave U50, 30-40 kHz) for 30 mins or
probe sonication (Cole Parmer Ultrasonic Processor (750 W) for 10 min (30% ampli-
tude, pulse 1 sec on: 1 sec off) with the temperature of the samples during sonication
controlled using an external ice bath. The dispersions were then left to settle overnight
and filtered through a cotton wool plug to remove particulates. Where necessary the
samples were diluted prior to measurement and the absorbance of the original solution

was found by multiplying the obtained value by the dilution factor.

6.2.4 FTIR Spectroscopy

Infrared spectra were recorded on a Bruker Fourier transform infrared spectrome-
ter (Vector 22 model) working with a globar lamp source, a KBr beam splitter and
DTGS/KBr detector. The spectra were recorded in the solid state in KBr pellets in
the range 400-4000 cm ™! with a resolution of 4 cm~! and employing 32 repetitive scans
to obtain a good signal-to-noise ratio. The spectra were first subtracted for the KBr

pellet baseline before recording.

6.2.5 Transmission Electron Microscopy

Bright-field TEM images were taken using a JEOL 2100F 200 kV FEG-TEM operated
at 80 kV. Samples were prepared by dispersing the material in water and pipetting a
few drops onto a holey carbon film supported by a copper grid (300 mesh).

6.2.6 Electrical Conductivity Measurements

Sheet resistance measurements were recorded using a Keithley 2602 Source Measure

Unit (SMU) and a Guardian SRM232-PROBE-625-45-TC-R=10-FH4-point, in-line
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probe head. The voltage was swept between -2 to 2 V with a 150 points linear sweep,
a compliance of 0.1 A and a sweep delay of 100 ms, and correction factors were applied

to correct for the sample geometry.

6.3 Experiments

The percentage yields were calculated by dividing the amount of MWCNT product
obtained by the amount of MWCNT starting material and then multiplying by 100.

6.3.1 Determination of the Extinction Coefficient of MWC-
NTs in 1% Sodium Dodecyl Sulfate

As received MWCNTSs (2.5 mg, 0.2 mmol), that had been dried overnight under vac-
uum at 60 °C, were dispersed in 1% SDS solution (25 mL) using an ultrasonic bath
(Ultrawave U50, 30-40 kHz) for 3 min and then probe sonicated (Cole Parmer VC-750
Watt) in an ice bath for a further 30 min (40% amplitude). The resulting dispersion
was left to settle for 2 h before removing the supernatant solution and refilling to 25
mL using the stock SDS solution. The procedure was repeated until the MWCNTs no
longer precipitated. The supernatant solutions were collected together and made up
to 250 mL using the stock SDS solution.

6.3.2 Oxidation of MWCNT's

As received MWCNTSs (2 g (3.56% MWCNT content) = 71.2 mg, 6 mmol) were added
to 6 M nitric acid (140 mL) in a round-bottomed flask. The solution was heated
to 120 °C and refluxed for 4, 8 or 16 h, after which time it was diluted with high
purity water and filtered through a polycarbonate membrane (0.2 pm, Whatman).
The functionalised MWCNTSs were then washed with a copious amount of water until
pH neutral and dried overnight under vacuum at 60 °C. Yield; 4h: 58 mg, 81%; 8h: 45
mg, 63%; 16h: 34 mg, 48%.
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6.3.3 Base Washing of Oxidised MWCNT's

The oxidised MWCNTSs (30 mg, 2.5 mmol) were washed with 0.01 M sodium hydroxide
(50 mL). The base wash initially produced a yellow/brown filtrate and was repeated
until the filtrate ran clear. The MWCNTSs were then washed with high purity water
until the filtrate reached a neutral pH. Finally, the MWCNTs were washed with 0.01
M HCI and once again returned to neutrality with high purity water and then dried
overnight under vacuum at 60 °C. Yield; 4h: 26 mg, 87%; 8h: 24 mg, 80%; 16h: 23
mg, 77%

6.3.4 Dispersion of Functionalised MWCNTs in Aqueous

Amino Acid Solutions

Functionalised MWCNTSs (10 mg, 0.8 mmol) were dispersed in the stated concentration
of the required amino acid solution (1 mL) using an ultrasonic bath (Ultrawave U50, 30-
40 kHz) for 30 min with the temperature of the samples controlled using an external ice
bath. The resulting dispersions were left to settle overnight and then filtered through

a cotton wool plug.

