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Abstract 

Grafted conducting polymers (CPs) are a unique class of materials, combining the 

electrochemical and optical properties of the CP backbone with the desirable physical 

and chemical properties of the grafted polymer chains. This provides an almost infinite 

array of possibilities for tailored functional materials, with potential applications 

ranging from tissue culture substrates and biomedical devices to organic electronics 

and energy technology. The research in this thesis explores some of these possibilities, 

beginning with an investigation into the polymerisation of a relatively unknown CP 

containing sites for grafting. Building on this backbone, two novel grafted materials 

were fabricated, tailored towards cell culture applications and hydrogen generation 

respectively. 

Firstly, a suitable CP monomer was synthesised, based on 3,4-ethylenedioxythiophene 

(EDOT) and containing an initiating site for grafting via ATRP (atom transfer radical 

polymerisation). The electropolymerisation of this monomer, (3,4-

ethylenedioxythiophene)methyl 2-bromopropanoate (BrEDOT), was then investigated 

to optimise the polymerisation parameters. In order to produce CP films with good 

adherence to the underlying electrode, an adhesion layer of PEDOT was required, with 

a layer of PBrEDOT or P(EDOT-co-BrEDOT) polymerised on top.  

These CP films were used as a macroinitiator to graft chains of poly(poly(ethylene 

glycol)methyl ether methacrylate) (P(PEGMMA)), a well-characterised 

thermoresponsive polymer. These P(PEGMMA) brushes could be reversibly collapsed 

and swollen by changing either temperature or salt concentration, with corresponding 

changes in electrochemical and anti-biofouling properties. This switching behaviour 

holds great potential for a tissue culture substrate, with the ability to modulate cell 

adhesion and deliver electrochemical signals to the growing cells. 

Finally, a catalyst for hydrogen generation was fabricated from PBrEDOT grafted with 

poly(acrylic acid) (PAA) brushes and decorated with platinum nanoparticles (PtNPs). 

This novel grafted CP/PtNP system showed good catalytic activity towards the 

hydrogen evolution reaction (HER), performing on par with several previously-reported 

HER catalysts. The PtNPs appeared to be synergistically enhanced by the presence of 
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PAA, indicating that this fabrication approach could be a powerful tool in reducing Pt 

loadings while increasing catalyst efficiency. 
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Before everything, before even humans, there were stories. 

 

A creature at a fire conjuring a world  

with nothing but its voice and a listener’s imagination. 

 

And now, me,  

and thousands like me,  

in little booths and rooms and mics and screens all over the world,  

doing the same for a family of listeners,  

connected as all families are,  

primarily by the stories we tell each other. 

 

And after,  

after fire, and death,  

or whatever happens next,  

after the wiping clean or the gradual decay,  

after the after… 

 

when there are only a few creatures left,  

 

there will be one at a fire,  

telling a story  

to what family it has left.  

 

It was the first thing, and it will be the last. 

 

 

 –Welcome to Night Vale 

Episode 71  
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Chapter 1. Introduction 

This chapter is partially adapted from Hackett, A. J.; Malmström, J.; Travas-Sejdic, J., 

Functionalization of conducting polymers for biointerface applications. Progress in 

Polymer Science 2017, 70, 18-33.1 

1.1. Overview 

The drive to learn, to develop and improve lies at the heart of materials research. One 

of the greatest success stories of the field is the development of conducting polymers 

(CPs). In the span of 40 years, these unique materials have expanded from a scientific 

curiosity into an extensive research area, with significant impact on fields ranging from 

biomedical engineering to electronics and energy technology.  

This thesis presents the functionalisation of CP films, with the aim of imparting new 

properties to these materials. Through the grafting of suitable polymer sidechains, 

novel smart surfaces were developed with the ability to respond to external stimuli 

while taking advantage of the electroactivity of the CP backbone. 

1.2. Conducting polymers 

Conducting polymers (CPs) have been a hot topic of research ever since their discovery 

in 1977, which earned MacDiarmid, Shirakawa and Heeger the Nobel Prize in 

Chemistry in 2000.2-3 Combining the electrical conductivity of semiconductors and 

metals with the processability, functionality and biocompatibility of traditional 

insulating polymers, CPs have found use in a wide range of applications, including 

flexible electronic devices,4 luminescent and electrochemical (bio)sensors,5-8 actuators,9 

solar cells,10 cell culture substrates and tissue scaffolds,11-12 drug delivery devices,13 and 

biomedical implants.14 Some common CPs are shown in Figure 1.1. 
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Figure 1.1. Structures of some commonly investigated conducting polymers. 

The unique conductivity of CPs arises from extensive π-conjugation along their 

backbone. Charge carriers are introduced to the backbone by oxidation (p-doping) or, 

less frequently, by reduction (n-doping).15 This process removes (or adds) an electron 

from the conducting polymer, causing lattice distortion and charge delocalisation over 

several monomer units due to conjugation.16 The localised charge carriers are referred 

to as polarons (radical cations/anions) and bipolarons (radical dications/dianions) 

(Figure 1.2). In this state, the CP is conductive, but can be switched back to the 

insulating (neutral) state via a redox process. This switch is accompanied by changes in 

the structure of the backbone, and a flow of dopant ions to counter the change in 

charge.  
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Figure 1.2. Structure of polarons and bipolarons in doped polythiophene. Counter ions are represented as A-. 

1.2.1. Synthesis of conducting polymers 

CPs are generally synthesised chemically or electrochemically, which allows for 

simultaneous polymerisation and doping via oxidation. Chemical oxidation of the 

monomer forms a radical cation, which combines with a neutral monomer to give a 

dimer. Upon further oxidation, this dimer can react with another monomer, and so on 

(Figure 1.3).17-18 
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Figure 1.3. Potential chemical polymerisation mechanisms of polypyrrole in water, proposed by Tan and 

Ghandi.18The authors propose that the correct mechanism proceeds via a-b-d-e-f-g, and speculate that the 

mechanism of electropolymerisation is similar.17 Image originally published by Tan and Ghandi, reproduced 

with permission from Elsevier ©2013.18  

Chemical polymerisation is generally carried out by mixing a solution of monomer with 

an oxidant such as ferric chloride, ammonium persulfate or hydrogen peroxide.19-21 In 

this manner, conducting polymers may be produced in a range of different forms: as 

powders, dispersions, and hydrogels; as films formed by solution deposition or 

chemical vapour deposition; spin-coated into fibres; or incorporated into copolymers, 

blends and composites.22-24 

Chemical polymerisation is useful as it allows for the synthesis of a wide range of CPs, 

including some novel monomers that cannot be electrochemically reduced to reactive 

radical species.25 Many chemical polymerisations can also be readily scaled up, which is 

ideal for industrial applications that require production in bulk. However, the 

properties of the CP are heavily influenced by reaction conditions, including solvent, 

oxidant/dopant ion choice, reagent concentrations, solution pH, the presence of 

impurities, reaction temperature, and rate of stirring (Figure 1.4).20 As a result, 

chemically polymerised CPs typically have lower conductivity values than electrically 
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polymerised CPs, and it can be difficult to produce films with reliable and repeatable 

physical and electrochemical properties.   

 

Figure 1.4. The effect of dopant choice on the surface morphology of ultrathin polypyrrole (PPy) films on 

Si/SiO2 (a, c, e, g, m, p) and glass (b, d, f, h, n, q): (a, b) self-assembled monolayer of silanised pyrrole 

monomers without dopant; (c, d) PPy/sodium dodecylbenzenesulfonate; (e, f) PPy/sodium dodecyl sulfate; 

(g, h) PPy/α-naphthalene sulfonic acid; (m, n) PPy/ anthraquinone-2-sulfonic acid sodium salt 

monohydrate-5-sulfosalicylic acid dehydrate; (p, q) PPy/camphor sulfonic acid. Image originally published 

by Mahmoodian et al., reproduced with permission from Elsevier ©2015.26 

Electrochemical polymerisation is an alternative synthesis method that uses an 

electrical potential to polymerise and deposit thin CP films onto electrodes.27 The 

applied potential must be equal to or greater than the polymerisation potential of the 

monomer, but excessively high potentials risk overoxidisation, which can irreversibly 

destroy polymer conductivity.28 Not all monomers can be electrically polymerised, but 

many of the most commonly studied CPs (PPy, PTh, PEDOT) can be produced this 

way.27, 29-31  

Techniques for electrochemical polymerisation fall under three categories: 

potentiostatic, galvanostatic, and potentiodynamic methods.32 The choice of 

electrochemical technique has a huge bearing on the properties and morphology of the 
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CP film.33 For instance, in the case of PEDOT, potentiodynamic methods such as cyclic 

voltammetry cause the film to deposit layer-by-layer, producing films with globular or 

fibrous morphology; in contrast, galvanostatic methods result in steady deposition and 

tend to give smoother, denser films.34 Film thickness can be controlled by the amount 

of charge passed during polymerisation. Thus, electrochemical polymerisation 

techniques allow for better control over CP properties compared to chemical 

polymerisation.  

The greatest drawback of electrochemical polymerisation is that it is limited by the size 

and geometry of the electrode, making this method unsuitable for bulk synthesis. It can 

also difficult to produce copolymers in this manner, depending on the different 

monomer oxidation potentials; however, the deposited CP film can be used as a 

starting material for further modifications such as grafting.1, 35-36 

1.3. Graft polymers/polymer brushes 

Graft polymers are chains of polymers tethered at one end to a substrate.37 These 

substrates can be flat or patterned surfaces, nanoparticles, or even another polymer 

chain. Densely grafted chains are forced to adopt extended brush conformations to 

reduce steric hindrance, while sparser grafting can lead to ‘mushroom’ type 

conformations (Figure 1.5).38-39 Chain conformation is also dependent on solvent 

quality.40 For ease of reading, all of the grafted polymer chains in this chapter will be 

referred to as polymer brushes, regardless of whether the authors confirmed the 

grafting density or chain conformation. 
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Figure 1.5. Schematic depicting scaling law for brush thickness h and grafting density σ. Three different 

polymer brush regimes are defined. D is the distance between grafting sites, Rg is the polymer radius of 

gyration, and  ν (slope for log h vs. log σ plot) is an integer between 0-1 that depends on solvent quality.40 

Image originally published by Kim et al., republished without modification under the Creative Commons 

Attribution-ShareAlike 4.0 license.39 

Polymer brushes can be used to modify the properties of substrates, or to introduce 

new functionalities. Examples include improving solubility41-42 or wettability,43-45 

optical46-47 and electronic properties,48-49 adhesiveness,50 antifouling properties,51-53 and 

improved biocompatibility.54-57 Certain polymer brushes may also impart switchable 

properties depending on external stimuli such as temperature or pH, leading to a 

variety of potential applications including microfluidics, drug delivery devices and 

tissue engineering.58-62 

1.3.1. Controlled radical polymerisation (CRP) methods for 

producing graft polymers 

Almost all polymerisation methods can be used for grafting. However, most studies 

focus on controlled radical polymerisation (CRP) techniques – notably reversible 

addition/fragmentation chain transfer polymerisation (RAFT)63 and atom transfer 

radical polymerisation (ATRP).64-66 These CRP techniques establish an equilibrium 

between active growing chains and dormant chains. The equilibrium favours the 

dormant state, ensuring that the chains grow at a constant rate and premature chain 

termination is reduced.65 Thus, the polymerisation kinetics allow for good control over 

the molecular weight and molar mass dispersity of the polymer chains compared to 
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conventional radical techniques, with molecular weight increasing linearly with time as 

the reaction proceeds.64 The end functionalities of the polymer chains are also well-

preserved, meaning that block copolymers can be readily produced through these 

methods.67-68 

Out of all CRP techniques, ATRP is the most commonly used method in the literature 

due to its versatility.65, 69 Thus, it was chosen as the primary graft polymerisation 

technique in this thesis, and will be covered in greater depth in the following section. 

1.3.1.1. Atom transfer radical polymerisation (ATRP) 

Atom transfer radical polymerisation (ATRP) was first developed independently by 

Mitsuo Sawamoto, and by Jin-Shan Wang and Krzysztof Matyjaszewski in 1995.70-71 It 

has since established itself as one of the most commonly utilised polymerisation 

methods. ATRP offers several advantages over other polymerisation methods; most 

notably, ATRP is highly versatile and can be performed using a wide range of 

monomers, reagents and reaction conditions,65, 71 while still maintaining good control 

over the polymer’s molecular weight and molar mass dispersity. A variety of molecular 

architectures can be targeted, including star or dendritic polymers as well as graft 

copolymers,72-73 and suitable initiators can be readily synthesised from commercially 

available chemicals.49, 74 

 

Figure 1.6. General ATRP reaction scheme. 

ATRP requires a transition metal catalyst (Mtn/L) to abstract a halide from the 

initiating group P-X, leaving an activated free radical P• (Figure 1.6).70 At the same time, 

the transition metal catalyst is oxidised to a higher oxidation state. The free radical is 

able to attack a monomer (propagation) or reduce the X-Mtn+1/L complex and regain 

the halide, returning to a dormant state (deactivation). The kinetics of the equilibrium 

favour deactivation, with the persistence time of the active radical in the order of 
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milliseconds, compared to seconds for the dormant species.64, 71 Each dormant chain is 

equally likely to be reactivated, leading to well-controlled molecular weights and low 

molar mass dispersities. The short persistence time and relatively low concentration of 

active radicals also decreases the chances of irreversible termination through chain 

recombination or disproportionation.64 

The kinetics of ATRP can be readily controlled through careful choice of experimental 

conditions. The choice of transition metal catalyst (typically Cu)75 and ligand76 are 

particularly important, ideally providing both high deactivation rates and high overall 

ATRP reaction rates. The choice of initiator is also important, especially when 

incorporating initiating groups into a larger molecule such as a polymer backbone – in 

particular, the reactivity of the initiator depends on both the choice of halogen 

transferrable group (Cl vs Br) and whether it is a secondary or tertiary halide.77-78 The 

ATRP reaction may be additionally controlled with the addition of a small amount of 

inactive CuII to the reaction vessel, slowing down the reaction kinetics even further.79 

However, one of the greatest drawbacks of ATRP is that the most common catalysts are 

copper-based, and thus highly toxic. As a result, the polymer must be rigorously 

purified to remove all traces of copper prior to use.80 The ideal solution is to reduce the 

amount of catalyst required for the reaction, simplifying purification.81 However, the 

CuI catalyst can be readily oxidised by the oxygen in air. Therefore, lowering the 

amount of catalyst leaves the reaction more susceptible to air leaks, and may increase 

experimental setup time and costs to ensure an inert atmosphere is maintained.  

1.3.1.2. Activators (re)generated by electron transfer (AGET/ARGET) ATRP 

The need to decrease catalyst levels and improve the oxygen tolerance of ATRP lead to 

the development of AGET ATRP (activators generated by electron transfer)82 and 

ARGET ATRP (activators regenerated by electron transfer).83-84 A general 

AGET/ARGET scheme is shown in Figure 1.7. 
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Figure 1.7. Generalised reaction schemes for AGET ATRP and ARGET ATRP. 

In both procedures, the transition metal catalyst is added to the reaction vessel in an 

oxidatively stable state (e.g. CuIIBr2), and is reduced to the active state (CuIBr) by a 

reducing agent. As a result, more active catalysts may be used with less risk of 

degradation in air.84-85 Importantly, the reducing agent may be added slowly over the 

course of the reaction, controlling the equilibrium between CuI/CuII and thus the 

kinetics of the reaction.  

Early variations of this approach used excess Cu0 as a reducing agent, often in 

conjunction with CuI rather than CuII.86 More recent work often uses FDA-approved 

tin(II) ethylhexanoate (a one-electron donor) in organic solvents, or ascorbic acid (a 

two-electron donor) in aqueous media.87 Other reducing agents may also be used, such 

as glucose or even excess ligand.83, 88  

The major difference between AGET and ARGET ATRP lies in the ratio of reducing 

agent to catalyst. AGET ATRP uses roughly equimolar amounts of reducing agent to 

catalyst, essentially activating the catalyst a single time.82 A small excess of reducing 

agent may be added to scavenge oxygen, allowing the reaction to be carried out in 
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limited amounts of air85 – so while an inert atmosphere is still preferred, this may be 

achieved by simply bubbling with nitrogen rather than multiple freeze-pump-thaw 

cycles. Alternatively, less than equimolar amounts of reducing agent may be added, 

leaving some catalyst in the inactive state to control the reaction kinetics, as with 

traditional ATRP. 

In comparison, ARGET ATRP uses excess amounts of reducing agent; as the catalyst is 

degraded, it can be continuously reduced back to the active state. As a result, ARGET 

ATRP reactions require minimal catalyst – as low as 5 ppm.89 The excess reducing agent 

is also able to scavenge oxygen, allowing reactions to be carried out in air.84 

1.4. Applications of CP-grafted brushes  

The addition of polymer chains to CPs is a useful tool to alter the chemistry, stability, 

solubility and mechanical properties of the CP, and can be used to introduce functional 

groups for further functionalisation. Polymer chains have been produced from a variety 

of substrates for a range of applications: to improve the solubility and processibility of 

polymers and nanoparticles, to tune the wettability and adhesiveness of surfaces, to 

prevent fouling of biosensors and coatings and to introduce stimuli-responsive 

behaviour.43, 90-91  Many of these properties are of interest to CP-based biomaterials as 

well.  

There are three approaches to grafting polymer brushes from conducting polymers: 

‘grafting to’, ‘grafting from’ and ‘grafting through’ (Figure 1.8).66, 92 ‘Grafting through’ 

involves the synthesis of macromonomers  (macromolecules containing an end-group 

that can behave as a monomer); subsequent polymerisation of the end-group 

monomeric functionalities gives the desired polymeric backbone with the rest of the 

macromolecule forming the polymer brush.93 Alternatively, ‘grafting to’ involves 

chemical attachment of polymer chains to the substrate or previously-polymerised 

backbone.94 The third case of ‘grafting from’ requires the functionalisation of the 

polymer backbone or substrate with initiating sites from which the brushes are 

subsequently grown.84  
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Figure 1.8. Generalised categories of graft copolymer synthesis: grafting through (macromonomer 

approach), grafting from (macroinitiator approach), and grafting to. Image originally published by Hackett 

et al., reproduced with permission from John Wiley & Sons Inc ©2018.36 

1.4.1.  ‘Grafting from’ 

The ‘grafting from’ method is the most frequently reported of the three methodologies 

for grafting of CPs due to the commercial availability of functionalised monomers that 

can be readily converted to relevant initiating sites.95 It has been also the method of 

choice for the Travas-Sejdic research group due to the generality of the approach.49, 53, 

96-97 The brush grafting post-polymerisation of the CP avoids the brushes sterically 

hindering the CP polymerisation, an important problem in polymerising of 

functionalised CPs. The brushes can be grown by controlled radical polymerisation 

methods such as atomic radical transfer polymerisation (ATRP) and reversible 

addition-fragmentation chain-transfer polymerisation (RAFT), allowing for control over 

the brush chain lengths and facile synthesis of block copolymer brushes via ‘living’ 

chain ends.69, 98-100 Brushes can also be grown via other methods, such as ring opening 

metathesis polymerisation (ROMP)101 and UV-induced grafting from ozone-pretreated 

CPs.102 The following paragraphs detail different types of grafted brushes from CPs 

grouped by their imparted properties and potential applications. 
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The ‘grafting from’ method has the advantage of being able to produce denser, longer 

brushes compared to other grafting methods, as the growing polymer brushes 

experience relatively less steric hindrance during polymerisation. For example, Wang et 

al. attached an ATRP initiator to thiophene monomers pre-polymerisation, then used 

the resulting PTh film as a backbone to graft poly(N,N-dimethylaminoethyl 

methacrylate) (PDMA).103 The resulting polymer was estimated to contain 2.6% PTh by 

mass, indicating the presence of large, densely grafted PDMA brushes (confirmed by 

AFM images of polymer adsorbed on mica, showing the presence of thick worm-like 

chains; Figure 1.9).  
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Figure 1.9. AFM images (A, C, E: height; B, D, F: phase) of PTh-g-PDMA adsorbed on mica from dilute 

solution (2 mg L-1) of toluene (A, B), THF (C, D), and CH2Cl2 (E, F). Z range (height): 0 – 10 nm from dark 

to bright. Image originally published by Wang et al., reprinted with permission from the American 

Chemical Society ©2008.103 
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One of the most important rationales for grafting brushes is to improve the solubility of 

the conducting polymer backbone, which in turn improves its processability and 

widens the range of environmental conditions that it can be employed in. Costanzo and 

Stokes were among the first to report the synthesis of a conducting polymer with an 

attached ATRP initiator for subsequent grafting.104 In their study, 3-thiophene-ethanol 

was polymerised to give hydroxyl-functionalised PTh, followed by attachment of the 

initiator. They estimated that this procedure lead to functionalisation of 86% of the 

backbone, from which they were able to graft short poly(methyl acrylate) brushes with 

low dispersities and predictable molecular weights (MWs). In a similar study, 

Massoumi et al. attached initiating groups to PANI post-polymerisation, which were 

used to graft poly(methyl methacrylate) brushes.105 The grafted brushes improved 

solubility in polar solvents, and the grafted polymer showed defined electroactivity in 

aqueous H2SO4 – both of which are of interest for potential bioapplications which are 

often carried out in aqueous conditions.  

Aside from altering the solubility of the conducting polymers, grafted sidechains may 

also impart (bio-)erodibility, which can allow for controlled degradation of implants 

and injected biomedical materials. For example, Domagala et al. grafted short 

biocompatible oligo(3-hydroxybutyrate) (OHB) chains from a PPy backbone;106 OHB 

degrades in phosphate buffered saline (PBS) to give (R)-3 hydroxybutyric acid, which is 

a non-toxic constituent of blood. The increasing acidification of the environment in 

turn contributed to chemical erosion and degradation of the polypyrrole backbone, as 

evidenced by reduced conductivity and shifted vibrational bands in FTIR spectra. The 

rate of OHB and subsequent PPy degradation could be controlled, with shorter and 

sparser OHB chains being more susceptible to erosion. 

Grafted brushes can also introduce controlled switching behaviour to conducting 

polymers, leading to changes in conformation, wettability and solubility, 

electroactivity, and protein and cell rejecting properties. Induced changes can be 

triggered by a range of external stimuli, particularly temperature, salt concentration, 

pH, or applied electrical potential under physiological conditions. For instance, 

Malmström et al. reported the synthesis of (3,4-ethylenedioxythiophene)methyl 2-

bromopropanoate (BrEDOT) monomer.49 After polymerisation, tert-butyl acrylate 

brushes were grafted by ATRP, followed by acid hydrolysis to give charged polyacrylic 

acid (PAA) brushes. Surface plasmon resonance and cyclic voltammetry measurements 
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demonstrated the pH-responsiveness of the PAA brushes, which in turn led to changes 

in electrochemical behaviour when switching between acidic and basic solutions.   

More commonly, thermoresponsive poly(N-isopropylacrylamide) (PNIPAAm) brushes 

are exploited for biomedical applications. The temperature-dependent collapse of 

PNIPAAm and subsequent change in hydrophilicity has been exploited to produce cell 

culture substrates capable of promoting protein and cell adhesion at 37 °C when the 

brushes are collapsed and dehydrated, but can cause them to detach at lower 

temperatures as the brushes hydrate and swell. An early example of PNIPAAm grafting 

from CPs was reported by Ghorbani et al., who attached initiating sites to PANI using 

chloroacetyl chloride (CAC) or 2-chloropropionyl chloride (CPC).107 The grafted PANI-

g-PNIPAAm copolymers show improved solubility in polar solvents – up to 150 g/L for 

PANI-CAC-g-PNIPAAm in water or methanol, and 50 g/L in methanol for PANI-CPC-g-

PNIPAAm, due to decreased grafting density in the latter material (87% and 47% 

respectively). Cyclic voltammograms confirmed that the PANI-g-PNIPAAm retained 

electroactivity. In another example, Balamurugan et al. grafted PNIPAAm brushes from 

PTh to improve its water solubility; the grafted copolymers displayed reversible 

thermoresponsive behaviour in solution.42 

Other researchers have also investigated brushes composed of poly(ethylene glycol) 

derivatives, which display similar thermoresponsive behaviour to PNIPAAm – including 

reversible protein and cell adhesion based on hydration of the brushes. The advantage 

is that the transition temperature can be tuned by varying the length of the 

poly(ethylene glycol) chains.108 Hackett et al. used PBrEDOT substrates as a backbone 

to graft thermoresponsive brushes using poly(ethylene glycol)methyl ether 

methacrylate (PEGMMA) macromonomers (see Chapter 4).53 Further studies 

conducted on these materials by Malmström et al. demonstrated that the swollen 

brushes were cell-repelling, with the extent of cell rejection dependent on the 

composition of the copolymer brushes (Figure 1.10).57 

Zhao et al. produced a similarly functionalised EDOT monomer, but used an initiator 

with a tertiary bromide, 2-bromo-2-methylpropionic acid-(2,3- dihydrothieno[3,4-

b][1,4]dioxin-2-yl)methyl ester (EDOT-Br).109 After electropolymerisation of the EDOT 

derivative, brushes of poly(oligo(ethylene glycol) methacrylate) (POEGMA) and 

zwitterionic poly([2- (methacryloyloxy)ethyl]dimethyl-(3-sulfopropyl)ammonium 
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hydroxide) (PSBMA) were grafted. Both brushes prevented the binding of bovine serum 

albumin (BSA) and fibrinogen (Fn). In contrast, protein adsorption on the ungrafted 

PEDOT control reached saturation after 15 minutes, reaching a maximum protein 

density of 529 ng cm-² for BSA and 1310 ng cm-² for Fn. The brushes also prevented 

adhesion of NIH3T3 fibroblast cells after incubation for 24h, while the fibroblasts 

readily adhered to the ungrafted PEDOT film. 

 

Figure 1.10. Fibroblast adhesion on PBrEDOT grafted with P(PEGMMA-co-DEGMMA), showing variable 

cell adhesion based on graft composition. Blue = DAPI (nucleus), red = Phalloidin (actin). Image originally 

published by Malmström et al., republished with permission from Inderscience Publishers ©2017.57 

One of the key issues of the ‘grafting from’ procedure is the need to control brush 

grafting density to produce homogeneous surfaces. Steric hindrance between the 

brushes during polymerisation can lead to low grafting densities and inhomogeneous 

brush growth. However, spacing out the initiating sites can lead to brushes with more 

well-defined lengths and controlled densities. Both Malmström et al.49 and Zhao et 

al.109 investigated electrochemical copolymerisation of the ATRP-functionalised EDOT 
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with unfunctionalised ‘spacer’ EDOT. In both cases, the calculated ratio of 

functionalised EDOT in the polymer was lower than that in the monomer feed, which 

was attributed to the slightly higher onset potential of the functionalised EDOT 

polymerisation during cyclic voltammetry. Zhao et al. showed that the level of 

EDOT-Br incorporation was linear with the monomer feed ratio, demonstrating that 

this was a valid method of controlling initiator density, and by extension, brush 

density.109 Increasing the amount of EDOT-Br in the monomer feed by 5% decreased 

protein adsorption after grafting by up to 40%; at feed ratios consisting of over 50% 

EDOT-Br, the brushes were dense enough to be fully protein rejecting. 

Other groups have attempted to tune the initiator density on the CP backbone by 

synthesising oligomeric repeating units. Aside from greater control over the initiator 

density, oligomers also allow statistical control over copolymer composition where the 

singular monomers have differing polymerisation rates.48 Oligomers may also be 

electropolymerised at lower potentials compared to corresponding singular monomers, 

reducing the risk of over-oxidation of the conducting polymer.110  

Grande et al. synthesised a terthiophene (3Th) macromonomer containing a chain 

transfer agent (CTA) for reversible addition-fragmentation chain-transfer (RAFT) 

polymerisation.111 The 3Th-CTA termonomer was electrochemically polymerised, and 

used as a macro-RAFT CTA to graft a wide range of homopolymers and block 

copolymers. Strover et al. also synthesised a terthiophene macromonomer BrTTh, 

containing an ATRP initiator on the central thiophene rather than a RAFT chain 

transfer agent.112 The BrTTh monomer was easily polymerised both chemically and 

electrochemically. Polystyrene (PS) brushes were successfully grafted from both 

polymers backbones, and then extended with PAA blocks. Both PBrTTh and PBrTTh-g-

(PS-b-PAA) showed significant changes in water contact angle upon oxidation and 

reduction (> 20°), demonstrating electrochemical switchability. Interestingly, 

deposited films of chemically oxidised PBrTTh-g-(PS-b-PAA) demonstrated reduced 

electroactivity compared to the electrochemically polymerised films, likely due reduced 

contact between the conducting polymer and electrode due to the steric effect of the 

brushes.  

In an effort to produce films with greater electroactivity in water, Strover et al. also 

synthesised a termonomer containing a central ATRP initiator-functionalised 
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thiophene, flanked by more hydrophilic pyrrole units, which they dubbed PyThon.48 

Grafting of PS, poly(pentafluorostyrene) and poly((ethylene glycol) methyl ether 

acrylate) brushes appeared to give the films some capacitive switching behaviour when 

conducting cyclic voltammetry in water, although the effect was not fully investigated. 

