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Abstract
Conducting polymers are materials of great interest due to their metallic-like conductivity while
retaining the characteristics of conventional polymers, such as the flexibility of processing and
the ease of synthesis. The organic nature of conducting polymers allows the materials to be
readily modified and thus there is strong interest in the functionalisation of these materials.

This thesis focuses on two classes of polymers, polythiophene phenylene (PThP) and
polypyrrole phenylene (PPyP). Both of these polymers have better electrochemical properties
compared to the parent polymer due to the electron-donating alkoxy substituents that can be
incorporated in the central phenylene. The alkoxy substituents also provide a handle for the
incorporation of a range of functional side chains. Thus, novel ThPs and PyPs with side chains
bearing di-ethylene glycol (43 and 128), tri-ethylene glycol (44 and 129), azide (45 and 130),
radical initiating sites (46, 47 and 131) and carboxylic acid (48 and 132) were synthesised and
their electrochemical behaviour analysed.

Following the monomer synthesis, a selection of these monomers were copolymerised and the
side chains further functionalised through the use of ‘click’ chemistry and grafting of brushes
using ATRP. The alteration of physical properties through ATRP grafting was used to improve
the solubility of the polymer whereas ‘click’ chemistry was utilised to attach complex molecules
and bestow additional functionalities. The synthesised PThP and PPyP were electrospun, in a
blend of either PEO or PLGA, into nanofibre mats.
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Chapter 1:

Introduction

Chapter 1: Introduction
Since their discovery,1 electrically conducting polymers (CP) have been used in a number of
applications, ranging from light emitting diodes, photovoltaics, corrosion inhibitors, biosensors,
drug delivery and other biomedical applications.2 However, despite numerous significant
advances in the field of applications of CPs, there is still a substantial gap to fill in terms of
synthesis of CPs with advanced functionalities and processability.
Functionalisation of conducting polymers is an important field.3–6 The general issues with CP
are related to their insolubility, which leads to a lack of processability and therefore limits its use
in certain applications. The prevailing dilemma for functionalised backbone is the breaking of
the co-planarity of the rings and thus adversely affects charge hopping mechanism, which is
central to the electrical activity of CPs. Side-chain functionalization in CP materials is one of the
means of improving the material’s solubility7 and bearing sites for additional properties such as
recognition sites for sensing.8–14 Recent work within the research group8,15–18 and from others19–
22

on grafting of CPs with polymeric side chains provides a versatile and generalised approached

to modification of electrically conducting polymers’ (ECP) properties. The grafted brushes can
be used to alter, and tailor, the polymer properties to specific needs.23 In research previously
performed in this research group, atom transfer radical polymerisation (ATRP), a method of
controlled radical polymerisation (CRP) developed by Matyjaszewski, for ‘grafting from’ an
electrode-surface confined CP was utilised.8,15–17,24,25 Other versatile modification approach to
functionalised CPs is the use of ‘click’ chemistry,5 a high yielding reaction characterised by
robustness to various functional groups.26 Both of these techniques had been employed in the
functionalisation of polymers but had not been used on the same conducting polymer.
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1.1: Conducting Polymers
The first published work on CPs was in 1977 – describing the doping of the semiconductor
polyacetylene with iodine vapour – later earned the Nobel Prize in Chemistry in 2000 for: Hideki
Shirakawa, Alan G. MacDiarmid and Alan J. Heeger.1,27 Since then, the field of conducting
polymers has grown and culminated in the use of this class of polymeric materials in a wide
range of applications. Whilst the seminal work on polyacetylene (PAC) 1 has never led to
applications, due to the polymer’s sensitivity to humidity and difficult processability, it has paved
the way for the discovery of other conducting polymers, such as polyfluorene 2,
polyphenylvinylene (PPV) 3, polypyrrole (PPy) 4, polyaniline (PANI) 5 and polythiophene (PTh)
6; their structures are presented in Figure 1.

Figure 1: Examples of conducting polymers.

Conducting polymers combine the processability of plastics with the electrical properties of
metal. Furthermore, they possess the ability to switch between conductive and non-conductive
states, which often have an associated change in colour and morphology.28
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1.1.1: Conductivity and Doping

The fundamental aspect of CPs is their repeated conjugated π-system, which allows
delocalisation of electron along the repeated units. Conjugation is the alternation between single
bonds and double bonds, which consist of strong, localised σ-bonds and weaker, π–bonds
respectively. The p-orbitals of the π-bonds overlap which assists in electron delocalisation.

When the charge reaches the tail of the polymer chain, the charge “hop” on to another chain,
which provides macroscopic conductivity of a conducting polymer.28 Thus, conducting polymers
require both intrachain and interchain conductivity pathways. The hopping of the charge is
facilitated by overlapping of p-orbitals; in order to obtain higher conductivity, maximum overlap
is desirable, which is influenced by the planarity of the polymer. Thus, polymers that are
regioregular with few defects, or that have additional forces that maintain planarity, aid in
increasing the electrical activity of the polymers.28

However, CPs in their ground (reduced) state are insulators or semiconductors; meanwhile,
doped polymers have conductivities in the range from semiconductors to metals.29 Figure 2
illustrates the difference in conductivity between undoped and doped PAC and PANI. The
doping forms charge carriers within the polymer system, known as polarons or bipolarons.28 The
charge carriers can be positively charged (p-doping) or negatively charged (n-doping). Doping
changes the bandgap of the CPs by removing (or adding) electrons to a neutral polymer chain,
in which the formed radical ion is balanced by a counter ion, typically a dopant.30 Doping can be
carried out chemically or electrochemically, and either during or post-polymerisation.
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Figure 2: Conductivities of conducting polymers, reproduced from paper by MacDiarmid.29

There are two main types of dopants: small molecules such as chlorides, and larger dopants
such as dodecylbenzyl sulfonic acid (DBSA). The choice of dopant affects the morphology,
physical properties and electrical properties of the polymer.28 Larger dopants occupy more
space than smaller dopants, and thus are often less mobile.28 They are less susceptible to
leeching out over time and thus have better electro-stability.28 However, they also can have a
dramatic effect on the morphology of the polymer, often producing denser films. With the large
dopants the redox process often results in the movement of additional counter ions from the
solution into the polymer, rather than expulsion of the dopant. Smaller dopants, in contrast, can
freely enter and exit the polymer system. The movement of dopants causes expansion or
contraction of the polymer; this property has been utilised in actuating materials.2,31–36 There
has been interest in utilising this property as a means of drug release.37
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1.2: Polymerisation Methods
Polymerisation of conducting polymers can be performed using both electrochemical and
chemical oxidative methods.28 Electropolymerisation occurs through the application of current
to form radicals on the monomer, after which radical coupling occurs through the reaction with
another monomer unit (Figure 3). This is followed by deprotonation to form a dimer. Successive
oxidation likely occurs on the dimers, as they are more easily oxidised due to stability of the
radical cation formed; thus the polymerisation likely occurs through radical coupling between
dimers, trimers, and oligomers, rather than a stepwise addition of monomers.
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Figure 3: Proposed mechanism of conducting polymer propagation for thiophene or pyrrole.

The advantage of electropolymerisation is a facile method of direct synthesis of doped polymer
film where the electronic structure of the properties and thickness of the films could be altered
to the need without the need of catalysts.38 Modulation of the film can be achieved through
adjusting parameters such as deposition time, applied current, dopant, and the working
electrode used.28 However, there are restrictions to electropolymerisation, as it is limited to the
surface of electrodes and thus is not viable for larger scale synthesis.

Chemical polymerisation can occur via two different methods: through an oxidative agent such
as FeCl3 or ammonium persulfate (APS), or through coupling reactions.39,40 While many
polymers can be readily formed by oxidation of unfunctionalised monomers, coupling reactions
require the additional modification of the monomer unit to insert functional groups for
polymerisation to occur. However, this method can allow the synthesis of polymers that could
not be polymerised otherwise due inability to form sites for radical polymerisation to occur.41
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The drawback is that reaction parameters are often more difficult to control and repeated
experiments often yield different results along with more waste produced compared to
electropolymerization.42–45 However, scaling up to bulk synthesis is comparatively easier than
using electrochemical methods.28

In situ polymerisation is another method for polymerisation of thiophene. This could be
completed by deposited on to a substrate via methods such as drop casting or spin coating
followed by polymerisation by means of immersion in solution containing oxidants or vapour
phase polymerisation.46,47

In situ oxidative polymerisation and oxidative emulsion polymerisation are other method for
polymerisation of thiophene. In situ oxidative polymerisation can be completed by deposited on
to a substrate via methods such as drop casting or spin coating followed by polymerisation by
means of immersion in solution containing oxidants or vapour phase polymerisation.46,47
Whereas oxidative emulsion polymerisation is performed by addition of oxidant to a monomer
solution in an emulsion.48

1.3: Polythiophene
Thiophene is a 5-membered heterocyclic ring containing a sulphur atom. Polythiophene (PTh)
and its derivatives, such as poly(3-hexylthiophene-2,5-diyl) (P3HT) 7 and poly(3,4ethylenedioxythiophene) (PEDOT) 8, are a well-studied class of CP that have found use in
photovoltaics cells and are promising candidates for other applications such as biomaterials
(Figure 4).49–52 Polythiophenes are stable and can be readily functionalised and processed and
are easily prepared, thus it is one of the most well-studied classes of conducting polymer.53

Figure 4: Structure of thiophene derivatives.

Similar to other conducting polymers, PThs needs to be doped in order to be conductive.
Oxidative doping of polythiophene produces a radical cation, which then creates a polaron.
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Further oxidative doping leads to creation of bipolarons. The structures of the neutral, polaron
and bipolaron forms of polythiophene are presented in Figure 5.

Figure 5: Electronic structures of (a) neutral PTh, (b) polaron in partially doped PTh and (c) bipolaron in
fully doped PTh.54

Polythiophenes preferentially polymerise in the α-α position. One of the flaws in these materials
is the oxidation potential required to polymerise occurs at a higher oxidation potential than the
polymers are stable in and thus defects are formed. Over-oxidation of polythiophene can led to
structural defects, such as β-α defects in the polymer, or irreversible oxidation of the backbone.
Such defects can also decrease the conductivity of the backbone due to breaking of conjugation.
This phenomenon is known as the “polythiophene paradox”.55

There are many strategies used to mitigate this issue. Modification of the parent thiophene to
have reactive groups specifically on the α position is one strategy employed;56 however, this
method is considerably less convenient than oxidative polymerisation, and may form side
reactions with reactive side groups. Other approach involves the synthesis of bithiophenes 9 or
terthiophenes 10. These monomers typically have lower oxidation potentials (1.20 V and 1.05
V vs SCE respectively).50 However, the length of the produced polymers is typically shorter,
which is proposed to be due to the decreased amount of radical cations formed.57
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Figure 6: Structure of bithiophene 9 and terthiophene 10.

An advantage of thiophenes is the ease of functionalisation due to their stability; thus, there are
many examples of functionalised polythiophenes.58 It has been found that functionalisation of
thiophenes can have an impact on the electronic properties of the polymer. Electron-donating
substituents were found to decrease the oxidation potential of the monomers through the
increased stability of the cation. Conversely, electron-withdrawing substituents increase the
oxidation potential of the monomer during the polymerisation process.59 However, the use of
substituents presents new challenges in the polymerisation of thiophenes, where the steric bulk
of the substituents can hinder polymerisation.60 Mono-substituted thiophenes can also have
different configurations: head-to-head, head-to-tail and tail-to-tail, as highlighted in Figure 7.
Regio-random conformations can adversely affect the conductivity of the polymer, with the steric
bulk causing the breaking of co-planarity of the polymer and resulting in decreased overlap of
p-orbitals.61

Figure 7: Regioisomers in the polymerisation of mono-substituted thiophene.
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1.3.1: Polymerisation of Polythiophene
Polythiophene

could

be

polymerised

using

electrochemical

or

chemical

methods.

Electropolymerisation has been used to deposit films on a range of electrode materials. The
main advantage of this method is the improved morphology in polyalkylthiophene, with
increased specificity for head-to-tail linkages.62

Using chemical methods, there are two main classes of polymerisation: oxidative polymerisation
and transition metal-mediated coupling polymerisation. FeCl3 is the most commonly used
oxidant, with higher molecular weights reported compared to coupling reactions. However, this
method is prone to defects and oxidant residues remaining in the polymer. Coupling reactions,
due to high selectivity, produces structurally superior materials with no β-linkages nor head-tohead structures. However, there are more steps involved in the synthesis.63 The different
methods of chemical polymerisation are covered in more detail in Chapter 4.

1.3.2: Poly(3,4-ethylenedioxythiophene)
Perhaps the most successful example and widely used of a polythiophene derivate is PEDOT 8.
This di-substituted alkoxy monomer provides electron-donating properties while simultaneously
promoting regioregularity, eliminating any undesirable α-β connections. It was developed by
Bayer AG as a means to produce soluble polymers, although they found the films to be
insoluble.49 The polymers however exhibit interesting characteristics, such as high conductivity,
and the formation of transparent films with high stability. The insolubility was later resolved by
using poly(styrene sulfonic acid) (PSS) as a dopant during polymerisation to yield PEDOT:PSS
11 (Figure 8). The film continued to exhibit high conductivity while also possessing good thermal
stability. PEDOT 8 and PEDOT:PSS 11 was first marketed as Baytron and Baytron P
respectively and the latter is produced at multi-ton scale, with use in applications such as
conductive coatings, electronic components, displays, packaging, light emitting diodes, and as
conductive templates.51
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Figure 8: Structure of PEDOT:PSS 11.

1.4: Polypyrrole
Polypyrrole (PPy) is one of the most interesting classes of polymers due to its high conductivity,
and is well studied.64 Like polythiophene is also biocompatible in in vivo and in vitro studies.65
The stability of pyrrole has been reported in literature66,67, The nitrogen on the pyrrole helps the
structure remain aromaticised and stable, with the conjugated backbone providing electrical
conductivity through the free movement of π-bonds. However it is also argued that polypyrrole
easily degraded through chemical oxidative degradation, resulting in loss of electrical activity.68
As with all other conducting polymers, the neutral state of PPy is an insulator, and thus requires
doping in order for the polymer to be conducting (Figure 9).64
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Figure 9: Electronic structures of (a) neutral PPy, (b) polaron in partially doped PPy and (c) bipolaron in
fully doped PPy.64

The band gap between the valence band and the conductive band for un-doped PPy is 3.2 eV
and reduced to 0.5 to 0.7 eV upon formation of interbipolaron band when highly doped.69 When
an electron is abstracted, the polymer forms a polaron (Figure 9b) with a radical cation
distributed over four units. In the process, two intermediate gap states are formed (bonding and
anti-bonding) within the band gap. Further oxidation results in the formation of bipolarons
(Figure 9c). However, while the α-α linkage is generally accepted as the point of the radical
attack during polymerisation, defects do occur, such as β-crosslinkages, structural ‘kinks’ where
there is no linearity of the pyrroles, or over-oxidation during polymerisation where hydroxyl or
ketone groups form on the pyrrole.70 Thus in order for the polymer to conduct,, the charge
carriers ‘hop’ between the chains, as discussed above in section 1.1.1.

Figure 10: Examples of defects on polypyrrole.
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1.4.1: Polymerisation of Pyrroles
Polymerisation of pyrrole can be conducted using both electrochemical and through oxidative
chemical polymerisation techniques. One of the most desirable traits of PPy is the ease of
polymerisation in aqueous solution, which is relatively fast, and thus PPy films are easy to
make.64 Commonly used solvents for electropolymerisations are acetonitrile (MeCN) or
propylene carbonate, with the polymer films grown in the presence of anionic dopants.64,71

Chemically synthesised PPy have been reported in literature. However, such methods are not
as commonly pursued, due to the difficulty in synthesising the required moieties without side
reactions. This is due to the sensitivity of pyrrole, and the additional requirement of using
protecting groups to prevent reaction with the nitrogen on the pyrrole.63

1.4.2: Soluble Polypyrrole
The drawback to PPy is its lack of processability, and this has limited its application.72,73 Once
polymerised, it forms very brittle, rigid films/powders that are insoluble and therefore very difficult
to process. The contributing factor in the insolubility of PPy is the strong intermolecular and
intramolecular forces between the chains due to π-π stacking, and thus essentially insoluble
aggregates are formed. While it is regarded as a stable conducting polymer, it decomposes
before it melts. Thus, there is a strong interest in synthesising PPys or derivatives that can be
solubilised in solvents, making them more processable. One approach to alleviating the strong
attraction between PPy chains are using functionalised dopants. Lee et al used
dodecylbenzenesulphonic acid (DBSA) as dopant, which is bulky due to its aromatic ring and
long alkyl chain, physically preventing the polypyrrole chains from interacting with each other.74
It is also suggested that the introduction of additional organic-soluble dopants would assist in
solubilising PPy in solvents.74 The drawback to this approach is that the repulsion of the chains
interactions decreases their conductivity, reducing it from 18 Scm-1 to 2 Scm-1.74 Furthermore,
these polymers are only fully soluble in a very limited range of solvents, DMF, DMSO and mcresol.74 It is also soluble in weakly polar solvents, through the addition of extra DBSA.74
Jang et al. used an extension of the PPy-DBSA method to solubilise PPy in water.75 They
achieved this through modification of the backbone of PPy-DBSA, by reacting it with
chlorosulfonic acid in 1,2-dichloroethane; the resulting chlorosulfonated-PPy-DBSA was then
hydrolysed under heat to form PPy(SO3H)-DBSA (Figure 11). They also performed the same
procedure on PPy with other soluble dopants: naphthalene sulfonic acid (NSA), butyl
naphthalene sulfonic acid (BNS) and sodium di-2-ethylhexyl sulfosuccinic acid (DEHS),

13

Chapter 1: Introduction
achieving water solubility between 0.5 w% to 3 w%. The casted films had lower conductivity
than unsulfonated films, with conductivity up to 0.2 Scm-1. The water enhanced water solubility
may have potential in use for tissue engineering. They found that the amount of dopant is
decreased in some cases, which they suggest is due to the sulfonic acid group acting to balance
charges (blue highlighted pyrrole, (Figure 11).

Figure 11: Sulfonation of PPy-DBSA.75
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1.5: Polythiophene Phenylene and Polypyrrole
Phenylene
The polymers syntheses in this thesis focus on phenylene derivatives: polythiophene phenylene
(PThP) and polypyrrole phenylene (PPyP) (Figure 12). Variants of these polymers have been
previously synthesised in the past, and have shown lower oxidation potential than the parent
polymer.76,77 The aspect that is most interesting is the presence of modifiable side chains
appended to the central benzene ring of the structure. Previous work on these phenylene CPs
has mostly looked at alkyl substituents. Among the benefits of this class of polymers is there
are two sites that potentially can be used to functionalise these polymers. The symmetrical
nature of the monomers should mitigate some of the issues faced by other polymers such as
P3HT 7, where irregular polymerisation could cause overlapping of the chains and prevent porbital overlap.

Figure 12: Structure of the 'heteroatom phenylene' polymers.

The origin of this class of polymers with phenylene and thiophene or pyrrole stems from interest
in incorporating flexibility in the substitution of the phenylene ring. There have been several
methods of incorporating phenylenes with thiophenes or pyrroles; the earliest example of perfect
repeating units of thiophene and phenylene involves the combination of 1,4-dialdehyde 12 and
benzene 13 (Scheme 1). Through use of the Stetter reaction, these monomers formed poly(ptolyl)pentane-1,4-dione 14, followed by Paal-Knorr synthesis to form the desired thiophene 15
or pyrrole 16 copolymer.78
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Scheme 1: The first synthesis of phenylene-heterocycle system polymers.78

1.5.1: Polythiophene Phenylene (PThP)
The first example of bithiophene-arylene was reported by Tanaka and co-workers.79,80
Meanwhile, the first syntheses of the thiophene-phenylene-thiophene core structure was
reported by Pelter et al. in 1989, in which a series of PThP with side chains of H, OMe, Bu, and
NO2 were synthesised, along with meta-bithiophenes.81 Details of the synthesis of PThP is
discussed in depth in Chapter 2. Electropolymerisation studies on a small selection of PThP
were also reported: unsubstituted 17, meta-variant 18 and the derivative with NO2 substitution
19. The unsubstituted PThP were electropolymerised and showed good electrochemical
stability. The meta-variant 18 formed oligomers that did not adhere to the electrode. The NO2
variant formed films, which did not show any oxidative peak up to 1.4 V. A more comprehensive
examination of the effect of side chain substitution of the PThP was conducted by Reynolds et
al., where the unsubstituted 17, methyl 20 and methoxy (MeThP) 21 variants of PThP were
studied (Figure 13).76

Figure 13: Structure of PThP electropolymerised by Pelter et al and Reynolds et al.76,81
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One of the added benefits of di-substitution is the lack of head-to-head conformation defects.58
These polymers show good thermal stability, with degradation only occurring above 390 °C.58
For PThP with methoxy side chains 21, the oxidation potential was discovered to be 0.95 V
(Figure 14).76 Also studied was PThP with H 17 and Me 20 as side chains, which show slightly
higher oxidative potentials, at 1.15 and 1.20 V respectively.76 The lower oxidation potential of
the methoxy variant 21 is postulated to be due to the alkoxy substituents stabilising the radical
cation.76

A

B

Figure 14: A: Electropolymerisation cyclic voltammograms of MeThP 21, B: cyclic voltammograms of
MeThP at different scan rates.76

In later studies by Child and Reynolds,82 they reported that the thiophene-phenylene-thiophene
backbone does oxidise to form polarons and bipolarons (Figure 15).
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Figure 15: Electronic structures of (a) neutral PThP (b) polaron in partially doped PThP (c) bipolaron in
fully doped PThP proposed by Child and Reynolds.82

A variant of the thiophene-phenylene polymer is the use of EDOT in place of unsubstituted
thiophenes. The synthesis of these monomers (22-25) was first reported by Irvin and Reynolds
(Figure 16).83 As discussed above, the use of dialkoxy substituents is known to reduce the band
gap, through raising the energy of the valence band. Additionally, the substitution on the 3- and
4-position prevents virtually all β-coupling.

Figure 16: Structures of the first variants of bis(EDOT)arylenes synthesised by Irvin and Reynolds.83

These compounds exhibit even lower oxidative potentials, with the onset of polymerisation for
23 at 0.51 V (vs. Ag/AgNO3), owing to electron donation from the alkoxy component of EDOT
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and the alkoxy side chains (Figure 17). The oxidative potential of the polymer was found at 0.25 V.

A

B

Figure 17: A: Electropolymerisation cyclic voltammograms of bis(EDOT)arylenes 24, B: Cyclic
voltammograms at different scan rates.83

Similar to PThP, there had not been extensive exploration of potential side chains beyond the
alkyl or ethylene glycol side chains, except for the attachment of Viologen pendants to give the
polymers additional chromic properties.84 These compounds show interesting chromic
properties and have shown promise for use as hole transport layers in photovoltaic cells.83–87

1.5.2: Pyrrole Phenylene
There is considerably less work published for PPyP; only two published papers have studied its
properties, and the only alkoxyl side chains have been synthesised (Figure 18).77,88 The first
synthetic procedure was published by Sotzing et al. and will be discussed in detail in Chapter
3.77
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Figure 18: Structure of pyrrole-arylenes synthesised by Sotzing et al.77

The remarkable aspect of these polymers is their very low oxidative potential, with the
monomers polymerising at 0.15 and 0.17 V (vs. SHE) for methoxy 27 (Figure 19) and dodecyl
29 variants respectively, and the polymer oxidative potential occurring close to 0 V. Interestingly,
the authors were not able to electropolymerise ethoxy PyP 28, which they attributed to the
instability of the compound. In comparison, the unsubstituted benzene 26, naphalene 30 and
biphenyl 31 variants had a higher oxidation potential, with onset of polymerisation at 0.3, 0.3
and 0.4 V (vs. Ag/AgNO3) respectively. This is in line with studies of PThP, where the donating
groups (whether they are on the central benzene ring or the heterocycle) result in lower oxidation
potentials due to the stability of the radical cations.88 The authors also found the polymer redox
process to be quasi-reversible, with the difference between peak reduction and peak oxidation
to be less than 100 mV.77

Figure 19: a) Electropolymerisation of MePyP, b) differential scan rate cyclic voltammetry of MePyP;
published by Sotzing et al.77

The proposed oxidation state in PPyP 27 involves bipolarons every two termonomers (Figure
20).77
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Figure 20: Proposed distribution of bipolarons in PPyP.77

The only other paper, to the best of the author’s knowledge, published on the properties of PPyP
with alkoxy phenylene side chains, has been by Hong and Marynick, which was a theoretical
study on the conformation of such polymers.88 They theorised that the methoxy substituents
would readily exist in a plane with the pyrrole, due to hydrogen bonding between the alkoxy
substituents and N-H from the pyrrole (Figure 21).

Figure 21: Hydrogen bonding between N-H and O-R, as proposed by Hong and Marynick.88

Planarity of the monomers is determined here by the competing forces of steric repulsion, which
promotes anti-planar torsion and the preference for the co-planar conformation in a conjugated
system. However, in PyP units with alkoxy substituents, there is additional force acting
favourably for co-planarity; the lowest conformational energy would be the torsion angle in which
the rings are co-planar with the hydrogen bonding between the nitrogen hydrogen and the
alkoxy side chain (1c, Figure 22). To further support the assertion, the authors also
demonstrated the highest conformation energy is at a torsional angle of 180°, with the N-H being
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furthest away from the alkoxy substituent. Similarly, they found that replacing the methoxy with
a methyl substituent, which does not take part in hydrogen bonding, had the highest torsional
angle at 0° co-planar due to steric repulsion between the N-H and methyl group; therefore, the
lowest energy torsion angle resided at 130° (1b, Figure 22). To further illustrate the steric
repulsion energy, the unsubstituted benzene ring (1a, Figure 22) had no preference for torsion
angle for 0° or 180°, and the lack of steric repulsion meant the anti-planar configuration has the
highest energy.

Figure 22: Torsional potential curves on PPyP by Hong and Marynick.88
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1.6: ‘Click’ Chemistry and its use in Conducting
Polymers
The term ‘click’ chemistry was first coined by Barry Sharpless in 2001.26 The fundamental
principles of ‘click’ chemistry are driven by green chemistry concepts. The reaction conditions
must be such to produce high yields of the product while using benign reagents and conditions,
generating inoffensive side products that can be removed by non-chromatographic methods,
and should be “spring loaded” thermodynamically to produce one high yielding product.

One of the most recognised reactions in ‘click’ chemistry is the copper-catalysed cycloaddition
of azides and alkynes (CuAAC), which gives 1,2,3-triazoles.26 The Huisgen 1,3-dipolar
cycloaddition proceeds very slowly at high temperature and gives a mixture of 1,5- and 1,4substituted triazoles.26 The reaction in the presence of catalytical amounts of copper (I) improves
the reaction speed and regioselectively, to prefer the 1,4-substituted isomer (Figure 23).26

Figure 23: Generic CuAAC reaction.

‘Click’ chemistry is widely used in polymer chemistry, its use as a means of functionalisation of
CPs will be covered in depth in Chapter 4.
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1.6.1: Mechanism of CuAAC
In the proposed mechanism (Figure 24) by Sharpless et al., the catalytic cycle begins with
insertion of the copper catalyst 32 into the alkyne 33 via displacement of a terminal proton, to
form the copper(I) acetylide 34 (Step A).89 In Step B, the azide 35 attaches to the copper
complex through displacement of one of the ligands via the proximal nitrogen (36). This is
followed by the attack of the distal nitrogen to form a six-membered copper (III) metallacycle 37
(Step C). This constrained structure contracts (Step D) to the triazolyl-copper derivative 38,
followed by proteolysis (Step E) to form the ‘clicked’ product 39 and end the catalytic cycle.

Figure 24: First proposed mechanism of CuAAC.89
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1.6.2: Conducting Polymers and ‘Click’ Chemistry
‘Click’ chemistry is also used as a means of polymerisation.90–93 The first reported use of ‘click’
chemistry to synthesise conjugated polymers was reported by Reek and co-workers.90 They
conducted a reaction that was conducted between 2,7-diazido-fluorene 40 and either its diyne
analogue 41 or other aromatic diynes 42 (Scheme 2)

Scheme 2: First reported synthesis of conjugated polymers using ‘click’ chemistry.90

The derived triazoles have shown to have limited conjugation and are susceptible to charge
trapping; thus there is a preference for the core structure to be an electron donor.91 An in-depth
look at the electronic properties of these triazole-based polymers is beyond the scope of this
thesis, but they have potential in uses as semiconductors, with interesting properties of
enhanced aggregation-induced emission in solid state.92,93 They also have shown promise for
use as photovoltaic devices, as π-linkers between electron-donating and electron-accepting
components.94
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1.7: Atom Transfer Radical Polymerisation
Atom-transfer radical polymerisation (ATRP) is a polymerisation technique developed by
Krzysztof Matyjaszewski, and is used to form carbon-carbon bonds through the use of a catalyst.
ATRP is classed as a controlled/living radical polymerisation (CRP) and is considered one of
the most efficient and robust CRP technique.95,96

One of the key advantages of ATRP over other CRP methods is the simplicity of the reactions.
The radical initiator can easily be prepared from alcohols through an acylation reaction. There
is a range of monomers that can be used, so long as they are able to stabilise propagating
radicals. Grafting of styrene, acrylates, acrylamides and acrylonitrile have all been reported.96
There is a wide choice of catalysts and ligands that can be used, depending on the reaction
mixture. These often consist of cheaply available catalysts such as Cu(I)Br can be used,
although a range of other transition metals (Mo, Cr, Re, Rh Ru, Fe, Ni, Pd) have also been used
successfully in grafting.97–109

The rate of ATRP is controlled by the equilibrium between the dormant species and the active
propagating radical species (Scheme 3).110

Scheme 3: Kinetics of ATRP.110

Radicals are generated through a reversible redox process which is catalysed by a transition
metal (Mtm/L in the above example, where L is the ligand, and m is the oxidation state). The
catalyst abstracts the halogen from the dormant initiator species, Pn-X to form the radical Pn*.110
This process can be deactivated to reform the dormant species; ideally the equilibrium is driven
towards deactivation to minimise the rate of termination (kt), which may occur by radical coupling
or uncontrolled polymerisation. Kp represents the rate at which monomer addition occurs. The
key to controlled polymerisation is both quick initiation and rapid deactivation; these parameters
are controlled by the type of catalyst-ligand system, reaction conditions (temperature, solvent,
pressure) and monomer used.96

A challenge for conventional ATRP is the trapping of oxygen during the propagation process,
leading to deactivation of the copper catalyst and thus termination of propagation if the reaction
is not sufficiently deoxygenated or sealed.111 Activators generated by electron transfer (AGET)
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ATRP had been developed to mitigate this process.112 A reducing agent, typically tin(II) 2ethylhexanoate (Sn(Oct)2) or ascorbic acid, is used to reduce the catalyst. By adding a sufficient
amount of reducing agent, it is possible to perform the reaction in the presence of air. In a copper
catalyst system, Cu(I) is converted to Cu(II) in the presence of air, which is reduced to Cu(I) by
the reducing agent. There are significant challenges in optimising the amount of reducing agent
used; too little would lead to insufficient mitigation of oxygen, whereas too much leads to
uncontrolled polymerisation.113
An improved process is activators regenerated by electron transfer (ARGET) ATRP.113 This
technique uses small amounts of extremely active catalysts and an excess of reducing agent
(Figure 25). The basic principle of AGET remains - the copper catalyst is oxidised to Cu(II) is
rapidly reduced back to the active Cu(I) state - but with better control over the amount of active
catalyst present. ARGET ATRP can be performed with ppm levels of catalysts, as well as in
reaction mixtures that have not been deoxygenated.

Figure 25: Proposed mechanism of ARGET ATRP catalyst reduction in presence of air.

There are numerous applications of ATRP-grafted polymers, with potential use as bioactive
surfaces,114,115 tissue engineering scaffolds,116–118 imaging platforms,119–121 drug delivery
systems122–124 and as biopolymer conjugates.125,126

1.8: Electrospinning
Electrospinning is a technique used to produce nanofibres through the manipulation of
electrostatic forces. Interest in this technique stems from the potential to produce fibres down to
the nanometre scale, and the ability to modulate the size and morphology of the fibres through
adjustment of the various parameters.127
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The biggest attraction to electrospinning is the ease of the experimental set up and the relatively
benign conditions under which electrospinning can be performed. There are many variations in
the set up, but in general there are four key components of electrospinning: a syringe pump to
control the flow rate, a power supply for the application of voltage, and a collector for the fibres
to be deposited to and the polymer mixture. Figure 26 is an illustration of a basic electrospinning
set up.

Figure 26: Illustration of a basic electrospinning setup.127

The formation of the fibres is driven by electrostatic forces.128 The polymer is dissolved in solvent
and loaded into a syringe; this is then pumped through a needle that is connected to a power
source. Droplets form at the end of the needle, and the high voltage from the power source
induces a charge on the droplet; this causes mutual charge repulsion. As the electrical charge
gets stronger, the repulsion energy supersedes the surface tension, causing elongation of the
droplet in the “Taylor cone”.128 Further increase of charge eventually ruptures the cone, causing
the polymer droplet to erupt from the tip, and fly towards a conductive collector. During this
process, the polymer solution is elongated further and thus become very thin and long. The
solvent of the polymer jet evaporates mid-flight, and the polymer land as a fibre.128

There are numerous parameters that influences the morphology of the fibres produced. These
include the voltage used, pump rate, distance to collector, solvent used, concentration of
polymer, ambient temperature, humidity, and the intrinsic properties of the polymer itself.128
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The choice of solvent for a polymer is important. Ideally, the solvent and the polymer have strong
affinity for each other. A method to choose the ideal solvent mixture is to use solvent that has
intermolecular forces similar to polymer inter-chain forces.127 A good solvent choice will lead to
expanded fibres, while poor choice leads to the formation of globular chains. Another parameter
is the concentration of the polymer, which influences the viscosity of the polymer solution.129
The use of low concentration polymer solutions tends to lead to formation of beads and fibres;
conversely, an increase in concentration, and therefore viscosity, tends to lead to better defined
fibres.130 However, the increased viscosity also requires an increase in electrical potential to
mitigate the increased tension. Voltage set too high may adversely affect the process: the
solvent may dry at the tip rather than mid-flight, which can cause blockages in the tip of the
needle leading to irregular polymer jets.131

The distance to the collector is also important, a short distance may not allow sufficient time for
the solvent to evaporate; thus there is a minimum threshold required.131 A too large distance
between needle and collector may cause breakages of fibres.

Environmental parameters also have an effect. The ambient temperature influences the
evaporation rate of the solvent, while humidity can cause the formation of pores or change the
diameter of pores.127

In conventional electrospinning, the collected fibres are unorganised bundles. Studies had been
undertaken to produce aligned fibres by using a rotating drum as collector.132 It is also possible
to form aligned fibres by using two conductive collectors with an insulating gap.133 This
manipulates the electrostatic field and encourages the fibres to span over the conductive strips.
This method has the added benefit of producing fibres that are easily transferable for further
processing.

Electrospun nanofibres have been used in applications such as the reinforcement of composite
materials, porous membranes, tissue engineering, supports for enzymes, sensors, and
templates for fabricated nanostructures.134–138
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1.8.1: Scaffolds used for Tissue Engineering
Tissue engineering has been recognised as one of the most promising alternatives to solve the
lack of donor tissues.

The goal is to synthesise scaffolds that can replace the natural

extracellular matrix (ECM) as the host replacement for the lost tissues. There have been
extensive studies made in the use of electrospun fibres for tissue engineering.

Of interest is the use of conducting polymers in synthetic scaffolds. Conducting polymers allows
the transmission of electrical current, which is known to enhance the growth of cells. For
example, Collier et al have shown that electrically stimulated neuron cells grew almost twice as
fast compared to unstimulated cells in in vitro studies. CPs are also able to modulate surfaces
through electrical stimuli, altering physical properties such as charge and stiffness, and allowing
the production of “smart” conducting scaffold. The type or function of the cells can be altered
via both the structure of the scaffold and the presence of certain biological molecules, which
may be included as part of scaffold functionalisation.

While PThP or PPyP polymers have not been used in tissue engineering, the ‘parent’ CPs (PTh
and PPy) has. PPy possesses low cytotoxicity in in vivo testing, making it a highly suitable
scaffold for biological purposes. It was also shown that PPy is able to support the growth of
several different types of cell. PPy had been studied previously as a bridge for rat sciatic nerve
cells by Wang et al., who showed that PPy performs with good biocompatibility and an absence
of toxicity, allergenicity or mutagenesis. It is due to these favourable properties that PPy is one
of the most extensively studied CPs for biomedical applications. Conversely, PThs has
historically been less well-studied, although in recent years, studies had shown PTh and many
of its derivatives are non-toxic and candidates for bioapplications.155–157
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1.9: Objectives of This Study
The goal of this project is to synthesise a range of PThP and PPyP monomers and investigate
their polymerisation, functionalisation and processability by electrospinning. Despite the
common assertion that the phenylene group is important due to its flexibility of substitution, there
has been no reported use of substituents beyond basic functionalities such as different chain
lengths of alkyl groups or the use of ethylene glycol groups. This appears to be a lost opportunity
to mitigate some of the common issues of conducting polymers, such as their insolubility and
low processability. It is also an opportunity to bestow additional physical properties on the
conducting polymer backbone. The limited literature work, especially in the case for PPyP,
allows large scope for study to of these interesting monomers/polymers.

To this end, the aim of the work is to produce a series of PThP and PPyP monomers with a
range of various alkoxy side chains that allow for further functionalisation of the final polymers
post-synthesis. These side chains would include modifiable functional groups such as azides,
ATRP initiating sites and side chains bearing carboxylic acid groups. The envisioned flexible
synthetic procedures would allow the incorporation of functional side chains using generalised
procedures. One of the key aspects here would be that these functionalised chains need to be
modifiable post-polymerisation, to increase the scope of conceivable functional groups addition
- and therefore functions - that the polymers could have.

The use of unsubstituted thiophene and pyrrole may be unusual given the improved functionality
of alkoxy variants such as PEDOT, with their lower oxidative potentials and prevention of βcrosslinking. However, it was envisioned that it is beneficial to reduce the steric hindrances
caused by the di-oxy substituents, which may interfere with functionalization reactions,
especially when the additional group has significant steric bulk. The steric bulk will increase
upon functionalisation with larger groups on the side chain, leading to twisting of the planar
structure and thus leading to lower conductivities or reduced photoluminescence. Therefore,
unfunctionalised thiophene was chosen over alkoxy thiophenes for the PThP termonomers.
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1.10: Thesis Outline
Chapter 2 will firstly describe the literature examples of the synthesis of PThP monomers, then
present and discuss the synthetic plan used in this work to synthesise novel PThPs with
functionalisable side chains, followed by a study of their electrochemistry.

Chapter 3 will firstly describe the past examples of the synthesis of PPyP monomers. The
strategy used to synthesise novel PPyP monomers with new functionalisable side chains will be
then presented and discussed, followed by discussion on their electrochemical properties.

Chapter 4 will describe the chemical functionalisation of both PThP and PPyP monomers, as
well as further functionalisation of the side chains through the use of ATRP and ‘click’ chemistry.

Chapter 5 will discuss the synthetic procedures and properties of PThP with advanced
functionalities, such as thermoresponsiveness and incorporation of bioactive molecules

Chapter 6 will discuss the electrospinning of the PThPs and PPyPs.

Chapter 7 will provide a summary of the work covered in this thesis and the directions of the
future work in the research area covered.

Chapter 8 will describe the general methods of the experimental procedure used and the
spectral data of all monomeric compounds synthesised in this work. The experimental
procedure for electrochemistry, chemical polymerisation and the subsequent functionalisation,
and biocompatibility studies will be also described.
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2.1: Derivatised Polythiophenes
This chapter describe the synthesis and properties of novel CP monomers based on thiophene
phenylenes that carry versatile functional sites to allow post-polymerisation functionalization
showcase their electrochemical properties. It was hoped that the use of this methodology would
provide a convenient route to designer CPs. Poly(thiophene phenylene) (PThP) was chosen as
the CP backbone, due to its advantages over polythiophene, such as reduced oxidation
potential, ease of termonomer synthesis and versatility in derivatisation.76

The proposed PThP ‘termonomers’ were envisioned to allow a great flexibility in manipulating
of polymer properties and to allowing the building of the polymers in a “Lego® blocks” fashion
functionalisation (Figure 27).

Figure 27: Example of PThPs functionalised utilising with ‘click’ and ATRP chemistries.

For that purpose, the termonomers were designed in such a way that the central ring was
chosen to be a phenylene ring with two thiophene side rings, thus creating poly[1,4-bis(2thiophene)-p-phenylenes] (PThPs). The phenylene ring was designed to carry a range of useful
substituents, some of which provide a handle for further polymer modification.
The advantage of utilising PThP, where the central thiophene is exchanged with benzene, rather
than terthiophene was threefold. Firstly, the monomers retain the benefit of lower oxidative
potentials of terthiophenes compared to polythiophene.3 Whilst some thiophene derivatives,
such as PEDOT158 and terthiophenes exhibit an oxidation potential that is lower than nonmodified thiophene,159 it was hoped that the termonomers synthesized would undergo
electropolymerisation at even lower potentials. Secondly, with functionality being appended to
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only benzene rings the substitution it was not expected to hinder α-α addition during oxidative
polymerisation of the termonomers. The use of derivatised thiophenes has previously led to
poor alignment of the aromatic rings if there are defects due to steric hindrance between the
substituents, which directly correlates to impairment of electrical activity.160 Conversely, the use
of thiophene phenylenes has been shown to contribute to greater regioregularity.161 Thirdly,
functionality is positioned on the every third ring, spacing out the substituted benzene rings and
allowing for easier further chemical functionalization at these sites.

2.2: Literature Examples of Synthesis of PThP
monomers
Childs et al. showed that the use of electron donating alkoxy substituents leads to better
polythiophene(phenylene) and polyfuran(phenylene) conductivity, lower optical band gap and
lower oxidation potential due to the increase in electron density in the π-conjugated system.162
Steric effects of side chains can also affect conductivity, where the energy barrier to attain a
planar π system needed for high conjugation and conductivity increases. Planar systems also
allow two-dimensional charge transport through π-stacking.163 By using ThPs substituted with
alkoxy substituents it was hypothesised that the prepared polymers will preserve conductivity
and at the same time would allow easy alteration of the side chains by adding various
functionalities without significant deviation of the main synthetic procedure. The use of 1,4disubstituted phenylene rings doubles the number of functional sites available per each
termonomer unit (as two functional groups/side chains are added per phenylene ring),
increasing the density of the functional groups. For example, the dual di-glycol and tri-ethylene
glycol side chains thiophene phenylene monomers (43 and 44, Scheme 30) were added to
overcome the highly hydrophobic chemical nature of thiophene polymers and it was theorised
the increased density on the polymers would be beneficial in increasing its effect. Ethylene
glycol chains are also known to prevent non-specific protein adsorption, making the polymers
potential candidates for biomedical applications.164

In addition to ethylene glycol side chains, the focus was on adding functionalisable groups that
enable further functionalization - an azide, which could be modified in labile conditions through
‘click’ reactions, and an ATRP initiator site, which allows for the grafting of polymeric side chain
(Figure 27). The interesting aspects of the synthesized monomers would hopefully be their
ability to co-polymerise. The copolymer can be then easily post-polymerisation modified through
both ‘click’ and ATRP that could be performed interchangeably. This approach is discussed in
Chapter 4.
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The synthesis of the di-thiophene phenylene backbone moiety was the first focus, with high
compatibility of the reaction conditions crucial in synthesising a diverse range of compounds. In
the literature, some of the commonly used reactions were Kumada coupling using a nickelcatalysed system or through palladium catalysts using Suzuki or Negishi coupling conditions.
One of the first examples of the thiophene phenylene coupling was reported by Reynolds et al.,
to produce unsubstituted phenylenes or alkyl substituted phenylenes.76 This method was also
one of the first polymerisation conditions reported for alkyl thiophenes.56 They completed this
through using thiophene functionalised with Grignard reagent 49 and couple this with iodinated
benzene 50 or 51 to form benzoidal derivatives of PThP such as 52 and 53 through use of
Kumada coupling; using nickel(II) bis(diphenyphosphino)propane dibromide (NiDPPPBr2) as
catalyst.165,166

Scheme 4: First synthesis of PThP by Reynolds et al.76

However, when Reynolds attempted to perform the reaction on dimethoxy benzene 55, it led to
no reaction. They theorised this to be due to the electron-donating methoxy substitution, which
led reduced electrophilicity of the benzene ring. In their work, they circumvented this by using a
stronger nucleophile, 2-thioenylcopper 54, which they used to perform a copper mediated cross
coupling reaction by refluxing the benzene 55 and thiophene 54 in pyridine to form MeThP 21
(Scheme 4). Neigishi coupling has also been reported by Pelter et al. on a range of di-alkyl and
di-alkoxy substituted dibromide benzenes achieving low to moderate yields of ThPs 21, 53, 5763 ranging from 2% to 66%, but requires the use of using 2-thienylzinc chloride 56 which is
sensitive and cannot be stored (Scheme 5).167
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Scheme 5: Synthesis of PThP by Negishi Coupling, by Pelter et al.167

In recent years, more favourable reaction conditions had been developed. Lois et al. reported
the use of Stille reactions or Suzuki palladium(0)-catalysed cross-couplings by reacting
appropriately substituted thiophene 64 with dibromides 65-67 using PdCl2(PPh3)2 and Pd2dba3
as catalyst respectively, leading to moderately high yields of 71% to 80% of ThP with alkyl and
alkoxy side chains (52, 53 and 21) (Scheme 6).168 Promarak and Ruchirawat also reported the
use of a Suzuki coupling for their di-coupling reactions where thiophene boronate 68 was
reported with a di-octoxy di-bromobenzene 69 using Pd(PPh3)4 as catalyst.169 The yield for ThP
58 is relatively low yielding but showed long chained alkoxy groups could be present in the
coupling reaction.

Scheme 6: The synthesis of PThP by Lois et al. and Promarak and Ruchirawat using Stille coupling and
Suzuki coupling respectively.168,169
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2.3: Synthesis of PThP Monomers
This chapter describes the synthesis of the PThP monomers; Figure 28 presents the structures
of all the monomers synthesised; the detailed experimental procedure of the synthesis of the
monomer and the intermediates in the synthetic procedure is provided in section 8.2. All
monomers and their respective polymers prepared in this chapter, except MeThP 21,76 are
novel and not previously reported.

Figure 28: All of the PThP synthesised.
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2.2.2: Synthesis of Methoxy Thiophene Phenylene (MeThP)
21
It was decided firstly to synthesise MeThP 21, using the Suzuki reaction (Scheme 7). A
modification of the centralised benzene was made, replacing the dibromides with diiodide due
to their higher level of reactivity. As thiophene boronate pinacol ester 70 was commercially
available, it was used instead of using thiophene boronic acid 68. Pinacol ester is the more
favourable boronate as the boronic acid has the tendency to form dimers, trimers or boroxines
in anhydrous conditions.170 Bromides were changed to iodides in the hopes of improving the
reaction as the reactivity of iodides is higher than bromides in Suzuki-coupling.171 Choice of
ligand-catalyst complex was SPhos and palladium acetate. Barder et al. had reported that
SPhos has increased reactivity for aryl halides in Suzuki coupling reactions, including aryl
chlorides and electron-poor aryl halides.170

Iodination of 1,4-dimethoxybenzene 71 was performed using reaction condition previously
reported,172 using iodine and periodic acid in methanol and stirring for 4 h using, which resulted
in the formation of iodinated dimethoxy benzene in 97% yield. This was followed by Suzuki
coupling with thiophene pinacol ester 70 in nbutanol at 110 °C in the presence of palladium
acetate, SPhos and tripotassium phosphate as base gave MeThP 21 in 90% yield. The 1H and
13C

NMR spectra of 21 was in agreement with those reported by Reynolds et al.76

Scheme 7: Synthesis of 2,2'-(2,5-dimethoxy-1,4-phenylene)dithiophene (MeThP) 21 (i) I2, H5IO6,
methanol, r.t., 4 h, 97% (ii) Pd(OAc2), SPhos, K3PO4, nbutanol, 110 °C, 20 h, 90%.
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2.2.3: Synthesis of Di-ethylene Glycol Polythiophene
Phenylene (DGThP) 43

Next the synthesis of a ThP with larger glycol alkoxy groups was desired. Synthesis of DGThP
43 was completed through initial synthesis of the side chain, followed by the coupling of the
thiophenes. Starting from 2-(2-methoxyethoxy)ethan-1-ol 72, the alcohol was converted to a
tosylate leaving group by reaction with TsCl and Et3N in CH2Cl2 to obtain the tosylated di-glycol
73 in 87% yield. This was followed by the alkylation using hydroquinone 74 using tBuOK as
base and EtOH as solvent which gave the desired di-glycol benzene 75 in 79% yield. Iodination
using ICl in methanol yielded the iodinated di-glycol benzene 76 in 76% yield followed by Suzuki
coupling with thiophene boronate 70 yielded the desired di-glycol ThP (DGThP) 43 in 71% yield.
In the 1H NMR spectrum, there are aromatic peaks at 7.08, 7.29, 7.32 and 7.55 ppm; these
peaks are the thiophene protons and the aromatic proton on the central benzene. The four sets
of CH2 signals (3.57-3.59, 3.72-3.74, 3.93 and 4.26 ppm), these signals are consistent to those
expected of the ethylene glycol groups along with the methoxy protons (3.39 ppm). Mass
spectroscopy confirmed the formula C24H30KO6S2 for the molecular ion [MK+] (m/z 517.1100).