6.3.5 Synthesis of MWCNT-Benzoic Acid

As received MWCNTs (2 g (3.56% MWCNT content) = 71.2 mg, 6 mmol) were added
to high purity water (60 mL) in a round-bottomed flask and the contents sonicated
using an ultrasonic bath (Ultrawave U50, 30-40 kHz) for 15 min, after which time the
reaction flask was heated to 60 °C in an oil bath. 4-aminobenzoic acid (0.92 g, 6.7
mmol) and isoamyl nitrite (0.9 mL, 6.7 mmol) were then added to the reaction flask
and a condenser attached. The resulting mixture was stirred at 60 °C for 16 h. The
contents were allowed to cool for 1 h and were then filtered through a polycarbonate
membrane (0.2 gm, Whatman). The filter cake was washed with high purity water
and acetone until the filtrate ran clear. The product was then stirred for 10 min in
DMF (30 mL) and collected by filtration using a nylon membrane (0.2 gm, Whatman),

rinsed with acetone and dried overnight under vacuum at 60 °C. Yield; 54 mg, 76%
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6.3.6 Synthesis of N,N-Dimethylethylenediamine Function-
alised MWCNTs

As received MWCNTSs (2 g (3.56% CNT content) = 71.2 mg, 6 mmol) were oxidised
for 16 h as in Section 6.3.2 and washed with base as in Section 6.3.3. The oxidised
MWCNTs (20 mg, 1.67 mmol) were dispersed in DMEN (60 mL) and DIPEA (1 mL).
To this dipsersion was added HATU (10 mg) and the mixture stirred for 16 h at room
temperature. The product was then diluted with methanol (300 mL), isolated by filtra-
tion over a nylon membrane (0.2 pm, Whatman) and washed extensively with excess
methanol and then water. The functionalised MWCNTSs were then dried overnight in
a vacuum oven at 60 °C. Yield; 15 mg, 75%

6.3.7 Quaternisation of N,N-Dimethylethylenediamine Func-
tionalised MWCNT's

The DMEN functionalised MWCNTs (15 mg, 1.25 mmol) were stirred in methyl iodide
(10 mL) for 16 h to give the ammonium salt. The resulting mixture was filtered
through a nylon membrane (0.2 pm, Whatman), washed with acetone and dried at

room temperature. Yield; 11 mg, 73%

6.3.8 Fabrication of MWCNT Thin Films

Oxidised MWCNTs (0.05 or 1 mg) were dispersed in either water (50 mL) or 0.5 M
arginine (50 mL) to give dispersions with a MWCNT concentration of either 1 mg/L
or 2 mg/L. The thin films of the oxidised MWCNTs (16 mm diameter) were prepared
by vacuum filtration of these dispersions through a polycarbonate membrane (0.2 pm,
Whatman). The resulting films were washed with water (3 x 25mL) and left to air dry

for 1 week.