Electrografting was also attempted with poly(2-hydroxyethyl methacrylate) via eATRP 

(electrochemically mediated ATRP), in an attempt to improve the oxygen tolerance and 

lower the amount of cytotoxic copper catalyst present during ATRP grafting by 

electrochemically regenerating the active catalyst; however, the process was not well 

controlled.113  Alternatively, Chams et al. synthesised an ATRP-functionalised 

termonomer containing a central pyrrole ring and two thiophene units, which they 

called SNS-Init.114 The SNS-Init termonomer was able to polymerise at lower potentials 

(< 0.80 V) and produced films that were more adherent to the substrate than 

homopolymer films produced from an initiator-functionalised pyrrole without the 

flanking thiophene groups. The films displayed smoother morphology under scanning 

electron microscopy (SEM) imaging than the typical ‘cauliflower’ morphology of 

electrodeposited PTh and PPy. Dimethylaminoethylmethacrylate brushes were 

successfully grown from the P(SNS-Init) films, appearing as dense ‘cotton-like’ spheres 

distributed over the films surface.  

Chan et al. also synthesised termonomers containing two thiophene units, but with a 

central phenylene unit instead.96 A range of functionalities were attached to the 

phenylene ring, including short PEG chains, ATRP initiating sites, and azides that could 

be used to ‘click’ chains with terminal alkyne groups. Copolymerising these 

termonomers allowed for films with dual functionality, as demonstrated by the 

successful ‘clicking’ of hex-1-yne after grafting short PS brushes. These films could 

possibly be extended to produce surfaces with mixed stimuli-responsive brushes for 

precise control over the surface properties, or to easily attach small molecules such as 

peptides on to the CP backbone while utilising polymer brushes to reduce non-specific 

binding. 

1.4.2.  ‘Grafting through’ 

‘Grafting through’ was one of the earliest methods adopted to produce polymer chains 

from CP backbones. An early example is the polymerisation of a thiophene-capped 
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poly(methyl methacrylate) to give PTh-g-PMMA, as reported by Alkan et al. in 1999.115  

As the ‘brushes’ are synthesised first, this approach provides very good control over 

brush composition, length and molar mass dispersity. However, the steric bulk of the 

macromonomers can hinder polymerisation of the CP backbones; thus, this method is 

best suited to short brush lengths and lower grafting densities.  

In a study by Zhao et al. the authors reported the polymerisation of dibromothiophenes 

that had been modified with short oligo(ethylene glycol) chains (OEG) (2 or 4 

repeating units) capped with either methyl or benzyl groups.116 As dropcast films, the 

OEG-modified PTh demonstrated good electrochemical stability in water and the UV-

vis spectra were unchanged after 4 days of immersion in PBS buffer. Even though 

poly(ethylene glycol) is typically used to prevent protein and cell adhesion, the short 

chains in this study did not hinder cell adhesion; spincoated films were able to support 

the growth and proliferation of NIH3T3 fibroblast cells to confluence within 84 hours.  

In a more recent study, Bendrea et al. synthesised pentathiophene macromonomers, 

with methyl-capped poly(ethylene glycol) chains attached to the central thiophene.44 

The authors used longer PEG chains (22 or 44 repeat units) compared to Zhao et al.116 

The pentathiophene macromonomers were easily electropolymerised to give smooth 

films, which were used to culture epithelial Vero cells. After seven days, both PTh-g-

PEG films displayed greater cell viability than both steel and culture plate controls and 

PEDOT films. Cell adhesion also appeared to enhance the electrochemical properties of 

the films.  

In another study, Maione et al. investigated the effect of graft density on the PTh-g-

PEG films, using PEG-grafted terthiophenes instead of the previous pentathiophenes.117 

These were copolymerised with ungrafted terthiophenes in different ratios, and 

investigated for potential cytoxicity using Cos-7 fibroblast-like cells. After 24 h, 

ungrafted PTh3 showed ca. 50% reduction in cell viability compared to steel and 

culture plate controls, while grafted PTh3-g-PEG films demonstrated slightly increased 

cell viability compared to the control substrates (Figure 1.11). Likewise, the grafted films 

also showed significantly greater cell adhesion and proliferation compared to the steel 

control. Both PTh3 and PTh-g-PEG substrates also displayed improved electroactivity 

when coated in cells.  
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Akbulut et al. attached PEG-2000 chains to single 2,5-dibromothiophene units and 

copolymerised them with amine-functionalised 2,5-dibromothiophenes via Suzuki 

polycondensation with 2,5-thiophenediboronic acid.118 The result was a polythiophene 

film with amine- or PEG-functionalised units alternating with unfunctionalised ‘spacer’ 

thiophene units. Laccase (Lac) was immobilised via the amine groups, and the system 

was tested as an electrochemical catechol biosensor. The system demonstrated 

improved sensitivity compared to previously reported Lac biosensors,119-120 with a linear 

range from 2.5 – 500 µM. The PEG brushes improved the electroactivity of the PTh 

backbone in aqueous solutions, which was important as the addition of Lac enzyme 

appeared to hinder electron transfer between the electrode and solution. The authors 

have also used the similar methodologies to produce poly(p-phenylene)s (PPPs) with 

PEG and covalently-bound poly-L-lysine,121 demonstrating that their techniques can be 

applied to produce functionalised CPs other than PTh. 

 

Figure 1.11. Cytotoxicity of PTh3*-g-PEG2000 (75:25 and 50:50 Th3-g-PEG2000:Th3) and PTh3 doped with 

ClO4
-. Bars represent the mean standard deviation measured for three samples. The relative viability of Cos-

7 cells was established in relation to the TCP control (tissue culture polystyrene) and steel. The asterisk (*) 

indicates a significant difference with the control, Tukey’s test (p < 0.05). Image originally published by 

Maione et al., reproduced with permission from John Wiley & Sons Inc. ©2015.117 

1.4.3.  ‘Grafting to’ 

‘Grafting to’ is a method of grafting polymer brushes post-CP polymerisation. As the 

polymer brushes are synthesised prior to attachment to the CP backbone, this method 

provides good control over brush characteristics such as molecular weight and 
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composition. This avoids situations where the brush polymerisation conditions are 

incompatible with the CP backbone or vice versa. It can also facilitate the synthesis of 

patterned or mixed brushes, by selective functionalisation of the surface with 

appropriate attachment sites.94 Although historically not widely utilised, the ‘grafting 

to’ method is nevertheless growing in popularity due to the advent of ‘click 

chemistry’.122 

A disadvantage of the method is that ‘grafting to’ does not produce high grafting 

densities compared to other methods, due to steric hindrance from the brushes. This 

issue can be partly mitigated by using short brushes or using poor solvent during the 

grafting reaction to ensure the brushes are coiled up.123 ‘Cloud-point grafting’ of PEG 

derivatives, for instance, relies on highly concentrated salt solutions to lower the 

solubility of the PEG chains in water causing them to contract and hence reducing 

chain repulsion during grafting.124 However, this technique does not appear to have 

been reported yet when grafting to CPs. 

In one example of the ‘grafting to’ approach, Molino et al. used a thiol-ene reaction to 

attach protein-repelling PEG chains to PPy, leading to complete rejection of mouse 

myoblast adhesion.125 Martin et al. similarly attached thiolated PEG to poly(3,4-

propylenedioxythiophene) (PProDOT), allowing the previously insoluble polymer to 

dissolve in several organic solvents.126  

Selective reactivity of ‘click’ graft sites allows versatile di-functionalised polymer 

backbones to be synthesised. Chan et al. synthesised conducting polymer films 

containing both ATRP initiators and azide groups for ‘click’ coupling with alkyne-

functionalised polymer chains, with the potential to produce mixed polymer brushes.96  

1.4.4. CPs as polymer brushes 

An alternative approach to CP grafting is to grow the CP from a ‘conventional’ 

polymeric backbone. In these materials, advantageous properties of the CP can be 

exploited even though the bulk material itself is not conductive. Chitosan (CS) is a 

good example of these materials, as it is a natural polymer with good biocompatibility 

and biodegradability.127 It has been extensively used in a range of applications, 

particularly as antimicrobial packaging in the food industry, as cell culture scaffolds 
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and as a drug delivery carrier. Cabuk et al. grafted conducting PPy from chitosan, 

producing stable colloidal suspensions of CS-g-PPy.128 These particles demonstrated 

improved antibacterial activity against five strains of common bacteria compared to CS 

and PPy. Such properties were attributed to the synergistic effect of positive charges 

from protonated amino groups on the CS backbone and from oxidised PPy chains, 

resulting in electrostatic disruption of the negatively-charged microbial cell walls. 

Compared to common reference antibiotics, 75 µL of CS-g-PPy hydrogel showed similar 

or greater antibacterial activity. In a follow-up study, the authors compared the CS-g-

PPy grafts to CS-g-PANI and CS-g-PTh. CS-g-PPy was determined to exhibit the 

greatest antibacterial activity of the three composites, while CS-g-PTh and CS-g-PANI 

performed similar to each other.129 CS-g-PPy again demonstrated equipotent or greater 

activity compared to the five reference antibiotics, while CS-g-PANI and CS-g-PTh both 

performed better than three of the references.  

Mihic et al. investigated CS-g-PPy hydrogel composites as implants to treat damaged 

cardiac tissues and improve heart functioning after a myocardial infarction.130 Excised 

hearts at the end of the study confirmed that the CS-g-PPy-injected hearts 

demonstrated faster conduction velocities than controls with saline injections, 

performing similar to rats that had not experienced myocardial infarctions. The shape 

of the scar tissue was also affected, producing elongated scar tissue instead of the 

rounded scar tissue seen in the control samples (Figure 1.12). Both CS and CS-g-PPy 

reduced the size of the scar compared to saline injections, and improved cardiac 

function across multiple parameters.  
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Figure 1.12. Hydrogel-injected hearts had smaller scars. Saline, chitosan, or PPy-chitosan was injected into 

the border zone of rats 1 week post-MI. A, Intraoperative photograph, showing 3 darker areas of PPy-

chitosan injected into the border zone (arrows). Eight weeks after injection, hearts were excised and scar 

area and thickness were measured (saline, n=6; chitosan, n=8; PPy-chitosan, n=8). PPy-chitosan– and 

chitosan-treated hearts had similar scar areas (B) and scar thicknesses (C) and were significantly different 

than saline-treated hearts (*P<0.05). Scale bar=3 mm. D, Representative heart sections from each 

experimental group from a comparable transverse section landmarked just below the papillary muscles. E, 

Masson trichrome staining of a representative PPy-chitosan–injected heart 8 weeks post-injection. PPy-

chitosan particles can be seen in the scar and border zone (arrows). Scale bar, 100 μm. Image originally 

published by Mihic et al., reproduced with permission from Wolters Kluwer Health, Inc. ©2015. 130 

Aside from chitosan, a range of synthetic polymers can also be used as a backbone for 

grafting CP brushes. Guo et al. investigated polylactide (PLA) films, which have 

excellent mechanical properties, biocompatibility and biodegradability for 
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biointerfacial applications, but are too hydrophobic to induce cell adhesion.131 The PLA 

films were functionalised with either PAA brushes or a monolayer of maleic anhydride, 

followed by coupling of tetraaniline (TA) to the carboxyl groups (Figure 1.13). Although 

no cell studies were undertaken, the authors hypothesised that the increased 

hydrophilicity would improve cell adhesion to the films, and electrical stimulation from 

the TA brushes could induce cell growth and differentiation. This was confirmed by a 

later study by Cui et al., who clicked tetraaniline brushes onto biodegradable poly(ester 

amide) to give PEA-g-TA films.132 Higher content of TA (denser grafting) slowed film 

degradation; however, the grafted copolymers films showed higher cell viability (> 

90%) of preosteoblastic MC3T3-E1 cells compared to TA alone, and higher cell average 

areas than ungrafted PEA. Some films were electrically stimulated periodically during 

cell incubation; after two weeks, the cells growing on these films showed higher levels 

of markers for osteogenic differentiation (free Ca2+ concentration and ALP enzyme 

activity) compared to unstimulated cells, demonstrating the effectiveness of electrical 

stimulation in inducing cell differentiation. 

 

Figure 1.13. Surface grafting of polylactide (PLA) films with tetraaniline tetramer (TA). Image originally 

published by Guo et al., reproduced with permission from the American Chemical Society ©2012.131 

Hardy et al. also investigated electrical stimulation of differentiating bone tissue cells - 

in this case, human mesenchymal stem cells.133 The authors attached pyrrole initiating 

sites on to polycaprolactone backbones, followed by chemical polymerisation of amine-

functionalised PPy-NH2 or carboxylate-functionalised PEDOT-CO2H brushes. The 

solution-cast films were used as substrates to culture mesenchymal stem cells in 

osteogenic media. As with the previous study by Cui et al.,132 some cells were 

electrically stimulated periodically during culture. After 3 weeks, the electrically 
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stimulated cells showed significantly higher alkaline phosphatase activities compared 

to unstimulated substrates – indicating that electrical stimulation helped to induce 

osteogenic differentiation of the mesenchymal cells. 

1.4.5. CPs with polypeptide brushes 

Polypeptide-based materials exhibit many desirable properties for bioapplications, 

including excellent biodegradability, the ability to form 3D structures such as α-helices 

and β-sheets, potential switchability depending on amino acid composition and the 

ability to influence the binding and activity of cells and biomolecules, such as 

promoting cell adhesion through the use of the integrin-binding RGD peptide 

motifs.134-136 Covalent grafting of polypeptide chains overcomes issues of leaching that 

may occur in materials fabricated using physisorption or entrapment of the 

polypeptides.  

One important use of CPs grafted with polypeptides is in the development of electrodes 

for biosensing. Polypeptide brushes are able to covalently bind with enzymes; in turn, 

the enzyme recognises and binds to the target analyte, changing the electrochemical 

properties of the electrode which can be monitored by electrical read-out 137. An 

interesting example of this methodology was reported by Kesik et al.,138 who attached 

poly(L-Boc) to amino-functionalised bis-EDOT, and copolymerised them 

electrochemically with ferrocene imidazole derivatives of dithiophene, with the 

ferrocene acting as an electron transfer mediator. Alcohol oxidase (AOx) was covalently 

immobilised on the terminal of the polypeptide chain, and the resulting electrode was 

used as an ethanol sensor. Under optimal conditions the sensor showed a linear 

response between 0.17 - 4.25 mM ethanol, with a limit of detection of 0.28 mM. 

Compared to other studies of similar biosensors,139-141 AOx showed higher affinity for 

ethanol due to effective immobilisation and excellent microenvironment provided by 

the CP. The biosensor also showed no response to common interferents such as 

glucose, urea, and ascorbic acid, and provided accurate and reliable results for alcoholic 

beverages sampled without pretreatment.138 

Glucose oxidase (GOx) is another common enzyme used in biosensors, particularly in 

polypeptide-based biosensors. Akbulut et al. used the ‘grafting through’ method to 

synthesise polythiophene-g-polyalanine (PTh-g-PAla), followed by covalent attachment 
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of GOx.142 This biosensor showed a linear response to glucose from 0.01 - 1.0 mM, 

similar to other biosensors based on the covalent immobilisation of GOx,143-144 but with 

a higher sensitivity and better repeatability compared to physisorption methods.145-146 

Thus, this method produces more robust biosensors due to the lack of enzyme 

leaching. A similar biosensor was fabricated by Guler et al.,147 who immobilised GOx on 

polythiophene-g-polyphenylalanine (PTh-g-PPhe) films. The resulting glucose 

biosensor showed a linear response from 0.025 - 1.0 mM, similar to the work by 

Akbulut et al.121 The PTh-g-PPhe/GOx biosensor showed no interference with common 

interferants such as ascorbic acid, ethanol and uric acid, and measurements in real 

samples without pre-treatment were in good agreement with the results from a 

commercial assay kit. 147 

Both Akbulut et al.121 and Guler et al.147 briefly investigated other applications of their 

respective PTh-g-polypeptide films. Akbulut et al. tested the antimicrobial properties of 

both Th-g-PAla monomer and PTh-g-PAla polymer using the disc diffusion method.121 

The monomer showed no antimicrobial activity, but a PTh-g-PAla-coated graphite disc 

demonstrated moderate antimicrobial activity against Staphylococcus aureus with a 7 

mm zone of inhibition around the disc, compared to 20-30+ mm for standard 

antibiotic controls. PTh-g-PAla also showed no antimicrobial activity against 

Escherichia coli. Meanwhile, Guler et al. used their PTh-g-PPhe films to culture HaCaT 

(human keratinocyte) and U87-MG (human glioblastoma) cell lines.147 The films 

showed a significant decrease in cell adhesion after 72 hours compared to PS control 

plates. Attaching RGD peptides to the PPhe chains greatly improved U87-MG growth 

until it was almost equivalent to the PS control, while little difference was observed for 

the HaCaT cells; this was attributed to the overexpression of integrin in U87-MG cells, 

which binds to RGD and promotes cell adhesion and growth.  

1.5. Thesis outline 

The research in this thesis explores the development of novel materials based on 

conducting PEDOT grafted with stimuli-responsive polymer chains, as well as 

investigating potential applications of these materials. Due to the breadth of 

characterisation methods used in this work, a summary of instrumental theory is 

provided in Chapter 2. 
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Chapter 3 investigates the electropolymerisation and characterisation of a PEDOT 

derivative containing ATRP-initiating sites, namely poly((3,4-ethylenedioxy-

thiophene)methyl 2-bromopropanoate), or PBrEDOT. This chapter extends the work 

previously published by Malmström et al.,49 providing a more in-depth look into the 

optimal electropolymerisation conditions and addressing issues of film homogeneity 

and adhesion to the electrode substrate. 

Chapter 4 details the grafting of thermoresponsive poly(poly(ethylene glycol)methyl 

ether methacrylate) (PPEGMMA) from P(EDOT-g-BrEDOT) films. The salt- and 

temperature-responsiveness of surface-tethered PPEGMMA is investigated and 

compared to equivalent untethered chains grafted from sacrificial initiator. Finally, the 

antifouling properties of the grafted polymer films are examined to investigate the 

viability of these materials as biomedical devices or cell culture substrates. 

Chapter 5 examines the electrochemical deposition of platinum nanoparticles (PtNPs) 

on to PEDOT films grafted with poly(acrylic acid) (PAA). The effect of PAA grafts on 

the size and surface distribution of the PtNPs is characterised, and the composite 

materials are investigated for use as novel, low-cost and simple-to-fabricate catalysts 

for hydrogen generation. 

Chapter 6 concludes the thesis, briefly summarising each previous chapter. Directions 

for future work are discussed, focussing on potential applications for these novel 

materials. 
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Chapter 2. Experimental Techniques 

2.1. Introduction 

This chapter covers the background theory of all experimental techniques used in this 

thesis. The analytical instruments and software used to collect data are also outlined. 

Detailed materials and methodologies are provided in the relevant thesis chapters. 

2.2. Nuclear Magnetic Resonance (NMR) spectroscopy  

NMR is one of the most widely-utilised techniques in chemical synthesis, capable of 

determining a compound’s structure, assessing its purity and following the kinetics of a 

reaction. 

Nuclei possess intrinsic angular momentum, known as nuclear spin, which causes a 

magnetic moment. Nuclear spin values can range from 0 - 8 in increments of 1/2, but 

the most important nuclei for NMR have spin = 1/2, including 1H and 13C. When placed 

in an external magnetic field, the nucleus may align with the field (lower energy spin 

state), or against it (higher energy spin state). Irradiation with radio waves can excite 

nuclei from the low energy state to the higher energy spin state, known as a spin flip. 

The energy gap between the two states is determined by the effective magnetic field 

experienced by the nucleus, which depends on the external magnetic field, shielding 

from electrons and magnetic fields produced by other nuclei. Thus, the frequency of 

the excitation energy can provide information about the immediate chemical 

environment of the nucleus, in the form of chemical shifts and spin-spin coupling.148-150   

In this thesis, NMR spectra were measured using a Bruker Avance AVIII spectrometer 

operating at 400 MHz, and analysed using TopSpin software. 
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2.3. Electrochemistry 

The field of electrochemical analysis covers a range of techniques that use electrical 

stimulation to measure chemical reactions occurring on an electrode surface. These 

methods are both quantitative and qualitative, and can provide a variety of information 

including the composition and concentration of analytes in a solution, reaction 

kinetics, structural and chemical changes on the electrode surface (including coatings), 

and aging or corrosion of materials over time.150-151 

The most common electrochemical cell is a three electrode setup, with a working 

electrode, reference electrode, and counter (or auxiliary) electrode.150, 152 The 

electrochemical reaction of interest takes place on the surface of the working electrode, 

while the cell potential is measured between the working electrode and the reference 

electrode. The reference electrode itself has a known and stable reduction potential as 

no current flows through it, allowing for potential calibration between measurements 

and systems. To prevent contamination, it is often sealed off from the cell solution by a 

salt bridge. Finally, the counter electrode completes the electrical circuit, allowing 

current to flow. This three electrode setup ensures that only the potential at the 

working electrode is measured, ignoring any changes occurring at the counter 

electrode.  

2.3.1. Linear sweep voltammetry (LSV) 

In linear sweep voltammetry (LSV), an applied potential E is scanned linearly from an 

initial potential to a final potential, as shown in Figure 2.1 a. The scan rate is calculated 

from the slope of this line, and the resulting current I is recorded as an E-I polarisation 

curve (Figure 2.1 b).150, 152  
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Figure 2.1. a) Applied potential waveform for linear sweep voltammetry, and b) an example of an E-I 

polarisation curve displaying an oxidation peak.  

During the potential sweep, a rapid change in current may be observed as an oxidation 

or reduction (redox) half reaction takes place on the working electrode: 

Oxidation: A → A𝑛𝑛+ + 𝑛𝑛 e−   Equation 2.1 

Reduction: B + 𝑛𝑛 e− → B𝑛𝑛−   Equation 2.2 

As the magnitude of the applied potential continues to increase, the current begins to 

drop off as reactant concentration at the electrode surface is depleted faster than it can 

be replenished by mass transport. This surface-localised region where concentration 

differs from the bulk solution is referred to as the diffusion layer (Figure 2.2). Its 

thickness depends on scan rate, electrode geometry and the diffusion coefficient of the 

reactant, and can be decreased by stirring of the solution or the use of a rotating disc 

electrode (RDE).153  
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Figure 2.2. Analyte concentration as a function of distance from the electrode surface for a diffusion layer 

of thickness δ. 

LSV is commonly used as a sensing technique to investigate solutions containing 

unknown chemical species - the potential at which current peaks Ep can be used to 

identify reactants, while the peak height ip is proportional to concentration for a fixed 

scan rate.154 Alternatively, LSV can be used to investigate the electrochemical properties 

of the material, such as the mechanism and kinetics of redox reactions that occur on 

the electrode.155 In many cases, cyclic voltammetry (CV, see Section 2.3.2) is the 

preferred analytical technique as it provides additional information about the 

reversibility of the reaction on the reverse scan. However, LSV is more likely to be used 

to characterise irreversible reactions where the reverse sweep is unnecessary, such as 

the generation of hydrogen gas via electrocatalytical water splitting.  

All LSV measurements in this thesis were recorded on a BAS 100A electrochemical 

workstation (Bioanalytical Systems). 
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2.3.2. Cyclic Voltammetry (CV) 

Cyclic voltammetry is an electrochemical technique that can be used for both 

polymerisation and characterisation of conducting polymers. An applied electrical 

potential is ramped linearly over time, and the current response is measured (Figure 

2.3).150, 152  

 

Figure 2.3. Waveform of applied potential in cyclic voltammetry. 

Cyclic voltammograms can provide a wealth of information about the electrochemical 

processes occurring in the cell. Oxidation and reduction reactions appear as peaks in 

the anodic and cathodic currents (Epa and Epc) respectively ( 

Figure 2.4).156 The closer that these peaks are to 0 V, the less energy is required to drive 

the reaction, and hence the reaction occurs more readily. The peak area is related to 

the amount of charge passed during the reaction. Plotting the maximum peak current 

(ipa or ipc) vs scan rate indicates the limiting factor of the reaction – a linear relationship 

means that the reaction is confined to the surface (adsorption limited), but if the 

current is proportional to the square root of scan rate, then the reaction is diffusion 

limited.157  
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Figure 2.4. Features of an ideal cyclic voltammogram curve. Oxidation and reduction peaks occur at 

potentials Epa and Epc respectively, with corresponding peak currents ipa and ipc.  

Ideally, for a fast, readily reversible redox couple, the difference (in mV) between the 

peak potentials ΔEp is given as: 

 ∆𝐸𝐸𝑝𝑝 = �𝐸𝐸𝑝𝑝𝑝𝑝 − 𝐸𝐸𝑝𝑝𝑝𝑝� = 2.218 𝑅𝑅𝑅𝑅
𝑛𝑛𝑛𝑛

   Equation 2.3 

where R is the universal gas constant (8.314 J), T is temperature in K, F is the Faraday 

constant (96 485 C mol-1), n is the number of electrons involved in the redox reaction, 

and Epc and Epa are the cathodic and anodic peak potentials respectively (Figure 2.4). At 

298 K, RT/nF simplifies to 59/n.157 For reversible reactions, the peak potentials do not 

shift with changing scan rates. In contrast, CVs of quasi-reversible and irreversible 

redox reactions tend to display greater separation between redox peaks, and one peak 

may not even be present in the case of irreversible redox couples. Peak potentials may 

also shift with scan rate, indicating slow reaction kinetics. 

The background (capacitive) current of the CV also provides valuable information 

about the circuit. The overall slope of the background current is inversely related to the 
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circuit resistance, while the difference in background current between the positive and 

negative sweep is related to the capacitance of the system. 

In this thesis, CVs were recorded using either a BAS 100A electrochemical workstation 

(Bioanalytical Systems), a CHI 440 or 650 model electrochemical workstation (CH 

Instruments) or a Bio-Logic SP-300 potentiostat/galvanostat. 

2.3.3. Electrochemical Impedance Spectroscopy (EIS) 

Impedance can be defined as the opposition of a circuit to the flow of alternating 

current (AC). In a circuit or device containing only ideal resistors, this opposition is 

referred to as resistance R and calculated using Ohm’s law, where E is the applied 

potential and I is current: 

 𝑅𝑅 = 𝐸𝐸
𝐼𝐼
   Equation 2.4 

However, many systems in the real world exhibit more complex resistive behaviour; 

thus, we use impedance Z to include systems with frequency-dependent capacitive or 

inductive behaviour. 

Electrochemical impedance spectroscopy (EIS) applies a small (5 – 10 mV) sinusoidal 

potential at a wide range of frequencies on top of a constant potential bias. Thus, the 

potential at time t can be expressed as: 

 𝑉𝑉𝑡𝑡 = 𝑉𝑉0 sin (𝜔𝜔𝜔𝜔)  Equation 2.5 

where V0 is the amplitude of the sinusoidal potential and ω is the radial frequency 

(2πf).  

The resulting current is phase shifted from the applied potential (Figure 2.5), and can 

be expressed as: 

 𝐼𝐼𝑡𝑡 = 𝐼𝐼0 sin (𝜔𝜔𝜔𝜔 +  ∅)  Equation 2.6 

where It is the current at time t, I0 is the current amplitude and ∅ is the angle of the 

phase shift. 
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Figure 2.5. Diagram illustrating the concept of phase shift, where current and voltage are out of phase as a 

result of system impedance. In capacitors, the current waveform leads the potential, while the reverse is 

true for inductors. Ideal resistors do not demonstrate phase shift and thus are said to be in phase. Image via 

Wikimedia Commons, reproduced without modification under the Creative Commons Attribution-

ShareAlike 3.0 license.158 

Impedance can thus be described similar to Ohm’s law:159 

 𝑍𝑍 = 𝑉𝑉𝑡𝑡
𝐼𝐼𝑡𝑡

   Equation 2.7 

 𝑍𝑍 = [𝑉𝑉0 sin (𝜔𝜔𝑡𝑡)]
[𝐼𝐼𝑡𝑡 sin (𝜔𝜔𝑡𝑡+ ∅]   Equation 2.8 

Experimental EIS data can be fitted to equivalent circuit models containing different 

resistive, capacitive and inductive elements, or the elements may be directly calculated 

from experimental graphs (Figure 2.6).159-161 
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Figure 2.6. Model  Nyquist impedance plot of a simple R-C circuit with Warburg impedance, demonstrating 

how to directly calculate solution resistance (Rs), charge transfer resistance (Rct), and double layer 

capacitance (Cdl). Z’ is the real part of the impedance, Z” is the imaginary part of the impedance, and ω = 

2πf, where f is the frequency of the excitation signal at the top of the semicircle. Frequency increases from 

right to left. 

In this thesis, EIS spectra were recorded on a Bio-Logic SP-300 

potentiostat/galvanostat, and data was analysed using Bio-Logic EC-Lab software. 

2.3.3.1. EIS data modelling 

Constructing equivalent circuit models of CP films can be challenging, due to 

complexities in polymer structure, morphology and charge migration through the film. 