Scheme

8:

Synthesis

of

2,2'-(2,5-bis(2-(2-methoxyethoxy)ethoxy)-1,4-phenylene)dithiophene

(DGThP) 43 (i) TsCl, Et3N, r.t., 24 h, 87% (ii), tBuOK, EtOH, 70 °C, 24 h, 79% (iii) ICl, methanol, r.t., 6 h,
76%, (iv) SPhos, Pd(OAc)2, K3PO4, 80 °C, 24 h, 71%.
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2.2.3: Synthesis of Tri-ethylene Glycol Polythiophene
Phenylene (TGThP) 44
Synthesis of TGThP 44 was then carried out using the same synthetic pathway as DGThP 43
(Scheme 9). The first step was the tosylation of 2-(2-(2-methoxyethoxy)ethoxy)ethanol 77,
carried out using TsCl and Et3N in CH2Cl2 and stirred for 24 h at room temperature to obtain
tosyl tri-glycol 78 in 86% yield. This is followed by the dialkylation with hydroquinone 74 using
tBuOK

in EtOH at 70 °C for 24 h to afford tri-glycol benzene 79 in 49% yield and followed by

iodination. Initial attempt at iodination using ICl resulted in low yield of 50%. The reaction
condition was switched to iodine and mercury acetate in CH2Cl2, which gave 80 in 76% yield.
This reaction proceeds through the generation of cationic I+ through generation of iodine
monoacetate in situ through oxidation of I2 by Hg(OAc)2.173 The generation of IOAc using other
source of oxidisers had been reported, with AgOAc, Pb(OAc)4 and metal-free using
iodobenzene diacetate.174

Scheme 9: Synthesis of 2,2'-(2,5-bis(2-(2-(2-methoxyethoxy)ethoxy)ethoxy)-1,4-phenylene)dithiophene
(TGThP) 44 (i) TsCl, Et3N, CH2Cl2, 0 °C to r.t., 24 h, 86% (ii) tBuOK, EtOH, 70 °C, 24 h, 49% (iii) I2,
Hg(OAc)2, r.t., 6 h, 76% (iv) Pd(OAc2), SPhos, K3PO4, nbutanol, 110 °C, 20 h, 58%

The Suzuki cross-coupling of 80 was then performed using the previous conditions to give
TGThP 44 in 58% yield. The physical state, at room temperature, of 44 was a viscous oil, which
contrasts with MeThP 21 or DGThP 43 which were yellow solids, due to the presence of
additional ethylene glycol groups. In the 1H NMR spectrum, the diagnostic signals of the
thiophene phenylene motif seen in MeThP 21 and DGThP 43 at the aromatic region are present.
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The ethylene glycol signals (between 3.53 and 4.24 ppm) and the methoxy signal (3.36 ppm)
are also present. Mass spectroscopy confirmed the formula C28H38KO2S2 for the molecular ion
[MK+] (m/z 605.1649).

2.2.4: Synthesis of Azido Thiophene Phenylene (AzThP) 45
The next monomer to prepare would contain an azide group which other groups could be added
via ‘click’ chemistry. The synthesis of the proposed monomer AzThP 45 is outlined in Scheme
10. Commercially available 3-bromopropan-1-ol 81 was converted to an azide through reaction
with sodium azide in H2O at 70 °C for 24 h to yield azidopropan-1-ol 82 in 89%. From this point,
the intended reaction pathway mirrors that of DGThP 43 and TGThP 44. The tosylation of 82
was performed using the previous conditions, and thus tosyl chloride and 82 was dissolved in
CH2Cl2, followed by addition of Et3N at 0 °C and stirred overnight at r.t. gave the product 83 in
93% yield after purification. The alkylation again was performed using the same condition as
used previously, thus tosylate 83 and hydroquinone 74 were stirred in EtOH followed by addition
of tBuOK and heated at 70 °C under N2 for 24 h and gave diazido benzene 84 in 70% yield.
Iodination using ICl yielded no reaction, thus the alternative iodination conditions was utilised;
using iodine and mercury acetate in CH2Cl2, stirring at r.t. for 6 h resulted in the formation of
desired product 85 in 70% yield after purification. The iodinated product 85 was then put through
to the Suzuki reaction. Due to the potentially explosive properties of azides, it was elected to
not to perform the Suzuki reaction using previous reaction conditions due to its high temperature
and use of pressure chamber and thus the reaction was attempted at a lower temperature of 70
°C, but this reaction gave only a complex mixture. Therefore, there was a switch to a new
methodology; the iodinated compound 85, thiophene boronate 70, Pd(PPh3)4 and tripotassium
phosphate were dissolved in degassed DMF and stirred for 48 h at 70 °C and this yielded,
AzThP 45, after purification in 65% yield.
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Scheme 10: Synthesis of 2,2'-(2,5-bis(3-azidopropoxy)-1,4-phenylene)dithiophene (AzThP) 45 (i) NaN3,
H2O, 70 °C, 24 h, 89% (ii) TsCl, Et3N, CH2Cl2, 0 °C to r.t., 24 h, 93% (iii) tBuOK, EtOH, 70 °C, 24 h, 62%
(iv) I2, Hg(OAc2), r.t., 6 h, 70% (v) Pd(PPh3)4, K3PO4, DMF, 70 °C, 48 h, 65%.

In the 1H NMR the same signals in the aromatic region are present with similar chemical shifts.
The propyl linker to the azide is present as signals at 3.60, 2.15 and 4.18 ppm. In the FTIR of
84, the diagnostic signal of an azide is present at 2092 cm-1. Mass spectroscopy confirmed the
formula C20H20N6NaO2S2 for the molecular ion [MNa+] (m/z 463.0986).

2.2.5 Synthesis of Thiophene Phenylene Monomer with a
Radical Initiator Site
The next ThP monomer was desired to contain a site from which radical grafting could occur.
For the synthesis of this radical initiator, a change in order of reactions was required due to the
reactive bromide on the side chain which may led to formation of side products during the Suzuki
coupling. Therefore, the initiator was planned to be attached after the coupling of thiophenes.
The final step was an acylation and thus required the presence of an alcohol on the side chain.
A linker is desired also to allow for some distance between the radical polymerisation initiating
site and the backbone to mitigate any potential steric hindrance and allow the grafting of bulky
monomers. As in the original methodology (Scheme 11), synthesis was started from
3-bromopropan-1-ol 81, which needed to be protected for the alkylation reaction. Thus, 81,
TBDMSCl and imidazole was dissolved in CH2Cl2 and stirred for 24 h at r.t. to obtain the silyl
ether 86 in quantitative yield. The alkylation step was achieved using the same reaction
condition as previous monomers to yield benzene 87 in 50% yield. Iodination using iodine with
mercury acetate in CH2Cl2 gave iodinated benzene 88 in 80% yield, which was followed by
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Suzuki coupling with thiophene boronate 70 using previous conditions to afford the desired
thiophene phenylene 89 in 58% yield. Deprotection of TBDMS group using tBAF in CH2Cl2
afforded the propanol thiophene phenylene 90 in 49% yield. With the alcohol in hand, the
acylation reaction was achieved by dissolving 90 and DMAP in CH2Cl2 followed by dropwise
addition of bromopropanoyl bromide 91 and Et3N and stirring at r.t. for 24 h. After purification
the desired radical initiator thiophene phenylene 46 (BIPThP) was obtained in 74% yield.
Confirmations of the added functional groups were made using NMR and IR spectroscopy. The
diagnostic thiophene (7.10, 7.35 and 7.49 ppm) and benzene (7.27 ppm) signals in the aromatic
region were still present. The signal at 170.2 ppm in the

13C

NMR indicated the presence of a

carbonyl group, while FTIR showed a strong absorption at 1735 cm-1, which is consistent with
the added ester. Mass spectroscopy confirmed the formula C26H29Br2O6S2 and the Br isotopes
for the molecular ion [MH+] (m/z 658.9769 (79Br79Br), 660.9711 (79Br81Br), 662.9619 (81Br81Br)).

Scheme 11: Synthesis of ((2,5-di(thiophen-2-yl)-1,4-phenylene)bis(oxy))bis(propane-3,1-diyl) bis(2bromopropanoate) (BIPThP) 46 (i) TBDMS, imidazole, CH2Cl2, r.t., 24 h, quant. (ii) K2CO3, DMF, 60 °C,
24 h, 50% (iii) I2, Hg(OAc)2, r.t., 6 h, 80% (iv) Pd(OAc2), SPhos, K3PO4, nbutanol, 110 °C, 20 h, 58% (v)
tBAF, CH2Cl2, r.t., 4 h, 75% (vi) Et3N, DMAP, CH2Cl2, 0 °C to r.t., 24 h, 74%.
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Whilst the synthesis of the radical initiator was successful, it required a higher number of steps
and had lower yielding reactions. A revised synthetic route was therefore created. The length of
the linking groups could be varied, therefore it was decided to use commercially available 2,2'(1,4-phenylenebis(oxy))diethanol 92 which would allow removal of the low yielding alkylation
step. Successful iodination gave 93, using iodine monochloride and negated the need of
protection/deprotection steps. Additionally, the reaction required only a simple purification step
as the product precipitates from solvent and thus isolation of the compound involves only
filtration and subsequent washing with methanol, which yielded the desired alcohol 93 in 70%
yield. Suzuki cross-coupling with thiophene boronate 70 was performed next using Pd(PPh3)4
to form the diethoxy thiophene 94 in 71% yield. Acylation was then performed then using the
same conditions as previously used resulted in the bromo initiator thiophene phenylene (BIThP)
47 in 85% yield. In the 1H NMR, the diagnostic signals in the aromatic region representing to
the thiophenes (7.10, 7.34, 7.54 ppm) and the benzene signal (7.25 ppm) are present. Similar
to BIPThP 46, a carbonyl was present in the
1738

cm-1

13C

NMR (170.3 ppm) and an ester stretch at

was present in the FTIR. The difference is the presence of only two CH2 signals (4.32

and 4.39 ppm), differing from BIPThP 46 which had three CH2 signals (4.41-4.49, 2.27 and 4.20
ppm) for the propyl linker. Confirmation of the structure and presence of bromides were made
by mass spectroscopy. The formula C24H26BrN2NaO6 and the Br isotopes for molecular ion
[MK+] were found (m/z 668.9006 (79Br79Br) 670.9006 (79Br81Br), 672.8997 (81Br81Br)).
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Scheme 12: Synthesis of ((2,5-di(thiophen-2-yl)-1,4-phenylene)bis(oxy))bis(ethane-2,1-diyl) bis(2bromopropanoate) (BIThP) 47, (i) ICl, methanol, reflux, 6 h, 74% (ii) Pd(PPh3)4, K3PO4, DMF, 70 °C, 48 h,
71% (iii) Et3N, DMAP, CH2Cl2, r.t., 24 h, 85%.

2.2.6: Synthesis of Thiophene Phenylene with Carboxylic
Side Chains
The next monomer desired would contain carboxylic acid side chains which could be used to
form esters or amides post polymerisation. The synthetic procedure of the acidic monomer
HAThP 48 is outlined in Scheme 13. Using procedure previously developed by the research
group, 6-bromohexanoic acid 96 was converted to its methyl ester to form methyl
6-bromohexanoate 97, which was then dissolved in methanol at 0 °C and thionyl chloride was
added and stirred for 24 h at r.t. to yield di-ester benzene 98 after work up. This was then reacted
with hydroquinone 74 by dissolving 97 in DMSO followed by the addition of KOH and stirring for
24 h at r.t. After work up and purification, the reaction yielded the desired di-ester 97 in 90%
yield. The subsequent iodination reaction was performed using iodine monochloride to yield 99
in 96% yield. Suzuki coupling was then performed using similar reaction condition as the other
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monomers, using Pd(PPh3)4 as catalyst, to yield the di-thiophene 100 in 47% yield. The final
step of the synthesis was the hydrolysis of the ester, which was achieved by dissolving 100 in
THF and methanol followed by the addition of 4M aqueous NaOH and stirring at r.t. for 2 h. The
reaction was acidified to form a precipitate which was the desired acid functionalised thiophene
phenylene 48 in 57% yield Confirmation of structure was made using NMR, mass spectroscopy
and FTIR. The thiophene and benzene signals in 1H NMR are present at chemical shifts similar
to previous PThP synthesised (7.14, 7.43, 7.57, 7.71 ppm). The presence of the carboxylic acid
group can be observed by the peak at 12.00 ppm and a carbonyl signal (174.4 ppm) in the

13C

NMR spectrum. In FTIR a signal at 2861 and 1706 cm-1 is observed, which is in the expected
range of carboxylic acid. Mass spectroscopy confirmed the formula C26H30NaO6S2 for the
molecular ion [MNa+] (m/z 525.1370).

Scheme 13: Synthesis of 6,6'-((2,5-di(thiophen-2-yl)-1,4-phenylene)bis(oxy))dihexanoic acid (HAThP) 48,
(i) SOCl2, methanol, r.t., 24 h, 96% (ii) KOH, hydroquinone, DMSO, r.t., 24 h, 90% (iii) ICl, methanol, reflux,
4 h, 96% (iv) K3PO4, Pd(PPh3)4, DMF, 70 °C, 24 h, 47%, (v) 4 M NaOH, THF, methanol, r.t., 2 h, 57%.
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2.2.7 Investigation of an Alternative Synthetic Pathway
The synthesised monomers were all produced in a linear manner, thus obtaining different side
chains required repeating many similar steps. Thus an alternative was investigated using a
pathway that diverges from dithiophene hydroquinone 63. It was envisioned that this could be
followed by alkylation of the desired side chains. Through this synthetic route, it was hoped
functionalisation of various side chains depending on the need could occur with flexibility and
relative ease.

Figure 29: Retro synthesis of PThP monomer using ideal synthetic pathway.

Thus alternative pathway to synthesise the monomers was attempted (Scheme 14). The
iodination of the hydroquinone 74 proved to be a problematic due to the presence of the phenol
groups with the reaction forming complex mixtures in all reaction conditions attempted. This was
mitigated by using iodinated dimethoxy benzene 55, followed by demethylation with BBr3 to
produce the iodinated hydroquinone 100 in 30% yield. Coupling reaction of 100 with thiophene
boronate 70 using Suzuki reaction conditions gave 63 in 37% yield. Alkylation of tosylated triethylene glycol 78 or tosylated propyl azide 83 side chains was then attempted. While the yield
of the alkylations proved to be successful, with moderately good yield of ~70% for both alkylation
reactions, the key problem was the demethylation to form 100 and Suzuki coupling to form 63,
which were low yielding with only 30% and 37% yield respectively. Furthermore, scaling up of
the demethylation reaction using BBr3 in CH2Cl2 was problematic and yields were not
reproducible. The revised strategy would have allowed the combination of the early steps in the
synthesis of the functionalised monomers but at this stage needs further investigation of the
reaction pathway to increase the yields and use of more favourable reagents before this route
is viable. All monomers used for further studies and polymerisations were therefore prepared
using the route set out in sections Chapter 2, section 2.2.1-2.2.6.
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Scheme 14: Synthesis of TGThP 44 and AzThP 45 using alternative pathway.
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2.3: Electrochemistry
With the synthesis of the monomers completed the next step was to investigate the synthesis
of the functionalised PThPs by means of electropolymerisation was undertaken.

Electropolymerisation of the monomers were conducted on electrodes to investigate the
oxidation potential of the monomers. These films on electrode were then transferred to
monomer-free solutions to examine the electrochemical properties of the polymers formed using
cyclic voltammetry at different scan rates. This allowed the study of the redox behaviour of the
polymer, rate of charge transfer and potentially interactions between polymer environments.
Specifically, a study of the oxidative potentials was desired as it will determine whether these
monomers will co-polymerise to form homogenous polymers. Chemically polymerised and dropcasted on a gold electrode will be discussed later in Chapter 4.

Initially MeThP 21 was studied. The electropolymerisation was performed by dissolving the
monomer (0.02 M) in MeCN with 0.1 M LiClO4 as dopant. A gold electrode was used as the
working electrode, platinum wire as the counter electrode and Ag/AgCl reference electrode. The
electropolymerisation was performed at a scan rate of 100 mVs-1 for 5 cycles followed by
different scan rate cyclic voltammetry in monomer-free solution. However, in the CVs, the
amplitude of signals was low and the signals were decreasing in amplitude from repeated cycles
which may indicate the polymer is dissolving in the solvent; thus the solvent ratio was altered to
use 4:1 MeCN:H2O (v/v). Thus the electropolymerisation was repeated using the same dopant
and monomer concentration and the resulting voltammogram was similar to that found in the
literature published by Reynolds et al which used tetrabutylammonium perchlorate (tBAClO4) as
the electrolyte salt.76 Of interest is the insolubility of the polymer reported by Reynolds, which
may be attributed to the high oxidation potential they used (1.25 V, Figure 14), which may cause
over-oxidation of the polymer and decrease the polymer solubility. The oxidation of the monomer
peaks commence at approximately 0.75 V with oxidative peaks at 0.85 V with the peak of the
reduction at 0.75 V, which was consistent to the results published. The polymer oxidation peak
and reduction are 0.6 V and 0.47 V respectively; the amplitude increased as number of cycles
increases which indicating continuous polymer disposition.
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Figure 30: (A) Electropolymerisation CV of 0.02 M MeThP 21 solutions in 0.1 M LiClO4 in H2O/MeCN (4:1,
v/v) at 100 mVs-1 (B): Cyclic voltammograms of PMeThP 101 at differential scan rates between 5 mVs-1 to
250 mVs-1 in monomer-free solution 0.1 M LiClO4 in H2O:MeCN (4:1, v/v).

The electropolymerised film on the gold electrode dissolves in pure MeCN therefore the
electrochemical properties of the film were investigated in monomer free solution films of LiClO4
in 4:1 H2O/MeCN (v/v) to slow down the rate of the film’s dissolution (Figure 30B). The oxidation
peak of the polymer can be seen at 0.70 V and the corresponding reduction peak at 0.48 V.
This differs to the redox peaks observed in the CV published by Reynolds et. al., which had a
large oxidation and reduction peak at 0.12 V and 0.9 V respectively, this however is similar to
those peaks found in the electropolymerisation CVs and thus may be related to the monomers.
However, at lower scan rates, the redox peak potentials are similar to those found in this study.
Inset is the scan rate versus square root of scan rate. At higher scan rate, the redox wave is
broader and poorly defined, indicating hindered ion diffusion throughout the films at high scan
rates.

Electropolymerisation of the other functionalised the monomers intended to use as part of copolymers was then performed. Thus the thiophene monomers with side chain of di-glycol 43, triglycol 44, azide 45 and radical initiator 47 were electrochemically polymerised to form respective
polymer 102-105. All of the electropolymerisations were performed using the same condition as
those used for MeThP 21 above and the voltammograms are shown in Figure 31. As these CVs
were performed in water, a CV of blank gold electrode in monomer-free solution was completed
and overlayed to Figure 31D and the voltammogramme is presented in the Appendix, Figure
202.
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Figure 31: Electropolymerisation CV of 0.02 M monomer solutions in 0.1 M LiClO4 in H2O/MeCN (4:1, v/v)
at 100 mVs-1 for: (A) DGThP 43, (B) TGThP 44, (C) AzThP 45, (D) Black: BIThP 47; Red: Blank gold
electrode

The onset of oxidation for the all of the monomers was very similar, from 0.8 V to 0.9 V. The
similar values for the oxidation onset of these monomers ensure that co-polymerisation of these
monomers is likely to produce copolymers containing both co-monomers rather than forming
homopolymers or block co-polymers. The peaks’ currents varied between the different
monomer, which indicates the rate of polymerisation is different for each of the monomers.

The CVs with a range of scan rates of the resultant polymers were recorded in monomer-free
solutions in 0.1 M LiClO4 in 4:1 H2O:MeCN (v/v) (Figure 32) due to the high solubility of the
polymers in acetonitrile.
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Figure 32: Cyclic voltammograms scan rates between 5 mVs-1 to 250 mVs-1 in monomer-free solution 0.1
M LiClO4 in H2O:MeCN (4:1, v/v) for: A: PDGThP 102, B: PTGThP 103, C: PAzThP 104, D: PBIThP 105;
Inset: Linear dependence of log of scan rate over log of current at the oxidation peak

In the case of PTGThP 103, the oxidation and reduction peaks (Figure 32B) occur at 0.48 V
and

0.41

V

respectively;

at

significantly

lower

potentials

than

observed

from

electropolymerisation voltammogram (Figure 31). The CVs of PTGThP 103 (Figure 32B) show
characteristics of nearly reversible redox behaviour. The lower redox potential of PTGThP 103
when compared to PMeThP 101, may be explained by enhanced compatibility (and swellability)
of the polymer in the mixed solvent, facilitating the polymer redox reaction. The lower solubility
of PMeThP 101 in the mixed solvents also leads to the formation of a compact film slowing the
diffusion of ions and charge transport.175 CV scans of PAzThP 104 indicate strong capacitive
behaviour with broad oxidation and reduction waves with peaks appearing at 0.74 V and 0.69
V, respectively (Figure 32C). The values of the currents are the lowest for this polymer pointing
to less polymer deposition at the electrode. This polymer is highly hydrophobic, similar to that
of PMeThP 101 discussed above, likely forming a thin dense film. The oxidation and reduction
peaks for PBIThP 105 are found at relatively low potentials of 0.54 V and 0.45 V respectively
(Figure 32D). Interestingly, the oxidative potential for PDGThP 102 moved significantly higher
in the CV compared to the oxidative peak from electropolymerisation; from 0.57 mV to 0.67 mV.
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The oxidation peak was pronounced and clear, which resemble those of PTGThP 102 but at
higher scan rate the peaks were broader which is similar to those of PMeThP 101.

Despite the similarity in backbone, the CVs are noticeably different between each of the polymer
films. The density of the formed films are likely to be influenced by the side chain which will in
turn influence the charge transfer properties. The longer side chained PTGThP 103 have better
charge transfer properties, which could be attributed to the less dense packing of the films due
to steric hindrance and increased solvation. In comparison, the polymer film with the poorest
charge transfer properties, PBIThP 105, has insulating side chains comprised mainly of an
aliphatic chain. This polymer is likely to be tightly packed, and therefore was relatively inefficient
at charge transfer. PMeThP 101, while likely pack the densest films due to the lack of a side
chain, the polymer backbone is expected to have a closer packing. Therefore, the charge
transfer properties are better than for PDGThP 102 and PAzThP 104 films.

The co-polymerisation of monomers was then attempted. 3:1:1 molar ratio of MeThP 21 or
TGThP 44, AzThP 45 and BIThP 47 were employed to form the terpolymers TMeThP 106 or
TTGThP 107. The electropolymerisations and the CVs at different scan rates were done under
the

same

experimental

conditions

as

in

above

described

experiments.

The

electropolymerisation voltammograms of TMeThP 106 or TTGThP 107 are presented below in
Figure 34.
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Figure 33: Electropolymerisation CV of 0.02 M monomer solutions in 0.1 M LiClO4 in H2O/MeCN (4:1, v/v)
at 100 mVs-1 for: (A) TMeThP 106, (B) TTGThP 107.

The onset of electropolymerisation was similar for both tripolymers, at 0.8 V with polymer
oxidation peak at 0.7 V. The shapes of the voltammograms are not similar to any of the
employed monomer, indicating formation of the terpolymers.
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The CVs performed at different scan rate (Figure 34) confirms the assertion that these polymers
are likely to be terpolymerised and not forming any of the possible homopolymers. While the
shapes of the voltammograms to some extent resemble the polymer of the dominant monomer
in the monomer feed (MeThP 21 or TGThP 44), there are key differences which suggest that
the formed films are terpolymers. In TMeThP 106, the oxidation potential possesses the same
broad peaks as PMeThP 101 but with less broadening of peaks at higher scan rates. The
position of the oxidation peak varies between the scan rates; at 100 mVs-1 it is at 0.7 V, which
is more in line with the figures for PAzThP 104 and PBIThP 105. For TTGThP 107 there is a
well-defined oxidation peak as seen in PTGThP 103 but with peak oxidation peak again at 0.7
V. The differences in CV from homo-polymers re likely due to the different polymer composition
as these voltamogrammes represent three different monomers and behave differently.
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Figure 34: Cyclic voltammograms of electropolymerised terpolymers A: TMeThP 106 B: TTGThP 107; at
scan rates between 5 mVs-1 to 250 mVs-1 in monomer-free solution 0.1 M LiClO4 in H2O:MeCN (4:1, v/v);
Inset: Linear dependence of log of scan rate over log of current at the oxidation peak.

However, the composition of the polymers, i.e. the ratio of the monomers, was difficult to
determine, as the monomers may have different rates of polymerisation. The limitation of
electropolymerisation is that a small quantity of polymeric material is synthesised which
precludes spectroscopic techniques such as NMR to be utilised. Thus, chemical polymerisation
of these monomers were conducted.
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2.4: Chemical Polymerisation
Electropolymerisation enables fabrication of conducting polymer films of a controlled thickness
and in a controlled fashion, but in limited quantities. To produce larger amounts of polymers
typically needed in applications, chemical polymerisation of PThP was investigated.

As described earlier in the thesis and in further depth in Chaper 4, there are many methods of
chemcial polymerisaiton of polythiophene and its derivatives. Many of the polymerisation
technique require the use of thiophene substituted with halogen and thus many of the
polymerisation such as Kumada coupling may lead to a formation of side products in some of
the monomers synthesised. Thus, the method chosen for the novel PThP synthesised was
oxidative chemical polymerisation.

The detailed procedure used in the chemical oxidation is described in Chapter 8, section 8.5.
The chemical oxidative polymerisation of MeThP 21 and TGThP 44 in nitromethane using 6 eq.
of FeCl3 as an oxidant yielded a green polymer film, which was insoluble in all investigated
organic solvents. The use of 1.5 eq. of FeCl3 followed by with stirring overnight at room
temperature, led to the formation of a red powder, likely consisting of oligomers; however, an
extended time for the reaction to 4 days at room temperature yielded a green, soluble polymer.
The formation of the soluble polymer with lower ratio of oxidant to monomer indicates that the
higher ratios most likely formed a cross-linked polymer. The highly coloured reaction mixture,
due to the presence of FeCl3 in nitromethane, meant it was not possible to track the colour
change as the reaction progressed. The increase in molar ratio of 3.0 eq. of FeCl3 was attempted
and subsequently led to the formation of polymers that remained soluble in most organic
solvents (with the exception of PMeThP 101, which is only readily soluble in DMSO and DMF).
The chemical polymerisation of TGThP 44, AzThP 45 and BIThP 47 was completed similarly as
well. All other polymerisation using the same reactions conditions as used for MeThP 21
resulted in the formation of green polymers (Scheme 34) (1H NMR in appendix Figure 177 to
Figure 180). Reaction scheme of the oxidative polymerisation of ThP monomers are presented
below in Scheme 15.
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Scheme 15: Oxidative polymerisation of ThP monomers.

Success of polymerisation of both polymers was confirmed by gel permeation chromatography
(GPC) analysis (Appendix, Table 8) showing MW of between 24,000 and 36,000 Daltons. The
yield for these reactions ranges typically from 60 to 80%. It is noted that the values from GPC
should be considered as a relative figure, especially in the case for the grafted co-polymers
discussed later on. The polymer standards used in GPC calibration were polystyrene standards,
which will have a different hydrodynamic volume to the polymers discussed and thus the values
should be viewed as relative to other PThP rather than absolute molecular weight. 1H NMR
showed broad peaks in the same region as the monomers, indicating that all side chains are in
similar chemical environments (Figure 177 to Figure 180).

The UV-Vis spectra of the homo-polymers are presented in Figure 35. The π-π* transition of all
the polymers are between 423-467 cm-1; these figures are similar to those reported in the
literature for PThP.76 This shows all of these are polymers (which is in agreement with GPC
results) and conjugated.
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Figure 35: UV-Vis spectra of homo-PThP in CH2Cl2 or DMF

The electrochemistry of the chemically synthesised polymers was then studied. The polymers
were then de-doped in water/hydrazine suspension, filtered and the polymers were redissolved
in CH2Cl2 and drop casted onto a gold electrode. Cyclic voltammetry of the polymers was
performed under the conditions same as previously used for PThP (Chapter 2, section 2.3),
namely in 0.2 M of LiClO4 in 1:4 (v/v) MeCN:H2O. Figure 36 presents the CV of the chemically
polymerised polymers.

For PMeThP 101, the oxidation and reduction peaks potentials are at 0.63 V and 0.51 V
respectively, the oxidative peak was higher than for electropolymerised film, which has oxidation
peaks at 0.7 V, whereas the reduction peak was similar. For PTGThP 103, the oxidation
potential had reduced to 0.43 V (from 0.48 V) and the corresponding reduction peak is unclear;
the chemically polymerised polymer appear to have a higher capacitance than the
electropolymerised product. PAzThP 104 have oxidation and reduction peaks at 0.68 V and
0.55 V respectively. The potential of the oxidation peak is here similar to the value observed for
the electrpopolymerised product whereas the reduction peak is at a lower potential. For PBIThP
105, the peaks are comparably more well-defined in the chemically polymerised product with
oxidation and reduction peaks at 0.64 V and 0.53 V; respectively, both of these values are
approximately at 0.1 V higher than the values obtained for electropolymerised films.
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Figure 36: Cyclic voltammogramsat scan rates between 5 mVs-1 to 250 mVs-1 in monomer-free solution
0.1 M LiClO4 in H2O:MeCN (4:1. v/v) for: (A) PMeThP 101, (B) PTGThP 103; (C) PAzThP 104, (D) PBIThP
105 Inset: Linear dependence of log of scan rate over log of current at the oxidation peak.

Solution doping of the samples were then attempted. The de-doped polymers were dissolved in
CH3Cl at ~0.1 mM concentrations followed by addition of anhydrous FeCl3 in MeCN. The UVVis spectra were measurement taken after stirring and leaving solutions to stand for 2 minutes.
The results are presented below in Figure 37 to Figure 40. Both PMeThP 101 and PTGThP
103 had similar polarons peak at 735 nm and 702 nm respectively, with the start of the bipolaron peak observed ~1300 nm. The π-π* transition peak decreases as polaron formation
occurs as expected. These peak values are similar to those published in literature (1.9 eV (652
nm)) for polaron and 1.0 eV (1239 nm) for PMeThP 101).76 PAzThP 104 also exhibits a polaron
peak (727 nm), but there is a secondary peak at 658 nm which rises as doping is performed.
This may be due distribution of polymer molecular weights, however, there was no observed
dual peak in the π-π* transition peak. There is a “delayed” response to doping, with the first
addition of dopant only yielding small amount of polarons, but subsequent addition led to
substantial increase in polaron and bipolaron. The azide side chains may had contributed to an
inefficient doping of the backbone via interaction with FeCl3. Coorrdination of FeCl3 to azide is
proposed to be the first step in the mechanism for converson of azide to hydrazones.176,177 It is
suggested that significant proportion of the first addition of FeCl3 led to coordination to the
azides. As less azide sites are available, subsequent additions led to higher level of doping. For

59

Chapter 2: Polythiophene Phenylene
PBIThP 105, the signals representing polarons (716 nm) and bipolarons (>1200 nm) are
present. The change in the magnitude of the polaron peaks was lower than for PMeThP 101
and PTGThP 103. These results indicate that all the polymers prepared chemically can be
doped in solution and polarons and bipolarons produced, giving a rise to absorption at
wavelength similar to those reported in literature for similar polymers.
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Figure 37: Solution doping of PMeThP 101 in CH3Cl by FeCl3 in MeCN
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Figure 38: Solution doping of PTGThP 103 in CH3Cl by FeCl3 in MeCN
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2.5: Conclusion
Successful synthesis of the termonomers MeThP 21, DGThP 43, TGThP 44, AzThP 45 and
BIThP 47 illustrated the flexibility of the synthesis procedure and the ability to incorporate
different side chains within the termonomers with only slight variations to the synthetic
procedure. The variety in the side chains synthesised demonstrates flexibility in the monomer
design and indicates vast possibilities of functional groups that could be attached onto these
monomers.

From the electropolymerisation CVs of a selection of the monomers synthesised, the oxidative
potentials required for electropolymerisation are in the range from 0.75 to 0.90 V (vs. Ag/AgCl)
and similar in between the investigated termonomers, which suggests these monomers could
be co-polymerised with each other forming, copolymers (not shown here) or tripolymers, as
investigated here exploring just a few possibilities. Chemical polymerisation of the homopolymers was completed, with the UV-Vis results indicating shows conjugated material is
present and can be doped post-polymerisation as shown by the formation of polaron and
bipolaron peaks. IR spectra and NMR showed that the chemical polymerisation process does
not affect the the functionalisable side chain

In the next chapter, a similar synthetic approach to the family of pyrrole-based termonomers
and their electrochemistry is investigated.
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3.1: Derivatised Polypyrrole
After the successful synthesis and functionalization of thiophene phenylene, attention was
turned to the pyrrole analogue. The synthesis of the pyrroles is more difficult due to higher
reactivity of pyrrole when compared to thiophene due to the enhanced stabilisation of the radical
cation. Since the discovery of conducting polymers, polypyrrole (PPy) and their derivatives have
been one of the more intriguing examples of CPs due to their reasonable stability in atmospheric
conditions and heat while exhibiting high conductivity, biocompatibility as well as solubility of the
monomer in water therefore allowing polymerisation in aqueous media.178 However, poor
solubility of PPy had so far limited the applications of this class of conducting polymers. Thus,
attempts at improving PPy’s solubility had drawn strong interest.

The most well-known method of solubilising polypyrroles was through the use of dopants
developed by Lee et al.74 the strategy of using dodecyl benzene sulfonic acid as the dopant and
this led to polypyrrole which can be dissolved in organic solvent. However, the range of solvents
that dissolves the polymers are limited to DMF, DMSO and m-cresol, while solubility was only
seen in chloroform, dichloromethane and 1,1,2,2-tetrachloroethane when equal amounts of
DBSA were used.

Song et al. had studied the effects of alkyl benzene sulfonic acid (ABSA) as a dopant by varying
the chain length of ABSA and examining the prepared film properties. They observed that longer
alkyl chains lead to lower conductivity of the films which they proposed is due to decreased
short-range ordering. They also observed more delocalized electrons and bipolarons.179 Thus,
to solubilise PPy and therefore make them processable, long chains must be present in either
the dopant or as a side chain substitutes onto the PPy backbone to counteract the strong
intermolecular interactions. However, steric hindrances thus created disrupt the planarity of the
polymer backbone and therefore lowering the degree of π-orbital overlapping and reducing the
polymer electroactivity.180

In this chapter, the synthesis of functionalised PPy monomer derivatives and their polymers will
be discussed. The approach here was to achieve solubility and added functionality through
functionalisation chemistry that does not affect the backbone, but can provide a mean of
controlling physical characteristics of the polymer and its added functionality. The approach
utilised here was inspired by the methodology developed for PThP (Chapter 2). This was
completed through the use of side chains consisting of ethylene glycol and modifiable side
chains synthesised. The synthetic design provides great flexibility in incorporating different
functional groups within these polymers while allowing the building of polymers in a “LEGO®
blocks” fashion through co-polymerisation, much like for the PThP series described in Chapter
2. The greater scope of functionalisation through the utilization of a central benzene over a
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pyrrole unit in the termonomer should allow the modification of the backbone of the polymer
without interfering significantly with the electronic structure of the backbone. It was hypothesised
that through such functionalisation approach, soluble PPys could be synthesised that are also
amenable to further modification (Figure 41).

Figure 41: Outline of functionalised polypyrrole phenylene.

The monomer chosen as the basic ‘building block’ is a pyrrole derivative, pyrrole phenylene
(PyP). These monomers are expected to be an improvement of mono unit polypyrrole or
termonomer variants with lower oxidative potential and large scope in functionalisation without
interfering with orientation of backbone, similar the improvements PThP has over mono unit
polythiophene and its derivative such as P3HT 7.181

The oxidative potential of PPyP is lower than that of polypyrrole as shown in studies by Sotzing
et al.162 This property is theorized to be due to the electron donation by the alkoxy substituents
leading to the decrease of optical band gap. Their study had shown that the attachment of
aliphatic groups from methoxy to cyclohexane had little effect on the oxidative potential of the
polymers. They had completed some cyclic voltammetry which showed the low oxidation
potential as discussed in section 1.5.2, as well as optoelectrochemical analysis and long-term
redox stability. There had been no report for the use of these polymers in the original paper and
there are no subsequent papers published on these polymers.

In this study, it will be shown that the consistency in oxidative potential could be extended to
side chains bearing functional groups such as azide, ethylene glycol and radical initiators. It was
also expected to exhibit greater regioregularity, as shown in PThP, as the substituents on the
phenylene should hinder α-γ polymerization. Furthermore, the oxidation potential required to
polymerise electrochemically is notably lower for PyP compared to pyrrole.182
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3.1.2:

Literature-reported

Synthesis

of

Polypyrrole

Phenylenes
The synthesis of pyrrole phenylene has only been reported previously on two papers; the first
example of the synthesis was described by Sotzing et al. in 1996 (Scheme 16).77
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Scheme 16: Synthesis of PPyP, adapted from Sotzing et al.77

They proceeded by first reacting substituted acid chlorides 108-111 with allyamine 112 to form
the aryl bis(allyamides) 113-116. This was then treated with phosgene to form aryl bis(allylimino
chlorides) 117-120 which were cyclised by treatment with base to yield PyP with methoxy
(MePyP) 27, unsubstituted 121, ethoxy 122, or dodecyloxy 123 side chains appended. A
different recently published synthetic route was published by Sakamoto et al., that is shorter and
use milder reaction conditions (Scheme 17).183 MePyP 27 was synthesised by Suzuki coupling
using Boc-protected pyrrole bromide 125 with di-boronic acid benzene 124 to form the Bocprotected PyP 126. This was followed by deprotection using sodium methoxide. The coupling
reaction was low yielding (37%) but was more of an elegant synthesis using less toxic chemicals
in the synthesis and less steps. The authors had synthesised the MePyP 27 as part of the work
in the synthesis of α-Bridged BODIPY.
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Scheme 17: Synthesis of MePyP by Sakamoto et al.183

The side chains substituents thus far had been restricted to alkyl chains and no substituents
with more complex functional groups have been. Therefore, all the monomers synthesised in
this work, with the exception of methoxy pyrrole phenylene (MePyP) 27 are novel, to the best
of the author’s knowledge.

3.2: Synthesis of Pyrrole Phenylene Monomers
In this synthetic approach adapted here, it was decided to follow the Suzuki protocol similar to
those used by Sakamoto et al.183 with a difference of using a pyrrole boronate instead of a
pyrrole bromide, and the use of iodinated benzenes instead of diboronic acid benzenes. Such
procedure is similar to the methodology developed in synthesis of the PThP series (Chapter 2).
This route is found to be more synthetically convenient as the Boc-protected pyrrole boronic
acid 127 is commercially available and the same iodinated compounds synthesised previously
(in Chapter 2, sections 2.2.1 to 2.2.6) could also be used here. Figure 42 presents the structure
of all the PPyP monomers synthesised in this work. Herein, this chapter describes the strategy
and steps involved in the synthesis of the monomers, the detailed experimental procedure for
each of the monomers are described in Chapter 8, section 8.3.

68

Chapter 3: Polypyrrole Phenylene

Figure 42: Synthesised PyP monomers: MePyP 27, DGPyP 128, TGPyP 129, AzThP 130, BIPyP 131,
HAPyP 132.

3.2.1: Synthesis of Methoxy Pyrrole Phenylene (MePyP) 27
To test the viability of the Suzuki route, synthesis of MePyP 27 was attempted firstly (Scheme
18). From iodinated methoxy 55, Suzuki coupling was performed with commercially available
Boc-protected pyrrole boronic acid 127 to yield bis-Boc-pyrrole 127 using the standard reaction
condition used for PThP (section 2.2.1). Thus, diiodide 55, pyrrole boronate 124, Pd(PPh3)4 and
tripotassium phosphate was dissolved DMF followed by stirring at 70 °C for 24 h to yield the
desired protected pyrrole 127 in 60% yield. Deprotection of Boc was completed using sodium
methoxide generated in situ by reacting sodium metal with methanol followed by the addition of
pyrrole 127 in THF to yield the desired methoxy pyrrole monomer 27 in 81% yield. The 1H NMR
data matched literature values.77 Base-mediated deprotection is used as the pyrrole monomer
is highly reactive in acidic conditions. The commonly used method of using trifluoroacetic (TFA)
for the cleavage of Boc resulted in undesired polymerisation in these monomers. The acidsensitivity of MePyP 27 was further illustrated when monomer was dissolved CDCl3, which is
slightly acidic. The solution turned from colourless to green in several minutes, indicating the
formation of oligomers and the polymer. Considering the oxidative potential of TFA is
exceedingly high, (2.4 V, vs SCE), and the monomer was shown to polymerise at 0.5 V (vs
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Ag/AgCl) in a previous study184, the polymerisation of the monomer is not unsurprising.
Thermolysis by heating the Boc-pyrrole 126 neat was also attempted. Temperature of up to 140
°C resulted in no reaction whilst higher temperatures resulted in the formation of non-conductive
green polymer film (Figure 43). Attempt at doping of the polymer so formed was made through
soaking it in a solution of FeCl3 in CH2Cl2, but the film remained non-conductive and insoluble.
The polymer had some elasticity but was easily sheared.

Figure 43: An optical photograph of the polymer film formed upon heating of MePyP 27 at 160 °C.

Scheme 18: Synthetic steps towards 2,2'-(2,5-dimethoxy-1,4-phenylene)bis(1H-pyrrole) (MePyP) 27.
(i) Pd(PPh3)4, K3PO4, DMF, 70 °C, 24 h, 60% (ii) Na, THF, methanol, r.t., 24 h, 81%.

3.2.2: Synthesis of Di-Glycol and Tri-Glycol Pyrrole
Phenylene (DGPyP 128 and TGPyP 129)
The synthetic procedure of di-glycol and tri-glycol pyrrole phenylene (DGThP 128 and TGPyP
129) mirrors that of the MePyP 27. The appropriately substituted iodinated benzene 76 was
coupled with boronate 127 to yield the iodinated di-glycol 76 in 70% yield. Suzuki coupling was
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performed using previously used (section 2.2.2) conditions, to obtain pyrrole 133 in 80% yield.
Deprotection of the Boc group was performed using the same conditon as previously, by
addition of the pyrrole 133 in THF to a freshly prepared sodium methoxide in methanol. After
purification, the desired monomer 128 was obtained in 50% yield. The synthestic steps are
outlined in Scheme 19. The presence of the pyrrole can be seen in the 1H NMR spectrum. The
pyrrole protons are observed at 6.24, 6.54, 6.81 and 10.5 ppm, which is similar with the values
reported for MePyP 27. The signals for the ethylene glycol signals are also observed (between
3.40 and 4.23 ppm) and these values are similar with the values observed for DGThP 43. The
confirmation of the molecular formula of C24H32N2O6 was done by means of mass spectroscopy,
for the molecular ion [M+] (m/z 444.2243).

Scheme

19:

Synthesis

of

2,2'-(2,5-bis(2-(2-methoxyethoxy)ethoxy)-1,4-phenylene)bis(1H-pyrrole)

(DGPyP) 128 (i) Pd(OAc)2, SPhos, K3PO4, nbutanol, 110 °C, 24 h, 70%, (ii) Na, THF, methanol, r.t., 16 h,
50%.

For the synthesis of the tri-glycol variant, TGPyP 129, the steps were very similar to that of the
MePyP 27 and DGPyP 128, with Suzuki coupling of the appropriately substituted diiodide 80
with pyrrole boronate 127. The coupling condition used was Pd(OAc)2, SPhos with K3PO4 in
DMF, this afforded the pyrrole 133 at higher yield compared to the palladium acetate/SPhos
system used previously which obtained the pyrrole 133 at 45% yield. Standard deprotection
protocol of freshly prepared sodium methoxide yielded the desired tri-glycol pyrrole (TGPyP)
129 in 50% yield (Scheme 20). In the 1H NMR, the diagnostic pyrrole signals (6.25, 6.54, 6.87,
10.47 ppm) were present, with the ethylene glycol peaks observed as well (between 3.36 and
4.36 ppm) similar to those observed previously for TGThP 44. Mass spectroscopy confirmed
the formula of C28H40N2NaO8 for the molecular ion [MNa+] (m/z 555.2663).
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Scheme 20: Synthesis of 2,2'-(2,5-bis(2-(2-(2-methoxyethoxy)ethoxy)ethoxy)-1,4-phenylene)bis(1Hpyrrole) (TGPyP) 129 (i) Pd(OAc)2, SPhos, K3PO4, 80 °C, 24 h, 80% (ii) Na, THF, methanol, r.t., 24 h,
40%.

3.2.3: Synthesis of Azide Pyrrole Phenylene (AzPyP) 130
The initial attempts at the synthesis of Boc-AzPyP 135 from diazido 85 were not successful as
the coupling reaction of 85 and 93 resulted in complex mixture when the palladium acetate or
Pd(PPh3)4 methods were used (Scheme 21). Alternatively, the azide could be obtained through
a tosylate, thus Suzuki reaction to form diol containing monomer 136 was also attempted.
However, all Suzuki reactions attempted resulted in formation of complex mixtures.
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Scheme 21: Failed synthesis of 135 and 136 from 85 and 93.

A change in the reaction conditions, using Pd(PPh3)4, 2M Na2CO3, DME as the catalyst, base
and solvent respectively, led to a success in synthesising the diol Boc pyrrole 136 in excellent
yield of 87%. The same condition was used in the attempted synthesis of 135 but resulted again
in the formation of complex mixture. Instead of continuing trying to pursue the Suzuki reaction
with azide 85 and with no previous literature on Suzuki reaction between pyrrole boronate and
aryl halides containing in the presence of azides, the route of synthesis was altered in a way
that the desired azide bearing pyrrole was to be made through modification of the alcohol. The
length of the azide side chains would differ from that of the thiophene series, but the linker
groups was not an integral part of the side chain and it was theorised that the distance is
sufficient between the backbone and the azide. As the pyrroles readily polymerise, all monomer
synthesis steps from diol 136 required thorough degassing of all solvents used. The alcohols
on 136 were converted to tosylates through the use of TsCl and Et3N in CH2Cl2 to give Bocpyrrole 137 in 40% yield. This was followed by azide conversion through stirring tosylate 137
with NaN3 in DMF to yield azide Boc-pyrrole 138 in quantitative yield. Standard Bocdeprotection, through the use of sodium methoxide, yielded the desired azide pyrrole 130 in
quantitative yield. The presence of the azide was characterised by a strong absorption at 2100
cm-1 in the IR spectrum. There are signals for the pyrrole protons at expected regions (6.276.31, 6.58-6.61, 6.90-6.92 and 9.90 ppm) in the 1H NMR. The ethyl side chain signals are
present (3.78 and 4.23 ppm). Mass spectroscopy confirmed the formula of C18H18N8NaO2 for
the molecular ion [MNa+] (m/z 401.1458).

Overviews of these reaction steps in the synthesis of 130 are shown in Scheme 22. Overall, the
number of steps is the same as AzThP 45 (section 2.2.3), with an ethyl linker in placed of a
propyl linker. This is despite the additional deprotection step, due to the lack of alkylation
required. This methodology however the same synthetic steps be utilised in the azide and
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radical initiating site (discussed below) functionalisation of pyrrole phenylene after the Suzuki
coupling, and before the further synthetic steps diverge.

Scheme 22: Synthesis of 2,2'-(2,5-bis(2-azidoethoxy)-1,4-phenylene)bis(1H-pyrrole) (AzPyP) 130, (i) 127,
Pd(PPh3)4, Na2CO3, DME, reflux, 24 h, 87% (ii) TsCl, Et3N, CH2Cl2, r.t., 24 h, 40% (iii) NaN3, DMF, 70 °C,
10 h, quant. (iv) Na, THF, methanol, r.t., 24 h, quant.

3.2.4: Synthesis of Bromoester CRP Initiator Pyrrole
Phenylene (BIPyP) 131
The next termonomer in the library of desired ‘building block’ monomers was a CRP initiating
site bearing pyrrole phenylene monomer 131. The synthetic procedure was to first perform
deprotection from 136 first, followed by acylation to yield the PyP with initiating site. Deprotection
was completed first due to the risk of the bromide elimination or substitution due to the presence
of a strong base, such as the pyrrole group or other amino groups.185 Acid-based deprotection
was ruled out due to the reactivity of the pyrroles and there had been no previous examples of
any pyrrole Boc-deprotection in the presence of an α-acyl bromide. Deprotection of 136 was
performed using the standard method Boc deprotection method described above to yield pyrrole
139 in 75% yield. Initial attempts at the acylation reaction were not successful as the bromo
propanoyl bromide 91 generates acid during the reaction and thus catalyses the polymerisation
of the monomers. To mitigate this, larger amount of solvent was used to discourage
polymerisation and also an increased ratio of Et3N added to ensure the environment remained
basic upon addition of bromide 91. This yielded the desired bromo radical initiator pyrrole 131
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in 32% yield. These monomers were found to polymerise in both solvent and in air and thus
need to be stored in an atmosphere of nitrogen or used immediately. The low yield may have
been be due to the polymerisation of the monomer unit and these oligomers/polymers may have
been removed during purification by column chromatography. Confirmation of the synthesised
compound was made via 1H NMR, FTIR and mass spectrometry. The absorption at 1713 cm-1
in the IR spectrum suggests the presence of an ester, while the diagnostic pyrrole signals were
also observed (6.24-6.30, 6.59-6.68, 6.90-6.94 and 10.00 ppm). The required formula
C24H26BrN2NaO6 and the Br isotopes for molecular ion [MK+] were found (m/z 619.0047
(79Br79Br) 621.0027 (79Br81Br), 623.0018 (81Br81Br)).

Scheme 23: Synthesis of ((2,5-di(1H-pyrrol-2-yl)-1,4-phenylene)bis(oxy))bis(ethane-2,1-diyl) bis(2bromopropanoate) (BIPyP) 131 (i) Na, THF, methanol, r.t., 24 h, 75% (ii) Et3N, DMAP, CH2Cl2, r.t., 24 h,
32%.

3.3.5: Synthesis of Acid Pyrrole Phenylene (HAPyP) 132
A carboxylic acid variant of the termonomer was also desired due to various uses of acid
functional conjugated polymers in biosensing.4,6,186 The synthetic procedure mirrors that of
HAThP 48. Using the procedure discussed in section 2.2.6, diiodi aryl ester 98 was coupled with
pyrrole boronate 127 using Suzuki coupling with Pd(PPh3)4 as the catalyst. This gave the
protected acid pyrrole 140 in 56% yield. The following step was removal of the two protecting
groups; the methyl ester and the Boc. Conveniently, both could be removed in one step through
using the standard Boc-deprotection through generation of sodium methoxide in situ, which is
also suitable for a base cleavage of the methyl ester. The reaction mixture was then neutralised
with acid to yield HAPyP 132 in 62% yield. The diagnostic pyrrole proton signals were present
(6.26-6.28, 6.58-6.60, 6.86-6.89, 9.80 ppm) in the 1H NMR spectrum. The presence of a signal
at 178.7 ppm in the

13C

NMR spectrum indicated the presence of a carbonyl group. The FTIR

spectrum has a strong absorption at 1695 cm-1 which is typical of carbonyls, and a broad peak
at 2865 cm-1 which is typical for carboxylic acid. The formula C26H32N2NaO6 for molecular ion
[MNa+] was found (m/z 491.2153).
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Thus, HAPyP 132 was synthesised in the same number of steps as HAThP 48. These
monomers, like BIPyP 131, were reactive in air and solvents, and thus were stored in nitrogenpurged containers. This property is likely due to the acidic nature of the side chain and the acidsensitivity of the pyrrole backbone.

