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ABSTRACT

Flexible and organic electronics, such as wearable biosensor devices, have gained increasing

success over recent decades. A key objective at the intersection of industry and academia

remains the development of processes and materials that enable the commercial-scale fab-

rication of these devices. By utilising high-throughput printing techniques, such as flexog-

raphy, it is possible to produce large-area and wearable sensors at low cost, with a reduced

environmental impact. To support the realisation of high-throughput device manufactur-

ing, this thesis investigates the development of flexible, printable biosensor devices using

conductive polymers. Central to this research is the covalent immobilisation of enzyme

bioreceptors for glucose-sensing electrodes, alongside the exploration of a selective metalli-

sation process with focus on the reuse of printing plates through the regeneration of the

patterning surface to improve process sustainability and enable the rapid prototyping of

devices.

A chemical oxidative polymerisation method, employing chloroform and acetonitrile as re-

action solvents, was used to produce a series of novel copolymers based on 3-hexylthiophene

and a functional, carboxylic acid-derived comonomer. These polymers were prepared for

the purpose of covalently immobilising bioreceptors for the fabrication of flexible biosensor

devices via solution deposition methods. Analytical techniques, including ATR-FTIR, NMR,

UV-Vis, and GPC-SEC, were utilised to confirm the structures and properties of the polymers.

The synthesised copolymers exhibited varying molecular weights and solubility, as such fur-

ther optimisation of the synthetic process is required to improve device characteristics and

processability.

An investigation into the use of UV/Ozone-oxidised polydimethylsiloxane stamps in a se-

lective metallisation process has advanced the theoretical understanding of this novel tech-

nique. This includes deeper insight into the recovery of Krytox1506 contact angle and the

determination of underlying chemical changes resulting from thermally and chemically en-

hanced surface regeneration processes. The application of both the synthesised, soluble

copolymers and UV/Ozone-polydimethylsiloxane selective metallisation in the fabrication
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of flexible glucose biosensor electrodes is described. Covalent immobilisation of glucose

oxidase on the electrode surfaces was confirmed via o-dianisidine binding assays and medi-

atorless electrochemical testing. The biosensors demonstrated sensitive and selective glu-

cose detection over an extended period, highlighting the stable immobilisation that arises

from use of both the carboxylic acid and N-succinimidyl ester functionalised copolymers.

Chronoamperometry and cyclic voltammetry were employed to assess sensor performance,

revealing specific glucose recognition and resistance to interference from urea. All sensors

exhibited full or partial linearity across physiological glucose concentrations.

The findings indicate that 3-hexylthiophene based copolymers are promising for use in the

mass production of flexible biosensors and in the application as a generalised, conductive

binding agent. The use of UV/Ozone-PDMS in metal electrode deposition has been shown

to produce functional electronic devices comparable to those fabricated with the traditional

methods.
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Chapter 1
Introduction and Context

The production of flexible, printed and organic electronics (OEs) involves the combination

of thin layers of material into carefully designed device architectures. Over recent decades,

various classes of functional organic materials have been developed, leading to the creation

of many devices e.g. organic thin-film transistors (OTFTs), organic photovoltaics (OPVs),

organic light-emitting diodes (OLEDs) as well as flexible sensors. The optimisation, scale-

up, and commercialisation of materials and devices remains a significant objective for both

academia and industry, allowing for the alignment of common goals to boost innovation

and research success.

Forecasts show the value of the organic electronics industry is expected to exceed £100

billion by 2027, with printed and flexible sensors possessing a 10% market share [1, 2].

Given the considerable commercial potential, it is no surprise there has been significant

interest in the field from national research bodies and major multinational corporations

e.g. BASF, Evonik, Fujifilm, Merck, Innovate UK, CEA, CSIRO, etc. The bulk of commercial

value in OEs arises from flexible OLED display technology, for example, Samsung’s infinity

flex display, organic semiconductor materials and the photovoltaics sector. However, in the

near future, the flexible and printed sensor sector is expected to see substantial growth due

to the increasing prevalence of the ‘Internet of Things’ (IoT) and ‘Industry 4.0’, which will

require a large network of low-cost sensors. Biosensor devices are expected to account for

the largest portion of the printed sensor industry, with glucose monitoring, a prevailing use

case [3].

1.1 Project Objective

The primary objective of this project was centred on the use of polymeric materials in the

fabrication of a flexible biosensor device. The project aimed to develop a soluble poly-

mer, suitable for the immobilisation of sensor bioreceptors (enzymes), thus allowing for the

fabrication of a key biosensor component using solution-based deposition processes. Ad-

ditionally, the polymer should possess an intrinsic ability to carry electrical charge, i.e., it
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is a conductive polymer, enabling the realisation of a third-generation glucose sensor. The

project intended to develop on an existing selective metallisation process utilising the elas-

tomer polydimethylsiloxane (PDMS), exploring how PDMS can be used in the context of

patterned metal deposition and sustainable method development by investigating regen-

eration and reuse of an otherwise single-use printing stamp. Finally, the project aimed to

produce a glucose biosensor based on a flexible, gold electrode and an enzyme-polymer

conjugate fabricated by UV/O3-PDMS metal deposition and solution-processing methods.

1.2 Outline of Thesis

Figure 1.1: Flow diagram of thesis structure.

As outlined in Figure 1.1, the work in this thesis is structured into 8 chapters.

Chapter 1 presents a broad introduction to the commercial aspects of flexible, printed and

organic electronics (OEs) and outlines the aims of this project.

Chapter 2 aims to discuss the relevant background and theory regarding enzymatic biosen-

sor devices, polymer materials and metal deposition by selective metallisation, highlighting
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recent literature and areas of focus within the field.

Chapter 3 outlines the experimental methods, including the synthetic procedures and ana-

lytical techniques, used in the production of thiophene copolymers and their application as

enzyme immobilisation agents.

Chapter 4 discusses the outcome of the polythiophene synthesis experiments, and charac-

terisation of the chemical and physical properties of the polymers.

Chapter 5 outlines the methods and techniques used in the development of UV/O3-PDMS

printing stamps, for example, the manufacturing process, surface modification and methods

of regeneration as well as the operational conditions of the analytical methods used for this

work.

Chapter 6 discusses the regeneration of UV/O3-PDMS printing stamps by controlling hy-

drophobic and oleophobic recovery.

Chapter 7 is the final experimental chapter and outlines the application of both the syn-

thesised polymers and novel metal deposition process in the manufacturing of a flexible,

glucose biosensor electrode.

Chapter 8 discusses the potential for future work, highlighting possible areas of interest,

summarising the experimental research, outcomes, and conclusion of this project.
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Chapter 2
Background and Review

2.1 Enzymatic Biosensors

In 1953, Leland C. Clark published his foundational paper describing the creation of a po-

larographic electrochemical sensor for monitoring O2 concentration in blood and body tissue

[4]. The Clark electrode laid the groundwork for the development of the first true biosensor

and by 1962 alongside Champ Lyons, Clark expanded on his previous work to conceptualise

such a device [5]. Discussing the integration of enzyme-containing membranes into the oxy-

gen electrode, they explored the detection of small molecules e.g. glucose (C6H12O6) or urea

(CH4N2O), using the enzymes’ glucose oxidase (GOx) and urease (Ure).

Further developments came in 1967 when Updike and Hicks immobilised GOx into a layer

of polyacrylamide (PAM) gel to realise the first functional, amperometric glucose biosensor

[6]. Shortly thereafter, in 1969 Guilbault and Montalvo presented a first-of-its-kind poten-

tiometric biosensor based on a urease-PAM gel with an ammonium cation (NH +
4 ) selective

electrode [7]. The culmination of academic advancements led to the commercialisation of

the first blood glucose biosensor, with Yellow Spring Instruments launching the ‘Model23A’

in 1974, based on the principles of Clark’s enzyme electrode. [8, 9].

2.2 Biosensor Devices

The International Union of Pure and Applied Chemistry (IUPAC) define the biosensor as “a

device that uses specific biochemical reactions mediated by isolated enzymes, immunosys-

tems, tissues, organelles, or whole cells to detect chemical compounds, usually by electrical,

thermal or optical signals ” [10]. Practically, a typical biosensor device consists of five parts

as illustrated in Figure 2.1:

i) Analyte - The chemical of interest to be detected or quantified, e.g. glucose (C6H12O6),

Urea (C4H4N2O). For enzyme-based biosensors, the term substrate is used interchange-

ably [11].
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ii) Bioreceptor/Biorecognition element - A biological molecule that is selective to the

recognition of a specific analyte, e.g. glucose oxidase (GOx), an oxidoreductase en-

zyme, selectively recognises the monosaccharide, β-D-Glucose.

iii) Transducer - Electrochemical, optical, thermal or mass-based transducers convert

the analyte recognition into a quantifiable signal. It is common practice to classify

a biosensor by its transduction method, for example, an amperometric electrochemi-

cal sensor detects current generated by the biorecognition event.

iv) Electronics/Signal Processing - Transduced signals, such as electrical currents, are

processed through complex circuits and prepared for readable output. Amplification,

current-to-voltage conversion and digitisation are common signal processing methods.

v) Output - Processed signals can be displayed to the user via a digital display or printout.

Graphic figures and numerical data enable the user to easily assess and interact the

biosensor results.

Figure 2.1: Schematic diagram depicting the general construction of a biosensor device.

2.3 Transduction

The transduction method of a biosensor is crucial for converting the signal from the biorecog-

nition of an analyte into a measurable output. Reactions between the receptor and analyte

yield a range of detectable signals in the form of electrons, light, sound and heat. Signify-
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ing the importance, biosensor devices are often classified by the transduction method, with

the five main classes of transducers being electrochemical, magnetic, optical, piezoelectric

(mass) and thermometric (heat). This project will focus on electrochemical biosensors,

specifically an amperometric transduction method.

• Optical: Optical biosensors measure light produced or absorbed during a biorecog-

nition event or from a subsequent reaction involving the by-products of analyte de-

tection [12]. The dominant optical transduction methods found in the literature are

Surface Plasmon Resonance (SPR), fluorescence and chemiluminescence, each with

benefits and limitations to their use. As outlined in a review paper by Kaur et al. op-

tical transducers have been widely employed in enzymatic biosensing for detection of

organophosphate pesticides e.g. parathion [13].

• Piezoelectric: Piezoelectric biosensors detect changes in the mass of the analyte or

other reaction by-products. In certain materials e.g. quartz SiO2, the piezoelectric

effect refers to the generation of an electric potential under mechanical stress or de-

formation, while the converse effect refers to mechanical deformation or oscillation

induced by the application of an electric field [14, 15]. For sensing applications, this

phenomenon is exploited as the binding of the analyte to the surface of a piezoelectric

crystal results in changes to the oscillation frequency, which is capable of being moni-

tored [16]. Common piezoelectric materials used for sensing applications include the

quartz crystal microbalance (QCM).

• Thermometric: Thermal and calorimetric transduction measures changes in heat

[17]. Heat produced or absorbed by the bioreceptor is related to the concentration of

analyte and is typically measured by metal-oxide thermistors or semiconductors e.g.

Bismuth Telluride thermocouples [18–20].

For more detail on the non-electrochemical methods of transduction, e.g. magnetic, optical,

piezoelectric and thermometric, Biomaterials-Based Sensors: Recent advances and applica-

tions by Kumar et al. provides a comprehensive summary of the topic [21].
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2.3.1 Electrochemical Transducers

Figure 2.2: Examples of biosensor signal output from amperometric, potentiometric,
conductometric and impedimetric transduced responses. Reprinted from L. C. Lopes,

Sensors and Actuators Reports, 2022, 4, 100087, CC BY NC ND [22].

Among the various types of transducers, electrochemical methods have gained significant

attention due to their high sensitivity, fast response time, and compatibility with minia-

turisation into small, portable devices [22]. Electrochemical transducers are the most fre-

quently used transducers in the literature and, alongside optical transducers, enable the

widest range of receptor classes and immobilisation techniques to be used [13]. Within the

electrochemical transduction category, amperometric and potentiometric transducers are

the predominant methods, while studies that have used conductometric and impedimetric

transducers are limited in comparison. These methods usually require the immobilisation

of receptors onto an electrode’s surface, where the receptor can catalyse the specific re-

action with the target analyte, leading to the production or consumption of electrons. The

change in current is converted into a detectable electrical signal, providing quantitative data

about the analyte concentration. Amperometric biosensors measure the current generated

by redox reactions in electroactive species produced during the biorecognition event. Po-

tentiometric biosensors, on the other hand, measure changes in the potential resulting from

ion concentration changes near the electrode surface due to the receptor-analyte reaction.