Polymers deposited on electrodes are often treated as films containing enclosed pores 

of electrolyte, with film-solution and film-electrode interfaces. This can be modelled as 

a ‘transmission line’ network of distributed capacitances and resistances, representing 

charge transport processes in the solid polymer, at the film-solution interface, and in 

the electrolyte solution (Figure 2.7).162 
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Figure 2.7. General model for a transmission line for a porous conductive material (shown in grey) on a 

solid electrode surface (yellow) in electrolyte (blue). The model consists of impedance values from the outer 

surface of the pore (ZA) and the electrode surface (ZB), as well as the impedances of the electrolyte within 

the pore (χ1), the solid phase of the pore (χ2), and the electrolyte/pore wall interface (ζ).162 

If the length of this transmission line is greater than the physical thickness of the CP 

film, then we can assume the film behaves as a uniformly accessible surface, with the 

impedance of the film-solution interface averaged over the thickness of the film layer. 

This allows us to use simplified models of transmission lines when modelling 

experimental data.162  

One of the simplest equivalent circuits used to model conducting polymers is the 

Randles circuit (Figure 2.8 a), which includes components for series resistance Rs 

(combining both solution and polymer film resistance), charge transfer resistance 

across the film-solution interface Rct, and double layer capacitance at the film surface 

Cdl.28, 163 A Warburg diffusion element W is also included to account for semi-infinite 

linear diffusion of electrolyte at the film surface. Common variations of the Randles 

circuit also includes additional elements to tease out the resistance and capacitance of 

the polymer film (Figure 2.8 b-d);164-166 however, these components should not be 

included if they do not significantly improve the goodness of fit, to avoid 

overparameterisation.  

In many systems, CPs often do not behave as ideal capacitors due to surface roughness, 

inhomogeneities in film thickness and composition, and non-uniform charge 

distribution throughout the polymer. Hence, capacitance and/or Warburg diffusion 

elements in the Randles circuit may be replaced with constant phase elements (CPEs), 

represented as Q1 and Q2 (Figure 2.8 c).165, 167 These CPEs contain a fractional exponent 

0 < α < 1 to capture deviation from ideal behaviour. When α = 1, the element behaves as 
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an ideal capacitor, while α = 0 for a pure resistor; meanwhile, the Warburg diffusion 

element is a CPE with α = 0.5, and can be identified on a Nyquist plot as a straight line 

at a 45° angle in the low frequency region. 

 

Figure 2.8. a) Randles circuit for EIS data modelling, and some variations: b) additional elements to model 

polymer film capacitance Cp and resistance Rp; c-d) capacitance and Warberg diffusion elements replaced 

with constant phase elements to model non-ideal systems. 

2.3.3.2. Equivalent circuit model used in this thesis 

In this thesis, experimental EIS data was modelled using the equivalent circuit given in 

Figure 2.9. This circuit consists of a resistance R1, which is in series with a capacitor C1; 

in turn, C1 is in parallel with a resistance R2 and a constant phase element Q2 with an 

exponential factor 0 ≤ α ≤ 1. The impedance Z of this circuit can be calculated from the 

equation:165, 167 

 𝑍𝑍 = 𝑅𝑅1 + �𝑗𝑗𝜔𝜔𝐶𝐶1 + � 1
𝑄𝑄2(𝑗𝑗𝜔𝜔)𝛼𝛼

+ 𝑅𝑅2�
−1
�
−1

   Equation 2.9 

where ω is the angular frequency (2πf). 
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Figure 2.9. Modified Randles circuit used to model impedance data in this thesis. 

The elements of this model can be interpreted as follows: R1 represents the simplified 

resistance of the electrolyte and polymer, C1 is the capacitance of an ionic double layer 

associated with the polymer-solution interface, and Q2 is a surface state capacitance 

charged across the CP/polymer brush layer with resistance R2. This model is similar to 

the Randles circuit, with the Warburg impedance replaced with a constant phase 

element to better capture the non-ideal behaviour of the system.  

At high frequencies, the impedance spectrum will be dominated by the capacitance of 

the C1 component; as the applied frequency decreases, the R2 + Q2 branch becomes 

more prominent.168 Thus, the value of α can be estimated from the low frequency 

gradient of log(|Z|) vs log(ω), while R1 was calculated as the limit of log(|Z|) vs log (ω) 

at high frequencies. 

Data fitting was performed using Bio-Logic EC-lab software, which returned a χ2 value 

of the goodness of fit:169 

 𝜒𝜒2 = ∑ �𝑍𝑍𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚(𝑖𝑖)−𝑍𝑍𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚(𝑓𝑓𝑖𝑖,𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝)2�
𝜎𝜎𝑖𝑖2

  𝑛𝑛
𝑖𝑖=1    Equation 2.10 

where Zmeas(i) is the measured impedance at frequency fi, Zmodel(fi, param) is the 

function of the chosen model parameters (R1, C1, etc.), and σi is the standard deviation. 

2.4. UV-vis Turbidimetry 

Turbidimetry is the simplest method of investigating the solubility of polymers. By 

measuring the transmittance of a laser beam through a solution, it is possible to 



 

41 

 

determine the onset of precipitation or flocculation with more accuracy than visual 

examination alone. The addition of a temperature-controlled cell makes this the ideal 

method for investigating thermoresponsive polymers. In the case of polymers with 

LCST (lower critical solution temperature) behaviour, heating the sample causes the 

polymer to precipitate, lowering the transmittance (Figure 2.10). The cloud point 

temperature is determined as the temperature at which transmittance drops to 50%.170-

171 

 

Figure 2.10. Turbidimetry plot of a polymer displaying LCST behaviour in solution, with the cloud point 

temperature defined as 50% transmittance.  

In this thesis, turbidimetry measurements were recorded using a Shimadzu UV-1700 

spectrophotometer with S-1700 temperature control unit, operating from 5 – 95 °C 

with a heating ramp of 1 °C/min.  Absorbance (A) was measured at 550 nm and 

converted to transmittance (%T) using the formula: 

 𝐴𝐴 = 2 − log10 %𝑇𝑇   Equation 2.11 

2.5. Water Contact Angle Measurements  

Contact angle measurements are a means of evaluating the wettability of a surface, i.e. 

its hydrophobicity/hydrophilicity. A drop of liquid (typically water) is placed on the 

surface, forming a droplet due to surface tension. The contact angle between the 

droplet and the surface depends on the surface morphology and the surface chemistry; 

lower contact angles indicate a more hydrophilic surface (< 90°), while hydrophobic 

surfaces form large contact angles greater than 90° (Figure 2.11). 
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Figure 2.11. Hydrophilic and hydrophobic water contact angles. 

Contact angles in this work were recorded using a CAM 100 contact angle meter (KSV 

Instruments). 

2.6. Gel Permeation Chromatography (GPC) 

One of the most important characteristics of a polymer is its molecular weight (MW) 

and molar mass dispersity, which can be measured using GPC (also known as Size 

Exclusion Chromatography, or SEC). GPC is a liquid chromatography technique that 

separates analytes based on their size in solution (hydrodynamic volume). The sample 

is injected onto a series of columns packed with porous beads. Smaller molecules can 

enter the pores more easily and hence spend more time in the pores, which increases 

their retention time. Larger molecules are less able to enter the pores, so they have 

shorter retention times and elute earlier (Figure 2.12 a). Separation therefore depends 

on the pore size, which should be carefully chosen to match the range of expected 

molecular sizes. The resulting chromatogram can be used to calculate relative MWs 

based on retention time, providing the number average molecular weight (Mn) and 

weight average molecular weight (Mw), which are defined as follows: 

 𝑀𝑀𝑛𝑛 = ∑𝑁𝑁𝑖𝑖𝑀𝑀𝑖𝑖
∑𝑁𝑁𝑖𝑖

   Equation 2.12 

 𝑀𝑀𝑤𝑤 = ∑𝑁𝑁𝑖𝑖𝑀𝑀𝑖𝑖
2

∑𝑁𝑁𝑖𝑖𝑀𝑀𝑖𝑖
  Equation 2.13 

where Ni is the number of polymer chains of molecular weight Mi. Mn is the statistical 

average molecular weight, while Mw accounts for the fact that larger polymer chains 

contribute more to the average molecular weight than smaller chains.  
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Meanwhile, the broadness of the chromatogram peaks indicates the molar mass 

dispersity (Mw/Mn) of each eluent, giving a measure of the broadness of molecular 

weight distribution (Figure 2.12 b). 

 

Figure 2.12. a) Representation of GPC column packing (blue beads), with smaller molecules (red) able to 

enter the pores of the beads and thus be retained longer. Larger molecules (green) are not retained in the 

pores, and therefore elute faster. b) A GPC chromatogram, indicating relative values of Mw and Mn.  

Conventional single detector GPC systems rely on calibration with known standards to 

calculate absolute MWs. Standards are typically very linear polystyrene or 

poly(ethylene oxide), with molar mass dispersities of less than 1.2. However, this 

technique assumes that the standard behaves similarly to the sample in solution, which 

may not be the case due to differing chemistries or structures. For example, 

polyethylene in trichlorobenzene has a larger hydrodynamic volume than a polystyrene 

standard with the same molecular weight, and thus would elute faster, resulting in a 

higher (incorrect) calculated MW.172 A branched polymer may have similar issues due 

to higher viscosity and larger hydrodynamic volume.173 

Multiple detectors can be used to overcome this issue, with each detector providing 

different information about the analyte. Differential refractometers are commonly used 

and are considered a universal detector, as they can detect any molecules with a 

refractive index that differs from the solvent; the response is concentration-dependent, 

but they have relatively low sensitivity. In contrast, low angle, right angle or multi-

angle light scattering detectors are sensitive to both concentration and Mw, according 

to the simplified equation:174 
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 𝑅𝑅𝜃𝜃 = 𝑀𝑀𝑤𝑤𝐾𝐾 �
𝑑𝑑𝑛𝑛
𝑑𝑑𝑝𝑝
�
2
𝑐𝑐   Equation 2.14 

where Rθ is the detector response, K is an instrument-specific sensitivity constant, 

(dn/dc) is the refractive index increment of the polymer in g mL-1 (which is assumed to 

be constant), and c is the concentration, as determined by another detection method. 

Other potential detectors include UV-vis or IR photometers, which can be used to 

calculate concentration or provide information about chemical composition based on 

optical properties, making them useful for copolymer analysis. Viscometers may also 

provide some information about analyte structure, such as branching in polymer, based 

on solution viscosity rather than elution time. 

In this thesis, MWs were determined by using a Viscotek TDAmax GPC, equipped with 

viscometer, refractometer, low angle and right angle light scattering detectors, and UV 

detector. MW and molar mass dispersity calculations were carried out using the 

included OmniSEC software. 

2.7. Ellipsometry 

Ellipsometry is a highly sensitive, non-destructive method of determining the thickness 

and optical properties of thin films. Ellipsometers measure relative changes in the 

polarisation of light that has been reflected from an interface between two media such 

as air and the film surface (Figure 2.13). Multi-layered materials can be investigated 

with this technique, provided each layer has a significantly different refractive index. 

 

Figure 2.13. Reflection and refraction of incident light Ein for a thin film on a substrate. 
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The change in light polarisation is related to several properties of the film layers - 

notably thickness, complex refractive index, surface roughness, and material 

homogeneity/interfacial mixing. These properties can be determined by constructing a 

multi-layered model of the system and generating data, assuming that the material 

consists of well-defined, homogeneous layers. The thicknesses and refractive indices of 

each model layer can then be adjusted to best fit the experimental data.  

Several hurdles arise when considering ellipsometry studies of conducting polymers. 

CPs typically display high surface roughness, and many are dark-coloured even as thin 

films, leading to high scattering and absorption of the incident light. CPs also display 

anisotropic complex refractive indices, which further complicates data modelling 

calculations.175-176  

2.8. Fourier Transform Infrared (FTIR) Spectroscopy 

Infrared (IR) spectroscopy uses a beam of IR radiation to investigate the covalent bonds 

present in a molecule. Absorption of the radiation causes bond vibration (either 

stretching or bending), which changes the dipole moment; the frequency of the 

absorbed wavelength depends on the chemical bonding and the vibrational mode. The 

resulting spectrum typically shows broad absorption peaks, which may overlap. Hence 

it can be difficult to fully assign a structure based only on the IR spectrum. In 

particular, the region between 500 – 1450 cm-1 typically displays a complicated series of 

absorption peaks which can be difficult to identify individually; however, this region is 

unique to each chemical compound.150 Comparing this ‘fingerprint region’ to reference 

spectra can aid in identifying unknown samples. 

Traditional dispersive IR spectrometers scan the IR spectrum using monochromators to 

split the beam into different frequencies. In contrast, Fourier Transform IR (FTIR) 

spectrometers are able to collect all frequencies simultaneously, using an 

interferometer to split the IR beam into two beams with different path lengths. The 

difference in intensity at the detector between the two beams produces an 

interferogram, which is Fourier Transformed to give the absorption spectrum. The 

advantages of this approach include a much faster acquisition time, higher signal/noise 

ratio due to more energy reaching the detector, and greater sensitivity and resolution. 
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All spectra in this thesis were recorded on either a Perkin Elmer Spectrum 400 FTIR 

spectrometer with a diamond crystal, or a Nicolet 8700 FT-IR spectrometer fitted with 

a Nicolet Continuum FTIR microscope and Ge crystal.  

2.9. Scanning Electron Microscopy (SEM) 

Scanning electron microscopy (SEM) is a powerful imaging technique that utilises a 

high energy beam of electrons to probe the surface structure and elemental 

composition of a sample. The incident electrons interact with the sample to generate a 

variety of signals, as shown in Figure 2.14.150, 177  

Secondary electrons are low energy electrons (< 50 V) that are ejected from sample 

atoms due to inelastic scattering, and originate from within a few nanometers from the 

surface. Secondary electrons are sensitive to surface topography, and provide high 

resolution images of the sample surface. 

In contrast, backscattered electrons are high energy electrons arising from reflection or 

backscattering of the incident electron beam, caused by elastic scattering interactions 

with the sample. Heavier elements lead to more backscattering; thus, this technique is 

sensitive to elemental composition of the sample, and can be used to identify metals 

embedded in polymeric materials. Due to their high energy, backscattered electrons 

may originate from depths of up to 100 nm, but produce a lower resolution image due 

to the ‘pear-shaped’ excitation volume at these greater depths (Figure 2.14).  
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Figure 2.14. Signals generated by an incident electron beam. SEM measurements typically record data from 

secondary electrons and backscattered electrons, and may be fitted with an additional detector to measure 

elemental composition via EDX/EDS (see Section 2.9.1). Image by Claudionico~commonswiki via 

Wikimedia Commons, reproduced without modification under the Creative Commons Attribution-

ShareAlike 4.0 license.178 

2.9.1. Energy dispersive spectroscopy (EDS) 

Elemental analysis can be carried out simultaneously with SEM imaging using EDS. 

When the incident beam removes an electron from an atom in the sample, the 

subsequent rearrangement of electrons leads to the emission of an X-ray with 

characteristic energy.177 In this way, the elemental composition of the sample can be 

measured in a quantitative manner.  
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All SEM/EDS imaging was carried out in this thesis using a FEI Phillips XL30 S-FEG 

instrument fitted with an EDAX Phoenix EDS detector. 

2.10. Atomic Force Measurements (AFM) 

AFM is a powerful high-resolution technique for surface imaging, able to investigate 

surface topographical features down to the molecular scale. As well as providing 

topographical images, AFM can also be used to provide information on the surface’s 

chemical, physical (friction, stiffness, adhesion strength) and electrical properties. 

Measurements can be recorded in liquid, air or vacuum, and minimal sample 

preparation is required.  

AFM measurements are recorded through the use of a microfabricated tip attached to a 

flexible cantilever, which is rastered over the sample surface. The cantilever is deflected 

based on forces between the tip and the surface, and the deflection is recorded using a 

laser and photodiode detector (Figure 2.15).179-180 The strength of the forces present can 

be calculated using Hooke’s law: 

 𝐹𝐹 = −𝑘𝑘𝑧𝑧   Equation 2.15 

where F is the force, k is the spring constant of the cantilever, and z is the vertical 

displacement of the cantilever.  

Continuous feedback from the detector is used to control piezoactuators that adjust the 

z-height of the sample stage, minimising the tip deflection; this feedback signal is used 

to generate topographical data. 
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Figure 2.15. Schematic illustrating the mechanism of AFM measurements: interactive forces between the tip 

and the material surface cause the cantilever to deflect, in turn displacing the laser beam on the detector 

surface. The magnitude of displacement lag in tip oscillation is used to calculate sample topography, phase 

contrast, and other forces depending on the choice of tip. Image reproduced without modification from 

IntechOpen under the Creative Commons Attribution 3.0 license.181 

A range of forces may be measured depending on the sample and the type of tip used. 

These forces include repulsive forces from orbital overlap, van der Waals forces, 

electrostatic forces, magnetic forces, and chemical bonding.182 Specialty probes can also 

measure properties such as local temperature and thermal conductivity, record 

electrical properties such capacitance and conductivity, and carry out localised 

electrochemistry.180, 183 Resolution depends on the size of the tip compared to the 

surface features. 

The AFM can operate in several different modes for topographical measurements: 

contact, non-contact, and tapping (or intermittent contact) mode. These modes differ 

based on the distance between the tip and the sample, and measure adhesive and/or 

repulsive forces as shown in Figure 2.16.179 

In contact mode, the tip is in very close contact with the surface, and topography is 

measured by deflection of the cantilever. This mode operates in the repulsive regime of 

the force-distance curve. However, as this mode relies on physical contact, both the tip 

and the sample may become damaged and cause image distortions. 

Meanwhile, non-contact mode measures at a greater distance from the surface, in the 

attractive regime. The tip is oscillated at its resonant frequency, and piezoactuators 
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constantly adjust the z-height of the sample stage to ensure the oscillation amplitude is 

constant. However, this method may not produce suitable measurements if the tip is 

situated too far from the surface, outside of short-range forces such as van der Waals 

forces which may only extend a few nanometres. Fluid contamination on the surface 

may form a thicker layer than the extent of the attractive forces, disrupting 

measurements; hence, non-contact mode is highly sensitive to environmental 

humidity. 

Tapping mode/intermittent contact mode operates similarly to non-contact mode, with 

topography measured based on the oscillation amplitude of the tip. However, the 

distance between the tip and the sample is comparatively smaller, with the tip 

periodically contacting the surface, so the measured force is a combination of both 

short-range repulsive and long-range attractive forces. Due to the short contact time 

with the surface, the tip is less likely to damage the surface or smear topographical 

features due to friction.  

 

 

Figure 2.16. Simplified force-distance curve illustrating the different AFM modes (contact, non-contact and 

intermittent contact/tapping mode) and the forces interacting between the AFM tip and the material 

surface. 
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AFM images in Chapter 4 were recorded using a JPK Biowizard II Atomic Force 

Microscope (JPK Instruments, Germany). Images were taken with Bruker DNP-S10 

cantilevers (spring constant ~0.12 N m-1) using tapping mode in aqueous solutions, and 

were analyzed using JPK Data Processing software. 

AFM images in Chapter 5 were recorded in tapping mode in air, using a Cypher ES 

AFM (Oxford Instruments) fitted with Tap 150 Al-G cantilevers from Budget Sensors 

(tip radius <10 nm, nominal force constant = 5 N m-1, resonant frequency = 150 kHz). 

These images were processed using the Asylum Research AFM software package for 

Igor Pro. 

2.11. Quartz Crystal Microbalance with Dissipation (QCM-D) 

QCM-D is a powerful technique for analysing the properties of surfaces. Quartz crystals 

are known to exhibit piezoelectric properties – when an electric potential is applied to 

the crystal, mechanical strain (deformation) is caused, and vice versa.184 The 

application of a sine wave alternating potential causes the crystal to oscillate; the 

resonant frequency f0 of the crystal can be calculated using the equation:185 

 𝑓𝑓0 = �𝜇𝜇𝑞𝑞/𝜌𝜌𝑞𝑞
2𝑡𝑡𝑞𝑞

  Equation 2.16 

where µq is the shear modulus (ratio of shear stress to shear strain), ρq is the density of 

the quartz crystal, and tq is the thickness of the crystal.  

The oscillation frequency changes as mass is deposited on the crystal (Figure 2.17). By 

treating the deposited mass as an extension of the crystal thickness, the relationship 

can be represented by the Sauerbrey equation:186 

 ∆𝑓𝑓 = − 2𝑓𝑓02

𝐴𝐴�𝜌𝜌𝑞𝑞𝜇𝜇𝑞𝑞
∆𝑚𝑚  Equation 2.17 

where Δf is the change in frequency, Δm is the change in mass, and A is the area 

between the electrodes. This relationship is valid provided that the deposited mass is 

rigid and deposited evenly over the QCM crystal surface, and that the change in 

frequency is relatively small.187 The Sauerbrey equation has the benefit of allowing mass 
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calculations without instrument calibration, and is frequently used in antifouling 

studies to investigate molecular adsorption on surfaces. 

The greatest limitation of the Sauerbrey equation is that it is not valid in liquid 

environments. In these environments, a thin layer of molecules from the liquid phase 

often associate loosely with the QCM crystal surface; hence, the adsorbed surface mass 

is no longer rigid and the frequency response includes viscous and elastic elements.184 

As a result, the Sauerbrey equation tends to underestimate the total adsorbed mass on 

the surface. However, it was discovered that the viscoelastic properties of the surface-

liquid interface could be investigated by measuring energy dissipation, leading to the 

development of QCM instruments capable of dissipation monitoring (QCM-D).188 

When the driving oscillation voltage is removed, the amplitude of the crystal’s 

oscillation decays as energy is dissipated to surrounding molecules. The rate of 

dissipation depends on the viscoelastic properties of the deposited sample and the 

surrounding medium.184 Rigid films demonstrate low dissipation, while softer films 

dissipate the energy faster and hence the crystal oscillation decays quicker (Figure 

2.17). The dissipation factor D is defined as:184, 188 

 𝐷𝐷 = 𝐸𝐸𝑚𝑚𝑚𝑚𝑚𝑚𝑡𝑡
2𝜋𝜋𝐸𝐸𝑚𝑚𝑡𝑡𝑚𝑚𝑠𝑠𝑚𝑚𝑚𝑚

  Equation 2.18 

where Elost is the energy lost for each oscillation cycle, and Estored is the total energy 

stored in the oscillator. 
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Figure 2.17. QCM-D time-displacement plots demonstrating the effect of adding a soft polymer layer (blue) 

on to a rigid surface (black): the added mass decreases the frequency response, while the softness of the 

layer increases dissipation. 

By combining frequency and dissipation measurements, it is possible to investigate the 

hydration of a deposited material.189-191 The frequency measurements show a decrease 

in resonance frequency due to increased mass as a result of water adsorption. 

Meanwhile, dissipation increases as the swollen material becomes less stiff. 

In this work, QCM-D measurements were carried out using a Q-Sense Quartz 

Microbalance with Dissipation (Biolin Scientific, Sweden), fitted with four flow cells in 

a temperature-controlled chamber. Measurements were recorded and analysed using 

Q-Sense software. 
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Chapter 3. Synthesis of PEDOT films containing 

ATRP initiating sites 

3.1. Introduction 

In recent years, advances in the field of conducting polymers (CPs) has revealed their 

potential in a wide range of applications.4, 6, 9-10, 13, 192 In particular, their unique physical 

and electrochemical properties make them well suited for use as biointerfaces, in 

applications such as biomedical implants and tissue culture substrates.11-12, 14, 193 Their 

soft nature improves biocompatibility compared to metal surfaces, while their 

conductivity allows for controlled delivery of electrochemical stimuli to nearby cells.133, 

194-197 CPs can also be reversibly oxidised and reduced, accompanied by a flow of 

counter ions to balance charge. This redox behaviour is often accompanied by changes 

in physical, optical and electrochemical properties, thus demonstrating electrical 

switching behaviour.198-199 

However, CPs also suffer from significant drawbacks. They are typically quite 

crystalline and stiff, especially compared to commodity polymers used in cell culture 

and tissue engineering scaffolds, reducing their ability to interface with soft organic 

tissues.25 In addition, poor processability tends to restrict their use in large-scale 

commercial and industrial applications. 

Recent advances in polymer chemistry have greatly expanded the toolbox of techniques 

available to modify CPs. Notably, the development of controlled radical polymerisation 

(CRP) methods provides an efficient method of polymer functionalisation, through the 

introduction of grafted side chains.66, 92, 200 Previous literature has explored grafting 

from CPs to improve solubility,42, 105, 107 tune surface wettability167 and cell adhesion,44, 

57, 117, 201 introduce antifouling properties,53, 202 and impart new stimuli-responsive 

switching behaviour.42, 203-204 

As described in Chapter 1, there are three approaches to grafting – ‘grafting from,’ 

‘grafting to,’ and ‘grafting through.’1, 35 Of these, ‘grafting from’ is often the preferred 

method, growing the graft polymer directly from the backbone polymer. Compared to 
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other approaches, this method often produces longer, denser graft chains.84 However, 

it does require the presence of suitable initiating sites along the backbone, which may 

be attached to the monomer prior to polymerisation,49, 103 or added post-

polymerisation.105 Post-polymerisation functionalisation is typically straightforward but 

introduces initiating sites randomly along the backbone. Meanwhile, monomer 

functionalisation allows for greater control over initiator density, but runs the risk of 

the initiator degrading during the polymerisation process. 

Thus, the ideal functionalised monomer should be easy to polymerise under standard 

conditions. For electropolymerised CPs, this means a low onset polymerisation 

potential; the initiating group must be electrochemically stable at this potential range. 

The ability to copolymerise with a similar non-functionalised monomer is also 

preferable, to tune the density of initiating sites along the backbone. The polymerised 

film should be homogeneous with good surface coverage of the electrode, and its 

electroactivity should not be significantly degraded by the presence of the initiating 

group. Finally, the initiating sites must be accessible on the film surface for successful 

grafting, and the polymer should remain adherent to the electrode even after grafting.  

Given these requirements, poly(3,4-ethylenedioxythiophene) (PEDOT) was chosen as a 

suitable backbone for grafting. As one of the most widely-studied CPs, PEDOT has 

well-defined electrochemical behaviour, and is notable for its excellent 

biocompatibility and electroactivity in water.205 Many derivatives of EDOT have been 

described in the literature,206-207 demonstrating its versatility, and several PEDOT-

based graft copolymers have been recently reported.49, 54, 57 

This chapter expands on the synthesis and electropolymerisation of a previously-

reported EDOT derivative containing an ATRP–initiating group, (3,4-ethylenedioxy-

thiophene)methyl 2-bromopropanoate (BrEDOT).49 The synthesis procedure was 

adjusted to improve purity and yield of the BrEDOT monomer. Electropolymerisation 

experiments were carried out by cyclic voltammetry to investigate the effects of 

electrode substrate, maximum oxidation potential, solvent and dopant on the growth of 

PBrEDOT and its adhesion to the electrode. To control the density of initiating sites 

and improve adhesion, BrEDOT was copolymerised with EDOT and grafted with 

poly(di(ethylene glycol)methyl ether methacrylate) (PDEGMMA) chains. Finally, an 

adhesion layer of PEDOT was deposited on the electrode prior to PBrEDOT or 
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P(EDOT-co-BrEDOT) polymerisation, producing films that could only be removed 

from the electrode by adhesive tape. 

3.2. Methodology 

3.2.1. Materials 

All chemicals were purchased from Sigma-Aldrich and used as received. Deionised 

water (Milli Q, 18.2 MΩ cm) was used in all aqueous solutions. 

3.2.2. Synthesis of BrEDOT 

(3,4-Ethylenedioxythiophene)methyl 2-bromopropanoate (BrEDOT) was synthesized 

from hydroxymethyl EDOT according to a method previously reported by our group 

(Figure 3.1).49 Hydroxymethyl EDOT (500 mg, 2.90 mmol), 4-dimethylaminopyridine 

(266.05 mg, 2.18 mmol), and triethylamine (1.21 mL, 8.71 mmol) were mixed in a round 

bottom flask along with 23 mL of dry dichloromethane. The flask was sealed, placed on 

ice and bubbled with nitrogen for 1 h to remove oxygen. 2-Bromopropionyl bromide 

(0.61 mL, 5.81 mmol) was added dropwise at 0 °C, and the solution was stirred 

overnight (18 h) under nitrogen, allowing it to come to room temperature.  

The solution was washed with brine, 10 mM NaHCO3, and twice with deionised water, 

and dried with MgSO4. The crude product was purified using a neutral alumina column 

(9:1 hexane/ethyl acetate), followed by solvent evaporation to give BrEDOT as a yellow 

oil (708 mg, 79.4% yield). This was separated into convenient aliquots of 30 mg and 

stored under nitrogen, ready for polymerisation. 

1H NMR (400 MHz, CDCl3): 1.83 (3H, d, CH3), 4.04−4.47 (6H, m), 6.35 (2H, s, Ar). 
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Figure 3.1. Reaction scheme for the synthesis of (3,4-ethylenedioxythiophene)methyl 2-bromopropanoate 

(BrEDOT).  