Scheme 24: Synthesis of 6,6'-((2,5-di(1H-pyrrol-2-yl)-1,4-phenylene)bis(oxy))dihexanoic acid (HAPyP)
132 (i) 127, Pd(PPh3)4, K3PO4, DMF, 70 °C, 24 h, 56% (ii) Na, THF, methanol, r.t., 24 h, 62%.

3.3: Alternative Synthetic Pathway
In order to improve the synthetic process by combing some of the steps, investigation was made
in to the synthesis of pyrrole hydroquinone 141. The pathway attempted for the PThP series
was therefore probed; Suzuki coupling of pyrrole boronate 127 with iodinated hydroquinone 100
was trialled but failed to yield the desired product 141, resulting in a complex mixture. Also, the
demethylation of Boc-MePyP 126 to form the di-pyrrole hydroquinone 141 was attempted but
this also resulted in a complex mixture, which could had been due to the acidic nature of the
BBr3.
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Figure 44: Attempted pathways to pyrrole 141.

In order to synthesise the hydroquinone bis-pyrrole 141, it is likely that the reaction pathway
would require the use of a protecting group that is removed in mild, basic conditions before the
Suzuki coupling. The two additional steps required means that this pathway does not
significantly reduce the number of steps and thus the any alternative methods may not be
efficient. Due to this, this synthetic pathway was not investigated further.

3.4:

Electrochemical

Polymerisation

and

Characterisation of PPyP
With all of the monomers synthesised, the electrochemistry of the monomers was investigated.
The cyclic voltammetry experiments were performed on the polymers electropolymerised on a
gold

electrode.

The

following

electrochemical

experiments

were

conducted:

electropolymerisation of the monomer 0.05 M in MeCN with lithium perchlorate (0.1 M) and
cyclic voltammetry of the films formed at a range of scan rates between 5 mV-1 and 250 mVs-1
in a monomer-free solution of lithium perchlorate.

The electropolymerisation voltammogram for MePyP 27 is presented in Figure 45. The
monomer oxidative potential begins as low as 0.3 V (vs. Ag/AgCl). That potential is extremely
low, especially when compared to MeThP 21 which shown an oxidative potential at 0.8 V. From
the second scan onwards clear oxidation/reduction of the formed polymer are seen at 0.20 V
and 0.01 V, respectively. Such low oxidative potential illustrates ease of ionisation of the
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polymer. The formed polymer from electropolymerisation, PMePyP 142, was then studied in
monomer free solution. Figure 45B presents the cyclic voltammograms of the polymer film in
0.1 M LiClO4 in H2O/MeCN (4:1 v/v) at different scan rates. The oxidation peak is seen at 0.36
V and the reduction peak at 0.02 V, for scan rate of 150 mVs-1 Less well defined peaks are seen
at the higher scan rates, with a shift of the peak to higher oxidation potential. This may be due
to the formation of a denser, compact film leading to slowing the diffusion of ions in and out of
the film.175
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Figure 45: Voltammograms of MePyP 27 (A) Electropolymerisation CV of 0.02 M monomer 0.1 M LiClO4
in MeCN at 100 mVs-1 (B) Cyclic voltammogramsat scan rates between 5 mVs-1 to 250 mVs-1 in monomerfree solution 0.1 M LiClO4 in MeCN.

The electropolymerisation voltammograms for the DGPyP 128 and TGPyP 129 monomers, to
form films of the polymers PDGPyP 143 and PTGPyP 144 are presented in Figure 45 (A and
C). For both monomers the onset oxidation potential is at 0.35 V, a slightly higher than in the
case of methoxy PyP 27.
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Figure 46: Voltammograms of DGPyP 128 (A and B) and TGPyP 129 (C and D).

(Left)

Electropolymerisation CV of 0.02M monomer 0.1 M LiClO4 in MeCN at 100 mVs-1 (Right) Cyclic
voltammograms at scan rates between 5 mVs-1 to 250 mVs-1 in monomer-free solution 0.1 M LiClO4 in
MeCN.

The electropolymerisation voltammograms from the second cycle onwards reveal quite different
electrochemical behaviour of these two polymers. For 128 the polymer oxidation peak appears
at 0.16 V with two reduction peaks seen at 0.07 and -0.05 V. In the case of TGPyP 129 the
polymer oxidation is seen at very low potential of -0.04 V and the reduction scan reveals two
reduction peaks at -0.05 and -0.10 V. It is intriguing that one ethylene glycol unit difference in
the side chain on the phenyl ring induces such a difference in the electrochemical properties of
the polymers. In both cases the oxidation/reduction current increase with the subsequent
deposition cycles suggesting formation of well conducting polymer on the electrode.

In the monomer free solution, the voltammograms of PDGPyP 143 are surprisingly different to
the redox behaviour of the polymer observed during the electropolymerisation scans (Figure
46B). Two oxidation peaks are seen at 0.10 and 0.34 V with corresponding two reduction peaks
at 0.14 and -0.11 V. In the case of PTGPyP 144, there is a sharp oxidation peak at 0 V and a
smaller, broad peak at 0.2 V with corresponding reduction peaks at -0.05 and -0.1 V (Figure
46D); the features similar to those observed in Figure 46C. The sharpness of the peaks is very
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similar to those found in PTGThP 103 and the difference of 0.05 V between the oxidation and
reduction peaks indicate quasi-reversible process. It is noted that that the electrochemical
signature of PTGPyP 144 are similar to polypyrrole and PEDOT.187,188

Using the same conditions as described as used for the other monomers, electrochemistry of
AzPyP 130 and BIPyP 131 were studied. Both monomers were electropolymerised (for 5 cycles)
onto a gold electrode to form films of PAzPyP 145 and PBIPyP 146 respectively. The formed
films were characterised by cyclic voltammetry at different scan rates. The obtained
voltammograms are presented in Figure 47 for AzPyP 130 and Figure 48 for BIPyP 131.
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Figure 47: Voltammograms of AzPyP 130 (A) Electropolymerisation CV of 0.02 M monomer and 0.1 M
LiClO4 in MeCN at100 mVs-1; (B) Cyclic voltammograms at scan rates between 5 mVs-1 to 250 mVs-1 in
monomer-free solution 0.1 M LiClO4 in MeCN.

The onset of electropolymerisation for AzPyP 130 occurs at 0.42 V with the oxidation peak of
the polymer at 0.25 V and the reduction peak at 0.1 V (Figure 47, A). These values are
approximately 100 mVs-1 upshifted from the methoxy and tri-glycol PyPs. In the scanning
varying CVs (Figure 47, B), the voltages of the oxidation and reduction peaks are similar to for
PAzPyP 145 those seen in the electropolymerisation CVs. Notably; the peaks were
comparatively shaperer than those found in the thiophene equivalent AzThP 45 (Figure 32).
Between scan rates of 100 mVs-1 and 150 mVs-1, there is a large change in the currents. It is
suggested that the azide slightly interferes with the charge transfer due to the inherent charges
on the moiety, which is mitigated at higher scan rates. However, previous studies with
electropolymerised thiophene derivatives with azide moieties did not report any effect of azide
in cyclic voltammetry.5,9,189,190 This was not observed in the CV of PAzThP 104, which is likely
due to extra chain length (ethyl to propyl) in comparison to PAzPyP 145.
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Figure 48: Voltammograms of BIPyP 131 (A) Electropolymerisation CV of 0.02 M monomer and 0.1 M
LiClO4 in MeCN at100 mVs-1; (B) Cyclic voltammograms at scan rates between 5 mVs-1 to 250 mVs-1 in
monomer-free solution 0.1 M LiClO4 in MeCN.

For BIPyP 131, the onset of electropolymerisation occurs at 0.45 V with oxidation and reduction
peaks of the polymer found at 0.3 V and 0.15 V with a smaller reduction peak at 0.4 V,
respectively. In the CV obtained in the monomer-free solution, the oxidation and reduction peaks
are seen at 0.35 V and 0.34 V, respectively; the small difference in these potentials of 0.10 V
indicates that the redox process is almost reversible. Such behaviour is reminiscent of that for
DGPyP 128 seen above. The oxidation/reduction peaks for PBIPyP 146 are again significantly
sharper than those found for the PThP equivalent. Of note is a feature in the first scan of the
electropolymerisation (Figure 48, A) where some oxidative characteristics of the polymer are
observed, indicating presence of some polymer (or oligomeric species) even before the
electropolymerisation

is

initiated.

That

solution

was

prepared

1

hour

before

the

electropolymerisation experiment; this highlights the environmental instability of the monomer.

“For all polypyrrole prepared from electropolymerisation, there is a second less pronounced
redox peak at around -0.1 V (Figure 45 to Figure 48, B). There are two redox peaks for
polypyrrole and this is proposed to be due to the existence of two doping sites; from the oxidised
side chains and the protonated structure.191 This method of doping is reported in the literature
and could be selectively performed through treatment with acids or through attachment of side
chain with acid moiety to provide a means of self-doped polypyrrole.192–194 Typical acid-doped
polypyrrole films prepared through electropolymnerisation are performed in low pH electrolyte
or in the presence of water.195–198 However, in the cyclic voltammetry presented, there is no
obvious source of protons from the reactants and the experiments were completed in an aprotic
solvent. It is suggested the protons originate from oxidative polymerisation (which results in the
electrolyte becoming more acidic with successive cycles) and then protonates nitrogen on the
pyrrole backbone. The proposed mechanism presented in Figure 49”
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Figure 49: Proposed mechanism for proton-acid doping in PPyP

The electropolymerisation of the “tripolymers” was then investigated. The monomers feed
solution of MePyP 27 or TGPyP 129 with AzPyP 130 and BIPyP 131 at a molar ratio 3:1:1 was
at 0.05 M overall monomer used. The electropolymerisation was performed for 5 cycles to form
films of the tripolymers TMePyP 147 and TTGPyP 148. Scan rate dependent cyclic voltammetry
in monomer-free solution conditions was then performed on these films. The voltammograms
are presented in Figure 50 (TMePyP 147) and Figure 51 (TTGPyP 148).
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Figure 50: Voltammograms of co-polymerisation of MePyP 27, AzPyP 130 and BIPyP 131.
(A) Electropolymerisation CV of 0.02 M monomer and 0.1 M LiClO4 in MeCN at 100 mVs-1; (B) Cyclic
voltammograms at scan rates between 5 mVs-1 to 250 mVs-1 in monomer-free solution 0.1 M LiClO4 in
MeCN.

Similar to the PThP series, the electropolymerisation voltammograms resemble features of the
most dominant component (either MePyP – Figure 45, or TGPyP – Figure 46). For the TMePyP
147 the onset of the polymerisation was seen at 0.4 V with peak oxidation and reduction at 0.2
and -0.05 V respectively. The onset and oxidation peak were at higher potentials than that of
the methoxy monomers alone, but lower than that of AzPyP 130 and BIPyP 131 indicating this
is a mix of properties of the monomers used. There appears to be polymers at first scan, this
may be due to the self-polymerisation of BIPyP 131 with itself and/or other monomers or due to
the oxidation potential of these monomers. Figure 50B presents the scan dependent CV in
monomer-free solution with oxidation and reduction peak at 0.2 V and 0.10 V respectively. As
in PThP (section 2.3), these “tripolymer” have voltammograms that resembles the dominant
monomer unit.
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In the case of the TTGPyP 148 (Figure 51), the change in the voltammograms when compared
to the homopolymer TGPyP 129 is more evident. From the electropolymerisation
voltammograms, the onset polymerisation is between 0.4 and 0.45 V; this is between the onset
of the lowest and highest onset oxidation potential for the individual TGPyP 129, AzPyP 130
and BIPyP 131. There appears to be also two polymer oxidation peaks, one at 0.05 V which
one may consider to correspond to TGPyP 129, and another at 0.2 V which is slightly lower than
both AzPyP 130 and BIPyP 131. There is a possibility of two sets of polymer forming, with the
lower oxidation peak consisting of the PTGPyP 144 only whilst the second could be a mixture
of all three components. However, presence of two oxidation or reduction peaks in other
homopolymers discussed above, suggest that it is difficult to predict the composition of the
terpolymer formed.
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Figure 51: Voltammograms of co-polymerisation of TGPyP 129, AzPyP 130 and BIPyP 131.
(A) Electropolymerisation CV of 0.02 M monomer and 0.1 M LiClO4 in MeCN at 100 mVs-1; (B) Cyclic
voltammograms at scan rates between 5 mVs-1 to 250 mVs-1 in monomer-free solution 0.1 M LiClO4 in
MeCN.

These results however do show that these monomers and their polymers show good
electroactivity with low oxidation potentials. The CVs of TTGPyP 148 in monomer-free solution
at different scan rates is presented at Figure 51B. The oxidation wave is comparatively broader
with again some signs of two oxidation peaks with two peaks of oxidation, at 0.05 V and 0.22 V
and there are also two reduction peaks at 0.17 V and -0.15 V. The lower of the oxidation and
reduction peaks are similar to those of PTGThP 144 (0.00 and -0.05 V for oxidation and
reduction respectively). While the higher oxidation and reduction peaks are slightly lower to
those of PBIPyP 146 (0.35 and 0.34 V respectively) and PAzPyP 145 (0.25 and 0.1 V
respectively). The presence of two peaks however indicate there may be two different polymers
present, which may arise from the difference in onset between TGPyP 129 and BIPyP 131 (0.35
and 0.45 V respectively).
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However, similar to Chapter 2, the composition of the polymers, specicially the ratio of the
monomers were difficult to determine with different rate of polymer deposition. The monomers
discussed in this chaper were chemically polymerised, which is discussed in Chapter 4.

3.6: Higher Oxidation Potential of DGPyP 128 and
BIPyP 131
As discussed above, the electropolymerisation voltammograms for the di-ethylene glycol
bearing side chain for PPyP (DGPyP) 128 and BIPyP 131 is distinctive in polymer oxidation
potential is significantly higher than that of the rest of the pyrrole series. For the rest of the
pyrrole series, the oxidation peak appears between the ranges of 0 V to 0.05 V, which is
significantly lower than DGPyP 128 and BIPyP 131 which has its oxidation peak at 0.35 V. This
is peculiar as the steric influence of the di-glycol side chain should fall between methoxy and triglycol side chain. It also has the same functional groups as tri-glycol thus additional interactions
were not initially expected. Furthermore, the CV of the azide bearing PyP, AzPyP 130, illustrates
that the effect of side chain is minimal, with similar oxidation peaks to be consistent to those of
MePyP 27 and TGPyP 44. This thus indicates the chain length is a contributing factor in the shift
of oxidation peak.

A proposed theory for this relates to the density of the film formed from electropolymerisation.
For PMePyP 127, there are no insulating side chains between the rings which leads to efficient
charge transfer between the different layers of the film, whereas for PTGPyP 129 and PAzPyP
130, the films formed are not as densely packed due to the length and rigidity of the polymer’s
respective side chain allowing a good charge mobility between the layers of the films. In the
case of DGPyP 128 and BIPyP 131, the side chains are both flexible and short, and so do not
sterically hinder the close packing of the films. Thus these films are likely to be closely packed,
similar to PMePyP 127. However, these films have an insulating layer of side chain between
each of the layers and thus resulted in lower charge mobility and a higher oxidation potential as
observed in their cyclic voltammograms. These differences are similar to those found in PThP,
as discussed earlier in Chapter 2.
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3.7: Chemical Oxidative Polymerisation of PyP
Monomers
Initial attempts to chemically polymerise the PyPs synthesised by using FeCl3 resulted in the
formation of a black, insoluble powder.

Scheme 25: Polymerisation of PyP.

Further attempts at oxidative polymerisation were performed using conditions similar to those
reported by Song and co-workers.179 THF or MeCN was used as a co-solvent with water due to
insolubility of the monomers in water (Table 1). However, in all of the cases of polymerising
different PyP monomers, the resulting polymers were black powders that were insoluble in all
solvents tried (DMSO, DMF, EtOAc, CH2Cl2, CHCl3). The polymer of AzPyP (PAzPyP 145) was
weakly dispersed in DMF and DMSO giving a slight colour change to the solvent, but no peaks
associated with the polymer were found in 1H NMR.
Table 1: Conditions used for polymerisation of PyP monomers.

Solubility of the

Monomer

Dopant

Oxidant

Solvent

MePyP 27

FeCl3

FeCl3

CH3NO2

Insoluble

MePyP 27

DBSA

APS

MeCN/H2O

Insoluble

MePyP 27

DBSA

APS

THF/H2O

Insoluble

AzPyP 130

DBSA

APS

MeCN/H2O

Insoluble

TGPyP 129

DBSA

APS

MeCN/H2O

Insoluble

resultant polymer

The presence of the phenylene ring in the monomer, and the side chain of tri-ethylene glycol or
azide in PyP did not enhance solubility of the polymers formed. The lack of solubility is likely
due to strong inter-chain interactions arising from the rings preferentially existing in a planar
configuration due to hydrogen bonding between pyrrole and the alkoxy substituents as
discussed in Chapter 1, section 1.5.2, which DBSA does not mitigate. It is also a possibility that
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bulky DBSA is not doped effectively into the PyP structure due to steric hindrance from the
phenylene (Figure 52); Song et al. reported that the DBSA dopant does leak out over time.179
The dopant ions are more likely to reside side-on to the PPyP chains rather than on the faces
of the polymer as the planarity of the polymer would give rise to π-π stacking. Access from NH
end may be sterically unfavoured due to close proximity of the alkoxy group, therefore the
dopant should access via the back end. However, there are still likely some steric hindrances
from the protruding side chain with sulfoxide or benzyl group of DBSA thus hindering its ability
to access the charge effectively.

Figure 52: Steric hindrance from the neighbouring phenylenes.

In order to synthesise a processable polypyrrole derivative, aleration of the physical properties
are required. The functionalisation of PPyP will be discussed in section 4.6.
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3.8: Conclusion
The synthesis of advanced PyPs has been was successful. The synthesis of the MePyP 27,
DGPyP 128 and TGPyP 129 termonomers were relatively straightforward and required only one
additional step of the Boc-deprotection, when compared to the thiophene series discussed in
Chapter 2. HAPyP 132 was also synthesised by a similar procedure as the thiophene variant,
as the Boc-deprotection and the demethylation steps could be completed simultaneously.
However, the process of purification and handling the compound was difficult due to the
reactivity of the monomer, and thus the purification process must be completed quickly and the
compound stored under at atmosphere of nitrogen.

Handling of the monomers proved to be somewhat challenging due to the reactivity of
deprotected pyrroles, especially so for HAPyP 132 and BIPyP 131. These are difficult to purify
and isolate. This is due to their reactivity as they readily polymerised in both solution and on the
columns; thus must be handled quickly. Electrochemistry demonstrated excellent electroactivity
of these polymers, with the onsets of monomers’ electropolymerisation in the range from 0.40
to 0.55 V, and oxidative potential of the polymers in the range from 0.00 to 0.35 V, which is
significantly lower than those of the thiophene analogues. These features of the synthesised
functionalised PPyPs open up opportunities in their utilisation in numerous applications requiring
CPs of low redox potentials, particularly important in biomedical applications. The synthesis of
terpolymers means that it is possible to have multiple functional groups within one polymer and
thus can take part in multiple post-polymerisation functionalisations. Initial attempts at chemical
polymerisation led to insoluable material and thus further modifications are required to produce
processable PPyP.
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Chapter 4: Polymerisation and Functionalisation

4.1: Introduction
Chapters 2 and 3 presented the synthesis of the novel termonomers. In this Chapter, the
attention was turned to the chemical polymerisation of the termonomers and functionalisation of
the obtained polymers. The applications of these polymers were considered when synthesizing
the polymers, as electrospinning of the polymers for their intended use in tissue engineering
scaffolds and studies on the functionalisation of the polymers. These applications require larger
amounts of the polymer and thus, chemical polymerisation was favoured over electrochemical
polymerisation. The later may produce only polymer films limited in size by the size of the
working electrode. This chapter will describe the polymerisation of both the thiophene and
pyrrole series of the termonomers and investigation of their functionalisation.

4.1.1: Reported Literature on the Polymerisation of PThP
and PPyP
Chemical polymerisation of conducting polymers is the preferable method to produce large
amounts of the polymer. There had been immense amount of work related to chemical
polymerisation of thiophene and its derivatives. Among the first reported chemical
polymerisation of PTh was performed by Yamamoto and co-workers through 2,5dibromothiophene 149 using Kumada coupling.56 A similar procedure was reported by Lin et al.
by use of metallic acetylacetonates.199 This methodology yielded low molecular polymer as it
was limited by the insolubility of the formed PTh in THF. In later studies, Yanamoto et al.
reported the synthesis of higher molecular weight PTh through the use of DMF as solvent and
catalyst of bis(1,5-cyclooctadiene)nickel(0) (Ni(cod)).200,201

Scheme 26: Synthesis of polythiophene by using Kumada coupling.56

Chemical polymerisation of PTh had also been reported by Sugimoto and co-workers with the
treatment of thiophene 150 with FeCl3 in chloroform,202 this method produced polymers of
30,000 to 300,000 gmol-1 in molecular weight.203,204 The method of oxidative polymerisation
using FeCl3 is one of the more common method of polymerisation of PTh due to the ease of
experimental procedure and selectivity for 2-5 coupling.76,202,203,205 Reproducibility is one of the
drawbacks of this methodology, Pomerantz et al. reported that three samples prepared under
the same condition produced polymers of very different molecular weight and morphology.204
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The use of FeCl3 had also been reported for synthesis of many polythiophene derivatives, some
of which are synthesised from substituted monomers, including alkyl thiophene 151, bulky 3,4disubstituted thiophenes 152, alkoxy thiophene 153 (including PEDOT 8), and acid bearing
thiophenes 154.52,206–211

Scheme 27: Polymerisation of various substituted thiophene with FeCl3.

In recent years, there are considerable other oxidants for thiophene polymerisation on
alternatives to FeCl3. An example is ferric p-toluenesulfonate (Fe(III) tosylate), which is reported
to be an ideal candidate for vapour phase polymerisation.212 Another example of a sulfonate
based oxidant is PSS to form PEDOT/PSS dispersions.213 Other examples of oxidants used are
iodine vapour, CuCl2, CuBr2, CuSO4, Cu(NO3)2, Na2S2O8 and Fe2(SO4)3.214–216
The first reported chemical polymerisation of PThP, by FeCl3, was reported by Reynolds et al.76
The subsequent work by Reynold’s group and others employed similar strategy (Scheme 28),
from which the monomers 17, 20 and 21 were polymerised to form 155, 156, and 101
respecticely.76,162,217,218

Scheme 28: Polymerisation of thiophene phenylenes reported by Reynolds et al.76

90

Chapter 4: Polymerisation and Functionalisation

The range of methods reported for polymerising pyrroles 157 is lower than thiophene 150, which
may stem from the lower oxidative potential for polypyrrole 4.71 The first reported oxidative
chemical polymerisation was by Weiss et al. where they use FeCl3 as oxidant and methanol as
solvent.219 Over the years, the use of lead dioxide, quinones, or persulfate in the presence of a
dopant has also been reported.64,74,220

Scheme 29: Polymerisation of pyrrole 157.

The intractable nature of polypyrrole had turned the focus on the use of different dopants or
combination of dopants. A familiar example is the use of alkyl sulfonic acids, in particularly
DBSA, which yields colloids of polypyrrole.221 The use of surfactant in addition to dopant and
oxidant had been reported to increase the conductivity of the backbone through the addition of
p-nitrophenol.64

There have been no reports on chemical polymerisation of PPyP with all examples been
electrochemically polymerised.77,222
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4.1.2: Literature Examples of the use of ‘Click’ Chemistry in
Functionalisation of Polythiophene and Polypyrrole
The term ‘click’ chemistry is a general term but it is commonly used to describe the copper
catalysed azide-alkyne cycloaddition (CuAAc) synthesis of triazoles. ‘Click’ chemistry has been
relatively frequently employed in the field of conducting polymers due its robustness, tolerance
to a range of functional groups and benign reaction conditions. ‘Click’ reaction on conducting
polymers has been previously described.5,223,224

The first reported use of ‘click’ chemistry used in polythiophene derivative was published by Bu
et al. when they prepared PEDOT with azide appended 158.189 Bu et al. had demonstrated that
this process could be completed both pre and post-polymerisation, either through the PEDOT
derivative 159 followed by ‘click’ or vice versa through conversion to triazole 160 first. They have
reported the successful cycloaddition to form the triazole with alkyl chain 161, the electron donor
phthalimide 162 or an electron acceptor such as ferrocene 163.

Figure 53: Synthesis of an azide functionalised EDOT and corresponding ‘click’ reactions and
polymerisation by Bu et al.189

They reported the cyclic voltammetry of the ‘clicked’ PEDOT shows reversible redox wave
indicating the cycloaddition does not interfere with the electrochemistry of the polymer.
However, the electropolymerisation of any of the triazole functionalised EDOT 160 failed to
produce a film, which the authors suggested to be due to interference from the triazole during
the polymerisation process.
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Daugaard and co-workers demonstrated successful post-polymerisation click chemistry by
attaching large substituents post-polymerisation that otherwise would not be compatible with
the polymerisation conditions.5 This was achieved by polymerising azide bearing EDOT 158 by
spin coating onto glass slides the followed by ‘click’ reaction with a fluorophore with an alkyne
pendant 164 (Figure 54).

Figure 54: Attachment of fluorophores on conducting PEDOT derivative via ‘click’ chemistry by Daugaard
et al5

They also demonstrated that derivatised EDOT can be co-polymerised with unfunctionalised
EDOTs to modulate the number of functional sites on the surface.

‘Click’ chemistry has been also used as means of attachment of polythiophene onto surface.
Szunerits and co-workers employed ‘click’ chemistry to covalently attach thiophene on borondoped diamond electrodes (BDD). They achieved this through the acylation of BDD with
azidobenzoic followed by ‘click’ reaction of 3-azido thiophene 165, which was then
electropolymerised. This methodology was used as a means of controlling surface
functionalisation (Figure 55).225
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Figure 55: Covalently attached polythiophene film on BDD225

‘Click’ chemistry had also been used as a means to form block-copolymers with coupling of
different polymer chains. While this technique had been used to prepare a number of
‘conventional’ block co-polymers,226–232 the first reported example of synthesising co-block
polymers containing conjugated segments was reported by Cramail and co-workers. They
coupled an alkyne functionalised P3HT (166 and 167) and click with a terminal azide
functionalised polystyrene (Figure 56).233

The terminal azide on polystyrene 168 was prepared by an azide functionalised radical initiator
169, which was then polymerised with styrene using ATRP. The alkyne P3HT was prepared
synthesis of 2-bromo-5-magnesiochloro-3-hexylthiophene 170 from 2,5-dibromothiophene 171.
Bromide 170 was then polymerised (forming 172) via Grignard metathesis (GRIM), which was
quenched by an addition of Grignard reagent containing alkyne substituents to form the alkyne
bearing thiophene. The authors used two different quenching Grignard reagents, (173 and 175),
which yielded the ethynyl 166 and pentynyl-P3HT 167. However, when they attempted to
perform the ‘click’ reaction, the shorter ethynl P3HT did not yield the co-polymer 174, whereas
the lengthier pentynyl-P3HT yielded the block-copolymer 176. The authors hypothesised that
the conjugation and steric effects of the backbone hindered the click reaction of 166 to take
place.
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Figure 56: Synthesis of the terminal azide and alkyne components for block co-polymers synthesis.233

Published work concerning click chemistry of polypyrrole is more limited. In a research
publication by Bicil and co-workers, a ferrocene was attached onto pyrrole (Figure 57).234
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Figure 57: Polypyrrole functionalised with ferrocene.234

This was achieved through N-functionalisation with alkyl bromides of various lengths 177-179,
followed by azide conversion 180-182. The azide monomers were then functionalised with
ethynyl ferrocene to form the ferrocene-triazoles pyrroles 183-185. Their study showed the
importance of the spacer group between the monomer and the functional group.234 They also
attempted post-polymerisation functionalisation by means through polymers 186-188 to form
189-191 which was successful apart from the propyl spacer group 186, the shortest of the
investigated linkers.
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4.1.3: Literature Examples of the use of ATRP for Polymer
Grafting from Conducting Polymers

Grafting of side chains from conducting polymers is an established concept with a number of
studies reporting ‘grafting-from’ conducting polymer.24,25,113 The research group demonstrated
examples of grafting from polythiophenes and polypyrrole.8,15–18 In one example, ethanol
functionalised thiophene 192 was converted to a terthiophene 193, which was then further
modified to incorporate a radical initiator group (BrTTh) 194.15 Brushes of styrene were grafted
onto the polymer 195, followed by a second block of tbutyl acrylate (tBA) 196 to form the tBAstyrene co-block polymer 197 that was subsequently hydrolyse by TFA to form poly acrylic acid
(PAA) 198 (Scheme 30). This material showed a ‘switching’ between conducting and insulating
states when electric potential is applied and thus are candidates for switchable materials.

Scheme 30: Monomer synthesis of terthiophene initiator and subsequent chemical oxidative
polymerisation and grafting of brushes.15

In other examples of grafting on polythiophene proceeded via the synthesis of 3-[1-ethyl-2-(2bromoisobutyrate)]thiophene (EBBT) 199. followed by its polymerisation and then grafting of
poly(2,2,6,6- tetramethylpiperidin-4-yl methacrylate) (PTMPM) 200, which was then oxidised to
form PEBBT-g-PTMA 201 (Scheme 31).235 These polymers were studied for their suitability in
radical organic batteries.235 Shen et al. used a similar initiator, 202, which they then co-
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polymerised with P3HT 7.236 The macroinitiator 203 was then grafted with styrene brushes of
different lengths to form 204 using ATRP to study the optical effects of brush lengths on the
backbone (Scheme 31).

Scheme 31: Synthesis of macroinitiator by Lin et al. (route A) and Shen et al. (route B) and subsequent
grafting235,236

Grafting of EDOT had also been reported. In an example, EDOT was functionalised with a
radical polymerisation initiating site 205, then electropolymerised onto a gold substrates and
brushes of tBA 196 were grafted from the CP (206) followed by hydrolysis to form brushes of
PAA 207.18 In another study, homopolymer brushes of DEGMA 208 and co-brushes of DEGMA
and PEGMA (P(PEGMA-co-DEGMA)) 209 were grafted (Scheme 32).237
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Scheme 32: Synthesis of PAA and DEGMA/PEGMA brushes from a thiophene derivative radical
initator.18,237

The PEDOT-PAA 207 brushes shown improved redox properties and have potential in
applications such as bio-interfaces. The PEDOT with brushes of DEGMA 208 or PEGMA-coDEGMA 209 shows change in conformation at different temperatures and salt concentration
and these materials shows promise as potential application in electrically addressable
biomaterial interfaces, microfluidic devices and chromatographic substrates.

Again, the literature reports on ‘grafting from’ polypyrrole are considerably sparser. Producing
grafted polypyrrole using ATRP methodology generally involves firstly grafting of the monomer,
followed by a co-polymerisation with other pyrrole monomers.238–241 Grafting from a polypyrrole
derivative was reported by our research group previously, through the use of the radical initiator
2-(2,5-di(pyrrol-2-yl) thiophen-3-yl)ethyl 2-bromopropanoate)

(PyThon) 210 which was

synthesised by the coupling of pyrrole boronate 127 with brominated thiophene 211 to form the
bispyrrole thiophene 212 (Scheme 33).17 Deprotection of 212 followed by acylation with bromide
91 yielded the monomer PyThon 210. This monomer had been polymerised 213 onto an
electrode surface and subsequently grafted with brushes of polystyrene 14, poly(2,3,4,5,6pentafluorostyrene) (PFS) 215 and PEGMA 216.
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Scheme 33: Synthesis of PyThon 210 and subsequent grafting.17

These brushes-grafted CPs were shown to have good electroactivity in aqueous media while
PyThon 210 and its brushes have shown to be biocompatible and therefore with a promise for
biomedical applications.
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4.2: Chemical Polymerisation of Novel ThP CoPolymers
In order to increase the complexity of the PThP, it was decided to attempt co-polymerisation of
the synthesised ThP monomers, with interest of yielding both AzThP 45 and BIThP 47 in the
same polymer, along with spacing monomers, due to their functionalisable side chains.

Thus, The terpolymers 106 and 107 were prepared using the same method as above using
MeThP 21 or TGThP 44 (2 or 3 eq.) along with AzThP 45 (1 eq.) and BIThP 47 (1 eq.) to produce
TMeThP 106 and TTGThP 107. Both of the polymers produced resulted in formation of green
solids (Figure 58), reaction scheme is presented in Scheme 34. Upon dedoping of the
polymers, they are red/orange in colour in both solution and as a solid.

Figure 58: Optical photo of TMeThP 106 dissolved in CH2Cl2
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Scheme 34: Reaction conditions for chemical oxidative polymerization to form co-polymers
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4.2.1:

NMR

Characterisation

of

Tripolymer

Methoxy

Thiophene Phenylene (TMeThP 106)
The broadness of the 1H NMR peaks of the polymer means the polymers are difficult to
characterise by means of NMR. Of interest is whether the monomer ratios are retained in the
polymer and if the functional groups survived the polymerisation conditions. First, assignment
of the NMR signals related to the polymers by correlating back to the monomer 1H NMR spectra,
was performed (Figure 59).
In the overlay of the 1H NMR spectra, signals related to the functional groups are still visible in
the spectrum but broader as expected for a polymer; seen in Figure 59. Every signal from the
monomers’ side chain can be found in the polymer spectrum, and all of which have relatively
same chemical shift, suggesting that functional groups are present in the same form on the
polymer.

The functional groups of the monomer in the feed are retained in the final polymer, as seen in
the overlay of the 1H NMR spectrum of the terpolymers (Figure 59). Each of the monomer side
chains had a corresponding peak in the polymer 1H NMR, this indicates the side chains survived
the reaction condition.

103

Chapter 4: Polymerisation and Functionalisation

Figure 59: Overlay of 1H NMR spectra of MeThP 21 (purple), AzThP 45 (red), BIThP 47 (green) and
TMeThP 106 (blue).
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As seen in Figure 60, the monomer ratio of 2:1:1 MeThP 21, AzThP 45 and BIThP 47 were
retained in the final polymer. The signal at 3.97 ppm matches well with the monomer methoxy
peak, and thus it was integrated for 12. The signal at 1.80 ppm corresponds to the methyl on
BIThP 47 and it integrates for 7 while the ethyl linker protons (4.61 and 4.33 ppm) integrate for
3.5 each; these values are close to the expected values based on the used ratio of the
monomers. The remaining proton signals correspond to the azide propyl linker; the signals at
2.16, 3.62 and 4.19 ppm integrates for 4.2, 4.4 and 4.3 respectively. These values are very
similar to the expected integration of polymers at 2:1:1 ratio.

Figure 60: 1H NMR spectrum of TMeThP 106 (2:1:1).
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The ratio of MeThP 21 in the mixture was increased to 3:1:1. From the 1H NMR spectrum in
Figure 61, the signals corresponding to AzThP 45 and BIThP 47 have integration that is close
to expected 1:1, determined using the same methodology as discussed above, whereas the
corresponding peak for methoxy peak had integration of 17.8, which is close to the expected
value of 18.

Figure 61: 1H NMR spectrum of TMeThP 106 (3:1:1).

At this point it was difficult to confirm whether the polymers formed are indeed terpolymers, or
a mixture of the individual homopolymers or copolymers. However, from the click reaction
attempted with PAzThP 104, it is likely these monomer units are well mixed within the polymer
due incomplete cycloaddition (discussed in Chapter 4, section 4.3.2).

Also of interest is that the COSY correlations remained strong when the NMR experiment was
conducted. Significantly, the side chain correlation remained visible as seen in Figure 62 and
where similar to the crosspeaks of the monomers (Figure 63).
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Figure 62: Expansion of COSY spectrum of TMeThP 106.

Figure 63: Expansion of COSY spectrum of AzThP 45 (blue) with BIThP 47 (red) overlay.

Firstly, the correlations of the AzThP (blue) propyl spacer group between 2.16 ppm and 3.62
ppm and also 2.16 ppm and 4.19 ppm are still clear and present. As for BIThP (red), there are
crosspeaks between 4.59 and 4.32 ppm, which is from the ethyl spacer. In addition, there is a
second crosspeaks between 1.81 and 4.39 ppm, which is the methyl and CH protons; this would
be expected to shift if the bromide had reacted. All of these correlations are present in the final
polymer thus further confirming that all of the components of the monomers survive the
polymerisation condition.
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4.2.2: NMR Characterisation of Tripolymer Tri-Ethylene
Glycol Thiophene Phenylene (TTGThP 107)
The ratio of the co-monomers in TTGThP 107 was determined next. This was performed using
the same methodology as above by firstly associating the different signals on the 1H NMR
spectrum to the parent monomer peak through overlaying the 1H NMR of TTGThP 107 with
monomer 1H NMR spectra (Figure 64).

The methods used in characterising TMeThP 106 is useful in analysing of the NMR spectra of
the tri-glycol variant of the tripolymer (TTGThP 107) as the ethylene glycol protons have
significant overlap with the side chain protons and an increased broadening of the NMR signals
is seen (Figure 65). There is also significant overlap between protons from the ethylene glycol
chain and the two downfield methylene spacers from AzThP and one of the methylene and CH
group BIThP 47 as seen in Figure 65.
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Figure 64: Overlay of 1H NMR spectra of TGThP 44 (purple), AzThP 45 (red), BIThP 47 (green) and
TTGThP 107 (blue).
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Figure 65: 1H NMR spectrum of TTGThP 107 (3:1:1).

Despite the higher amount of signal overlapping, it was still possible to determine that ratio of
the monomers in the polymer from the integrals in the 1H NMR spectrum Figure 65 as there are
distinctive signals present for all 3 components of the polymer. The signals at 3.39 ppm must
correlate to the OCH3 on TGThP 44 according to Figure 64, which should therefore have an
integral of 18 at 3:1:1 ratio; thus that peak was used as the integral calibration. There is also a
second distinctive TGThP 44 signal, with the singlet 3.95 ppm correlating to one of the
methylenes (B) (Figure 64), which integrates for 12.8; this is close to the expected value of 12
protons. There is a distinctive singlet for AzThP 45 at 2.14 ppm which integrates for 4.0, which
is the expected integral. For BIThP 47, there is a signal at 1.80 ppm which correlates to the
methyl group and one of the methylene from the spacer at 4.6 ppm is not overlapped; these
integrate for 6.5 and 4.1 respectively, which is similar to the expected integration for those
peaks. Thus, there is confidence that TTGThP 107, like TMeThP 106, also retains the ratio of
monomers in the polymer.

Further integration confirms the assertion. There are two sets of overlapping peaks and their
combined integration should further confirm the assertion of the ratio of monomers. The
integration of 3.5 to 3.9 ppm results in integration of 53. From Figure 64, these peaks are likely
to be associated with 4 of the methylene protons (consisting of 48 protons) on TGThP and one
of spacers in AzThP (4 protons), which adds up to 52 protons. The remaining protons still not
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yet accounted for are the final methylene on AzThP (4 protons), methylene (4 protons) and CH
(2 protons) from BIThP and final methylene from TTGThP (12 protons), which equals 22
protons. The integral between 4.1 and 4.5 ppm is 21.4, which is very close to the expected
value. The broad nature of the signals means the integrations are approximations, but it is
encouraging that integration matches very well with the expected value.

It could be determined that the protons overlapped with ethylene glycol still have the same
chemical shift and therefore the same functional structure. COSY correlation was used to
confirmed assignment of the signals (Figure 66).

Figure 66: Expansion of COSY spectrum of TTGThP 107 highlighting the cross-peaks.

The spectrum for TTGThP 107 (Figure 66) is very similar to COSY spectrum of TMeThP 106
(Figure 62), with the same crosspeaks present, which suggest that all the functional groups are
present. Interestingly, the ethylene glycol crosspeaks are not very clear, which may be due to
the close proximity of the signals.

4.2.3: Characterisation of PThP Co-Polymers
The UV-Vis spectra of the co-polymers are presented below in Figure 67. The π-π* transition
of both the co-polymers (423 and 422 for TMeThP 106 and TTGThP 107 respectively) and is
similar to the homo-polymer series. This shows all of these materials are conjugated and exists
as polymers, which is in agreement with the GPC results (Table 8).
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Figure 67: UV-Vis chemical polymerised PThP Co-Polymers.

Figure 68 presents the scan rate dependant CV voltammograms of drop casted TMeThP 106
and TTGThP 107, the samples were prepared in the same method as the homo-polymers
(outlined in section 2.4) The CVs obtained from electropolymerised terpolymers (Figure 33) and
chemically polymerised terpolymers (Figure 68) were slightly different. Such differences may
originate from inherent differences in morphology of the films due to the differences in film
preparation.242,243 For chemically polymerised TMeThP 106, the oxidation and reduction peak
potential at faster scan rates (e.g. >150 mV s-1) had both oxidation and reduction values moved
to slightly higher potentials of 0.64 V and 0.55 V, respectively (obtained at 100 mVs-1 scan rate).
This is likely related to the morphology of the polymer film (Figure 68A). Similarly, the CV of
chemically synthesised TTGThP 107 differed slightly to the CV of the electropolymerised film
(compare Figure 33 to Figure 68). Here in Figure 68B, the oxidation and reduction peaks are
found at 0.68 V and 0.46 V (for 50 mVs-1 scan rate), respectively, in contrast to 0.70 V and 0.61
V (at 50 mVs-1) found in the CV of the electrochemically prepared film. (small section deleted)
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Figure 68: Cyclic voltammogramsat scan rates between 5 mVs-1 to 250 mVs-1 in monomer-free solution
0.1 M LiClO4 in H2O:MeCN (4:1. v/v)) for: (A) TMeThP 106, (B) TTGThP 107; Inset: Linear dependence
of log of scan rate over log of current at the oxidation peak.

The IR spectra of TMeThP 106 and TTGThP 107 (Figure 69 and Figure 70 respectively) are
presented below. The C-H bonds are approximately around 2930 cm-1, clear azide peaks was
observed at 2094 cm-1 with ester corresponding to the initiator is observed at 1737 cm-1. Strong
adsorptions 1211 and 1059 cm-1 are related to the alkyl aryl ethers. The aromatic peaks from
the phenyl and thiophene ring are observed between 1528 and 1394 cm-1. The broad peak at
3357 cm-1 likely originated from methanol which was used in the purification process.

Figure 69: IR spectra of TMeThP 106

Similarly for TTGThP 107, there are C-H bonds (~2926 cm-1), azide (2097 cm-1), ester (1742
cm-1) and alkyl aryl ether (1216 and 1040 cm-1). The signal at 1158 cm-1 is likely to be
corresponding to the ethylene glycol units. All of the expected functional groups are present in
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the polymer. Together with the data from NMR, it is clear these tri-copolymers retain their
functional groups.

Figure 70: IR spectra of TTGThP 107

The spectra of the solution doped co-polymers are presented in Figure 71 and Figure 72. The
measurements were performed using the method discussed previously in Chapter 2. There was
a decrease in π-π* transition and increase in both polarons and bi-polarons absorptions as the
amount of FeCl3 was increased. For TMeThP 106, there are multiple peaks at the region where
the polaron absorption is expected, at 602, 661, 731 nm. These values do not exactly match the
figures for individual homo-polymers (discussed in Chapter 2) but could indicate there are
different chain lengths of polymers present. Like PAzThP 104, the first addition of the oxidant
produced lower than expected increase in absorption of polaron peak and decrease of π-π*
peak compared to subsequent additions, which was proposed previously to be due to
coordination of FeCl3 to azide. The lower proportion of azide in the polymer meant the hysteresis
effect due to azide coordination here is not as pronounced. The bi-polaron peak appears at
1213 nm, which is lower than in the previous examples where the maximum of the peak was
beyond the wavelength accessible by the equipment used. In the case of TTGThP 107, the
polaron peaks was observed at 650 and 723 nm and only the onset of the bi-polaron peak was
observed at higher wavelengths.
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Figure 71: UV-Vis spectra of solution doped TMeThP 106
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Figure 72: UV-Vis spectra of solution doped TTGThP 107
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Spectroelectrochemical (SEC) analysis of these compounds was also performed. The polymer
was dropcasted on to indium tin oxide (ITO) coated glass slide, placed in a curvette with a
solution of 0.2 M LiClO4 of 4:1 H2O/MeCN (v/v) and connected to a potentiostat. Different
potentials were applied and the resulting spectra are presented in Figure 73 and Figure 74 for
TMeThP 106 and TTGThP 107, respectively. Both samples showed the expected behaviour,
similar to when doped electrochemically, with a drop in π-π* transition and an increase in the
polaron absorption. For both samples, the maximum adsorption for polaron was reached by
0.6 V; however the absorption tail associated with bi-polarons kept increasing past 0.8 V for
TTMeThP 106.
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Figure 73: Spectroelectrochemical spectra of TMeThP 106
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Figure 74: Spectroelectrochemical spectra of TTGThP 107

4.3: Click chemistry of PThP
With the confirmation of the structure and functional groups in TMeThP 106 and TTGThP 107
made, attention was turned to functionalisation reactions. The inclusion of side chains with
azides on the polymer allowed us to perform ‘click’ reactions via CuI-catalyzed ligation addition
of the azide and terminal alkynes.26

4.3.1: ‘Clicking’ to AzThP 45
For proof of concept, the first attempted ‘click’ reaction was performed on the azide monomer
AzThP 45. The azide monomer and the alkyne, hex-1-yne 217, were dissolved in tbutanol with
ascorbic acid and copper sulphate pentahydrate in water as the catalyst system yielded no
reaction. This was likely due to the insolubility of the PThP in the solvent, thus THF was used in
place of tbutanol with the catalyst system remaining the same. The resulting mixture stirred at
r.t. for 24 h yielded the desired triazole 220 with good yield of 90%. ‘Click’ reaction with other
alkynes was performed next; phenylacetylene 218 and propargyl silyl ether 219 to form triazoles
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221 and 222 yielding 70% and 85% respectively. The characterisation data and the step-wise,
detailed experimental procedure are found in Chapter 8, section 8.6.

Scheme 35: Model ‘click’ reactions of AzThP 45 with alkynes 220 – 222.

Confirmation of the ‘click’ reaction was made using NMR and mass spectroscopy. For hex-1yne clicked AzThP 220, the thiophene signals (7.11, 7.38 and 7.48 ppm) and the benzene proton
(7.19 ppm) are present. There is an additional signal in the aromatic region at 7.16 ppm. This
peak has HMBC correlations to the carbon at 46.9 ppm, part of the propyl linker, and a carbon
at 31.5 ppm. This carbon correlates to a proton at 2.67 ppm in the HSQC spectra, this proton is
correlated to the rest of the butyl chain originated from hex-1-yne 217 (1.60, 1.34 and 0.98 ppm).
Mass spectroscopy confirmed the formula C32H41N6O2S2 for the molecular ion [MH+] (m/z
605.2706).

Confirmation of the structure of the ThPs 221 and 222 were made by NMR and mass
spectroscopy. Similar to 220, the protons from the thiophene, benzene and propyl linker are still
present. For 222, there is an additional signal at the aromatic region which has HMBC
correlations with one of the propyl linker carbon at 47.2 ppm and 58.1 ppm, which is assigned
as the methylene from propargyl TBDMS 219. The signals at 0.06 and 0.87 ppm are assigned
as the proton from the TBDMS group, as integrals integrates for 6H and 18H, as expected. Mass
spectroscopy confirmed the formula C38H57N6O4S2Si2 for the molecular ion [MH+] (m/z
781.3416). For 221, due to the presence of the phenylacetylene, the singlet (7.64 ppm) for the
triazole was not immediately obvious and was assigned via HMBC correlation with the third
carbon (47.9 ppm) on the propyl linker. The triazole has a HMBC correlation to a quaternary at
128.8 ppm, which in turn correlates to aromatic protons at 7.40-7.42 ppm and 7.44-7.45 ppm;
these protons have correlation with each other and the former of these two protons also has a
COSY correlation with a multiplet at 7.37-7.38 ppm. These 3 signals (7.37-7.38, 7.40-7.42 ppm
and 7.44-7.45 ppm) are thus assigned as the protons on the phenylacetylene. Mass
spectroscopy confirmed the formula C36H32N6O2S2 for the molecular ion [MH+] (m/z 667.1929).
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4.3.2: ‘Clicking’ of PThP and its Characterisation
With ‘click’ reaction working as intended, attempts to replicate the reaction onto the polymers
was tried. Upon ‘click’ reaction with the polymer PAzThP 104, incomplete reaction with COSY
NMR (Figure 75) showing crosspeaks correlating to both the unmodified azide and the triazole
despite increase of temperature and reaction time.

Figure 75: Expansion of COSY spectrum of attempted conversion of PAzThP-ProTBDMS.

This is likely due to the closer proximity of the numerous azide sites, leading to steric hindrance
from the formed triazole groups. This illustrated that the azide conversion could still be
completed despite being in a polymeric system. However, it was envisioned that spacing of the
azide groups with non-functionalised methoxy or tri-ethylene glycol PThP units led to greater
rate of conversion.

Thus, terpolymers 106 or 107 were subjected to ‘click’ reactions were attempted. It was
observed that the synthesis of the triazoles was more efficient in comparison to PAzThP 104,
and led to complete conversion from azide to triazole as judged from the absence of the proton
signals associated with the propyl azide side chain. The reactions were performed using the
same reaction condition as the monomers, which gave the ‘clicked’ triazoles 223-228.
Characterisation of the triazole products in polymer form is difficult due to the broadening of the
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peak. GPC analyses did show an increase in Mn of the polymers after the reaction was
performed, indicating successful addition. However, Mw decreases which was ascribed to high
molecular weight polymers not dissolving in the reaction mixture and therefore the high
molecular weight fraction was likely removed in the work up procedure.