6.3.9 Removal of the Fmoc Protecting Group from Fmoc-
Arg(Pbf)-OH and Fmoc-Lys(Boc)-OH

The Fmoc groups of Fmoc-Arg(Pbf)-OH (2.5 g) and Fmoc-Lys(Boc)-OH (2.5 g) were
removed by stirring in 20 % piperidine in DMF (v/v). After 1 h the product was
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precipitated in cold diethyl ether and washed with excess cold diethyl ether. Yield;
Arginine: 1.3 g, 52%; Lysine: 1.0 g, 40%

6.3.10 Covalent Attachment of Basic Amino Acids through
their « Amine Group to Oxidised MWCNTSs

As received MWCNTSs (2 g (3.56% MWCNT content) = 71.2 mg, 6 mmol) were ox-
idised for 16 h as in Section 6.3.2 and washed with base as in Section 6.3.3. The
oxidised MWCNTSs (20 mg, 1.7 mmol) were added to HATU (10 mg) and DIPEA (1
mL) in anhydrous DMF (50 mL). After sonication using an ultrasonic bath (Ultrawave
U50, 30-40 kHz) for 30 min, the Fmoc deprotected amino acid (0.5 g) was added and
the resulting mixture was stirred for 16 h at room temperature. The product was
then diluted with methanol (300 mL), isolated by filtration over a nylon membrane
(0.2 pm, Whatman) and washed extensively with excess methanol. Trifluoroacetic
acid/triisopropylsilane/H50, 95:2.5:2.5 v/v) was used for deprotection of Pbf and BOC
groups from the respective amino acids (stir for 3 h at room temperature). The func-

tionalised MWCNTs were washed with excess ether and dried overnight in a vacuum
oven at 60 °C. Yield; CNT-Arginine: 13 mg, 65%; CNT-Lysine: 12 mg, 60%

6.3.11 Removal of the Pbf Protecting Group from Fmoc-
Arg(Pbf)-OH

The Pbf groups of Fmoc-Arg(Pbf)-OH (2.5 g) were removed by stirring in trifluo-

roacetic acid/triisopropylsilane/H0, 95:2.5:2.5 v/v) for 3 h at room temperature. The

deprotected amino acid was precipitated in cold diethyl ether and washed with excess
cold diethyl ether. Yield; Arginine: 1.1 g, 44%

6.3.12 Covalent Attachment of Arginine through the Guani-
dinium Group to Oxidised MWCNTs

As received MWCNTSs (2 g (3.56% MWCNT content) = 71.2 mg, 6 mmol) were oxidised
for 16 h as in Section 6.3.2 and washed with base as in Section 6.3.3. The oxidised
MWCNTs (20 mg, 1.7 mmol) were added to HATU (10 mg) and DIPEA (1 mL) in
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anhydrous DMF (50 mL). After sonication using an ultrasonic bath (Ultrawave U50,
30-40 kHz) for 30 min, Pbf deprotected arginine (0.5 g) was added and the resulting
mixture was stirred for 16 h at room temperature. The product was then diluted with
methanol (300 mL), isolated by filtration over a nylon membrane (0.05 pm, Whatman)
and washed extensively with excess methanol. The Fmoc protecting groups of arginine
where then removed by stirring the functionalised MWCNTSs in 20 % piperidine in
DMF (v/v) for 1 h. The resulting MWCNTSs was washed with excess ether and dried
overnight in a vacuum oven at 60 °C. Yield; 14 mg, 70%

6.3.13 Covalent Attachment of Neutral Amino Acids to Oxi-
dised MWCNT's

As received MWCNTSs (2 g (3.56% MWCNT content) = 71.2 mg, 6 mmol) were oxidised
for 16 h as in Section 6.3.2 and washed with base as in Section 6.3.3. The oxidised
MWCNTs (20 mg, 1.7 mmol) were added to HATU (10 mg) and DIPEA (1 mL)
in anhydrous DMF (50 mL). After sonication using an ultrasonic bath (Ultrawave
U50, 30-40 kHz) for 30 min, the amino acid (0.5 g) was added and the resulting
mixture was stirred for 16 h at room temperature. The product was then diluted with
methanol (300 mL), isolated by filtration over a nylon membrane (0.2 gm, Whatman)
and washed extensively with excess methanol. The functionalised MWCNTSs were then
dried overnight in a vacuum oven at 60 °C. Yield; Glycine: 14 mg, 70%; Taurine 16
mg, 80%