3.2.3. Polymerisation of PBrEDOT films 

Electropolymerisation was carried out using a three electrode cell setup in a 3 mL glass 

cell, with a Pt mesh counter electrode, and Ag/AgCl (3 M KCl) reference electrode 

(+0.210 V vs NHE). The working electrodes were either gold-coated glass microscope 

slides (Ti adhesion layer) or ITO-coated glass slides, cut to approximately 1 cm x 2.5 cm 

prior to cleaning. Gold electrodes were cleaned electrochemically by cycling the 

potential between -0.5 to 1.6 V in 0.5 M H2SO4 for 10 cycles, until the cyclic 

voltammograms stabilized. This was followed by thorough rinsing with deionised water 

(Milli-Q) and drying under nitrogen. ITO electrodes were sonicated for 10 min each in 

acetone, ethanol and isopropanol, and dried under nitrogen after each step. For 

polymerisation, working electrodes were masked with a strip of insulating Kapton tape 

partway down the electrode, leaving both ends exposed (Figure 3.2 a). One end was 

immersed in the polymerisation solution (approximately 1 cm x 1 cm exposed surface 

area), while the other end was connected to the potentiostat by a crocodile clip (Figure 

3.2 b).  
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Figure 3.2. a) Diagram of a gold-coated glass working electrode, showing Kapton tape mask and exposed 

region for polymer film deposition (~1 cm x 1 cm). b) Three electrode cell setup, from left to right: Ag/AgCl 

reference electrode, gold-coated glass working electrode with Kapton tape mask, Pt mesh counter electrode. 

Synthesis was carried out by cyclic voltammetry (CV), varying the maximum oxidation 

potential from 1.2 to 1.6 V vs Ag/AgCl, at scan rates of 50 or 100 mV s-1. The number of 

polymerisation cycles ranged from 5 – 10 cycles, until a thin homogeneous film was 

formed. After deposition, the films were rinsed with acetonitrile and water, and dried 

with nitrogen gas. 

PBrEDOT homopolymers were polymerised from solutions containing 20 mM 

monomer and 0.1 M dopant dissolved in acetonitrile (ACN) or propylene carbonate 

(PC). Investigated dopants included tetraethylammonium tetrafluoroborate (TEABF4), 

tetrabutylammonium hexafluorophosphate (TBAPF6), tetrabutylammonium triflate 

(TBACF3SO3), lithium perchlorate (LiClO4) and sodium p-toluenesulfonate (TsONa, 

dissolved in 3:1 ACN/water).  

P(EDOT-co-BrEDOT) copolymers were polymerised from ACN solutions containing 20 

mM BrEDOT and 1 mM EDOT, along with 0.1 M LiClO4. CVs were carried out at 

100 mV s-1 for 10 cycles, with a maximum oxidation potential of 1.4 V.  

Layer-based polymerisation was carried out by CV at 100 mV s-1 with a maximum 

oxidation potential of 1.4 V. First, an adhesion layer of PEDOT was deposited for three 

cycles from a solution containing 20 mM EDOT and 0.1 M TsONa in 3:1 ACN/water. 

After rinsing in ACN, a layer containing the ATRP initiator was deposited for two cycles 

from a solution of 0.1 M LiClO4 in ACN, containing either 20 mM BrEDOT (i.e. 
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PBrEDOT homopolymer), or 20 mM BrEDOT and 1 mM EDOT (i.e. P(EDOT-co-

BrEDOT).  

3.2.4. Characterisation 

Polymerisation conditions were initially evaluated by inspecting the polymerisation 

CVs for monomer and polymer oxidation peaks, and changes in current with each 

successive cycle.  

3.2.4.1. Visual appraisal of polymer films 

Polymer growth was considered based on visual appraisal of the film thickness and 

homogeneity. Thicker films were darker in colour, changing from a bright blue or light 

brown (for ITO and gold electrodes respectively) to deep navy blue or black. Films were 

classified according to the categories given in Table 3.1. 

Table 3.1. Classification of polymer growth according to visual inspection of the film. 

Growth classification Description 

None No film visible on electrode surface 

Very poor A few scattered dots of polymer, blue/brown in colour 

Poor Larger patches of polymer, obvious darker/thicker areas 

Reasonable 
(Mostly) complete surface coverage, obvious 

darker/thicker patches 

Good Complete surface coverage, little visible inhomogeneity 

3.2.4.2. Film adhesion  

The strength of polymer adhesion to the electrode substrate was evaluated qualitatively 

based on the force required to remove the film. Poor film adhesion meant that the film 

would delaminate from the substrate during gentle washing with solvent, while 

reasonably adhesive films were removed by gently wiping with a gloved finger. Good 

adhesion meant the films could only be removed by the ‘tape test’: a length of 
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commercial sticky tape was pressed on to the polymer film, then peeled off at an angle 

of 180° in a single smooth motion.208-209  

3.2.4.3. FTIR spectroscopy 

FTIR spectra were recorded using a Nicolet 8700 FT-IR spectrometer fitted with a 

Nicolet Continuum FTIR microscope and Ge crystal.  

3.2.4.4. Electrochemical characterisation 

Cyclic voltammetry measurements were carried out using a three electrode setup. The 

polymer-coated electrode acted as the working electrode, along with a Pt mesh counter 

electrode and a Ag/AgCl (3 M KCl) reference electrode. CVs were recorded using either 

a CHI 440 or 650 model electrochemical workstation (CH Instruments). The 

electrolyte was 0.1 M LiClO4 in deionised water. The potential was swept at 100 mV s-1 

for a maximum of 10 cycles, and the potential window was kept between -0.5 to 1.0 V to 

prevent overoxidation or over-reduction. 

3.2.4.5. Grafting of poly(diethylene glycol)methyl ether methacrylate 

(PDEGMMA) chains 

Surface-initiated grafting of PDEGMMA was carried out using AGET (activators 

generated by electron transfer) ATRP. P(BrEDOT) or P(EDOT-co-BrEDOT) substrates 

were added to a solution of CuCl2 (3.3 mg, 25 µmol) and PMDTA (5.22 µL, 25 µmol) in 

ethanol (4.7 mL). Monomer was added, totalling 7.2 mmol, and the flask was sealed 

and purged with nitrogen for 1 hr. Ascorbic acid (1.54 mg, 8.75 mmol), dissolved in 0.5 

mL deionised water (Milli-Q, 18.2 MΩ), was added dropwise. The reaction was left 

under nitrogen for 18 hr at 40 °C before being stopped by exposing to air. The films 

were washed with ethanol, deionised water and 50 mM EDTA. 

Properties of the grafted PDEGMMA chains are explored in more detail in Chapter 4. 
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3.3. Results and Discussion 

3.3.1. Synthesis of BrEDOT 

One-step synthesis of BrEDOT from hydroxymethyl EDOT was carried out according to 

a method that had previously been developed in this research group.49 Successful 

synthesis of the desired product was confirmed by 1H NMR (Figure 3.2) and thin layer 

chromatography (silica, 3:1 hexane/ethyl acetate, Figure 3.3 a). 

 

Figure 3.3. 1H NMR of purified BrEDOT in CDCl3. 

Occasionally, product yields were undesirably low (<38%). As such, the original 

procedure was modified with the aim to increase yields, as described below. 

TLC plates after column purification would often show ‘splitting’ of the BrEDOT band 

(Figure 3.3 b). This was attributed to a fraction of BrEDOT molecules that had lost their 

bromine atom during workup. To rectify this, the amount of time that the solution was 

exposed to air was minimised. The most convenient solution was to run the reaction 

overnight under nitrogen, with purification and aliquoting being completed the next 

day.  
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Figure 3.4. a) TLC plate showing from left to right: purified BrEDOT, hydroxymethyl EDOT and a co-spot of 

BrEDOT and EDOT. b) TLC plate showing the first six test tubes of product collected from the alumina 

column during purification. BrEDOT appears in tubes 2-4, with a second band of bromine-less product 

appearing in tubes 3-6. 

The solvent for column purification was also changed from the original 3:1 hexane/ethyl 

acetate to 9:1 hexane/ethyl acetate, while the column packing material was swapped 

from silica to neutral alumina. These changes were made to slow down elution and 

improve separation of the two product bands. With a column of 2.5 cm diameter and 7 

cm length, this meant that the BrEDOT product eluted in approximately test tubes 12-

21, while the bromine-less product had not eluted by test tube 30. In comparison, the 

original 3:1 solvent ratio saw BrEDOT eluted in test tubes ~3-10, with the undesired 

product appearing in tubes 8-14. 

Using these modifications to the procedure, yields were increased from 14-38% up to 

65-80%. 

3.3.2. Polymerisation of PBrEDOT homopolymer 

Electrochemical polymerisation of PBrEDOT was chosen as the method of 

polymerisation in this study, as it provided a simple one-step procedure for producing 

surface-adhered film for use as electrodes. This method also offered the ability to tune 

the properties of the polymer film through the use of different electropolymerisation 
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methods, the incorporation of different electrolytes as dopant counter ions, and the 

total charge passed during polymerisation.  

Initial studies of PBrEDOT polymerisation were carried out using ITO and gold-coated 

glass slides as working electrodes, both of which are common substrates for polymer-

based electrodes. Cyclic voltammetry was chosen as the polymerisation method, as the 

scan rate and maximum potential could be varied to investigate the ease of 

polymerisation in each experiment. A range of solvents, dopants and CV parameters 

were investigated and visually appraised for homogeneity, as detailed in the following 

sections. The film’s adhesion to the underlying substrate was tested by gentle washing, 

followed by gentle brushing with a gloved hand, and finally by applying and removing a 

piece of commercial sticky tape.  

The aim of these experiments were to find a combination of substrate, solvent, dopant 

and CV parameters that produced relatively thin, homogeneous films (ideally with a 

low maximum potential to reduce the risk of irreversible overoxidation, which destroys 

the electroactivity of the CP film).28, 210  

3.3.2.1.1. Polymerisation by CV on ITO-glass substrates 

Initial work with PBrEDOT used gold-coated glass slides as substrates, due to their low 

cost and good conductivity.49 However, these substrates are opaque; thus, transparent 

ITO-coated glass was investigated as a potential substrate for spectroscopic studies to 

investigate the electrochromic properties of the films. ITO also displays lower 

electrocatalytic properties than gold, giving lower background currents during 

electrochemical characterisation.211  

3.3.2.1.2. Effect of solvent 

The first attempts at polymerisation of BrEDOT on ITO focussed on the effect of 

solvent on polymer film growth. Thus, electropolymerisation was attempted from 

solutions containing 0.02 M BrEDOT and 0.1 M TEABF4 in either propylene carbonate 

(PC) or acetonitrile (ACN). These solvents were chosen as they are two of the most 

common solvents for EDOT electropolymerisation. PC typically produces smooth 

dense films,212 and was used previously as a solvent for BrEDOT polymerisation.49 In 

contrast, PEDOT films grown from ACN tend to display rougher morphology.212 
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The results of these experiments are summarised in Table 3.2. Films were characterised 

according to growth/surface coverage and adhesion, as described in Sections 3.2.4.1 and 

3.2.4.2 

In both solvents, no film growth was observed when the polymerisation CVs reached a 

maximum potential of 1.2 V. This result is unsurprising, as the onset of polymerisation 

for BrEDOT occurs around 1.2 V vs Ag/AgCl (3 M KCl);49 thus, minimal monomer 

would be oxidised at this point. When the maximum potential was increased to 1.4 V, 

both solvents saw poor film growth, with scattered dots of thin, bright blue polymer. 

Both decreasing the scan rate and increasing the number of scans made these dots 

visibly thicker (colour darkened from bright blue to deep navy blue) but did not 

improve surface coverage of the ‘film’. This indicated that PBrEDOT had a greater 

affinity for itself compared to the ITO surface, growing from the already-deposited 

polymer rather than forming new nucleation sites on the electrode. 

Boosting the maximum potential to 1.6 V (Figure 3.4) showed the first major difference 

between the two solvents. In PC, the higher potential increased the number of discrete 

polymer dots on the substrate, but still did not produce a singular continuous film. 

Meanwhile, polymerisation from ACN resulted in continuous films with reasonable 

surface coverage, albeit with visibly thicker patches (particularly around the edges of 

the electrode).  

The difference in film growth from the two solvents is intriguing, as PC is a common 

solvent for the electrodeposition of PEDOT onto ITO, producing smooth dense films. 

In contrast, ACN generally produces PEDOT films with rougher surface morphologies, 

but with better adhesion to the substrate.206 This discrepancy might be due to the 

relative solubilities of the monomers/oligomers during electropolymerisation: in PC, 

EDOT is believed to oligomerise at the working electrode but remain dissolved in 

solution, eventually depositing on the surface as fewer, longer chains.212 Meanwhile, the 

oligomers are less soluble in ACN and hence nucleate as multiple short chains on the 

electrode surface. Thus, the initial growth of the deposited films is faster in ACN, 

leading to better surface coverage over short polymerisation times.213 This is supported 

by the electropolymerisation CVs in Figure 3.4. Polymerisation in PC shows a smaller 

monomer oxidation current at 1.6 V (0.07 mA cm-2 maximum, Figure 3.4 a) that does 

not greatly increase with each cycle. Instead, broad oligomer oxidation peaks are seen 
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at 1.0 V with a corresponding reduction peak at 0.8 V, indicating that film growth is 

due to oxidation of short oligomers. In contrast, the monomer oxidation peak in ACN 

increases significantly with each cycle, starting at 0.05 mA cm-2 on the first cycle up to 

a maximum of 0.13 mA cm-2 for the tenth cycle (Figure 3.4 b). A faint oligomer 

oxidation peak is seen at 1.1 V, but it appears that the film growth is mainly driven by 

monomer oxidation.  

As a result of these findings, further polymerisations on ITO were carried out in ACN. 
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Figure 3.5. Polymerisation of PBrEDOT on ITO from 0.1 M TEABF4 in a) PC and b) ACN. (100 mV s-1, 10 

cycles). 
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Table 3.2. Effect of solvent, maximum CV potential and scan rate on the growth of PBrEDOT on ITO electrodes. 

Solvent Dopant 
Max 

potential (V) 
Scan rate 
(mV s-1) 

Total number 
of cycles 

Growth Film appearance 
Film 

adhesion 

PC TEABF4 1.2 100 20+ None   

PC TEABF4 1.4 100 10 Very poor Scattered small blue dots Poor 

PC TEABF4 1.4 50 10 Very poor Scattered small dark blue dots Poor 

PC TEABF4 1.6 100 10 Poor Very patchy blue film Poor 

PC TEABF4 1.6 50 10 Poor 
Very patchy blue film, visibly 
thicker/darker blue patches 

Poor 

ACN TEABF4 1.2 100 20+ None   

ACN TEABF4 1.4 100 10 Very poor Scattered small blue dots Poor 

ACN TEABF4 1.4 50 10 Very poor Scattered small dark blue dots Poor 

ACN TEABF4 1.6 100 10 Reasonable 
Blue film, some visible 

patchiness 
Poor 

ACN TEABF4 1.6 50 10 Reasonable 
Darker blue film, some visible 

patchiness 
Poor 
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3.3.2.1.3. Effect of dopant 

Although potentials of 1.6 V were required for the formation of films with good surface 

coverage, this high potential ran the risk of irreversibly overoxidising the conjugated 

PBrEDOT backbone.214-215 To reduce this risk, high scan rates and fewer polymerisation 

cycles were required, at the expense of film homogeneity. Thus, different dopants were 

investigated to improve film growth. Four common salts used for doping PEDOT were 

chosen: TEABF4,49, 216 TBACF3SO3,217 TBAPF6218 and LiClO4110, 207, 212 (Table 3.3).  

A single polymerisation cycle (-1.0 to 1.6 V and back) was carried out for each dopant 

salt in ACN, as shown in Figure 3.5. Each of these CVs show a ‘nucleation loop’ which is 

often seen during the first cycle of CP electropolymerisation, where the reverse current 

is higher than the forward oxidation current near the maximum potential. This is 

commonly attributed to activation energy associated with polymer nucleation on the 

electrode surface; it has also been suggested that this loop is due to an autocatalytic 

reaction between oxidised oligomer and neutral monomer, thus facilitating initial 

monomer oxidation.219 As seen from the inset of Figure 3.5, monomer oxidation occurs 

at 1.4 V in both LiClO4 and TBACF3SO3 solutions, followed by TBAPF6 and then 

TEABF4. Oxidation current is also higher in the LiClO4 solution, indicating that more 

monomer is being oxidised, and hence the polymer film should grow faster compared 

to the other dopant solutions. However, at the end of this single cycle, all electrodes 

were visually similar, with thin patchy blue films coatings. 
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Figure 3.6. Single polymerisation cycle of PBrEDOT in ACN comparing different dopants: LiClO4 (black), 

TBAPF6 (orange), TBACF3SO3 (green) and TEABF4 (blue) CVs carried out with 0.1 M dopant in ACN at 

50 mV s-1. Inset: close up of the ‘nucleation loop’ seen during the first cycle of monomer oxidation, with 

arrows showing the direction of the applied potential ramp.219 
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Table 3.3. Effect of dopant on the growth of PBrEDOT from ACN on ITO electrodes. 

Solvent Dopant Max potential (V) 
Scan rate 
(mV s-1) 

Total number 
of cycles 

Growth Film appearance 
Film 

adhesion 

ACN TEABF4 
1.6 (first cycle) 

1.4 (subsequent cycles) 
100 10 Reasonable 

Blue film, some visible 
patchiness 

Poor 

ACN TBAPF6 
1.6 (first cycle) 

1.4 (subsequent cycles) 
100 10 Reasonable 

Blue film, some visible 
patchiness 

Poor 

ACN TBACF3SO3 
1.6 (first cycle) 

1.4 (subsequent cycles) 
100 10 Reasonable 

Deep blue film, some visible 
patchiness 

Poor 

ACN LiClO4 
1.6 (first cycle) 

1.4 (subsequent cycles) 
100 10 Reasonable 

Deep blue film, some visible 
patchiness 

Poor 
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Following the initial polymerisation cycle, further CVs were carried out using the same 

polymerisation solutions, up to a total of 10 polymerisation cycles. These secondary 

CVs only reached a maximum potential of 1.4 V, thus reducing the risk of 

overoxidation. After this secondary polymerisation step, all films showed reasonable 

surface coverage, although with visible patchiness. The LiClO4 film was a slightly 

darker blue compared to the others, indicating it was thicker, but otherwise the films 

were fairly similar in appearance.  

Unfortunately, all PBrEDOT films showed poor adhesion to the ITO substrate 

regardless of solvent or dopant, and were easily removed by gentle rinsing. Thus, the 

decision was made to continue with gold-coated substrates, as with previous 

literature.49 

3.3.2.2. Polymerisation by CV on gold-coated electrodes 

For polymerisation on gold-coated glass substrates, two dopant/solvent combinations 

were investigated. TEABF4/PC was chosen due to its ability to form dense films with 

unmodified PEDOT,212 and to provide a comparison to previous literature.49 

Meanwhile, LiClO4/ACN was also investigated as it has been reported to produce 

PEDOT films with excellent conductivity,205 and also produced slightly better 

PBrEDOT growth on ITO electrodes. TsONa in 3:1 ACN/H2O was also trialled, as it is 

known to improve the adherence of PEDOT films;220-221 however, no polymer growth 

was observed on the electrode after 50 CV cycles. Polymerisation conditions and the 

resulting polymer films are summarised in Table 3.4. 

As with the ITO electrodes, no film growth was observed when the maximum CV 

potential was 1.2 V. At higher maximum potentials, the films grown from TEABF4/PC 

and LiClO4/ACN all displayed good surface coverage even as thin films. This is likely 

due to favourable interactions between gold and the sulfur in the thiophene ring,222-223 

similar to those used to anchor self-assembled thiol monolayers.224-225 These strong 

interactions lead to an increased number of polymer nucleation sites on the electrode. 

As a result, fewer potential cycles were required to provide adequate surface coverage 

of the film, allowing for thinner films to be produced.  
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Polymerisation CVs for films deposited from TEABF4/PC and LiClO4/ACN are shown in 

Figure 3.6. These CVs show that the onset of polymerisation occurs at a slightly lower 

potential with TEABF4/PC (just below 1.2 V) compared to LiClO4/ACN. Instead, the 

LiClO4/ACN CV shows a small oxidation peak at 1.0 V before the main polymerisation 

peak begins at 1.2 V; this small peak is attributed to the oxidation of short BrEDOT 

oligomers formed during previous oxidation cycles. Polymerisation also appears to 

occur slower in ACN, as there is a smaller increase in current density each cycle 

compared to the CV recorded in PC. Otherwise, both polymerisation CVs show a broad 

peak corresponding to oxidation of the growing polymer between 0 to 0.2 V, and a 

subsequent reduction peak on the reverse cycle that occurs between 0 to 0.2 V in 

LiClO4/ACN, and between -0.2 to 0.1 V in TEABF4/PC. 
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Figure 3.7. Electropolymerisation CVs of PBrEDOT on gold electrodes, deposited from solutions of a) 0.1 M 

TEABF4 in PC and b) 0.1 M LiClO4 in ACN (100 mV s-1, 10 cycles). 
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Table 3.4. Effect of changing dopant/solvent, maximum oxidation potential and number of cycles on the growth of PBrEDOT on gold-coated glass electrodes. 

Solvent Dopant 
Max 

potential (V) 
Scan rate 
(mV s-1) 

Total number 
of cycles 

Growth Film appearance 
Film 

adhesion 

PC TEABF4 1.2 100 20 None   

PC TEABF4 1.4 100 5 Reasonable 
Brown film, slightly thicker at 

electrode edges 
Reasonable 

PC TEABF4 1.4 100 10 Reasonable 
Brown film, noticeably thicker 

at electrode edges 
Reasonable 

PC TEABF4 1.6 100 5 Reasonable 
Brown film, noticeably thicker 

at electrode edges 
Reasonable 

PC TEABF4 1.6 100 10 Reasonable Black film Reasonable 

ACN LiClO4 1.2 100 20 None   

ACN LiClO4 1.4 100 5 Reasonable 
Brown film, slightly thicker at 

electrode edges 
Reasonable 

ACN LiClO4 1.4 100 10 Reasonable 
Brown film, noticeably thicker 

at electrode edges 
Reasonable 

ACN LiClO4 1.6 100 5 Reasonable 
Brown film, noticeably thicker 

at electrode edges 
Reasonable 

ACN LiClO4 1.6 100 10 Reasonable Black film Reasonable 

ACN/H2O 3:1 TsONa 1.4 100 50+ None   

ACN/H2O 3:1 TsONa 1.6 100 50+ None   
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During electropolymerisation, it is possible to accidentally overoxidise the CPs by 

ramping the oxidation potential too high for significant periods of time – for example, 

PEDOT can be overoxidised by holding it at +1.35 V vs Ag/AgCl for 45 s.215 

Overoxidation leads to significant changes in film structure and electroactivity, as 

conjugation along the CP backbone is irreversibly disrupted.214, 226 Similarly, it is 

possible to over-reduce CPs as well, leaving them in a neutral insulating state. Thus, the 

electroactivity of the polymerised PBrEDOT film was investigated by characterisation 

CVs in monomer-free solution. These CVs were carried out in aqueous solutions, as 

electroactivity in water is particularly important for many applications, including 

biomedical devices and cell culture substrates (see Chapter 4) and electrocatalytic 

water splitting (Chapter 5). LiClO4 was chosen as the electrolyte due to its small size, 

allowing for fast influx and expulsion of counter ions upon CP redox.  

A typical characterisation CV of PBrEDOT on gold is shown in Figure 3.7. These films 

show quite capacitive behaviour, as seen from the magnitude of the background 

current relative to the small, broad redox peaks. As a result, the CV appears quite 

rectangular, which is typical of materials exhibiting double layer charge capacitance in 

solution.227-228 An oxidation peak is centred around +0.18 V, with corresponding 

reduction peak around 0 V. There also appears to be the start of a second oxidation 

peak at ~0.7 V, similar to the peak seen above 0.8 V in the polymerisation CV; this may 

be attributed to oxidation of short oligomer chain that might still be present in the 

polymer film. 
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Figure 3.8. Characterisation CV of PBrEDOT polymerised on gold from 0.1 M LiClO4/ACN (-0.3 to 1.4 V, 

100 mV s-1, 10 cycles). CV recorded in 0.1 M LiClO4 in water (100 mV s-1, 3 cycles). 

Importantly, film adhesion was improved on gold substrates compared to ITO, thanks 

to the strong interactions between gold and sulfur.222-223 The polymers could withstand 

rinsing with solvent but were removed when brushed gently with a gloved finger. Thus, 

the decision was made to use gold-coated substrates for the remainder of this thesis. 

While this precludes the use of UV-vis spectroscopy to measure the electrochromic 

properties of the PBrEDOT films, it does allow for the use of multiple substrate types 

for different characterisation techniques, such as gold-coated QCM-D crystals, or gold-

coated silicon wafers with low surface roughness for ellipsometry studies. 

However, despite the improved adhesion, the polymer films would occasionally 

partially or fully delaminate with electrochemical measurements, or during attempts to 

graft poly(ethylene glycol) methyl ether methacrylate brushes from the surfaces (see 

Chapter 4.) The film delamination is likely due to strain in the film developing from 

expansion/contraction with counter ion movement. In the case of grafting, growth of 

soluble polymer chains most likely occurred inside the film as well as from surface, 
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disrupting the packing of the CP and weakening the adhesion to the gold substrate. 

Therefore, other methods of improving adhesion were explored. 

3.3.3. Copolymerisation of P(EDOT-co-BrEDOT) 

Given that PEDOT films typically adhere well to gold substrates,223 copolymerisation of 

BrEDOT with EDOT was investigated to improve film adhesion. By replacing some of 

the bulky BrEDOT units, the polymer chains should pack closer together and thus 

increase the number of favourable sulfur-gold interactions with the substrate.205  

Importantly, copolymerisation also provides a method of controlling the number of 

active ATRP sites in the polymer film for subsequent polymer brush grafting.48, 54 

Previous studies have shown that steric interactions between the growing polymer 

grafts leads to a maximum graft density of ~0.8 chains per nm2,229 even if the initiator 

density is much higher. However, due to the random nature of chain initiation, surfaces 

with very dense initiating sites can lead to variable grafting densities.230-231 Thus, 

spacing out the initiators can help provide more homogeneous grafting densities. Graft 

density also controls the conformation that the grafted chains adopt, ranging from 

sparse ‘pancake’ or ‘mushroom’ conformations to dense bottlebrush configurations (see 

Figure 1.5)39 In turn, graft conformation can affect surface properties such as 

hydrophilicity.61, 232 

The advantage of using EDOT compared to other monomers is that it is chemically 

similar to BrEDOT. Therefore, the two monomers should polymerise similarly, ideally 

avoiding significant drift in the composition of the monomer feed that would lead to 

variable initiator densities. However, the two monomers do not polymerise identically. 

Notably, EDOT has a lower onset potential of polymerisation (~1.1 V) compared to 

BrEDOT (1.2 V).49 Thus, EDOT will begin to polymerise earlier in the oxidation scan 

than BrEDOT. EDOT also polymerises faster, with the greater current densities 

observed on each successive cycle compared to BrEDOT. Thus, the ratio of BrEDOT in 

the copolymer is expected to differ from the composition of the monomer feed 

solution, and some composition drift is expected during the course of the 

copolymerisation.  
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Figure 3.9. XPS elemental ratio of Br/S for copolymerisation of BrEDOT and EDOT as a function of 

monomer feed composition. Copyright 2013, reproduced with permission from the American Chemical 

Society.49 

Previous work by Malmström et al. investigated the composition of the P(EDOT-co-

BrEDOT) copolymers with regards to the monomer feed ratios in the polymerisation 

solution.49 Copolymers were analysed by XPS (X-ray photoelectron spectroscopy) to 

compare the Br/S elemental ratios; the results are reproduced in Figure 3.8. For the 

PBrEDOT homopolymer, the Br/S ratio is expected to be 1, although some variance can 

be expected due to instrument sensitivity towards different elements and molecule 

orientation at the surface. However, the calculated Br/S ratio (0.7) is significantly lower 

than the theoretical ratio. Thus, some portion of the polymer does not contain the 

bromine atom of the ATRP initiator. This may be due to the presence of some 

hydroxymethyl EDOT starting material that was not fully removed during BrEDOT 

synthesis. Alternatively, bromine may have been lost from BrEDOT during 

polymerisation, as organobromines can be electrochemically reduced at sufficiently 

negative potentials.233 For this reason, BrEDOT was designed to contain a secondary 

bromine, which is more electrochemically stable than the tertiary bromines that are 

commonly used due to their greater activation rate constants.78, 233 Finally, some 

bromine was likely lost during XPS measurements, as brominated polymers are known 

to degrade in the x-ray beam.234 

For this work, it was decided to use a ratio of 20 mM BrEDOT to 1 mM EDOT during 

copolymerisation experiments. From Figure 3.8, this corresponds to approximately 

50:50 ratio of BrEDOT to EDOT in the resulting copolymer. A representative 
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polymerisation CV is given in Figure 3.9. Unsurprisingly, this CV greatly resembles that 

of PBrEDOT polymerisation in LiClO4/ACN (Figure 3.6 b), albeit with more 

pronounced redox peaks (particularly the oxidation peak at 1.1 V, likely corresponding 

to EDOT monomer oxidation) and faster film growth, as seen from the current density 

increase with each successive cycle. 