Scheme 36: Functionalization of 106 and 107 with ’click’ chemistry.

The proton chemical shifts on the propyl linker of AzThP 45, C-1, C-2 and C-3, are seen at 3.60,
2.15 and 4.18 ppm, respectively, and upon performing the click reaction, the proton chemical
shifts on the linker becomes 4.05, 2.49 and 4.61 respectively for triazole 220 (Figure 77).
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Figure 76: Chemical shift of protons in 1H NMR on propyl chain before and after triazole formation.

The broad 1H NMR signals of the polymers impair differentiation between the characteristic
peaks. However, 1H-1H correlation spectroscopy (COSY), was an effective tool to analyse the
conversion of azide to triazole due to the chemical shifts of the protons on the propyl chain.

These COSY correlations are still present in the polymer and thus were used to confirm the
conversion of azide to triazole. The COSY correlation shown that the linker protons remain
present in the spectrum and the chemical shifts of the crosspeaks are the same as for the
monomer (Figure 77 and Figure 78).
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Figure 77: Expansion of COSY spectrum of AzThP 45 highlighting the cross-peaks between H-2 with
H-1 and H-3.
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Figure 78: Expansion of COSY spectrum of TMeThP 106, highlighting the presence crosspeaks between
H-2 with H-1 and H-3 are still present in spectrum after polymerisation.

After reaction with hex-1-yne 217, there is an easily observed downfield shift of the propyl linker
protons chemical shift, from 3.60 2.15 and 4.18 ppm in the azide to 4.05, 2.49 and 4.61 ppm in
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the triazole 223 respectively (Figure 79). The broad nature of polymer 1H NMR spectra meant
the individual signals could not be easily identified. However, crosspeaks on the COSY
spectrum remained well defined and the crosspeaks between C-1 and C-2, and C-3 and C-2
were used to identify the chemical shifts of the protons on the propyl linker (Figure 79).
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Figure 79: Expansion of COSY spectrum of TMeThP-Hex 223, highlighting the position of cross-peaks
after conversion of azide to triazole through ‘click’ reaction.

‘Click’ reaction with TTGThP 107 was then performed which was expected to be more difficult
due to the close proximity of the bulky ethylene glycol chains. The reaction was however
successful, as seen from the COSY spectrum (Figure 80), with the expected shifting of the
crosspeaks corresponding to the propyl linker of a triazole.
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Figure 80: Expansion of COSY spectrum of TTGThP-Hex 226, highlighting the position of cross-peaks
after conversion of azide to triazole through ‘click’ reaction.
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Figure 81: Expansion of COSY spectrum of TTGThP-ProTBDMS 228, highlighting the position of
crosspeaks after conversion of azide to triazole through ‘click’ reaction.

124

Chapter 4: Polymerisation and Functionalisation
It was found that the COSY correlation method is better suited than IR spectroscopy to
characterise these polymers, which is presented in the Appendix (Figure 208 to Figure 213).
Whilst the disappearance of the diagnostic azide signal, at ~2100 cm-1, was observed after ‘click’
reactions, signals for the newly formed triazole, at ~1600 cm-1, could not be observed due to
overlap with the other aromatic peaks. The compounds ‘clicked’ on does show adsorption in
regions without signals in the parent polymer. Additionally, the presence of an azide peak does
not equate to failure of the reaction; it may be incomplete cycloaddition. In contrast, crosspeaks
on COSY spectrum exhibit little overlapping and thus the extent of triazole conversion could be
determined from the intensity of crosspeaks between signals associated with azide to those
associated with triazole. The crosspeaks could also be used to assist in determining the
associated signal in 1H NMR despite the overlap and thus determine the integration of the
corresponding peak, which allows quantitative measurement of the extent of conversion. As
discussed earlier, overlappimg of signals is a hindrance to characterisation via simply 1H NMR,
but the characterisation with COSY NMR greatly assisted in the determining the formation of
product, which proved useful in more complicated molecules as detailed later in the thesis
(Chapter 5).
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4.3.3: Summary of ‘Click’ on PThP
The use of hex-1-yne 217 demonstrated the feasibility of the click reaction with the prepared
terpolymers, whilst reactions with TBDMS protected propargyl alcohol (ProTBDMS) 219 and
phenylacetylene 218 demonstrated that the reaction is also compatible with other alkynes. The
crosspeaks associated with azide side chain were undetectable in all ‘click’ reactions performed
with the above alkynes on 106 or 107, indicating complete, or close to complete, conversion.
The performed reactions show that a variety of compounds could be easily grafted to the
polymers using ‘click’ chemistry methodologies to provide a simple and versatile route to
conducting polymers with complex architecture, chemistry and designer multi-functionality.

4.4: Atom-Transfer Radical Polymerisation
With the condition for the ‘click’ chemistry well established, attention was turned to grafting off
PThP through the use of ATRP. The use of Activators ReGenerated by Electron Transfer
(ARGET) ATRP was chosen due to the robustness of the procedure, and being more
environmentally friendly than conventional ATRP as it requires significantly less catalyst.113 The
general procedure of all ATRP grafting are covered in Chapter 8, section 8.6.

4.4.1: Grafting of Styrene
The grafting of styrene was chosen as a model system for grafting of polymer brushes. ARGET
ATRP was carried out using Cu(II)Cl2 catalyst with N,N,N′,N′′,N′′-pentamethyldiethylenetriamine
(PMDETA) as ligand and tin ethylhexanoate (Sn(Oct)2) as the reducing agent (Figure 82) with
150 eq. of styrene monomer.
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Figure 82: Grafting of styrene brushes onto 106, 107 and 223 with ATRP.

The monomer conversion was determined from the concentration of the residual monomer
using NMR spectroscopy, with anisole used as an internal standard. The grafting of polystyrene
using ARGET ATRP of TMeThP 106, TTGThP 107 and TMeThP-Hex 223 as the macroinitiators
to form TMeThP-g-Sty 229, TTGThP-g-Sty 230 and TMeThP-Hex-g-Sty 231 respectively was
studied. The propagation of side chains for all investigated macroinitiators was relatively well
controlled, indicating relatively uniform grafting of styrene (Figure 83), but the initiation was slow
or delayed. The process was more controlled for TMeThP-Hex 223 than for the other two
systems. From the graphs, it can be seen that in the case of TMeThP 106 and TTGThP 107 the
initiation was slow. This may be due to steric hindrance of neighbouring side chains initially,
which is alleviated as the chain propagates; sterically hindered sites are known to prevent or
slow down the propagation.244 An additional aliquot was analysed at 24 h and it showed no sign
of residual styrene (by NMR analysis) for all grafting polymerisations. From the graphs, it can
be also observed that the grafting occurred at a faster rate with the non-triazole-containing
macroinitiators TMeThP 106 and TTGTHP 107, where it reached 50% monomer conversion in
less than 5 h for both polymers (Figure 83), whereas TMeThP-Hex 223 reaches conversion just
short of 50% after 7 h. This indicates possibility of steric effects from neighbouring triazoles,
reducing accessibility of the styrene monomer to the initiator site and a higher degree of
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termination.245 GPC results for TMeThP-g-Sty 229 shows Mw of 42630 gmol-1 compared to the
parent monomer TMeThP 106 with 24800 gmol-1` (Table 8 and Figure 194).
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Figure 83: Plot of the conversion of styrene vs time for ARGET ATRP for TMeThP 106, TTGThP 107
and TMeThP-Hex 229.

4.4.2: Grafting of Other Monomers
With the success of grafting of styrene, ATRP of other monomers was attempted to investigate
the versatility of grafting onto PThP. Thus, grafting reactions of nbutyl acrylate (nBA) 232 and
tbutyl

acrylate (tBA) 197, using reported ARGET ATRP conditions, were performed.246,247 The
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grafting polymerisations were performed using copper chloride with PMDETA as the catalystligand system with Sn(Oct)2 as the reducing agent (Scheme 37).

Scheme 37: Grafting of nBA 232 and tBA 197 brushes onto TMeThP 106 with ATRP.

The polymerisation was tracked by taking the aliquots of the reaction mixture at set time intervals
and comparing the amount of the residual monomer versus anisole as an internal standard, by
means of 1H NMR. Both of the ATRP reactions were successful in producing grafted brushes.
For grafting of tBA 197 (Figure 84) the kinetic plot shows good first order reaction kinetics (with
one data point as an outline) up to ca. 80% conversion, indicating a control over the
polymerisation. The final conversion was ~90%; an additional measurement was done at 24 h
and showed there was no further conversion. For grafting of nBA 232 (Figure 85), there was a
faster initiation phase, followed by a gradual slowing dawn of the reaction, indicating some
termination of polymerisation occurred, with the conversion reaching just under 70% after 6 hrs.
There were no further attempts to optimise the grafting conditions for grafting of nBA 232 from
TMeThP 106. In spite of not optimum control of the nBA 232 grafting, the ability to graft brushes
of styrene, tBA 197 and nBA 232, illustrates that the ATRP grafting from the investigated
macroinitiators is viable.
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Figure 84: Plot of the conversion of tBA 197 vs time for ARGET ATRP for TMeThP 106.
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Figure 85: Plot of the conversion of nBA 232 vs time for ARGET ATRP for TMeThP 106.
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4.4.3:

Grafting

of

poly(ethylene

glycol)

methacrylate

(PEGMA)
Grafting of PEGMA brushes was attempted as a way of modulating the physical characteristics
of the polymer by increasing the hydrophilicity or even making the polymer water-soluble.
PEGMA has attracted attention in recent years due to the polymer’s water solubility,
biocompatibility and low toxicity and had previously been used as a mean to increase the
hydrophilicity of compunds.112,248–252

The grafting process was approached utilising a procedure similar to previously reported in
ARGET ATRP literature.253 A ratio of 300:1 (mol:mol) ratio of PEGMA 235 to PThP in THF was
used, with Cu(II)Cl2 and PMDETA as the catalyst-ligand system, Sn(Oct)2 as the reducing agent
and anisole or DMF as the internal standard for kinetics analysis in 1H NMR (Figure 32). Aliquots
for kinetics study were collected but at more frequent intervals compared to previous
experiments, as the polymerisation reaction of PEGMA 235 was found to be faster.

Scheme 38: ARGET ATRP of PEGMA on PBIThP 105, TMeThP 106 and TTGThP 107.

The tracking of the reaction kinetics were however much more difficult compared to previous
grafting reactions discussed above, with number of attempts giving inconsistent results. In spite
of that, even in such cases, the increased viscosity of the reaction solution over the time of the
reaction mixture provided a confidence that the grafting was indeed occurring. It is possible that
the reaction mixture was not completely homogenous due to the viscosity of the mixture and
thus the aliquots taken were not representative of the reaction.
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A number of experiments from grafting of PEGMA 235 from PBIThP 105, TMeThP 106 and
TTGThP 107 did however run as would be expected for an ATRP, where the kinetics measured
by 1H NMR gave reasonable kinetic plots (Figure 86). In the cases of grafting from for PBIThP
105 and TMeThP 106 the reaction was faster than for grafting from TTGThP 107; in all of the
cases the reaction starts to slow down after ~60-80 min, and basically stopped at ~90 min.
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Figure 86: Plot of the conversion of PEGMA vs time for ARGET ATRP for PBIThP 105, TMeThP 106 and
TTGThP 107.

The different polymerisation rate between these macroinitiators may be due to effect of
surrounding side chains, with the methoxy side chain offering no steric interference to the
polymerisation reaction, as opposed to TTGThP 107 which has long tri-glycol side chains.

All of the produced polymers were gel-like and orange in colour (Figure 87). All of the formed
polymers were not soluble in water or any other solvent attempted. The gel-like TMeThP-gPEGMA 237 was also extremely sticky.
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Figure 87: Optical photograph of TMeThP-g-PEGMA 237.

An attempt to graft di(ethylene glycol) methyl ether methacrylate (DEGMA) 239 from TMeThP
106 was made using similar condition as for grafting of PEGMA 235 (Scheme 39). However,
the kinetic studies again demonstrated problems with controlling the polymerisation, with similar
inconsistencies seen discussed above for PEGMA. Again, this may be due to the aliquot taken
not representative of the solution environment due to the high viscosity of the solution. The
grafting reaction progressed in very similar manner as with PEGMA, with the reaction mixture
becoming increasingly viscous as the reaction progressed. The resulting polymer, TMeThP-gDEGMA 240, was gel like and sticky, similar to TMeThP-g-PEGMA 237, but brown in colour
(Figure 88). PEGMA or DEGMA with long graft lengths were not soluble in organic solvent
(DMF, DMSO, acetone, CH2Cl2, THF, methanol, ethanol attempted), while produced gels in
water. However, shorter grafts resulted in water soluble polymer.
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Scheme 39: Grafting of DEGMA 239 to TMeThP 106.

Figure 88: Optical photograph of TMeThP-g-DEGMA 240.
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4.4.4: ‘Clicking’ After Grafting
In addition to demonstrating grafting of polymer brushes by ATRP chemistry after performing
‘click’ chemistry, as described in the previous section, further exploration of the possibility of
performing the two functionalization chemistries in reverse was made. Here, investigation of
‘click’ chemistry in the presence of an ATRP grafted side chains is demonstrated. Such flexibility
in functionalization chemistries would open up new possibilities towards functionalised
conducting polymers. In order to demonstrate the possibility, short brushes of 15 units of styrene
were first grafted onto the polymer 106, followed by cycloaddition reaction of hex-1-yne 217
(Scheme 40).

Scheme 40: Dual functionalisation via ATRP followed by ‘click’.

The approximately 15 units of styrene per ATRP initiating site were grafted by stopping the
polymerisation at 90 minutes. Figure 89 presents the time course of the attempted short chain
styrene polymerisation compared with the previous styrene polymerisation (Chapter 4, section
4.4.1).
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Figure 89: Conversion vs time for grafting of styrene from TMeThP 106 (solid circles) and previous
grafting of styrene as discussed in section 4.4.1, for comparison (Figure 83).

Analysis of COSY NMR experiment revealed a change in the crosspeaks, consistent with that
seen in ‘click’ reactions discussed above (Chapter 4, section 4.3) (Figure 91).
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3.6-2.1 ppm

Figure 90: Expansion of COSY spectrum of TMeThP-g-Sty 229, highlighting the presence of cross-peaks
at positions consistent with previous azide crosspeaks (Figure 78).

4.1-2.6 ppm

Figure 91: Expansion of COSY spectrum of TMeThP-Hex-g-Sty 231, highlighting the presence of crosspeaks at positions consistent with triazole formation.
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This result confirms that addition of alkynes is possible even after ATRP grafting. This route of
functionalisation of ThPs may be of particular significance where the alkyne group contains
functionalities incompatible with ATRP conditions. Thus, these experiments highlight the
versatility of the developed functionalization methodology.

4.5: Further Characterisation of PThP
Further studies of the physical properties of a selection of the PThP polymers were performed,
including conductivity, electrochemical properties and UV-Vis, as presented below.

4.5.1: Conductivity
This class of compounds had been previously reported to be electrically conductive, thus some
preliminary conductivity tests were performed to investigate whether the polymers were still
conductive with the side chains and after functionalisation. Due to the significant synthetic steps
required for the synthesis of these polymers, a selection of polymers were tested.

The room temperature conductivity of compressed pellets was measured by a four-probe
conductivity meter (Jandel Model RM2). 250 mg of samples were pelletized to a diameter of 1.5
cm using a mechanical press. The equation used to calculate the bulk resistivity is given below.

(1) Ρ = Rs*t = 4.532 (V*t/I)

Where V is the potential in Volts (0.1 V), I is the current in Ohms, t is the thickness of film in cm
and Ρ is the bulk resisitivity in Ohms-cm. Conversion of bulk resistivity to electrical conductivity,
expressed in Ohms-1cm-1, is made using the following equation:
(2) Ohms-1cm-1= 1/Ρ*100

Functionalisation reactions require the use of reducing agent that could de-dope the polymer,
therefore re-doping was performed before resistivity measurements by re-dissolving in a
solution of nitromethane and FeCl3. The bulk resistances measured are shown in Table 2. The
results show that the incorporation of different substitutions, as well as post-polymerisation
modification, do not necessarily eliminate the conductivity, with the values between doped (2 x
10-3, doped with I2) and un-doped (2 x 10-9) state. The reduced conductivity may be due to the
functionalisations, resulting in further spacing of chains254 or the dopant used in the conductivity
studies is not as conductive as the dopants used in literature.76 In polystyrene grafted polymers
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(TMeThP-g-Sty 229 and TMeThP-Hex-g-Sty 231) the bulk resistance could not be measured.
The reason for such result with polystyrene grafted brushes is obvious, as polystyrene is stiff,
glassy and insulating and dominates the overall polymer properties in dry state.
Table 2: Resistivity of PThPs, measured by four-point method on pressed pellets.

Bulk Resistivity (ρ)

Electric conductivity

(ohms-cm)

(Ohms-1cm-1)

TMeThP 106

42540

2.351 x 10-5

TMeThP-Hex 223

140400

7.123 x 10-6

TTGThP 107

458800

2.179 x 10-6

TMeThP-g-Sty 229

Cannot be measured

-

TMeThP-Hex-g-Sty 231

Cannot be measured

-

Monomer

4.5.2: Electrochemistry
CV experiments were performed to investigate the effect of the additional triazole functional
groups onto electrochemistry of TMeThP 106. The voltammograms of the polymer clicked with
hex-1-yne (TMeThP-Hex 220) are presented in Figure 92A. From the CVs one can see that the
polymer oxidation peaks are clearly present at the lower scan rates. The shape of the
voltammogram is similar to that of TMeThP 106 and PMeThP 101 where at higher scan rates
the peaks are not well defined. The oxidation and reduction peak at 50 mV s-1 scan rate are
seen at 0.76 V and 0.58 V, respectively. These values are similar to chemically polymerised
TMeThP 106 (0.73 V and 0.59 V), indicating that electroactivity of the polymers with triazole
present remains similar to the native polymer. Similar to other polymers with methoxy side
chains, at high scan rate, the redox wave is broad. Therefore, grafting did not hinder the
electrochemistry of the resulting polymer.

Cyclic voltammograms for TMeThP-Hex-g-Sty 231 are shown in Figure 92B. At low scan rates
there are clear redox peaks. At higher scan rates the redox peaks becomes broad and shift to
higher potentials at 0.85 V and 0.64 V for oxidation and reduction waves, indicating the presence
of the grafts, or the morphology of the formed film, hinder the transfer or charges to some extent.
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Figure 92: Cyclic voltammogramsat scan rates between 5 mVs-1 to 250 mVs-1 in monomer-free solution
0.1 M LiClO4 in H2O:MeCN (4:1, v/v) for: A: TMeThP-Hex 229, B: TMeThP-Hex-g-Sty 231

4.5.3: UV-Vis Spectroscopy of Functionalised Polymers
A property of polythiophene, as well as other conjugated polymers, is their luminescence
properties.255 Thus, UV-Vis properties of a selection of the polymers were conducted. The
strong UV-vis adsorption of these polythiophenes arises from the π-π* transition due to the
delocalisation of electrons. Steric influence from side chains may cause the twisting of the
planarity, resulting in a blue shift in the maximum UV-adsorption wavelength.255 The UV-Vis are
performed immediately after chemical polymerisation and are not doped further or de-doped.

The UV-Vis spectrum of the functionalised polymers are presented in Figure 93. All polymers
were measured in CH2Cl2. For all polymers tested, the peak absorption values were between
420 and 470. These peaks are likely to correspond to the π–π* transition seen in
terthiophenes.15 Notably, TMeThP-Hex 229 and TTGThP-Hex 230 adsorption peak at 421 nm
confirms that the presence of the triazole does not degrade the core backbone of the respective
parent polymers, TMeThP 106 and TTGThP 107. The grafting of the polymers also did not affect
the backbone, with absorption peaks at 490 m, observed for TTGThP-g-PEGMA 238 and
TMeThP-g-tBA 234.
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Figure 93: UV visible spectrum of PThP in CH2Cl2 or DMF.
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4.6: Functionalisation of Poly(pyrrole phenylene)s
With the successful functionalisation of the PThP series, attention was turned to the functionalisation
of the PPyP series of conjugated polymers. As noted before, PPy has very interesting electrical
properties, but lack of solubility and difficulties with functionalization chemistry has limited its uses.64
As chemical polymerisation had resulted in insoluble material, the approach to functionalisation
was different to PThP.

4.6.1: Grafting of tBA Brushes to BIPyP 131
To overcome of the insolubility of pyrroles, it was decided to first modify the physical
characteristic of the monomer before polymerisation. To that end, the PyP monomer with the
radical initiating site (BIPyP) 131 was utilised to graft polymeric brushes through ATRP. Thus,
grafting of the brushes to the initiator monomer was first performed, followed by copolymerisation. tBA 197 was chosen as a monomer of choice for the grafted brushes, as it is
soluble in organic solvents and does not have long side chain that may hinder further
functionalisation. Thus, an attempt to functionalise BIPyP 131 with tBA 197 grafts was made
using the same reaction condition as described previously for PThP in section 4.4.2 (Scheme
41).
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Scheme 41: Grafting of tBA 197 to initiator monomer

The reaction was performed using BIPyP 131 to tBA 197 to molar ratios of 1:50, 1:100 and
1:200. All ratios of monomer to initiator used formed polymer BIPyP-g-tBA 241 which were
soluble in a wide range of organic solvents tested (CH2Cl2, EtOAc, DMF, DMSO, acetone).
Kinetic studies were performed using the same method as described previous for ATRP
reactions (Chapter 4, section 4.4.1). The reaction with 1:200 molar ratio of monomer to initiator
proceeded in a nearly linear fashion following a first order kinetics up to ~4 h. The other two
molar ratios of the monomer to initiator (50:1 and 100:1) had a similar conversion rate and
achieving around 50% conversion after ~2.5 h after which time the reaction kinetics ceased to
follow a first-order and the reaction progressed very slowly for the reactions that used molar
ratios of 50:1 and 100:1. The 200:1 reaction appears to have a slower initiation due to lesser
amount of initiator but proceeded faster after 1 hour (Figure 94). The ratio of 50:1 monomer to
initiator reaction was polymerised longer to determine conversion after 24 hours - which was
66%, and after 45 hours - which was 93%.
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Figure 94: Plot of the conversion of tBA 197 vs time for ARGET ATRP for BIPyP 131 at different monomer
ratio of tBA.

The molecular weight for these polymers was difficult to deduce via GPC, with inconsistent
results obtained. For the monomer: initiator of 200:1 (mol:mol), Mn obtained was 35,000 gmol-1
with a PDI of 2.041 (Table 8 and Figure 197). Theoretically, the maximum weight from this
reaction is ~26,000 gmol-1 at 100% conversion. This could be explained by the oligomerisation
of the BIPyP 131 initiator, which is unstable and readily polymerises in solvents at room
temperature. Formation of dimers of the termonomer would lead to a two-fold increase of
molecular weight. Another explanation would be that polymerisation is not well controlled and
therefore higher molecular weights then expected; as also supported by the high PDI value.

IR spectra (Figure 95) shows all the expected peaks from the structure present, with strong
ester and alkane adsorptions visible. Stretch that correlates to N-H shift of the pyrrole, aliphatic
chains and alkyl aryl ethers shows that the backbone moiety are still present.
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Figure 95: IR spectra of tBA 197

4.6.2: Co-Polymerisation of PyP Monomers
BIPyP-g-tBA 241 (200 tBA) was then co-polymerised with MePyP 27 and AzPyP 130 monomers
using FeCl3 as oxidant to produce PPyP(OMe-N3)-g-tBA 242 (Scheme 42) using a procedure
reported in literature.220 The obtained polymer 242 is soluble in DMF, DMSO and partly soluble
in acetone. In the polymerisation attempt, 2:1 (w/w) ratio of tBA grafted brush to PPyP monomer
was used. 1:1 ratio of tBA brush and to pyrrole monomers (w/w) was also attempted but led to
formation of insoluble material. In both procedures here, the PPyP monomer consists of 2:1
ratio of MePyP 27 to AzThP 130.
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Scheme 42: Co-polymerisation of BIPyP-g-tBA 241, MePyP 27 and AzPyP 130.

The GPC results were inconclusive, with two main elution peaks; one at 20 mL which correlates
to a Mn of 13,000 gmol-1 and the second peak at 10.7 mL, which correlates to a Mn of 1.27 x 107
(Figure 198). Neither peaks are likely representative of the actual polymer, with the former Mn
being lesser than for the original BIPyP-g-tBA 241 polymer and the latter Mn ruled out as it is
beyond the range of our calibration standards and likely represents aggregates.

Confirmation of the presence of the azide moiety in the final terpolymer was made through the
analyses of COSY NMR. Despite both AzPyP 130 and BIPyP 131 using an ethyl spacer group,
their correlation remains distinct as the ethyl spacer of AzPyP 130 has crosspeaks at 3.78 and
4.23 ppm, whereas the correlation of BIPyP 131 is between the peaks at 4.25 and 4.45 ppm.
The correlation is still evident in BIPyP-g-tBA 241 as shown in (Figure 96). These signals are
not expected to shift significantly, as no reactive functional groups directly take part in the
polymerisation reactions and thus there should be no changes in the chemical shift.
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Figure 96: Expansion of COSY spectrum of BIPyP-g-tBA 241.

In the COSY spectrum for PPyP(OMe-N3)-g-tBA 242, the crosspeaks between the spacer of
AzPyP 130 is still present though there is a slight shift upfield with crosspeaks between 3.78
and 4.05 ppm (Figure 97). This is likely to be associated with the AzPyP 130 spacer as the
polymer has very low concentration of the original BIPyP 131 monomer.
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Figure 97: Expansion of COSY PPyP(OMe-N3)-g-tBA 242 highlighting COSY correlation of AzPyP 130
side chain.

The COSY relating to the BIPyP 131 initiator cannot be found in the polymer owing to the reduce
presence of the monomer. Further confirmation of the presence of an azide functional group
was made via IR spectra showed there is a peak at 2100 cm-1, which is typical of azide functional
group (Figure 98). It was difficult to deduce the presence of MePyP 27 in the polymer, as there
are no unique functional groups. However, the pyrrole N-H (3420 cm-1), ester (1730 cm-1) and
alkyl aryl ethers (1218 and 1138 cm-1) are present, indicating the core structure of the polymer
remains. Of note is the intensity of the pyrrole peaks have increased and a decrease in the ester
peaks, which is in the expected chain upon higher ratios of PyP components on the polymer.
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Figure 98: IR spectra of PPyP(OMe-N3)-g-tBA 242.

The UV-Vis spectrum (Figure 99), of BIPyP-g-tBA 241 shows an absorption peak at 337 nm,
which likely correspond to pyrrole dimers or oligomers as well as monomer. This is due to the
tendency for the initiator to self-polymerise. Upon polymerisation of PPyP(OMe-N3)-g-tBA 242,
there are absorption peaks at 420 nm and 605 nm. Previous example of similar compounds in
the literature reported a π-π* transition at ~427 nm and the polaron peak at 590 nm.77 The
presence of π-π* transition indicates these polymers were only partially doped.
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Figure 99: UV-Vis of and A) BIPyP-g-tBA 241 and B) PPyP(OMe-N3)-g-tBA 242
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voltammogram presented in Figure 100. The onset of polymerisation is at 0.60 V, which is
higher than the other PPyP monomers, which has onset of oxidation potential between 0.40 V
and 0.55 V in the monomers tested (see Chapter 3, section 3.4). The higher onset of oxidation
potential BIPyP-g-tBA 241 compared to the other pyrrole monomers (discussed in Chapter 3)
meant in co-polymerisation with ungrafted monomers, the resulting polymers will usually exist
as co-blocks, however. Also attempted was the co-polymerisation BIPyP-g-tBA 241 with MePyP
27, AzPyP 130 using the same ratio as the chemical polymerisation (2:1 (w/w) ratio of tBA
grafted brush to PPyP monomer (1:1 ratio mol:mol)). In the electropolymerisation CV (Figure
100C), the onset of the polymerisation was at 0.5 V, with a second onset and 0.6 V, which may
be attributed to the ungrafted and grafted polymers respectively. The polymer oxidation peak at
first wave was likely due to the BIPyP-g-tBA 241 used being an oligomer as the initiator is very
susceptible to oligomerisation.

In the scan rate dependent CV of of BIPyP-g-tBA 241(Figure 100B), the peaks are not well
defined in any of the scan rates. The diffusion of ions in and out of the film is likely to be slowed
or hindered by the tBA brushes. The amplitude of scan rate is lower than those of the
electropolymerisation CV despite from the same polymer. This may be due to the grafted
polymer deposited does not adhere well to the electrode. In the co-polymer (Figure 100D), the
peaks are also not well defined for all but the slower scan rate. The inclusion of non-grafted
brushes had likely resulted in lower density of tBA brushes which marginally eased the diffusion
of ions. The amplitude again is slightly lower, which may be due to the polymers not adhering
well to the electrode.
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Figure 100: Voltammograms of BIPyP-g-tBA 241 (A) Electropolymerisation CV of 0.02 M monomer and
0.1 M LiClO4 in MeCN at 100 mVs-1 (B) Cyclic voltammogramsat scan rates between 5 mVs-1 to 250 mVs1

in monomer-free solution 0.1 M LiClO4 in MeCN. Voltammograms of 2:1 (w/w) ratio of BIPyP-g-tBA 241

to ungrafted monomers, MePyP 27, AzPyP 130 (1:1). (C) Electropolymerisation CV of 0.02 M monomer
(overall) and 0.1 M LiClO4 in MeCN at 100 mVs-1 (D) Cyclic voltammogramsat scan rates between 5 mVs1

to 250 mVs-1 in monomer-free solution 0.1 M LiClO4 in MeCN.

The polymerisation currents of these polymers are higher than for the ungrafted polymers, as
previously reported in Chapter 3 despite similar monomer concentration. Such a phenomenon
is observed previously for grafted polymers in cyclic voltametric currents. Brushes increase the
solvation leading to swollen brushes that makes ion exchange more accessible.18,237

4.6.3: ‘Click’ Reaction on PPyP
A straightforward method to confirm the presence of the azide monomer on the terpolymer
prepared to perform a ‘click’ reaction. Thus, ‘click’ post-polymerisation functionalisation was
performed on the terpolymer. Hex-1-yne 217 was used as the alkyne to be attached employing
the reaction condition described previously for the PThPs in Chapter 4, section 4.3 in employing
CuSO4.5H2O and ascorbic acid in THF/H2O/DMF mixture (Scheme 43). DMF was added to
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solubilise the polymer. An excess of hex-1-yne 217 was used to ensure that most of the
functional sites were reacted. The product was purified by the removal of solvent in vacuo
followed by washing of water to remove the catalyst system. This is followed by washing with
EtOAc to remove any excess of hex-1-yne remaining and finally the product was dried under
high vacuum to yield the fully functionalised PPyP, f-PPyP 243.

Scheme 43: ‘Click’ reaction between PPyP(OMe-N3)-g-tBA 242 and hex-1-yne 217 to form f-PPyP 243.

Confirmation of cycloaddition was performed via FTIR, UV-Vis and NMR spectroscopy. The
diagnostic azide peak in FTIR spectrum is at ~2100 cm-1, and disappearance of this peak
indicates the conversion of azide (Figure 101). In the FTIR spectrum of the product, there is a
peak at ~1600 cm-1 indicating the presence of a triazole. However, a peak at similar
wavenumber was also found in the spectrum of PPyP(OMe-N3)-g-tBA 242 (Figure 98), thus it
cannot be conclusively assigned to the triazole. The expected signals correlating to pyrrole,
ester and alkanes are still present with no significant differences in intensity.
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Figure 101: IR spectra of f-PPyP 243.

NMR was therefore used to confirm formation of f-PPyP 243, the protons of the ethyl-linker
between the azide and the backbone have a correlation in the COSY NMR spectrum, which
appears between signals at 3.76 and 4.09 ppm. This correlation disappears after the ‘click’
reaction and is replaced by one between signals at 3.77 and 3.90 ppm (Figure 102).

Furthermore, there are two COSY correlations in the alkyl region consistent with those seen in
TMeThP-Hex 223 and TTGThP-Hex 226 and does not correlate to any correlation seen
previously in the grafted polymer nor to PPyP(OMe-N3)-g-tBA 242; these likely correlate to the
butyl component of hex-1-yne 217. The third correlation cannot be identified due to the noise
from the baseline of the spectrum.
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Figure 102: COSY correlation spectrum of f-PPyP 243.

The FTIR and NMR results confirm the success of the cycloaddition. To the best of our
knowledge, this is the first post-polymerisation ‘click’ functionalisation of a PPy or its derivative
with no substitution on the pyrrole nitrogen. GPC result were similar to previous example of
PPyP(OMe-N3)-g-tBA 242, with peaks at multiple retention volume with none to be likely true
representation of the actual molecular weight (Figure 199 and Table 2). All of the peaks
however had shifted to a lower elution, which indicates either a higher molecular weight or
presence of aggregation.

The ‘clicking’ with the monomer was also performed using the standard ‘click’ conditions
(Scheme 44), which was completed successfully to obtain AzPyP-Hex 244. The synthesis of
the monomer ‘clicked’ product was to prove the shorter ethyl linker and the pyrrole does not
detrimentally affect the reaction.
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Scheme 44: Synthesis of AzPyP-Hex 244.

The success of the reaction was judged from additional singlet in the aromatic region at 6.99
ppm in the 1H NMR while the signals originating from the pyrrole and benzene were still present
(6.23-6.25, 6.47-6.49, 6.96-6.98 and 7.40 ppm). Confirmation of the molecular weight was found
using mass spectrometry, which found (MH+) 543.3197 and the molecular formula of
C30H39N8O2 requires 543.3190.

The monomer was synthesised to investigate the difference in the ethyl linker between triazole
244 and azide 140 AzPyP (Figure 103). The chemical shifts appears to be larger than what was
observed from the polymer, with the ethyl-linker protons shift from 4.23 and 3.79 ppm to 4.74
and 4.27 ppm. While the change does not mirror the polymer, it does show that there is expected
to be a shift of the linker when the triazole is formed.

Figure 103: Shifts of the ethyl linker between pre-‘clicked’ 130 and post-‘clicked’ AzPyP 244.
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4.6.4: Electrochemistry and Conductivity of PPyP
Figure 104 present cyclic voltammograms of PPyP(OMe-N3)-g-tBA 242 and of f-PPyP 243. It
can be seen that both polymers undergo a well-defined oxidation/reduction processes. For
PPyP(OMe-N3)-g-tBA 242, the oxidation and reduction peak appears at 0.2 and 0.08 V
respectively (Figure 104). There are oxidative peaks beyond >0.6 V which appears after
repeated oxidative scans; this is not attributed to residue monomer from oxidative
polymerisation due to the oxidation of monomer as the amplitude did not increase at repeated
scans; however the cause of this peak is unclear. For f-PPyP 243 there are oxidation and
reduction peaks at 0.2 and 0.08 V respectively. There is a long “tail” at -0.2 V in CVs from fPPyP 243 which may be attributed to the reduction of the triazoles. The reduction of triazoles
had been previously reported but it typically peaks at lower potential at 2.0 V.256 However, the
tail is only appears at low scan rate which indicates it may be related to a slow acting process.
The high oxidation peaks do not appear in the CVs of f-PPyP 243.
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Figure 104: Left: Cyclic voltammetry of PPyP(OMe-N3)-g-tBA 242 at scan rates between 5 mVs-1 and
250 mVs-1 in 0.2 M LiClO4 in MeCN; Right: Cyclic voltammetry of f-PPyP 243 at scan rates between 5
mVs-1 and 250 mVs-1 0.2 M LiClO4 in MeCN.

However, when the scanning potential range was limited to 0.5 V, the “tail” is reduced. Limiting
the scanning potential further to 0.3 V does not alter the shape of the CV. Thus it is deduced
that the cause of the “tail” is likely related to a slow acting process that occurs between 0.5 V
and 0.7 V.
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Figure 105: Cyclic voltammetry of f-PPyP 243 at scan rates between 5 mVs-1 and 250 mVs-1 0.2 M LiClO4
in MeCN. Potential cycled between 0.5 V and -0.2 V (Left), Potential cycle between 0.3 V and -0.2 V
(Right).

The process is unlikely to be electrolyte related as it would had been observed in the previous
CVs presented. It is unlikely to due to triazole, as triazole has different oxidation potential of 2.0 V as discussed above.256 It is also interesting to note the amplitude of the reduction peak
currents is progressively higher as more cycles are ran, whereas there is little change at the
higher scan rate (Figure 106). There is a possibility that the process is related to trace copper
ions remaining after the ‘click’ reaction. It is proposed that the copper ions are chelating to the
N-H of pyrrole; the purification process may had not been sufficient to remove a portion of the
copper due to the poor diffusion caused by the tBA brushes. The redox curves for copper
chloride electrode show oxidation peak 0.36 V and reduction peak at 0.18 V, however the redox
is varied depending on the copper ion complex.257,258 The oxidation potential of Cu+ to Cu2+ in
the synthesised PPyP discussed here is higher than in literature, which may be due to the
difficulty of oxidising a complex surrounded by thick tBA brushes. It is likely the Cu2+ ion
complexes are generated as successive cycles lead to increased amplitude.
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Figure 106: Cyclic voltammetry of f-PPyP 243 at scan rates 0.2 M LiClO4 in MeCN at multiple cycles; Left:
250 mVs-1; Right: 5 mVs-1
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Bulk resistance of a selection of the synthesized PPyP polymers was measured on pressed
polymer pellets. The conductivity was measured using a four-point probe conductivity meter,
and the results are shown in Table 3. These results show, somewhat surprising, tBA brushes
do not interfere significantly with the conductivity, contrasting to the previous study on PThP
grafted with styrene brushes. The conductivity of both the ‘un-clicked’ and ‘clicked’ pyrrole
phenylene is similar; the latter have a similar resistance.

Table 3: Resistivity of polypyrrole phenylene 242 and 243.
Width

Length (cm)

(cm)
PPyP(OMe-N3)-g-tBA
242
f-PPyP 243

Height

Resistance (ohm)

(cm)

1.31

2.03

2.25E-3

2.54E+07

1.31

2.03

2.45E-3

2.39E+07

4.6.5: Conclusion on PPyP
The new polymer, - PPyP, synthesized in this research was shown to be a versatile conducting
polymer with large scope for modification. The most important of such modification is the ability
to use side chains from the central benzene ring without altering significantly the electrochemical
properties of the backbone. Thus, the approach developed allows attachment of a wide range
of side chains with different functionality. Having ATPR initiating sites allows a subsequent
grafting of polymer brushes of various chemical nature, which was here demonstrated to provide
for solubility of the formed conjugated polymer in organic solvents; thus providing a route to
soluble polypyrroles that is not reliant on using solubilising dopants. The enhanced solubility
opens up possibilities for the PPyPs to be solution processable and their use in numerous
potential applications. Furthermore, demonstrated post-polymerisation ‘click’ chemistry on such
polymers affords a route to form multifunctional polypyrroles, further widening the range of
potential applications of these polymers. A combination of NMR spectroscopy, FTIR and GPC
characterisations was utilised here to prove the success of these functionalization chemistries;
however, with some difficulty and uncertainty. The future experiments may be directed towards
optimising the reactions in order to isolate the product polymers easier and characterise them
more thoroughly.
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4.7: Conclusion on Polymerisation and
Functionalisation of PThP and PPyP
In conclusion, the synthesis of a range of functionalised polythiophene and polypyrrole
derivatives that could be further functionalised using either/ both a ‘click’ chemistry and ATRP,
was completed successfully. Functionalisation of the PThP series was relatively straightforward
in comparison to PPyP, as PThPs were easier to dissolve. The functionalised PPyP series was
more difficult to synthesise due the reactiveness of the monomers and insolubility of the
polymers formed; thus, characterising the functionalised polymers required combination of a
range of analytical techniques.

The following chapter demonstrates the advantage of having such functionalised conjugated
polymers, by applying electrospinning process onto these polymers to make them into useful
nanofibres mat substrates.
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As discussed previously in Chapter 4, the synthesised PThPs could be easily and readily
modified with the functionalisable side chains. This chapter will focus on two examples of the
modification that gives these polymers added physical characteristics.

5.1: Thermoresponsive and Water Soluble LaterallyBranched Multi-Variant Polythiophene Derivative
Conjugated polymers with advanced or multiple functionalities are rarely reported and there is
plenty of room for development of conjugated polymers with enhanced solubility, improved solidstate photoluminescence or equipped with biologically relevant moieties.15–17,237,259–261 There are
interest in this field, with particular focus on altering or modulating properties of the polymer,
such as absorption, physical state (solid or gel) or bestow them additional properties such as
pH and temperature responsiveness.140,250,262–266 The interest in thermoresponsive polymers
stems from their potential application across a wide variety of areas, including drug delivery,
gene therapy, tissue engineering, biosensing, cell delivery, filtration systems and various other
biomedical uses.263,265,267–272 The ability to change or adapt in a changing environment is the
basis of many biological systems and thus there is strong interest in bestowing smart or
biomimetic properties to synthetic materials.265

An interesting example of a thermoresponsive polymer is poly(2-oxazoline) (POx). POx is a
polymer that has gained attention in recent years due to its biocompatibility, ease of synthesis
and thermoresponsiveness that is tuneable and present a lower critical solution temperature
(LCST) in water.273 The thermoresponsive behaviour of POx is driven by unfavourable entropic
interactions above the cloud point (TCP), the temperature at which the solution clouds due the
polymer ceasing to be soluble in the solvent.274 The TCP of POx is related to the ability of the
polymer to form hydrogen bonds with water, which is dependent on the polymer structure, and
therefore tuneable. Luxenhofer et al. had demonstrated a POx polymer with pedant alkyne
moiety, paving a way for ‘clickable’ polyoxazoline.275
The first part of this chapter will discuss the research performed that combines two classes of
polymer – conjugated polymers and thermoresponsive polyoxazolines – through the exploitation
of the terminal alkyne on the POx. The conjugated polymer utilised is PThP, due to its solubility
and ease of synthesis of the polymer as discussed in Chapter 2 and Chapter 4. POx prepared
by living cationic ring-opening polymerisation (CROP) of 2-alkyl-2-oxazoline using an alkyne
substituted initiator, thus affording the alkyne terminated polymer. This polymer was used in
‘click’ reaction with selected PThP.276 The POx used in this work is poly(2-propyl-2-oxazoline)
(PnPrOx) 245, and it was supplied by the collaborating lab of A/P Hoogenboom of Ghent
University, Belgium.
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5.1.1: ‘Clicking’ of PnPrOx onto PThP
The reaction of PnPrOx 245 was performed using the same ‘click’ reaction procedure used
previously (Chapter 4, section 4.3) with either TMeThP 106 or TTGThP 107 (Scheme 45). The
detailed step-wise procedures of all experiments conducted in this section are provided in
Chapter 8, section 8.6.

Scheme 45: ‘Click’ reaction of POx 245 with TMeThP 106 or TTGThP 107.

Determination of the structure of the formed grafted polymers 246 and 247 proved to be difficult,
with the dominating feature of the 1H NMR spectrum to the PnPrOx 245 as seen in the overlay
of the 1H NMR of TMeThP 106, PnPrOx 245 and TMeThP-PnPrOx 246 (Figure 107). The
signals associated with the PThP backbone are not clearly apparent with the signals mainly
residing on the baseline. This also meant determining of the success of ‘click’ reaction was
difficult and thus required another route for characterisation.
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Figure 107: Overlay of spectra of TMeThP 106 (Top), PnPrOx 245 (Mid) and TMeThP-PnPrOx 246
(bottom).

In the interest of easier purification of the polymer, the ‘click’ reaction performed was done with
at a ratio of TMeThP 106 or TTGThP 107 to PnPrOx 245 in molar ratio of 1.5:1 to ensure that
all PnPrOx 245 was consumed in the reaction. As a consequence, in the expansion of COSY
spectrum of the products there were still peaks from azide propyl chain present (Figure 108 and
Figure 109).

The diagnostic chemical shift of the azide however was not immediately clear, with no signal
present downfield (Figure 108) as observed in the ‘click’ reactions performed in Chapter 4,
section 4.3. However, there were new shifts up field, which were present in both TMeThPPnPrOx 246 and TTGThP-PnPrOx 247 and did not correlate to the side chains or PnPrOx 245.
Therefore, it is appeared likely that the ‘click’ reaction occurred successfully and that the change
in chemical shifts is related to the unique structure of the PnPrOx alkyne/triazole.
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Figure 108: Expansion of COSY spectrum of TMeThP-PnPrOx 246.

Figure 109: Expansion of COSY spectrum of TTGThP-PnPrOx 247.
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5.1.2: Water Soluble PThP-PnPrOx
The hypothesis was that optical properties of PThP could be utilised as reporting signal for
thermoresponsiveness of PnPrOx 245 in water. However, neither polymer TMeThP-PnPrOx
246 nor TTGThP-PnPrOx 247 was soluble in water. Thus on ATRP reaction was performed to
graft short chains of PEGMA 235 from the polymers 246 and 247 in order to make the final
polymers soluble in water. The grafting was attempted using similar conditions used previously
in Chapter 4, section 4.4.3. Unfortunately, under these conditions no grafting occurred for either
TMeThP-PnPrOx 246 or TTGThP-PnPrOx 247 (Scheme 46).

Scheme 46: Grafting of PEGMA from PThP-g-PnPrOx 245 and 246.

The failure to synthesise the functionalised PThP 248 and 249 may have been due to the copper
catalyst used in ATRP that may have coordinated to the amide-triazole functionality at the end
of the PnPrOx chain and therefore inhibits the polymerisation.
To explore different reaction conditions for grafting of PnPrOx 245 to PThP, it was decided to
pursue a different order of functionalisation, namely, by first performing the grafting of PEGMA
235 from TTGThP 107, followed by ‘click’ reaction of PnPrOx 245 onto the resultant polymer.
TTGThP 107 was chosen over TMeThP 106 as it contains the additional ethylene glycol in the
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side chain that may aid in solubilisation. Thus, short chains of PEGMA 235 were grafted from
TTGThP 107. The idea was to graft short brushes, which was hypothesised to be sufficient in
making the polymer in water but also to ensure the polymer does not form a gel. Shorter chains
also allow final polymer to still display the optical properties of the CP backbone and for ease of
access to the azide functionality for the subsequent ‘clicking’ of PnPrOx 245.

Scheme 47: Grafting of PEGMA 235 on TTGThP 107.

Due to the difficulty in controlling the grafting of PEGMA 235 as outlined previously in Chapter
4, section 4.4.3, the amount of grafted polymer was controlled by the amount of PEGMA used
in the reaction. This was in preference of terminating the reaction after a set amount of time as
described in Chapter 4, section 4.4.4 for the grafting of short brushes of styrene. The approach
proved successful with PEGMA brushes grafted from the polymer, yielding TTGThP-g-PEGMA
238 (Scheme 47). This polymer was orange in colour and is soluble at a range of solvents,
including water. The detailed experimental procedure is given in Chapter 8, section 8.6.
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The desired length of the PEGMA brushes was to be approximately 16 monomer units per
initiating site, thus the reaction was carried out using 30 eq. of PEGMA 235 to macroinitiator
107. The length of the grafts was obtained using GPC measurements (Mw) which found the
weight of 238 to be approximately 110,000 gmol-1 (Table 8), significantly higher value compared
to the parent TTGThP 107 that had measured MW of 35,000 gmol-1. A calculation gives an
estimate of approximately 12 PEGMA units per initiating site. The PEGMA grafts here were
sufficiently long to solubilise the final copolymer in water.

With the water soluble TTGThP-g-PEGMA 238 in hand, the next step was to attempt ‘click’
reaction of PnPrOx 245 and the azide of the polymer. That was done using the same reaction
condition as discussed in Chapter 4, section 4.3.2 (Scheme 48). This procedure afforded the
doubly-functionalised f-TTGThP 249 (with PEGMA 235 and PnPrOx 245). The clear amide
peaks in FTIR spectra of the f-TTGThP 249 strongly indicated the presence of PnPrOx in the
copolymer (Figure 201).

Scheme 48: ‘click’ reaction of TTGThP-g-PEGMA 238 to form f-TTGThP 249.

The resulting polymer was orange in colour and soluble in water. The characterisation of the
polymer was difficult as the 1H NMR signals of the polymer were broad. Thus, it was difficult to
assign the specific peaks within the spectrum, which is not surprising given the complexity of
the systems with multiple functional groups present. Using 1H-1H correlation spectroscopy
(COSY) (see Chapter 4, section 4.3.2) it was possible to differentiate between the peaks. This
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technique could also be used to track the completion of reaction through the shift in crosspeaks
within the spectrum. As outlined earlier (Chapter 4, section 4.3.2), the protons of the propyl/azide
chain on TTGThP 107 have a chemical shift of 3.60, 2.15 and 4.18 ppm and after click reaction
the functionalised TTGThP 107 has crosspeaks in its COSY NMR spectrum (Figure 110) at
3.60, 1.78 and 4.20 ppm and, representing a shift in proton peaks of the propyl linker.

Figure 110: Expansion of COSY spectrum of f-TTGThP 249, highlighting the shifting of cross- between
H-2 with H-1 and H-3 after ‘click’ reaction.

The changes in chemical shifts were not as pronounced as the shift exhibited in the previously
discussed examples (in section 8.3) but represent a change in proton environment. GPC results
showed high Mw for the polymer with broad molecular weight distribution and polydispersity of
2.6. This could possibly be due to aggregation of the polymer in DMF (Table 8). Differential
scanning calorimetry (DSC) measurements of f-TTGThP 249 showed a single glass transition
temperature at 40 °C, which is different to 45 °C of PnPrOx 245 (Figure 200).277 Through the
combination of GPC and NMR spectroscopy, it was clear that the ‘click’ reaction was successful
and thus the physical properties of the f-TTGThP 249 were examined next.