Conductometric biosensors measure the difference in conductivity of a medium resulting

from the production or consumption of ionic species in the receptor reaction while impedi-

metric biosensors measure changes in the electrical impedance in the medium caused by

the receptor-analyte reaction, which can be correlated with analyte concentration [23].
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2.3.2 Amperometric Biosensors

Amperometric biosensors operate on the simple principle that electrical current generated

as a result of the biorecognition event is proportional to the concentration of the target

analyte. Devices based on amperometric transduction involve the oxidation or reduction of

redox-active species produced during the enzyme-substrate reaction, as maintained by the

application of a potential difference. The transfer of electrons between the receptor system

and a working electrode; which may occur directly with the electrode surface or indirectly

via a redox mediator, produces a detectable electrical current that is proportional to the

concentration of the target analyte [21, 24]. Devices based on an amperometric platform

are considered to be most appropriate for commercialisation with many commercial devices

already available, e.g. The Roche Accu-Chek® blood glucose meter, utilises the enzyme -

glucose dehydrogenase to convert glucose into gluconic acid, generating two electrons and

reducing the enzyme in the process. An electron mediator facilitates the rapid transfer of

electrons from the redox centre of the enzyme to an electrode in the hand-held test device

[25].

In amperometric biosensor devices, especially those utilising oxidoreductase-type enzymes,

direct electron transfer between the redox centre of the enzyme and the electrode is often

limited due to the insulating nature of the protein structure surrounding the redox centre.

This insulating protein layer can hinder the efficient transfer of electrons between the en-

zyme and the electrode, affecting the sensitivity and performance of the biosensor. To over-

come this limitation, various strategies are employed to facilitate electron transfer, such as

using redox mediators or modifying the electrode surface to enhance enzyme immobilisa-

tion and electron transfer kinetics. These approaches help improve the efficiency of electron

transfer and enhance the performance of amperometric biosensors for sensitive and accurate

detection of target analytes [22, 26, 27].

2.4 Bioreceptors

Versatility in the choice of biorecognition element afforded by electrochemical biosensors

enables the use of many classes of molecules if compatible with the desired method of im-
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mobilisation. The receptor imparts a principal benefit of biosensors, that is, a high degree of

selectivity and, ideally, true specificity towards the target analyte. The choice of bioreceptor

is often based on a range of criteria such as applicable immobilisation methods, handling

constraints, target analyte, local expertise and experience, etc [28]. Proteins such as anti-

bodies [29, 30] and enzymes [23, 31], nucleic acids (e.g., DNA fragments [32], aptamers

[33, 34]) and even microbial whole cells [35–37] have all been utilised in electrochemical

biosensors. Among these, enzymatic sensors are the most prevalent due to their simplicity,

widespread application and already successful commercialisation.

In electrochemical biosensors, catalytic bioreceptors such as the oxidoreductase (EC 1) are

frequently employed, as this class of enzyme catalyses redox reactions involving the transfer

of electrons between molecules. This property is particularly useful because the generated

signal is directly related to the redox process, allowing for sensitive and specific detection of

analytes. To a lesser extent, hydrolase enzymes (EC 3) have also seen use for the detection

of analytes such as urea [38, 39], or lactose [40] but are best suited to voltammetry and

potentiometric transduction as the biochemical reaction uses water to cleave chemicals.

2.5 Analyte Detection

Depending on the choice of receptor and transduction mechanism, a range of analyte com-

pounds can be monitored using a biosensor platform. While the main commercial moti-

vation for biosensor research is often centred on healthcare, specifically blood sugar mon-

itoring, biosensors can be utilised for the detection of many analytes whilst maintaining

a strong commercial application. Non-medical examples include food spoilage indication

via detection of putrescine (C4H12N2), cadaverine (C5H14N2) and hypoxanthine (C5H4N4O)

or environmental monitoring such as organophosphate insecticides e.g. methyl parathion

(C8H10NO5PS). There is great interest in the monitoring of food quality for safety purposes

and for the quantification of product freshness. Biosensors may be a highly applicable tech-

nology for this purpose, owing to high sensitivity and suitability for integration into func-

tional packing to allow for effective monitoring of indicators.

Meat and fish products release several biogenic amines and purines following the decompo-

sition and decay of proteins and nucleotides. In 1983, Wantabe et al. developed a flow-type
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electrochemical biosensor utilising the enzyme xanthine oxidase (XOD) for the detection of

hypoxanthine, a purine released during decomposition of adenosine-5’-triphosphate (ATP)

in fish tissue. The method outlined by Wantabe follows a similar principle to the original

Clark glucose sensor, whereby an immobilised-enzyme membrane is integrated to a Clark-

type oxygen electrode. The performance of the device compared well with a conventional

assay method possessing a hypoxanthine detection range of 0.06 to 1.5 mM while showcas-

ing a high degree of reusability duration over 30-days when stored at low-temperature [41].

An almost identical sensor targeting a batch testing regime was presented by Mulchandani

et al. and utilised a XOD membrane on a polagraphic electrode to indirectly measure the

hypoxanthine concentration by detecting both H2O2 and uric acid [42]. The Mulchandani

device possessed a lower hypoxanthine detection range of 0.0036 - 0.107 mM, but had lim-

ited reusability. The key difference in the works by Wantabe and Mulchandani is related to

the preparation of the enzyme-containing membrane as Wantabe prepared a cellulose triac-

etate gel as opposed to the commercially available Nylon membrane used by Mulchandani.

In addition to the detection of purines, the sensing of biogenic amines is widely represented

in the literature. Putrescine (C4H12N2) and cadaverine (C5H14N2) are two of the primary

decomposition products from food spoilage and are some causes of the unpleasant odour

from rotting animal tissue. With the same motivations as that of purine-type molecules,

the detection, and monitoring of biogenic amines from the microbial decarboxylation of

amino acids are of particular significance due to the toxicity of these compounds to both

humans and animals [43]. Early sensors follow the common route, coupling an enzyme

e.g. monoamine oxidase (MAO) or diamine oxidase (DAO) on a polyamide membrane to

an oxygen electrode for the indirect measurement of the analyte [44].

The materials and methods were, again, refined and optimised to improve response time,

device cost, ease-of-use such as in the electrochemical biosensor presented by Draisci et

al. which is based on a H2O2 platinum electrode and an immobilised-DAO membrane [45].

The device successfully quantifies the concentration of several biogenic amines with a linear

response of 0.1 - 2000µM and a detection limit of ca. 0.05µM. Other ideas in the literature

include three different enzymatic biosensors described by Bóka et al. where the sensing

properties of DAO, MAO and putrescine oxidase sensors are discussed [46]. Finally, a variety
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of amine biosensing methodologies are described in publications by Castillo et al. [47],

Luong et al. [48] and Leonardo et al. [49] as well as more recently by Amin et al. [50]

and Zhao et al. [31]. These publications primarily outline the electrochemical detection of

biogenic amine by novel transducer and receptor combinations, for example, in Zhao et al.,

the detection of H2O2 from the reaction of DAO and putrescine on a clay modified glassy

carbon electrode is described, enabling the detection of the diamine with a 3.3 pM LoD.

2.5.1 Glucose Sensing

For the detection of glucose, the primary biological recognition element is the enzyme glu-

cose oxidase (β -D-glucose:oxygen 1-oxidoreductase, EC 1.1.3.4). It was the enzyme used

in the first devices by Clark et al., Updike et al., and has been used extensively ever since

[5, 6]. Lyophilized powder forms of GOx, produced from the fungus Aspergillus niger, are

stable, easy to store, easy to use and possess high activity1 (> 250 units mg-1) [51]. Glucose

oxidase is a flavoprotein that contains the active redox centre Flavinadenine dinucleotide

(FAD) within its peptide structure. FAD is a prosthetic group; a bound, non-polypeptide unit,

that plays a crucial role in the catalytic activity of GOx by facilitating the redox processes.

The mechanism of the biocatalysis reaction can be split into a two-step process i) GOx-FAD

catalyses the oxidation of β -D-glucose to D-Glucono-1,5-lactone, reducing FAD to FADH2

in the process. D-Glucono-1,5-lactone immediately hydrolyses to form gluconic acid. ii)

GOx-FADH2 is oxidised by molecular oxygen to give GOx-FAD and H2O2 [52].

Figure 2.3: Enzyme-substrate catalysis reaction of glucose oxidase-glucose.
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The structure and composition of glucose oxidase have been characterised at angstrom res-

olution in a range of studies [51, 52]. Glucose oxidase possesses a homodimeric structure

comprised of two identical monomer sub-units, each with a single FAD cofactor. The en-

zyme dimer is a ‘rounded rectangular prism shape’ with an approximate dimension of 60

x 52 x 77 Å and possesses a molecular weight between 130 - 170 kDa [53]. Particularly

relevant to the targeting of covalent cross-linking immobilisation through amide linkages,

the surface of the enzyme is covered with various NH2-containing amino acid residues, e.g.

lysine (Lys) and cysteine (Cys) [54, 55].

In both the commercial and academic environment, the use of glucose-sensing technologies

remains prolific for motivations specific to each field. In a commercial sense, glucose sensing

and the monitoring of blood sugar is a multi-billion dollar industry, dominating the entire

biosensor market and is overwhelmingly focused on healthcare for the clinical setting and

for at-home self-testing. By comparison in academia, the glucose-glucose oxidase couple is a

much-used model system for the development of biosensor devices due to the availability of

the enzyme, low-cost associated chemistry, e.g. coupling agents, buffers, and the existence

of a significant amount of well-defined results in the literature.

Recent investigations centred around glucose oxidase biosensors tend to focus on the devel-

opment of immobilisation methods and accompanying materials or transduction methods.

For example, an article by Somchob et al. presents the use of a zwitterionic phospholipid-

like copolymer2 as an enzyme preservation layer to further stabilise the immobilised oxidase

enzymes [56]. The study highlights an interesting and non-standard application of polymer

materials to increase the long-term performance of a biosensor device, and in the case of

the Somchob device, the hydrogel capping enabled the retention of activity up to 49 days.

Furthermore, as the copolymer layer does not chemically alter the enzyme layer, this appli-

cation of such material has the potential to be universally applied to other enzyme-based

biosensors.

The design of signal processing electronics and the implementation into real devices for com-

mercial applications also remains a present point within the literature. Studies include the

fabrication of a complete glucose biosensor platform by Promsuwan et al., which utilises a

commercial near-field communication (NFC) potentiostat controlled by a smartphone [57].
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The sensing element within the device consists of a GOx/gold nanoparticle/PEDOT:PSS en-

zyme layer with a Prussian blue redox mediator, allowing for portable glucose detection via

a single drop test sample. The NFC glucose biosensor device possesses a linear response

between 0.5 - 500µM and a LoD of 0.15µM as well as a reported high-degree of device

selectivity vs common interferents e.g. uric acid. Finally, Zhang outlines the development

of a flexible, organic thin-film transistor transimpedance amplifier (OTFT-TIA) for the pro-

cessing and conditioning of sensor signals [58]. Paired with a suitable sensing element, the

OTFT-TIA circuit, which is manufactured using high-throughput roll-to-roll manufacturing

techniques such as vacuum web coating, offers a pathway towards a mass-produced gen-

eralised sensing platform as demonstrated. In a related article by Chen et al. the same

amplifier is utilised in a wearable pH sensor configuration [59], while Zhang highlights the

potential for operation in a glucose oxidase biosensor [58].

Notes

1one GOx unit will oxidise 1µM of β -d-glucose to gluconic acid and H2O2 per minute at pH 5.1 and 35°C.

2poly(2-methacryloyloxyethyl phosphorylcholine-co-N-methacryloyloxyethyl tyrosine methylester)

2.5.2 Glucose Biosensors

Depending upon the electron transfer mechanism employed in the biosensor, amperometric

glucose sensors can be classified into four generations, as illustrated in Figure 2.4:

First-generation: The first-generation devices indirectly measure the glucose concentration

by monitoring the generation of H2O2 or consumption of O2. These sensors utilise the bio-

catalytic redox reactions inherent to glucose oxidase and require a high operating potential

to electrochemically oxidise H2O2 or reduce O2 at the electrode surface to produce a de-

tectable flow of electrons. While 1st-generation devices allow for simplicity in the biosensor

design, high operating potentials and the requirement for O2 as a secondary substrate hin-

der their application. The dependency on O2 limits application in environments with low

O2 concentration due to a detrimental effect on response linearity [60–64].
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Figure 2.4: Representation of different amperometric glucose biosensor device
generations. A) 1st-generation biosensor measuring the production of H2O2, B)

2nd-generation biosensor utilising a redox mediator to shuttle electrons, C) 3rd-generation
biosensor with enzyme immobilised onto conductive support, and D) 4th-generation

non-enzymatic glucose sensor.