 

Figure 3.10. Polymerisation of P(EDOT-co-BrEDOT) from 0.1 M LiClO4 in ACN (100 mV s-1, 10 cycles). 

A typical characterisation CV is shown in Figure 3.10, recorded in aqueous 0.1 M LiClO4 

solution. Compared to the PBrEDOT homopolymer shown in Figure 3.7, P(EDOT-co-

BrEDOT) exhibits more reversible redox behaviour, as there is very little separation 

between the oxidation and reduction peak potentials (both centred around 0 V). Figure 

3.10 also appears more rectangular, displaying higher background (capacitive) current. 

Assuming that both PBrEDOT and P(EDOT-co-BrEDOT) display similar morphologies, 

this behaviour is likely due to differences in film thicknesses. In solution, the 

capacitance of the electrical double layer increases with increased surface area of the 

electrodes. Since current densities in this work are normalised based on geometric 

surface area, the difference in current density is therefore due to an increase in real 
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surface area of the polymer films, and thus the thickness. This is supported by 

comparing the polymerisation CVs of both materials; as P(EDOT-co-BrEDOT) is 

observed to grow faster than PBrEDOT, it will therefore produce a thicker film for the 

same number of cycles under the same conditions. 

 

Figure 3.11. A typical characterisation CV of P(EDOT-co-BrEDOT) in 0.1 M LiClO4 in water (100 mV s-1, 

3 cycles). Film polymerised from 0.1 M LiClO4/ACN, -0.3 to 1.4 V, 100 mV s-1, 10 cycles. 

3.3.3.1. Grafting from P(EDOT-co-BrEDOT) 

To evaluate the suitability of P(EDOT-co-BrEDOT) films as substrates for grafting, 

PDEGMMA chains were grown from the CP backbone via AGET ATRP. PDEGMMA was 

chosen for the initial grafting tests as it exhibits thermoresponsive behaviour, which is 

explored in greater detail in Chapter 4, but collapses at 26 °C (i.e. just above room 

temperature, 23 °C).171 Thus, the steric bulk of the growing chains should not hinder 

polymerisation or cause significant deformation of the CP compared to bulkier 

thermoresponsive polymer grafts.124 
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Successful grafting was confirmed by FTIR and water contact angles (see Chapter 

4.3.2). Characterisation CVs were also carried in 0.1 M LiClO4/water, and compared to 

the ungrafted copolymer film (Figure 3.11). The grafted films show similar 

electroactivity to the ungrafted films, with reversible redox peaks centred around 0 V. 

However, film capacitance is significantly increased, with the grafted films displaying 

twice as much background current compared to P(EDOT-co-BrEDOT). In many 

supercapacitor materials, this is attributed to pseudocapacitive behaviour from 

electroactive or ionic grafts.235-236 However, PDEGMMA chains are neutral and 

insulating. Instead, the increased capacitance is likely due to improved wettability of 

the CP films. Even though the PDEGMMA grafts are expected to be partially collapsed 

at room temperature (23 °C), they are still partially hydrated, and thus can facilitate ion 

transport to the more hydrophobic P(EDOT-co-BrEDOT) layer.  

 

Figure 3.12. Characterisation CV of P(EDOT-co-BrEDOT)-g-PDEGMMA (blue) overlaid with ungrafted 

P(EDOT-co-BrEDOT) (black, from Figure 3.10). Both were carried out in 0.1 M LiClO4 in water at 100 

mV s -1 for 3 cycles each. 
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Unfortunately, the grafting process did appear to exacerbate issues with film adhesion 

to the gold electrode. Even though the ungrafted films were reasonably adherent 

(removed by brushing with a gloved finger), many of the films delaminated from the 

substrate during the grafting procedure or during electrochemical characterisation. 

Part of this may be attributed to the viscosity of the AGET ATRP solution, which 

required stirring to ensure solution homogeneity throughout the polymerisation. Even 

with slow stirring, the shear forces exerted on the CP film was likely great enough to 

overcome its adhesion to the electrode. This was likely exacerbated by the growth of 

PDEGMMA chains within the CP film, providing additional stress and deforming the 

CP backbone to further weaken the gold-sulfur bonding. Coupled with film actuation 

caused by the flow of counter ions during redox cycling, it is obvious that the grafted 

copolymer is unable to consistently maintain adhesion under these physical stresses. 

Thus, a new approach is required to maximise favourable gold-CP interactions while 

ensuring that grafted chains remain confined to the film surface. 

3.3.4. Layer-based polymerisation of PEDOT and PBrEDOT 

In an effort to improve the adhesion of the grafted films for future applications, a layer-

by-layer approach was investigated. First, an adhesion layer of PEDOT was 

electropolymerised on to the gold electrode with TsO- as a counter ion, which is known 

for producing particularly stable adherent films.220-221 Then, a thin layer of either 

PBrEDOT or P(EDOT-co-BrEDOT) was deposited on top (Figure 3.12). As a result, the 

ATRP-initiating sites should be confined to the surface of the CP film, helping to 

prevent polymer grafts from growing inside the film and deforming the CP backbone. 

As an added bonus, this should also help the grafted polymer chains to grow 

homogeneously, as monomer diffusion to the surface-confined initiators is more 

uniform compared to initiators buried within the CP.  
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Figure 3.13. Electropolymerisation CVs of PEDOT adhesion layer (0.1 M TsONa in 3:1 ACN/water) and 

surface BrEDOT layer (0.1 M LiClO4). Both polymerisations were carried out at 100 mV s-1 scan rate. 

The CP films produced using this two-layer method demonstrated the best adhesion of 

all the films investigated in this chapter, and could only be removed from the gold 

electrode using the tape test. This was attributed to both to the presence of small 

sulfonate-containing dopants237 and better packing of PEDOT in the adhesion layer 

compared to the bulkier PBrEDOT,205 maximising sulfur-gold interactions.  

A typical characterisation CV of P(EDOT-co-BrEDOT) with the adhesion layer is shown 

in Figure 3.13; PBrEDOT films produced via this method show similar electroactivity. A 

very broad oxidation peak is seen at 0.2 V, with a corresponding reduction peak 

between 0 – 0.1 V. These values are in good agreement with PBrEDOT and P(EDOT-co-

BrEDOT) produced without the adhesion layer.  

Compared to P(EDOT-co-BrEDOT) without the adhesion layer (Figure 3.10), films 

produced with the PEDOT adhesion layer show reduced capacitive current (~ ±0.025 

mA cm-1). This is due to their thinness, as the layer-based method only requires a total 

of 5 polymerisation cycles for complete surface coverage, compared to 10 cycles for all 

of the previous polymer films. Interestingly, the capacitive current demonstrated in 
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Figure 3.13 is very similar to that seen in PBrEDOT homopolymers (Figure 3.7), despite 

the difference in number of polymerisation cycles. Assuming that the presence of TsO- 

counter ions in the PEDOT adhesion layer does not have a significant effect on 

capacitance, it appears that these materials have similar real surface areas. This could 

be due to faster deposition of PEDOT, producing films of similar thickness to PBrEDOT 

homopolymers. Alternatively, the layer-based polymerisation method may produce 

more porous films, as it involves a rough surface layer of polymer growing on top of 

another rough polymer, thus exaggerating the surface morphology. 

 

Figure 3.14. A typical example of a characterisation CV of P(EDOT-co-BrEDOT) in 0.1 M LiClO4/water 

(100 mV s-1, 3 cycles).  

Successful grafting was carried out on both PBrEDOT and P(EDOT-co-BrEDOT) films 

produced from this method. Characterisation of the grafted films is discussed in greater 

detail in Chapter 4 (P(EDOT-co-BrEDOT)) and Chapter 5 (PBrEDOT). For the 

purposes of this chapter, it is sufficient to note that the grafted films remained 

adherent to the gold substrates and displayed electroactive behaviour in water. Thus, 
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films produced using this layer-based method show great potential as the starting point 

for a range of CP-based devices.  

3.4. Conclusions 

The aim of the work discussed in this chapter was to produce CP films containing 

ATRP-initiating sites that were suitable for grafting polymer chains. To this end, a 

derivative of PEDOT was investigated, as PEDOT is known for its biocompatibility and 

electroactivity in water (an important feature for many biological applications).205 

Many derivatives of EDOT have also been reported, demonstrating the versatility of the 

monomer.206 The chosen derivative, BrEDOT, contained an initiator function group 

with an electrochemically-stable secondary Br atom. As previously reported,49 it could 

be readily synthesised from commercially available starting materials; some 

modifications to the synthesis and purification procedure resulted in consistently high 

product yields.  

The polymerised PBrEDOT film needed to be homogeneous and electroactive, with 

good adhesion to the underlying substrate and accessible initiating sites for grafting. 

Thus, electropolymerisation was carried out by cyclic voltammetry to investigate the 

electrode substrate, solvent and dopant combination that resulted in the optimal film.  

Initial experiments on ITO electrodes showed that the oxidation potential had to be 

ramped to 1.6 V for PBrEDOT to polymerise. Polymer growth on the electrode surface 

was found to be more homogeneous from ACN solutions compared to PC – likely 

because BrEDOT oligomers are less soluble in ACN and thus deposit faster on the ITO 

surface. An investigation of four common dopants in ACN demonstrated that LiClO4 

produced the fastest film growth, with slightly lower onset potential of polymerisation 

and greater polymerisation current. However, the polymer films were not adherent on 

ITO, and could be easily removed by washing. Thus, polymerisation was carried out on 

gold electrodes, which improved adhesion due to favourable gold-sulfur interactions. 

Despite this, the films would still frequently delaminate during electrochemical 

characterisation or attempts at grafting. 

Copolymerisation of BrEDOT with EDOT was then carried out. By replacing some of 

the bulky BrEDOT monomers, polymer chains could pack closer together and thus 
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adherence to the substrate should be improved by increasing the amount of gold-sulfur 

bonding. In addition, the non-functionalised EDOT could act as spacers to control the 

density of initiating sites on the CP. These copolymer films could be successfully 

grafted from, retaining electroactivity in water even after grafting insulating 

PDEGMMA brushes. However, the films were still plagued with adhesion issues, which 

were exacerbated by strain caused by the presence of the bulky grafts. 

Thus, a layer-based approach to polymerisation was attempted; an adherent PEDOT 

layer was deposited on to the gold electrode, with PBrEDOT or P(EDOT-co-BrEDOT) 

polymerised on top. This approach showed the best adhesion of all the investigated 

films, thanks to both the close packing of the PEDOT chains and the presence of sulfur-

containing toluene sulfonate counter ions. Meanwhile, the ATRP-initiating sites were 

confined to the surface layer of the polymer, ensuring that they were accessible for 

grafting and preventing the growing polymer grafts from disrupting the structure of the 

adhesion layer. This was confirmed by successful grafting, which is explored in more 

detail in Chapters 4 and 5.  
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Chapter 4. Synthesis and characterisation of stimuli-

responsive and antifouling PBrEDOT-g-P(PEGMMA) 

substrates 

This chapter is adapted from Hackett, A. J.; Malmstrom, J.; Molino, P. J.; Gautrot, J. E.; 

Zhang, H.; Higgins, M. J.; Wallace, G. G.; Williams, D. E.; Travas-Sejdic, J., Conductive 

surfaces with dynamic switching in response to temperature and salt. Journal of 

Materials Chemistry B 2015, 3 (48), 9285-9294.53 

Ellipsometry measurements and analysis were carried out by J. E. Gautrot at Queen 

Mary, University of London, who also wrote the ellipsometry experimental details 

(Section 4.2.4.4). AFM measurements and analysis were carried out by H. Zhang and 

M. J. Higgins at the University of Wollongong; they also wrote the AFM experimental 

section (Section 4.2.4.5). 

4.1. Introduction 

Materials with stimuli-responsive properties have gained considerable interest in recent 

years, particularly in the area of biomaterials. The ability to control surface properties 

with an external stimulus lends itself to many applications, including biomedical 

devices and tissue engineering scaffolds, as well as chromatographic substrates, self-

cleaning coatings, microfluidic devices, and chemical or biological sensors.62, 199, 238 

Recent advances in surface functionalization has led to the development of materials 

that respond to multiple stimuli, such as temperature, pH and salt, allowing them to be 

better tailored towards specific applications.239-241 Electrically conducting polymers 

(CPs) are π-conjugated systems that can be reversibly transformed from insulating to 

electrically conducting states by a redox process (referred to as doping/dedoping).242-243 

As a result, CPs are utilized in a range of applications requiring electrochemical control, 

including chemical, gas and biosensors, drug delivery systems, actuators, micro- and 

optoelectronics, and photonics.244-245 More recently, CPs have been exploited as 

materials in biomedical engineering and as interfaces to improve compatibility between 

electronic biomedical devices and living tissues.243, 246-248 However, their use is limited 
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due to their restricted surface chemistry, poor processability and issues with surface 

fouling.244, 249 To address these issues, techniques such as ATRP (atom transfer radical 

polymerization) and RAFT (reversible addition-fragmentation chain transfer 

polymerization) have been used to graft polymeric brushes from CP macroinitiators. 

Typically, the aim has been to achieve soluble CPs250 or CPs with altered optical 

properties in solution.47 More recently, grafting from CP films has been used as a route 

to producing functional surfaces that retain the electrochemical activity of the CP 

backbone. Grande et al reported the first study on grafting of polymethylmethacrylate 

and polystyrene brushes from an electrochemically produced polyterthiophene 

backbone.111 Since then, grafted brushes have been used to improve CP 

hydrophilicity,201 modulate electrochemical behaviour of CP-based biosensors towards 

analytes of interest,251 and recently to introduce antifouling behaviour.54  

An additional layer of control over the surface properties can be added through the use 

of stimuli-responsive polymer brushes. Depending on the desired stimuli, surface 

properties can be modulated either via the electrochemistry of the CP backbone, or 

independently through changes in the environment. We have previously reported 

electrochemical switching of a CP-g-poly(acrylic acid),49 a CP-g-(polystyrene-b-

poly(acrylic acid))112 and a CP-g-poly(zwitterion),165, 167 where switching was induced by 

phenomena such as surface wetting, electrostatic interactions and the CP’s 

doping/dedoping process which changes the local ion concentration.  

A particularly interesting class of polymer brushes are the dually-responsive 

temperature- and salt-sensitive polymers, such as poly(N-isopropylacrylamide) 

(PNIPAAm) and polymers synthesized from ethylene glycol macromonomer derivatives 

such as poly(ethylene glycol) methyl ether methacrylates (PEGMMA). These types of 

materials have revolutionized the field of cell sheet engineering, by creating surfaces 

that allow cell growth at 37 °C but become cell-rejecting at room temperature, allowing 

cell harvesting without the use of enzymes that may disrupt the cell sheets.252-258 The 

temperature at which the transition occurs can be raised or lowered respectively by the 

presence of chaotropic and kosmotropic salts in solution.239, 259-263 In the case of 

P(PEGMMA), the transition temperature may also be tailored through the number of 

ethylene glycol units in the macromonomer.171, 264 P(PEGMMA)-based materials have 

been well studied in solution171, 261, 265-266 and as brushes grown from surface initiation 

sites presented from thiol267 or silane monolayers.268  
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In this study, PEGMMA–type brushes were grafted from a conductive polymer surface, 

thereby creating functional conducting interfaces with tuneable surface chemistry. The 

functional CP surfaces thus created are electrochemically active and stable over a wider 

potential range than those grafted from thiol monolayers on gold.  

In this chapter, the temperature-driven collapse and precipitation of untethered 

polymer chains will be referred to as the cloud point temperature,171, 269 and the 

analogous collapse of tethered polymer grafts will be referred to as the transition 

temperature.270-274 

4.2. Materials and methods 

4.2.1. Materials  

All chemicals were purchased from Sigma-Aldrich and used as received. Poly(ethylene 

glycol) methyl ether methacrylate (PEGMMA, MW 500, ~9 ethylene glycol units) and 

di(ethylene glycol) methyl ether methacrylate (DEGMMA, 2 ethylene glycol units) were 

not purified before use. Deionised water (Milli Q, 18.2 MΩ cm) was used in all aqueous 

solutions. 

4.2.2. Electropolymerisation of PBrEDOT on gold 

The BrEDOT monomer was synthesised as described in Chapter 3.2.2. P(EDOT-co-

BrEDOT) films were synthesised on top of a PEDOT adhesion layer, using the layer-

based electrodeposition technique described in Chapter 3.2.3. Gold-coated glass slides 

(Ti adhesion layer) were used as the working electrode, or gold-coated QCM-D crystals 

for QCM-D measurements. For simplicity, the deposited CP films will be referred to as 

PBrEDOT hereafter. 
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4.2.3. SI-ATRP of P(PEGMMA) brushes from PBrEDOT 

Surface-initiated grafting of brushes was carried out using AGET (activators generated 

by electron transfer) ATRP. Brushes consisted of either PDEGMMA homopolymers, or 

P(PEGMMA-500-co-DEGMMA) copolymers in a 1:5 or 1:9 monomer feed ratio.  

The PBrEDOT substrate was added to a solution of CuCl2 (3.3 mg, 25 µmol) and 

PMDTA (5.22 µL, 25 µmol) in ethanol (4.7 mL). Monomer was added, totalling 

7.2 mmol, and the flask was sealed and purged with nitrogen for 1 hr. Ascorbic acid 

(1.54 mg, 8.75 mmol), dissolved in 0.5 mL Milli-Q, was added dropwise. The reaction 

was left under nitrogen for 18 hr at 40 °C before being stopped by exposing to air. The 

films were washed with ethanol, Milli-Q and 50 mM EDTA. Brushes were also grafted 

directly from silicon substrates for ellipsometry measurements. 

Equivalent free polymer chains for turbidity measurements were produced by adding 

methyl 2-bromopropionate (16.06 μL, 144 μmol) as an initiator alongside the PBrEDOT 

substrates. The polymer chains were purified by dialysis in water.  

For ellipsometry measurements, grafting was also carried out from initiators directly 

attached to Si substrates. These substrates acted as controls to aid modelling of the 

graft polymers, without the presence of the CP backbone.  

4.2.4. Characterisation 

4.2.4.1. Turbidity measurements of P(PEGMMA-500-co-DEGMMA) 

Turbidity measurements of free polymers (analogous to the grafted brushes) were 

measured with a Shimadzu UV-1700 spectrophotometer with S-1700 temperature 

control unit. Solutions containing 2 g L-1 polymer and 0 – 1000 mM of salt (NaClO4, 

NaCl, Na2SO4) were heated from 5 – 95 °C at a rate of 1 °C min-1. Absorbance was 

measured at 550 nm and converted to transmittance. The cloud point was calculated as 

the temperature at which transmittance drops to 50% of its original value. 
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4.2.4.2. Water contact angle measurements 

The presence of grafted brushes was confirmed by measuring changes in surface 

hydrophobicity using a CAM 100 contact angle meter (KSV Instruments). Two samples 

were made for each brush-composition and four drops were recorded on each sample, 

giving a total of eight measurements per composition.  

4.2.4.3. FTIR 

FTIR spectra were recorded using a Nicolet 8700 Thermo Electron FTIR spectrometer 

fitted with a Smart Orbit diamond ATR accessory. Spectra were recorded in ATR mode 

with a resolution of 4 cm-1, and averaged over three spots per sample. Data processing 

was carried out using OMNIC spectroscopic software. 

4.2.4.4. Ellipsometry 

Ellipsometry measurements were carried out by J.E. Gautrot at Queen Mary, University 

of London, using an α-SE spectroscopic ellipsometer from J. A. Woollam Co. All 

measurements were carried out in triplicate, at three different locations on the sample, 

at room temperature (23 °C) and at a fixed incident angle of 70°. All data was fitted 

between 400 and 900 nm. For measurements in aqueous salt solutions, a flow chamber 

(500 µL, J.A. Woollam Co.) fitted with quartz windows normal to the laser beam path 

was mounted on top of the sample. This allowed the in situ measurement of swollen 

coatings in salt solutions. The small volume of the chamber allowed us to flow through 

salt solutions sequentially with increasing salt concentrations, without drying of the 

sample.  

Simple models of polymer brushes on silicon substrates were generated using a Cauchy 

film model on top of a silicon substrate with a native oxide layer. To generate the gold-

CP-brush models, the optical constant of the gold substrate (~230 nm grown on top of 

a silicon wafer with a thin titanium adhesion layer) were first measured on the bare 

gold substrate using a b-spline model (model of choice from the software package and 

used for materials absorbing in the optical range probed and for which the optical 

constants are not known). The CP layer was also modelled using a b-spline model. The 
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refractive index n obtained from this model for the dry PBrEDOT) at 633 nm was 1.491 

and its extinction coefficient k was 0.129, in good agreement with the values obtained 

by Baba et al.275 The brush layer was generated on top of these two surfaces using a 

Cauchy film model. 

The optical constants of the salt solutions used were obtained by fitting ellipsometry 

data obtained for a silicon substrate with a 25 nm silicon oxide layer. These were used, 

for each concentration and salt type, for modelling the ellipsometry data of gold-CP-

brush and silicon-brush samples. Given the complexity of the multilayer model 

presently used and the heterogeneity of the materials characterized, a graded layer was 

not introduced to model the brush layer, to limit the number of parameters to be fit. In 

addition, to distinguish CP-driven swelling from brush swelling, the optical constants 

and swelling (50% ± 10%) of the CP coatings were measured in aqueous solutions and 

used to build the model.  

4.2.4.5. AFM 

Two kinds of films were prepared for AFM measurements: an ungrafted PBrEDOT 

control and a PBrEDOT-g-P(PEGMMA-500-co-DEGMMA, 1:9) film. Measurements 

were recorded by H. Zhang and M.J. Higgins at the University of Wollongong. The 

surface morphology of the polymer films were imaged at room temperature (23 °C) 

using a JPK Biowizard II Atomic Force Microscope (JPK Instruments, Germany). Images 

were taken with Bruker DNP-S10 cantilevers (spring constant ~0.12 N m-1) using 

intermittent contact mode in fluid. Scans (5 μm × 5 μm) were obtained using tip 

velocities ranging from 2.5 μm s-1 to 20 μm s-1; the PBrEDOT-g-P(PEGMMA-500-co-

DEGMMA, 1:9) film was scanned under the lowest amplitude set point and scan rate 

due to its softness. The images were analyzed using JPK Data Processing software. 

4.2.4.6. Quartz Crystal Microbalance with Dissipation (QCM-D) 

QCM-D measurements were carried out on a Q-Sense E4 Quartz Crystal Microbalance 

with Dissipation with four flow cells for simultaneous measurements, and were 

recorded using Q-Soft software. Films were polymerized directly on to gold-coated 

QCM-D crystals. Baseline frequency and dissipation were measured in Milli-Q water. 
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Measurements at varying salt concentrations (10 – 1000 mM) were carried out at 22 °C 

in NaClO4, NaCl and Na2SO4. Temperature measurements were also carried out in 

100 mM NaCl and Na2SO4 solutions, with the temperature stepped from 22 to 40 °C at 

a rate of 1 °C per 20 min. The antifouling behaviour of the films was tested by adding a 

solution of 20% foetal bovine serum (FBS) in HAMS F10 media, and recording the 

frequency and dissipation change associated with the increase in mass caused by 

protein adsorption.  

4.2.4.7. Electrochemistry 

Cyclic voltammetry (CV) and electrochemical impedance spectroscopy (EIS) were 

carried out on a Bio-Logic SP-300 potentiostat using a three electrode setup: the 

polymer-modified gold substrate as a working electrode, Pt mesh counter electrode and 

Ag/AgCl (3 M KCl) reference electrode (+0.210 V vs SHE). The temperature was 

controlled by a Shimadzu S-1700 thermoelectric UV-vis cell holder. Solutions 

containing 0.1 M NaClO4, NaCl or Na2SO4 were used as electrolytes. Cyclic 

voltammetry was carried out by potential cycling between -0.5 to 1.0 V at 100 mV s-1 at 

5, 30 and 50 °C. 

Non-faradaic EIS was carried out in 0.1 M electrolyte (without a redox mediator)165, 167 

at a bias of 0.3 V with 5 mV amplitude, with the frequency ranging from 10 kHz to 

0.1 mHz (12 points per decade). Impedance was measured every 1 °C from 5 - 50 °C. 

Spectra were analysed with Bio-Logic EC-Lab software using a modified Bisquert model 

for a transmission line, as shown in Figure 4.11 a.167 An explanation of the modelling 

parameters is given in Chapter 2.3.3.2.  

To confirm that observed trends in the calculated values were reflected in the raw data 

and not a result of interdependent co-variables while modelling, the gradient of the low 

frequency region (<1 Hz) was also calculated. This region probes slow processes such as 

ion diffusion into the CP layer, which may be affected by the presence of grafted 

brushes.  
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4.3. Results and discussion 

4.3.1. Turbidity measurements of P(PEGMMA-500-co-DEGMMA) 

The first goal was to identify polymers with ideal thermoresponsive behaviour for use 

as brushes. P(PEGMMA) was an ideal candidate as it exhibits LCST (lower critical 

solution temperature) behaviour, switching from a swollen hydrated state to a 

collapsed (dehydrated) state above a defined temperature. The transition temperature 

can be tuned by copolymerising PEGMMA macromonomers with different numbers of 

ethylene glycol units.171, 265 Furthermore, the LCST can be further tuned by the addition 

of salt, with the effect corresponding to the Hofmeister series: chaotropic anions raise 

the temperature of the LCST (‘salting in’), while kosmotropic anions lower the LCST 

and cause the polymer to precipitate at lower temperatures (‘salting out’).239, 259-263  

For this study, two PEGMMA monomers with different numbers of ethylene glycol 

repeats were chosen: PEGMMA-500 (MW 500, ~9 ethylene glycol units) and 

DEGMMA (MW 188.22, 2 ethylene glycol units). These two monomers were 

copolymerised in different ratios, to determine which composition(s) exhibited the 

most suitable transition temperature for potential biological applications. 

Polymerisation was carried out via AGET ATRP, with sacrificial initiators added in to 

the polymerisation solutions used for grafting from CP substrates. As a result, 

untethered copolymer chains were produced for turbidity measurements at the same 

time as the grafted brushes. Previous studies have determined that these untethered 

polymers are reasonably analogous to the grafted polymers, albeit with slightly higher 

MWs and lower molar mass dispersities.60, 276-277 The investigated P(PEGMMA-500-co-

DEGMMA) compositions and their molecular weights is summarised in Table 4.1, as 

determined by GPC. Note that the copolymer compositions are labelled according to 

the monomer feed ratio, which may not reflect the true composition of the polymer. 
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Table 4.1. Composition of untethered copolymers and molecular weights determined by GPC. 

Brush composition  
(monomer feed ratio) 

Mn Mw 
Molar mass 
dispersity 

PDEGMMA 9700 11900 1.23 

P(PEGMMA-500-co-DEGMMA, 1:9) 10300 13600 1.32 

P(PEGMMA-500-co-DEGMMA, 1:5) 11200 15600 1.39 

P(PEGMMA-500) 15400 19000 1.24 

 

NMR spectra of the polymerisation solutions were recorded to follow the kinetics of the 

polymerisation; however, these spectra were inconclusive in regards to the degree of 

polymerisation. Ideally, one would follow the decrease in signal corresponding to the 

C=CH2 group of the macromonomer (~6.4 ppm, 1H NMR) to determine the degree of 

polymerisation. Unfortunately, it proved impossible to remove all the water from the 

polymer samples, which swamped the relatively weak signal from this bond. 

The temperature-responsiveness of the polymers was determined using UV-vis 

turbidimetry, with cloud point temperature determined as the temperature at which 

transmittance drops to 50% (Figure 4.1 a). As expected, the cloud point temperature 

increases as the ratio of the larger PEGMMA-500 monomer increases, in line with 

previously reported literature.170-171, 278 In pure deionised water, this corresponds to 

roughly an 11 °C increase in cloud point temperature per 10% of PEGMMA-500, 

levelling off above 50% PEGMMA-500 (Figure 4.1 b). This shows that it is possible to 

tune the cloud point temperature of these polymers by adjusting the ratio of the two 

monomers, providing an advantage over the more widely-adopted PNIPAAm which 

exhibits an LCST of 32 °C.264, 269 The cloud point transition also broadened with 

increasing molecular weight, as shown by the slope of the UV-vis turbidimetry curves 

becoming shallower. The transition occurred over ~4 °C for PDEGMMA (i.e. between 

24 – 28 °C, Figure 4.1 a) but increased to 14 °C for P(PEGMMA-500). 
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Figure 4.1. a) An example of thermoresponsive behaviour of PDEGMMA in deionised water, as measured by 

UV-vis turbidimetry. The cloud point temperature was defined as the temperature at which UV-vis 

transmittance dropped to 50% - in this case, 26 °C. b) Cloud point temperature in deionised water as a 

function of the percentage of PEGMMA-500 present in the initial monomer feed. Investigated PEGMMA-

500/DEGMMA monomer feed compositions are 1:9, 1:5, 1:3 and 1:1. 