5.1.3: Thermoresponsiveness and Optical Properties
The cloud point measurements were performed on solutions of the polymers in water at
0.5 mg.mL-1 by means of UV-Vis spectroscopy, pointed to differences in the phase behaviour
of TTGThP-PEGMA 238, PnPrOx 245 and f-TTGThP 249 (Figure 111). The observed TCP for
PnPrOx 245 was 32 °C, whereas the cloud point of f-TTGThP 249 was shifted to somewhat
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higher temperature of 37 °C. The TCP for PEGMA homopolymers was found at 85 °C and
corresponds previously published vaues.278,279

Figure 112 presents UV-Vis spectra for

TTGThP-g-PEGMA 238 0.05 mg.mL-1 solution at different temperatures. There was a decrease
in absorbance observed, as well as a blue shift in wavelength of the peak in the temperature
range from 25 °C to 80 °C. The maximum absorption shifted from 480 nm at 25 °C to 455 nm
at 80 °C. The shift to shorter wavelengths for polyalkylesterthiophene under heating had
previously been reported by Kang et al.280 The shift observed here can be explained by
considering the termonomer core structure of PThP; the planarization of the aromatic rings
increases the delocalisation of π-electrons.281 Traiphol et al. proposed that the rotational rate is
increased at warmer temperatures leading to a decrease of molar amounts of chromophores
due to breaking of planarity from increased rotation between the rings.282
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Figure 111: Temperature dependent UV-Vis at the specified wavelengths for TTGThP-g-PEGMA 238 (463
nm), PnPrOx 245 (450 nm) and f-TTGThP 249 (468 nm).
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Figure 112: Temperature dependent UV-Vis for TTGThP-g-PEGMA 238. Inset: Wavelength at the
maximum absorption versus temperature.

As the parent PThP 238 is photoluminescent, and the f-TTGThP 249 undergoes clouding with
TCP of 37 °C as observed by UV-Vis, it was postulated that the photoluminescence of the fTTGThP 249 would be also temperature dependent. Therefore, the photoluminescence of
TTGThP-g-PEGMA 238 and f-TTGThP 249 in the temperature range of 27 to 65 °C was
investigated. For TTGThP-g-PEGMA 238, a slight decrease in photoluminescence (PL)
emission intensity was observed between 27 °C and 65 °C (Figure 113), consistent with the
absorption intensity decrease in the same temperature range (40 - 80 °C) observed in the UVspectra, Figure 112.
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Figure 113: Temperature dependent fluorescence of TTGThP-g-PEGMA 238 in water at 0.5 mg.mL-1
Inset: Integrated area relative to temperature.
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Figure 114: Temperature dependent fluorescence spectra of f-TTGThP 249 in water at 0.5 mg.mL-1;
excitation wavelength of 476 nm. Inset: Integrated area relative to temperature.

Thermoresponsive f-TTGThP 249 demonstrated quite different behaviour (Figure 114). As
temperature increases beyond 30 °C, there is an increase in photoluminescence intensity with
a sharp increase observed between 33 °C and 36 °C; which is the temperature range that
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corresponds well with the TCP value of f-TTGThP 249 (Figure 111). The optical images of an
f-TTGThP 249 solution implies there is clouding (Figure 115), with solution however continues
to become lighter in colour up to 80 °C followed by a darkening of the solution beyond 85 °C.
Due to limitation of the instrumentation, PL was not measured at temperatures above 70 °C,
where one would expect to observe further change in photoluminescence due to LCST of the
PEGMA brushes.

Figure 115: Images of f-TTGThP 249 in H2O (5 mg mL-1) at different temperature.

The increase in PL intensity of f-TTGThP 249 as the temperature increases beyond Tcp of
PnPrOx 245 (and f-TTGThP 249) is initially counter-intuitive, as one may anticipate that coil-toglobule transition of PnPrOx 245 would make the whole f-TTGThP 249 polymer conformation
less extended, reducing the polymer emission. As seen from UV-Vis measurements, the
PnPrOx 245 component of the polymer clearly undergoes clouding in the temperature range
between the 33 °C and 45 °C. Only partial clouding was observed for f-TTGThP 249 from the
optical images of the solution, suggesting that the overall polymer is still dissolved in water at
these temperatures in spite of the POx component being precipitated. This is likely due the
solubility of the grafted PEGMA chains. This observation is reinforced by the darkening of the
solution at the TCP of PEGMA at 85 °C, with the polymer beginning to precipitate from the
solution. The increased PL intensity as the temperature is raised up to ~60 °C, indicates that
the collapse of POx chains actually forces the PThP backbone in a more extended conformation,
leading to an increase in the extent of conjugation and planarity of the PThP, and in turn
increases the PL intensity (Figure 116).
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Figure 116: Suggested mechanism for increase of PL for f-TTGThP 249. Conformation of backbone and
side chains at room temperature (left), both PnProPOx chains (gold) and PEGMA (red and green) chains
are extended. At heating past 37 °C (right), PnProPOx chains are collapsed while the PEGMA chains are
still extended.

The colour of the solution begins to go lighter from 65 °C to 80 °C; this is the temperature range
where there is a drop in PL (Figure 115). From the PL spectra in Figure 114, it can be observed
that there is no shift in the PL emission wavelength of f-TTGThP with the increase in the
temperature suggesting there was no aggregation taking place. The increase in the PL intensity
also levels off in that temperature range. It is proposed here that at that beyond 60 °C, the free
rotational energy of the bonds between the rings begin to usurp the effect of the coiled POx onto
the planarity of f-TTGThP 249 and this observed decrease in PL. However, aggregation was
not observed in PL spectra up to measured 70 °C. Clearly, both ATRP grafted PEGMA and
‘clicked’ POx side chains contribute to the thermo-responsive behaviour of f-TTGThP 249.

An alternative explanation for the increase in the fluorescence adsorption may be due to the
scattering. The absorption is higher due to the larger number of excited particles being present,
resulting in the increase of fluorescence adsorption observed. The scattering however may also
cause the decrease of absorption in fluorescence due to the “inner-filter effect”.283 The increase
in concentration of a fluorophore does not correlate to increase of fluorescence at high
concentration due to reabsorption of the emitted light, which is named the “secondary inner-filter
effect”. The increased clouding may have led to greater reabsorption of the emitted light before
leaving the cell and reaching the point at which luminescence was measured. Thus, the
scattering also serves as an alternative explanation to the reason on why the fluorescence
stopped increasing past 60 °C; where the increase in emission is countered by the increase of
re-adsorption. However, it is unclear which explanation best describes the effect scattering has
on fluorescence.

The quantum yield (QY) (Table 4) for TTGThP-g-PEGMA 238 and f-TTGThP 249 were
measured by means of integration of the fluorescence spectra and are given in Table 4. The
QY values for f-TTGThP 249 in water is larger than for TTGThP-g-PEGMA 238, 0.263 and
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0.193, respectively, and similar to some other QY reported for polyalkylthiophenes.284 However,
it is interesting that the QY for f-TTGThP 249 was significantly lower than QY of TTGThP-gPEGMA 238 in other solvents. TTGThP-g-PEGMA 238 had a twofold increase of QY, compared
to QY in water, with values of 0.468, 0.488 and 0.398 in THF, CHCl3 and DMF, respectively. On
the other hand, f-TTGThP 249 had slightly lowered QY in those solvents, with QYs of 0.159,
0.111 and 0.141 in THF, CHCl3 and DMF, respectively. The relatively low values of TTGThP-gPEGMA 238 in these solvents can be understood on the basis of incompatibility distortion of its
backbone from the steric influence from the extended side chain, leading to self-quenching
through non-radiative decay pathways through to lower number of emitting excitons.285 The
difference in QY for TTGThP-g-PEGMA 238 may be due to solvent unsuitability. The backbone
of PThP is very hydrophobic, which necessitated the need of grafted PEGMA to afford the
polymer water solubility. With no additional functionalization of the backbone, as is in f-TTGThP
249, the TTGThP-g-PEGMA 238 backbone has more flexibility and can fold (or aggregate),
leading to increased self-quenching. On the other hand, PThP is more compatible with the other
solvents examined, thus existing in a more extended conformation leading to an increased QYs.
As an interesting note, under UV-light (354 nm) in solid state, f-TTGThP 249 glows more
intensely than TTGThP-g-PEGMA 238 (Figure 117).
Table 4: Quantum yields of PThP 249 and 238.

Polymer

Water

THF

CHCl3

DMF

f-TTGThP 249

0.268

0.159

0.111

0.141

TTGThP-g-PEGMA 238

0.193

0.468

0.488

0.398

Figure 117: TTGThP-g-PEGMA 238 (L) and f-TTGThP 249 (R) under long wave UV light.
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5.2: Conclusion on f-TTGThP 249
The results presented demonstrate the level of complexity in the polymer properties that could
be found in multi-functionalised PThPs. The grafting of PEGMA chains, through ATRP,
bestowed water solubility to the PThP while retaining the fluorescence of the PThP backbone.
Furthermore, the polymer was additionally functionalised through click chemistry by attachment
of poly(2-oxazoline). This resulted in a photoluminescent, thermoresponsive polymer. The three
distinct components of the polymer - PThP, POx and grafted PEGMA brushes - all had aspects
of their physical properties presented in the final polymer; the photoluminescence from the
conjugated PThP backbone, the enhanced water solubility from the PEGMA chains and the
temperature responsiveness from POx. The outcome from this research illustrates the potential
of functionalization of PThPs and demonstrates the ease of ‘click’ cycloaddition of POx on
hindered azide site on the polymer, while still displaying its physical characteristics, highlighting
the versatility in deployment.

The starting hypothesis was that optical properties of PThP could be utilised as reporting signal
for thermoresponsiveness of POx, which was successfully demonstrated for the temperature
range in ca. 30 – 60 °C, albeit in an unexpected way due to presence of the third component
(PEGMA) of the complex polymer.

5.3: Synthesis and ‘Clicking’ of RGD peptide
Incorporation of bioactive molecules onto PThP would provide a means of forming usefully
functionalised CPs for bio-related applications, such as biointerfaces. Thus, an investigation
was made on incorporation of a peptide - Arg-Gly-Asp (RGD) 250, onto PThP was made.

Figure 118: Strucutre of RGD 250 peptide.

RGD 250 is a cell adhesive peptide, typically found in fibronectin, which provides a binding site
for integrins of cells, allowing for enhanced adhesion of cells.286–290 RGD had been
demonstrated in literature to be highly effective at promoting the attachment of a number of cell
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types to a range of surfaces.288 Integrin recognises RGD as a primary sequence, which is
advantageous to RGD as it can withstand synthetic and sterilisation processes that could
denature proteins.288 Cell adhesion is important for cell growth from a tissue engineering
perspective as most cells in the human body grow on the extracellular matrix (ECM).291 Many
cell functions that affect cell behaviour are expressed in the ECM, including cell proliferation and
adhesion; thus there is an interest in the the development of biomimetic scaffolds. The
interaction of cells with the ECM is typically through integrins (and other cell adhesive proteins),
thus RGD is often employed in synthetic matrices to enhance cellular attachment and modulate
cell behaviour. The use of ‘click’ chemistry on RGD is not novel, nor is the use of RGD with
conducting polymer; however covalent attachment of RGD to conducting polymers had not been
previously reported in literature to the best of the author’s knowledge.292–299 The ‘clicking’ of a
bioactive molecule such as RGD was attempted to further demonstrate the complexity of the
molecules that could be attached.

5.3.1: Peptide Synthesis
In the attempt to synthesise RGD that is ‘clickable’, solid-phase peptide synthesis (SPPS) was
used. SPPS allows a convenient stepwise building of a peptide. The first step is to attach one
terminus of the first amino acid onto a resin; which generally consist of styrene beads with a
linker for attachment of amino acid.300 The addition of the second amino acid is initiated by first
cleavage of the protecting group followed by the coupling of a second amino acid with the
appropriate protecting group. Subsequent amino acids are added by repeating the procedure.
The convenience of this method stems from the rate of addition of each of amino acid residue
(20 min to 1 hour) and ease of purification between each step as of well as the final peptide.
There are many different variations in the linker used, which determines the direction the peptide
is synthesised from (acid to amino or amino to acid direction), type of protecting group used for
each amino acid residue and conditions used for the cleavage of peptide from resin.300,301 The
detailed step-wise experimental procedure for all of the steps in the synthesis of the peptide
made in this work is provided in Chapter 8, section 8.4 and schematically presented in Figure
119.
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Figure 119: Synthesis of peptide via SPPS using Wang linker.

In the synthesis of the RGD 250, Wang resin was chosen as the linker of choice and thus Fmoc
chemistry was used. To mitigate the reactivity of aspartic acid (Asp) and arginine (Arg); the
devised synthetic route was to incorporate the alkyne moiety required for ‘click’ as part of an
amino acid residue. Thus, an amino acid with an alkyne as side chain was required. This was
obtained through the Fmoc protection of commercially available (S)-2-aminopent-4-ynic acid
(APY) 251 via reaction with Fmoc succinimide 252 and 10% Na2CO3 in dioxane. Stirring of the
reaction mixture for 24 h and subsequent work up afforded the desired Fmoc-APY 253 in 93%
yield after purification (Scheme 49). The details of the procedure are provided in Chapter 8,
section 8.4.

Scheme 49: Synthesis of Fmoc protected (S) 2-aminopent-4-ynic acid (FmocAPY) 253.

Having prepared the Fmoc-protected APY (FmocAPY) 253, the next step was to synthases the
peptide. Fmoc-Gly-OH 254 was bound to the Wang resin first due to the difficulty in attachment
the alkyne amino acid 253 to the resin. This was performed by first swelling of the Wang resin
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hydroxybenzotriazole (HOBT). HOBT was used to prevent the racemisation of the amino
acids.302 DMAP in DMF was added and the mixture was stirred for 30 min, followed by the
addition of N,N'-diisopropylcarbodiimide (DIC), which acts as the coupling agent. The mixture
was shaken for 45 min and the resin dried by vacuum filtration followed by washing with DMF,
methanol, CH2Cl2 and hexanes. Unreacted sites were capped by addition of acetic anhydride
and pyridine (Figure 120).

Figure 120: Loading of Fmoc-Glycine 254 followed by capping of unreacted linkers.

The adhered Fmoc glycine was then washed with piperidine in DMF to remove the Fmoc group.
This was followed by the addition of Fmoc-APY 253 in the presence of N,N,N′,N′-tetramethylO-(1H-benzotriazol-1-yl)uranium hexafluorophosphate (HBTU) as coupling agent, N,Ndiisopropylethylamine (DIPEA) as base and HOBT to prevent racemisation with stirring for 50
min. The same deprotection and coupling conditions were used for Fmoc-Phe-OH 255. A Phe
residue was added as a spacer between RGD and the APY residue. Fmoc-Asp(OtBu)-OH 256,
Fmoc-Gly-OH 254, and Fmoc-Arg(PBF)-OH 257. The cleavage of the peptide from resin was
performed by addition of 95% TFA, 2.5% H2O, 2.5% triisopropylsilane (TIPS) and stirred for 2 h
and the peptide was precipitated by the addition of cold ether. This procedure not only cleaves
the peptide from the resin but also cleaves the protecting groups of PBF and OtBu from Arg and
Asp. After purification by C18 reverse phase chromatography, the hexapeptide 258 was purified
at 67% yield. The detailed synthetic procedure is outlined in Chapter 8, section 8.4.
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Figure 121: Synthesis of hexapeptide 258 (i) Piperidine, DMF, r.t., 30 min; (ii) HBTU, HOBT, DIPEA, r.t.,
50 min (iii) TFA, TIPS, H2O, r.t., 2 h.

5.3.2: Peptide Characterisation
The presence of each amino residue and their sequence can be determined by using a
combination of HMBC, TOCSY, edited-HSQC and COSY NMR spectra. HMBC shows long
range correlations (typically 3 bonds) between carbon and proton, TOCSY NMR is similar to
COSY NMR by showing proton-proton coupling, but has crosspeaks for every coupling in a
chain. Edited-HSQC shows the carbon from which the proton is bonded to with CH2 appearing
as inverse signals. The side chain of Arg was straightforward to assign, due to the longest side
chain without quaternary carbons, thus the amide signal with the highest amount of TOCSY
signals was the Arg chain. Thus, the proton signals are 7.66, 4.05, 1.62, 1.53 and 3.12 ppm for
amide, α, β, γ and σ respectively. HMBC was used to assign the carbonyl and guanidine carbon.
The σ-proton has a HMBC correlation with a quaternary carbon at 73.5 ppm, which is the
expected chemical shift for a guanidine carbon. The β-proton has a correlation to a carbon at
170.4 ppm; which was assigned as the carbonyl of the Arg residue. This carbonyl also has
another HMBC correlation, with a proton at 3.75 ppm, which indicates it is one of the glycine
residues. This was confirmed by the lack of COSY correlations apart from the neighbouring
amide (8.24 ppm) and appearance as an inverse peak in edited-HSQC.

The lack of β-proton on glycine made it difficult to continue assignment of the residues from this
end of the amino acid, thus the characterisation was continued from the acid end of the peptide.
With one of the Gly residue identified, the second Gly residue was assigned by using COSY
correlation and HSQC. The amide proton at 8.17 ppm correlates to a CH2 at 3.67 ppm. This
proton has a HMBC correlation with a carbonyl at 169.8 ppm. This in turn has a HMBC
correlation with a CH2 at 2.50 ppm, thus, this should be the APY residue. This CH2 signal was
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also used to identify the α-proton (4.41 ppm) and amide proton (8.27 ppm) via COSY
correlations. The β-proton also has a HMBC correlation with carbons at 51.5 ppm and 170.1
ppm. The upfield carbon is correlated to a proton at 4.42 ppm; this was assigned to the alkyne
proton. The γ-carbon was identified by the HMBC correlation of the α-proton, which correlated
with a quaternary carbon at 80.6 ppm; this shift is consistent with an alkyne carbon. Whereas
the carbonyl carbon is part of the Phe residue. This assignment was made by viewing the HMBC
correlations, with the carbonyl correlated a proton at 2.81 ppm (β-proton), which in turns has
COSY correlation with 4.51 ppm (α-proton) and 8.18 ppm (amide proton). The β-proton also has
a HMBC correlation with carbon at 129.4 ppm, which correlates to a proton at 7.20 ppm on
HSQC spectrum. This aromatic proton is part of a sequence of COSY correlations with two other
protons in the aromatic region, which confirms the assertion that this residue is the Phe residue.
The α-proton has HMBC correlations with a carbon at 137.6 ppm, which is the γ-carbon, and a
carbonyl at 170.4 ppm, which is part of the Asp residue. Using the same combination of HMBC
and COSY correlations, the chemical shifts of the amide proton (8.60 ppm), α-proton (4.63 ppm)
and β-proton (2.42 ppm) was assigned. The β-proton has HMBC correlations to carbons at
171.1 ppm and 171.5 ppm, which is likely the acid carbon and the carbonyl of the Gly residue;
they could not be distinguished as neither carbons shows any additional HMBC correlation.
From the NMR techniques used, it cannot be confirmed that the first Gly residue and the Asp
residue are connected, but because the peptide was synthesised sequentially, the order of
amino acids should be the order used in synthesis. Furthermore, the confirmation of the peptide
was made by mass spectroscopy where HRMS (EI) found 646.2936 (MH+). Hexapeptide 258
(C28H40N9O9) requires 646.2944. The correlations of the peptide discussed above are presented
in Figure 122.
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Figure 122: COSY, TOCSY and HMBC correlation of hexapeptide 258.
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5.3.3: ‘Click’ of Peptide to PThP
With the synthesis of alkyl-functionalised RGD peptide successful, attention was turned to its
attachment onto PThP by means of ‘click’ chemistry (Scheme 50). Due to the size of the
peptide, a lower ratio of AzThP in TMeThP 106 was used (8:1:1 molar ratio of MeThP 21, AzThP
45 and BIThP 47) for the cycloaddition of the peptide.

Initial attempts to perform the ‘click’ reaction were made using the conditions described in
Chapter 4, section 4.3, by dissolving in THF/H2O with CuSO4.5H2O as catalyst and ascorbic
acid as a reducing agent, however, no reaction occurred and only starting material was returned.
In the subsequent attempt, the ratio of AzThP 45 in TMeThP 106 was increase; this too resulted
in no reaction. Reactions using monomer AzThP 45 to test the cycloaddition was then attempted
with gentle heating but this also did not afforded the desired triazole. The reaction was then
repeated using only Fmoc-APY 253 which also resulted in no reaction. It was clear the reaction
condition was not compatible with use with this particular alkyne. The reaction was therefore
attempted in a solvent mixture of MeCN/tbutanol, however this also had no success.

The catalyst system was then switched to Cu(I)I with DIPEA. The reaction of AzThP 45 and
Fmoc-APY 253 was attempted in DMF and THF but neither reaction resulted in the formation of
the product. The use of Cu(I)Br and PMDETA in DMF was also attempted but that also resulted
in no reaction. It is possible that the copper catalysts were binding to the amides of the peptide
or the carbamate of the Fmoc amino acid. It was speculated that the use of a bulkier, sterically
hindered catalyst system could assist in the cycloaddition, thus the reaction was attempted
again with the Cu(I)Br(PPh3)3 as catalyst and TMeThP (8:1:1) 106 along with FmocAPY 253.
These reaction conditions resulted in successful cycloaddition to form the polymer TMeThPFmocAPY 259 in 80% yield. This result was confirmed by COSY NMR spectroscopy.
Demonstrating successful of the ‘click’ cycloaddition, the reaction was repeated using the same
reaction conditions but with the peptide 258 to synthesise TMeThP-RGD 259. The conditions
attempted for the ‘click’ reaction attempted are summarised in Table 5. The general procedure
of the ‘click’ reactions with PThP is given in Chapter 8, section 8.6.
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Scheme 50: ‘Clicking’ of FmocAPY 253 or hexapeptide 258 to PThP.
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Table 5: Conditions investigated for the cycloaddition of peptide or amino acid onto PThP.
Azide
TMeThP
(8:1:1) 106
TMeThP
(3:1:1) 106
AzThP 45

Alkyne
Peptide 258

Peptide 258

Peptide 258

Catalyst System

Solvent

Time

°C

Result

THF/H2O

24

r.t.

S.M.

THF/H2O

24

r.t.

S.M.

THF/H2O

48

40

S.M.

THF/H2O

48

40

S.M.

48

40

S.M.

THF

24

40

S.M.

DMF

24

40

S.M.

DMF

24

40

S.M.

Cu(I)Br(PPh3)3

THF/H2O

24

40

Cu(I)Br(PPh3)3

THF/H2O

48

40

Cu(I)Br(PPh3)3

THF/H2O

48

40

CuSO4.5H2O
Ascorbic Acid
CuSO4.5H2O
Ascorbic Acid
CuSO4.5H2O
Ascorbic Acid

Fmoc-APY

CuSO4.5H2O

253

Ascorbic Acid

Fmoc-APY

CuSO4.5H2O

MeCN

253

Ascorbic Acid

tbutanol

Fmoc-APY

Cu(I)I

253

DIPEA

Fmoc-APY

Cu(I)I

253

DIPEA

TMeThP

Fmoc-APY

Cu(I)Br

(8:1:1) 106

253

PMDETA

TMeThP

Fmoc-APY

(8:1:1) 106

253

AzThP 45

AzThP 45

AzThP 45

AzThP 45

TMeThP
(8:1:1) 106
AzThP 45

Peptide 258
Fmoc-APY
253

259
80%
260
70%
261
75%

The success of the reaction was determined by the NMR shift of the propyl-linker. Similar to fTTGThP 249, the chemical shifts for TMeThP-FmocAPY 258 were different to those seen in the
small molecule ‘click’ reactions, as seen by the correlations in Figure 123. This shows that
triazoles with closely adjacent amid groups change the chemical shifts in the triazole propyl
linker.
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Figure 123: COSY NMR spectrum of TMeThP (8:1:1)-FmocAPY 258 with crosspeaks highlighted. Purple
correlates to Fmoc linker, red correlates to APY, green to the ethyl linker to ATRP radical initiating site and
blue to the propyl linker to azide.

There were seven clear crosspeaks related to the polymer and its side chains. There were two
crosspeaks between proton signals that are similar, 4.22 and 4.33 ppm and 4.25-4.29 ppm,
circled purple. These are likely to be the COSY related to the Fmoc and initiator linker but could
not be conclusively assigned. There are two crosspeaks that are in sequence, 2.71-4.51 ppm
and 4.51-5.59 ppm (circled red). These protons are from the APY component; the first crosspeak
originated from the α-β proton correlation and the second crosspeak is from the amide-α proton
correlation. The crosspeak at 2.05-5.05 ppm (circled green) is likely to be the ATRP radical
initiating site. Interestingly, the propyl linker for the azide has moved up field to 1.60-2.31 ppm
and 1.60-2.52 ppm (circled blue). This is similar to the previous example of ‘clicking’ with
PnPrOx 245. The rest of the crosspeaks are artefacts or side products that cannot be identified.
The reactions of monomer 45 and FmocAPY 253 was also attempted as a comparison using
the same conditions as previously applied to form AzThP-FmocAPY 261. Notably, the COSY
crosspeaks of the propyl linker was similar to those seen in hex-1-yne 217, phenyl acetylene
218 or propargyl TBDMS 219 (Figure 124). The amide-α-β correlations are at similar chemical
shifts (circled red) and there are correlations at the chemical shifts (4.18-4.34 ppm) the Fmoc
crosspeaks are expected to appear (circled purple) (Figure 124). The change of chemical shifts
of the propyl linker between monomer and polymer is likely to stem from the different
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conformation of the chain in the local environment, the conformation of the Fmoc component is
likely to change when ‘clicked’ on to the polymer compared to monomer due to the steric
influence of the nearby units, and in turn influence the linker. Thus it is expected that the propyl
linker of the ‘clicked’ peptide should also move upfield as seen here in TMeThP (8:1:1)FmocAPY 258.

Figure 124: COSY NMR spectrum of AzThP-FmocAPY 261 with crosspeaks highlighted.

The first indication of the success of reaction came after that work up of the reaction; TLC
analysis using ninhydrin as a stain was performed on the organic extract after successive
washing with water to remove any excess or unreacted peptide and catalyst. There were strong
staining spots on the TLC plate, which indicated the presence of amines or amides. The
presence of amides or amines in the organic phase is an indication that the cycloaddition had
succeeded. The characterisation of the peptide-PThP click reaction was performed using a
combination of COSY and HSQC. In the COSY NMR spectrum, the diagnostic propyl azide
peak of TMeThP 106 at 2.06-3.53 ppm and 2.06-4.12 ppm had disappeared, indicating that
there is a change in environment. There are a high number of COSY signals present in the final
polymer originating from both the original PThP and the peptide as seen in Figure 125.
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Figure 125: COSY NMR spectrum of TMeThP (8:1:1)-RGD 260 with crosspeaks highlighted.

Reassuringly, there were crosspeaks at the same region (circled blue) as TMeThP-FmocAPY
259 and this is attributed to the propyl linker, which suggests coupling had occurred. The peaks
were slightly upfield, with crosspeaks at 1.51-2.25 ppm and 1.51-2.42 ppm. With the polymer
NMR spectrum, the broad peaks mean the characterisation of every signal related to the peptide
would be difficult. However, it is unlikely that the amino sequence would be altered, and there
are literature examples of ‘clicking’ of Arg and Asp, as well as RGD in literature.292,303,304 Thus
the characterisation was made under the assumption that the peptide was unchanged apart
from the alkyne moiety.

The number of COSY signals is higher than the actual number expected to be seen, this is likely
due to peptide rotamers, possible impurities and artefact signals. To aide in the assignment of
peaks, phase edited-HSQC was also used. On Figure 125, the signals circled blue are likely to
be the propyl linker as they these signals were very similar to those seen in TMeThP-FmocAPY
259, they also are shown to be CH2 group in edited-HSQC. The signal circled green are likely
to be the signals from the ATRP radical polymerisation initiating site. The crosspeaks appearing
at 1.69-4.46 ppm are the peaks relating to the initiator component. Edited-HSQC suggests these
peaks are either CH or CH3, as expected, whereas the other set of crosspeak at 4.22-4.50 ppm
are the ethyl linker protons, which both appear as CH2 in edited-HSQC.
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For each of the amino acid residues, it was not possible to conclusively assign Phe, Asp and
APY 251 component as each of them only exhibit one COSY crosspeak. The signals highlighted
orange are signals that likely correlate with those amino acid residues, 1.97-5.05 ppm, 2.083.88 ppm and 1.75-3.66 ppm. Assigning of these residues would require the use of HMBC;
however that technique does not give sufficient resolution in the complex polymer system.

Arg could be easily identified as there are multiple crosspeaks. The crosspeak at 4.29-1.70 ppm
are between the α and β protons. The β and γ protons crosspeak are at 1.70-2.01 ppm with the
γ and σ crosspeak is at 2.01-4.47 ppm. The amide correlations were too weak to use as a mean
of characterisation. The β, γ and σ protons all appear as CH2 in edited-HSQC as expected. Gly
does not have any crosspeaks and thus cannot be assigned.
FTIR (Figure 126) shows presence of N-H present at 3342 cm-1, original from the amides and
Arg. Peaks between 3151 to 2951 cm-1 are like the peaks related to the alkane component.
Signals at 1758 cm-1 and 1695 cm-1 are likely related to the ester and amide respectively. The
alkyl aryl ether could be observed at 1215cm-1 and 1037 cm-1. The 1H NMR is presented in
Figure 187, the overlapping and complex nature of the molecule meant it was difficult to extract
informational related to the structure and composition of the compound.

Figure 126: IR spectra of TMeThP (8:1:1)-RGD 260
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5.4: Conclusion on Synthesis and ‘Clicking’ of RGD
Peptide
The use of the SPPS method was convenient for the synthesis of the peptide 258. Use of NMR
characterisation confirmed the presence of every amino acid. However, the reaction process of the
alkyne-containing peptide to PThP proved difficult to perform, which was possibly due to the copper
catalyst binding to amides. The use of a highly sterically bulky ligand successfully overcomes that
difficulty and the reaction afforded the desired ‘clicked’ polymers.

5.5: Summary of Advanced Functionalisation
This chapter described two of the numerous possible functionalisation of the multi-functional
PThP synthesised in this work. The ‘clicking’ of PnPrOx 245 demonstrated an easy route to
PThP with additional, environmentally responsive properties, while the firstly grafted PEGMA
provided water solubility to the polymer and a means of further tuning of responsive and optical
properties of the polymer.

Thermoresponsiveness and water solubility are properties not

typically seen in conducting polymers.

The addition of an RGD peptide using ‘click’ chemistry illustrated that complex molecules of
biological interest could also be incorporated into the PThP. This property of the synthesised
TMeThP-RGD is discussed further in Chapter 6 in relation to electrospinning of scaffolds for
tissue engineering.
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6.1: Introduction
With the success in functionalisation of PThP and PPyP, attention was turned demonstrate
processability of these polymers by solution –based processing methods. To that end,
electrospinning was employed, with subsequent studies performed to test biocompatibility of the
electrospun materials in biological cell assays. While polypyrrole and polythiophene had been
previously shown they are biocompatible,65 the soluble polymers based on heterocyclephenylene-heterocycle termonomers, particularly with side-chain functional groups, have not
been investigated. Therefore, there is an interest in studying suitability of these fibres in cell
culture.

The interest in electrospun fibre substrates in cell studies stems from the ability to control the
dimension of the nanofibres to mimic extracellular matrix, and thus make them interesting
candidates to use as cell scaffolds in tissue engineering. The application of CPs in synthetic
scaffolds has been shown to be beneficial in tissue engineering, as they provide a means of
electrically stimulating the cells.148 This is known to enhance the growth of cells. For example,
Collier et al. have shown that neuron cells grew almost twice as fast compared to unstimulated
cells in in vitro studies.148,149 CP are also able to change the surface properties through electrical
stimuli, altering physical properties such as charge, hydrophobicity, and stiffness, allowing the
production of a “smart” conducting scaffold.8,150–152 The ability to functionalise the produced
scaffolds with the biological molecules would aid in the regulation of the cell growth on the
scaffolds.

A limitation with the use CPs in such application is that they are generally not soluble and
therefore cannot be electrospun. Initial attempts to electrospin any of the PThP resulted in
electrospraying only, with no fibre formation observed. There are many important parameters in
order for a polymer to be electrospun, such as the viscosity of the solution and glass transition
temperature (Tg) of the polymer. It is reported that polymer solutions with inadequate viscosity
cannot be electrospun into well defined, continuous fibres.305,306 The PThP polymers when
dissolved appears to have low viscosity, thus such solutions were not suitable for
electrospinning without further maxtrix polymer addition. For conducting polymers, to date the
only electrospun pristine polythiophene was aided by either through modification via crosslinking
agents, thus changing the inherent solution viscosity, or a combination of adding solubilizing
side groups on the CP which provided the increase in viscosity via increased concentration of
polymer.232,307,308 Most electrospun polymers are made as a composite with a carrier polymer,
which is the method purused for PThP.28,309 To obtain CP fibres for tissue engineering, there
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are two the methodology commonly employed; co-spinning a CP with a carrier polymer that is
biocompatible or to co-spin with a carrier polymer which is later removed through dissolution.260

6.2: Electrospinning of PThP using PEO as Carrier
Polymer
The method used for electrospinning is described in Chapter 8, section 8.1. Initial attempts were
undertaken to co-electrospin PThP with polyethylene oxide (PEO). However, PEO is an easy
polymer to electrospin and gives fibres of consistent size.310 It is also soluble in water and thus
not suitable for cell culture applications. In spite of that, as it is a well-studied polymer for
electrospinning,311–314 it was employed here in the preliminary study on how the carrier polymer
concentration and overall polymer concentration in the solvent effects the morphology of the
fibres. To alter the composition of the nanofibre mats the concentration of the polymer solution
was varied. Here, different weight ratios of PThP to PEO, varying total polymer concentration in
solution and PThP with different side chains were investigated. The electrospinning of
homopolymer PTGThP 103 was firstly investigated to determine the degree these polymers
blend with PEO in the absence of any functional groups on PTGThP.

Figure 127: Structure of PTGThP 103

In the first instance, the PTGThP 103 : PEO polymer ratio of was 10:90 % (w/w), and the
conditions used were similar to those used in the literature.310 The electrospinning was
conducted from total 5 wt% solution of PEO/PTGThP (in chloroform, at 3 mL/h pump rate, with
the needle - collector distance of 10 cm, with an applied voltage of 13 kV. Such electrospinning
conditions indeed produced nanofibres. Studies on MeThP 106 and TTGThP 107 followed. In
all of the cases for the TMeThP 106, the produced fibres were yellow in colour, which is in line
with the colour of the polymer in low concentration solutions, which indicates that there is no
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polymer aggregation within the fibres. For the TTGThP 107, colour of all of the resulting fibres
was orange or brown.

The morphology for all the fibres was studied by means of SEM or ESEM. Figure 128 presents
the ESEM images of electrospun PTGThP 103 fibres. All average diameters were determined
from SEM/ESEM images (n = 10).

The electrospun PTGThP A1 – with composition of 10 w/v% PTGThP, 103 90 w/v% PEO and
total polymer concentration of 5 w/v% in chloroform, were of extremely uniform fibres’ diameters,
with an absence of both beading or any significant breakages in the fibre’s length. The average
fibre diameter was 0.59 ± 0.10 µm. The polymer solution appears to be miscible with the
PEO/CHCl3 solution, judging from the absence of any residue PThP, thus indicating that the
electrospinning conditions are suitable for blending of PEO with PThP.

Figure 128: ESEM images of electrospun fibres consisting of PTGThP 103 (10 w/w%) and PEO (90 w/w%)
(A1) at different magnifications. Scale bars are given on the images. The fibres were electrospun from 5%
polymer (w/v) solution in chloroform.

.

6.2.1: TMeThP 106 Electrospun Fibres
The initial focus was on electrospinning of the TMeThP 106 with a view of investigating whether
the side chains bearing the azide and radical initiator functionalities affect the electrospinning
process (Figure 129). As the conditions used in electrospinning of A1 appeared to be well
suited, all of the electrospinning was conducted under the same conditions, namely in CHCl3
solutions at various concentrations, pumped at the rate of 3 mL/h, with 10 cm distance between
the needle and the collector, and applied 13 kV.

192

Chapter 6: Electrospinning and Cell Studies

Figure 129: Structure of the TMeThP 106.

The first electrospun polymer was TMeThP 106 that was electrospun from a solution containing
5 w/v% PThP and 95 w/v% PEO (5 wt% total polymer concentration). The SEM images of the
produced fibre mat produced, A2, are presented in Figure 130. The fibres formed under these
conditions contained very with little of beading. The size of fibres is also very uniform, with an
average diameter of approximately 0.41 ± 0.09 µm. The fibres do appear to be long with not
many breakages evident. The uniformity of the fibres is to be expected as there was only 5%
TMeThP 106 in the mix, thus the solution electrospins similarly to a pure PEO solution. However,
it was encouraging to observe that the PThP tripolymers blend with PEO could be spun well.

Figure 130: SEM images of electrospun fibres consisting of TMeThP 106 (3:1:1) (5 w/w%) and PEO (95
w/w%) (A2) at different magnifications. Scale bars are given on the images. The fibres were electrospun
from 5% total polymer (w/v) solution in chloroform.
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The difference in morphology of the fibres was investigated when the fibres were electrospun
from the solutions of a different total polymer concentration. The total polymer concentration
was firstly increased to 10% w/v, while keeping all the other conditions the same to produce the
nanofibre mats A3. The average fibre diameter was found to be around 0.71 ± 0.09 µm, a
marked increase from the diameter of A2 (0.41 ± 0.09 µm. The beading in this sample was still
minimal (Figure 230).

Figure 131: ESEM images of electrospun fibres consisting of TMeThP 106 (3:1:1) (10 w/w%) and PEO
(90 w/w%) (A3) at different magnifications. Scale bars are given on the images. The fibres were
electrospun from 5% total polymer (w/v) solution in chloroform.

Figure 132 presents SEM images of the fibres electrospun using the same TMeThP 106 to PEO
ratio as in A2 but from a more concentrated solution of 15% w/v of total polymer in chloroform
to produce the nanofibre A4. There appears to be fibres of two different fibre diameters, with
the thicker fibres averaging 3.3 ± 1.4 µm in diameter and the thinner fibres of average diameter
are 0.91 ± 0.11 µm. Overall, the increase in polymer concentration, and therefore increase in
the viscosity of polymer solution, increases the fibres diameter, also on the account of the
uniformity of the fibres. The breakage of the fibres does not appear to increase significantly,
although there is high degree of entanglement of the thinner fibres. Due to the tangling, the pore
sizes of this fibre mat appear to be lower than for the fibre mat obtained from the solutions of
lower viscosity. The thicker fibres also appear to be branching off at some points into smaller
diameter fibres. As per previous examples, there is still an absence of beading.

Figure 132: SEM images of electrospun fibres consisting of TMeThP 106 (3:1:1) (5 w/w%) and PEO (95
w/w%) (A4) at different magnifications. Scale bars are given on the images. The fibres were electrospun
from 15% total polymer (w/v) solution in chloroform.
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Next, the effect of an increase in the TMeThP 106 proportion relative to PEO to 10 w/v% : 90
w/v%, was studied. The nanofibre, denoted a A5, is increase in TMeThP proportion resulted in
a high increase in beading and non-uniformity in fibre diameter with the larger fibres averaging
0.73 ± 0.11 µm in diameter and the smaller fibres <0.01 µm as seen in the SEM images (Figure
133). The beading in the thinner fibres is smaller but appears at a higher frequency. The fibres
also appear to be more brittle, with breakages in all parts of the sample.

Figure 133: ESEM images of electrospun fibres consisting of TMeThP 106 (3:1:1) (10 w/w%) and PEO
(90 w/w%) (A5) at different magnifications. Scale bars are given on the images. The fibres were
electrospun from 15% total polymer (w/v) solution in chloroform.
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6.2.2: TTGThP 107 Electrospun Fibres
With the TMeThP 106 successfully blended into fibres at a range of ratios between TMeThP
and PEO, attention was turned to TTGThP 107. The tripolymer used is at the molar ratio of 3:1:1
of TTGThP 44, AzThP 45. BIThP 47 (Figure 134).

Figure 134: Structure of TTGThP 107.

Electrospinning was completed using the same condition as before with dissolving the polymers
in chloroform, the bled solution pumped at 3 mL/h, 10 cm distance between needle and the
collector and applied potential difference of 13 kV, for all of the prepared samples discussed
below.
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The electrospinning of TTGThP produced fibres, which denoted as A5. From the SEM images
(Figure 135), it can be seen that there are two distinctive fibre diameters visible; the thicker
ones are approximately 0.76 ± 0.16 µm, with the thinner ones at <0.01 µm, comparative to
MeThP nanofibres, discussed above.

Figure 135: SEM images of electrospun fibres consisting of TTGThP 107 (3:1:1) (5 w/w%) and PEO (95
w/w%) (A6) at different magnifications. Scale bars are given on the images. The fibres were electrospun
from 5% total polymer (w/v) solution in chloroform.

Fibers with an increased the percentage of TTGThP to 10 w/w% were then produced (the fibres
denoted as A7), and the SEM images are presented in Figure 136. The fibres had two different
sizes. The diameter of the thicker fibres averaged around 0.80 ± 0.15 µm, with the thinner fibres
of diameters of less than <0.02 µm. These values are similar to the previous set of fibres A6.
However, in A7 there was no longer any beading in the thicker fibres. The thinner fibres had
limited beading but there are more of undulations.

Figure 136: ESEM images of electrospun fibres consisting of TTGThP 107 (3:1:1) (10 w/w%) and PEO
(90 w/w%) (A7) at different magnifications. Scale bars are given on the images. The fibres were
electrospun from 5% total polymer (w/v) solution in chloroform.

Further increase in TTGThP 107 content to 15% resulted in fibers with two distinctive diameters,
as seen in the SEM images (Figure 137). The thicker fibres had average diameter of 0.37 ±
0.09 µm and thin fibres diameters are <0.01 µm; these values are approximately half of the
diameters measured for two other fibre mats (A6 and A7). The thinner fibres had significant

197

Chapter 6: Electrospinning and Cell Studies
amount of beading and the beading was abundant. There is still a low level in breakage of fibres,
as was when the TTGThP 107 content was 5% and 10%.

Figure 137: SEM images of electrospun fibres consisting of TTGThP 107 (3:1:1) (15 w/w%) and PEO (85
w/w%) (A8) at different magnifications. Scale bars are given on the images. The fibres were electrospun
from 5% total polymer (w/v) solution in chloroform.

While the fibres at 5 w/v% of TTGThP 107 managed to produce fibres, there were significant
beading. Thus the electrospinning was performed at a higher polymer concentration to 10 w/v%
to mitigate this, while retaining all other parameters, to produce the fibres A9. As expected, there
is an increase in average fibre diameter to 1.48 ± 0.33 µm. Encouraging, there was little of
beading and breakages in the fibres were also minimal.

Figure 138: ESEM images of electrospun fibres consisting of TTGThP 107 (3:1:1) (5 w/w%) and PEO (95
w/w%) (A9) at different magnifications. Scale bars are given on the images. The fibres were electrospun
from 10% total polymer (w/v) solution in chloroform.
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An increase in TTGThP 107 concentration to 10% resulted in fibres A10. From the SEM images
(Figure 139), the diameter of the thicker fibres averaged 2.64 ± 0.34 µm and the thinner fibres
averaged 0.26 ± 0.20 µm. In comparison to other 10% TTGThP 107 fibres tested, this fibre mat
had far less beads, and those that are formed are smaller, and the breakages in the fibres are
not as pronounced. The thicker fibres are not consistent in diameter; there are ‘kinks’ in the
fibres. Unlike in the cases of the previous samples (A6-8) where the thicker and thinner fibres
are distinctive set of fibres, in this sample it could be observe that some fibres consist of both
the thicker and thinner fibres. Extend of the beading and occurrence of different fibre diameter
appeared to increase with the increase of PThP concentration, similar to the observed in the
case of TTGThP 107 and TMeThP 106. Other possible reason for that maybe decrease in PEO
concentration. However, the increase in the overall polymer concnetration appears to assist in
forming homogenous fibres.

Figure 139: SEM images of electrospun fibres consisting of TTGThP 107 (3:1:1) (10 w/w%) and PEO (90
w/w%) (A10) at different magnifications. Scale bars are given on the images. The fibres were electrospun
from 10% total polymer (w/v) solution in chloroform.
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The concentration of TTGThP 107 was increased further to 15%, but this time with the overall
polymer concentration increased to 15%. The produced nanofibres are denoted A11. Figure
140 presents the SEM images of these fibres, which again present fibres with two sets of fibres’
dimeters. The thicker fibres have diameters averaging 1.61 ± 0.29 µm and thinner fibres are of
0.25 ± 0.12 µm diameter. There were also very little beading and breakages in contrast to most
of the other TTGThP 107 based samples.

Figure 140: ESEM images of electrospun fibres consisting of TTGThP 107 (3:1:1) (15 w/w%) and PEO
(85 w/w%) (A11) at different magnifications. Scale bars are given on the images. The fibres were
electrospun from 15% total polymer (w/v) solution in chloroform.

Summary of the fibre diameters and polymer compositions of the produced and investigated
nanofibres is given in Table 6.
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Table 6: Summary of PEO-based PThP polymers and the average diameter of the fibres

Sample

A1

PThP

PTGThP

PThP used in

Total polymer

Average Fibre

polymer blend

concentration in

Diameter (µm)

(w/w%)

CHCl3 (w/v%)

(n =10)

10

5

0.59 ± 0.10

5

5

0.41 ± 0.09

10

5

0.71 ± 0.09

5

15

3.33 ± 1.44 (thick)

103
A2

TMeThP
106

A3

TMeThP
106

A4

TMeThP
106

A5

TMeThP

0.92 ± 0.11 (thin)
10

15

0.73± 0.11

5

5

0.76 ± 0.16

10

5

0.80 ± 0.15

15

5

0.37 ± 0.09

5

10

1.48 ± 0.33

10

10

2.64 ± 0.34 (thick)

106
A6

TTGThP
107

A7

TTGThP
107

A8

TTGThP
107

A9

TTGThP
107

A10

TTGThP
107

A11

TTGThP

0.26 ± 0.20 (thin)
15

15

107
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The fibres were placed in wells and cell medium was; the PEO component dissolved as there
was a high proportion of PEO, PThP component did not retains is structure and eventually
dispersed in the solution (Figure 141).

Figure 141: Optical photograph showing the dispersion of fibres in wells after addition of cell culture
medium

Attempt at increasing the concentration PThP used at 20 w/w% compared to PEO was
unsuccessful for both TMeThP 106 and TTGThP 107 as the polymer did not fully dissolve.

With the difficulty in incorporating higher concentration of ThP polymers within the fibres, and
the fibres dissolving in aqueous solutions, it was decided to change the matrix polymer for
electrospinning to PLGA.
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6.3: Electrospinning of PThP with PLGA 262 in
THF-DMF system
The use of PLGA in tissue engineering is well documented with use in application in clinical
settings.141,315 Here, initial experiments were directed at electrospinning of the solution blends
with chloroform, DMF or THF as solvents. However, the polymers of PTGThP 103, TMeThP
106 and TTGTHP 107 did not blend well with PLGA (Figure 142) in these solvents and resulted
in fibres with dark spots (Figure 143).

Figure 142: Structure of PLGA.

Figure 143: Optical photograph of electrospinning of PLGA 262 with PThP in THF.

One of the more successful attempts at electrospinning of B1 were under the following
conditions: 20 w/w% of PTGThP: 80 w/w% of PLGA, total polymer concentration of 15 w/v% in
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THF (Figure 144). The obtain nanofibres were denoted as B1. Encouragingly, the there was
little of breakage in the fibres, and none of beading, indicating suitable electrospinning
conditions. However, the fibres B1 were brittle and there were issues of peeling of the fibre mats
from the collector without breakage. The diameter for these fibres averages 0.27 ± 0.19 µm.

Figure 144: ESEM images of electrospun fibres consisting of PTGThP 103 (3:1:1) (20 w/w%) and PLGA
(80 w/w%) (B1) at different magnifications. Scale bars are given on the images. The fibres were
electrospun from 15% total polymer (w/v) solution 1:1 (v/v) THF:DMF, at pump rate of 0.8 mL/h, 10 cm
between needle and collector and applied 13 kV.

When the same conditions were attempted for electrospinning of TTGThP 107, the resulting
fibres B2 where full of beading, and had the same issues of brittleness of the fibres and problems
with peeling off the fiber mats from the aluminium foil backing. An optical photograph of the
nanofibres is shown in Figure 146. The diameters in the non-beaded regions were 0.32 ± 0.05
µm.
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Figure 145: ESEM images of electrospun fibres consisting of TTGThP 107 (3:1:1) (20 w/w%) and PLGA
(80 w/w%) (B2) at different magnifications. Scale bars are given on the images. The fibres were
electrospun from 15% total polymer (w/v) solution 1:1 (v/v) THF:DMF, at pump rate of 0.8 mL/h, 10 cm
between needle and collector and applied 13 kV.

Figure 146: Optical photograph of an electrospun fibre mat B2.

6.4: Electrospun PThP/PLGA electrospun in
hexafluoroisopropanol
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In order to improve the mechanical properties of PLGA, hexafluoroisopropanol (HFIP) as
another solvent system was investigated. Using similar conditions for electrospinning to those
published by Min et al316, resulted in great improvements in the physical properties of the fibre
mats. It is suggested that the better fibre mat morphology and uniformity is related to the better
solubility of PThP in the solvent of the higher polarity.

Figure 147: Optical photograph of TMeThP 106 (A) and TTGThP 107 (B) in PLGA spun from HFIP.

With the use of HFIP, a range of fibres based on PThP/PLGA were electrospun. The conditions
used were 20 w/v% total polymer solutions in HFIP, with the ratio of PThP to PLGA at 1:4 (w/w).
Figure 147 shows the physical appearance of the mats. These fabric-like mats were easy to
peel off from the collector and had fabric-like properties making them easier to handle than the
previous PLGA-based samples prepared. All electrospun polymers were PThP tripolymers,
which consisted of either MeThP 21 or TGThP 44 along with AzThP 45 and BIThP 47 in 3:1:1
or 8:1:1 ratio (mol:mol:mol). A full list of the polymers electrospun is presented in Table 7, along
with the solvent used and the average fibre diameter measured.