6.3.14 Synthesis of Amine Functionalised MWCNT's

As received MWCNTSs (2 g (3.56% MWCNT content) = 71.2 mg, 6 mmol) were oxidised
for 16 h as in Section 6.3.2 and washed with base as in Section 6.3.3. The oxidised
MWCNTSs (20 mg, 1.7 mmol) were dispersed in ethylenediamine (60 mL) using an
ultrasonic bath (Ultrawave U50, 30-40 kHz) for 30 min. HATU (10 mg) and DIPEA
(1 mL) was then added and the dispersion stirred at room temperature for 16 h. The
product was then diluted with 300 ml of methanol, isolated by filtration over a nylon
membrane (0.2 pm, Whatman) and washed extensively with excess methanol. The

functionalised MWCNTs were then dried in a vacuum oven at 60 °C overnight. Yield;
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17 mg, 85%

6.3.15 Functionalisation of MWCNT-Amine with Mellitic
Acid/PAA

Oxidised MWCNTSs were functionalised with amine groups as in Section 6.3.14. Amine
functionalised MWCNTs (15 mg, 1.25 mmol) were added to HATU (10 mg) and DI-
PEA (1 mL) in anhydrous DMF (75 mL). After sonication using an ultrasonic bath
(Ultrawave U50, 30-40 kHz) for 30 min, mellitic acid (0.5 g, 1.46 mmol) or PAA (3 g,
0.007 mmol) was added and the resulting mixture was stirred for 16 h at room tempera-
ture. The product was then diluted with methanol (300 mL), isolated by filtration over
a nylon membrane (0.2 um, Whatman) and washed extensively with excess methanol.
The functionalised MWCNTs were then dried overnight in a vacuum oven at 60 °C.
Yield; CNT-Mellitic: 13 mg, 87%; CNT-PAA: 11 mg, 73%

6.3.16 Covalent Attachment of Taurine to Mellitic Acid and
PA A Functionalised MWCNTs

The mellitic acid/PAA functionalised MWCNTs (10 mg, 0.8 mmol) were added to
HATU (10 mg) and DIPEA (1 mL) in anhydrous DMF (50 mL). After sonication
using an ultrasonic bath (Ultrawave U50, 30-40 kHz) for 30 min, taurine (0.5 g, 4
mmol) was added and the resulting mixture was stirred for 16 h at room temperature.
The product was then diluted with methanol (300 mL), isolated by filtration over a
nylon membrane (0.2 pm, Whatman) and washed extensively with excess methanol.
The functionalised MWCNTs were then dried overnight in a vacuum oven at 60 °C.
Yield; CNT-MelliticTau: 8 mg, 80%; CNT-PAATau: 9 mg, 90%

6.3.17 Synthesis of PAA-Taurine

PAA (3 g, 0.007 mmol), HATU (10 mg) and DIPEA (1 mL) were dissolved in anhydrous
DMF using an ultrasonic bath (Ultrawave U50, 30-40 kHz). After 15 min, taurine
(0.5 g, 4 mmol) was added and the resulting mixture was stirred for 16 h at room
temperature. The product was precipitated in cold diethyl ether and washed with

excess ether. The product was then solubilised in water and dialysed against high
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purity water overnight. The final product was collected after freeze-drying, yielding a
white powder. Yield; 1.4 g, 47%

6.3.18 Functionalisation of MWCNT-Amine with a-Hydroxy
Acids

Oxidised MWCNTs were functionionalised with amine groups as in Section 6.3.14. The
amine functionalised MWCNTSs (15 mg, 1.25 mmol) were added to HATU (10 mg) and
DIPEA (1 mL) in anhydrous DMF (50 mL). After sonication using an ultrasonic bath
(Ultrawave U50, 30-40 kHz) for 30 min, glycolic acid (0.4 g, 5.2 mmol) or citric acid
(1 g, 5.2 mmol) was added and the resulting mixture was stirred for 16 h at room
temperature. The product was then diluted with methanol (300 mL), isolated by
filtration over a nylon membrane (0.05 pm, Whatman) and washed extensively with
excess methanol. The functionalised MWCNTSs were then dried overnight in a vacuum
oven at 60 °C. Yield; CNT-Glycolic: 9 mg, 60%; CNT-Citric: 11 mg, 15%