Measurements were also carried out in solutions of NaClO4, NaCl and Na2SO4 to 

determine the effect of salt concentration on the cloud point temperature. Plots of 

cloud point temperature vs salt concentration for the different copolymer compositions 

are given in Figure 4.2. These results show that NaClO4 initially raised the cloud point 

temperature by an average of 3.9 °C for every 100 mM of salt added, with the effect 

levelling off above 200-350 mM. NaCl decreased the cloud point temperature by 

~1.4 °C per 100 mM, while the more kosmotropic Na2SO4 had an even stronger effect, 

leading to an average decrease of 5.7 °C per 100 mM. These results agree with the 

Hofmeister series and its effect on the ‘salting in’ and ‘salting out’ of polymers and 

proteins. 
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Figure 4.2. Cloud point temperatures as a function of salt concentration for a) PDEGMMA, b) P(PEGMMA-

500), c) P(PEGMMA-500-co-DEGMMA, 1:9) and d) P(PEGMMA-500-co-DEGMMA, 1:5). 

For many biological applications, the cloud point temperature ideally falls within 

physiological temperatures, so that switching behaviour can occur with minimal 

thermal stress on cells and proteins. This is a key reason for the widespread adoption of 

PNIPAM as a cell culture substrate: with an LCST of around 32 °C, mammalian cells can 

be readily cultured on the collapsed substrate at 37 °C, but will detach as the polymer 

hydrates and swells at room temperature.255, 279-283 With this in mind, the most 

biologically relevant polymers here are the P(PEGMMA-500-co-DEGMMA) copolymers 

with monomer feed ratios of 1:9 and 1:5, with cloud points of 42.5 °C and 49.5 °C 

respectively in deionised water. As a result, these two compositions were used for 

surface grafting experiments from PBrEDOT, as detailed in the rest of this chapter. 

PDEGMMA was also included as a control, as its cloud point (26 °C) is close to room 
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temperature (23 °C). Previous studies have shown that the onset of bulk polymer 

collapse occurs at slightly lowered temperatures  (~ 5 °C) for grafted brushes compared 

to polymers in solution.271 Therefore, it is reasonable to expect that grafted PDEGMMA 

brushes are generally collapsed at room temperature, with the exception of 

experiments carried out in NaClO4 (Figure 4.2 a). . 

4.3.2. Surface grafting of P(PEGMMA-500-co-DEGMMA) brushes 

P(PEGMMA-500-co-DEGMMA) brushes were grafted from a range of BrEDOT-

containing films, as described in Chapter 3. However, as mentioned, many of these 

films displayed issues with adhesion to the gold substrate, and delaminated during 

grafting or during characterisation. However, the P(EDOT-co-BrEDOT) film with 

PEDOT adhesion layer described in Chapter 3.2.3 displayed excellent adhesion, and 

hence was used as the substrate for all further grafting experiments. For simplicity, 

these films will be referred to as PBrEDOT in this chapter. 

Water contact angle measurements were used to confirm the successful grafting of 

P(PEGMMA-500-co-DEGMMA) chains. Interestingly, the grafts appeared to make the 

films less hydrophilic, with contact angles ranging from 48 ± 2° to 64 ± 3° for grafted 

substrates, as compared to ungrafted PBrEDOT which presented a contact angle of 

28 ± 3° (Table 4.2).  This was attributed to the presence of amphiphilic p-toluene 

sulfonate ions in the ungrafted film, which has a strong affinity for water due to its 

charged sulfonate group. As p-toluene sulfonate was used as the counter ion during 

deposition of the PEDOT adhesion layer, this indicates that the top PBrEDOT layer is 

relatively thin. In contrast, the grafted PPEGMMA brushes consist of hydrophobic 

polymethacrylate chains surrounded by (neutral) hydrophilic poly(ethylene glycol) 

(PEG) side chains. Thus, the grafted substrates are less hydrophilic, especially those 

containing high proportions of DEGMMA which is less efficient at shielding the 

hydrophobic polymethacrylate due to its short PEG side chains (2 PEG units per 

monomer). However, it is important to note that all substrates are hydrophilic, with 

water contact angles of less than 90°. 
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Table 4.2. Water contact angle of grafted P(PEGMMA) brushes of varying compositions 

Brush composition Water contact angle 

Ungrafted PBrEDOT 28 ± 3° 

PDEGMMA 64 ± 3° 

P(PEGMMA-500-co-DEGMMA, 1:9) 55 ± 4° 

P(PEGMMA-500-co-DEGMMA, 1:5) 48 ± 2° 

 

Accurate brush lengths were difficult to determine via GPC or NMR, due to the 

difficulty of cleaving the brushes from the CP substrate without also fragmenting the 

brushes. However, previous studies have concluded that polymer chains grown from a 

sacrificial initiator in the same solution as the surface grafting reaction can be 

considered reasonably analogous to the tethered brushes.60, 276-277 Hence, it is 

reasonable to assume that the grafted brushes are similar to the molecular weights 

given in Table 4.1. 

FTIR spectra were recorded at different time points to investigate the kinetics of 

P(PEGMMA) grafting. The appearance of the characteristic C-H stretch peaks at 2800–

3100 cm-1, corresponding to C-H groups on the PEDOT backbone and ethylene glycol 

units of the grafted brushes, and the growth of the ester C=O stretch at around 1700 

cm-1 verify successful grafting (Figure 4.3 a). Growth of the brushes is tracked by 

calculating the area under the C-H peak at 2800–3100 cm-1. The graph suggests that 

the polymerization halts after 2 hours, likely due to chain termination and 

consumption of the ascorbic acid (Figure 4.3 b).284  
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Figure 4.3. Kinetics of grafted P(PEGMMA) growth from 0 – 18 h. a) FTIR spectra showing growth of C-H 

stretch at 2800–3100 cm-1, and ester C=O stretch at around 1700 cm-1. b) Area under the C-H peaks as a 

function of time. 

4.3.3. Brush thickness in response to salt concentration – 

ellipsometry and AFM measurements 

Spectroscopic ellipsometry is a suitable methodology to study the thickness of the 

brush layer and the change in the thickness upon exposure to salt solutions. Very thin 

conductive polymer layers (40-60 nm when dry) were used for ellipsometry 

measurements to reduce light absorption from PEDOT, which is optically active in part 

of the spectrum probed by ellipsometry. Brushes grafted directly from silicon wafers, 

without the conductive polymer layer, were also investigated to aid with modelling and 

interpretation. The calculated dry thicknesses of the PDEGMMA, P(PEGMMA-500-co-

DEGMMA, 1:9) and P(PEGMMA-500-co-DEGMMA, 1:5) brushes from each substrate 

are collated in Table 4.3, and were found to be in the range from 80-140 nm. Brushes 

were seen to increase in thickness slightly as the amount of PEGMMA-500 increased; 

the exception is P(PEGMMA-500-co-DEGMMA, 1:9) grown from PBrEDOT, which may 

have grafted brushes interpenetrating with the PBrEDOT layer, leading to anomalous 

behaviour (see brush swelling data in Figure 4.4). Brushes were thicker when grown 

from the PBrEDOT substrates compared to the corresponding silicon substrates. 
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Table 4.3. Dry thicknesses of brushes grafted from both Si and PBrEDOT substrates, measured by 

ellipsometry. 

Brush composition 
Dry thickness of brushes (nm) 

Si substrate PBrEDOT substrate 

PDEGMMA 80.6 ± 0.1 131 ± 6.0 

P(PEGMMA-500-co-DEGMMA, 1:9) 86.6 ± 0.9 92 ± 2.0 

P(PEGMMA-500-co-DEGMMA, 1:5) 98.0 ± 2.0 137 ± 5.0 

 

Figure 4.4 a shows the percentage increase of brush thickness (swelling), compared to 

the dry thickness, when exposed to increasing concentration of NaCl salt solutions at 

room temperature (23 °C). Brush swelling is moderate for the PDEGMMA and 

P(PEGMMA-500-co-DEGMMA, 1:5) brushes, but is increased for the PBrEDOT-g-

P(PEGMMA-500-co-DEGMMA, 1:9) brushes compared to the corresponding brushes 

grafted from Si; this behaviour may arise from some level of swelling of the underlying 

PBrEDOT with the associated change in optical constants, due to some penetration of 

the brush into the PBrEDOT layer. This observation was supported by the AFM data 

discussed below, and may also account for the unexpected swelling behaviour seen 

above 0.1 M NaCl in Figure 4.4 a. 

The brushes grafted from the conductive polymer layer show collapse starting at 0.4 M 

salt concentration. This is expected for the PDEGMMA brushes, as the cloud point 

transition for the corresponding free polymer in NaCl solution occurs at 23 °C at ~0.35 

M NaCl (Figure 4.2 a). However, this concentration is lower than expected for the 

copolymer compositions (Figure 4.2 c-d). A decrease in transition temperatures in 

brushes compared to free polymers has been observed previously by Laloyaux et al.,271 

and was attributed to a bulk brush collapse associated with the high grafting density. 

However, the authors only reported a decrease of 5 °C in water; assuming that the 

relationship between NaCl concentration and brush collapse is the same for both 

grafted polymers and polymers in solution, we would expect that the grafted 

copolymers would require >1 M NaCl solution to collapse at room temperature. These 

unusual results may be due to the limitations of using spectroscopic ellipsometry to 
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model non-ideal samples, particularly when dealing with conducting polymers (Section 

2.7). 

 

Figure 4.4. Ellipsometry measurements showing degree of swelling of brush compositions (PDEGMMA or 

P(PEGMMA-500-co-DEGMMA, 1:9 and 1:5)) grafted from a) PBrEDOT films and b) Si as a function of 

concentration of NaCl solution at room temperature (23 °C). Measurements recorded and analysed by J.E. 

Gautrot at Queen Mary, University of London. 

Atomic Force Microscopy (AFM) imaging of the ungrafted PBrEDOT and grafted 

P(PEGMMA-500-co-DEGMMA, 1:9) samples was carried out in water and high salt 

conditions. To facilitate brush collapse, Na2SO4 was used in the place of NaCl, due to 

its stronger salting out effect.261 First, the ungrafted PBrEDOT film was imaged in water 

(Figure 4.5 a), followed by exposure to 1 M Na2SO4 without drying the film (Figure 

4.5 b). Both of these images display nodular morphology typical of PEDOT films.212 

RMS roughnesses were 28.5 nm for the ungrafted PBrEDOT and 161.5 nm for the 

grafted brushes. Imaging of PBrEDOT-g-P(PEGMMA-500-co-DEGMMA, 1:9) in water 

showed that the expected nodule structures of the CP were present, although the 

structures appeared larger due to the presence of the brush layer (Figure 4.5 c). These 

surfaces were also qualitatively observed to be softer, as indicated by damage to the 

polymer (i.e. smearing effects in the image) caused by lateral forces of the AFM tip 

during scanning. Thus, lower imaging forces and scan rates were required to obtain 

images of the PBrEDOT-g-P(PEGMMA-500-co-DEGMMA, 1:9). There appears to be 

local swelling of the brushes, smoothing out the granular morphology, as well as more 

global swelling of the film, causing large undulations (Figure 4.5 c). This was 

interpreted as an effect of brush growth from within the CP layer, and not just at the 
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surface. As the film is constrained on one side, the presence of interpenetrated brushes 

can induce strain and bulk swelling of the CP layer, leading to warping of the polymer 

film. Upon exchanging the water with 1 M Na2SO4, the undulating topography 

disappeared as the brushes collapsed, and the films became more uniform and easier to 

image due to increased stiffness (Figure 4.5 d). In the process, the RMS roughness 

changed from 161.5 nm in water to 52.9 nm in Na2SO4. Imaging in water was repeated, 

and the swollen features were observed again, indicating reversible brush collapse and 

swelling. 

 

Figure 4.5. AFM images of atomic force microscopy of ungrafted PBrEDOT (a-b) and PBrEDOT-g-

P(PEGMMA/DEGMMA, 1:9) (c-d) in water (a, c) and 1 M Na2SO4 (b, d) respectively (5 µm scan width). 

Measurements were recorded at room temperature (23 °C) by H. Zhang and M.J. Higgins at the University of 

Wollongong. 

4.3.4. Salt- and temperature-responsiveness measured by QCM-D 

To observe the changes in hydration of the brush layers upon exposure to different salt 

solutions in more detail, Quartz Crystal Microbalance with Dissipation (QCM-D) was 
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employed. As the brushes swell and collapse, the hydrated mass and the viscoelastic 

properties of the layer are expected to change, resulting in an observable response in 

the frequency and dissipation. Conducting polymer films were prepared on gold-coated 

QCM-D crystals and grafted with PDEGMMA or P(PEGMMA-500-co-DEGMMA, 1:9 

and 1:5). Experiments were performed by increasing either salt concentration or 

temperature in a stepwise manner. NaClO4, NaCl and Na2SO4 salts were investigated, 

due to their ability to raise or lower the cloud point temperature of polymers, according 

to the Hofmeister series (Figure 4.2).261  

Introducing an increased concentration of a salt solution in the chamber over a bare 

QCM-D crystal leads to a decrease in the quartz crystal frequency and an increase of 

the dissipation – referred to as the bulk shift. The response due to brush collapse or 

swelling discussed below will therefore always be a combined signal of this bulk shift 

and the brush response. Figure 4.6 a shows an example of the change in dissipation 

with increasing Na2SO4 concentration. The crystal with ungrafted PBrEDOT shows a 

consistent increase in dissipation in line with the expected bulk shift, whereas the 

grafted PBrEDOT films show a more complex result. PBrEDOT-g-PDEGMMA also 

shows increased dissipation, but to a lesser extent than the ungrafted sample, while the 

two P(PEGMMA-500-co-DEGMMA) copolymers decrease in dissipation for the lower 

salt concentrations. A corresponding increase in the frequency response is also seen 

(Figure 4.6 b). These results correspond to a decrease in mass (dehydration) and 

stiffening of the brush layer. It is important to note that brush collapse can occur while 

the brushes are only partially dehydrated,190 meaning that the observed transition point 

can differ depending on whether the frequency or dissipation is analysed. In this study, 

cloud points of the brushes were calculated from the dissipation data using the 5th 

overtone of the oscillating frequency, corresponding to 25 MHz, as the dissipation 

measurement provides a more direct indication of brush conformation. 
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Figure 4.6. QCM-D measurements showing a) change of dissipation(5th overtone) with increasing Na2SO4 

concentration for ungrafted PBrEDOT and CP films grafted with PDEGMMA or P(PEGMMA-500-co-

DEGMMA, 1:9 and 1:5), normalised to deionised water, and b) an example of the effect of salt concentration 

on both dissipation and frequency (5th overtone) of a single grafted sample (unnormalised). 

To look at the data in a clearer manner, the response for the grafted films has been 

normalized by the response seen for the ungrafted film (relating to bulk shifts) and 

plotted against temperature (Figure 4.7 a-b) or salt concentration (Figure 4.7 c-h). 

Conclusions about brush conformation is drawn from the dissipation measurements; 

frequency data is included for completeness. 

The QCM-D data clearly demonstrates the dehydration of the grafted brushes in 

Na2SO4 and the swelling of the brushes in the NaClO4 solutions. The deviation from the 

trend at higher NaClO4 concentrations is attributable, in part, to the diminishing 

‘salting in’ effect of perchlorate with increased concentration.260 The changes in 

gradient in Figure 4.7 are interpreted as relating to the critical temperature or salt 

concentration where the rate of dehydration changes, and it is seen that this point 

varies with the brush composition. In terms of temperature (Figure 4.7 a-b), very little 

collapse is seen for PBrEDOT-g-PDEGMMA, indicating that these brushes were already 

collapsed at the starting temperature (22°C, 0.1 M Na2SO4), as might be expected from 

the turbidity measurements in solution (cloud point ~23 °C, Figure 4.2 a). Both of the 

PBrEDOT-g-P(PEGMMA-500-co-DEGMMA) compositions investigated show linear 

brush collapse, which tails off at about 32 °C for the 1:9 composition and 36 °C for the 

1:5 composition. At 22 °C, the critical concentration of sulfate is determined as around 

0.1 M for PDEGMMA brushes and 0.25 M and 0.35 M for the 1:9 and 1:5 compositions 
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respectively. However, due to the observed broadening of the cloud point transition for 

brushes grafted from these surfaces, it is unclear whether this corresponds to complete 

collapse of the brushes, or if further brush collapse has been hindered by the presence 

of trapped water molecules.190 
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Figure 4.7. Dissipation (left) and frequency (right) of ungrafted PBrEDOT, and PBrEDOT grafted with 

PDEGMMA and P(PEGMMA-500-co-DEGMMA, 1:9 and 1:5) as a function of temperature in 0.1 M Na2SO4  

(a-b) or concentration of Na2SO4 (c-d), NaCl (e-f) and NaClO4 (g-h) at 22°C. All data normalised against 

the response of an ungrafted PBrEDOT sample. 
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4.3.5. Electrochemical studies of PBrEDOT-g-P(PEGMMA-500-co-

DEGMMA, 1:5) 

With the salt responsiveness of the brushes confirmed, attention turned to 

investigating the electrochemical properties of the PBrEDOT-g-P(PEGMMA-500-co-

DEGMMA, 1:5) films by both cyclic voltammetry (CV) and electrical impedance 

spectroscopy (EIS).  

Cyclic voltammograms of ungrafted PBrEDOT and PBrEDOT-g-P(PEGMMA-500-co-

DEGMMA, 1:5) in 0.1 M NaClO4 or Na2SO4 are given in Figure 4.8. These CVs 

demonstrate that the grafted films retain their electroactivity, despite the presence of 

‘insulating’ brushes on the surface of the CP film. Moreover, in NaClO4, the grafted film 

shows a greater current response than the ungrafted film at 5 °C and 30 °C (Figure 4.8 

a, c). This may be attributed to the increased solvation of PBrEDOT caused by swollen 

grafted brushes that may interpenetrate the CP layer, as discussed above, as well as an 

increase in capacitance due to the brush layer. Grafting also significantly shifts the 

redox peaks towards lower potentials (the oxidation peaks shift from +0.43 V and 

+0.60 V to +0.28 V, and from +0.38 V to +0.08 V for reduction), indicating that the 

grafted films are more easily oxidized and reduced. Oxidation and reduction waves are 

also appreciably more uniform after grafting, displaying one oxidation/reduction peak 

instead of multiple redox peaks seen before grafting. The capacitive effect of the brush 

layer diminishes as the temperature increases; at 50 °C, when the brushes are expected 

to be collapsed, there is little difference between the grafted and ungrafted CVs (Figure 

4.8 e). 

CVs recorded in 0.1 M Na2SO4 (Figure 4.8 b, d, f) are more difficult to interpret, as the 

brushes may start to be partially dehydrated even below the expected transition 

temperature. At 5 °C and 30 °C, there is an increase in capacitive currents seen at 

potentials below +0.50 V, and the oxidation peak at +0.75 V in the ungrafted film 

appears to have broadened and shifted slightly to +0.70 V in the grafted CV. The 

expected increase in capacitance due to the brushes is also less pronounced at all 

temperatures – possibly due to partial brush dehydration beginning even at 5 °C. 



 

109 

 

Figure 4.8. Cyclic voltammograms of ungrafted PBrEDOT and PBrEDOT-g-P(PEGMMA-500-co-DEGMMA, 

1:5) recorded in 0.1 M NaClO4 (a, c, e) or 0.1 M Na2SO4 (b, d, f) at 5 °C (a-b), 30 °C (c-d) and 50 °C (e-f) at 100 

mV s-1. 

Electrochemical impedance spectroscopy (EIS) is well suited to probe the change in 

electrochemical properties of the interface, due to changes in brush conformation. In 

order to specifically probe the interfacial layer, non-faradaic impedance was measured 

for ungrafted and grafted samples at temperatures from 5 to 50 °C (Figure 4.9). As 
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expected, the traces shifted to lower Z’ values with increasing temperature, as the 

solution resistance (and to a lesser extent the film charge transfer resistance) decreased 

due to increased ion mobility.  

 

Figure 4.9. Example of non-faradaic Nyquist plots of grafted PBrEDOT-g-P(PEGMMA-500-co-DEGMMA, 

1:5) as a function of temperature from 5 – 50 °C. Inset: Low frequency region used for calculating EIS slopes 

(0.1 – 1 Hz). 

Figure 4.10 shows the values of the slopes of the impedance diagram of the ungrafted 

PBrEDOT and grafted P(PEGMMA-500-co-DEGMMA, 1:5) samples at low frequencies 

(<1 Hz). The measurements made on the grafted sample show a sudden trend change at 

a temperature corresponding to the expected transition temperature of the brush, 

which is not present in the ungrafted control.  
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Figure 4.10. Calculated linear slopes of low frequency region (0.1 – 1 Hz) of Nyquist plots as a function of 

temperature, recorded in 0.1 M salt solutions: a) ungrafted PBrEDOT and b) PBrEDOT-g-P(PEGMMA-co-

DEGMMA, 1:5) 

To further investigate this, the data was also modelled using a simplified Bisquert 

model for a transmission line (Figure 4.11 a). Details of the elements used in this 

equivalent circuit are provided in Chapter 2.3.3.2. In this model, both solution 

resistance and film resistance were shown to decrease with increasing temperature 

(Figure 4.11 b-c). However, the alpha values demonstrate the same trends as the low 

frequency slopes, increasing with temperature followed by a decrease at the transition 

temperature (Figure 4.11 d). This may be attributed to an increase in local surface 

roughness, which increases the ‘leakiness’ of the capacitor. The extracted capacitance 

values also show a clear trend change at the temperature corresponding to brush 

collapse, and in Figure 4.11 e-f, it can be seen how these conductive polymer tethered 

brushes collapse at a higher temperature in perchlorate as compared to sulfate 

electrolyte. The derived transition temperatures are in good agreement with cloud 

point studies recorded in solution (Figure 4.2) and the QCM-D data discussed above 

(Figure 4.7), as well as with expectations based on previous literature.171, 285  
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Figure 4.11. a) Equivalent circuit used to model PBrEDOT-g-P(PEGMMA-500-co-DEGMMA, 1:5) impedance 

spectra, and modelled parameters as a function of temperature: b) solution resistance R1, c) film resistance 

R2 and d) alpha value of constant phase element Q2. Capacitance values of C1 and Q2 are also shown in 0.1 M 

Na2SO4 (e) and 0.1 M NaClO4 (f).  
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4.3.5.1. Summary of switching behaviour  

Table 4.4 summarizes switching behaviour of the P(PEGMMA-500-co-DEGMMA, 1:5) 

brushes grafted from PBrEDOT films obtained by using multiple techniques discussed 

above, and compares these values to the transition temperature of corresponding free 

polymers recorded in solution.  

Table 4.4. Observed switching behaviour of P(PEGMMA-500-co-DEGMMA, 1:5) 

Salt (0.1 M) 
Transition 

temperature 
(solution) 

Transition 
temperature 

(QCM-D) 

Transition 
temperature 

(EIS) 

Salt-induced 
switch 

NaClO4 53 °C - 49 °C No 

NaCl 45 °C - 42 °C Yes 

Na2SO4 40 °C 36 °C 38 °C Yes 

4.3.6.  Antifouling behaviour  

To further demonstrate the functional behaviour of these grafted layers, samples were 

exposed to 20% serum for 1 hour at room temperature (23 °C), and monitored in real-

time by QCM-D. The ungrafted PBrEDOT and the PBrEDOT-g-PDEGMMA samples 

showed a significant decrease in the frequency with the addition of serum (Figure 4.12), 

due to protein adsorption. The PDEGMMA brushes are expected to be collapsed under 

these conditions, and therefore are not expected to be as protein rejecting as swollen 

brushes. However, there was a marked reduction of protein adsorption compared to 

the ungrafted material. Assuming the Sauerbrey equation applies (confirmed by 

negligible dissipation and overlapping overtones),186 the amount of adsorbed protein is 

calculated to be 1382 ng cm-2 (ungrafted PBrEDOT) and 287 ng cm-2 (PBrEDOT-g-

PDEGMMA) after washing in serum-free media. In contrast, the PBrEDOT-g-

P(PEGMMA-500-co-DEGMMA, 1:9) sample showed little change in frequency, 

decreasing by only 0.6 Hz upon addition of protein, suggesting little change in mass 

and therefore negligible protein adsorption.  
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Figure 4.12. Frequency response of ungrafted PBrEDOT, and PBrEDOT grafted with PDEGMMA and 

P(PEGMMA-500-co-DEGMMA 1:5) brushes in serum-free media and 20% serum, measured using QCM-D 

at room temperature (23 °C). 

It is important to note that the samples exposed to serum had already been used for 

several swelling/collapse cycles (salt and temperature) as well as cyclic voltammetry 

measurements, and remain protein rejecting regardless. This procedure for modifying 

conductive polymer materials therefore offers a very stable and reliable surface 

modification with good protein rejecting properties.  

4.4. Conclusions 

This work demonstrates the fabrication of conducting polymer films grafted with salt- 

and temperature-responsive polymer brushes based on P(DEGMMA-co-PEGMMA) 

grafted from PBrEDOT. The films were carefully characterized by ellipsometry, AFM, 

QCM-D, cyclic voltammetry and EIS. Cyclic voltammetry measurements clearly 

established that the grafted PBrEDOT films were electroactive, and that their 

electrochemical behaviour could be modulated by temperature and the type of salt 

present. In fact, the electroactivity of PBrEDOT was enhanced in 0.1 M NaClO4 at lower 

temperatures (≤ 30 °C), due to solvating effect of the brushes. QCM-D and EIS 

techniques were used to investigate the switching behaviour of the grafted brushes. 

The transition temperatures estimated from these methods were all in good agreement, 

showing salt-dependent transition temperatures following the Hofmeister series of 
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anions. The composition of the brushes could be conveniently tailored to change the 

transition temperature of the system. 

We have shown that these modified conductive polymer films provide tailored protein 

resistance even after repeated brush collapse/swelling cycles and electrochemistry. 

Therefore, this study forms a basis for applications of these materials such as 

electrically addressable biomaterial interfaces, microfluidic devices and 

chromatographic substrates.  
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Chapter 5.  Grafting poly(acrylic acid) from PEDOT to 

control the deposition and growth of platinum 

nanoparticles for enhanced electrocatalytic hydrogen 

evolution 

This chapter is adapted from Hackett, A. J.; Malmstrom, J.; Travas-Sejdic, J., Grafting 

Poly(Acrylic Acid) from PEDOT to Control the Deposition and Growth of Platinum 

Nanoparticles for Enhanced Electrocatalytic Hydrogen Evolution. ACS Applied Energy 

Materials 2019, 2 (2), 1436-1444.286 

5.1. Introduction 

In the search for clean, renewable alternatives to fossil fuels, hydrogen stands out as an 

ideal fuel due to its high energy density and clean combustion products.287 

Unfortunately, the difficulty and cost of large-scale hydrogen production and storage 

have so far prevented the widespread use of hydrogen fuel cells. One of the simplest 

methods of hydrogen production is the electrocatalytic splitting of water; however, this 

method requires suitable catalysts to lower the energy requirements of the reaction and 

thus reduce energy costs.288 Platinum (Pt) is considered an ideal electrocatalyst for the 

hydrogen evolution reaction (HER), combining a low onset potential with high 

electrocatalytic activity. However, its use is hindered by its high cost, and global 

scarcity.289  

HER occurs at the cathode as part of the electrochemical water splitting reaction, and 

proceeds via the following overall equation in acid: 

 2H+ + 2𝑒𝑒− ⇌ H2   Equation 5.1 

The generally accepted steps of HER in acid are adsorption of a H intermediate Hads 

(Volmer step, Equation 2.1), followed by either electrochemical desorption (Heyrovsky 

step, Equation 5.3) or chemical desorption (Tafel step, Equation 5.4).290-291  
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Volmer: H+ + 𝑒𝑒− ⇌ Hads   Equation 5.2 

Heyrovsky: Hads + H+ + 𝑒𝑒− ⇌ H2   Equation 5.3 

Tafel: Hads + Hads ⇌ H2   Equation 5.4 

The overall HER mechanism is a combination of two290, 292 or potentially even three293 

of these steps. 