Second-generation: Second-generation glucose sensors utilise redox mediators that are

capable of transferring electrons between the active centre of GOx to the electrode. The use

of mediators has the primary benefit of reducing the operating voltage as these compounds

possess low redox potentials, readily facilitating the oxidation of GOx-FADH2 centre. Medi-

ators also reduce the dependency on O2 while limiting the impact of interferents due to the

lower operation potentials [65]. In GOx biosensors, common mediators include ferrocenes,

ferricyanide and quinones e.g. p-benzoquinone [66, 67]. As the mediators are often low-

molecular-weight molecules, leaching from the electrode is a present issue. This affects the

viability of mediated-glucose biosensors in long-term, biologically sensitive applications,

e.g. in vivo, therefore, immobilisation of the mediator is often required [68, 69].

Third-generation: Removal of the mediator from the biosensor system and targeting the

direct electron transfer from the enzyme’s redox centre to the electrode is the key identi-

fier of a third-generation device [70]. With a direct electron transfer (DET) biosensor, it

is possible to greatly reduce the operation potential, improving selectivity by eliminating

competition from interfering species, e.g. urea, uric acid. [71]. It is essential for the mate-
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rial used to connect the enzyme to the electrode to possess a high conductivity and suitable

processability. In the effort to develop a DET, third-generation biosensor [72], conductive

materials, e.g. carbon nanotubes, polythiophene, and polyaniline, can be modified to be

used for enzyme immobilisation with the aim of linking the redox centres to the electrode

[73–75].

Fourth-generation: Fourth-generation or non-enzymatic glucose biosensors target the elec-

trochemical oxidation of glucose to gluconic acid using a nanomaterial/electrode interface,

forgoing the enzyme biocatalysis entirely. Studies developing non-enzymatic devices have

become more prevalent in recent years due to the perceived benefits of such a device, e.g.

very low cost, simple design, and high stability. However, the lack of a highly specific bi-

ological recognition element means 4th-gen glucose sensors are generally considered to be

less selective and specific towards glucose, a major factor currently restricting viability in

a commercial setting. A comprehensive summary of recent advances in fourth-generation,

non-enzymatic glucose sensing can be found in reviews by Naikoo et al. and Wei et al. [76,

77].

2.6 Immobilisation of Enzyme

When pursuing the development of a functional biosensor platform, it is imperative for the

biological catalysts to be immobilised to a solid support, as anchoring the enzyme to a sup-

port matrix or electrode ensures operational stability, improved reusability, better storage

capability and enhanced performance [54]. Immobilisation has been shown to improve the

performance of the enzyme, increasing the resistance of the biomolecule to changes in en-

vironmental conditions such as pH and temperature; therefore, recent advances in polymer

science, nanotechnology, and bioengineering have the potential to result in big improve-

ments [78–80]. The term immobilisation regards a process where enzymes are physically

confined by fixation or trapping to a defined region while retaining enzyme activity [81]. As

the stability of the enzyme and retention of activity are of significant importance to sensing

applications, changes to the chemical and physical properties of the enzyme may occur as

a result of immobilisation. Thus, it is important to consider the material choice, reaction

conditions and mode of attachment.
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Given the intricate nature of enzymes, there is no universal matrix or support system suit-

able for all biomolecules. Immobilisation materials must meet exhibit particular character-

istics. These include having a high affinity for binding with the enzyme, being processable,

environmentally and chemically stable, containing reactive binding sites, and not acting

as inhibitors or toxic substances to the enzyme. Various suitable materials are being de-

veloped for enzyme binding, including inorganic solids like silica [82, 83] and alumina

[84], synthetic organic polymers (e.g. resins and intrinsically conductive polymers [85–

87]), biopolymers such as polysaccharides [88], and nanomaterials like modified carbon

nanotubes (CNTs) and metal nanoparticles (NPs) [89–92]. Along with material choice, the

mode of attachment is also crucial to effective immobilisation. Major immobilisation meth-

ods include reversible and irreversible approaches; reversible methods encompass physical

adsorption, ionic bonding, and affinity bonding, while irreversible methods include covalent

attachment, cross-linking, encapsulation, and physical entrapment.

2.6.1 Reversible Immobilisation

2.6.1.1 Physical Adsorption

Physical adsorption serves as a non-covalent approach, offering a simple and reversible

mode of attachment. This method relies on interactions between the enzyme and a solid

support matrix, such as intermolecular Van der Waals forces, hydrogen bonding, and elec-

trostatic forces [93]. However, due to the weak nature of these bonding forces, the enzyme

is prone to loss and leaching from the support. Consequently, there exists a trade-off be-

tween factors like cost, ease of implementation, and mild reaction conditions versus the

challenge of low stability, which results in rapid enzyme loss [55, pp. 20–26]. Numerous

organic and inorganic materials have been utilised as adsorption supports, with silica-based

compounds receiving most of the interest in the literature due to its ability to easily control

the surface area, pore size, pore structure and surface functionalisation [83, 94, 95].

2.6.1.2 Affinity Binding

Affinity immobilisation harnesses principles from protein purification techniques like affin-

ity chromatography. There are two primary methods for achieving affinity immobilisation:
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using support matrices with ligands or functionalisation that exhibit high affinity towards

the enzyme, or use of an affinity-tagged enzyme to create a bond between the enzyme and

the support matrix [78]. When the enzyme encounters the support, it selectively binds to

the motifs via complementary binding sites, anchoring the enzyme onto the support surface.

This non-covalent affinity interaction yields strong yet reversible immobilisation, ensuring

control of enzyme orientation and retaining high activity levels [96, pp. 97–128]. Various

binding technologies have been developed, with standout methods including polyhistidine-

tagged enzymes for binding to nitrilotriacetic acid or metal chelate functionalised supports

[97] and the well-developed biotin-avidin/streptavidin method, where the enzyme is bi-

otinylated with a biotin tag or conjugated to an avidin tag and bound to avidin/streptavidin

or biotin modified support matrices [98]. Considering the support material, polymers, nano-

materials, and inorganic materials, such as siloxanes, have all been employed for the immo-

bilisation of enzymes by affinity binding [79, 99, 100].

2.6.2 Irreversible Immobilisation

2.6.2.1 Covalent Attachment

Turning to irreversible immobilisation methods, the formation of strong and stable covalent

bonds between the biomolecule and support matrix offers many benefits over reversible

methods, including the permanent anchoring of the enzyme and minimisation of leach-

ing. Compared to the simplicity afforded by physical adsorption, the need to alter an en-

zyme’s chemical structure to form the covalent bonds increases the complexity of the sys-

tem, but significantly elevated stability, better sensor reusability, increased storage capability

and improved device reproducibility are key driving forces to achieve covalent immobilisa-

tion. The primary method of achieving covalent immobilisation is through the targeting of

amino acid residues on the enzyme surface. The ϵ-amino group of lysine (R NH2), argi-

nine (R NH CNH NH2), the thiol of cysteine (R NH2CH2SH) and carboxylic acid residues

e.g. aspartic (R CH2 COOH) and glutamic acid (R (CH2)2 COOH) are favoured due to

their prevalence at the surface as well as their ability to form strong linkages e.g. amide

(R CONH R), carbamates (R CO NR2), sulfides (R S R) via a range of routes under

mild reaction conditions. However, as a variety of amino acid residues can be targeted for
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immobilisation, it is important to consider which residues may be essential for enzyme func-

tion and to design reactions that target the formation of specific bond types [55, pp. 15–

31].

Polymer support materials are particularly suited for covalent immobilisation as the inte-

gration of specific reactive groups into the backbone, enabling enzyme-polymer conjuga-

tion, can be performed using well-understood carbonyl and amine chemistry. The reactive

residues on the surface of an enzyme can be attached to polymers by bonding to single

chains or a network of multiple chains via different methodologies.

For example, analogous to the formation of a graft copolymer, covalent immobilisation may

follow a grafting-from or grafting-to process. As described by Rodrigeuz-Abuzeox et al.,

grafting-from methods involve the attachment of initiators to the enzyme prior to an in-

situ polymerisation to form the enzyme-polymer conjugate, whereas a grafting-to approach

targets enzyme immobilisation via the use of a functionalised polymer backbone with side

groups that react with residues of the enzyme [101]. A grafting-from method requires mild

reaction conditions so that the enzyme is not denatured during polymerisation, thereby

restricting which polymer can be used. On the other hand, a grafting-to approach can

enable a wide range of polymers, including intrinsically conductive polymers, which often

require the use of solvents e.g. CHCl3 and THF, oxidants FeCl3, elevated temperature and

non-physiological pH values that may negatively impact the enzyme.

In the grafting-to approach of covalent immobilisation, various studies have explored the

use of polymeric materials as effective support matrices. Along broad terms, these polymers

can be categorised into three main types:

1. Non-conductive organic polymers, such as nylon [102], poly(latic acid) [103],

poly(styrene) [104] or glyoxyl agarose; a polysaccharide [88, 105].

2. Conductive organic polymers, including polythiophene derivatives [27, 38, 68, 106–

112] and poly(aniline) [39, 113, 114].

3. Inorganic polymers, for example, polysiloxanes [115–117], and polyphosphazene

[118–120].
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A specific example of a polymer immobilisation agent is described by Pilo et al. where

a film of electrochemically prepared poly(4,4’-bis(2-methyl-3-butyn-2-ol)-2,2’-bithiophene)

was used to effectively immobilise glucose oxidase using a carbodiimide coupling reaction

[27]. The biosensor fabricated in the work, had typical performance metrics for a glucose

sensor, giving a linear response between 0.15 - 5.20 mM, a limit of detection of 0.03 mM

and a 20 s initial response time. Additionally, the Pilo device remained stable over succes-

sive test for over 30 days highlighting the strong enzyme immobilisation arising from use of

the thiophene support. Moreover, in a recent paper by Jose et al. the enzyme laccase (EC

1.10.3.2) was covalently immobilised to an electropolymerised poly(anthranilic acid) on a

carbon fibre paper electrode [121]. Enabling the detection of a potent endocrine disrup-

tor, p-nonylphenol, laccase is immobilised via an 1-ethyl-3-(3-dimethylaminopropyl) car-

bodiimide (EDC) and N-hydroxysuccinimide (NHS) coupling pathway. The CFP/PAA/Lac

device possesses a wide linear range between 5 - 250 nM with a LoD of 1.7 nM following

optimisation of operation conditions and is capable of determining the concentration of p-

nonylphenol in real-world water samples. It becomes evident that a significant disparity

exists within the literature regarding electropolymerised and chemically polymerised ma-

terials for biosensor devices. The vast majority of studies tend to utilise electrochemically

prepared materials which is likely due to the facile nature of how conductive polymers can be

prepared by simple electrochemical methods and the simplicity of being able to prepare and

characterise a novel biosensor device using a single potentiostat. In a highly-cited article by

Lai et al., poly(3-hexylthiophene-co-thiophene-3-acetic acid) was prepared by chemical ox-

idative polymerisation, affording a soluble material capable of solution-processing [38]. Lai

fabricated a potentiometric urea biosensor on Indium-Tin-Oxide (ITO) using P3HT-c-T3AA

to covalently immobilise the hydrolase enzyme - urease (EC 3.5.1.5) via the familiar EDC-

NHS coupling reaction. The performance metrics for the Ure/polymer/ITO device aligned

well with the real-world application of urea sensing in blood, giving a linear response be-

tween 0.99 - 4.97 mM for concentrations of urea, testing in an aqueous solution.

19



2.6.2.2 Encapsulation and Entrapment

Encapsulation and entrapment techniques are also commonly employed to immobilise en-

zymes within the interior of a support matrix. Both limit the enzyme’s exposure to the

surrounding environment, reducing mechanical stress and solvent effects. However, this

confinement introduces mass transfer phenomena, such as depth-dependent diffusion of

analyte molecules, and limits the enzyme loading capacity [122]. The fixation of enzymes

within the matrix can occur via covalent or non-covalent bonding, depending on the mate-

rial choice. However, the loss of enzymes through leaching is closely linked to matrix pore

size; thus, control over this property is crucial [55, 123].

Entrapment involves physically trapping the enzyme within a fibre network. Since the en-

zyme does not directly interact with the support material, it retains the ability to func-

tion as a free molecule in solution. In contrast, encapsulation involves the formation of

a membrane-like structure or shell around the enzyme, creating a localised microenviron-

ment. This allows small analyte molecules to pass through towards the enzyme’s active site

while anchoring the biomolecule within the matrix. Gel methods such as sol-gel, hydrogels,

and aerogels are the most common approaches to achieve immobilisation by encapsulation

and entrapment, employing silane gels to create a highly controlled membrane [124–126].