One of the PThP/PLGA spun samples contained the RGD-hexapeptide 258 ‘clicked’ onto the
polymer, as discussed in Chapter 5. The rationale in the use of the peptide is that RGD is cell
adhesive peptide, with mode of action via attraction to integrin of cells.287,288,292 The fibre mat of
PThP with the RGD was produced in order to investigate if RGD aids in cell growth. The ‘click’
chemistry here includes the formation of a triazole, thus also was prepared a sample of PThP
‘clicked’ with hex-1-yne 217 that served as a control for triazole. Presented below in Figure 148
are the SEM images of low magnification, close up of the front side of the mat (the side which
faced the syringe when electrospun), the back side of the mat (the side of fibre that was on the
collector), 3D AFM image and a line profile of the spun fibre mat. All of the nanofibre mats here
were spun from the total polymer concentration of 20 w/v% in HFIP pumped at 0.5 mL/h, 10 cm
distance between needle and collector and applied 13 kV. First electrospun polymer was pure
PLGA fibres B3 which served as a control in cell studies. These fibres have consistent diameter
(1.27 ± 0.17 µm) with straight, rigid tubular morphology.
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Figure 148: Electrospun fibres consisting of PLGA (100%) B3. Top row: SEM images, scale bars are given
on the images. (A) Low magnification (B) Front side (C) Back side. Bottom row: (D) 3D AFM image (E)
Height profile.
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TMeThP 106 was then electrospun to obtain nanofibre B4. From the SEM images (Figure 149),
the fibre sizes like quite homogenous with most fibres having similar diameters of 0.56 ± 0.09
µm. The fibres appear less rigid with more bending seen compared to pure PLGA B3 as well as
are thinner, with around half the thickness (1.27 ± 0.17 µm).

Figure 149: Electrospun fibres consisting of TMeThP 106 (3:1:1) (20 w/w%) and PLGA (80 w/w%) B4.
Top row: SEM images, scale bars are given on the images (A) Low magnification (B) Front side (C) Back
side. Bottom row: (D) 3D AFM image (E) Height profile.
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TTGThP 107 was then electrospun using the same condition as used in the previous example
to produce fibres B5. From the SEM images presented in Figure 150, it is seen that these fibres
resemble those of pure PLGA with straight, rigid fibres, but with smaller diameters of 0.30 ± 0.05
µm. The polymer blended well with only one diameter seen and no PThP residue seen on the
surfaces. The back side of the polymer (C) appears to be thicker, but it is likely these fibres were
flattened when fibres were deposited on top; indicating these fibres are potentially soft.

Figure 150: Electrospun fibres consisting of TTGThP 107 (3:1:1) (20 w/w%) and PLGA (80 w/w%) B5.
Top row: SEM images, scale bars are given on the images (A) Low magnification (B) Front side (C) Back
side. Bottom row: (D) 3D AFM image (E) Height profile.

209

Chapter 6: Electrospinning and Cell Studies
Electrospinning of TMeThP-Hex 223 was performed next to obtain the fibres B6. From the SEM
images (Figure 151), it is clear that the ‘clicking’ of hex-1-yne 217 did not negatively impact the
formation of nanofibres. The fibres are rigid, resembling more the nanofibres with pure PLGA
B3 or TTGThP B5 fibres than the parent nanofibre B4 which consists of TMeThP. The
diameters, however, for these fibres were 0.50 ± 0.10 µm, which were very similar to diameters
of the fibres with un-‘clicked’ TMeThP B4 (0.56 ± 0.09 µm).

Figure 151: Electrospun fibres consisting of TMeThP-Hex 223 (3:1:1) (20 w/w%) and PLGA (80 w/w%)
B6. Top row: SEM images, scale bars are given on the images (A) Low magnification (B) Front side (C)
Back side. Bottom row: (D) 3D AFM image (E) Height profile.
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RGD attached TMeThP 259 was then electrospun with an aim of investigating that material in
cell studies. As the TMeThP 106 polymer used for the RGD clicking had a molar ratio of 8:1:1
of MeThP, 21: AzThP 45 : BIThP 47, it was decided to also spin the un-‘clicked’ polymer, as
well as the control (Pure PLGA B3). Thus TMeThP 106 (8:1:1) was electrospun using the same
conditions as used previously to obtain the nanofibres B7. As seen from the SEM images
(Figure 152), the diameter of the B7 fibres was 0.37 ± 0.10 µm, which was noticeably of a
thinner diameter compared to the B4 (0.56 ± 0.09 µm). These fibres appear to be flexible with
many kinks or bending present.

Figure 152: Electrospun fibres consisting of TMeThP 106 (8:1:1) (20 w/w%) and PLGA (80 w/w%) B7.
Top row: SEM images, scale bars are given on the images (A) Low magnification (B) Front side (C) Back
side. Bottom row: (D) 3D AFM image (E) Height profile.
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TMeThP-RGD 259 was then electrospun to produce the nanofibre B8. As measured from the
SEM images (Figure 153), the diameters of the fibres averaged around 0.41 ± 0.07 µm, which
was similar to the un-‘clicked’ variant of B7 (0.37 ± 0.10 µm). The individual fibres appeared
more rigid with no much of kinks present on either surface. It emerged that neither the triazole
nor RGD had significant impact onto the electrospin fibres’ morphology.

Figure 153: Electrospun fibres consisting of TMeThP-RGD 259 (8:1:1) (20 w/w%) and PLGA (80 w/w%)
B8. Top row: SEM images, scale bars are given on the images (A) Low magnification (B) Front side (C)
Back side. Bottom row: (D) 3D AFM image (E) Height profile.

Also studied was the roughness and Young’s modulus of each of the fibre mats (Figure 154).
The roughness of each of the PLGA-PThP, as measured from AFM, fibres mats were similar to
those of pure PLGA fibre mat with the average surface roughness ranging from 400 nm to 600
nm. It is expected the roughness of the mats to have a significant impact on the growth of cells.
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In in vitro cell cultures of endothelial cells, for example, found that smoother surfaces increase
cell proliferation,317 whereas for various smooth muscles, the increase in the roughness was
shown to be beneficial for cell growth.318–320

Figure 154: Roughness (A) and stiff analysis (B) of nanofibres B3 to B8.

The stiffness of the pure PLGA fibres were remarkably different to the PLGA-PThP fibres where
the former had a Young’s Modulus (procedure for measurement is described in Chapter 8) of
more than 400 kPa whereas the latter ranged from 200 to 300 kPa. It appears the fibres with
largely methoxy side (B7 and B8) chain displays higher stiffness. This may be because the
shorter side chains allow the polymers to be packed tighter; this tie in to earlier observation in
Chapter 2 within the cyclic voltammetry studies where it was suggested the broadening of the
peaks were related to the denser polymer morphology. The presence of RGD did lower the
stiffness of the mats slightly, whereas the 3:1:1 tripolymers B4 to B6 with denser side chains
displayed reduced stiffness, with the methoxy B4 fibre to be stiffest and the hex-1-yne ‘clicked’
tripolymer B6 displaying the lowest stiffness.
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Table 7: Summary of structures of the electrospun PThP, solvents used and average fibre diameter.

Structure of PThP used

Average

Sampl

Solvent

Diameter

e

used

(µm)
(n = 10)

B1

B2

B3

Pure PLGA

THF:DMF

0.27

(1:1. v/v)

± 0.16

THF:DMF

0.32

(1:1. v/v)

± 0.05

HFIP

B4

HFIP

B5

HFIP

B6

HFIP

B7

HFIP

B8

HFIP
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1.27
±0.17
0.56
±0.09
0.30
± 0.05

0.50
± 0.10

0.37
± 0.10

0.41
± 0.07
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6.5: Electrospinning of PPyP
Processability had hindered the use and application of PPy in the past, this arises from the
strong intramolecular interactions between conjugated polymers which is further increased by
the ionic interactions when doped.64 Thus, there is considerable interest in the synthesis
tractable and soluble PPy, some of the methods used to achieve this was outlined in Chapter
1.64 Thus, the ability for the PPyP synthesised in Chapter 4 to not only be soluble, but
processable is significant.

With the success of PThP series, attention was turned to electrospinning the
soluble PPyP synthesised previously in Chapter 4. An initial attempt at
electrospinning of PPyP(OMe-N3)-g-tBA 242 by itself using DMF as solvent was
unsuccessful. Thus further experiments involved electrospinning of PPyP in a
polymer blend with PLGA. The electrospinning conditions used previously for
the fibres B3-B8 were used in these initial trials; however, PPyP(OMe-N3)-gtBA 242 was not soluble in HFIP. A mixed solvent system of HFIP and DMF was
then investigated. The fibres were eventually electrospun using an 18-gauge
steel needle, using a 13 kV potential difference, between the needle and a
stationary collector made of stainless steel, separated 10 cm, at a flow rate of
0.8 mL/h. The ratio of PLGA to (PPyP(OMe-N3)-g-tBA 242 was 80 w/w% : 20
w/w%, respectively, with the polymer content in the electrospinning solution of
20 w/v% in 3:1 (v/v) HFIP:DMF and 7:1 (v/v) (C1) and HFIP:DMF (C2). Figure
155 and Figure 155 present the SEM images of the obtained fibres. Figure 157
show an SEM image of the produced mat when the electrospinning solution
contained PLGA (90 w/w%) and PPyP(OMe-N3)-g-tBA 242 (10 w/w%) with the
total polymer content of 10 w/v% in 3:1 (v/v) HFIP:DMF (C3). After
electrospinning, all of the PLGA:PPyP composite fibre mats were removed from
the stainless steel collector for SEM imaging.
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Figure 155: SEM image of electrospun of a mat consisting of PLGA (80 w/w%) PPyP(OMe-N3)-g-tBA 242
(20 w/w%); spun in total polymer used was 20 w/v% solution in 3:1 (v/v) HFIP:DMF (C1). SEM images,
scale bars are given on the image.

Figure 156: SEM image of electrospun of a mat consisting of PLGA (80 w/w%) PPyP(OMe-N3)-g-tBA 242
(20 w/w%); spun in total polymer used was 20 w/v% solution in 7:1 (v/v) HFIP:DMF (C2). SEM images,
scale bars are given on the image.
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:
Figure 157: SEM image of electrospun of a mat consisting of PLGA (90 w/w%) PPyP(OMe-N3)-g-tBA 242
(10 w/w%); spun in total polymer used was 10 w/v% solution in 3:1 (v/v) HFIP:DMF (C3). SEM images,
scale bars are given on the image.

The electrospinning of these solutions were more difficult than for the PThP series.
Electrospinning the solution blends of 10 w/v% of total polymer in either 3:1 or 7:1 DMF:HFIP
(v/v) resulted in formation of films that showed very little fibrous material. It seems that the fibres
were fusing together (Figure 155 and Figure 156). Reduction of the PPyP concentration to 10
w/w% resulted in formation of a film that showed no fibrous material at all (Figure 157). The
composition of the polymer blend solution was then changed to contain 30 w/w% PPyP and 70
w/w% PLGA, with total polymer concentration to 30 w/v% in 3:1 (v/v) HFIP/DMF. This resulted
in excellent fibres that were uniform in morphology, as seen in Figure 158. The average fibre
diameter was found to be 0.43 ± 0.17 (n = 10).
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Figure 158: SEM image of electrospun of nanofibres consisting of PLGA (70 w/w%) PPyP(OMe-N3)-gtBA 242 (30 w/w%); spun in total polymer used was 30 w/v% solution in 3:1 (v/v) HFIP:DMF (C4). SEM
images, scale bars are given on the image.

These preliminary studies demonstrate clearly that the polymers based on PPyP could be
solution processed with techniques as electrospinning. The conditions were found her that lead
to formation of nice and uniform fibres of approximately half a micrometre fibre diameter.
Electroactivity and conductivity of such fibres was not studied here further, but should be
included in the future studies on these materials. There were no redox waves when these fibres
were tested using cyclic voltammetry, which may be due to the small amount of PPyP in the
fibres.

6.6: Preliminary Cell Studies
With the fibres obtained via electrospinning, preliminary cell studies were attempted. However,
the fibres showed no electroactivity when cyclic voltammetry was attempted. This may be due
to the low concentration of the conductive polymer in the electrospinning mixture or there is
insufficient surface presentation of the conducive polymer. However preliminary cell studies on
the cells were performed to investigate the cell growth behaviour on these fibres.

Preliminary cell studies were performed to determine whether the polymers synthesised are
biocompatible. Thus, in vitro cell biocompatibility was conducted in collaboration with Professor
Kim Sanghyo of Gachon University, with the cell studies conducted by Dr. Devasier Bennet.
The procedure for the cell studies are described in Chapter 8, section 8.8.

Skin cells, human dermal fibroblast (HDF), human epidermal keratinocytes (HEK) and human
epidermal melanocytes (HEM) were chosen, as they were envisioned for future use in skin
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grafting. The preliminary results are shown in Appendix 2. In-depth analysis of the cell assays
is beyond the scope of the thesis and additional experiments in future are required to determine
the full biocompatibility of the PThP polymer fibres, such as with different cell types and toxicity
studies

6.7: Conclusion
In this chapter, it was demonstrated that both PThP and PPyP could be electrospun from the
polymer solution blends containing either PEO or PLGA. Co-spinning PThP with PEO resulted
in mats with well-defined fibre morphologies. However, the PThP could not be incorporated into
the fibres at high concentration. When the PEO component dissolves in aqueous solutions, the
PThP component could not retain mechanical integrity. With the use of HFIP as a co-solvent in
the electrospinning of the solution polymer blends, the electrospinning resulted in fibre mats
with excellent mechanical properties that were easy to handle.

PThP tricopolymers functionalised by click chemistry, with hex-1-yne 217 and RGD 257 were
also successfully electrospun.

Electrospinning of ATRP grafted PPyP with tBA 197 with PLGA 262 as the carrier polymer was
also briefly studied and it was demonstrated that it is possible to optimise the electrospinning
parameter to fabricate well-defined PPyP(OMe-N3)-g-tBA 242 blend fibres with relatively high
content of the PPyP polymer (30 w/w%).
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7.1: Summary
The main goal of this project was to synthesise a range of novel PThPs and PPyPs termonomers
with functional side chains. The selection of the side chains was such that these were amenable
to later functionalization that would provide for the polymers to be soluble and processable while
the electrochemical and optical properties of the conjugated polymers’ backbone are, to some
degree, preserved. The synthetic strategy was to synthesise a range of diiodinated benzenes
with different side chains appended. The heterocyclic component – either pyrrole or thiophenewas then coupled to form a termonomer followed by a deprotection, if required (Scheme 49).
Conveniently, the iodinated benzenes were suitable for the Suzuki coupling allowing to the
synthesis of both PThP and PPyP.

Scheme 51: Summary of synthetic method towards termonomers

The majority of the monomers were synthesised using that strategy (MeThP 21, MePyP 27,
DGThP 43, DGPyP 128, TGThP 44, TGPyP 129, AzThP 45, HAThP 48, HAPyP 132) although
there are several examples that required a slightly altered synthetic route. Due to the reactivity
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of the side chains on BIPThP 46, BIThP 47 and BIPyP 131, the bromo ester the ATRP initiating
sites were attached via acylation, after the coupling reactions. As for synthesis of the AzPyP
130, all methods of the Suzuki coupling led to formation complex mixtures; thus the synthetic
steps were altered. An azide bearing PyP was thus achieved through the use of ethoxy PyP
136, which is also employed in the synthesis of BIPyP 131, ethoxy PyP 136 was converted to
the azide through tosylation of the alcohol followed by azide conversion (Scheme 22).

The stability of thiophenes compared to the pyrroles is reflected in the synthetic procedure and
the handling procedures required for these monomers. All of the ThPs synthesised showed high
stability and could be stored at room temperature in air without degradation. Conversely, the
monomers of the PyP series are significantly more reactive which stems from the ease of their
oxidative polymerisation (low oxidation potential). For example, all of the PyP monomers begin
to oligomerise in CDCl3 used for NMR analysis. This required deprotection reactions, or
reactions with unprotected pyrroles required rigorous degassing of solvents used. For PyP
monomers with the side chains of higher reactivity, such as BIPyP 131 and HAPyP 132, the
polymerisation occurs in air and thus requires storage under argon or N2, or ideally, was used
as soon as they were synthesised.

From electrochemical studies, it was reasoned that, despite the difference in side chains, the
majority of the monomers could be co-polymerised and form copolymers with other monomers
of the same class, due to similarity in the onset of monomers’ oxidation potential. The oxidative
potentials of PPyP were low, ranging from 0.40 V and 0.55 V (vs. Ag/AgCl (3 M)), whilst the
onset of oxidative potential for PThP ranged from 0.75 V to 0.90 V.

As larger amounts of the polymers were required for some of the further studies on these
materials, such as for electrospinning and cell assays studies, chemical oxidative polymerisation
was investigated and employed. Thus, the PThP monomers were polymerised using FeCl3 as
the oxidant, which yielded soluble polymers with Mw of 10,000 to 30,000 gmol-1. The molar ratio
of monomers used in the feed was generally reflected in the terpolymers’ compositions, as
determined through analysis of the 1H NMR and COSY NMR spectra. Despite the broad signals
in the polymer spectra, COSY correlations were still present and thus were used to identify each
of the individual signals of the TMeThP 106 and TTGThP 107 polymers (Figure 59 and Figure
64). COSY correlations also confirmed that the reactive side chains of AzThP 45 and BIThP 47
were compatible with the polymerisation conditions.

The PThP was then functionalised post-polymerisation using both ‘click’ chemistry and ATRP.
The purpose of these modifications was to bestow properties the parent polymer does not have.
For ‘click’ chemistry, model reactions were first successfully performed, with AzThP 45 reacted
with the hex-1-yne 217, phenylacetylene 218 and propargyl TBDMS 219 to form the monomers
220, 221 and 222 respectively. Observed was the significant change of the chemical shift in the
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propyl linker after triazole formation (Figure 78 and Figure 79), which also was also observed
in reactions with the polymers, which provides a conveniently method to determine the success
of the reaction. An ARGET variant of ATRP was chosen to perform side chain grafting due to
the lower amount of copper required and tolerance to oxygen. Molecular brushes of tBA 232,
nBA 197, styrene, PEGMA 235 and DEGMA 239 were grafted onto TMeThP 106 and TTGThP
107 successfully. Styrene brushes were grafted on to TMeThP-Hex 223 to confirm the
compatibility of ATRP with triazoles present. Hex-1yne 217 was then ‘clicked’ onto TMeThP-gSty 229 successfully, illustrating that the functionalisation reactions could be performed in either
order depending on the compatibility of the desired functional groups added to the
functionalisation reaction conditions. Figure 159 illustrates the versatility of the functionalisation
steps.
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Figure 159: Dual functionalisation of PThP with ‘click’ and ATRP.
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The versatility in the order of functionalisation was illustrated in the synthesis of f-TTGThP 248,
where the PThP backbone was both water soluble and possessed thermoresponsiveness in
water through functionalisation with the polyoxazoline PnPrOx 244 and PEGMA 235. The
synthesis of f-TTGThP 248 was originally attempted through ‘click’ reaction of PnPrOx 244 with
both TMeThP 106 and TTGThP 107 to produce the polymers 246 and 247 respectively.
However, as neither of the polymers was soluble in water, grafting of PEGMA 235 from TMeThP
106

was

attempted.

Solubility

in

water

was

desired

here

in

order

to

achieve

thermoresponsiveness in aqueous solutions and to compare the thermoresponsiveness of other
POx. However, all attempts of the grafting of PEGMA 235 onto the triazoles 246 and 247 were
unsuccessful, which was attributed to the binding of the copper catalyst to the amide of the POx.
Thus, the functionalisation reaction order was reversed. Grafting of PEGMA 235 onto TTGThP
107 was performed first, followed by the ‘clicking’ of PnPrOx 244 to yield the polymer f-TTGThP
248 (Scheme 47 and Scheme 48).

The thermoresponsiveness of the polymer was evident in the photoluminescence studies. fTTGThP 248, there was an increase in absorbance at 33 °C and at 85 °C (Figure 111), these
correlate to the LCST temperature for PnPrOx 245 and PEGMA 238. Thus, the combination of
POx, PThP and PEGMA resulted in a water soluble polymer that displayed photoluminescence
that is temperature sensitive.

A peptide containing the RGD sequence was also attached on to TMeThP 106 through the use
of ‘click’ chemistry. This was achieved by incorporating an amino acid with alkyne side chain
(APY 251) into the RGD peptide 258. The reaction of the peptide 258 with the polymer was
difficult, which was attributed to the binding of the catalyst to the amides of the peptide. Thus,
another bulky, hindered catalyst of Cu(I)Br(PPh3)3, was used to successfully ‘click’ RGD peptide.

Electrospinning of PThP was also performed to produce conceivable tissue engineering
scaffolds. As the polymer cannot be electrospun pristine, the carrier polymer (PEO and PLGA)
was used; thus the electrospun fibres formed are polymer blends. While electrospinning with
PEO was useful to do initial electrospinning trials with PThPs and some optimisation of
electrospinning conditions, PEO is soluble in aqueous solutions and therefore the produced
PThP/PEO fibres did not have mechanical integrity in buffers. Thus, the fibres were co-spun
with PLGA instead PEO. DMF:THF (1:1, v/v) solvent mixture was firstly investigated, but the
fibres were brittle and were unable to be removed from the aluminium collector. Initial cell
studies on the PLGA–PThP fibres showed they had good biocompatibility. Changing of the
electrospinning solvent to HFIP resulted in fibre mats with mechanical properties allowing nice
handling with the material, and therefore further cell studies were conducted on those.

For the PPyP series, the polymers formed through chemical oxidative polymerisation were not
soluble in any investigated organic solvent. The use of DBSA as dopant also did not yield soluble
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PPyP; thus the monomer BIPyP 131 was grafted with tBA 197, which was followed by
polymerisation with MePyP 27 and AzPyP 130. The grafting sufficiently altered the physical
characteristics of the polymers to solubilise PPyP. Further modification of the polymer using
‘click’ chemistry was performed through the attachment of hex-1-yne 217. Cyclic voltammetry
studies showed that the polymers remain electroactive both pre- and post-‘clicked’ (Figure 104).
These polymers were also electrospun into nanofibres with PLGA as a matrix polymer; however,
the amount of PPyP incorporated reached significant 30 wt % (on total polymer). This work
appreciably demonstrated that synthesis of soluble polypyrrole - achieved through alteration of
the physical properties by means of side chains - is possible and that such polymers are
processable by electrospinning.
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7.2: Future Work
There are several aspects of this work where additional work could be envisioned and explored
further.

Ideally, all of the monomers are made through bis-heterocycle hydroquinone moiety as followed
by the alkylation of the desired side chain. Whilst the current synthetic procedure does not
exclude any functionality to be added, each new monomer must be synthesised separately with
few steps that could be combined, which is inconvenient if a large number of different side
chains is desired. Thus, alkylation after the backbone is already synthesised would be
preferable. While this approach was successful for PThP, the steps preceding the alkylation
steps were low in yield and involved used of reagents that are difficult to handle and not
amendable to scaling up. The suggested synthetic route would allow the attachment of a wide
range of molecules with different functional group and chain lengths without needing to perform
the iodation and coupling steps for every different variation (Scheme 52).

Scheme 52: Synthesis of termonomers through alternative pathway.

Exploration of a wider variety of soluble polypyrrole is also of interest. Thus far, use of PPyP
had been limited by the difficulty in obtaining the radical initiator due to its instability in air.
Investigation of different lengths of the linker or other means of radical polymerisation may allow
routes to obtain monomers where the physical characteristics could be readily modifiable.

227

Chapter 7: Summary and Future Work
Thus far, the exploration of ATRP on PThP (and PPyP) had been primarily focused on the proof
of concept of grafting of polymer brushes to alter solubility of the polymer. There is a great deal
of potential work in exploring different molecular brushes and combine this with the
photoluminescence properties of PThP. Further, it had been proven in this work that ‘click’
chemistry attachment of complex and large molecules onto PThP is useful and successful.
However, this is just a first step toward functionalization of CPs with biological cues to cells that
may control and direct cell behaviour.

Electrospinning of the PThP and PPyP without a use of any additional carrier polymer is also
desirable. This may be achievable through the use of the functional groups to alter the physical
properties of the final polymer; however, the challenge would be to balance characteristics of
the polymer to be more amenable to electrospinning while still retaining CP’s electroactivity.
Additional investigations are required on the biocompatibility of these polymers and to alter the
material to be active in the electrochemical range in ambient cell conditions in to develop its use
in tissue engineering.

The versatility of the functionalisation reactions developed in this work means there are almost
unlimited number of potential variations of functionalised PThPs and PPyPs. Therefore, this
work may be considered as a platform to future work and development of these materials, limited
just by imagination.
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8.1: General Methods
All reactions conducted in non-aqueous media were performed under a dry N2 atmosphere
unless otherwise noted. Solvents were dried using either according to the procedures or
Williams and Burfield321–323 or using solvent purifier (LC Technology Solutions Inc, Sp-1
Standalone Solvent Purifier System). Drying of solvents using the former method was
conducted by the heating of 3Å or 4Å molecular sieves at 300 °C for 24 h under high vacuum
before use. Solvents such as ethanol and methanol were stored at 20% w/v activated 3Å
molecular sieves for 5 days before use. CH2Cl2 were stored at 10% w/v activated 4Å molecular
sieves for 3 days. nButanol was dried over MgSO4 then distilled and stored over 20% w/v
activated 3Å molecular sieves. DMF was dried by stirring in CaH2 over 24 h, distilled and stored
at 10% w/v 3Å molecular sieves and stored for 2 days prior to use. All other commercial reagents
were used as purchased, without further purification unless otherwise stated.

Flash chromatography was carried out using Silica Gel 60 (40 – 60 µm, 230-430 mesh ASTM)
with solvents specified in the experimental procedure for each given compounds. Thin layer
chromatography (TLC) was performed using Merck silica gel F254 aluminium plates pre-coated
with silica. Compounds were identified using ultraviolet fluorescence and/or staining with either
vanillin in ethanoic sulphuric acid (with heating) or ninhydrin in ethanol/glacial acetic acid (95:5)
with heating.

All melting points were measured, in degrees Celsius (°C), using Reicher-Kofler block and are
uncorrected.

Optical rotation measurements were performed upon a Rudolph Research Analytical Autopol
IV automatic polarimeter, in 0.5 dm cell, at a wavelength of 589 nm. Absolute values of specific
rotation can be calculated by the formula [α]b = (100 x A)/(c x l), where A = measured
absorbance, c = concentration in g/100 mL, and l = path length in dm.

Infra-red (IR) spectra were recorded using a Perkin-Elmer Spectrum 1000 series Fourier
Transform Infra-Red ATR spectrometer. Absorption maxima are expressed in wave numbers.

Nuclear magnetic resonance was carried out on either Bruker Avance III 300 spectrometer (300
MHz for 1H NMR, 75 MHz for
NMR, 100 MHz for
125 MHz for
NMR and

13C

13C

13C

13C

nuclei), Bruker Avance III 400 spectrometer (400 MHz for 1H

nuclei) or Bruker Avance III 500 spectrometer (500 MHz for 1H NMR,

nuclei). All chemical shifts (δ) are denoted in parts per million (ppm). The 1H

NMR spectra were calibrated according to the residual solvent peaks.324 Used

values were CDCl3 (1H = 7.26 ppm,

13C

= 77.16 ppm), DMSO-d6 (1H NMR 2.50 ppm,
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39.52).324 NMR data is reported as the chemical shift of each signal followed in brackets by the
relative integral, multiplicity (d = doublet, t = triplet, q = quartet, qi = quintet, se = sextet, dd =
doublet of a doublet), coupling constant (J, in Hz) and the atom assignment. For peptide
structure, α, β, γ, δ, ε and ζ was used as atom assignments on positions within a numbered
residue.

13C

NMR data are reported as position (δ) an assignment of the atom. NMR

assignments were determined using HSQC and HMBC experiments.

Low-resolution and high-resolution mass spectra were recorded using a MicrOTOF-Q II mass
spectrometer. For low-resolution mass spectrometry, prominent fragments are quoted in the
form of a (b, C), where a is the mass, b is the isotope and c is the percentage abundance relative
to the base peak. High-resolution mass spectroscopy (HRMS) was carried out by electrospray
ionisation (ESI+) at a nominal resolution of 10000.

UV-Visible spectrum were carried out using Shimadzu Spectrophotometer (Model Uv-1700) on
a polymer solution in CH2Cl2 or H2O. The polymer solution was diluted to an absorbance value
below 0.05 to prevent self-quenching.

Solution based fluorescence spectrum were obtained using a Perkin Elmer LS 55
spectrophotometer with a 3-Q-10 mm rectangular quartz cell. The excitation wavelength was
chosen as the maximum absorption wavelength of the polymers

The room temperature conductivity of compressed pellets was measured by a standard fourprobe method using a Jandel Model RM2 instrument. The 250 mg of samples were pelletized
to a diameter of 1.5 cm using a mechanical press.

Molecular weights were determined with TDAmax GPC system (Malvern Instruments) attached
with 3 x T6000M (300 mm x 8 mm each) Viscotech columns (Malvern Instruments). THF filtered
through 0.02 µm PTFE membrane filter (Grace) was used as eluent with the flow rate of 1 mL
min-1. 100 µL of polymer solutions at concentration of 3 mg mL-1 were injected into the column.
All samples were filtered through 0.22 µm PTFE syringe filters (Grace) before injection. The
columns and the detectors were maintained at 35 °C. Calibration curve was plotted using
polystyrene standards obtained from Sigma. Data acquisition and processing were performed
using the OmniSEC 4.7 software (Malvern Instruments). Triple point detection was used for
calibration.

Electrospinning was conducted using Sanitex syringe (1 mL or 5 mL), Thermo Needle (18 gauge
x 1 ½ inch). Pump rate is controlled by Adelab Scientific syringe pump, the power is supplied by
Bertan High Voltage Power Supply (Series 230) and the collector was a 15 x 15 x 0.1 cm
stainless steel collector with or without aluminium foil. SEM and ESEM images are obtained
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from either FEI (Philips) XL30 S-FEG or FEI Quanta 200 field emission Environmental SEM
respectively on platinum coated samples.

Topographic and biomechanics were studied before and after the cell culture for all Sample (B3B8) using a high-resolution bio-atomic force microscope. All images were acquired by using
NanoWizard® II atomic force microscope mounted on an inverted optical microscope (Nikon
Instruments Eclipse Ti; Amsterdam, Netherlands). Conical silicon nitride cantilevers (Si3N4, Au
surface) were used which have nominal spring constant of 0.2 N/m for imaging and force
spectroscopic analysis (induction of force onto the surface). In contact mode scans were
performed at a rate of 0.2–0.4 Hz, with a high-resolution image quality, and a scan size of 100
× 100 µm. Surface roughness was analyzed using the bio-AFM system with the JPK offline data
processing software v3.3.25. Young's modulus (stiffness) was calculated using Hertz's contact
mechanics model with the JPK data processing software.

Synthesis of Reagents
Tetrakis(triphenylphosphine)palladium(0) (Pd(PPh3)4)
The procedure reported by Coulson et al was used.325 A stirred suspension of PdCl2 (0.175 g,
0.99 mmol) and triphenylphosphine (1.30 g, 4.90 mmol) in DMSO (12 mL), under an atmosphere
of N2, was heated to 150 °C, then slowly raised temperature until solution turns clear orange
solution. Hydrazine (0.19 mL, 4.0 mmol) was added and the solution was then cooled to r.t. The
yellow crystals was then collected by vacuum filtration, washed with ethanol (3 x 30 mL), diethyl
ether (3 x 40 mL) and dried under high vacuum to yield title product (0.9 g, quantitative) as
yellow crystals which were stored under nitrogen and shielded from light until use.

Bromotris(triphenylphosphine)copper(I) (CuBr(PPh3)3)
The procedure reported by Venkataraman et al. was used.326 Triphenylphosphine (6.00 g, 22.4
mmol) was added to methanol (100 mL) and stirred until complete dissolution. Cu(I)Br (1.24 g,
5.27 mmol) was then added. The mixture was then stirred for 10 min, cooled to r.t., solids
collected by vacuum filtration, washed with ethanol (3 x 40 mL), diethyl ether (3 x 50 mL) and
dried under high vacuum to give title product (6.17 g, 90%) as an off-white solid.
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8.2: Synthesis of Thiophene Monomers
1,4-Diiodo-2,5-dimethoxybenzene 55

To a stirred solution of H5IO6 (2.92 g, 12.5 mmol) in methanol (25 mL) was added iodine (6.38
g, 25.0 mmol). 1,4-Dimethoxybenzene 71 (2.70 g, 20.0 mmol) was added and the mixture was
then heated at 70 °C for 4 h. The mixture was then poured into a solution of Na2S2O3 (5.00 g,
31.6 mmol) in water (50 mL). The solution was filtered and the precipitate was washed with
methanol (20 mL), dissolved in CH2Cl2 (20 mL) filtered again and the filtrate was evaporated in
vacuo to afford title product 55 as a white solid (7.52 g, 97%).
1H

NMR (400 MHz; CDCl3) 3.82 (6H, s, CH3), 7.19 (2H, s, Ar).

The 1H NMR data was in agreement with literature values.327

2,2'-(2,5-Dimethoxy-1,4-phenylene)dithiophene (MeThP) 21

To a solution of 1,4-diiodo-2,5-dimethoxybenzene 55 (0.16 g, 0.416 mmol) in nbutanol (3 mL),
thiophene boronate 70 (0.230 g, 1.10 mmol), Pd(OAc)2 (0.010 g, 4.46 µmol), SPhos (0.038 g,
0.093 mmol) and K3PO4 (0.29 g, 1.38 mmol) was added. The mixture was placed under an
atmosphere of N2, degassed by freeze-thaw-cycling, sealed and heated at 110 °C in a pressure
tube for 20 h. The resulting mixture was diluted with CH2Cl2 (10 mL) filtered through a silica plug
and solvent removed in vacuo. The crude product was purified by flash chromatography (3:1,
ethyl acetate, hexanes) to yield title product 21 (0.54 g, 90%) as a yellow solid.
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Mp = 58-60 °C, Rf = 0.7 (3:1, hexanes ethyl acetate); IR νmax (neat)/cm-1 3340, 3093, 2993, 2939,
2829, 1533, 1393, 1289, 1039; 1H NMR (400 MHz; CDCl3) 3.93 (6H, s, OCH3), 7.10 (2H, dd, J =
5.1, 4.1 Hz, 4`-H), 7.25 (2H, s, 3-H), 7.33 (2H, dd, J = 4.1, 1.1 Hz, 5`-H), 7.35 (2H, dd, J = 5.1,
1.1 Hz, 3`-H);

13C

NMR (100 MHz; CDCl3) 36.5 (CH3O), 112.0 (C-3), 123.0 (C-2), 125.5 (C-5`),

125.7 (C-3`), 126.9 (C-4`), 139.0 (C-2`), 150.0 (C-1). HRMS (EI) found (MH+) 303.0497.
C16H15O2S2 requires 303.0508.

2-(2-Methoxyethoxy)ethyl 4-methylbenzenesulfonate 73

To a solution of 2-(2-methoxyethoxy)ethanol 72 (0.698, 5.81 mmol) and tosyl chloride (1.13 g,
6.39 mmol) in CH2Cl2 (30 mL) at 0 °C, Et3N (1.62 mL, 11.6 mmol) was added dropwise and the
resulting mixture was stirred for 6 h at r.t., under an atmosphere of N2. The mixture was
quenched with water (30 mL), extracted with CH2Cl2 (30 mL), washed with water (30 mL), brine
(30 mL), dried (MgSO4), solvent removed in vacuo and purified using flash chromatography (2:1,
ethyl acetate, hexanes) to yield title product 73 (1.37 g, 87%) as a colourless oil.
1H

NMR (400 MHz; CDCl3) 2.44 (3H, s, 4-CH3), 3.34 (3H, s, OCH3), 3.46-3.48 (2H, m, CH2),

3.56-3.58 (2H, m, CH2), 3.67-3.69 (2H, m, CH2), 4.15-4.18 (2H, m, CH2), 7.73 (2H, d, J = 8.6
Hz, 3-H), 7.79 (2H, d, J = 8.6 Hz, 2-H);

13C

NMR (100 MHz; CDCl3) 2.15 (CH3-4), 68.6 (CH2),

69.3 (CH2), 70.6 (CH2), 71.7 (CH2), 126.0 (C-1) 128.1 (C-3 and C-5), 130.0 (C-2 and C-6), 144
(C-4).

The NMR data was in agreement with literature values.328
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1,4-Bis(2-(2-methoxyethoxy)ethoxy)benzene 75

To a solution of tosylate 73 (5.95 g, 21.7 mmol) and hydroquinone 74 (0.959 g, 8.68 mol) in
EtOH (25 mL), under at atmosphere of N2, tBuOK (3.52 g, 26.1 mmol) was added and the
resulting solution was heated to 80 °C and stirred for 24 h. The solution was then cooled to r.t.,
quenched with water (20 mL) and the solvent removed in vacuo. The residue was redissolved
in CH2Cl2 (40 mL), washed with H2O (3 x 40 mL), 2M HCl (20 mL), brine (40 mL), dried (Na2SO4)
and solvent removed in vacuo. The crude product was purified by flash chromatography (2:1,
ethyl acetate, hexanes) to yield title product 75 (1.95 g, 79%) as a red-orange oil.
Rf = 0.5 (2:1, ethyl acetate, hexanes); 1H NMR (400 MHz; CDCl3) 3.38 (6H, s, OCH3), 3.56-3.59
(4H, m, OCH2), 3.69-3.73 (4H, m, OCH2), 3.79-3.83 (4H, m, OCH2), 4.02-4.08 (4H, m, OCH2),
6.82 (4H, s, Ar-H);

13C

NMR (100 MHz; CDCl3) 59.0 (CH3), 66.0 (OCH2), 66.8 (OCH2), 70.6

(OCH2), 71.9 (OCH2), 115.6 (CH), 153.0 (C-Ar).
The NMR data was in agreement with literature values.172

235

Chapter 8: Experimental Procedures

1,4-Diiodo-2,5-bis(2-(2-methoxyethoxy)ethoxy)benzene 76

To a solution of di-glycol 75 (0.640 g, 2.24 mmol) and iodine (2.25 g, 8.95 mmol) in CH2Cl2 (30
mL), Hg(OAc)2 (2.85 g, 8.95 mmol) was added and the solution was stirred at r.t. for 24 h. The
mixture was then diluted with CH2Cl2 (30 mL), filtered through Celite, washed with sat. aq.
Na2S2O3 (30 mL), brine (30 mL), water (30 mL), dried (MgSO4) and solvent removed in vacuo
to yield title product 76 (0.832 g, 66%) as a white solid, which was used without further
purification.
Mp = 73-74 °C; Rf = 0.5 (3:1, ethyl acetate, hexanes); 1H NMR (400 MHz; CDCl3) 3.41 (6H, s,
CH3), 3.57-3.60 (4H, m, OCH2), 3.76-3.79 (4H, m, OCH2), 3.88 (4H, t, J = 5.0 Hz, OCH2), 4.11
(4H, t, J = 5.0 Hz, CH2), 7.24 (2H, s, Ar-H);

13C

NMR (100 MHz; CDCl3) 59.1 (OCH3), 69.8

(OCH2), 70.3 (OCH2), 71.1 (OCH2), 71.8 (OCH2), 86.2 (C-2), 123.4 (C-3), 154.4 (C-1).
The NMR data was in agreement with literature values.329
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2,2'-(2,5-Bis(2-(2-methoxyethoxy)ethoxy)-1,4phenylene)dithiophene (DGThP) 43

To a solution of iodinated di-glycol 76 (0.070 g, 0.120 mmol) in nbutanol (4 mL), thiophene
boronate 70 (0.061 g, 0.290 mmol), Pd(OAc)2 (0.003 g, 0.01 mmol), SPhos (0.010 g, 0.002
mmol) and K3PO4 (0.077 g, 0.328 mmol) was added. The mixture was placed under an
atmosphere of N2, degassed by freeze-thaw-cycling, sealed and heated at 110 °C in a pressure
chamber for 24 h. The resulting mixture was diluted with CH2Cl2 (10 mL) and filtered through a
silica plug then purified by flash chromatography (3:1, ethyl acetate, hexanes) to yield title
product 43 (0.055 g, 71%) as a yellow solid.
Mp = 44-46 °C; Rf = 0.6 (3:1, ethyl acetate, hexanes); IR νmax (neat)/cm-1 3069, 2897, 2807,
1486, 1055, 739; 1H NMR (400 MHz; CDCl3) 3.39 (6H, s, OCH3), 3.57-3.59 (4H, m, CH2),
3.72-3.74 (4H, m, CH2), 3.93 (4H, t, J = 5.3 Hz, CH2), 4.26 (4H, t, J = 5.3 Hz, CH2), 7.08 (2H,
dd, J = 6.1, 4.0 Hz, 4`-H), 7.29 (2H, s, 3-H), 7.32 (2H, dd, J = 6.1, 4.9 Hz, 5`-H), 7.55 (2H, dd, J
= 4.9, 4.0 Hz, 3`-H); 13C NMR (100 MHz; CDCl3) 59.1 (CH3), 69.2 (CH2), 69.8 (CH2), 70.7 (CH2),
72.0 (CH2), 113.8 (C-3), 123.4 (C-2`), 125.6 (C-5`), 125.7 (C-3`), 126.9 (C-4`), 139.0 (C-2), 149.4
(C-1); HRMS (EI) found (MK+) 517.1100. C24H30KO6S2 requires 517.1115.
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2-(2-(2-Methoxyethoxy)ethoxy)ethyl 4-methylbenzenesulfonate 78

To a solution containing of 2-(2-(2-methoxyethoxy)ethoxy)ethan-1-ol 77 (2.00 g, 12.0 mmol) and
tosyl chloride (2.29 g, 10.9 mmol) in CH2Cl2 (10 mL) under an atmosphere of N2 at 0 °C, Et3N
(3.06 mL, 21.9 mmol) was added dropwise. The solution was warmed to r.t. and stirred for 18
h. The reaction was then quenched with water (10 mL), extracted with CH2Cl2 (3 x 20 mL) and
the combined extracts were washed with brine (10 mL), dried (MgSO4) and solvent removed in
vacuo. The crude product was purified by flash chromatography (3:1, ethyl acetate, hexanes)
to yield title product 78 (2.63 g, 86%) as a red oil.
Rf = 0.2 (3:1, ethyl acetate, hexanes); 1H NMR (400 MHz; CDCl3) 3.37 (3H, s, OCH3), 3.51-3.70
(10H, m, OCH2), 3.59 (3H, s, Ar-CH3), 4.14-4.19 (2H, m, OCH2), 7.36 (2H, d, J = 8.0 Hz, 3-H),
7.79 (2H, d, J = 8.0 Hz, 2-H);

13C

NMR (100 MHz; CDCl3) 21.6, 59.6, 68.7, 69.2, 70.5, 70.6,

70.8, 71.9, 128.0, 129.8, 133.1, 144.8.
The NMR data was in agreement with literature values.330

1,4-Bis(2-(2-(2-methoxyethoxy)ethoxy)ethoxy)benzene 79.

To a solution of tosylate 78 (2.86 g, 9.00 mmol) and hydroquinone 74 (0.330 g, 3.00 mmol) in
EtOH (30 mL) at 0 °C, tBuOK (1.01 g, 9.00 mmol) was added and the resulting mixture was
heated at 70 °C for 24 h. The reaction was then cooled to r.t. and quenched with water (10 mL)
and extracted with CH2Cl2 (3 x 30 mL). The combined extracts were washed with brine (30 mL),
dried (Na2SO4) and solvent removed in vacuo. The crude product was purified using flash
chromatography (3:1, ethyl acetate, hexanes) to yield the title product 79 (0.591 g, 49%) as a
red oil.
Rf = 0.5 (2:1, ethyl acetate, hexanes); 1H NMR (400 MHz; CDCl3) 3.38 (6H, s, OCH3), 3.56-3.59
(4H, m, OCH2), 3.69-3.73 (8H, m, OCH2), 3.79-3.83 (4H, m, OCH2), 4.02-4.08 (4H, m, OCH2),
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6.82 (4H, s, Ar-H);

13C

NMR (100 MHz; CDCl3) 59.0 (CH3), 66.0 (OCH2), 66.8 (OCH2), 70.6

(OCH2), 71.9 (OCH2), 115.6 (CH), 153.0 (C-1).
The NMR data was in agreement with literature values.7

1,4-Diiodo-2,5-bis(2-(2-(2methoxyethoxy)ethoxy)ethoxy)benzene80

To a solution of tri-glycol benzene 79 (0.71 g, 1.77 mmol) and I2 (1.79 g, 7.09 mmol) in CH2Cl2
(20 mL), Hg(OAc)2 (2.26 g, 7.09 mmol) was added and the resulting solution was stirred at r.t.
for 5 h. The mixture was then diluted with CH2Cl2 (20 mL) filtered through Celite, washed with
sat. aq. Na2S2O3 (20 mL), sat. aq. NaHCO3 (20 mL), water (20 mL), brine (20 mL), dried
(Na2SO4) and solvent removed in vacuo to yield title product 80 (0.782 g, 76%) as an orange
oil, which was used without further purification.
Rf = 0.5 (3:1, ethyl acetate, hexanes); 1H NMR (400 MHz; CDCl3) 3.38 (6H, s, OCH3), 3.54-3.57
(4H, m, CH2), 3.62-3.66 (4H, m, CH2), 3.67-3.71 (4H, m, CH2), 3.77-3.80 (4H, m, CH2), 3.87
(4H, t, J = 4.6 Hz, CH2), 4.10 (4H, t, J = 4.6 Hz, CH2), 7.23 (2H, s, Ar-H);

13 C

NMR (100 MHz;

CDCl3) 59.1, 69.6, 70.3, 70.5, 70.6, 70.8, 71.2, 86.4, 123.6, 153.1.
The NMR data was in agreement with literature values.331

2,2'-(2,5-Bis(2-(2-(2-methoxyethoxy)ethoxy)ethoxy)-1,4phenylene)dithiophene (TGThP) 44
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To a solution of diiodide 80 (0.300 g, 0.416 mmol) in nbutanol (3 mL), thiophene boronate 70
(0.231 g, 1.10 mmol), Pd(OAc)2 (0.010 g, 4.46 µmol), SPhos (0.038 g, 0.093 mmol) and K3PO4
(0.292 g, 1.38 mmol) was added. The mixture was placed under an atmosphere of N2, degassed
by freeze-thaw-cycling, sealed and heated at 110 °C in a pressure tube for 20 h. The resulting
mixture was then cooled to r.t., diluted with CH2Cl2 (10 mL), filtered through a silica plug and
solvent removed in vacuo. The crude product was purified by flash chromatography (3:1, ethyl
acetate, hexanes) to yield title product 44 (0.151 g, 58%) as a brown oil.
Rf = 0.4 (2:1, ethyl acetate, hexanes); IR νmax (neat)/cm-1 3671, 2972, 2882, 1453, 1353, 1102;
1H

NMR (400 MHz; CDCl3) 3.36 (6H, s, OCH3), 3.53 (4H, m, OCH2), 3.64 (4H, m, OCH2), 3.69

(4H, m, OCH2), 3.75 (3H, m, OCH2), 3.93 (OCH2), 4.24 (4H, m, OCH2), 7.09 (2H, dd, J = 5.1,
3.6 Hz, 4`-H), 7.28 (2H, s, 3-H), 7.32 (2H, dd, J = 3.6, 1.2 Hz, 5`-H), 7.55 (2H, dd, J = 5.1, 1.2
Hz, 3`-H); 13C NMR (100 MHz; CDCl3) 59.0 (CH3), 69.2 (OCH2), 69.8 (OCH2), 70.6 (OCH2), 70.7
(OCH2), 70.9 (OCH2), 71.9 (OCH2), 113.67 (C-3), 123.4 (C-2`), 125.6 (C-5`), 125.7 (C-3`), 126.9
(C-4`), 139.0 (C-2), 149.4 (C-1). HRMS (EI) found (MK+) 605.1649. C28H38KO8S2 requires
605.1640.

3-Azidopropan-1-ol 82

To a solution of 3-bromopropan-1-ol 81 (1.00 g, 7.08 mmol) in water (10 mL) at 0 °C, sodium
azide (0.940 g, 14.2 mmol) was added and the mixture stirred at 80 °C for 24 h. The mixture
was then cooled to r.t., extracted with ethyl acetate (3 x 20 mL), the combined extracts were
dried (Na2SO4) and solvent removed in vacuo. The crude product was purified by flash
chromatography (4:1, hexanes, ethyl acetate) to yield title product 82 (0.65 g, 89%) as a
colourless liquid.
Rf = 0.3 (4:1, hexanes, ethyl acetate); 1H NMR (400 MHz; CDCl3) 1.81 (2H, qi, J = 6.5 Hz, 2-H),
3.41 (2H, t, J = 6.5 Hz, 3-H), 3.69 (2H, t, J = 6.5 Hz, 1-H);
48.2, 59.2.
The NMR data was in agreement with literature values.332
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3-Azidopropyl 4-methylbenzenesulfonate 83

To a solution of 3-azidopropan-1-ol 82 (1.38 g, 13.5 mmol) and TsCl (2.84 g, 15.0 mmol) in
CH2Cl2 (30 mL) at 0 °C under an atmosphere of N2, Et3N (3.70 mL, 27.0 mmol) was added. The
solution was warmed to r.t. and stirred for 18 h. The reaction was then quenched with water (30
mL) and extracted with CH2Cl2 (3 x 20 mL). The combined extracts were washed with brine
(30 mL), dried (MgSO4) and solvent removed in vacuo. The crude product was purified with
flash chromatography (9:1, hexanes, ethyl acetate) to yield the title product 83 (3.20 g, 93%) as
a pale yellow oil.
Rf = 0.4 (4:1, hexanes, ethyl acetate); 1H NMR (400 MHz; CDCl3) 1.88 (2H, qi, J = 8.7 Hz, 2H), 2.45 (3H, s, CH3), 3.37 (2H, t, J = 8.7 Hz, 3-H), 4.10 (2H, t, J = 8.7 Hz, 1-H), 7.36 (2H, d, J
= 8.0 Hz, 3`-H), 7.79 (2H, d, J = 8.0 Hz, 2`-H);

13C

NMR (100 MHz; CDCl3) 21.6, 28.4, 47.3,

67.1, 127.9, 129.9, 132.8, 145.1.
The NMR data was in agreement with literature values.332

1,4-Bis(3-azidopropoxy)benzene 84

To a solution of tosylate 83 (5.63 g, 22.0 mmol) and hydroquinone 74 (0.890 g. 8.80 mmol) in
ethanol (50 mL) at 0 °C under atmosphere of N2, tBuOK (2.96 g, 26.4 mmol) was added and the
resulting mixture was heated at 70 °C for 24 h. The mixture was then cooled to r.t., quenched
with water (30 mL) and extracted with CH2Cl2 (3 x 40 mL). The combined extracts were then
washed with brine (30 mL), dried (Na2SO4) and solvent removed in vacuo. The crude product
was purified using flash chromatography (4:1, hexanes, ethyl acetate) to yield title product 84
(1.50 g, 62%) as a colourless oil.
Rf = 0.6 (4:1, hexanes, ethyl acetate); IR νmax (neat)/cm-1 3355, 2963, 2937, 2166, 2092; 1H NMR
(400 MHz; CDCl3) 2.03 (4H, qi, J = 6.6 Hz, 2-H), 3.51 (4H, t, J = 6.6 Hz, 3-H), 4.00 (4H, t, J =
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6.6 Hz, 1-H), 6.83 (4H, s, Ar-H);
HRMS (EI) found

(MNa+)

13C

NMR (100 MHz; CDCl3) 28.9, 48.3, 65.2, 115.5, 153.0.