6.3.19 Synthesis of MWCNT-Pyridine

MWCNTs (20 mg, 1.7 mmol) were added to DMF (60 mL) in a round-bottomed flask
and the contents sonicated using an ultrasonic bath (Ultrawave U50, 30-40 kHz) for
30 min, after which time the reaction flask was heated to 60 °C in an oil bath. 4-
aminopyridine (0.63 g, 6.7 mmol, Alfa Aesar) dissolved in 4M HCI (5 mL) and isoamyl
nitrite (0.9 mL, 6.7 mmol) were then added to the reaction flask and a condenser
attached. The resulting mixture was stirred at 60 °C for 16 h. The contents were
allowed to cool for 1 h and were then filtered through a nylon membrane (0.2 pum,
Whatman). The filter cake was washed with high purity water and acetone until
the filtrate ran clear. The product was then stirred for 10 min in DMF (30 mL) and
collected by filtration using a nylon membrane (0.2 ym, Whatman), rinsed with acetone
and dried overnight under vacuum at 60 °C. Yield; 17 mg, 85%

6.3.20 Synthesis of Hydroxy Functionalised MWCNT's

Pyridine functionalised MWCNTSs (15 mg, 1.25 mmol) were dispersed in DMF (20 mL)
using an ultrasonic bath (Ultrawave U50, 30-40 kHz) for 15 min. Either 2-bromoethanol
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(0.35 mL, 5 mmol), 3-bromo-1,2-propanediol (0.44 mL, 5 mmol) or 2-(bromomethyl)-
2-(hydroxymethyl)-1,3-propanediol (0.1 g, 5 mmol, Acros Organics) was then added to
the reaction flask and the mixture stirred for 16 h at room temperature. The MWCNTs
were then filtered through a nylon membrane (0.2 pym pore, Whatman) and washed
extensively with DMF then water and dried overnight under vacuum at 60 °C. Yield;
MWCNT-Hydroxy: 8 mg, 53%; MWCNT-Diol: 11 mg, 73%; and MWCNT-Triol: 10
mg, 67%

6.3.21 Synthesis of Nucleoside Functionalised MWCNTSs

Pyridine functionalised MWCNTSs (15 mg, 1.25 mmol) were dispersed in DMF (20 mL)
using an ultrasonic bath (Ultrawave U50, 30-40 kHz) for 15 min. 5-bromouridine (0.13
g, 0.4 mmol) or 8-bromoadenosine (0.14 g, 0.4 mmol) was then added and the reaction
mixture stirred for 16 h at room temperature. The MWCNTs were filtered through
a nylon membrane (0.2 pym pore, Whatman) and washed extensively with DMF then
water and dried overnight under vacuum at 60 °C. Yield; MWCNT-Uridine: 12 mg,
80%; MWCNT-Adenosine: 10 mg, 67%

6.3.22 Functionalisation of MWOCNT-Pyridine with Bro-

moacetyl Bromide

Pyridine functionalised MWCNTSs (15 mg, 1.25 mmol) were dispersed in anhydrous
CH,Cly (30 mL) using an ultrasonic bath (Ultrawave U50, 30-40 kHz) for 15 min and
the dispersion cooled to 0 °C. At 0 °C bromoacetyl bromide (1 mL, 11.5 mmol) was
added dropwise to the MWCNT dispersion and stirred at room temperature for 16 h.
The mixture was filtered through a membrane (0.2 p, Whatman), washed with water
and dried under vacuum overnight at 60 °C. Yield; 14 mg, 93%