Organic polymer films produced via electrospun and electropolymerisation have also been

employed for this method of immobilisation [102, 127, 128], for example, use of an electro-

spun poly(vinyl alcohol) network for the entrapment glucose oxidase and hexokinase [129]

or the immobilisation of lactase onto an electropolymerised film on poly(pyrrole) [130].

2.7 Polymers in the Fabrication of Flexible Electronics

Polymers are aptly suited for use in printed and flexible organic electronics (OEs) due to

their favourable processability, mechanical flexibility, cost, and tunability. Polymers find

application through integration into the device stack or through the use in components of

manufacturing systems [131–134], deposition processes [135, 136], and testing apparatus

[137–139]. Polymeric materials have been employed in sensing platforms such as enzy-

matic biosensors, where bioreceptors are immobilized onto electrode surfaces by polymer
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supports [55, 79, 102, 127, 140], in electrochemical sensors that utilise molecularly im-

printed polymers (MIPs) as a non-biological recognition layer [141–143], or in membranes

that act as selective diffusion barriers to improve sensor performance [144, 145].

Comprised of a repeating and macromolecular structure with a high molecular weight, poly-

mers are made up of short, low molecular weight monomer units. Polymerisation is the

process in which monomers are converted into a polymer, and occurs both naturally and

synthetically to produce many types of polymer materials. For example, in trees, monolig-

nols are polymerised to form lignin; a natural polyphenol and major component of wood

[146], while the hydrocarbon ethene is polymerised using the Ziegler-Natta process to pro-

duce the olefin thermoplastic polyethylene [147]. Typically, polymers are classified based

on their monomer composition (homo- vs. co-polymer), structure (linear vs. cross-linked),

polymerisation method, origin (natural vs. synthetic), and properties (conductors vs.

insulators), among others.

Within the scope of this project, two polymer types have been investigated: Polythio-

phenes are a well-studied class of organic conductive polymer based on the heteroaromatic

molecule, thiophene (C4H4S). Figure 2.5 depicts structures of poly(thiophene-2,5-yl) (PTh)

and its derivatives e.g. poly(3-hexylthiophene) (P3HT) and poly(3,4-ethylenedioxythiophene)

(PEDOT) which are some of the most utilised conductive polymers with frequent application

in organic photovoltaics (OPV) and organic thin-film transistors (OTFT) [148–152].

Figure 2.5: Chemical structures of polythiophene and derivatives.
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Figure 2.6: Chemical structures of polydimethylsiloxanes.

Polydimethylsiloxane belongs to a class of inorganic polymers known as the polysiloxanes

or silicones and possesses a silicon-oxygen backbone. PDMS is a rubber-like, elastic material

that has become one of the most common elastomers owing to its versatility and ease of

preparation, finding extensive use in microfluidics, soft lithography, and sensing [153–158].

In most cases, PDMS is prepared as a transparent solid by the thermal crosslinking of a com-

mercial two part kit (e.g. Sylgard 184), which consists of a vinyl terminated PDMS base and

a platinum catalysed curing agent [159]. Many unique applications, for example, polymer-

based explosives [160] or implantable bioelectronics [161] arise from the ability to termi-

nate PDMS with different end groups e.g. vinyl (RC CH2) and 3-aminopropyl (RC3H8N)

as shown in Figure 2.6. The choice of end group can influence the physical properties, e.g.

viscosity, as well as the curing mechanism and curing temperature [160, 162].

2.8 Conductive Polymers

Conductive polymers (CPs) possess an intrinsic ability to transport electrical charge. These

long-chain organic molecules exhibit the physical and mechanical properties of plastic-like

polymers, such as solution processability and environmental stability, while also possessing

electrical properties similar to those of a metal e.g. Ag, or metalloid e.g. Si [149, 163].
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Figure 2.7: Chemical structures of widely-researched, non-thiophene conductive
polymers - polyacetylene, polyaniline and polypyrrole.

Highlighting the significance of their work during the 1960s and 70s, in 2000, Alan Heeger,

Alan MacDiarmid, and Hideki Shirakawa were jointly awarded the Nobel Prize in chemistry

for the discovery and development of electrically conductive polymers such as those given

in Figure 2.7. Building upon decades of research following the initial determination of the

charge-carrying ability of polyacetylene (PA) by Hatano et al. [164]. In 1977, a highly

conductive polyacetylene was reported following oxidation of the polymer by exposure to

halogen gas i.e. doping [165, 166]. The chemically doped films of trans-polyacetylene

resulted in a substantial conductivity increase from 4.4 × 10−5 Scm−1 to a reported value

of 38 Scm−1. Expanding on the preliminary works by comparing the p-type doping (oxi-

dation) using halogen vapour and n-type doping (reduction) using Li, Na, and K, Chiang

reported a maximum conductivity of 560 Scm−1 for an arsenic pentafluoride (AsF5)-doped

cis-polyacetylene [167–169]. The subsequent development of new polymers and doping

processes ushered in the creation of many new areas of research [170]. For example, in

the 1980s, a photoelectrochemical solar cell using PA was described by Chen et al. [171],

thin-film field-effect transistors based on polythiophene were first presented by Tsumura et

al. [172], and Bidan et al. showed the application of polypyrrole composites in pH and

water sensors [173]. Development and device optimisation rapidly increased in the 1990s

and 2000s, for instance, in 1990 a polymer light-emitting diode utilising a film of poly(p-

phenylene vinylene) (PPV) was reported by Burroughes et al. [174], the first polymer-

fullerene bulk heterojuction OPV devices were reported by Yu et al. in 1995. [175] while

many conductive polymers have been applied in biosensing [75].

More recently, conductive polymers prepared using optimised processes now possess metal-
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like conductivities on the order of ∼ 105 Scm−1. For example, in 2016 PEDOT:PSS films

treated with H2SO4 were reported to have a conductivity of 4829Scm−1. This is in addition

to the development of new types of semiconducting polymer with highly refined and tunable

properties such as defined band gaps, colour, and high carrier mobilities [176]. Examples

of such materials are given in Figure 2.8 i.e. F8BT used in green OLED devices [177],

PEDOT:PSS [178], and PSEHTT3 for photovoltaics [179, 180].

Figure 2.8: Chemical structures of modern conducting and semiconducting polymers and
mixtures.

Notes

3poly[(4,4’-bis(3-(2-ethylhexyl)dithieno[3,2-b:2,3-d]silole)-2,6-diyl-alt-(2,5-bis(3-(2-ethylhexyl)thiophen-

2yl)thiazolo[5,4-d]thiazole)]

2.9 Polythiophenes

During the same period of the early investigations into polyacetylene, various works on the

synthesis and electronic properties of polymers based on the 5-membered heterocyclics e.g.

thiophene (C4H4S) and pyrrole (C4H4NH) were also being reported [181, 182]. The initial

attempts of synthesising polythiophene as described by Meisel et al. and Armour et al.,

yielded short thiophene oligomers with < 5 monomer units [183, 184]. However, by 1980
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the synthesis of a long-chain poly(thiophene-2,5-diyl) with a regular repeating unit was first

reported by Yamamoto et al. [185] and followed shortly by Lin et al. [186].

2.9.1 Conjugation and Conductivity

Electrical resistivity (ρ) is an intrinsic property and measure of a material’s opposition to

electric current. By definition, conductivity (σ) is the reciprocal of resistivity and describes

a material’s ability to conduct electrical current. The units of resistivity and conductivity are

Ω.m and S.m−1, respectively. Conductivity is influenced by the charge carrier mobility (µ)

and charge carrier concentration (n) as described in Equation 2.9.1

σ = q(neµe + nhµh) (2.9.1)

where q = elemental charge of carrier, n = carrier concentration of electrons (e) and holes

(h) and µ = mobility of the respective charge carrier.

For the practical implementation to a material with a specific geometry, resistance (R) and

conductance (G) are determined. As shown in Equation 2.9.2, resistance (R) is directly

proportional to a material’s resistivity, normalised to the geometric dimensions of the object

whereas conductance (G) is the reciprocal of R, directly proportional to conductivity (σ)

and inversely proportional to resistivity (ρ).

R= ρ
L
A

G = σ
A
L

(2.9.2)

where R = resistance (Ω), G = conductance (S), ρ = resistivity (Ω.m), σ = conductivity

(S.m−1, A = cross-sectional area of object (m2) and, L = length of object (m).

In conducting and semiconducting polymers, the ability to conduct electricity arises from

their chemical structure, with conjugation across the polymeric chain a defining feature. In

polyacetylene (Figure 2.9), the continuous chain of alternating single and double carbon-

carbon bonds i.e. sp2 hybridised carbon atoms, imparts conjugation due to the overlapping
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p-orbitals and subsequent delocalisation of π-electrons. In polythiophene, significant over-

lap of p-orbitals in the extended aromatic π-system allows for delocalisation, contributing to

its conductivity. Conversely, insulating polymers typically lack conjugation, with saturated

bonds present across all or some of the molecule. Considering polypropylene shown in Fig-

ure 2.9, all carbons in the backbone are sp3 hybridised, connected by single C C bonds with

no conjugation. Similarly, polyisoprene also lacks conjugation, as the C C double bond is

isolated and not part of a continuous system.

Figure 2.9: Hybridisation of carbon atoms for polyacetylene, polypropylene, and
polyisoprene.

The conjugatedπ-system across the polymer leads to a state with a filled or partially filledπ-

bonding orbital (HOMO) and an empty or partially empty π*-antibonding orbital (LUMO).

Referring to band theory, electrical conduction in an organic polymer is the result of elec-

trons from a band of bonding orbitals (the valance band) moving to the higher energy

conduction band by thermal activation, photo excitation or through the application of an
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Figure 2.10: Energy band diagram for a metal, p-type, ambipolar, n-type semiconductors
and an insulator.

external potential [187]. The energy difference between the valence and conduction band

is known as the band gap (Eg) as shown in Figure 2.10 for various material types. Eg re-

lates to the minimum energy required to excite an electron across the forbidden energy

gap and contribute to conduction. As a result, the size of the band gap has a significant

impact on conductivity. One of the motivations for using organic semiconductors is that

Eg can be tuned by modifying the polymer’s structure, such as by introducing substituents

or co-monomers [188, 189]. While delocalisation of electrons across the polymer and the

resultant bands help explain the ability to conduct electrical charge, the transport of charge

in semiconductors is performed by charge carriers (holes in p-type and electrons in n-type

semiconductors). These carriers possess the ability to propagate across the polymer chains

through a variety of proposed inter and intramolecular mechanisms such as the formation

of polarons, chain hopping [190], percolation [191], band-like transport [192].

Charge transport mechanisms are a complex and often contentious topic due to the large

variety that have been proposed in the literature, therefore a detailed description is ulti-

mately beyond the scope of this work. However, to summarise, the mechanisms used to de-

scribe charge transport in organic semiconductors are influenced by multiple factors such as;

crystallinity, molecular ordering, molecular packing, impurities and defects, charge-carrier
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density, electric field and temperature [192–194]. In reference to poly(3-alkylthiophenes)

e.g. poly(3-hexylthiophene), the asymmetry of the 3HT monomer leads to a number of

possible coupling configurations during polymerisation, for example, a 3HT-3HT dimer can

have a head-head (HH), head-tail (HT), and tail-tail (TT) linkage as shown in Figure 2.11.

Regioregularity (RR) has a significant impact on the packing and molecular ordering of the

polymer chains during the formation of a thin film [195]. HH and TT linkages lead to in-

creased steric twisting of the ring, reducing the ordering and close packing required for effi-

cient and fast transport of charge carriers. A high percentage of the head-tail (HT) configura-

tion enhances packing, planarity and regularity of the polymer chains, improving electronic

performance of the film by promoting π-π stacking and increasing conjugation [149]. As

such, regioregularity refers to the percentage of HT coupling. In practical terms, control of

regioregularity occurs during synthesis with certain polymerisation methods favouring the

generation of high HT percentage, for example, Grignard metathesis (GRIM) polymerisa-

tion can produce> 99% HT couplings while oxidation polymerisation methods are typically

limited to 80 - 90% RR [196, 197].

Figure 2.11: Coupling configurations for a dimer of a 3-substituted thiophene.

2.9.2 Solubility and Processing

Unsubstituted polythiophene has significant processability issues due to insolubility in all

common organic solvents, regardless of polarity and proticity. Strong intermolecular π-π
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stacking, a highly rigid and regular backbone and a lack of favourable interaction with the

solvent prevents dissolution, rendering solution-processing of PTh largely unfeasible [198].