299.1230. C12H16N6NaO2 requires 299.1227.

1,4-Bis(3-azidopropoxy)-2,5-diiodobenzene 85

To a solution of diazide 84 (1.00 g, 3.61 mmol) in CH2Cl2 (20 mL), Hg(OAc)2 (5.16 g, 16.2 mmol)
and I2 (4.11 g, 16.2 mmol) was added. The resulting solution was stirred for 24 h, and was then
filtered through Celite, washed with sat. aq. Na2S2O3 (20 mL), sat. aq. NaHCO3 (20 mL), water
(20 mL) and brine (20 mL), dried (Na2SO4) and solvent removed in vacuo to yield title product
85 (1.31 g, 70%) as a yellow solid, which was used without further purification.
Mp = 74-76 °C; Rf = 0.7 (4:1, hexanes, ethyl acetate); IR νmax (neat)/cm-1 3355, 2963, 2937,
2166, 2092; 1H NMR (400 MHz; CDCl3) 2.06 (4H, qi, J = 6.5 Hz, 2`-H), 3.60 (4H, t, J = 6.5 Hz,
3`-H), 4.04 (4H, t, J = 6.5 Hz, 1`-H), 7.20 (2H, s, Ar-H);

13C

NMR (100 MHz; CDCl3) 28.7 (C-2`),

48.2 (C-3`), 66.8 (C-1`), 86.3 (C-2), 122.9 (C-3), 132.7 (C-1). HRMS (EI) found (MNa+)
550.9174. C12H14I2N6NaO2 requires 550.9160

2,2'-(2,5-Bis(3-azidopropoxy)-1,4-phenylene)dithiophene (AzThP)
45

To a solution of diiodide 85 (0.670 g, 1.26 mmol) in DMF (20 mL), thiophene boronate 70 (0.640
g, 3.03 mmol), K3PO4 (0.800 g, 3.79 mmol), Pd(PPh3)4 (0.14 g, 0.13 mmol) was added and the
mixture was placed under an atmosphere of N2. The mixture was heated at 70 °C for 48 h,
cooled to r.t., quenched with water (20 mL) and extracted with CH2Cl2 (40 mL). The organic
extract was then washed with brine (20 mL), dried (MgSO4) and solvent removed in vacuo. The
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crude product was purified by flash chromatography (4:1, hexanes, ethyl acetate) to yield title
product 45 (0.37 g, 65%) as a yellow solid.
Mp = 82-84 °C; Rf = 0.4 (4:1, hexanes, ethyl acetate); IR νmax (neat)/cm-1 2963, 2925, 2092,
1431; 1H NMR (400 MHz; CDCl3) 2.15 (4H, qi, J = 6.3 Hz, 2``-H), 3.60 (4H, t, J = 6.3 Hz, 1``-H),
4.18 (4H, t, J = 6.3 Hz, 3``-H), 7.11 (2H, dd, J = 5.0, 3.5 Hz, 4`-H), 7.25 (2H, s, 3-H), 7.36 (2H,
dd, J = 5.0, 1.0 Hz, 5`-H), 7.48 (2H, dd, J = 3.5, 1.0 Hz, 3`-H);

13C

NMR (100 MHz; CDCl3) 29.0

(C-2``), 48.5 (C-3``), 66.6 (C-1``), 113.1 (C-3), 123.4 (C-2), 125.3 (C-5`), 126.0 (C-3`), 126.8 (C4`), 140.1 (C-2`), 149.1 (C-1). HRMS (EI) Found (MNa+) 463.0976. C20H20N6NaO2S2 requires
463.0981.

(3-Bromopropoxy)(tert-butyl)dimethylsilane 86

To a solution of 3-bromoproan-1-ol 81 (1.00 g, 5.35 mmol) in CH2Cl2 (10 mL), TBDMSCl (1.67
g, 10.7 mmol) and imidazole (0.727 g, 10.7 mmol) was added. The resulting solution was stirred
at r.t. for 24 h under at atmosphere of N2, then washed with water (10 mL), brine (10 mL), dried
(Na2SO4) and solvent removed in vacuo. The crude product was purified by flash
chromatography (9:1, hexanes, ethyl acetate) to yield title product 86 (1.16 g, 85%) as a
colourless oil.
1H

NMR (400 MHz; CDCl3) -0.02 (6H, s, CH3Si), 0.83 (9H, s, (CH3)3C), 1.95-1.98 (2H, m, 1-H),

3.44 (2H, t, J = 6.30 Hz, 2-H), 3.67 (2H, t, J = 5.4 Hz, 3-H);
25.7, 25.9, 30.7, 35.6, 60.4.
The NMR data was in agreement with literature values.333

243

13C

NMR (100 MHz; CDCl3) 18.3,

Chapter 8: Experimental Procedures

1,4-Bis(3-((tert-butyldimethylsilyl)oxy)propoxy)benzene 87

To a solution of hydroquinone 74 (0.151 g, 1.38 mmol) and bromide 86 (0.870 g, 3.45 mmol) in
DMF (10 mL) under an atmosphere of N2, K2CO3 (0.476 g, 3.45 mmol) was added and the
resulting solution was heated to 80 °C and stirred for 24 h. The mixture was then cooled to r.t.,
quenched with water (20 mL), extracted with CH2Cl2 (40 mL), washed with water (3 x 40 mL),
brine (40 mL), dried (MgSO4) and solvent removed in vacuo. The crude product was purified by
flash chromatography (9:1, hexanes, ethyl acetate) to afford the title product 87 (0.407 g, 65%)
as a white solid.
1H

NMR (400 MHz; CDCl3) 0.01 (12H, s, CH3Si), 0.84 (18H, s, (CH3)3C), 1.91 (4H, qi, J = 6.3

Hz, 3-H), 3.75 (4H, t, J = 6.3 Hz, 2-H), 3.94 (4H, t, J = 6.3 Hz, 1-H) 6.78 (4H, s, Ar-H).

13C

NMR

(100 MHz; CDCl3) -5.4, 18.3, 25.9, 32.5, 59.6, 65.1, 115.3, 153.1.
The NMR data was in agreement with literature values.333

((((2,5-Diiodo-1,4-phenylene)bis(oxy))bis(propane-3,1diyl))bis(oxy))bis(tert-butyldimethylsilane) 88

To a solution of disilyl ether 87 (1.42 g, 2.63 mmol) in CH2Cl2 (10 mL), a solution of Hg(OAc)2
(3.01 g, 9.44 mmol) and I2 (2.17, 17.1 mmol) in CH2Cl2 (10 mL) was added and the mixture was
stirred for 24 h under an atmosphere of N2. The slurry was filtered through Celite and the filtrate
was washed with sat. aq. Na2S2O4 (15 mL), sat. aq. NaHCO3 (15 mL), water (15 mL), brine (15
mL), dried (MgSO4) and solvent removed in vacuo. The crude product was purified using flash
chromatography (1:1, hexanes, CH2Cl2) to give title product 88 (1.87 g, 90%) as a white solid.
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Mp = 125-127 °C; IR νmax (neat)/cm-1 1218, 1249, 1459, 2853, 2927, 2949; 1H NMR (400 MHz;
CDCl3) 0.05 (12H, s CH3Si), 0.85 (18H, s, (CH3)3Si), 1.89-1.91 (4H, m, 2`-H), 3.85 (4H, t, J =
6.0 Hz, 3`-H), 4.03 (4H, t, J = 6.0 Hz, 1`-H), 7.13 (2H, s, 3-H);

13C

NMR (100 MHz; CDCl3) -5.3

(CH3Si), 18.4 (CH3), 26.0 (C-Si), 32.4 (C-2`), 59.5 (C-3`), 66.7 (C-1`), 81.2 (C-1), 122.6 (C-3),
152.7 (C-2); HRMS (EI) Found (MNa+) 729.0771. C24H44NaI2O4Si2 requires 729.0766.

((((2,5-Di(thiophen-2-yl)-1,4-phenylene)bis(oxy))bis(propane-3,1diyl))bis(oxy))bis(tert-butyldimethylsilane) 89

To a solution of diiodinated benzene 88 (283 mg, 0.400 mmol) in DMF (5 mL), thiophene
boronate 70 (202 mg, 0.960 mmol), Pd(PPh3)4 (88 mg, 0.080 mmol) and K3PO4 (254 mg, 1.20
mmol) was added and stirred at 60 °C for 24 h under an atmosphere of N2. The solution was
then quenched with water, (10 mL), extracted with CH2Cl2 (3 x 10 mL), dried (MgSO4) and
solvent removed in vacuo. The crude product was purified using flash chromatography (19:1,
hexanes, ethyl acetate) to yield title product 89 (240 mg, 97%) as an orange solid.
Mp = 80-83 °C, Rf = 0.8 (9:1, hexanes, ethyl acetate); IR νmax (neat)/cm-1s 3252, 2930, 2875,
1714, 1392, 1213; 1H NMR (500 MHz; CDCl3) 0.05 (12H, s, CH3Si), 0.88 (18H, s, (CH3)3C), 2.08
(4H, qi, J = 6.3 Hz, 2``-H), 3.87 (4H, t, J = 6.3 Hz, 1``-H), 4.18 (4H, t, J = 6.3 Hz, 3``-H), 7.08
(2H, dd, J = 5.5, 3.6 Hz, 4`-H), 7.24 (2H, s, 3-H), 7.31 (2H, dd, J = 5.5, 1.2 Hz, 5`-H), 7.50 (2H,
dd, J = 3.6, 1.2 Hz, 3`-H); 13C NMR (125 MHz; CDCl3) -5.3 (CH3-Si), 24.6 (C-Si), 26.0 ((CH3)3C),
32.6 (C-2``), 60.0 (C-1``), 66.2 (C-3``), 112.7 (C-3), 123.0 (C-2`), 125.1 (C-3`), 125.7 (C-5`),
126.7 (C-4), 137.2 (C-2), 149.1 (C-1). HRMS (EI) Found (MK+) 657.2313. C32H50KO4S2Si2
requires 657.2321.
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3,3'-((2,5-Di(thiophen-2-yl)-1,4-phenylene)bis(oxy))bis(propan-1-ol)
90

To a solution of disilyl ether 89 (47 mg, 0.740 mmol) in THF (10 mL), under at atmosphere of
N2, tBAF (289 mg, 1.11 mmol) was added and the mixture was stirred at r.t. for 24 h. The reaction
was then quenched with sat. aq. NH4Cl (10 mL) and the mixture extracted with ethyl acetate (3
x 20 mL). The combined organic extracts were washed with water (10 mL), brine (10 mL), dried
(MgSO4) and solvent removed in vacuo. The crude product was purified by flash
chromatography (4:1, hexanes, ethyl acetate) to yield the title product 90 (210 mg, 75%) as an
orange solid.
Mp = 82-85 °C; Rf = 0.8 (3:1, hexanes, ethyl acetate); IR νmax (neat)/cm-1 3079, 2962, 2883,
2187, 2095, 1472, 1395, 1214; 1H NMR (400 MHz; CDCl3) 2.12-2.18 (4H, m, 2``-H), 3.59 (4H,
t, J = 6.8 Hz, 3``-H), 4.17 (4H, t, J = 5.7 Hz, 1``-H), 7.10 (2H, dd, J = 4.9, 3.8 Hz, 4`-H), 7.25
(2H, s, 3-H), 7.36 (2H, dd, J = 4.9, 0.9 Hz, 5`-H), 7.48 (2H, dd, J = 3.8, 0.9 Hz, 3`-H);

13C

NMR

(100 MHz; CDCl3) 28.9 (C-2``), 48.4 (C-3``), 66.5 (C-1``), 113.2 (C-3), 123.3 (C-2`), 125.3 (C4`), 126.0 (C-5`), 128.8 (C-3`), 138.8 (C-2), 149.1 (C-1). HRMS (EI) Found (MNa+) 391.1017.
C18H24NaO4S2 requires 391.1008.
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((2,5-Di(thiophen-2-yl)-1,4-phenylene)bis(oxy))bis(propane-3,1-diyl)
bis(2-bromopropanoate) (BIPThP) 46

To a solution of DMAP (0.013 g, 0.130 mmol), Et3N (0.080 g, 0.792 mmol) and dipropanol
thiophene 90 (0.080 g, 0.130 mmol) in CH2Cl2 (30 mL), under an atmosphere of N2, 2bromopropanoyl bromide 91 (0.084 g, 3.96 mmol) was added dropwise at 0 °C and the resulting
mixture stirred at r.t. for 24 h. The reaction was quenched with brine (30 mL), washed with sat.
aq. NaHCO3 (30 mL), water (30 mL), dried (MgSO4) and solvent removed in vacuo. The crude
product was purified with flash chromatography (3:1, hexanes, ethyl acetate) to yield the title
product 46 (0.069 g, 40%) as a yellow solid.
Mp = 124-126 °C, Rf = 0.4 (9:1, hexanes, ethyl acetate); IR νmax (neat)/cm-1 3111, 3063, 2973,
2927, 2883, 1728; 1H NMR (400 MHz; CDCl3) 1.81 (6H, d, J = 7.1 Hz, 7``-H), 2.27 (4H, qi, J =
5.9 Hz, 3``-H), 4.20 (4H, tt, J =7.1, 5.9 Hz, 2``-H), 4.37 (2H, q, J = 7.1 Hz, 6``-H), 4.41-4.49 (4H,
m, 1``-H), 7.10 (2H, dd, J = 5.0, 3.9 Hz, 4`-H), 7.26 (2H, s, 3-H), 7.35 (2H, dd, J =5.0, 1.1 Hz,
5`-H), 7.49 (2H, dd, J = 3.9, 1.1 Hz, 3`-H);

13C

NMR (100 MHz; CDCl3) 21.6 (C-7``), 28.6 (C-

2``), 46.0 (C-6``), 62.9 (C-1``), 65.9 (C-3``), 113.3 (C-3), 123.3 (C-2`), 125.5 (C-4`), 126.0 (C5`), 126.8 (C-3`), 138.8 (C-2), 149.4 (C-1), 170.2 (C-5``). m/z (ESI+): 685 (81,81Br2MNa+, 60%),
683 (79,81Br2MNa+, 100%), 685 (79,79Br2MNa+, 46%). HRMS (ESI+) found (81,81Br2MNa+)
684.9578,

C26H2881,81Br2O6S2

requires

684.9545.

Found

(79,81Br2MNa+)

682.9599,

C26H2979,81Br2O6S2 requires 682.9566. Found (79,79Br2MNa+) 680.9600, C26H2979,79Br2O6S2
requires 680.9586
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2,2'-((2,5-Diiodo-1,4-phenylene)bis(oxy))diethanol 93
.

To a solution of 2,2'-(1,4-phenylenebis(oxy))diethanol 92 (3.00 g, 15.2 mmol) in methanol (20
mL) at 0 °C, a solution of iodine monochloride (9.82 g, 60.6 mmol) in methanol (10 mL) was
added dropwise and the resulting mixture heated at reflux for 6 h. The mixture was then cooled
to r.t., and the solid product solids collected by vacuum filtration, washed with cold methanol (30
mL) to yield title product 93 (5.01 g, 74%) as a white solid, which was used without further
purification.
Mp = 167-170 °C, Rf = 0.3 (1:1, hexanes ethyl acetate); 1H NMR (400 MHz; DMSO-d6) 3.71 (4H,
q, J = 5.4 Hz, 2-H), 4.00 (4H, t, J = 5.4 Hz, 1-H), 4.83 (2H, t, J = 5.4 Hz, OH), 7.39 (2H, s, ArH);

13C

NMR (100 MHz; DMSO-d6) 59.6, 71.9, 87.1, 123.1, 152.7.

The NMR data was in agreement with literature values.334

2,2'-((2,5-Di(thiophen-2-yl)-1,4-phenylene)bis(oxy))diethanol 94

To a solution of diiodide 93 (1.17 g, 2.60 mmol) in DMF (30 mL), thiophene boronate 70 (1.37
g, 6.51 mmol), K3PO4 (1.84 g, 7.81 mmol) and Pd(PPh3)4 (0.290 g, 0.26 mmol) was added and
the mixture was placed under an atmosphere of N2. The mixture was heated at 70 °C for 48 h,
cooled to r.t., quenched with water (30 mL) and extracted with CH2Cl2 (3 x 30 mL). The
combined extracts were washed with brine (30 mL), dried (Na2SO4) and solvent removed in
vacuo. The crude product was purified by flash chromatography (3:1, hexanes, ethyl acetate)
to yield title product 94 (0.670 g, 71%) as a yellow solid.
Mp = 145-150 °C. Rf = 0.5 (2:1, hexanes, ethyl acetate); IR νmax (neat)/cm-1 3209, 3071, 2926,
2856, 1536, 1488, 1402, 1281; 1H NMR (400 MHz; CDCl3) 4.02-4.07 (4H, m, 2``-H), 4.22 (4H,
t, J = 4.5 Hz, 1``-H), 7.12 (2H, dd, J = 5.0, 3.8 Hz, 4`-H), 7.29 (2H, s, 3-H), 7.37 (2H, dd, J = 5.0,
0.9 Hz, 5`-H), 7.49 (2H, dd, J = 3.8, 0.9 Hz, 3`-H); 13C NMR (100 MHz; CDCl3) 61.5 (C-2``), 71.2
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(C-1``), 113.3 (C-3), 123.5 (C-2), 125.3 (C-5`), 126.1 (C-3`), 126.9 (C-4`), 138.6 (C-2`), 149.5(C1). HRMS (EI) Found (MH+) 363.0707. C18H19O4S2 requires 363.0719.

((2,5-Di(thiophen-2-yl)-1,4-phenylene)bis(oxy))bis(ethane-2,1-diyl)
bis(2-bromopropanoate) (BIThP) 47

To a solution of DMAP (0.096 g, 0.79 mmol) and diiol 94 (0.572 g, 1.58 mmol) in CH2Cl2 (40
mL) at 0 °C under an atmosphere of N2, Et3N (0.66 mL, 4.49 mmol) was added dropwise
followed by 2-bromopropanoyl bromide 91 (0.500 g, 2.37 mmol) dropwise. The resulting mixture
was stirred at r.t. for 24 h and then quenched with water (20 mL). The organic layer was
separated and washed with brine (30 mL), sat. aq. NaHCO3 (20 mL), dried (MgSO4) and solvent
removed in vacuo. The crude product was purified by flash chromatography (3:1, hexanes, ethyl
acetate) to yield title product 47 (0.850 g, 85%) as a green oil.
Rf = 0.8 (3:1, hexanes ethyl acetate); IR νmax (neat)/cm-1 3111, 2926, 1738, 1214; 1H NMR (400
MHz; CDCl3) 1.81 (6H, d, J = 7.1 Hz, 6``-H), 4.32 (4H, t, J = 4.8 Hz, 2``-H), 4.39 (2H, q, J = 7.1
Hz, 5``-H), 4.54-4.64 (4H, m, 1``-H), 7.10 (2H, dd, J = 5.3, 4.0 Hz, 4`-H), 7.25 (2H, s, 3-H), 7.34
(2H, dd, J = 5.3, 1.5 Hz, 5`-H), 7.54 (2H, dd, J = 4.0, 1.5 Hz, 3`-H);

13C

NMR (100 MHz; CDCl3)

21.6 (C-6``), 39.8 (C-2``), 64.2 (C-1``), 67.3 (C-5``), 113.8 (C-3`), 123.7 (C-2), 125.8 (C-5`),
126.0 (C-3), 127.1 (C-4`), 138.5 (C-2`), 149.2 (C-1), 170.3 (C-4``). m/z (ESI+): 673 (81,81Br2MK+,
57%), 671 (79,81Br2MK+, 100%), 669 (79,79Br2MK+, 48%); HRMS (ESI+) found (81,81Br2MK+):
672.8997,

C24H2481,81Br2KO6S2

requires

672.8972.

Found

(79,81Br2MK+):

670.9006,

C24H2479,81Br2KO6S2 requires 670.8992. Found (79,79Br2MK+): 668.9006, C24H2479,79Br2KO6S2
requires 668.9013.

Methyl 6-bromohexanoate 97

To a solution of 6-bromohexanoic acid 96 (5.00 g, 25.6 mmol) in methanol (75 mL) at 0 °C,
thionyl chloride (1.86 mL, 25.6 mmol) was added dropwise. The mixture was warmed to r.t. and
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stirred for 24 h. Solvent was removed in vacuo and the residue dissolved in ethyl acetate (20
mL), washed with water (2 x 10 mL), sat. aq. NaHCO3 (10 mL), brine (10 mL) and dried (MgSO4).
The solvent was removed in vacuo to give the title product 97 (5.13 g, 96%) as a yellow oil which
was used without further purification.
1H

NMR (300 MHz; CDCl3) 1.42-1.52 (2H, m, CH2), 1.56-1.66 (2H, m, CH2), 1.85-1.90 (2H, m,

CH2), 2.33 (2H, t, J = 3.0 Hz, CH2), 3.41 (2H, t, J = 6.0 Hz, CH2), 3.67 (3H, s, CH3).
The NMR values are in agreement with literature values.335

Dimethyl 6,6'-(1,4-phenylenebis(oxy))dihexanoate 98

Potassium hydroxide (1.00 g, 17.8 mmol) was added to a solution of 1,4-hydroquinone 74 (0.650
g, 5.90 mmol), methyl 6-bromohexanoate 97 (3.23 g, 15.3 mmol) in DMSO (10 mL). The mixture
was stirred at r.t. for 24 h and then quenched with water (50 mL), extracted with CH2Cl2 (30 mL),
dried (MgSO4) and solvent removed in vacuo. The crude product was recrystallized from
hexanes to give the title product 98 (3.76 g, 90%) as an off-white solid.
1H

NMR (300 MHz; CDCl3) 1.80-1.49 (12H, m, CH2), 2.39 (4H, t, J = 6.0 Hz, CH2CO2Me), 3.67

(6H, s, OCH3), 3.90 (4H, t, J = 6.0 Hz, OCH2), 6.80 (4H, s, Ar-H).
The 1H NMR were in agreement with literature.336

Dimethyl 6,6'-((2,5-diiodo-1,4-phenylene)bis(oxy))dihexanoate 99

A solution of iodine monochloride (3.20 g, 19.7 mmol) in methanol (10 mL) was added dropwise
to a solution of diester 98 (2.00 g, 5.46 mmol) in methanol (20 mL) at 0 °C. The mixture was
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then heated at reflux for 4 h and left to cool to room temperature. The precipitate was collected,
washed with cold methanol to yield title product 99 (3.24 g, 96%) as pale yellow crystals.
1H

NMR (300 MHz; CDCl3) 1.59-1.80 (12H, m, CH2), 2.39 (4H, t, J = 6.0 Hz, CH2CO2Me), 3.71

(6H, s, OCH3), 3.99 (4H, t, J = 6.0 Hz, OCH2), 7.20 (2H, s, Ar-H).
The NMR data was in agreement with literature values.337

Dimethyl 6,6'-((2,5-di(thiophen-2-yl)-1,4-phenylene)bis(oxy))
dihexanoate 100

A stirred solution of diiodinated benzene 99 (1.00 g, 1.68 mmol), thiophene boronate 70 (0.747
g, 3.05 mmol), K3PO4 (1.18 g, 5.04 mmol), and Pd(PPh3)4 (0.185 g, 0.168 mmol) in DMF under
an atmosphere of N2 was heated at 70 °C for 24 h. The mixture was then cooled, quenched with
water (20 mL) and extracted with CH2Cl2 (2 x 20 mL). The combined organic extracts were
washed with brine (20 mL), dried (MgSO4) and solvent removed in vacuo. The crude product
was purified using flash chromatography (4:1, hexanes, ethyl acetate) to yield title product 100
(0.419 g, 47%) as a yellow solid.
Rf = 0.5 (3:1, hexanes, ethyl acetate); IR νmax (neat)/cm-1 2947, 2862, 1728, 1393, 1216; 1H
NMR (400 MHz; CDCl3) 1.55-1.65 (4H, m, CH2), 1.69-1.77 (4H, m, CH2), 1.88-1.95 (4H, m,
CH2), 2.36 (4H, t, J = 7.4 Hz, CH2), 3.67 (6H, s, CH3), 4.08 (4H, t, J = 6.1 Hz, CH2), 7.09 (2H,
dd, J = 5.5, 3.7 Hz, 4`-H), 7.24 (2H, s, 3-H), 7.43 (2H, dd, J = 5.5, 1.1 Hz, 3`-H), 7.51 (2H, dd, J
= 3.7, 1.1 Hz, 5`-H); 13C NMR (100 MHz; CDCl3) 24.7 (CH2), 25.9 (CH2), 29.1 (CH2), 34.0 (CH2),
51.5 (CH3), 69.4 (OCH2), 112.9 (C-2`), 113.9 (C-3), 123.1 (C-3`), 125.2 (C-5`), 125.8 (C-4`),
139.2 (C-2`), 149.2 (C-1), 174.1 (C=O); HRMS (EI) found (M+) 531.1863. C28H35O6S2 requires
531.1870.
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6,6'-((2,5-Di(thiophen-2-yl)-1,4-phenylene)bis(oxy))dihexanoic acid
(HAThP) 48

To a stirred solution of diester 100 (0.419 g, 0.79 mmol) in THF (30 mL) and methanol (30 mL),
4M aq. NaOH (20 mL) was added and the resulting solution was stirred at room temperature for
2 h. The solvent was removed in vacuo and the crude product was redissolved in water (20 mL).
The mixture was acidified with 2M HCl until a precipitate was formed and the precipitate was
collected via vacuum filtration to yield title product 48 (0.225 g, 57%) as a yellow solid, which
was used without further purification.
IR νmax (neat)/cm-1 2943, 2861, 2623, 1706, 1493, 1217; 1H NMR (400 MHz; DMSO-d6) 1.531.56 (4H, m, 3``-CH2), 1.57-1.64 (4H, m, 4``-CH2), 1.83-1.87 (4H, m, 2``-CH2), 2.26 (4H, t, J =
6.9 Hz, 5``-CH2), 4.16 (4H, t, J = 6.3 Hz, 1``-H), 7.14 (2H, dd, J = 4.9, 3.9 Hz, 4`-H), 7.43 (2H,
s, 3-H), 7.57 (2H, dd, J = 4.9, 0.9 Hz, 5`-H), 7.71 (2H, dd, J = 3.9, 0.9 Hz, 3`-H), 12.00 (2H, s,
COOH).

13C

NMR (100 MHz; DMSO-d6) 24.3 (C-4``), 25.3 (C-3``), 28.6 (C-2``), 35.0 (C-5``),

69.0 (C-1``), 112.0 (C-3), 112.1 (C-2), 125.5 (C-3`), 126.7 (C-5`), 126.8 (C-4`), 138.0 (C-2`),
148.9 (C-1), 174.4 (COOH). HRMS (EI) found (M+) 525.1370. C26H30NaO6S2 requires 525.1376.

2,5-Diiodobenzene-1,4-diol 100

To a solution of 2,5-diiododimethoxybenzene 55 (1.50g, 3.85 mmol) in CH2Cl2 (20 mL), BBr3
(1.09 mL, 11.5 mmol) was added dropwise at -78 °C. The resulting solution was warmed r.t. and
stirred for 15 h. The reaction was then quenched with brine (20 mL), extracted with CH2Cl2 (3 x
10 mL), dried (Na2SO4) and solvent removed in vacuo. The crude product was the purified with
flash chromatography (9:1, methanol, CH2Cl2) to yield title product 100 (0.418 g, 30%) as a
brown solid.
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1H

NMR (400 MHz; CDCl3) 7.29 (2H, s, Ar-H), 8.70 (2H, s, OH).

The NMR data was in agreement with literature values.172

2,5-Di(thiophen-2-yl)benzene-1,4-diol 63

A stirred solution of diiodinated hydroquinone 100 (0.100 g, 0.277 mmol), thiophene boronate
70 (0.145 g, 0.693 mmol), Na2CO3 (0.088 g, 0.831 mmol), and Pd(PPh3)4 (0.030 g, 0.028 mmol)
in DME:H2O (1:1) (10 mL) under an atmosphere of nitrogen was heated at 70 °C for 24 h. The
mixture was then cooled, quenched with water (20 mL) and extracted with CH2Cl2 (2 x 20 mL).
The combined organic extracts were washed with brine (20 mL), dried (MgSO4) and the solvent
was removed in vacuo. The crude product was purified using flash chromatography (4:1,
hexanes. ethyl acetate) to yield title product 100 (0.025 g, 33%) as a yellow solid.
1H

NMR (400 MHz; CDCl3) 4.69 (2H, s, OH), 7.06 (2H, dd, J = 5.0, 3.8 Hz, 4`-H), 7.09 (2H, s,

3-H), 7.29 (2H, dd, J = 5.0, 1.0 Hz, 5`-H), 7.56 (2H, d, J = 3.5, 1.0 Hz, 3`-H); 13C NMR (100 MHz;
CDCl3) 116.1, 122.1 125.4, 125.8, 127.6, 140.4, 147.2.

The NMR data was in agreement with literature values.
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8.3: Synthesis of Pyrrole Monomers
Di-tert-butyl 2,2'-(2,5-dimethoxy-1,4-phenylene)bis(1H-pyrrole-1carboxylate) 126

A solution of diiodide 55 (3.34 g, 7.43 mmol), pyrrole boronate 127 (3.45 g, 16.4 mmol), K3PO4
(5.24 g, 22.3 mmol) and Pd(PPh3)4 (0.410 g, 0.372 mmol) in DMF (30 mL) under N2 was stirred
at 70 °C for 24 h. The mixture was then cooled to r.t., quenched with water (20 mL) and extracted
with CH2Cl2 (3 x 10 mL), washed with brine (20 mL), dried (MgSO4) and solvent removed in
vacuo. The crude product was purified using flash chromatography (3:1, hexanes, ethyl acetate)
to yield title product 126 (2.33 g, 60%) as a red solid.
Mp = 134-136 °C; Rf = 0.2 (2:1, ethyl acetate, hexanes); IR νmax (neat)/cm-1 3442, 3311, 2978,
1732, 1325; 1H NMR (400 MHz; CDCl3) 1.34 (18H, s, (CH3)3C), 3.71 (6H, OCH3), 6.17 (2H, dd,
J = 3.1, 1.7 Hz, 3`-H), 6.24 (2H, dd, J = 3.1, 3.1 Hz, 4`-H), 6.81 (2H, s, 3-H), 7.35 (2H, dd, J =
3.1, 1.7 Hz, 5`-H);

13C

NMR (100 MHz; CDCl3) 27.6 ((CH3)3C), 56.0 (OCH3), 83.1 (C(CH3)3),

110.3 (C-3`), 112.9 (C-4`), 114.0 (C-3), 122.0 (C-5`), 123.7 (C-2), 131.1 (C-1`), 149.3 (C=O),
150.1 (C-1).
The NMR values are in agreement with literature value.183
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2,2'-(2,5-Dimethoxy-1,4-phenylene)bis(1H-pyrrole) (MePyP) 27
O

NH
2

1
3`

3
4`

O

HN
5`

Sodium (0.635 g, 4.30 mmol) was dissolved in methanol (5 mL) and the resulting solution was
added to a solution of protected pyrrole 126 (0.101 g, 0.216 mmol) in THF (5 mL), The mixture
was stirred at room temperature for 24 h, quenched with water (10 mL) and extracted with ethyl
acetate (3 x 5 mL). The combined extracts were dried and solvent removed in vacuo. The crude
product was purified using flash chromatography (3:1, hexanes, ethyl acetate) to yield title
product 27 (0.456 g, 81%) as a white solid.
1H

NMR (400 MHz; DMSO-d6) 3.89 (6H, s CH3), 6.10-6.12 (2H, m, 4`-H), 6.62-6.64 (2H, m, 3`-

H), 6.82-6.84 (2H, m, 5`-H), 7.25 (2H, s, 3-H), 11.0 (2H, s, N-H);

13C

NMR (100 MHz; DMSO-

d6) 56.0 (CH3), 108.2 (C-3`), 108.3 (C-4`), 109.7 (C-3), 118.5 (C-5`), 119.1 (C-2), 127.9 (C-2`),
149.1 (C-1).
The NMR data are in agreement with literature value.183
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Di-tert-butyl 2,2'-(2,5-bis(2-(2-methoxyethoxy)ethoxy)-1,4phenylene)bis(1H-pyrrole-1-carboxylate) 133

A solution of diiodide 76 (0.300 g, 0.416 mmol) in nbutanol (5 mL), boronate 132 (0.232 g,
1.10 mmol), Pd(OAc)2 (0.005 g, 0.09 mmol), SPhos (0.038 g, 0.090 mmol) and K3PO4 (0.292 g,
1.38 mmol) was placed under an atmosphere of N2, degassed by freeze-thaw-cycling, sealed
and heated at 110 °C in a pressure tube for 16 h. The mixture was then cooled to r.t., diluted
with CH2Cl2 (10 mL), filtered through a silica plug, and solvent removed in vacuo. The crude
product was then purified by flash chromatography (3:1, ethyl acetate, hexanes) to yield title
product 133 (134 mg, 50%) as a green solid.
Mp = 73-75 °C; Rf = 0.7 (1:1, hexanes, ethyl acetate); IR νmax (neat)/cm-1 3380, 2873, 1484,
1448, 1348, 1200, 1100; 1H NMR 400 MHz; CDCl3) 1.36 (18H, s, (CH3)C), 3.33 (6H, s. OCH3),
3.42-3.44 (4H, m, OCH2), 3.48-3.51 (4H, m, OCH2), 3.68 (4H, t, J = 5.0 Hz, OCH2), 3.98 (4H, t,
J = 5.0 Hz, OCH2), 6.11 (2H, dd, J = 2.9, 2.0 Hz, 5`-H), 6.21 (2H, dd, J = 3.5, 2.9 Hz, 4`-H), 6.83
(2H, s, 3-H), 7.33 (2H, dd, J = 3.5, 2.0 Hz, 3`-H), (13C NMR 100 MHz, CDCl3) 27.6 ((CH3)3C),
59.0 (OCH3), 69.4 (OCH2), 69.7 (OCH2), 70.8 (OCH2), 72.0 (OCH2), 83.1 (C(CH3)3), 110.2 (C4`), 114.1 (C-5`), 114.8 (C-3), 121.9 (C-3`), 124.8 (C-2), 130.8 (C-2`), 149.4 (C=O), 150.5 (C1). HRMS (EI) Found (MK+) 683.2941. C34H48KN2O10 requires 683.2941
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2,2'-(2,5-Bis(2-(2-methoxyethoxy)ethoxy)-1,4-phenylene)bis(1Hpyrrole) (DGPyP) 128

A solution of protected pyrrole 133 (0.276 g 0.432) in THF (5 mL) was added to a solution of
sodium (0.100 g, 4.32 mmol) in methanol (5 mL). The mixture was stirred at r.t. for 24 h,
quenched with water (20 mL) and extracted with ethyl acetate (3 x 15 mL). The combined
extracts were dried (MgSO4) and solvent removed in vacuo. The crude product was purified with
flash chromatography (2:1, ethyl acetate, hexanes) to yield title product 128 (0.096 g, 50%) as
a red oil.
Rf = 0.6 (3:1, ethyl acetate, hexanes); IR νmax (neat)/cm-1 2957, 2923, 2858, 1696, 1575, 1461,
1320, 1142; 1H NMR (400 MHz; CDCl3) 3.40 (6H, s, OCH3), 3.63-3.64 (4H, m, OCH2), 3.74-3.76
(4H, m, OCH2), 3.91-3.93 (4H, m, OCH2), 4.26-4.28 (4H, m, OCH2), 6.24-6.28 (2H, m, 3`-H),
6.53-6.56 (2H, m, 4`-H), 6.85-6.89 (2H, m, 5`-H), 7.21 (2H, s, 3-H), 10.50 (2H, s, NH);

13C

NMR

(100 MHz; CDCl3) 59.1 (OCH3), 68.6 (OCH2), 69.6 (OCH2), 70.4 (OCH2), 71.9 (OCH2), 105.8
(C-4`), 108.4 (C-3`), 112.5 (C-3), 118.6 (C-5`), 120.5 (C-1), 129.4 (C-2`), 149.0 (C-2); HRMS
(EI) found (M) 444.2243. C24H32N2O6 requires 444.2255.
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Di-tert-butyl 2,2'-(2,5-bis(2-(2-(2-methoxyethoxy)ethoxy)ethoxy)1,4-phenylene)bis(1H-pyrrole-1-carboxylate) 134

A solution of diiodide 79 (0.300 g, 0.416 mmol) in nbutanol (5 mL), pyrrole boronic acid 127
(0.232 g, 1.10 mmol), Pd(OAc)2 (0.005 g, 0.09 mmol), SPhos (0.038 g, 0.090 mmol) and K3PO4
(0.292 g, 1.38 mmol) was placed under an atmosphere of N2, degassed by freeze-thaw-cycling,
sealed and heated at 110 °C in a pressure tube for 16 h. The resulting mixture was diluted with
CH2Cl2 (10 mL) and filtered through a silica plug then purified by flash chromatography (3:1,
ethyl acetate, hexanes) to yield title product 134 (0.213 g, 70%) as a green oil.

Rf = 0.4 (4:1, ethyl acetate, hexanes); IR νmax (neat)/cm-1 2876m 1488, 1430, 1350, 1200, 1100,
1070; 1H NMR (400 MHz; CDCl3) 1.37 (18H, s, (CH3)3C), 3.36 (6H, s, CH3), 3.54-3.72 (8H, m,
CH2), 3.88-3.92 (4H, m, CH2), 3.95-3.98 (4H, m CH2), 3.99-4.03 (4H, m, CH2), 4.19 (4H, m,
CH2), 6.25-6.28 (2H, m, 3`-H), 6.57-6.59 (2H, m, 4`-H), 6.88-6.89 (2H, m, 5`-H), 7.15 (2H, s, 3H);

13C

NMR (100 MHz; CDCl3) 27.8 ((CH3)3C), 59.0 (CH3), 69.2 (CH2), 69.8 (CH2), 70.6 (CH2),

70.7 (CH2), 70.9 (CH2), 71.9 (CH2), 78.0 (C(CH3)3), 113.7 (C-3), 123.4 (C-3`), 125.6 (C-4`), 126.4
(C-2`) 126.9 (C-5`) 139.0 (C-2), 149.4 (C=O), 150.4 (C-1). HRMS (EI) found (MH+) 733.3917.
C38H56N2O12 requires 733.3912.
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2,2'-(2,5-Bis(2-(2-(2-methoxyethoxy)ethoxy)ethoxy)-1,4phenylene)bis(1H-pyrrole) (TGPyP) 129

A solution of protected pyrrole 134 in THF (5 mL) was added to a solution of sodium (0.191 g,
8.32 mmol) in methanol (5 mL). The mixture was stirred at r.t. for 24 h, quenched with water
(20 mL) and extracted with ethyl acetate (3 x 15 mL). The combined extracts were dried
(MgSO4) and solvent removed in vacuo. The crude product was purified with flash
chromatography (2:1, ethyl acetate, hexanes) to yield title product 129 (0.089 g, 40%) as a red
oil.
Rf = 0.4 (2:1, ethyl acetate hexanes); IR νmax (neat)/cm-1 3380, 2873, 1448, 1200, 1100; 1H NMR
(400 MHz; CDCl3) 3.36 (6H, s, CH3), 3.52-3.54 (4H, m, OCH2), 3.64-3.66 (4H, m, OCH2), 3.723.74 (4H, m, OCH2), 3.76-7.79 (4H, m, OCH2), 3.91-3.93 (4H, m, OCH2), 4.25-4.27 (4H, m,
OCH2), 6.23-6.26 (2H, m, 3`-H), 6.53-6.55 (2H, m, 4`-H), 6.87-6.90 (2H, m, 5`-H), 7.21 (2H, s,
3-H), 10.47 (2H, s, NH);

13C

NMR (100 MHz; CDCl3) 59.2 (OCH3), 68.7 (OCH2), 69.6 (OCH2),

70.5 (OCH2), 70.6 (OCH2), 70.7 (OCH2), 71.9 (OCH2), 105.8 (C-4`), 108.4 (C-3`), 112.6 (C-3),
118.6 (C-4`), 120.5 (C-2`), 129.4 (C-2), 149.0 (C-1). HRMS (EI) found (MNa+) 555.2663.
C28H40N2NaO8 requires 555.2677.
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Di-tert-butyl 2,2'-(2,5-bis(2-hydroxyethoxy)-1,4-phenylene)bis(1Hpyrrole-1-carboxylate) 136

To a solution of diiodide 93 (3.34 g, 7.43 mmol), pyrrole boronic acid 127 (3.45 g, 16.4 mmol)
and Pd(PPh3)4 (0.410 g, 0.372 mmol) in DME (30 mL) under N2, 2M Na2CO3 (15 mL, 29.7 mmol)
was added and the resulting solution was heated at reflux for 24 h. The mixture was then cooled
to r.t., solvent removed in vacuo, crude product dissolved in CH2Cl2 (40 mL), washed with water
(20 mL), brine (20 mL) and dried (Na2SO4). The crude product was purified using flash
chromatography (1:1, hexanes, ethyl acetate) to yield title product 136 (1.55 g, 40%) as a red
solid.
Mp = 134-136 °C; Rf = 0.2 (2:1, hexanes, ethyl acetate); IR νmax (neat)/cm-1 3442, 3311, 2978,
1732, 1325; 1H NMR (400 MHz; CDCl3) 1.39 (18H, s, (CH3)3C), 3.70-3.76 (4H, m, 2``-H), 3.96
(4H, t, J = 4.4 Hz, 1``-H), 6.18 (2H, dd, J = 3.1, 1.6 Hz, 4`-H), 6.28 (2H, t, J = 3.1 Hz, 3`-H, 6.87
(2H, s, 3-H), 7.34 (2H, dd, J = 3.1, 1.6 Hz, 5`-H);

13C

NMR (100 MHz; CDCl3) 27.8 (CH3), 61.4

(C-2``), 71.2 (C-1``), 84.0 (C(CH3)3), 110.4 (C-3`), 114.4 (C-4`), 115.4 (C-3), 122.1 (C-5`), 124.9
(C-2), 130.7 (C-2`), 149.7 (C=O), 150.5 (C-1). HRMS (EI) found (MK+) 595.2421. C30H40KN2O8
requires 595.2416.
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2,2'-((2,5-Di(1H-pyrrol-2-yl)-1,4-phenylene)bis(oxy))diethanol 139

A solution of sodium (0.209 g, 9.08 mmol) in methanol (10 mL) was added to a solution of
protected pyrrole 136 (0.240 g, 0.455 mmol) in THF (10 mL). The mixture was stirred at room
temperature for 24 h. The mixture was then acidified to pH 5 using 2M aq. HCl, solvent removed
in vacuo. The crude residue was redissolved in CH2Cl2 (15 mL) and washed with water (15 mL),
brine (15 mL), dried (Na2SO4) and solvent removed in vacuo. The crude product was purified
using flash chromatography (2:1, ethyl acetate, hexanes) to yield title product 139 (0.112 g,
75%) as a yellow solid.
Mp = 190-191 °C; Rf = 0.6 (2:1, ethyl acetate, hexanes); IR νmax (neat)/cm-1 3401, 2920, 1496,
1205, 1038; 1H NMR (400 MHz; DMSO-d6) 3.38 (4H, dq, J = 5.5, 4.9 Hz, 2``-H), 4.14 (4H, t, J =
4.9 Hz, 1``-H), 5.50 (2H, t, J = 5.5 Hz, OH), 6.11-6.14 (2H, m, 4`-H), 6.70-6.73 (2H, m, 3`-H),
6.83-6.85 (2H, m, 5`-H), 7.30 (2H, s, 3-H), 11.00 (2H, s, NH);

13C

NMR (100 MHz; DMSO-d6)

60.2 (C-2``), 71.5 (C-1``), 108.5 (C-4`), 108.9 (C-3`), 112.0 (C-3), 118.9 (C-5`), 120.1 (C-2`),
128.6 (C-2), 149.1 (C-1). HRMS (EI) found (MH+) 351.1309. C18H20N2NaO4 requires 351.1315.
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Di-tert-butyl 2,2'-(2,5-bis(2-(tosyloxy)ethoxy)-1,4-phenylene)bis(1Hpyrrole-1-carboxylate) 137

To a solution of diiol 136 (0.060 g, 0.114 mmol) and tosyl chloride (0.047 g, 0.250 mmol) in
CH2Cl2 (10 mL) at 0 °C, Et3N (0.035 mL, 0.250 mmol) was added and the resulting solution was
stirred at r.t. for 24 h. The reaction was quenched with water (10 mL) and extracted with CH2Cl2
(10 mL). The extract was washed with brine (10 mL), dried (NasSO4) and solvent removed in
vacuo. The crude product was purified using flash chromatography (4:1, hexanes, ethyl acetate)
to yield title product 137 (0.036 g, 38%) as a white solid.
Mp = 150-152 °C; Rf = 0.3 (4:1, hexanes, ethyl acetate); IR νmax (neat)/cm-1 2980, 2934, 1740,
1331; 1H NMR (500 MHz; CDCl3) 1.36 (18H, s (CH3)3C), 2.46 (6H, s, 8``-CH3), 3.97 (4H, t, J =
5.2 Hz, 2``-H), 4.11 (4H, t, J = 5.2 Hz, 1``-H), 6.10 (2H, dd, J = 3.1, 1.9 Hz, 4`-H), 6.21 (2H, t, J
= 3.1 Hz, 3`-H), 6.74 (2H, s, 3-H), 7.29 (4H, d, J = 7.9 Hz, 6``-H), 7.32 (2H, dd, J = 3.1, 1.9 Hz,
5`-H), 7.70 (2H, d, J = 7.9 Hz, 7``-H);

13C

NMR (125 MHz; CDCl3) 21.7 (C-9``), 27.8 ((CH3)3),

67.2 (C-2``) 68.1 (C-1``), 83.5 (C(CH3)3), 110.4 (C-3`), 114.5 (C-4`), 116.2 (C-3), 122.3 (C-5`),
125.1 (C-9``), 128.2 (C-6``), 130.1 (C-7``), 130.3 (C-2`), 132.7 (C-2), 144.9 (C-5``), 149.3 (C=O),
150.4 (C-1). HRMS (EI) found (MNa+) 859.2574. C42H48N2NaO12S2 requires 859.2541.
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Di-tert-butyl 2,2'-(2,5-bis(2-azidoethoxy)-1,4-phenylene)bis(1Hpyrrole-1-carboxylate) 138

To a solution of ditosylate 137 (0.022 g, 0.026 mmol) in DMF (3 mL), NaN3 (6.80 mg, 0.105
mmol) was added and the resulting solution was stirred at 50 °C for 10 h. The solution was then
cooled to r.t., quenched with water (5 mL) and extracted with CH2Cl2 (15 mL). The extract was
washed with brine (5 mL), dried (NasSO4) and solvent removed in vacuo. The crude product
was purified using flash chromatography (4:1, hexanes, ethyl acetate) to yield title product 138
(0.015 mg, quant.) as a light green solid.
Mp = 129-131 °C; Rf = 0.7 (4:1, hexanes, ethyl acetate); IR νmax (neat)/cm-1s 2986, 2929, 2106,
1574, 1329, 1144; 1H NMR (500 MHz; DMSO-d6) 1.34 (18H, s, CH3), 3.43 (4H, t, J = 4.9 Hz,
2``-H), 3.99 (4H, t, J = 4.9 Hz, 1``-H), 6.18 (2H, dd, J = 3.0, 1.8 Hz, 4`-H), 6.24 (2H, t, J = 3.0
Hz, 3`-H), 6.90 (2H, dd, J = 3.0, 1.8 Hz, 5`-H), 7.30 (2H, s, 3-H);

13C

NMR (125 MHz; DMSO-

d6) 32.4 (CH3), 55.2 (C-2``), 73.0 (C-1``), 88.2 (C(CH3)3), 115.5 (C-3`), 119.3 (C-4`), 120.1 (C3), 127.2 (C-5`), 129.2 (C-2), 135.3 (C-1`), 153.9 (C=O), 155.0 (C-1). HRMS (EI) found (MH+)
579.2670. C28H35N8O6 requires 579.2674.
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2,2'-(2,5-Bis(2-azidoethoxy)-1,4-phenylene)bis(1H-pyrrole) (AzPyP)
130

Sodium (44.0 mg, 1.52 mmol) was dissolved in methanol (5 mL), the resulting solution was
added to a solution of protected pyrrole 138 (44.0 mg, 26 µmol) in THF (5 mL). The mixture was
stirred at room temperature for 24 h. The reaction was quenched with water (5 mL), extracted
with ethyl acetate (3 x 5 mL), dried (MgSO4) and solvent removed in vacuo. The crude product
was purified using flash chromatography (9:1, ethyl acetate, hexanes) to yield title product 130
(0.028 g, quant.) as a green oil.
Mp = 130-135 °C; Rf = 0.6 (4:1, hexanes, ethyl acetate); IR νmax (neat)/cm-1 3418, 2930, 2100,
1733, 1489; 1H NMR (400 MHz; CDCl3) 3.78 (4H, t, J = 4.9 Hz, 2``-H), 4.23 (4H, t, J = 5.0 Hz,
1``-H), 6.27-6.31 (2H, m, 4`-H), 6.58-6.61 (2H, m, 3`-H), 6.90-6.92 (2H, 5`-H), 7.19 (2H, s, 3-H),
9.90 (2H, s, NH);

13C

NMR (100 MHz; CDCl3) 50.8 (C-2``), 67.7 (C-1``), 106.3 (C-3), 112.2 (C-

3`), 118.7 (C-5`), 120.2 (C-2`), 129.0 (C-2`), 148.7 (C-1). (HRMS (EI) found (MNa+) 401.1458.
C18H18N8NaO2 requires 401.1445.
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2,2'-((2,5-di(1H-pyrrol-2-yl)-1,4-phenylene)bis(oxy))bis(ethan-1-ol)
139

A solution of sodium (0.209 g, 9.08 mmol) in methanol (10 mL) and the resulting solution was
added to a solution of protected pyrrole 136 (0.240 g, 0.455 mmol) in THF (10 mL) and the
mixture stirred at r.t. for 24 h. The mixture was then acidified to pH 5 using 2M aq. HCl and the
solvent was removed in vacuo. The crude mixture was re-dissolved in CH2Cl2 (15 mL) and
washed with water (15 mL), brine (15 mL), dried (Na2SO4) and the solvent was removed in
vacuo. The crude product was purified using flash chromatography (2:1, ethyl acetate, hexanes)
to yield title product 139 (0.112 g, 75%) as a yellow solid.
Mp = 190-191 °C; Rf = 0.6 (2:1 ethyl acetate, hexanes); IR νmax (neat)/cm-1 3401, 2920, 1496,
1205, 1038; 1H NMR (400 MHz; DMSO-d6) 3.38 (4H, dq, J = 5.5, 4.9 Hz, 2``-H), 4.14 (4H, t, J =
4.9 Hz, 1``-H), 5.50 (2H, t, J = 5.5 Hz, OH), 6.11-6.14 (2H, m, 4`-H), 6.70-6.73 (2H, m, 3`-H),
6.83-6.85 (2H, m, 5`-H), 7.30 (2H, s, 3-H), 11.00 (2H, s, NH);

13C

NMR (100 MHz; DMSO-d6)

60.2 (C-2``), 71.5 (C-1``), 108.5 (C-4`), 108.9 (C-3`), 112.0 (C-3), 118.9 (C-5`), 120.1 (C-2),
128.6 (C-2`), 149.1 (C-1). HRMS (EI) found (MH+) 351.1309. C18H20N2NaO4 requires 351.1315.