As hydrogen evolution is a surface-based reaction, the use of nanomaterials can 

increase the surface area available for catalysis, thus increasing efficiency while 

reducing amount of the bulk material required. Platinum nanoparticles on activated 

carbon (Pt/C) are already commercially available with loadings ranging from 1-60 wt%; 

these materials display electrocatalytic activity comparable to Pt metal electrodes, but 

at a fraction of the cost.294-295 Other PtNP composite materials show similar results, 

especially when combined with electrocatalytic substrates such as metal oxides, 

graphene and carbon nanotubes.296-301 Excitingly, PtNPs have been reported to enhance 

electrocatalysis even at loadings too low to be detected by cyclic voltammetry.301 

Of all the methods of producing PtNPs,302-304 electrochemical deposition (also known 

as electroplating) is one of the fastest and most straightforward. Using a platinum salt 

as the electrolyte, an electrical potential is applied to reduce the platinum cation to Pt0, 

and simultaneously deposit it on to the surface of the working electrode.305 This one-

pot system provides instant nanoparticle growth, reducing the need for stabilising 

agents to prevent aggregation, and thus does not require subsequent purification steps 

beyond electrode rinsing.306-307 Nanoparticle size and morphology is greatly influenced 

by a range of parameters, including substrate properties and the concentration of the 

desired metal cation in solution, as well as the magnitude of the reduction potential 

and electrodeposition time.306, 308-309 A range of electrochemical techniques have been 

used for metal NP deposition, including chronoamperometry, cyclic voltammetry and 

differential pulse voltammetry.310-311 When considering porous substrates such as 

conducting polymers, it is important to note that nanoparticles may form within the 

substrate due to diffusion of the precursor salt. 308, 311  Thus, while we generally refer to 

electrodeposition as a process that occurs on the substrate surface, it is important to 
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keep in mind that there will be some level of nanoparticle penetration into the polymer 

substrate.  

Conducting polymers (CPs) have shown great promise as electrocatalysts in recent 

years, due to their conductive nature, high surface area, relative ease of preparation, 

and low cost.192 However, their use as catalysts for hydrogen generation has not been 

widely explored. Nevertheless, studies of certain CPs and CP-composites demonstrate 

their potential in this area. Polypyrrole (PPy) and polyaniline (PANI)-coated Pt 

electrodes exhibit HER onset potentials as low as ~-40 mV in acidic media with 

correspondingly small Tafel slopes,312 comparable to results obtained with Pt/C.313 In 

this case, the porosity of the CPs may simply allow access to the underlying substrate, 

with HER occurring on the Pt electrode instead.314 However, non-Pt metal substrates 

do show improved electrocatalytic properties when coated with CPs, compared to pure 

metal substrates.315-316  

The incorporation of transition metals also appears to synergistically enhance the 

electrocatalytic properties of CPs. The CP provides a large surface area for metal 

loading compared to metal oxide surfaces,301, 317 leading to more active sites available 

for catalysis. In addition, the CP acts as a network for efficient electron transfer 

between the active metal sites, and can help to stabilise metal intermediates during 

catalysis. For example, doping PPy nanoparticles with Co(II) has been reported to 

decrease the HER onset potential in alkaline solution compared to unmodified 

polypyrrole,316 with Co-N interactions providing a stabilising effect on the Co 

intermediate species, similar to that seen in catalytically active metalloporphyrins.318 

Meanwhile, a PdNP-PEDOT composite was reported to have a lower onset potential 

and higher catalytic current density than a bare Pd electrode, even beyond the expected 

improvement from increased surface area of the nanoparticles.319 

Finally, CP electrocatalytic properties can also be improved via doping, grafting or 

blending with other polymers. These techniques are commonly used in many 

applications to overcome CP drawbacks, with aims to improve processibility, solubility, 

hydrophilicity, conductivity, and mechanical and optical properties.1, 35-36 For 

electrocatalytic applications, tailoring the polymer chemistry to improve analyte 

diffusion to the active catalytic site is particularly important. For instance, electrodes 

coated with poly(N-methylpyrrole) doped with poly(4-styrenesulfonate) (PMPy-PSS) 
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improved HER efficiency over uncoated gold electrodes in dilute HCl solutions. In this 

instance, H+ acted as a counter ion for negatively-charged sulfonate groups on 

immobile PSS, leading to H+ partitioning in the polymer coating, which in turn 

improved mass transport to the gold substrate for reduction. In contrast, a pure PMPy 

coating was actually found to hinder H+ transport under the same conditions, due to 

the density of the polymer film.320 In another study, a blend of poly(3,4-

ethylenedioxythiopene) and poly(ethylene glycol) (PEDOT:PEG) showed greater 

reduction current densities than pure PEDOT, due to PEG’s ability to complex with 

positively-charged ions such as H+.321  

In this work, we report a novel series of catalytic materials based on conducting 

polymers decorated with PtNPs. PtNPs were deposited electrochemically on to 

poly(3,4-ethylenedioxythiophene (PEDOT) films containing ATRP initiating sites that 

had been grafted with poly(acrylic acid) (PAA) chains to improve surface 

hydrophilicity. The PAA chains were found to enhance surface coverage and reduce 

aggregation of the deposited NPs compared to ungrafted samples. The polymer/PtNP 

films were investigated as catalysts for electrochemical hydrogen evolution, 

demonstrating promising electrocatalytic activities comparable to previously reported 

HER catalysts. Importantly, this fabrication method proved to be straightforward and 

cost-effective, with almost infinite opportunities for tailoring the materials to specific 

applications. The expanding library of CPs ready for grafting,1, 35-36 combined with the 

vast body of research on graft copolymers,92, 322 provide an obvious route for substrate 

customisation. Meanwhile, nanoparticle properties may be controlled through both 

substrate choice and electrodeposition conditions.308, 310-311 

5.2. Materials and methods 

5.2.1. Materials 

Deionised water (Milli-Q, 18 MΩ cm) was used in all aqueous solutions. 

3,4-Ethylenedioxythiophene (EDOT) and hydroxymethyl EDOT were purchased from 

AK Scientific and used as received. All other chemicals were purchased from Sigma 

Aldrich and used as received, unless otherwise stated. Copper(I) bromide (CuBr) was 
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purified by suspending in glacial acetic acid overnight, washed with absolute ethanol 

and diethyl ether, dried under vacuum, and stored under nitrogen until use. tert-Butyl 

acrylate (tBA) was passed over an activated basic alumina column before use.  

Glass microscope slides coated with gold (50 nm thickness, plus 40 nm Ti adhesion 

layer) were purchased from Deposition Research Lab Inc (DRLI). Slides were cut into 

1 x 2.5 cm pieces and electrochemically cleaned in 0.5 M H2SO4 before use. 

5.2.2. Synthesis of EDOT monomer containing an ATRP-initiating 

site: (3,4-ethylenedioxythiophene)methyl 2-bromopropanoate 

(BrEDOT) 

(3,4-ethylenedioxythiophene)methyl 2-bromopropanoate (BrEDOT) was synthesized 

from hydroxymethyl EDOT according to the method reported in Chapter 3.2.2.49 

5.2.3. Synthesis of PEDOT 

In this work, all PEDOT films consist of a two layers – an adhesion layer of PEDOT, and 

a thin coating of PBrEDOT containing the ATRP-initiating sites. The films were 

synthesised on gold-coated glass slides by cyclic voltammetry in two deposition steps, 

as previously described in Chapter 3.2.3.49, 53  

5.2.4. Grafting of PAA chains to form PEDOT-g-PAA 

Grafting of PAA from PEDOT substrates was initially attempted via two methods: by 

ATRP polymerisation of sodium acrylate to directly give PAA chains, or through 

polymerisation of tBA monomer via ARGET ATRP to PtBA, followed by acid hydrolysis 

to PAA.  

5.2.4.1. ATRP of sodium acrylate 

Sodium acrylate (2.6331 g, 28 mmol), CuBr (60 mg, 0.42 mmol), and bipyridine 

(144 mg, 0.92 mmol) were added to a round bottom flask and purged with N2. After 30 

min, 14 mL of deionised water was added to the flask, and purging continued for 
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another 30 min with vigorous stirring. A PEDOT substrate was added, and the reaction 

was left to continue stirring under a N2 atmosphere at 32 °C for 1 h.323 The reaction was 

stopped by exposure to air, and the substrate was washed thoroughly with deionised 

water and 0.02 M EDTA solution to remove residual copper.  

5.2.4.2. ARGET ATRP of tBA 

CuCl2 (1.2 mg), PMDETA (65 µL), tBA (4.4 mL) and acetone (4 mL) were added to a 

PEDOT substrate and stir bar in a 10 mL round bottom flask. After 30 min purging with 

N2, tin ethylhexanoate (0.3 mL) was added to the reaction mixture. The flask was 

sealed and left at 60 °C for 4 h, at which time the reaction was stopped by exposing it 

to air.324 The substrates were then thoroughly washed in acetone and dried with N2.  

Acid hydrolysis was carried out by immersing the PtBA-grafted substrates in 

dichloromethane containing 1% methanesulfonic acid for 30 min at room 

temperature.49 Following this, the substrates were washed thoroughly in 

dichloromethane, acetone and deionised water, and dried with N2. 

5.2.5. Electrodeposition of Pt nanoparticles 

A three-electrode electrochemical cell was set up, using ungrafted PEDOT or PEDOT-

g-PAA substrates as the working electrode, stainless steel mesh as the counter 

electrode, and Ag/AgCl (3 M KCl) as the reference. K2PtCl4 (1 mM in 0.5 M H2SO4) was 

used as the electrolyte. A constant potential of -100 mV vs Ag/AgCl was applied for a 

predefined length of time (0-30 s), reducing the electrolyte to Pt0 on the surface of the 

polymer film.305, 325 The total charge passed during electrodeposition was used to 

calculate the Pt mass loading according to Faraday’s law, assuming 100% deposition 

efficiency.326 
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5.2.6. Physical characterisation 

5.2.6.1. Water contact angle 

Water contact angle measurements were carried out using 10 µL drops of deionised 

water on ungrafted PEDOT and grafted PEDOT-g-PAA substrates. Images were 

recorded and analysed using a CAM 100 contact angle meter (KSV Instruments). Mean 

contact angles and standard deviations were recorded from a total of eight 

measurements for each substrate. 

5.2.6.2. SEM/EDS 

High resolution SEM images were recorded under vacuum using a Philips FEI (Philips) 

XL30 SFEG scanning electron microscope fitted with an EDAX Phoenix EDS detector 

for simultaneous elemental analysis.  

Samples were prepared as normal on gold-coated glass electrodes, which were cut and 

mounted onto SEM specimen stubs using conductive carbon tape placed over the 

corners of the sample. This mounting method also prevented charge build up on the 

sample surface caused by the insulating glass layer. As a result, samples did not need to 

be sputter-coated, which would have affected the elemental composition spectra 

determined by EDS.  

PtNP particle analysis was carried out using backscattered electron images loaded into 

ImageJ software. Image scaling was set using the SEM scale bar and the ‘Set Scale’ 

option, before the scale bar was cropped out for particle analysis. A threshold was 

applied such that the lightest 5% of all pixels were considered to be PtNPs (i.e. a 

threshold value of 125), producing a good approximation of the original image (Figure 

5.1). After inverting the image colours, the ‘Analyse Particles’ macro was run without 

excluding any particle sizes. The smallest particles (4 x 4 pixels, corresponding to 6.5 x 

6.5 nm) were then manually removed from the results as noise. Three images per 

sample were used to calculate means and standard deviations for nanoparticle 

diameters and density per µm2. Additionally, the median and quartile values were also 
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calculated for the diameter datasets, to investigate potential skew caused by the 

minimum pixel size limit. 

 

Figure 5.1. Image processing steps for particle analysis: a) backscattered electron image recorded by SEM; b) 

thresholding applied in ImageJ software; c) particles detected by ImageJ ‘Analyse Particles’ macro. 

5.2.6.3. AFM 

AFM height, amplitude and phase data were recorded simultaneously using a Cypher 

ES AFM (Oxford Instruments) in tapping mode in air. Measurements were recorded in 

air using Tap 150 Al-G cantilevers from Budget Sensors (tip radius <10 nm, nominal 

force constant = 5 N m-1, resonant frequency = 150 kHz). Images were analysed using 

the Asylum Research AFM software package for Igor Pro, which includes functions to 

calculate surface roughness and particle dimensions. Surface roughness and 

nanoparticle densities were calculated from measurements over a 10 µm x 10 µm scan 

area, while nanoparticle dimensions were calculated from three 2 µm x 2 µm scans. 

5.2.7. Electrochemical properties 

All electrochemical measurements were recorded using the same three-electrode setup 

as for PEDOT synthesis and PtNP deposition. Solutions were purged with nitrogen gas 

to remove oxygen prior to analysis. All measurements were carried out at room 

temperature (23 °C) with a BAS-100A electrochemical analyser (Bioanalytical Systems).  

5.2.7.1. Electrochemical behaviour in acidic and basic conditions 

Cyclic voltammograms were carried out from -0.5 to 0.5 V, at a scan rate of 100 mV s-1 

for 20 cycles. The electrolyte solutions contained 0.1 M NaClO4 and 10 mM of citrate 
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(citric acid/sodium citrate, pH 4) or AMPSO (pH 9) buffer, adjusted to the correct pH 

with dilute HCl or NaOH. 

5.2.7.2. Hydrogen evolution reaction (HER) in acidic conditions 

Hydrogen evolution was investigated electrochemically by linear sweep voltammetry 

(LSV) in 0.5 M H2SO4.304, 327 The electrolyte was stirred to reduce hydrogen gas build 

up on the working electrode.  

The potential was swept negatively at 10 mV s-1 from 0 to -500 mV vs Ag/AgCl, which 

was converted to the reversible hydrogen reference electrode (RHE) using the modified 

Nernst equation: 

 𝐸𝐸𝑅𝑅𝑅𝑅𝐸𝐸 = 𝐸𝐸𝐴𝐴𝐴𝐴/𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 + 0.059 𝑝𝑝𝑝𝑝 + 𝐸𝐸𝐴𝐴𝐴𝐴/𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴
0    Equation 5.5 

where E0Ag/AgCl is the standard potential of the Ag/AgCl(3 M KCl) reference vs RHE 

(-210 mV at 25 °C),328 EAg/AgCl is the applied potential vs Ag/AgCl, and the pH of 0.5 M 

H2SO4 is 0.  

5.3. Results and discussion 

5.3.1. Grafting of PAA chains from PEDOT 

Grafting of PAA chains was attempted via two methods: ATRP of sodium acrylate, and 

ARGET ATRP of tBA monomer followed by acid hydrolysis to PAA. Both methods were 

able to polymerise PAA on the CP surface, as determined by water contact angle 

measurements (Table 5.1). Compared to the ungrafted PEDOT, both grafted samples 

showed a significant decrease in contact angle due to the presence of more hydrophilic 

PAA chains. However, the sodium acrylate method proved to be particularly sensitive 

to air and did not produce consistent grafting results. The ARGET ATRP method was 

preferred for its air tolerance, allowing batch grafting in small individual vials with 

consistent results. The films tolerated acid hydrolysis to convert the PtBA chains to 

PAA without delaminating or physically deteriorating. 
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Table 5.1. Water contact angle of PEDOT-g-PAA films for different grafting methods. 

PAA grafting method Water contact angle 

Ungrafted PEDOT control 81 ± 4 ° 

ATRP of sodium acrylate 66 ± 8° 

ARGET ATRP of tBA + acid hydrolysis to PAA 122 ± 2° (PtBA); 45 ± 5° (PAA) 

 

Film thicknesses were measured via AFM on samples scratched with sharp pointed 

tweezers; the PEDOT layer was determined to be 150 ± 9 nm (calculated at three 

different points along the scratch), while the PAA layer produced by ARGET ATRP was 

an additional 127 ± 10 nm thick on top of the CP layer.  

5.3.2. Deposition of PtNPs 

Pt mass loadings were calculated from the total charge passed during Pt deposition, 

according to Faraday’s law of electrolysis. The results are given in Table 5.2, and show 

that Pt loading increases rapidly above 15 s deposition time, due to the combined 

effects of both PtNP growth and continuous nucleation on the polymer film.  These 

values are very similar for both ungrafted PEDOT and PEDOT-g-PAA, indicating that 

similar amounts of Pt are deposited on both substrates. Ideally, as hydrogen reduction 

occurs on the surface of Pt, measurements of electrocatalytic activity would be 

normalised to the surface area of Pt. However, as this can be difficult to calculate due to 

PtNP aggregation, the Pt mass loading is a suitable proxy. Therefore, the similar mass 

loadings on grafted and ungrafted substrates allow for direct comparison at each 

electrodeposition time point. 

Table 5.2. Pt mass loadings calculated for each deposition time. 

Electrodeposition time (s) 0 5 10 15 30 

Pt mass loading (µg cm-2) 0 0.02 0.61 1.58 34.2 
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SEM imaging of the PEDOT-g-PAA samples confirmed the successful deposition of 

PtNPs. With secondary electron imaging, the nanoparticles appeared as small smooth 

dots in contrast to the fibrous mat of the underlying polymer (Figure 5.2 a, c, e, g, i). 

Switching to backscatter mode amplified the contrast between the heavier Pt atoms 

and the lighter elements in the polymer film (Figure 5.2 b, d, f, h, j). The presence of Pt 

was confirmed by EDS spectroscopy (Figure 5.3).  
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Figure 5.2. SEM images confirming the successful deposition of PtNPs on to PEDOT-g-PAA with varying 

deposition times. Images collected with secondary electrons are presented on the left at 20000x 

magnification; corresponding backscattered electron images are provided on the right at 50000x 

magnification. PtNP electrodeposition times are as follows: (a-b) control (no PtNPs); (c-d) 5 s; (e-f) 10 s; (g-

h) 15 s; (i-j) 30 s. 
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Figure 5.3. EDS spectra of P(EDOT-co-BrEDOT)-g-PAA without PtNPs (blue, 0% Pt) and after 15 s of PtNP 

deposition time (red, 4.9 atomic% Pt). 

From the backscattered electron images, the average diameters and number of NPs per 

cm2 of polymer were calculated in ImageJ software. The results are summarised in 

Figure 5.4. 
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Figure 5.4. a) Mean diameters of the deposited PtNPs on PEDOT-g-PAA as a function of deposition time, 

with error bars representing the standard deviation. b) Distribution and skew of PtNP diameters for each 

deposition time: the box is bounded by the upper and lower quartiles; the black line inside the box indicates 

the median value while the red line represents the mean value; whiskers indicate the 10th and 90th 

percentiles. c) Density and standard deviation of PtNPs per µm2 of geometrical surface area of the polymer 

substrate. 

As expected, the mean diameter of the PtNPs increases with deposition time, growing 

by approximately 4.0 nm for every second of applied reduction potential. However, the 

number of PtNPs per geometric surface area also increases, at a rate of 0.8 NPs µm-2 s-1. 

Thus, as the deposition time increases, new PtNP nucleation sites are formed while 

existing PtNPs continue to grow in size. In turn, this leads to a broader distribution of 

PtNP sizes, as seen by the increase in standard deviation error bars in Figure 5.4 a, and 

the box plots in Figure 5.4 b.  

It is important to note that the nanoparticle size distributions are not necessarily 

symmetrical, with the 5 s sample in particular showing a noticeable positive skew 
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(Figure 5.4 b). This is due to the method of converting the SEM images for size analysis; 

to avoid including image artefacts in the analysis, ‘particles’ were excluded if their 

dimensions were below 4 x 4 pixels (the smallest dimensions detected by the ImageJ 

software, corresponding to 6.5 x 6.5 nm). Therefore, the size distributions are 

necessarily skewed upwards, as seen by the mean particle diameter being significantly 

higher than the median particle diameter for most samples. The effect is greatest for 

the 5 s sample, given its relatively low median and mean particle size (17 and 20 nm 

respectively), while the 30 s sample shows no obvious skew with both mean and 

median particle size being 120 nm. 

The simultaneous growth and continuous nucleation of PtNPs is important to keep in 

mind when interpreting experimental results from these samples, as the broad 

distribution of nanoparticle sizes means that the actual PtNP surface area available for 

catalysis does not increase predictably with deposition time. The ideal result would be 

high surface coverage and small nanoparticle size to maximise the available surface 

area for efficient catalysis; however, these results suggest that this method of synthesis 

requires a trade-off between nanoparticle size and density on the polymer surface. 
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Figure 5.5. AFM height, amplitude and phase image (left to right) recorded by tapping mode in air: 

(a-c) PEDOT; (d-f) PEDOT/Pt 15 s; (g-i) PEDOT-g-PAA; (j-l) PEDOT-g-PAA/Pt 15 s. Image dimensions are 

2 µm x 2 µm. 
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Figure 5.6. Topographical map of PEDOT-g-PAA/Pt 15 s deposition time, recorded in air with tapping mode 

AFM. 

AFM images of ungrafted (Figure 5.5 a-c) and grafted (Figure 5.5 g-i) PEDOT films 

demonstrate the high surface roughness typical of polymer films, with RMS (root mean 

square) roughness values of 17 and 46 nm respectively (calculated from 10 µm x 10 µm 

height images, not shown). As might be expected, the presence of the grafted PAA 

chains increases the surface roughness, due to local variation in grafting density and 

chain conformation.229   

At 15 s of Pt deposition time, the ungrafted sample saw the formation of PtNP 

aggregates on the film surface, ranging from single NPs of ~90 nm diameter to large 

asymmetrical clusters up to 600 nm long (Figure 5.5 d-f). The RMS roughness also 

increased to 35 nm – a smaller increase than might be expected given the size of the 

aggregates, likely due to the sparse distribution of the clusters. Indeed, there are only 

an average of 5.5 ± 1.3 NPs µm-2, covering approximately 16% of the surface area. 

In contrast, Pt deposition on the grafted PEDOT sample resulted in smaller, discrete 

PtNPs ranging in size from 30-90 nm in diameter, in agreement with the results 

obtained from SEM (Figure 5.4 a-b). These nanoparticles show relatively dense and 

homogeneous surface coverage (270 ± 24 NPs µm-2, 41% surface coverage). From these 

AFM results, it appears that the PAA improves PtNP electrodeposition by decreasing 
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NP aggregation, and thus improves control over NP size and surface aggregation 

compared to ungrafted PEDOT films. This is likely due to the polarity of the PAA acid 

groups, even when the polymer is uncharged at pH 0. These acid groups can form ion-

dipole interactions with the Pt2+ ions, hence decreasing Pt-Pt interactions and 

providing a greater number of NP nucleation sites.328-330 

Interestingly, the surface coverage of PtNPs is significantly higher for the AFM images 

compared to the value calculated from the SEM backscattered electron images (9.1 ± 

2.5 NPs µm-2, Figure 5.4 c). As SEM image processing relied on the visual contrast 

between the (bright) PtNPs and the (darker) polymer; smaller (darker) PtNPs may not 

reach the threshold brightness value and therefore be excluded from the particle count. 

Finally, the smallest detected particles were removed as noise from the image 

processing software, further decreasing the SEM particle count. In contrast, AFM 

provides a direct measure of sample topography, with the PtNPs differentiated from the 

polymer film thanks to differences in both height and phase contrast. However, while it 

has excellent vertical resolution, the AFM’s lateral resolution is highly dependent on 

the chosen tip – potentially increasing the lateral size of small features that might 

otherwise be discarded as noise. Thus, further investigation is warranted to determine 

which method is more accurate and reliable for PtNP measurements. 

Another interesting result is that the RMS surface roughness of the grafted polymer 

increases only slightly from 46 nm to 55 nm upon PtNP deposition, indicating that the 

NPs do not have as great an effect on roughness compared to the PAA chains. Indeed, 

the topographical 3D image in Figure 5.6 shows that the PtNPs are significantly smaller 

than the surface features of the polymer substrate, with many NPs only protruding ~10 

nm above the surface of the polymer. Given the (2-dimensional) diameters of the NPs 

calculated by both AFM and SEM (53 ± 20 nm for 15 s deposition time), it appears that 

the PtNPs are partially embedded within the polymer film. This is expected due to 

diffusion of the Pt2+ ions into the polymer prior to reduction to Pt0. Previous studies 

have shown that the addition of hydrophilic PEG can greatly enhance ion diffusion into 

PEDOT, due to both increased swelling of the polymer film, and to the ion-complexing 

abilities of PEG itself.311, 321 Thus, it is unsurprising that PAA would facilitate Pt2+ 

diffusion into the polymer film in a similar manner.  
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5.3.3. Electrochemistry in acidic and basic conditions 

The electroactivity of PEDOT-g-PAA was recorded by CV in 0.1 M NaClO4, buffered at 

pH 4 and 9 (Figure 5.7 a). At pH 4, the films showed an oxidation peak at 190 mV, and 

a reduction peak at -160 mV vs Ag/AgCl (3 M KCl). At pH 9, these peaks have 

broadened, and both have shifted to 0 mV. Thus, the films are more readily oxidised 

and reduced in alkaline media, likely due to self-doping as the PAA chains are 

negatively charged at pH 9.49 A large increase in current is also seen above 400 mV at 

pH 9, possibly leading to a second oxidation peak. 

As shown by the CV of PEDOT-g-PAA/Pt 15 s in Figure 5.7 b, the addition of PtNPs led 

to significant changes in the electrochemistry of the films. The current response 

increased in magnitude, as expected due to the increase in ‘real’ electrochemically 

active surface area (CVs are normalised by geometric surface area). In acidic media, two 

oxidation peaks appear at -260 mV and above 430 mV vs Ag/AgCl (3 M KCl), with 

reduction peaks at 170 mV and below -100 mV. In contrast, CVs recorded at pH 9 show 

two faint oxidation peaks at 30 mV and 260 mV, barely discernible against a greatly 

increased background current. Meanwhile, a large broad reduction peak appears 

at -50 mV. In both solutions, these new redox peaks are related to the oxidation and 

reduction of water on Pt, as an unmodified Pt wire electrode displays similar 

electroactivity, albeit with lower background (capacitive) current (Figure 5.7 c). 
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Figure 5.7. CVs recorded in 0.1 M NaClO4 (Ag|AgCl reference) adjusted to pH 4 (black line) and pH 9 (red 

line): a) PEDOT-g-PAA, b) PEDOT-g-PAA/Pt 15 s, c) Pt wire control. 

5.3.4. Hydrogen evolution reaction (HER) electrocatalysis 

To investigate the electrocatalytic production of hydrogen gas, Pt-deposited electrodes 

were investigated using linear sweep voltammetry (LSV) in 0.5 M H2SO4. Hydrogen 

evolution was evidenced as a rapid change in current density with increasing reduction 

potential, as well as the formation of small hydrogen gas bubbles on the electrode. 

Voltammograms for both ungrafted PEDOT/Pt and PEDOT-g-PAA/Pt samples are 

given in Figure 5.8. 
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Figure 5.8. Linear sweep voltammograms recorded in 0.5 M H2SO4 at 10 mV s-1 for different Pt deposition 

times. Ungrafted PEDOT samples are shown in dotted lines, while grafted PEDOT-g-PAA samples are in 

solid lines; colours denote pairs with the same Pt deposition times. Voltammograms labelled with Pt 0s 

indicate controls with no deposited PtNPs. 

One important measure of electrocatalytic activity is the onset potential of HER. This is 

defined as the highest potential at which reduction products are formed at the cathode 

(or the lowest potential, in the case of oxidation at the anode). There are three common 

methods of determining onset potential (Figure 5.9): (a) reading directly from the 

voltammogram to determine the potential at which the reduction current begins to 

deviate from baseline; (b) drawing tangents from the baseline current and the 

maximum reduction slope and calculating the intersect; (c) determining the potential 

at which the reduction current density exceeds a chosen value – note that there is no 

firm consensus on the appropriate current density value, and thus authors have been 

known to report onset potentials corresponding to current densities ranging from 

0.1 – 10 mA cm-2.331 Any of these methods may be more or less appropriate depending 

on the shape of the i-E curve. In particular, the slope of the reduction current density 

has a large impact on the onset potentials calculated via methods (b) and (c), with 
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steeper slopes leading to greater inconsistencies between the two values. The onset 

potentials calculated from all three methods are summarised in Table 5.3. 

 

Figure 5.9. Onset potentials calculated through different methods: a) directly reading the potential that the 

current intensity diverges from the baseline current; b) the intersection of tangents drawn at the baseline 

and maximum current density slope; c) the potential at which the current density exceeds a given value (in 

this case, 1 mA cm-2). 



 

138 

Table 5.3. HER onset potentials calculated from linear sweep voltammograms, using methods a-c as shown 

in Figure 5.9. The threshold current density for method (c) was chosen to be 1 mA cm-2.331 

Sample 
Onset potential vs RHE (mV) 

Method (a) Method (b) Method (c) 

PEDOT/Pt 0 s -238 -240 -263 

PEDOT/Pt 5 s -130 -214 -156 

PEDOT/Pt 10 s -103 -206 -142 

PEDOT/Pt 15 s -110 -192 -146 

PEDOT/Pt 30 s -76 -132 -88 

PEDOT-g-PAA/Pt 0 s -250 -233 -298 

PEDOT-g-PAA/Pt 5 s -137 -162 -159 

PEDOT-g-PAA/Pt 10 s -86 -138 -91 

PEDOT-g-PAA/Pt 15 s -63 -122 -89 

PEDOT-g-PAA/Pt 30 s -67 -122 -84 

The onset potential for PAA/Pt 0 s is similar or greater than that of ungrafted/Pt 0 s, 

depending on which calculation method is used. With the addition of PtNPs, the onset 

potentials decrease in magnitude for both ungrafted and grafted samples. The decrease 

in potential correlates with increasing Pt deposition time, as the continued growth and 

nucleation of PtNPs leads to more active sites available for catalysis. For longer PtNP 

deposition times (≥ 10 s), the grafted PAA samples showed smaller onset potentials 

than ungrafted samples, indicating that HER occurred more readily when both PAA 

and PtNPs were present. This points to a synergistic effect, likely due to the improved 

control over PtNP size and surface distribution afforded by the PAA chains.   