Due to the promising properties polythiophene exhibited in its early development, i.e., en-

vironmental stability, conductivity, and thermal stability, immediate efforts were made to

enhance its processability. This led to the creation of the 3-alkylthiophene polymer series

(P3ATs). By 1986, both Elsenbaumer et al., and Sugimoto et al. reported the chemical

synthesis of soluble polythiophene derivatives with electronic properties comparable to that

of PTh (Conductivity of I2-doped P3ATs = 1-10 Scm−1) [199, 200]. Introducing aliphatic

pendant groups equal to or greater than 4 carbons in length (i.e. ≥ butyl R C4H9) to the

3-position of the thiophene ring (shown in Figure 2.5) drastically improves solubility in or-

ganic solvents. The long alkyl chains disruptπ-π stacking inherent to the thiophene polymer

backbone and increases chain flexibility, allowing solvent molecules to solvate and dissolve

the polymer by promoting Van der Waals interactions between the solvent molecules and

the polymer and reducing interchain interaction [201, 202]. This improvement in solubility

allows for deposition of the polymer films via solution-processing methods e.g. spin-coating,

printing, etc.

Two of the most well-studied solution-processable thiophene derivatives are poly(3-hexyl-

thiophene), a P3AT soluble in organic solvents, and poly(3,4-ethylenedioxythiophene):poly

(styrene sulfonate) (PEDOT:PSS), an ionomer blend capable of forming a colloidal disper-

sion in water and certain solvents e.g. toluene. Poly(3-hexylthiophene) (P3HT) is a widely

used conductive polymer that is highly soluble in chlorinated solvents, possesses a low-

band gap (∼2 eV) and finds extensive application in organic and optoelectronics e.g. pho-

tovoltaics as an electron donor and hole transport material [203–205] or in OTFT devices as

a polymer semiconductor [206, 207]. Alongside highly-refined and well-understood physi-

cal and electronic properties, P3HT is also favoured for its compatibility with multiple print

deposition methods and scalability through low-cost synthetic routes.

PEDOT-based conductive inks are arguably the most successful commercialised conductive

polymer due to ease of processability and favourable mechanical properties. Similar to un-

substituted polythiophene, PEDOT is insoluble, however polymerisation of its monomer;

3,4-ethylenedioxythiophene (EDOT), with polystyrene sulfonate (PSS) yields a highly con-
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ductive, optically transparent polymer mixture. PSS is a polymer surfactant, ionic dopant

and anodic counter ion which allows PEDOT:PSS to form a stable dispersion in water, en-

abling solution-deposition processes. As with many thiophene-based conductive polymers,

PEDOT:PSS is used extensively in the usual opto- and organic electronics, however the op-

tical transparency and very high conductivity has enabled use as a transparent organic elec-

trode to rival the traditional transparent conductive oxide e.g. Indium-Tin-Oxide (ITO).

One of the main motivations for the use of soluble and solution-processable conductive

polymers is the deposition of polymer films and device layers by high-throughput methods

such as printing. High-throughput production methods for flexible and organic electronics

has gathered considerable attention due to the potential for manufacturing cost reduction

and improvements to sustainability through reductions in the amount of materials used

[208, 209]. Highlighting the processing versatility of polythiophenes, it has been shown

that thin-films (<50 nm) of PTh can be depositied via thermal evaporation; a relatively low

throughput process frequently used for the processing of small-molecule organic semicon-

ductors [210]. Kovacik et al. outlines that high vacuum (5× 10−5 mbar), low temperature

(300 °C) and low rate (1 nm min-1) vacuum thermal evaporation of polythiophene allows for

the preparation of a functional, highly crystalline thin-film that possesses suitable properties

for the fabrication of an operational OPV cell. Vacuum thermal evaporation is a useful tech-

nique, however, it is not generally suited for high-throughput polymer film deposition and is

typically limited to small molecular organic semiconductors capable of forming crystalline

structures that favour fast charge transport and carrier mobility e.g. pentacene, DNTT, etc

[211].

2.9.3 Thiophene Polymerisation Methods

While the methods by which the polymers are processed is an important consideration with

any organic electronic device, the synthesis method of the functional material is similarly

critical, as the choice of synthetic pathway will affect the final application and process-

ing conditions. Restricting the scope to soluble thiophene derivatives, the three main ap-

proaches have been metal-catalysed cross-coupling, oxidative coupling and electrochemical

polymerisation. For details beyond the descriptions below, many reviews for this topic exist
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in the literature, for example, Osaka et al. [212], Ding et al. [213], and Chan et al. [214].

Metal-Catalysed Cross-Coupling: involves the use of transition metal catalysis to form

the C C bonds between thiophene monomers. These methods often utilise organonickel,

organopalladium and Rieke metal catalysts to produce polymers with high regioregularity

and defined properties e.g. optimal band gaps and low polydispersity. In 1999 the develop-

ment of Grignard Metathesis polymersisation (GRIM), also called kumada catalyst transfer

polycondensation (KCTP) signified a large advancement in the synthesis of regioregular

P3ATs [149, 197]. A type of chain-growth polycondensation, GRIM/KCTP involves the for-

mation of a Grignard monomer followed by polymerisation in the presence of a nickel cat-

alyst e.g. Ni(dppp)Cl2 [215]. Owing to a high degree of control over the molecular weight

and regioregularity, the GRIM/KCTP route has become one of the standard approaches for

producing polythiophenes used in organic electronic applications. Catalysis-transfer poly-

condensation reactions involving palladium-catalysis such as Stille coupling and Suzuki cou-

pling have also emerged as effective thiophene polymerisation methods [212, 213, 216].

Chemical Oxidative polymerisation: refers to another class of methods that were origi-

nally pioneered in the 1980s by Yoshino and Sugimoto [217]. This simple method involves

the use of an oxidant, typically FeCl3, in an anhydrous solvent and leads to a high molec-

ular weight polythiophene with a fairly broad polydispersity (PDI). The basic principles of

this method are still widely utilised due to its simplicity, scalability, and ability to produce

polymer in a powder form following precipitation in a nonsolvent such as methanol [218].

Oxidative polymerisation is the method used to produce P3HT copolymers in this project.

Further detail and review of this process is outlined in Chapter 4.

Electrochemical polymerisation: has been explored as an alternative method to organic

synthesis. Application of an electric potential to an electrolyte solution containing thio-

phene monomers, results in oxidation and subsequent polymerisation at the surface of the

working electrode. Electrochemical polymerisation allows for the preparation of an on-

electrode polymer film with a high degree of control over the thickness and morphology,

as dictated by the applied potential range and polymerisation time [67, 86]. The electro-

chemical approach is typically performed using a three-electrode cell employing standard

electrode choices e.g. Pt, Au, glassy carbon, Ag/AgCl, saturated calomel in solvents such as
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acetonitrile and propylene carbonate with supporting electrodes like tetrabutylammoinium

percholate, lithium perchlorate, etc [67].

The continuous development of polymerisation methods for soluble polythiophene deriva-

tives has advanced the field of conductive polymers. Each method offers unique advan-

tages, allowing researchers to tailor the properties of the polymer to the specific applica-

tion, e.g. flexible biosensor devices or organic thin-film transistors. The choice between the

various transition-metal catalysis polymerisation methods, oxidation polymerisation routes

and electrochemical approaches are a matter of matching the requirements of regioregular-

ity, molecular weight, and polydispersity with reagent availability, suitability of the process

conditions (e.g. temperature), yield and quantity, and importantly the compatibility for

polymerising monomers with the functionality to directly bind biomolecules e.g. thiophene

carboxylic acids.

2.9.4 Copolymerisation

A copolymer may form during a polymerisation reaction that contains two or more different

monomers. The materials formed during copolymerisation possess properties similar to the

related homopolymers, with the structure or sequence of the monomers across the polymer

chain also contributing to properties such the glass transition temperature or the ability to

undergo microphase separation [219, 220]. Copolymers are often classified according to

their monomer sequence under two broad categories; i) linear copolymers that are com-

prised of a single macromolecule chain and ii) branched copolymers that possess polymeric

side chains. Polythiophenes typically form linear polymers through C-C couplings at the 2-

and 5-positions on the thiophene ring. In P3HT, the steric effects of the alkyl chain at the

3-position further enforce this coupling, reducing the likelihood of side reactions at the 4-

position, which could lead to a branched structure. Focusing on linear copolymers, given the

relevance to polythiophenes, a variety of structure can be formed during copolymerisation:

• Alternating copolymer (-ABABABAB-),

• Block copolymer (-AAAABBBB-),

• Statistical/Random copolymer (-AABABBAB-),
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• Periodic copolymer (-AABBAABB-).

The formation of linear copolymers and resultant monomer sequences are governed by sev-

eral factors including, the monomer structure and compatibility, reaction mechanism, and

synthetic conditions [221]. Moreover, as described by the copolymer (Mayo-Lewis) equa-

tion, the copolymer structure is heavily influenced by reaction kinetics such as monomer

reactivity ratios (ri) that describes a ratio of rate constants (kii) for the propagation of the

polymer chain (M •A, M •B) with one of the monomers (MA, MB) [222]. The monomer and

reactive chain end interaction is summarised below in Equation 2.9.3.

M •A +MA
kAA→ M •A MA

M •A +MB
kAB→ M •A MA

M •B +MA
kBA→ M •B MA

M •B +MB
kBB→ M •B MB

(2.9.3)

where the reactivity ratios are defined as rA = kAA/kAB and rB =kBB/kBA.

Alternating copolymers form when the monomers preferentially react with each other

(r1, r2 ≈ 0) i.e. R − A• or R − B• will react with monomer B or A, respectively. Examples

of alternating copolymers include poly(styrene-co-maleic anhydride) synthesised via a free

radical approach [223], and poly(3-hexylthiophene-co-3-hexylfuran) produced using cata-

lyst transfer polycondensation (CTP) as outlined by Qiu et al. [224]. In contrast, statisti-

cal copolymers e.g. poly(styrene-co-acrylonitrile) are characterised by a random monomer

sequence that follows a statistical distribution [10, 225]. These are formed during chain

propagation when r1, r2 > 0 meaning R− A• or R− B• may react with either monomer A or

B. The polymers synthesised in this project possess a statistical/random monomer sequence

[149, 226].

Copolymerisation is a useful method for designing functional materials, therefore the se-

quence and structure of copolymers is an important consideration. By copolymerising monomers

with desirable characteristics such as the solution-processability of 3HT polymers and the

amine reactivity of R COOH groups in thiophene-3-acetic acid (T3AA) polymers, it is pos-

sible to create novel materials suited to a wide range of applications. including biosen-
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sors [68]. For instance, Lai et al. outlines the synthesis and characterisation of 3HT-T3AA

copolymers, enabling the development of a potentiometric urease-urea biosensor [38].

2.10 Solution-processing of Polymer Materials for Flexible

Electronics

Using mass-print deposition methods in the production of flexible and organic electronics

has gathered considerable attention due to the potential for reductions in manufacturing

costs and unmatched scalability. Specifically, there is much interest in the use of both con-

tact print techniques such as Gravure, flexography, and offset [227, 228] and non-contact

techniques, mainly inkjet (IJP) and aerosol jet (AJP) [229], to realise the high-throughput

device fabrication, which is ultimately key to unlocking the potential of flexible electronics

on a commercial level [230].

The industrial fabrication of organic electronics involves the use of solution-based pro-

cesses with a focus on wide-area deposition of device layers using various high-throughput

roll-to-roll (R2R) print methods. In contrast, silicon-based electronics e.g. metal-oxide-

semiconductor field effect-transistors (MOSFETs), are fabricated using a combination of

additive and subtractive deposition steps in which materials are deposited by standard thin-

film processes e.g. physical vapour deposition (PVD), atomic layer deposition (ALD) then

patterned using photolithography and chemical etching methods to produce the desired

features. Printing is an additive process where a patterned layer of material is selectively

deposited onto a substrate. Described by the organic and printed electronics association

(OE-A) as an ’enabling technology’, printing allows for the simplification of manufacturing

processes by reducing process complexity [231].

Seizing upon the solution processability of oils, polymer semiconductors, nanoparticle solu-

tions, a variety of printing techniques have been developed and investigated in recent years

for use in the fabrication of flexible organic electronics. As previously mentioned, printing

methods are often divided into two categories, that is, non-contact and contact. In Table

2.1, some of the purported benefits and drawbacks described in the literature are outlined

for a variety of common techniques.
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Table 2.1: Table of advantages and drawbacks for common contact and non-contact printing methods.

Technique Advantages Drawbacks

Inkjet
(Non-contact)

Rapid single-pass print speed [227].
Minimal material waste [232].
Insensitive to substrate defects [233].
Very high resolution (1-50µm).