265

Chapter 8: Experimental Procedures

((2,5-di(1H-pyrrol-2-yl)-1,4-phenylene)bis(oxy))bis(ethane-2,1-diyl)
bis(2-bromopropanoate) (BIPyP) 131

To a solution of diol 139 (40.0 mg, 0.122 mmol) and DMAP (1.5 mg, 0.0122 mmol) in CH2Cl2
(20 mL), under atmosphere of N2, Et3N (78.0 µL, 0.732 mmol) was added dropwise at 0 °C and
the solution was bubbled with N2 for 15 min. 2-Bromopropanoyl bromide 91 (30 µL, 0.256 mmol)
was added dropwise and the resulting solution was stirred at r.t. for 24 h. The solution was then
quenched with water (20 mL), washed with brine (20 mL), dried (MgSO4) and solvent removed
in vacuo. The crude product was purified using flash chromatography (3:1, hexanes, ethyl
acetate) to yield title product 131 (60 mg, 87%) as a green solid.
Mp = 120-125 °C; Rf = 0.5 (3:1, hexanes, ethyl acetate); IR νmax (neat)/cm-1 3440, 2927, 1734,
1492, 1445, 1204; 1H NMR (400 MHz; CDCl3) 1.81 (6H, d, J = 7.0 Hz, 6``-H), 4.28-4.34 (4H, m,
1`-H), 4.41 (2H, q, J = 7.0 Hz, 5``-H), 4.60-4.71 (4H, m, 2``-H), 6.24-6.30 (2H, m, 4`-H), 6.596.68 (2H, m, 3`-H), 6.90-6.94 (2H, m, 5`-H), 7.18 (2H, s, 3-H), 10.0 (2H, s, NH);

13C

NMR (100

MHz; CDCl3) 20.5 (C-6``), 38.5 (C-5``), 63.0 (C-2``), 66.1 (C-1``), 105.1 (C-3`), 107.8 (C-4`),
110.1 (C-3), 117.8 (C-5`), 118.7 (C-2`), 128.0 (C-2), 147.4 (C-1), 169.5 (C=O). m/z (ESI+): 623
(81,81Br2MNa+, 57%), 621 (79,81Br2MNa+, 100%), 619 (79,79Br2MNa+, 51%); HRMS (ESI+) found
(81,81Br2MNa+): 623.0018, C24H2681,81BrN2KO6 requires 623.0009. Found (79,81Br2MNa+):
621.0027,

C24H2679,81BrN2NaO6

requires

621.0009.

C24H2679,79BrN2NaO6 requires 619.0050.
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Di-tert-butyl 2,2'-(2,5-bis((6-methoxy-6-oxohexyl)oxy)-1,4phenylene)bis(1H-pyrrole-1-carboxylate) 140

To a solution of diiodide 99 (0.492 g, 0.797 mmol), pyrrole boronate 132 (0.370 g, 1.71 mmol),
Pd(PPh3)4 (0.088 g, 0.080 mmol) and K3PO4 (0.561 g, 2.39 mmol) in DMF (10 mL) was placed
under an atmosphere of N2 and heated at 70 °C for 24 h. The mixture was then cooled to r.t.,
quenched with water (10 mL), extracted with CH2Cl2 (3 x 10 mL). The combined extracts were
washed with brine (10 mL), dried (MgSO4) and solvent removed in vacuo. The crude product
was then purified with flash chromatography (4:1, hexanes, ethyl acetate) to yield title product
140 (0.313 g, 56%) as red oil.
Rf = 0.3 (4:1, hexanes, ethyl acetate), IR νmax (neat)/cm-1s 2946, 2868, 1773, 1459, 1331, 1142;
1H

NMR (400 MHz; CDCl3) 1.33 (18H, s, (CH3)3C) 1.50-1.62 (4H, m, CH2), 1.67-1.75 (4H, m,

CH2), 1.78-1.87 (4H, m, CH2), 2.23-2.27 (4H, m, CH2), 3.67 (6H, s, CH3), 3.75-3.79 (4H, m,
CH2), 6.12 (2H, dd, J = 3.4, 2.1 Hz, 4-H), 6.20 (2H, t, J = 3.4 Hz, 3-H), 6.77 (2H, s, 3`-H), 7.33
(2H, dd, J = 3.4, 2.1 Hz, 5-H); 13C NMR (100 MHz; CDCl3) 24.5 (CH2), 24.6 (CH2), 27.7 ((CH3)3C)
28.9 (CH2), 37.8 (CH3), 69.4 (CH2), 83.1 (C(CH3)3), 110.3 (C-3), 114.1 (C-4), 114.5 (C-5), 122.1
(C-3`), 126.0 (C-2`), 130.3 (C-1), 149.2 (C=O), 152.0 (C-1`), 174.0 (COOMe). HRMS (EI) found
(MNa+) 719.3509. C38H52N2NaO10 requires 719.3514.
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6,6'-((2,5-Di(1H-pyrrol-2-yl)-1,4-phenylene)bis(oxy))dihexanoic acid
(HAPyP) 132

To a solution of sodium (0.635 g, 4.30 mmol) in methanol (5 mL), was added a solution of
protected pyrrole 140 (0.101 g, 0.216 mmol) in THF (5 mL). The mixture was stirred at room
temperature for 24 h. The mixture was then acidified to pH 5 with 2M aq. HCl and the solvent
removed in vacuo. The residue was redissolved in CH2Cl2 (10 mL) and washed with water (10
mL), brine (10 mL), dried (Na2SO4) and solvent removed in vacuo. The crude product was
purified using flash chromatography (2:1, ethyl acetate, hexanes) to yield title product 132 (0.063
g, 62%) as a green solid.
Mp = 98-101 °C; Rf = 0.4 (3:1, ethyl acetate, hexanes); IR νmax (neat)/cm-1s 3449, 2938, 2865,
1695, 1205; 1H NMR (400 MHz; CDCl3) 1.55-1.60 (4H, m, CH2), 1.73-1.78 (4H, m, CH2), 1.871.92 (4H, m, CH2), 2.37-2.41 (4H, m, CH2), 3.99-4.05 (4H, m, CH2), 6.26-6.28 (2H, m, 4`-H),
6.58-6.60 (2H, m, 3`-H), 6.86-6.89 (2H, m, 5`-H), 7.06 (2H, s, 3-H), 9.80 (2H, s, NH);

13C

NMR

(100 MHz; CDCl3) 24.3 (CH2), 25.6 (CH2), 29.0 (CH2), 33.8 (CH2), 69.7 (CH2), 106.5 (C-3), 109.0
(C-4`), 110.2 (C-3`), 118.5 (C-5`), 127.9 (C-2`), 129.3 (C-2), 152.6 (C-1), 178.7 (COOH). HRMS
(EI) found (MNa+) 491.2153. C26H32N2NaO6 requires 491.2153.
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8.4: Synthesis of RGD Peptide
(S)-2-((((9H-fluoren-9-yl)methoxy)carbonyl)amino)pent-4-ynoic acid
(FmocAPY) 253

To a solution of (S)-2-aminopent-4-ynic acid 251 (1.00 g, 8.85 mmol) in dioxane (24 mL), FmocOSu (3.74 g, 11.1 mmol) and 10% Na2CO3 in H2O (24 mL) was added and the resulting mixture
was stirred at r.t. for 20 h. Dioxane was removed in vacuo, mixture acidified to pH 3, extracted
with ethyl acetate (3 x 10 mL), washed with H2O (20 mL), dried (MgSO4) and solvent removed
in vacuo to yield title product 253 (2.76 g, 93%) as a white solid.
1H

NMR (400 MHz; DMSO-d6) 2.54-2.69 (2H, m, CβH), 2.90 (1H, t, J = 2.6 Hz, CH), 4.19-4.22

(1H, m, CαH), 4.23-4.25 (1H, CHCH2O), 4.31-4.32 (2H, m, CHCH2O), 7.33 (2H, t, J = 7.4 Hz,
Ar-H), 7.42 (2H, t, J = 7.4 Hz, Ar-H), 7.72 (2H, d, J = 7.4 Hz, Ar-H), 7.89 (2H, d, J = 7.4 Hz, ArH); 13C NMR (100 MHz; DMSO-d6) 20.9, 46.6, 52.9, 65.8, 73.1, 80.2, 120.1, 125.3, 127.1, 127.6,
140.7, 143.7, 155.8, 171.0.
The NMR data values are in agreement with literature values.324
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NH2-Arg-Gly-Asp-Phe-APY-Gly-OH Hexapeptide 258

Wang resin (loading 0.60 mmol/g, 1.97 g, 1.18 mmol) was swelled in 9:1 DMF/CH2Cl2 (30 mL)
for 30 min. DMF was drained from the resin and a solution of Fmoc-Gly-OH 254 (1.75 g, 5.90
mmol), HOBT (0.902 mg, 5.90 mmol), DIC (0.743 g, 5.90 mmol), DMAP (0.020 g, 0.118 mmol)
and DMF (20 mL) was added and the reaction vessel was shaken for 3 h. The solution was
drained from resin. A capping solution of acetic anhydride (0.240 g, 2.36 mmol) and pyridine
(0.186 g, 2.36 mmol) was added to the resin and the vessel was agitated for 30 min. The resin
was drained and washed with DMF (5 x 10 mL), methanol (10 mL), hexanes (10 mL) and the
reaction vessel was dried in desiccator overnight. Fmoc deprotection was achieved by addition
of piperidine:DMF (1:4, 15 mL) followed by agitation for 15 min, draining of solution and washed
with DMF (5 x 15 mL). The first coupling step was performed by adding HBTU (1.565 g, 4.13
mmol), HOBT (0.631 g, 4.13 mmol), DIPEA (1.23 mL, 7.08 mmol) and Fmoc-APY 253 (1.185 g,
3.54 mmol) in DMF (10 mL). The solution was agitated for 50 min, drained and washed with
DMF (5 x 10 mL). The rest of the peptide chain was built up through consecutive Fmoc
deprotection/coupling steps using the following amino acids in the order: Fmoc-Phe-OH 255
(1.37 g, 0.354 mmol), Fmoc-Asp(OtBu)-OH 256 (1.45 g, 3.54 mmol), Fmoc-Gly-OH 254 (1.04
g, 3.54 mmol) and Fmoc-Arg(PBF)-OH 257 (2.29 g, 3.54 mmol). The resin was then washed
with methanol (10 mL), hexanes (10 mL) and CH2Cl2 (3 x 10 mL) and dried in desiccator
overnight. A cleaving solution of 95% TFA, 2.5% H2O, 2.5% TIS (3 mL/100 mg of resin, 20 mL)
was then added and the mixture was shaken for 2 h. To the solution of cleaved and deprotected
peptide, diethyl ether (10 ml) was added until precipitation occurs. The solid was collected by
vacuum filtration, and purified by column chromatography using C18 reverse phase column
chromatography to yield title product 258 (513 mg, 66%) as a yellow solid.
Mp = 128-132 °C; IR νmax (neat)/cm-1s 3272, 1638, 1534, 1404, 1110; [α]D20 -11 (c 0.5, methanol);
1H

NMR (500 MHz, DMSO-d6) 1.44-1.52† (2H, m, Arg(1)-βCH2), 1.55-1.65† (2H, m, Arg(1)-γ),

2.40-2.45† (2H, m, Asp (3)-βCH2), 2.47-2.50† (2H, m, APY(5)-CH2), 2.81-2.85† (2H, m, Phe(4)βCH2), 3.04-3.09† (2H, m, Arg(1)-δCH2), 3.59-3.67† (2H, m, Gly(6)-αCH2), 3.73-3.79† (2H, m,
Gly(2)-αCH2), 4.02-4.06† (1H, m Arg(1)-αCH), 4.39-4.44† (1H, m, APY(5)-αCH), 4.44-4.48† (1H,
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m, APY(5)-δCH), 4.49-4.52† (1H, m Phe(4)-αCH), 4.61-4.65† (1H, m, Asp(3)-αCH), 7.20-7.23
(2H, m, Phe(4)-δCH), 7.41-7.44 (2H, Phe(4)-εCH), 7.58-7.60† (1H, m, Arg(1)-εNH), 7.60-7.65†
(2H, m, Arg(1)-NH2), 7.89-7.91 (1H, m, Phe(4)-ζCH), 8.16-8.18† (1H, m, Gly(6)-NH), 8.18-8.22†
(1H, m, Phe(4)-NH), 8.23-8.26† (1H, m, Gly(2)-NH), 8.26-8.28† (1H, m APY(5)-NH), 8.58-8.62†
(1H, m, Asp(3)-NH);

13C

NMR (125 MHz, DMSO-d6) 25.0 (Arg(1)-βCH2), 28.9 (Arg(1)-γCH2),

37.2 (APY(5)-βH2). 37.3 (Arg(1)-δCH2), 37.4 (Phe(4)-βCH2), 37.6 (Asp(3)-βCH2), 40.1 (Gly(6)αCH2), 40.9 (Gly(2)-αCH2), 49.5 (Asp(3)-αCH), 49.6 (Phe(4)-αCHa), 49.7 (APY(5)-δCHa) 51.6
(APY(5)-αCH), 54.3 (Arg(1)-αCH), 80.5 (APY(5)-γC), 125.4 (Phe(4)-ζCH), 127.8 (Phe(4)-εCH),
129.4, (Phe(4)-δCH), 137.6 (Phe(4)-βC), 169.8 (APY(5)-C=O), 170.1 (Phe(4)-C=O), 170.4
(Arg(1)-C=Ob), 170.4 (Asp(3)-C=Ob), 170.9 (Gly(6)-C=O), 171.1 (Arg(1)-ζCc), 171.2 (Gly(2)C=Oc), 171.5 (Asp(3)-γC=Oc). HRMS (EI) found (MH+) 6462936. C28H40N9O9 requires 646.2944.
†

denotes shifts assigned via 2D NMR correlations,

definitively discerned from one another.
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8.5: Chemical Polymerisation Procedure
General procedure for polymerisation of PThP polymers
A solution of PThP monomer (0.20 mmol) in CH3NO2 (1 mL) was prepared and stirred for 10 min
under an atmosphere of nitrogen at 0 °C. A solution of FeCl3 (0.30 to 0.60 mmol) in CH3NO2 (1
mL) was added to the mixture dropwise and the resulting solution was stirred for 4 days at room
temperature. The mixture was then quenched with water (2 mL), CH3NO2 removed in vacuo,
the precipitate collected via filtration and washed with cold methanol. The products produced
from all monomer polymerisation were dark green solids. The molecular weight measured was
between 14,000 MW and 50,000 MW (Appendix Table 8). The figures are similar or higher than
those previously reported in the literature for similar polymers.339

General procedure for polymerisation of PPyP monomers

A solution of monomer (0.20 mmol) in THF (1 mL) was prepared and stirred for 10 min under
an atmosphere of nitrogen at 0 °C. A solution of APS (0.60 mmol) and DBSA (0.20 mmol) in
H2O (1 mL) was added to the mixture dropwise and the resulting solution was stirred for 1 day
at room temperature. The mixture was then quenched with water (2 mL), the precipitate
collected via filtration and washed with cold methanol. The products produced from all monomer
polymerisation were dark black solids.
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8.6: Functionalisation Reactions
General procedure for ‘click’ reactions
To a solution of azide (0.02 mmol) in THF (2 mL), alkyne (0.042 mmol) was added. A solution
of ascorbic acid (2.00 µmol) and copper sulphate hexahydrate (2.00 µmol) in water (2 mL) was
added dropwise to the polymer solution and the resulting mixture was stirred for 48 h. The
mixture was extracted with ethyl acetate (3 x 10 mL) and the combined extracts washed with
water (5 mL), brine (5 mL), dried (Na2SO4) and solvent removed in vacuo to give crude triazole
and purified by flash chromatography.

1,1'-(((2,5-Di(thiophen-2-yl)-1,4-phenylene)bis(oxy))bis(propane3,1-diyl))bis(4-butyl-1H-1,2,3-triazole) 220

The reaction was carried out using general procedure for click reactions, using AzThP 45 (0.020
g, 0.045 mmol), hex-1-yne 217 (8.12 mg, 0.099 mmol), CuSO4.5H2O (1.20 mg, 5.00 µmol),
ascorbic acid (0.88 mg, 5.00 µmol). A solvent mix of 9:1 (hexanes, ethyl acetate) was used for
flash chromatography to yield title product 220 (0.026, 95%) as a yellow solid.
Mp = 163-165 °C; Rf = 0.4 (3:1 ethyl acetate, hexanes); IR νmax (neat)/cm-1s 3064, 2928, 2858,
1699, 1396, 1216; 1H NMR (400 MHz; CDCl3) 0.89 (6H, t, J = 7.5 Hz, 9``-H), 1.34 (4H, set, J =
7.5 Hz, 8``-H), 1.60 (4H, qi, H = 7.5 Hz, 7``-H), 2.48 (4H, qi, J = 6.3 Hz, 2``-H), 2.67 (4H, t, J =
7.5 Hz, 6``-H), 4.05 (4H, t, J = 6.3 Hz, 1``-H), 4.61 (4H, t, J = 6.3 Hz, 3``-H), 7.11 (2H, dd, J =
5.3, 3.5 Hz, 4`-H), 7.16 (2H, s, 4``-H), 7.19 (2H, s, 3-H), 7.38 (2H, dd, J = 5.4, 0.8 Hz, 5`-H),
7.48 (2H, dd, J = 3.5, 0.8 Hz, 3`-H);

13C

NMR (100 MHz; CDCl3) 13.8 (C-9``), 22.3 (C-8``), 25.3

(C-6``), 30.0 (C-2``), 31.5 (C-7``), 46.9 (C-3``), 65.9 (C-1``), 113.3 (C-3), 121.3 (C-4``), 123.3
(C-2`), 125.5 (C-3`), 126.2 (C-5`), 126.9 (C-4`), 138.5 (C-2), 148.4 (C-5``), 149.0 (C-1). HRMS
(EI) found (MH+) 605.2706. C32H41N6O2S2 requires 605.2727.
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1,1'-(((2,5-Di(thiophen-2-yl)-1,4-phenylene)bis(oxy))bis(propane3,1-diyl))bis(4-phenyl-1H-1,2,3-triazole) 221

The reaction was carried out using general procedure for click reactions, using AzThP 45 (0.020
g, 0.045 mmol, phenylacetylene 218 (18.6 mg, 0.182 mmol), CuSO4.5H2O (1.20 mg, 5.00 µmol),
ascorbic acid (0.88 mg, 5.00 µmol). A solvent mix of 2:1 (hexanes, ethyl acetate) was used for
flash chromatography to yield title product 221 (0.019, 66%) as a yellow solid.
Mp = >200 °C; Rf = 0.4 (1:1, hexanes, ethyl acetate); IR νmax (neat)/cm-1s 3627, 3217, 2929,
1769, 1699, 1536, 1400, 1216; 1H NMR (400 MHz; CDCl3) 2.56 (4H, qi, J = 5.7 Hz, 2``-H), 4.11
(4H, t, J = 5.7 Hz, 1``-H), 4.73 (4H, t, J = 5.7 Hz, 3``-H), 7.09-7.12 (2H, m, 4`-H), 7.21 (2H, s, 3H), 7.31-7.34 (2H, m, 5`-H), 7.37-7.38 (2H, m, 10``-H), 7.40-7.42 (4H, m, 9``-H), 7.44-7.45 (2H,
m, 3`-H), 7.64 (2H, s, 5``-H), 7.77-7.79 (4H, m, 8``-H); NMR (100 MHz; CDCl3) 29.4 (C-2``), 47.9
(C-3``), 65.7 (C-1``), 113.7 (C-3), 121.2 (C-5``), 123.6 (C-2`), 125.8 (C-3`), 126.1 (C-10``), 126.3
(C-8``), 127.0 (C-4`), 128.8 (C-7``), 129.0 (C-5`), 129.1 (C-9``), 138.3 (C-2), 147.2, (C-6``) 149.0
(C-1). HRMS (EI) found (MH+) 667.1929. C36H32N6NaO2S2 requires 667.1920

1,1'-(((2,5-Di(thiophen-2-yl)-1,4-phenylene)bis(oxy))bis(propane3,1-diyl))bis(4-(((tert-butyldimethylsilyl)oxy)methyl)-1H-1,2,3triazole) 222
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The reaction was carried out using general procedure for click reactions using AzThP 45 (0.020
g, 0.045 mmol), propargyl TBDMS 219 (16.8 mg, 0.099 mmol), CuSO4.5H2O (1.20 mg, 5.00
µmol), ascorbic acid (0.88 mg, 5.00 µmol). A solvent mix of 4:1 (hexanes, ethyl acetate) was
used for flash chromatography to yield title product 222 (0.028, 79%) as a white solid.
Mp = 120-125 °C; Rf = 0.6 (3:1 ethyl acetate, hexanes); IR νmax (neat)/cm-1s 2956, 2926, 2854,
1537, 1476, 1398, 1216; 1H NMR (400 MHz; CDCl3) 0.06 (12H, s, CH3Si), 0.87 (18H, s,
(CH3)3C), 2.50 (4H, qi, J = 6.2 Hz, 2``-H), 4.08 (4H, t, J = 6.2 Hz, 1``-H), 4.63 (4H, t, J = 6.2 Hz,
3``-H), 4.82 (4H, s, 7``-H), 7.11 (2H, dd, J = 4.8, 3.3 Hz, 4`-H), 7.19 (2H, s, 3-H), 7.37 (2H, dd,
J = 4.8, 1.0 Hz, 5`-H), 7.40 (2H, s, 5``-H), 7.46 (2H, dd, J = 3.3, 1.0 Hz, 3`-H);

13C

NMR (100

MHz; CDCl3) -5.2 (CH3Si), 18.4 (C-Si), 26.0 ((CH3)3C), 30.2 (C-2``), 47.2 (C-3``), 58.1 (C-7``),
65.9 (C-1``), 113.4 (C-3), 122.2 (C-5``), 123.5 (C-2`), 125.6 (C-3`), 126.3 (C-4`), 127.0 (C-5`),
138.6 (C-2), 148.7 (C-6``), 149.1 (C-1). HRMS (EI) found (MH+) 781.3426. C38H57N6O4S2Si2
requires 781.3416

1,1'-(((2,5-di(1H-pyrrol-2-yl)-1,4-phenylene)bis(oxy))bis(ethane-2,1diyl))bis(4-butyl-1H-1,2,3-triazole) 244

The reaction was carried out using general procedure for click reactions, using AzPyP 130
(0.020 g, 0.045 mmol, hex-1-yne 217 (18.6 mg, 0.182 mmol), CuSO4.5H2O (1.20 mg, 5.00
µmol), ascorbic acid (0.88 mg, 5.00 µmol). A solvent mix of 2:1 (hexanes, ethyl acetate) was
used for flash chromatography to yield title product 244 (0.019, 66%) as a yellow solid.

Mp = 190-195 °C; Rf = 0.3 (3:1, hexanes, ethyl acetate); IR νmax (neat)/cm-1s 3322, 2962, 2928,
2873, 1698, 1500, 1443; 1H NMR (400 MHz; CDCl3) 0.90 (6H, t, J = 7.4 Hz, 9``-H), 1.31-1.41
(4H, m, 8``-H), 1.58-1.66 (4H, m, 7``-H), 2.69 (2H, t, J = 7.7 Hz, 6``-H), 4.27 (4H, t, J = 4.7 Hz,
2``-H), 4.74 (4H, t, J = 4.7 Hz, 1-H), 6.24-6.26 (2H, m, 4`-H), 6.47-6.49 (2H, m, 3`-H), 6.96-6.98
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(4H, m, 5`-H), 6.99 (2H, s, 4``-H), 7.31 (2H, s, 3-H), 10.25 (2H, s NH);

13C

NMR (100 MHz;

CDCl3) 13.8 (C-9``), 22.3 (C-8``), 25.3 (C-6``), 31.5 (C-7``), 49.6 (C-1``), 67.0 (C-2``), 106.1 (C3`), 108.5 (C-4), 110.4 (C-4`), 119.3 (C-5`), 119.6 (C-2`), 121.1 (C-3), 128.6 (C-2), 147.8 (C5``), 149.1 (C-1). HRMS (EI) found (MH+) 543.3197 C30H39N8O2 requires 543.3190.

(2S,2'S)-3,3'-((((2,5-Di(thiophen-2-yl)-1,4phenylene)bis(oxy))bis(propane-3,1-diyl))bis(1H-1,2,3-triazole-1,4diyl))bis(2-((((9H-fluoren-9-yl)methoxy)carbonyl)amino)propanoic
acid) 261

To a solution of AzThP 45 (0.025 g, 0.057 mmol) in THF (2.5 mL) and H2O (2.5 mL), Fmoc-APY
253 (0.040 mg, 0.120 mmol) and CuBr(PPh3)3 (0.005 g, 5.70 µmol) was added and the resulting
mixture was stirred at 40 °C for 24 h. The solution was then diluted with H2O (5 mL) extracted
with EtOAc (3 x 5 mL), washed with brine (5 mL), dried (Na2SO4) and solvent removed in vacuo.
The crude product was purified by flash chromatography (19:1, CH2Cl2, methanol) to yield title
product 261 (0.047 g, 76%) as a white powder.
Mp = 190-195 °C, Rf = 0.6 (9:1, CH2Cl2, methanol); IR νmax (neat)/cm-1s 3341, 2950, 1738, 1695,
1524, 1215; [α]D18 -5.6 (c 0.5, CHCl3) 1H NMR (400 MHz; CDCl3) 2.45 (4H, qi, J = 5.9 Hz, 2``-H),
3.26-3.27 (4H, m, 7``-H), 4.02 (4H, t, J = 5.9 Hz, 1``-H), 4.17-4.19 (2H, m, 13``-H), 4.33-4.35
(4H, m, 12``-H), 4.60 (4H, t, J = 5.9 Hz, 3``-H), 4.64-4.71 (2H, m, 8``-H), 5.87 (2H, m, 9``-H),
5.84-5.91 (2H, m, NH), 7.10 (2H, dd, J = 3.3, 1.4 Hz, 4`-H), 7.20 (2H, s, 3-H), 7.22 (2H, s, 7``H), 7.29 (4H, dd, J = 7.5, 1.0 Hz, 16``-H), 7.34-7.36 (2H, m, 5`-H), 7.36-7.40 (4H, m, 17``-H),
7.45-7.47 (2H, m 3`-H), 7.56 (4H, dd, J = 7.5, 2.5 Hz, 15``-H), 7.73 (4H, d, 7.5 Hz, 18``-H);

13C

NMR (100 MHz; CDCl3) 28.3 (C-7``), 30.1 (C-2``), 47.3 (C-3``), 47.3 (C-13``), 53.6 (C-8``), 65.8
(C-1``), 67.3 (C-12``), 113.4 (C-3), 120.1 (C-18``), 122.9 (C-5``), 123.5 (C-2`), 125.4 (C-15``),
125.7 (C-3`), 126.4 (C-5`), 127.1 (C-4`), 127.3 (C-16``), 127.9 (C-17``), 138.5 (C-2), 141.4 (C14``), 142.7 (C-6``), 144.0 (C-19``), 149.1 (C-1), 156.1 (C-10``), 171.8 (COOH). HRMS (EI)
found (MH+) 1133.6302 C60H54N8NaO10S2 requires 1133.3302.
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General procedure for ‘click’ reactions on polymers
To a solution of azide containing polymers (0.02 mmol) in THF (2 mL), alkyne (0.042 mmol) was
added. A solution of ascorbic acid (2.00 µmol) and copper sulphate hexahydrate (2.00 µmol) in
water (2 mL) or CuBr(PPh3)3 (2.00 µmol) was added dropwise to the polymer solution and the
resulting mixture was stirred for 48-72 h. The mixture was extracted with ethyl acetate (3 x 10
mL) and the combined extracts washed with water (5 mL), brine (5 mL), dried (Na2SO4) and
solvent removed in vacuo to give crude triazole, which was washed with water (10 mL) methanol
(10 mL) and hexanes (10 mL).

General procedure for ‘click’ reactions on PnPrOx 245
To a solution of azide (0.02 mmol) in THF (2 mL), PnPrOx 245 (0.042 mmol) was added. A
solution of ascorbic acid (2.00 µmol) and copper sulphate hexahydrate (2.00 µmol) in water (2
mL) was added dropwise to the polymer solution and the resulting mixture was stirred for 48 h
at 40 °C. The mixture was extracted with ethyl acetate (3 x 10 mL) and the combined extracts
washed with water (5 mL), brine (5 mL), dried (Na2SO4) and solvent removed in vacuo to give
crude triazole, which was washed with cold water (20 mL). PEGMA grafted azide was purified
by dialysis in water.
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8.7: Grafting of Molecular Brushes via ATRP
General procedure for grafting of styrene brushes
Distilled styrene (15.0 mmol) was added to a solution of macroinitiator (0.100 mmol), toluene
(10 mL) and anisole (0.50 mL). The solution was bubbled with N2 for 30 minutes, Cu(II)Cl2 (0.010
mmol) was added, flask sealed and flushed with nitrogen. PMDETA (0.010 µmol) was added
and the solution was heated to 110 °C. A solution of tin(II) 2-ethylhexanoate (0.05 mmol) in
toluene (2 mL) was degassed and added to the reaction was stirred for 7-24 h. The reaction
was stopped by opening to air and cooled to r.t. The resulting solution was then diluted with
CH2Cl2 (20 mL) washed with water (10 mL), dried (MgSO4) and solvent removed in vacuo
yielding grafted brush as a black solid.

General procedure for grafting of nbutyl acrylate brushes
A solution of macroinitiator (0.100 mmol), nBA 232 (30.0 mmol), anisole (1 mL) and PMDETA
(0.800 mmol) in DMF (4 mL) was degassed by freeze-thaw-pump and placed under at
atmosphere of N2. Cu(I)Br (0.400 mmol) was added and the resulting reaction sealed and was
stirred for 24 h at 80 °C. The reaction was quenched by exposure to air, dissolved in CH2Cl2 (20
mL), washed with H2O (2 x 10 mL), dried (Na2SO4), precipitated by addition of methanol and
solids collected by vacuum filtration to yield the grafted brush as a black green solid.

General procedure for grafting of tbutyl acrylate brushes
Macroinitiator or initiator (0.100 mmol) and tBA 197 (5.00, 10.0 or 20.0 mmol) was added to a
solution of DMF (2 mL) and was bubbled with nitrogen for 30 minutes. Cu(II)Cl2 (0.002 mmol)
and PMDETA (0.002 mmol) was added to anisole (0.5 mL) and the solution was then bubbled
with nitrogen and 30 minutes and added to the initiator mixture. The resulting solution was
heated to 60 °C and tin(II) 2-ethylhexanoate (0.400 mmol) was added and the reaction was
stirred for 24 h. The reaction was quenched by exposing the mixture to air and cooled with liquid
nitrogen. The resulting polymer was purified via dialysis in acetone.

General procedure for grafting of PEGMA brushes
A solution of macroinitiator (0.100 mmol), PEGMA 235 (3.00 mmol or 15.0 mmol or 30.0 (mmol),
anisole (1 mL), PMDETA (0.005 mmol), Cu(II)Br2 (0.005 mmol), THF (2.5 mL), H2O (0.5 mL)
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was degassed by bubbling of N2, followed by addition of ascorbic acid (0.05 mmol). The reaction
was heated at 40 °C for 6 to 24 h. The reaction was quenched by exposure to air. The product
was then dissolved in H2O and purified dialysis or washing of the solids with H2O to yield the
grafted brush as an orange gel.

General procedure for grafting of DEGMA brushes
A solution of macroinitiator (0.010 mmol), DEGMA 239 (0.50 mmol), PMDETA (0.200 µmol),
Cu(II)Cl2 (0.200 µmol), THF (2.5 mL) and anisole (0.5 mL) was degassed by bubbling of N2,
followed by addition of ascorbic acid (0.05 mmol). The reaction was heated at 40 °C for 6 h. The
reaction was quenched exposure to air and the solid gel was collected by vacuum filtration and
washed with H2O (10 mL), CH2Cl2 (10 mL) and EtOAc (10 mL) to yield the grafted polymer as
a brown gel.

8.8: Electropolymerisation
Electropolymerisation was carried out potentiodynamically by potential cycling from +0.20 to
+0.95 V (vs. Ag/AgCl (3M KCl, +0.197 V vs. SHE)) at a scan rate of 100 mVs-1, using CH
Instruments electrochemical workstation (Model 440, CH Instruments USA). A three-electrode
electrochemical cell was used, where the working electrode was BASI 0.5 mm gold coated, the
counter electrode was platinum wire while the reference electrode was Ag/AgCl (3 M KCl), 0.230
V against standard hydrogen electrode (SHE). The polymerisation was carried out in 0.1 M
LiClO4 using 0.05 M monomer solution in MeCN or 4:1 (v/v) MeCN:H2O.

8.7: Cyclic Voltammetry
Cyclic voltammetry (CV) was carried by potential cycling between 0.2 and 0.75 V (vs. Ag/AgCl
(3M KCl, +0.197 V vs. SHE) and by varying the scan rate between 5 mV s-1 to 250 mV s-1 in 0.1
M LiClO4 solution in 4:1 H2O:MeCN using CH Instruments electrochemical workstation (Model
440, CH Instruments USA). Gold working electrode was modified with the polymer as per
procedure in section 8.6, or through drop casting of polymer dissolved in CH2Cl2 or DMF,
reference electrode was Ag/AgCl (3 M KCl) and platinum wire counter electrode.
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8.8: In vitro Biocompatibility
The biocompatibility of the nanofibres was investigated by qualitative (microscope) and
quantitative assays (MTT) using human dermal fibroblast (HDF), human epidermal keratinocyte
(HEK), human epidermal melanocyte (HEM) or myoblast. The cell culture was carried out using
DMEM containing 10% FBS, penicillin (10,000 units/mL) and streptomycin (10 mg/mL). The UV
sterilised electrospun nanofibres (10 mm in diameter) were placed in a 6 well plate and the cells
(6×10) were seeded. Culture medium (1 mL) was added 1 h prior to cells seeding, and then
incubated at normal growth condition to allow them grow for a week at 37 °C in 5% CO2 and
95% humidity. After the 3rd and 5th days of culture, cell survival was imaged by microscope and
quantified by using MTT assay reagent. Cells cultured without nanofibres were considered as
control. The survival of the cells in presence of the nanofibres was also observed by SEM and
AFM using cell fixing and cell staining respectively.
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Figure 160: 1H NMR and

13C

NMR spectra of MeThP 21.
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Figure 161: 1H NMR and

13C

NMR spectra of DGThP 43.
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Figure 162: 1H NMR and

13C

NMR spectra of TGThP 44.
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Figure 163: 1H NMR and

13C

NMR spectra of AzThP 45.
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Figure 164: 1H NMR and

13C

NMR spectra of BIThP 47.
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Figure 165: 1H NMR and

13C

NMR spectra of HAThP 48.
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Figure 166: 1H NMR and

13C

NMR spectra of MePyP 27.
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Figure 167: 1H NMR and

13C

NMR spectra of DGPyP 128.
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Figure 168: 1H NMR and

13C

NMR spectra of TGPyP 129.
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Figure 169: 1H NMR and

13

C NMR spectra of AzPyP 130.
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Figure 170:

1H

NMR and

13 C

NMR spectra of BIPyP 131.
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Figure 171: 1H NMR and

13C

NMR spectra of HAPyP 132.
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Figure 172: 1H NMR and

13

C NMR spectra of AzThP-Hex 220.
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Figure 173: 1H NMR and

13C

NMR spectra of AzThP-ProTBDMS 222.
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Figure 174: 1H NMR and

13

C NMR spectra of AzThP-Phe 221.
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Figure 175: 1H NMR and

13C

NMR spectra of AzThP-FmocAPY 261.
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Figure 176: 1H NMR and

13C

NMR spectra of AzPyP-Hex 244.
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Figure 177: 1H NMR spectra of PMeThP 101.

Figure 178: 1H NMR and spectra of PTGThP 103.
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Figure 179: 1H NMR spectra of PAzThP 104.

Figure 180: 1H NMR spectra of PBIThP 105.
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Figure 181: 1H NMR spectra of TMeThP-Hex 223.

Figure 182: 1H NMR and spectra of TTGThP-Hex 226.
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Figure 183: 1H NMR spectra of TMeThP-ProTBDMS 225.

Figure 184: 1H NMR spectra of TTGThP-ProTBDMS 228.
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Figure 185: 1H NMR spectra of TMeThP-g-Sty 229.

Figure 186: 1H NMR spectra of TMeThP-Hex-g-Sty 231.
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Figure 187: 1H NMR spectra of of TMeThP (8:1:1)-RGD 260
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Table 8: GPC results
Compound

Mn

Mw

Mw/Mn

PTGThP 103

1760

6255

3.55

PAzThP 104

6597

9640

1.46

PBIThP 105

8992

11084

1.31

TMeThP 106

3525

24800

7.04

TTGThP 107

8051

36150

4.49

TMeThP-Hex 220

6004

17880

5.73

TMeThP-g-Sty

7729

42630

16.70

1.30 x 104

1.47 x104

1.13

f-PThP 249

1.26 x 105

2.44 x 105

1.99

BIPyP-g-tBA 241

35,348

72,274

2.05

PPyP(OMe-N3)-g-tBA

1.273 x 107

2.27 x 107

1.78

1.30 x 107

2.29 x 107

1.77

(elution)

229
TGThP-g-PEGMA
249

242
f-PPyP 243
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Figure 188: GPC trace of PTGThP 103.

Figure 189: GPC trace of PAzThP 104.
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Figure 190: GPC trace of PBIThP 105.

Figure 191: GPC trace of TMeThP 106.
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Figure 192: GPC trace of TTGThP 107.

Figure 193: GPC trace of TMeThP-Hex 220.
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Figure 194: GPC trace of TMeThP-g-Sty 229.
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Figure 195: GPC trace of TTGThP-g-PEGMA 245.
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Figure 196: GPC trace of f-TTGThP 249.

Figure 197: GPC trace of BIPyP-g-tBA 241.
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Figure 198: GPC trace of PPyP(OMe-N3)-g-tBA 242.

Figure 199: GPC trace of f-PThP 243.
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Figure 200: DSC trace of f-TTGThP 249.
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Figure 201: IR spectrum of f-TTGThP 249.
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Figure 202: Cyclic Vomtammogram o blank gold electrode in solution of 0.2 M LiClO4 4:1 MeCN:H2O
(v/v) at 100 mV-1
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Figure 203: IR Spectra of HAPyP 132

Figure 204: IR Spectra of PMeThP 101
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Figure 205: IR spectra for PTGThP 102
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Figure 206: IR spectra of PAzThP 103
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Figure 207: IR spectra of PBIThP 105

1.0

%T

0.9

0.8

0.7

0.6
4000

3500

3000

2500

2000
-1

cm
Figure 208: IR spectra of TMeThP-c-Hex 223
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Figure 209: IR Spectra of TMeThP-c-Phe 224

Figure 210: IR Spectra TMeThP-c-ProTBS 225
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Figure 211: IR spectra of TTGThP-c-Hex 226

Figure 212: IR spectra TTGThP-c-Phe 227
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Figure 213: IR spectra TTGThP-c-ProTBS 228
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Figure 214: IR spectra of TMeThP-g-tBA 234
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A2.1: Preliminary Cell Studies
Figure 215 and Figure 216 present SEM images of human epidermal melanocytes (HEM) cells
growing on the fibres of B1 and B2 whereas Figure 217 and Figure 218 are SEM images of
human dermal fibroblast (HDF) cells growing on the fibres of B1 and B2. Figure 219 is
fluorescence microscopic images of the cells HEM and HDF on B1 and B2 fibres.

Figure 215: SEM images of HEK growth of PLGA-PTGThP B1 fibres.

Figure 216: SEM images of HEK growth of PLGA-TTGThP B2 fibres.
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Figure 217: SEM images of HDF growth on PLGA-PTGThP B1 fibres.

Figure 218: SEM images of HDF growth on PLGA-TTGThP B2 fibres.
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Figure 219: Fluorescence microscopic images of HEM and HDF growth on PLGA-PThP fibres (Top B1,
bottom B2).

The results from the first cell culture experiments had found that both HEK and HDF cells shows
great survivability in the presence of fibres B1 ad B2. The cell survival rate was the same as
control, which are wells without fibres, for both HDF and HEK cells for both samples. The
beading on B2 did not negatively impact on the survival or the dispersion of HEK and HEM cells.
SEM images (Figure 130 – 133) show that the cells adhere on top of the fibres and into the
fibres themself as they seem to penetrate into the fibres to some extent. Overall, the results
indicate that PThP core structure with incorporated PLGA, are biocompatible and are a potential
candidate for tissue engineering applications.

Thus, in the subsequent experiments, the attention was turned to producing fibres with higher
tensile strength and that could be peeled off easily. In addition, a desire was to electrospun
fibres of ThP that incorporate advanced functional groups.
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A2.2: Cell Studies of Functionalised PLGA-PThP
Fibres
With the nanofibre mats on hand, further cell studies were conducted. Previous samples of
PLGA-backed PThP fibres as discussed in section 6.3 of this chapter, while showing formation
of uniform fibres were possible; they were not extremely brittle and breaks easily when peeled
off from collector. The samples prepared with HFIP as the solvent used for electrospinning are
easier to handle and the tensile strength of these polymers allow them to be studied without
support.

The fibres B3 to B8 were tested using similar conditions used for the first set of biocompatibility
testing, which was conducted with help from Dr. Devasier Bennet of Gachon University, where
the biocompatibility of the nanofibres was investigated by a qualitative (microscopic technique).
The protocol used for the cell studies is given in Chapter 8, section 8.8. The survival of the HDF,
HEM and myoblast cells when cultured on the nanofibre mats was observed by Bio-AFM, SEM
and fluorescence microscope using cell fixing and cell staining protocols. The samples for
fluorescence microscopy was stained with 4',6-diamidino-2-phenylindole (DAPI), which binds to
the A-T rich regions of DNA.
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A2.2.1: Human Dermal Fibroblast cell studies
From the results of the HDF cell studies, it appears that all the fibres are compatible with the
cell growth. There are no noticeable differences from each of the samples, whether from pure
PLGA samples or from the sample with the ‘clicked’ RGD. The cells are resides on and slightly
below of the surface of the fibres; however the amount of cells below the surface cannot be
determined. This study does shows that the modification made does not necessarily hinder the
growth of cells and the change in the morphology observed and discussed earlier may not have
much effect on the growth of cells.

Figure 220: SEM images of HDF growth on PLGA fibre mat B3. Scale bars are given on the image.
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Higher Magnification

Figure 221: SEM images of HDF growth of PLGA-TMeThP fibre mat B4. Scale bars are given on the
image.

Figure 222: SEM images of HDF growth on PLGA-TTGThP fibre mat B5. Scale bars are given on the
image.
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Figure 223: SEM images of HDF growth on PLGA-TMeThP-Hex fibre mat B6. Scale bars are given on
the image.

Figure 224: SEM images of HDF growth on PLGA-TMeThP (8:1:1) fibre mat B7. Scale bars are given on
the image.
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Figure 225: SEM images of HDF growth on PLGA-TMeThP-RGD fibre mat B8. Scale bars are given on
the image.

Figure 226: Roughness (A) and stiffness (B) of nanofibres B3 to B8 after 7 days in HDF cell culture.
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Figure 227: Fluorescence microscopy images of HDF growth on PLGA-PThP fibre mats stained with
DAPI.

From the results of the HDF cell studies, it appears that all the fibres are compatible with the
cell growth. There are no noticeable differences from each of the samples, whether from pure
PLGA samples or from the sample with the clicked RGD. The cells adhere on and slightly below
of, the surface of the fibres; however, the amount of cells below the surface cannot be
determined. This study does shows that the modification made does not necessarily hinder the
growth of cells and the change in the morphology observed and discussed earlier may not have
much effect on the growth of cells.
The fibres B5 and B7 appear to be the most suitable for HDF cells, as seen from the and the
SEM images as judged by the density of the cells on the fibres (Figure 222 and Figure 224).
This is interesting as they have little in common. While both are TMeThP based, their roughness
and stiffness are noticeably different. The stiffness of the fibre mats after 7 days in HDF cell
culture is also remarkably different, with B5 being the stiffest and B7 being the softest.

330

Appendix 2

A2.2.2: Human Epidermal Melanocyte cell studies
From the cell studies, it appears that the PThP-PLGA fibres B3- B8 are again
suitable for growth of HEM cells. All of the cells adhered to the samples as
seen from the SEM images (Figure 228-Figure 233).

Fibres B7 appears to be the most suitable fibre mat, followed by B3 and B8 as judged by the
density of the cells adhere to the fibre. From the SEM images of B3, B7 and B8 (Figure 232,
Figure 228 and Figure 233 in the images of high magnifications there are fibres that is like
protrusions/undulations, which was not present in the pre-cell culture SEM images and this
suggested that the cells are growing into the fibres. For the other fibres, B4, B5 and B6, cells
appear to grow on the surface and, to an extent, elongate in the direction of strands of fibres.

Figure 228: SEM images of HEM growth of PLGA B3. Scale bars are given on the image.
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Figure 229: SEM images of HEM growth on PLGA-TMeThP fibre mat B4. Scale bars are given on the
image.

Figure 230: SEM images of HEM growth on PLGA-TTGThP fibre mat B5. Scale bars are given on the
image.
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Figure 231: SEM images of HEM growth on PLGA-TMeThP-Hex fibre mat B6. Scale bars are given on
the image.

Figure 232: SEM images of HEM growth on PLGA-TMeThP (8:1:1) fibre mat B7. Scale bars are given
on the image.

333

Appendix 2

Figure 233: SEM images of HEM growth on PLGA-TMeThP-RGD fibre mat B8. Scale bars are given on
the image.

Figure 234: Fluorescence microscopy images of HEM growth on PLGA-PThP fibre mats stained with
DAPI.
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Figure 235: Roughness (A) and stiff analysis (B) of nanofibres B3 to B8 after 7 days in HEM cell culture.
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A2.2.3: Myoblast Cell Studies
The growth of the myoblast cells is very sparse on the mats in comparisons to the previous cell
types of HEK and HEM. Fibre B8 appears to provide the best substrate for the cell growth, as
judged density of the cells. On pure PLGA B3 mat, there appears to be the fewest cell growth,
followed by B5 and B6 with cell growth not evident without higher magnification. All of the cells
only adhered to the surface and does not move beneath the surface. The cells show a good
growth on fibres B4 and B7 in comparison, with cells easily identifiable. It is suggested that the
cells adhere to the fibres less in samples B3 to B7 in comparison to B8, which, may be due to
the presence of RGD allowing the cells to adhere easier to the fibres, as the growth of the
myoblast cells was comparatively poor. However, this may also be due to the composition of
the fibres and further studies are needed to confirm either.

Figure 236: SEM images of myoblast growth on PLGA fibre mat B3. Scale bars are given on the image.
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Figure 237: SEM images of myoblast growth on PLGA-TMeThP fibre mat B4 Scale bars are given on
the image.

Figure 238: SEM images of myoblast growth on PLGA-TTGThP fibre mat B5. Scale bars are given on
the image.
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Figure 239: SEM images of myoblast growth on PLGA-TMeThP-Hex fibre mat B6. Scale bars are given
on the image.

Figure 240: SEM images of myoblast growth on PLGA-TMeThP (8:1:1) fibre mat B7. Scale bars are
given on the image.
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Figure 241: SEM images of myoblast growth on PLGA-TMeThP-RGD fibre mat B8. Scale bars are given
on the image.

Figure 242: Roughness (A) and stiff analysis (B) of nanofibres B3 to B8 after 7 days in myoblast cell
culture.
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From the cell study discussed, it is clear that all of the fibres were compatible with cell growth.
Notably, fibre B7, which contains high TMeThP 106 content, has the highest density of cell
grown for both HEM and HDF cells. The RGD functionality did not bring about significant change
in the HEM and HDF cells growth, however myoblast cells had the best growth on that fibre mat.

There appears to be no pattern in preference of the cells for fibres of particular stiffness or
roughness. PThP –containing fibres are biocompatible and the cell assays show that there is
no significant difference in the cells growth to PLGA fibres.
functionality appear beneficial for culture of myoblast cells.
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