6.3.23 Synthesis of Sugar Functionalised MWCNTSs

Bromoacetyl bromide modified MWCNT-Pyridine (12 mg, 1 mmol) was dispersed in
DMF (20 mL) using an ultrasonic bath (Ultrawave U50, 30-40 kHz) for 15 min. DIPEA
(0.44 mL, 2.5 mmol) and either ribose (0.38 g, 2.5 mmol), fructose (0.45g, 2.5 mmol)

or sucrose (0.86 g, 2.5 mmol) was then added and the reaction mixture stirred for 16
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h at room temperature. The MWCNTSs were filtered through a nylon membrane (0.2
pm pore, Whatman) and washed with acetone (2 x 30 mL) and dried overnight at 60
°C. Yield; MWCNT-Ribose: 8 mg, 67%; MWCNT-Fructose: 8 mg, 67%; MWCNT-
Sucrose: 10 mg, 83%

6.3.24 Synthesis of PEG Functionalised MWCNTSs

Bromoacetyl bromide modified MWCNT-Pyridine (12 mg, 1.25 mmol) was dispersed
in DMF (20 mL) using an ultrasonic bath (Ultrawave U50, 30-40 kHz) for 15 min.
PEGyp (1 g, 2.5 mmol) and DIPEA (0.44 mL, 2.5 mmol) were then added and the
reaction mixture stirred for 16 h at room temperature. The MWCNTs were filtered

through a nylon membrane (0.2 ym pore, Whatman) and washed with acetone (2 x 30
mL) and dried overnight at 60 °C. Yield; 10 mg, 83%
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Appendix

7.1 Appendix A: Supporting Information for Chap-
ter 3

7.1.1 Photograph of the pH Effect on Carboxylic Acid Func-
tionalised MWCNT /Amino Acid Dispersions

v

-; 3

Figure A.1: Photograph of the dispersions of oxidised MWCNTSs in 0.5 M arginine at
pH 6 and 11 (I-r).
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7.1.2 UV-vis-NIR Spectra of AR-MWCNTs in Aqueous

Amino Acid Solutions
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Figure A.2: UV-vis-NIR spectra of AR-MWCNTSs water (blue), 0.5 M arginine (red),

0.5 M lysine (green), 3 M glycine (grey), 0.5 M taurine (magenta) and 0.05 M glutamic
acid solutions (orange) (The absorbance at 700 nm is effectively 0 for all amino acids).
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7.1.3 Photograph of the Dispersion of AR-MWCNTSs in Aque-

ous Amino Acid Solutions

Figure A.3: Photograph of the dispersion of AR-MWCNTs in water, 0.5 M arginine,
0.5 M lysine, 3 M glycine, 0.5 M taurine and 0.05 M glutamic acid solutions (I-r).
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7.2 Appendix B: Supporting Information for Chap-
ter 4

7.2.1 TGA of Piperidine and TFA Treated Oxidised MWC-
NTs
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Figure B.1: TGA results of oxidised MWCNTs (blue) treated with piperidine (red)
and TFA (green).

156



Chapter 7. Appendix

7.2.2 UV-vis-NIR Spectra of Piperidine and TFA Treated Ox-
idised MWCNT's
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Figure B.2: UV-vis-NIR spectra in water of oxidised MWCNTSs (blue) treated with
piperidine (red) and TFA (green).
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7.2.3 Raman Spectra of Piperidine and TFA Treated Oxidised

MWCNTSs
1.2 -
1.0 -

~~

£ o8-

=

=

£

< 0.6 <

N’

>

N

‘7

=

e 044

=

=
7 ML/\—L&_
0.0 1 T T T T T T T T T T . |

500 1000 1500 2000 2500 3000 3500

Wavenumber (cm'l)

Figure B.3: Raman spectra (532 nm, 2.33 eV) of oxidised MWCNTSs (blue) treated
with piperidine (red) and TFA (green) normalised at the G band.
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