Complex inks with narrow viscosity range [234, 235].
Nozzle clogging.
Low throughput [228].
Poor device performance beyond laboratory-scale [232].

Aerosol Jet
(Non-contact)

Digital print method.
Wide range of ink viscosity (1-2500 cP) [236].
Use of non-planar substates possible.
Low processing temperature.

Relatively low throughput.
Material/pattern overspray [228, 237].

Screen Printing
(Contact)

Suitable for large-area printing [132].
Mature technique for deposition of metal pastes [238].
Good lateral resolution (∼ 10µm) [239].

Significant material waste [240].
High viscosity paste-like inks required [241].
Layer thickness limits application in organic electronics (100-1000µm).
Print quality highly dependent on screen quality [239].

Gravure
(Contact)

Very high throughput (100 m min-1) [194].
High lateral resolution (2-50µm) and thickness uniformity [242].
Highly scalable [243].

High initial costs.
Fixed pattern choice (Engraved metal print cylinders).
Significant process optimisation required [242].
Poor print cylinder lifetime [240].
Coffee-staining prominent.

Flexography
(Contact)

Wide range of low-viscosity and quick drying inks available [241].
High throughput [244].
Low-cost patterned print plates [240].
High thickness resolution (100 nm) [245].
Low printing pressure prevents layer destruction.

Quality of printing plate has large impact on print quality [246].
Deposition of very thick films (10sµm) requires multiple print passes.
Potential for issue with layer registration (e.g. misregistration, ghosting) [247].
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Figure 2.12: Schematic representation of common printing methods for flexible electronic
fabrication: Inkjet, Gravure and Screen Printing.

In the context of solution-processable flexible electronics, an ink refers to a solution or sus-

pension containing a functional material. These inks can be as simple as an organic semi-

conductor dissolved in solvent, a metal nanoparticle suspension, or a multi-component for-

mulation comprising an active material, surfactant, rheological modifier, a complex solvent

system, additive, etc [248]. As represented in Figure 2.12, contact printing differs from

non-contact methods, as the substrate comes into direct contact with the ink transfer mech-

anism. Screen printing is a contact print method utilised extensively in the production of

photovoltaic cells and the circuit board industry [238]. Layers are deposited onto a sub-

strate by pushing ink through a patterned mesh screen using a squeegee. Screen printing

requires viscous paste-like inks, therefore formulation of such high viscosity inks may limit
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the use of some materials due to solid loading requirements [249]. In cases where low

solubility of the active material may prohibit high solid loading, the inclusion of binders

can increase this viscosity [241]. The schematic in Figure 2.12 depicts a flat screen process,

however integration of screen printing into a rotary form is widespread and has been shown

to be a good technique for flexible electronics. For example, Carlos et al. has reported the

fabrication of a flexible metal oxide diode in which a PEDOT:PSS electrode was printed by

rotary screen [250].

Rotary print methods such as gravure and flexography share the common principle that

ink is transferred from source to substrate via a series of rotating cylinders, however the

mechanism by which the ink is deposited varies [132]. For example, in gravure, ink is filled

into the cells on an engraved cylinder before it is transferred onto a substrate through direct

contact with the patterning surface whereas flexography utilises patterned photopolymer

printing plates with raised features. In a flexo system, ink is first loaded onto an anilox

cylinder before the printing plate is coated with a thin ink layer upon anilox-plate contact.

For gravure, the ink is dispensed onto the patterning cylinder and spread into the cells

with assistance from a doctor blade [242]. Roll-to-roll contact printing techniques have a

number of noteworthy benefits, namely the reductions in costs owing to fewer process steps,

lower overall equipment prices, high product throughput and less material wastage due to

selective deposition [251].

On the lab scale, it is common for organic electronic devices to be fabricated using processes

such as spin-coating, blade-coating, physical vapour deposition. As such, it has been noted

that scaling from the laboratory to a commercial scale using high-throughput R2R systems

is a difficult process [252]. As discussed in a recent review by Luo et al., the scaling of flex-

ible sensor technologies is hampered by ink formulation challenges, stability of functional

materials, restrictive regulatory requirements and device integration, among others [253].

The difficulty facing printed electronics due to functional ink formulation is a common topic

in the literature, for example Grau et al. the importance of optimised ink characteristics i.e.,

viscosity, solvent evaporation rate for gravure printing is described [242]. In Sheats et al.

a review on the manufacturing and commercial scale up of OEs is presented with the au-

thor noting that optimisation of an ink’s rheological properties and surface tension is key
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to the fabrication of quality devices but that modification of an ink’s deposition character-

istics through the inclusion of additives may be detrimental to the electronical and optical

properties of the functional organic polymer [254].

2.10.1 Introduction to Flexography

Flexography is a contact printing technique that makes use of reusable printing plates with

raised feature (relief) to transfer a patterned layer of ink onto a substrate. This technique

offers good lateral resolution (20 - 50 µm) and a large range of printable thicknesses (0.1 - 5

µm) appropriate for the production of features for organic electronics, i.e. metal electrodes.

As shown in Figure 2.13, a standard flexography system consists of:

Figure 2.13: Diagram of a typical flexographic print system.

1. Anilox system - ink reservoir, anilox cylinder and doctor blade: The anilox system

is used to deliver a pre-determined amount of ink onto the flexographic printing plate

[247]. The anilox cylinder is the only rotary component in direct contact with the ink

source/reservoir, therefore, it is typically constructed from a hard metal or ceramic to

ensure roller durability and solvent resistance.

2. Substrate feed system - winders, polymer substrate and impression cylinder: The

impression cylinder is constructed from a durable material e.g. polished stainless
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steel, so that the surface offers a consistent pressure across the substrate and print-

ing plate. This roller is used to support the substrate as it comes into contact with

the printing plate. A variety of polymer substrates; known as webs, can be utilised

in flexography. Common choices include; polyethylene naphthalate (PEN), polyethy-

lene terephthalate (PET), and biaxially orientated polypropylene (BOPP) as they are

lightweight, flexible, transparent and offer good chemical compatibility [255]. Mac-

donald et al. summarises the chemical, mechanical and optical properties of PET and

PEN [256] and outlines why polyester substrates are particularly suited for organic

electronic applications.

3. Plate cylinder and flexography (relief) print plates: The plate cylinder is a generic

hard metal roller i.e. stainless steel, that is used to hold an external sleeve; known

as the flexographic printing plate, via a pressure fit or by using a mechanism such

as magnets or mounting tape. Flexographic printing plates are relief style printing

plates used to transfer ink from the anilox system onto the substrate. The term re-

lief describes a printing method where ink is only applied to the raised features of a

patterned printing plate before it is contacted onto a substrate, thus yielding an ink

pattern. As discussed in a review by Lui et al., flexo plates are made from materials

such as, nitrile rubbers and photopolymers [246]. Different applications warrant the

use of the different plate materials, however synthetic photopolymers, e.g. styrene-

acrylate polymer blends, tend to dominate due to high resolution capabilities. On

the lab scale, polydimethylsiloxane (PDMS) has also been utilised as a low cost plate

material due to unmatched fabrication speeds and the ability to lean on the extensive

learnings from microcontact printing (µCP) [156, 257]. For example, Maksud et al.

describes a process for producing a PDMS flexo plate by 3D printing and demonstrates

capability to produce ∼100µm line width features [258], furthermore, Hassan et al.

outlines a proof of concept method for the deposition of water-based carbon nanotube

inks using a µCP-type plate production process [259].
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2.11 Metal Deposition

Where flexographic printing is a technique that can be utilised for patterned deposition of

inks e.g. a patterned oil mask, physical vapour deposition (PVD) techniques provide the

route to metallisation and the fabrication of electrical contacts for use in organic electronic

devices. PVD techniques encompass a broad class of thin film deposition processes in which

a solid or liquid compound is sublimed or vaporised and transported through a vacuum,

low pressure or plasma environment onto a substrate where condensation occurs, and a

film is formed [260]. Throughout both industry and academia, PVD techniques are utilised

extensively for the production of optically active coatings, barrier and passivation layers,

electrical conductors, hydrophobic coatings, etc [261].

In this DPhil project, the PVD method vacuum thermal evaporation (VTE) was employed

for the deposition of metal thin-films. Lab-scale thermal evaporation is an extremely com-

mon technique, however, as more focus is placed on higher-throughput deposition and high

production rates, the integration of VTE into a roll-to-roll format is becoming ever more

prominent [262, 263]. Roll-to-roll in-vacuum evaporation, also called vacuum web-coating,

is one method that allows for high-speed deposition of metal layers without the need for

printing of nanoparticle-based inks. Vacuum web-coating has been used commercially in

applications such as the deposition of decorative metal films on paper boxes or barrier lay-

ers for food packaging, but the use in the production of high-quality metal electrodes for

flexible electronics is a recent innovation [262]. For an overview of vacuum web-coating,

Kukla et al. describes the basics of a web-coater system and their application in a com-

mercial setting [255]. In the evaporator system, the metal sample, substrate, and vacuum

chamber are prepared to obtain a high vacuum (<1×10−5 mbar) as this is crucial for ensur-

ing that the mean free path is large enough to allow collision-free travel between thermal

source and substrate. It is common for a refractory metal or ceramic boat to be used for the

resistive heating, as these materials are capable of reaching the high temperatures required

to process the metal samples. Through the application of an electric current across the boat,

the metal sample is heated to result in the release of gaseous atoms through the vacuum,

towards the substrate. Upon reaching the substrate, the metal vapour condenses, forming
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a metal thin-film [260].

For finer applications of thermal evaporation, users require deposition of patterned features,

for example the source-drain electrodes of an OTFT device [264]. In low throughput fabrica-

tion, patterned thin-film deposition is often achieved by evaporation through a shadow mask

or use of photolithography, however, when focusing on high-throughput R2R processes, the

options available to achieve patterned metal deposition are limited. As discussed by Bishop

in Vacuum Deposition onto Webs, Films and Foils, for R2R in-vacuum metallisation, there are

two practical masking options: Shadow/stencil masking and oil masking [265]. Shadow

masking refers to the use of a solid stencil mask to cover areas of the substrate in order to

prevent deposition. Their use is wide-spread throughout the field [266–268] owing to a

plethora of benefits, for example, lithographic resists are not required to produce patterns,

the masks are reusable and durable and importantly, implementation into existing processes

is trivial. However, shadow masking is not without issue with shadowing effects and limited

scalability noted problems.

Shadow mask

Metal vapour

Metal
feature

Gap

Substrate

Figure 2.14: Schematic representation of the shadowing effect during thermal
evaporation.

Due to the unavoidable shadow mask-substrate gap, represented in Figure 2.14, metal can

be deposited through the mask at an angle. This causes a reduction in pattern edge sharp-

ness, which can be detrimental to feature quality and electrical performance depending on

the extent of the effect [269]. In terms of scalability, fixed shadow masks are used primarily

in small-scale VTE processes, as it is not feasible to use in large-scale R2R processing due to

shadowing and the continual build-up of material over the duration of a deposition process

[265].
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2.12 Selective Metallisation
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Figure 2.15: Process steps for shadow mask (top) and oil mask (bottom) metal deposition.

The term selective metallisation refers to a number of processes used for the deposition of

patterned metal layers. In most cases, this is achieved by masking during physical vapour

deposition (PVD) [265, 270, 271] or by laser-assisted and print-assisted chemical meth-

ods, e.g. electroless deposition [240, 272, 273]. In the context of this project, selective

metallisation specifically refers to a PVD process in which, a sacrificial mask of Krytox1506

perfluoropolyether (PFPE) vacuum pump oil is employed to prevent metal deposition as il-

lustrated in Figure 2.15 which compares selective metallisation using a shadow mask vs an

oil masking approach.

This type of method for patterned metal deposition has seen use in industry due to the

compatibility with R2R manufacturing processes, for example, vacuum web coating, where

other patterning methods are limited by throughput and print quality [274]. Oil masking

originated from an observation that metal vapour shows poor adhesion to vacuum oil after a

polymer web was contaminated with back-streamed pump oil [265]. A thin film of vacuum

compatible oil, e.g. Krytox1506, can therefore be purposefully used to prevent deposition

on specific areas of the substrate. This technique has been in use for a number of decades,

as identified by patents from the 1970’s and 80’s [275, 276].
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Figure 2.16: Schematics of in-line patterning techniques i) Fixed shadow mask, ii)
Belt-style masks, iii) Oil masking.