Interestingly, the Pt 5 s samples show very similar reaction onsets in Figure 5.9, which 

is confirmed by the onset potentials calculated by methods (a) and (c) (Table 5.3). 

However, method (b) gives onset potentials that differ by ~50 mV, as both samples 

have significantly different current density slopes as the potential sweeps more 

negative. This highlights a drawback of using method (b) to calculate onset potential. 

However, at longer deposition times, the trends in onset potential hold true, even if the 

calculated values differ between methods.   

While onset potential provides one measure of catalytic ability, it is important to also 

consider how the substrate responds as greater potentials are applied. The additional 

potential (beyond the theoretical equilibrium potential) is known as the overpotential. 
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The Tafel plot (i vs E) is a measure how much overpotential is needed to increase 

current density. Smaller Tafel slopes (measured in mV per decade of current) indicate a 

more active electrocatalytic material. The magnitude of the slope also provides an 

indication of the rate-limiting step for the HER mechanism.  

Figure 5.10 shows Tafel plots which were derived the linear sweep voltammograms that 

were previously given in Figure 5.8. The linear sections of these plots can be modelled 

using the Tafel equation, which is a simplified version of the Butler-Volmer equation 

that assumes that current from the reverse reaction is negligible (i.e. the reaction is 

irreversible). The Tafel equation can be written as:  

 𝜂𝜂 = 𝑎𝑎 + 𝑏𝑏 log (𝑖𝑖)  Equation 5.6 

where η is the overpotential (𝐸𝐸𝑝𝑝𝑝𝑝𝑝𝑝𝐴𝐴𝑖𝑖𝑎𝑎𝑑𝑑 − 𝐸𝐸𝑎𝑎𝑒𝑒𝑒𝑒𝑖𝑖𝐴𝐴𝑖𝑖𝑒𝑒𝑝𝑝𝑖𝑖𝑒𝑒𝑝𝑝), a is a constant related to the 

exchange current density, and b is the Tafel slope, which can be expressed as follows for 

cathodic reactions: 

 𝑏𝑏 = −2.303 𝑅𝑅 𝑅𝑅
(1−𝛼𝛼) 𝑧𝑧 𝑛𝑛

  Equation 5.7 

R is the gas constant (8.314 J.mol−1.K−1), T is temperature in Kelvin, z is the number of 

electrons transferred, F is the Faraday constant (96500 C.mol−1), and α is the charge 

transfer coefficient (dimensionless), related to the activation energy of the reaction.  

It is important to note that the Tafel equation is only valid when η is greater than half 

of the Tafel slope b. At lower overpotential values, the contribution of the anodic 

current is no longer negligible, and the relationship must be modelled with the Butler-

Volmer equation instead.151  

As seen in Figure 5.10, the samples that do not contain PtNPs demonstrate steep initial 

gradients in the Tafel plots at lower overpotentials. For the ungrafted/Pt 0 s sample, 

this slope is 439 mV decade-1, while the grafted PAA/Pt 0 s sample is 375 mV decade-1. 

However, these values occur when overpotential η is less than half of the Tafel slope b, 

and thus the Tafel equation is not valid.  

Tafel slopes for all samples are shown in Table 5.4. Interestingly, samples showed two 

linear regions in the Tafel plot, with Pt-containing substrates displaying a steeper Tafel 
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slope at higher overpotentials (i.e. potentials lower than -100 to -200 mV vs RHE, 

depending on sample). This is due to mass transfer becoming the limiting factor at 

higher overpotentials, as the kinetics of HER on Pt are known to be extremely fast in 

acidic media.151, 332 It is also likely that these higher overpotentials lead to more rapid 

hydrogen bubble formation on the electrode surface, faster than the rate of bubble 

removal from vigorous stirring – thus hindering mass transport even further. This 

explains why the Tafel slopes at high overpotentials are greater for the grafted samples 

compared to their corresponding ungrafted counterparts, as the grafted chains produce 

a more porous surface for the bubbles to adhere to.  

While Tafel slopes were greater for grafted PAA/Pt samples at high overpotentials 

compared to ungrafted/Pt, the reverse was true at low overpotentials. Ungrafted/Pt 

samples showed slopes of 90 – 138 mV decade-1 at low overpotentials, while PAA/Pt 

samples ranged from 76 – 105 mV decade-1. For both grafted and ungrafted samples, a 

deposition time of 10 s gave the highest Tafel slope. For deposition times of 15 – 30 s, 

the Tafel slopes dropped to their lowest value and remained fairly constant, implying 

that further Pt deposition is unlikely to improve efficiency of the reaction. Thus, by this 

measure, the PAA/Pt 15 s and PAA/Pt 30 s samples demonstrate the best 

electrocatalytic activity due to their low Tafel slopes.  

The Tafel slope is also a method of comparing reaction mechanisms involved in HER.  

Under specific conditions, the rate-determining step of HER leads to a characteristic 

Tafel slope: 120 mV decade-1 for the Volmer step (Equation 2.1), 40 mV decade-1 for the 

Heyrovsky step (Equation 5.3), and 30 mV decade-1 for the Tafel step (Equation 5.4).333 

While these values may vary due to experimental conditions, comparing them to the 

experimentally-determined Tafel slopes can provide some insight into the rate-

determining step and hence the HER mechanism on the substrate. 

Most of the Tafel slopes calculated at low overpotentials fall between 

40 – 120 mV decade-1, albeit towards the upper end of that range (Table 5.4). Thus, it is 

reasonable to assume that the main rate-determining step for this reaction is the 

absorption of H+ on to the substrate, i.e. the Volmer step (Equation 2.1). Alternatively, 

it is possible that the reaction rate is controlled by a mixed mechanism. At higher 

overpotentials, the Tafel slopes are all greater than 120 mV decade-1; however, as 
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mentioned previously, these values are likely due to the limits of mass transport rather 

than the kinetics of the reaction.  

 

Figure 5.10. Tafel plots derived from linear sweep voltammograms provided in Figure 5.8, for a) PEDOT and 

b) PEDOT-g-PAA samples, decorated with PtNPs electrodeposited for 0–30 s. Note that for both samples 

that do not contain PtNPs (i.e. 0 s), the initial slope at low overpotentials cannot be modelled by the Tafel 

equation, as it does not fulfil the assumption that η > 0.5b. 
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Table 5.4. Slopes calculated from Tafel plots (Figure 5.10) at low and high overpotentials, with the relevant 

exchange current densities calculated from  Equation 5.8.  

Sample 

Tafel slope |b| Exchange 
current 

density i0 
(µA cm-2) 

Mass 
activity 
at -200 
mV (mA 

µg-1Pt) 

at low 
overpotentials 
(mV decade-1) 

at high 
overpotentials 
(mV decade-1) 

PEDOT/Pt 0 s -a 92 1.36 - 

PEDOT/Pt 5 s 104 139 32.2 129 

PEDOT/Pt 10 s 138 160 93.4 4.33 

PEDOT/Pt 15 s 90 143 94.0 2.42 

PEDOT/Pt 30 s 91 141 105 0.15 

PEDOT-g-PAA/Pt 0 s -a 172 27.7 - 

PEDOT-g-PAA/Pt 5 s 93 229 19.5 140 

PEDOT-g-PAA/Pt 10 s 105 213 125 11.7 

PEDOT-g-PAA/Pt 15 s 79 179 161 6.96 

PEDOT-g-PAA/Pt 30 s 76 172 90.5 0.33 

aTafel equation is not valid for these samples at low overpotentials, as there is contributing current from 

the reverse reaction (i.e. η < 0.5b). 

Aside from onset potential and Tafel slope, the exchange current density i0 is another 

measurement of electrocatalytic activity. This is defined as the rate at which oxidation 

and reduction occurs when the reaction is in equilibrium (i.e. zero overpotential), and 

reflects the rate of electron transfer between the electrode and the analyte. It can be 

calculated from the x-intercept of the Tafel equation as follows: 

 𝑙𝑙𝑙𝑙𝑙𝑙(𝑖𝑖0) = −𝑝𝑝
𝑒𝑒

  Equation 5.8 

The exchange current density is highly dependent on a variety of electrode properties, 

including crystalline lattice structure,334 physical morphology such as surface 

roughness,335 and changes in composition such as oxide layers or adsorbed 

molecules.336-337 Other important factors include the presence of other electrolytes,338 

pH,339 and temperature.340  
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The hydrogen reduction/oxidation exchange current density of Pt in acid is debated, 

with reported values ranging from 0.1 mA cm-2 to over 100 mA cm-2 at room 

temperature.341-342 In comparison, Au electrodes display i0 values on the order of 0.1 - 10 

µA cm-2,343-344 as do many previously reported CP films.312, 315 

The exchange current density for the ungrafted control without Pt sits in the middle of 

this range at 1.36 µA cm-2, and increases to 27.7 µA cm-2 upon grafting with PAA. This 

behaviour is attributed to the hydrophilicity of PAA, thus facilitating electron transfer 

with H+.  

With the addition of PtNPs, the ungrafted PEDOT samples saw an increase in i0 values 

ranging from 32.2 - 105 µA cm-2, depending on deposition time. Meanwhile, the 

exchange current density was actually lower for the grafted PAA/Pt 5 s sample 

compared to both the PAA/Pt 0 s and the ungrafted/Pt 5 s sample; at longer deposition 

times, the values for the PAA –grafted samples increased to 90.5 – 161 µA cm-2. In 

comparison, the i0 value of PPy-coated Pt has been reported to be 18 – 56 µA cm-2, 

while more hydrophilic PANI-coated Pt was found to be 86 – 730 µA cm-2 in acidic 

conditions.312 

Thus, the addition of PtNPs to PEDOT showed a larger effect on exchange current 

density than the grafting of PAA brushes. However, the greatest improvement was seen 

with both grafting and PtNP deposition combined, due to the control over PtNP size 

and distribution afforded by the PAA grafts. Indeed, the PAA/Pt 10 s sample displayed a 

greater exchange current density than the ungrafted/Pt 30 s sample despite containing 

less Pt overall – thus, the addition of PAA grafts is a feasible method of reducing the 

amount of Pt in these composite electrodes.  

The greater control over PtNP deposition on PAA-grafted materials likely also accounts 

for the greater Pt mass activities seen on the grafted films compared to ungrafted 

PEDOT, with more active catalytic sites available on the PtNPs due to reduced 

aggregation. Mass activity was observed to decrease with increasing deposition time; 

previous research has demonstrated a size effect with smaller nanoparticles exhibiting 

higher activities,334, 345-346 while higher loadings result in decreased mass activity.347  

For maximum electrocatalytic efficiency, an HER catalyst should have a low onset 

potential, low Tafel slope and high exchange current density. Thus, the PEDOT-g-
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PAA/Pt 15 s sample demonstrates the best electrocatalytic activity of the investigated 

materials with the highest exchange current density, while its onset potential and Tafel 

slopes are very similar to the PEDOT-g-PAA/Pt 30 s sample. 

5.3.4.1. Comparison with previously reported HER catalytic materials 

A selection of previously reported HER electrocatalysts and their key properties in 

0.5 M H2SO4 are summarised in Table 5.5. It is important to note that these materials 

were investigated under slightly different conditions in each study – some studies used 

rotating disk electrodes to reduce mass transport issues and hydrogen bubble build up, 

LSV scan rates varied from 2 – 10 mV s-1, and onset potentials were calculated using a 

range of methods (see Figure 5.9). Despite this, the reported values should be sufficient 

for the purposes of comparison. 

As mentioned earlier, the ideal HER electrocatalyst has a low onset potential, a low 

Tafel slope, and high exchange current density for maximum efficiency. In this regard, 

Pt-based catalysts301, 304, 348-349 are generally superior to catalysts based on non-noble 

metals.350-353 In comparison, PEDOT-g-PAA/Pt 15 s from this work performs 

somewhere between these two groups. It displays a higher onset potential than the 

other Pt-based catalysts, but lower than the materials based on CoSe2350 and WO3-x.353 

It also has a higher Tafel slope than the other materials with the exception of the 

WO3-x/carbon nanofibre catalyst. However, its exchange current density is greater than 

the majority of the non-Pt catalysts, as well as the Pd0.5Pt0.5NPs on PEDOT/sulfonated 

graphene, and similar in value to both the Ni0.5-NCNF-Pt and WO3-x/carbon nanofibre 

materials.  Thus, while PEDOT-g-PAA/Pt 15 s does not approach the catalytic efficiency 

of commercially available Pt/C, it is a feasible alternative to other HER catalysts that 

have been reported in the literature.  
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Table 5.5. A summary of selected materials for HER electrocatalysis, and relevant catalytic properties 

recorded in 0.5 M H2SO4.   

Sample 

Onset 
potential 
(mV vs 
RHE) 

Tafel slope 
(mV decade-1) 

Exchange 
current 
density 

(µA cm-2) 

Ref 

Pt/C -47 30 1220 301 

Pseudo-atomic Pt on single-
walled carbon nanotubes, 

SWNT/Pt 
-27 38 1940 301 

Atomic Pt on nitrogen-
doped graphene, 

ALD50Pt/NGN 
-46 29 - 304 

Pt0.5Pd0.5NPs on PEDOT-
modified sulfonated 

graphene 
-20a 57 1.5 348 

PtNPs on nitrogen-doped 
carbon nanofibres 

embedded with NiNPs, Ni0.5-
NCNF-Pt 

-47 31 326 349 

CoSe2NPs on carbon fibre 
paper 

-137 40 6 350 

MoS2/graphene -70 41 18 352 

Mo2C/carbon nanotubes-
graphene 

-62 58 62 351 

WO3-x/carbon nanofibres -134 89 239 353 

PEDOT-g-PAA/PtNP 15 s -89b 79c 161 
This 
work 

aConverted from Ag/AgCl reference using Equation 2.3. bOnset potential calculated at 1 mA cm-2 current 

density. cTafel slope calculated at low overpotential values. 

The greatest strength of PEDOT-g-PAA/PtNP materials, however, lies in the flexibility 

of electrode preparation, providing a method of tailoring electrodes to meet specific 

needs. The polymer substrate may be readily customised from an expanding library of 

CPs containing grafting sites, while careful choice of graft copolymer chains can 
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enhance the properties of both the underlying CP and the deposited NPs.1, 36 

Electrodeposition also offers a simple method of controlling NP properties compared to 

other techniques such as high-temperature vapour deposition, simply by altering 

conditions such as electrochemical technique, deposition time, or applied 

potential/current density.308, 310-311  

5.4. Conclusions 

This chapter describes the successful synthesis of PEDOT-g-PAA substrates, which 

were subsequently decorated with PtNPs via simultaneous electrochemical reduction 

and deposition from K2PtCl4. PtNP size could be controlled by the length of time that 

the reduction potential was applied for; however, extended deposition times also lead 

to a wider size distribution and greater number of PtNPs on the surface due to 

continuous nucleation of new NPs.  

The PAA-grafted substrates were shown to prevent PtNP aggregation compared to 

ungrafted PEDOT substrates, which may be caused by PAA forming ion-dipole 

interactions with the Pt2+ salt before reduction. Thus, the distribution of PtNPs was 

more homogeneous across the surface of the grafted samples, with a smaller range of 

particle sizes.  

With the addition of PtNPs, cyclic voltammograms of the PAA-grafted samples more 

strongly resembled those of Pt wire rather than the underlying polymer substrate, 

especially in response to pH changes. Deposition of PtNPs also led to an improvement 

in electrocatalytic properties with regards to HER: lower onset potentials and Tafel 

slopes, and higher exchange current densities. The grafted PAA/Pt samples 

outperformed the ungrafted/Pt samples, due to the improved surface coverage and size 

distribution afforded by the PAA chains. These materials performed similar to other 

reported electrocatalysts for HER, making them a viable cost-effective alternative to 

traditional Pt electrodes for hydrogen production. As a result, this novel fabrication 

approach shows great promise for future catalyst development, providing a 

straightforward method of tailoring the material properties through careful choice of 

conducting polymer, graft copolymer chains and electrodeposition conditions.  
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Chapter 6. Conclusions and future outlook 

Section 6.3 is adapted from Hackett, A. J.; Malmström, J.; Travas-Sejdic, J., 

Functionalization of conducting polymers for biointerface applications. Progress in 

Polymer Science 2017, 70, 18-33.1 

6.1. Summary of scientific findings of this thesis 

This thesis focussed on the development of novel conducting polymer (CP) films 

grafted with stimuli-responsive polymer brushes. This work was driven by the desire to 

create electroactive ‘smart’ functionalised materials, with the ability to respond to 

external stimuli such as salt, temperature, pH and electrical potential. As described in 

Chapter 1, such materials have potential in a wide range of applications, ranging from 

energy production and storage to sensors and biomedical devices.  

The first step towards achieving this goal was to produce suitable CP films containing 

an initiating site for grafting. Such films were required to withstand the process of 

grafting while retaining electroactivity. These films were then used as a basis to graft 

salt- and temperature-responsive polymers for potential cell culture substrates, or to 

graft pH-responsive anionic brushes to control platinum nanoparticle deposition and 

act as a catalytic support.  

6.1.1. Synthesis of PEDOT films containing ATRP initiating sites 

Chapter 3 describes the monomer synthesis and electropolymerisation of a derivative of 

the well-studied CP poly(3,4-ethylenedioxythiophene) (PEDOT). PEDOT was chosen as 

the ‘base’ CP as it displays good biocompatibility and electroactivity in water, which are 

vital for biological applications. The selected derivative, poly((3,4-

ethylenedioxythiophene)methyl 2-bromopropanoate) (PBrEDOT), contains a PEDOT 

backbone functionalised with initiating groups, allowing polymer chains to be grown 

via the ‘grafting from’ procedure via ATRP (atom transfer radical polymerisation). 

While PBrEDOT has been previously reported,49 it has not been widely investigated. 

Thus, Chapter 3 investigates a range of electropolymerisation parameters to optimise 
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the properties of the CP, particularly with regards to film adhesion to the underlying 

electrode and spacing of the ATRP initiators.  

Electropolymerisation of PBrEDOT was carried out by cyclic voltammetry, varying 

parameters such as the electrode substrate, solvent, dopant and maximum oxidation 

potential. It was discovered that the most homogeneous films were produced on gold-

coated electrodes, thanks to strong gold-sulfur interactions. Greater polymerisation 

currents were seen for films grown from acetonitrile solutions containing LiClO4 

dopant. Under these conditions, PBrEDOT polymerised readily at 1.4 V (vs Ag/AgCl 

reference) and displayed good electroactivity in water, with broad redox peaks visible 

in characterisation CVs. Copolymerisation of BrEDOT with EDOT provided control 

over the density of initiator sites (and thus control over graft density), while the 

addition of an underlying PEDOT adhesion layer greatly improved film adherence to 

the gold electrode and confined the initiator groups to the surface of the CP film. The 

ATRP-initiating sites remained intact during electropolymerisation, as confirmed by 

the successful grafting of poly(di(ethylene glycol)methyl ether methacrylate) 

(PDEGMMA). Despite the presence of insulating PDEGMMA, the films remained 

electroactive following grafting, albeit with significantly increased capacitive behaviour.  

6.1.2. Synthesis and characterisation of stimuli-responsive and 

antifouling PBrEDOT-g-P(PEGMMA) substrates 

Chapter 4 explores the synthesis and characterisation of stimuli-responsive 

poly(poly(ethylene glycol)methyl ether methacrylate) (P(PEGMMA) brushes grafted 

from PBrEDOT. These graft copolymers were investigated with the end goal of 

producing smart cell culture substrates, able to deliver electrochemical signals to cells 

while providing a salt- or thermoresponsive switch for cell adhesion.  

The thermoresponsive behaviour of P(PEGMMA) was readily tuned through the 

copolymerisation of PEGMMA-500 and DEGMMA macromonomers, with polymer 

collapse controlled by ratio of DEGMMA in the monomer feed. AFM images of the 

grafted films showed reversible swelling and de-swelling behaviour in concentrated salt 

solution. This was confirmed by both QCM-D and EIS measurements, which both 

confirmed brush collapse and dehydration with increasing temperature and salt 
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concentration, in accordance with the Hofmeister series. These results also showed 

good agreement with turbidimetry studies conducted of P(PEGMMA)s polymerised 

from sacrificial initiators in solution. In particular, P(PEGMMA-500-co-DEGMMA) 

with monomer ratios of 1:9 and 1:5 showed transition temperatures at 42.5 °C and 

49.5 °C in deionised water respectively, placing them close to the ideal physiological 

temperature for cell incubation. The polymer films also retained electroactivity after 

grafting, despite the presence of the insulating P(PEGMMA) brushes. Electrochemical 

behaviour was found to depend on temperature and salt, and thus could be controlled 

by the hydration state of the brushes. 

Finally, the grafted substrates demonstrated antifouling behaviour, with collapsed 

brushes showing less protein resistance. Therefore, these materials may also be suitable 

for other potential bioapplications, such as antifouling coatings for implantable 

medical devices.  

6.1.3. Grafting poly(acrylic acid) from PEDOT to control the 

deposition and growth of platinum nanoparticles for enhanced 

electrocatalytic hydrogen evolution 

Chapter 5 describes the fabrication of a novel electrocatalytic system based on a grafted 

CP decorated with Pt nanoparticles. PAA brushes were successfully grafted from 

PEDOT, and used to control the subsequent electrodeposition of PtNPs. The presence 

of PAA allowed more homogeneous PtNP nucleation across the polymer surface and 

prevented particle aggregation, thus providing control over NP size and distribution on 

the surface.  

The grafted CP acted as a conductive support for the PtNPs, with the pH-responsive 

electrochemical behaviour of the composite material resembling Pt rather than the CP. 

As such, the composite films containing PtNPs showed greater catalytic activity 

towards the hydrogen evolution reaction (HER) compared to films without PtNPs. In 

addition, grafted PEDOT-g-PAA/Pt films showed greater catalytic activity than 

ungrafted PEDOT/Pt films, indicating a synergistic effect between PAA and PtNPs. Of 

the investigated materials, the best performing films were thus PEDOT-g-PAA/Pt with 

15 s and 30 s of Pt deposition time respectively. The PEDOT-g-PAA/Pt 30 s film showed 
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similar performance to other reported HER catalysts, proving that this is a viable 

approach to reducing the content of (expensive and scarce) Pt in catalytic materials. 

With further optimisation, it is possible that these materials may even outperform 

commercially available Pt/C catalysts at lower Pt loadings. 

6.2. Future directions 

The research in this thesis expands the growing field of functionalised conducting 

polymers through the fabrication of two novel grafted CP materials, which were 

investigated as potential cell culture substrates and hydrogen evolution catalysts 

respectively. As such, there are a myriad of possibilities for future work extending on 

these results, with an almost infinite array of CP and graft polymer combinations 

available. With that in mind, several key areas for future research are outlined in the 

following paragraphs. 

The most obvious direction for future work – and potentially the most impactful – is 

further optimisation of the PBrEDOT polymerisation procedure, especially with regards 

to the electrode substrate. Currently, PBrEDOT is only known to polymerise well on 

gold-coated electrodes, limiting its utility. Thus, it is vital to find other suitable 

substrates for PBrEDOT deposition.  

First and foremost, extending the range of substrates broadens the range of analytical 

techniques available for characterisation. For example, transparent ITO-coated glass 

electrodes were investigated in Chapter 3; had the films deposited homogeneously, this 

would have allowed UV-vis spectroscopy to be carried out to investigate their optical 

properties. Alternatively, films containing metal nanoparticles, such as those in 

Chapter 5, would benefit from being fabricated on TEM (transmission electron 

microscopy) grids – potentially providing atomic-scale imaging of the nanoparticles 

using high resolution TEM (HRTEM).  

Adopting new substrates also extends the range of practical applications for these 

materials. One such example might be polymerising stimuli-responsive grafted CPs on 

to a porous material, such as the P(PEGMMA) grafts described in Chapter 4. The 

brushes could then act as a tuneable sieve, controlling the pore size in response to 
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temperature. Such materials might act as selective filtration membranes, or may even 

be used as sensing devices, with the CP measuring ion flow through the pores.   

Another avenue of future research is to engineer novel tissue culture substrates that 

exploit the collapse of stimuli-responsive brushes. This is particularly relevant for the 

P(PEGMMA) brushes explored in Chapter 4, which have been investigated as potential 

thermoresponsive cell culture substrates. Theoretically, brush collapse could be used to 

uncover biomolecules attached to the CP backbone – such as RGD peptides to promote 

cell binding, or growth factor molecules to induce cell differentiation.354 Cells adhered 

to the brushes could be exposed to these biomolecules upon thermoresponsive brush 

collapse, directing their growth and proliferation. Then, temperature-induced brush 

swelling causes the cells to slough off as an intact tissue sheet, eliminating the need for 

enzyme-based cell detachment that may destroy cell binding within the tissue sheet.279, 

355 

Finally, the grafted CP/PtNP composites described in Chapter 5 warrant further 

exploration due to the novelty of this catalyst system. The first step might be to 

investigate HER activity in alkaline media, which slows down the reaction rate enough 

to measure the kinetics. Stability experiments are also important, to determine whether 

the PAA grafts help prevent Pt leeching with repeated potential cycling. Furthermore, it 

would be interesting to replace the PtNPs with other catalytically active nanoparticles, 

based on Co or Mo for instance. Ideally, the CP-g-PAA substrate would also enhance 

the activity of these nanoparticles, providing an efficient alternative to expensive 

platinum-based catalysts. 

6.3. Outlook 

Today, materials are able to interface with biological molecules and tissues in ways that 

were never thought possible a decade or two ago. Organs are grown in petri-dishes, 

implants can help repair nerve damage, even in vivo electrical stimulation using flexible 

polymeric electrodes are routine. Many of these advances are due to developments in 

materials chemistry, particularly regarding the tailored functionalisation of polymers.  

Conducting polymers are prime candidates for a range of biomedical applications that 

take advantage of their intrinsic conductivity and superior mechanical properties over 
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metal-based devices. As discussed, CPs are used as biosensors, biomedical implants and 

microelectrodes, cell culture substrates, and controlled drug delivery devices. Through 

functionalisation, researchers have improved the biocompatibility and environmental 

degradability of CP-based materials, tuned solubility, wettability and antifouling 

properties, incorporated switching behaviour, and induced cell growth and 

differentiation. 

‘Traditional’ functionalisation of CPs through doping, particularly with bio-dopants, is 

an effective and easy approach, and is indeed necessary for many applications, such as 

drug delivery systems.  Dopant-induced cell growth and differentiation, or switchable 

wettability to control cell adhesion, have been extensively demonstrated with that 

approach. However, it is important to consider the accessibility of biodopants buried in 

the CP film or, alternatively, the risk of them leaching out. In other applications, long-

term stability of the functionalisation is important. An obvious example is biomolecule 

attachment (via covalent bonding or physisorption) for sensing applications, such as 

oligonucleotide sensors for genetic disease markers. 

However, more extensive derivatisation of CPs for biointerfaces (as opposed to other 

fields such as photovoltaics) with covalently-bound functional moieties has been still 

sparsely reported in the literature, in spite of obvious great opportunities - not just to 

impart desired biological functionality, but also to tune the physicochemical properties 

of the CPs. Making these materials (solution-) processable and with tailored 

mechanical properties (e.g. soft, elastomeric, adhesive, antifouling) is a highly desirable 

goal.  

Functionalisation of CPs with polymeric side chains (brushes) provides an array of 

options in tuning the properties of electroactive CP-based biointerfaces. Compared to 

other methods of CP functionalisation, grafting with polymers is a relatively new and 

unexplored field. This approach could capitalise on significant recent advances in the 

field of synthetic macromolecular chemistry, to provide tailored antifouling, stimuli-

responsive or cross-linked conductive biointerfaces. When grafting, it is important to 

consider the surface presentation and density of the brushes; synthesis methods may 

also allow for the attachment of multiple brush types or indeed other functionalities. 

Polymer chains can easily be utilised to introduce further functional moieties; obvious 

examples include the attachment of cell adhesion peptides or growth factors. Thus, 
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with the flexibility offered by grafting methods, it is expected that there will be a rise in 

tailored CP-based grafted materials and devices to be used in a range of biological and 

medical settings. 

One exciting new development is that of optically exciting the electrical activity of 

living cells by using exogenous absorbers. It has been suggested that functionalised CPs 

can be used as such photoactive biointerfaces due to their superior biocompatibility 

and processability compared to the traditional silicon-based light harvesting 

interfaces.356 Further developments in this field open up the possibility of wireless 

communication with biological tissues. The potential to not only excite, but also to 

inhibit neuronal activity will open up interesting opportunities for the use of 

conjugated polymers in neuroscience. 

The future prospects of bioelectronics are rapidly expanding. With the increasing focus 

on CP functionalisation, it’s likely that there will soon be a rise in bioelectronics devices 

designed to be integrated with human bodies to monitor, modulate and repair 

biological functions.  
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