As shown in Figure 2.16, the metallisation process begins with deposition of a thin film

of patterned vacuum oil onto a polymer substrate. Various techniques can be used to de-

posit this film, for example, oil boiler systems, inkjet/spray systems or contact print systems

(flexography) [244]. Following oil deposition, the substrate can be exposed to a thermal

evaporation source where metal vapour sticks to the non-oil coated areas. Simultaneously,

the oil mask is removed from the substrate due to the radiant heat of the thermal source,

leaving a high-quality metal pattern. Various studies have discussed similar processes for

patterned metal deposition using a sacrificial Krytox1506 oil mask. Cosnahan et al. outlines

the optimisation of a R2R PVD process using in-house fabricated, relief-style PDMS print

plates for in-line deposition of the patterned oil mask [270]. Cosnahan presents several

factors that influence the print system and final deposition quality, for example, the volume

(thickness) of Krytox1506 oil on the substrate, the physical properties of Krytox1506 that

control vaporisation as well as the amount of radiative heating from the thermal evaporation

source. Later, Stuart et al. presented a comprehensive overview of R2R vacuum deposition

of patterned aluminium, copper, and silver layers by the flexographic printing of a sacrificial

Krytox1506 oil mask [271]. Showcasing the versatility of sacrificial oil masking for in-line

patterning of common metals found in flexible and printed electronics, Stuart demonstrates

the capability of a vacuum R2R system to deposit thin (<50 nm) patterned metal layers over

a range of print speeds (1 - 25 m min-1) using traditional photopolymer flexographic print

plates.

The combination between vacuum thermal evaporation, a selective metallisation process in

oil masking and a means to deposit the oil mask by high-speed, high-resolution flexographic
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printing offers a potential route to produce large-area yet high-quality patterned metal elec-

trodes for flexible electronics, thus enabling the production of low-cost functional devices

e.g. flexible sensors and large-area OTFTs or OPVs.

2.13 Polydimethylsiloxane-Based Flexo Plates

Polydimethylsiloxane (PDMS) is a polymeric organosilicon; a silicone, that is used in the

medical industry [277], in soft lithography (microcontact printing) [257] and microfluidics

[157]. The widespread application of cured PDMS is a result of its properties, for example,

it is non-toxic and biocompatible, chemically resistant, simple to prepare, optically trans-

parent, flexible, stretchable, etc [158, 278].

A novel approach to flexographic printing plate production has recently been presented by

Francis et al. [136]. The process involves the application of area selective oxidation onto

planar, i.e. non-relief patterned, PDMS plates. It has been shown that oxidising the sur-

face of PDMS with ultraviolet/ozone can result in controllable wetting and dewetting of

Krytox1506 oil. The ability to control local dewetting of the oil is crucial to the patterning

of features on the plate surface and subsequent deposition of a patterned oil layer. In the

publication, Francis outlines the development and refinement of the casting, oxidation pro-

cess and oil coating, enabling the deposition of patterned metal features with a thickness of

∼500 nm and a lateral resolution <20µm.

Figure 2.17: Reaction scheme for the photo-oxidation of PDMS by UV/Ozone.

The production of hydrophilic groups by oxidation of the PDMS surface increases surface

free energy and results in the formation of a low-contact angle, dewetting surface state. As

outlined in the literature, oxidised-PDMS may be produced upon treatment by a range of
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processes, including plasma [279], corona discharge [280], photo-oxidation (UV/O3) [136]

and chemical treatment [281]. With specific reference to oxidation of PDMS by UV/O3,

the primary mechanism for the hydrophilisation process is shown in Figure 2.17. Firstly,

UV light interacts with O2 to produce ozone O3. The ozone molecules decompose further

due to the UV light, yielding various reactive oxygen species (e.g. 1O2, OH ) which attack

the PDMS. The hydrophobic and silicon-bound methyl groups (Si CH3) are oxidised by

the reactive oxygen species, forming hydrophilic silanol groups (Si OH) on the surface. A

sustained exposure to UV/O3 allows for further oxidation of the silanols and Si O backbone,

promoting crosslinking reactions which leads to the formation of a network of Si O Si

[159]. Over time, a thin, brittle and oxygen-rich layer resembling silica forms [279]. This

layer is often referred to as a silica-like (SiOx) due to similarities in its chemical composition

and properties to silicon dioxide.

Further discussion on the use of UV/O3-PDMS in the context of patterned metal deposi-

tion by selective metallisation and the proposed theoretical basis behind the control of Kry-

tox1506 wetting and the intrinsic recovery of hydrophobicity is presented in Chapter 6.
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Chapter 3
Experimental Methods - Polymer
Synthesis and Biosensors devices

This chapter covers the experimental methods utilised during the project, specifically, the

synthesis of thiophene polymers, the characterisation of synthesised materials as well as the

fabrication and analysis of biosensor devices. The operational conditions for various

analytical techniques, such as Attenuated total reflectance - fourier transform infrared

spectroscopy (ATR-FTIR), Ultraviolet-visible (UV-Vis) spectroscopy, and Chronoamperometry

(CA) are also discussed.

Table A.2 contains a list of reagents, chemical formulae and product purity/grades of those

described in Chapters 3, 4 and 7. This can be found in Appendix A Chemicals and Solvents.

3.1 Thiophene Ester Monomers

Five monomers were prepared from known synthetic routes to facilitate the production of

polythiophenes. Due to the high susceptibility of oxidative decomposition and degradation,

carboxylic acid-functionalised thiophene monomers are not compatible with direct use in

FeCl3 oxidation polymerisation reactions [282]. This inability to undergo polymerisation

necessitates that protection of the R COOH moiety is performed. In this project, ester

monomers of methyl 3-thiophene carboxylate (M3TC), methyl 3-thiophene acetate (M3TA)

and methyl 3-(thiophen-3-yl)acrylate (M3T3YA) were synthesised from the corresponding

thiophene carboxylic acid using a Fischer esterification reaction as outlined in Kim et al.

and Bertran et al. [283, 284].

The following reactions are representative examples of synthetic procedures used for the

preparation of thiophene methyl and N-succinimidyl esters. While the exact quantities of

starting materials may be different between individual batches, the procedure and molar

stoichiometry remained the same throughout.
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3.1.1 Esterification of thiophene-3-carboxylic acid

Figure 3.1: Reaction scheme for esterification of thiophene-3-carboxylic acid (T3CA).

As outlined in Figure 3.1, thiophene-3-carboxylic acid (1.0050 g, 128.15 g mol-1, C5H4O2S)

was dissolved in 20 mL of methanol (CH3OH) along with a catalytic amount of concentrated

sulfuric acid (H2SO4(aq)). The mixture was heated to reflux for 24 hr before concentrating in

vacuo, followed by liquid-liquid extraction with 2 x 20 mL ethyl acetate (C4H8O2). The ethyl

acetate layer was washed with 2 x 10 mL deionised water (H2O) before drying over anhy-

drous magnesium sulfate (MgSO4) then filtering. Removal of the remaining solvent gave a

pale yellow liquid - methyl 3-thiophene carboxylate (0.6553 g, 142.17 g mol-1, C6H6O2S) at

a yield of 58.8%. The characterisation of synthesised materials is discussed in Chapter 4.

3.1.2 Esterifcation of thiophene-3-acetic acid

Figure 3.2: Reaction scheme for esterification of thiophene-3-acetic acid (T3AA).
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The synthesis of methyl 3-thiophene acetate given in Figure 3.2, follows the same pro-

cedure as the esterification of T3CA, as described in section 3.1.1. Thiophene-3-acetic

acid (2.0036 g, 142.17 g mol-1, C6H6O2S) was converted into methyl 3-thiophene acetate

(1.2835 g, 156.20 g mol-1, C7H8O2S). The reaction yield was 58.3%, and the product had

the appearance of a light-brown crystalline solid.

3.1.3 Esterification of trans-3-thiophen-3-yl-acrylic acid

Figure 3.3: Reaction scheme for esterification of trans-3-thiophene-3-yl-acrylic
acid (T3T3YAA).

The esterification of trans-3-thiophen-3-yl-acrylic acid (2 .0148 g, 154.18 g mol-1, C7H6O2S)

shown in Figure 3.3 afforded the ester - methyl 3-(thiophen-3-yl)acrylate (1.9690 g, 168.21 g

mol-1, C8H8O2S) as a champagne-coloured solid. Yield 89.6%.

All the synthesised methyl ester monomers possessed a strong, astringent scent. As such,

they were stored in film-wrapped vials in a low-moisture, dark environment to minimise

their apparent volatility until needed.

3.2 Thiophene N-succinimidyl Ester Monomers

The irreversible attachment of biomolecules via covalent immobilisation greatly enhances

biosensor performance and device longevity. Functionalised polymers enable this process by

facilitating the formation of covalent bonds between the amine-containing residues of en-

zyme and the complimentary reactive groups on the polymer. This can be achieved through
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various chemical pathways, including glutaraldehyde-mediated or N-hydroxysuccinimide-

carbodiimide (NHS-EDC) immobilisation reactions [285, 286].

Following deposition of thin-films onto the electrode surface, carboxylic-acid functionalised

polymers required activation of the COOH group to enable enzyme cross-linking. A com-

mon method involves activation via a carbodiimide coupling reaction e.g. NHS-EDC, where

the COOH group reacts with EDC to form an amine-reactive O-acylisourea intermediate.

The nucleophilic amine group of an amino acid residue on the enzyme displaces the inter-

mediate species, resulting in the formation of an amide linkage between the polymer and

the enzyme [287]. The use of NHS-EDC reactions are favoured due to their mild, aqueous

reaction condition and biocompatibility towards the bioreceptor, retaining the enzyme struc-

ture and activity [286]. Building on these principles, thiophene carboxylic acid derivatives

can be pre-activated to simplify the fabrication of biosensor devices. It has been shown

that pre-activation of carboxylic acid-containing monomers (e.g. T3AA, T3T3YAA) by an

NHS-carbodiimide reaction generates stable thiophene N-succinimidyl esters that are capa-

ble of polymerisation [288, 289]. Therefore, it is proposed that copolymerisation of such

monomers with 3-hexylthiophene may yield a polymer that is both solution-processable and

capable of directly immobilising bioreceptors without the need for additional activation re-

actions [67].

Thiophene N-succinimidyl esters were generated from the corresponding thiophene car-

boxylic acid using N-hydroxysuccinimide (NHS) with Dicyclohexyl-carbodiimide (DCC) as

a coupling agent. A general synthetic procedure has been outlined by Baüerle et al. and

Kim et al. with a specific process for the synthesis of S3T3YA discussed by Clayton (2011)

[67, 290, 291].
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3.2.1 Synthesis of N-succinimidyl 3-thiophene acetate

Figure 3.4: Synthesis of N-succinimidyl 3-thiophene acetate from T3AA.

As described in Figure 3.4, an equimolar ratio of T3AA (10 mmol, 142.17 g mol-1), NHS

(10 mmol, 115.09 g mol-1) and DCC (10 mmol, 206.33 g mol-1) was added to 90 mL of dry

acetonitrile (CH3CN) and stirred at room temperature for 24 hr. Filtering followed by re-

moval of solvent via rotary evaporation yielded a dark, viscous oil. The crude compound was

purified by column chromatography (silica, ethyl acetate/hexane [9:1] v/v). N-succinimidyl

3-thiophene acetate (1.7031 g, 239.25 g mol-1, C10H9NO4S) was isolated as an off-white

solid. Yield 70.6%.

3.2.2 Synthesis of N-succinimidyl 3-(thiophen-3-yl)acrylate

Figure 3.5: Synthesis of N-succinimidyl 3-(thiophen-3-yl)acrylate from T3T3YAA.

Synthesis of N-succinimidyl 3-(thiophen-3-yl)acrylate from T3T3YAA, NHS and DCC as out-

lined in Figure 3.5 followed an identical procedure to N-succinimidyl 3-thiophene acetate
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described in 3.2.1. Purification by column chromatography, afforded N-succinimidyl 3-

(thiophen-3-yl)acrylate as an off-white solid (2.1511 g, 251.26 g mol-1, C11H9NO4S). Yield

85.5%.

Characterisation of the synthesised monomers; M3TC, M3TA, M3T3YA, S3TA and S3T3YA

is discussed in Chapter 4 - Synthesis of Thiophene Copolymers for the Immobilisation of

Biomolecules.

3.3 Oxidative Polymerisation of Thiophene Monomers

Figure 3.6: Reaction scheme for the chemical oxidative polymerisation of thiophene
monomers. A) Homopolymer synthesis, and B) Copolymer synthesis.

A chemical oxidative polymerisation reaction was utilised to produce the thiophene copoly-

mers in this project. Likely due to its low cost, availability and ease of handling, iron(III)

chloride (FeCl3) is the most common oxidant choice in the literature, however as discussed

in the original papers on the preparation of 3-alkylthiophenes by Yoshino and Sugimoto,

other anhydrous oxidants e.g MoCl5 and RuCl3 can also be used [149, 217]. In this work,
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FeCl3 has been used exclusively in all polymerisation reactions.

At a variety of molar ratios, the majority monomer, 3-hexylthiophene, was polymerised in

the presence of a ‘functional’ co-monomer, that is, a thiophene methyl ester (R CO2CH3)

or N-succinimidyl ester monomer (R CO2N(CH2CO)2). For homopolymer generation, thio-

phene (C5H4S) or 3-hexylthiophene (C10H16S) were used as purchased without additional

purification and polymerised using the same oxidative process without the inclusion of a

secondary monomer.

As shown in Figure 3.6, monomers were dissolved in ca. 15 mL of dry solvent (chloro-

form CHCl3 or acetonitrile CH3CN) and degassed by N2 sparging. Using a four-fold molar

equivalent, iron(III) chloride (FeCl3) was dissolved in additional dry solvent (50 - 80 mL),

then degassed by the freeze-pump-thaw (FPT) method. Under an inert N2 environment

with vigorous stirring, the monomer mixture was slowly added to the oxidant (dropwise, 1

- 2 hr controlled addition). The reaction mixture was continuously stirred for 24 hr at room

temperature.

The polymer was precipitated when the reaction mixture was poured into a large excess of

methanol (> 400 mL), gathered by vacuum filtration and washed repeatedly with CH3OH

and deionised H2O. Further purification by CH3OH Soxhlet extraction was performed to

remove the remaining, residual FeCl3 before drying under reduced pressure (24 - 74 hr,

35 °C).

3.4 Alkaline Hydrolysis of methyl ester copolymers

Figure 3.7: Reaction scheme overview for the hydrolysis of a thiophene methyl ester
polymer (deprotection).

In order to obtain the appropriate enzyme binding groups, reformation of the carboxylic acid
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groups from the methyl ester-protected polymers is required. As covalent immobilisation

between the amine-containing residues on the enzyme and carboxylic acids in the polymer

immobilisation matrix is targeted, this necessitates deprotection. The reaction scheme in

Figure 3.7 shows that hydrolysis of the methyl ester (R CO2CH3) under basic conditions

affords a sodium carboxylate (R COO –⃝Na +⃝) which upon acid workup gives the desired

carboxylic acid (R COOH). In this project, 100 - 200 mg of methyl ester copolymer was

added to a five-fold excess of 2 M methanolic sodium hydroxide (NaOH(aq) in CH3OH/H2O

[4:1]). Under stirring, the reaction mixture was refluxed for 24 hr. After cooling to room

temperature, precipitation of the COOH-copolymer was achieved by the slow addition of

1 M hydrochloric acid (HCl) until the reaction mixture became acidic (<2 pH). Polymer

products were collected via vacuum filtration, washed with 1 M HCl, deonised H2O and

CH3OH before drying under reduced pressure (24 - 74 hr, 35 °C).

A select number of ester deprotection reactions were performed using a basic mixture of

tetrahydrofuran (THF) and sodium hydroxide (C4H8O/4M NaOH(aq) [4:1] v/v). This was

intended to better suspend the polymer in solution with the aim of making the ester more

susceptible to hydrolysis.

3.5 Gel Permeation Chromatography

Gel Permeation Chromatography (GPC) allowed for the determination of polymer molecular

weight (MW) and polydispersity index (PDI). Approx. 3 mg of polymer was dissolved in 1 -

2 mL of inhibitor-free, HPLC-grade, tetrahydrofuran before filtering through a 0.2µm PTFE

membrane syringe filter. Using a Shimadzu LC-20AD SEC instrument calibrated against

a narrow molecular weight polystyrene standard (eluent: HPLC-grade THF), the polymer

samples were analysed using a default program for monomodal or bimodal distributions.

3.6 Deposition of Polymer Films

3.6.1 Polymer Spin-coating Solutions

After the synthesis of soluble materials, it became possible to conduct analysis by UV-Vis

spectroscopy and to produce biosensor electrodes for glucose testing. The preparation of
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particle-free polymer solutions required for spin-coating was therefore necessary. This was

achieved by the dissolution of soluble solids in a chloroform/chlorobenzene solvent mixture

(CHCl3:C6H5Cl [8:2] v/v) to a concentration of 15 mg ml-1.

To ensure complete dissolution, the polymer solutions were heated to 50 °C for 1 - 3 hrs, then

maintained at 30 °C until use to prevent aggregation. Throughout the dissolution process,

the solutions were continually stirred at high rpm.

3.6.2 Substrate Preparation

Various substrates were used in the project to meet different test requirements. Microscope

slides (soda-lime glass) were utilised for basic solubility testing via drop-casting or spin-

coating of solutions. Sapphire and Indium-Tin-Oxide (ITO)-glass substrates were employed

for UV-VIS spectroscopy and enzyme immobilisation testing, respectively. Flexible biosen-

sor electrodes were fabricated by evaporating 99.99% gold onto plastic substrates before

deposition of a thin polymer (∼100 nm) film.

Transparent Substrates: ITO-glass, single crystal sapphire (AL2O3) and glass substrates

were subjected to following cleaning regime prior to use;

1. Sonication in hot solution of detergent e.g. Alconox® (60 °C, 5 min),

2. Sonication in deionised water (5 min),

3. Sonication in ethanol (25 °C 5 min),

4. Sonication in acetone (25 °C, 5 min),

5. Sonication in isopropanol (25 °C, 5 min),

6. UV-Ozone treatment (25 °C, 10 min).

NB: sonicator operating power = 300 W, frequency = 32 - 38 kHz.

Gold on Polyethylene terephthalate (PET): Gold electrodes were prepared in-house to al-

low for customisation and optimisation of the spin-coating process. The gold layer was de-

posited onto laser-cut PET substrates (30 x 30 x 0.125 mm, DuPont Teijin Films™ Melinex®)

via vacuum thermal evaporation (2× 10−4 mbar, 0.5 nm s-1, 99.99% purity). The thickness

of the gold layer was 75 nm as monitored by quartz crystal microbalance (QCM).
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3.6.3 Film Deposition

Polymer thin-films were deposited via spin-coating using a Laurell WS-650SZ-6NPP/LITE

coater. 150 - 300µL of polymer solution was dynamically dispensed at 1500 rpm (30 s spin

duration) onto the substrate surface. A post-deposition anneal was performed on all films

to allow for complete evaporation of the carrier solvent and improved substrate adhesion.

For ITO or sapphire, a 15 min, 120 °C anneal was performed and for Au on PET, a 15 min,

90 °C anneal was employed with the reduced anneal temperature due to limited thermal

stability of plastic substrates [256]. All polymer films were stored in a low-moisture, dark

store until use (ca. 13% Relative Humidity).

3.7 Enzyme Immobilisation

A common N-hydroxysuccinimide-carbodiimide (NHS-EDC) coupling pathway was employed

to immobilise the enzyme bioreceptor to the electrode via covalent attachment to the con-

ductive polymer support [286, 292–294]. Thin films of carboxylic acid-functionalised poly-

mer were deposited onto ITO or gold substrates and immersed in a 0.01 M phosphate-

buffered saline4 (PBS) solution with 60 mmol N-hydroxysuccinimide (NHS) and 30 mmol

1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC). After 3 hr of gentle agitation on

a shaker, the activated films were exposed to a 5 mg ml-1 glucose oxidase (GOx) enzyme

solution in PBS, for 6 hr to allow for the immobilisation.

For N-succinimidyl ester-functionalised polymers, films were exposed to the enzyme solution

only (6 hr, GOx in 0.01 M PBS, 5 mg ml-1). Following the enzyme exposure step, the films

were rinsed with PBS and then stored in PBS at 4 °C until use. All enzyme immobilisation

reactions were performed at room temperature with PBS (pH 7.3 - 7.7).

Notes

4Phosphate-buffered saline is a isotonic buffer consisting of 137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4

and 1.76 mM KH2PO4
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3.8 UV-Vis Spectroscopy

Ultraviolet-visible (UV-Vis) spectroscopy is a useful tool for the development of conductive

polymers and enzymatic biosensor devices. It efficiently probes strong ultraviolet (∼100

- 400 nm) and visible (∼400 - 800 nm) absorptions, providing valuable insights into the

electronic structure and conjugation length of conjugated polymers through analysis of π−
π∗ transitions as well as the confirmation of enzyme immobilisation via assays.

UV-Vis was performed using an Agilent Cary 5000 UV-Vis-NIR Spectrophotometer. During

the project, two operational modes were utilised for the collection of spectral information.

Firstly, using a fixed wavelength kinetic mode, spectrophotometric (colorimetric) assays

were measured (fixed wavelength, absorbance vs time) to determine the successful immo-

bilisation of glucose oxidase. Absorption spectroscopy (absorbance vs wavelength) was also

performed to analyse the synthesised polymer materials.

3.8.1 UV-Vis absorption spectroscopy

Absorption spectra were obtained for polymer films deposited on sapphire substrates by

scanning wavelengths from 800 to 200 nm using the instrument’s default ‘scan’ method.

Additionally, a zero baseline correction was performed prior to each measurement using a

clean substrate (100% Transmission) and beam block (0% Transmission).

3.8.2 Spectrophotometric Assay

As described in Methods of Enzymatic Analysis by H. Bergmeyer, the activity of GOx can be de-

termined using a spectrophotometric assay [295]. Utilising an o-dianisidine/peroxidase/glucose

assay system, the increase in absorbance at 470 nm is monitored. The reaction scheme in

Figure 3.8 illustrates that upon addition of glucose oxidase to the system, the generation

of H2O2 and subsequent oxidation of the colourless o-dianisidine (C14H16N2O2) results in

the formation of an oxidised orange-brown chromophore. The UV-Vis spectrophotometer is

operated at a fixed wavelength of 470 nm with the absorbance measured against time (min).
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Figure 3.8: Spectrophotometric assay for the detection of glucose oxidase.

Assay system:

2.5 mL of 0.083 % w/v o-dianisidine in deionised H2O (oxygenated), 0.3 mL of 18 % w/v

d-glucose in 0.01 M PBS, 0.1 mL of 0.02 % w/v horseradish peroxidase (HRP), and 0.3 mL

0.05 % w/v glucose oxidase (GOx) in 0.01 M PBS (assay reference) or enzyme-immobilised

polymer film (10 min exposure to assay system).

3.9 Infrared Spectroscopy (ATR-FTIR)

Attenuated total reflectance - fourier transform infrared spectroscopy (ATR-FTIR) was utilised

extensively for the analysis of both purchased and synthesised monomers, as well as poly-

mer materials. In absorbance mode, spectra were recorded using a Varian Excalibur FTS

3500 FT-IR or Shimadzu IRSpirit (Range: 3750 - 600 cm-1, Scans: 64). Both instruments

were equipped with a diamond single-reflection ATR-FTIR attachment. Characteristic vi-

brations within the spectra of synthesised materials were compared to known values and

spectra from commercial and literature sources to allow for accurate assignment. [38, 226,

284, 296–306].

3.10 Nuclear Magnetic Resonance Spectroscopy (NMR)

Proton 1H NMR spectroscopy was performed on synthesised monomers and polymers to

allow for further confirmation of chemical structure. NMR spectra were collected using

either a 60, 400 or 500 MHz NMR spectrometer with ppm values (δ) referenced against

CDCl3 or a tetramethylsilane (TMS) standard. Polymer solids were dissolved in deuterated

chloroform (CDCl3) before filtering into a 5 mm thin wall NMR tube through a KimTech
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tissue to remove any undissolved particles. All NMR data in this project was analysed using

Mestrelab MNova.

3.11 Electrochemical Testing

With reference to Chapter 7 - Glucose Biosensor Electrodes: Fabrication, Immobilisation and

Analysis, electrochemical testing of glucose biosensor electrodes was performed to probe the

effectiveness and performance of the synthesised polymer materials as enzyme-immobilisation

agents. For amperometric biosensors, two electrochemical testing methods were employed

to analyse fabricated devices.

Using a three-electrode electrochemical cell, cyclic voltammetry (CV) and constant poten-

tial chronoamperometry (CA) were performed to determine the electrochemical devices

behaviour and response to glucose. Electrochemical testing was performed in a 50 mL ves-

sel containing 30 mL of degassed 0.01 M PBS solution + 0.05 M potassium chloride (KCl) as

an additional electrolyte. A typical electrode setup of a Ag(s)|AgCl(s)|KCl(sat) reference elec-

trode, a platinum wire counter electrode and a PET/Au/Polymer/GOx working electrode

was utilised throughout the project.

3.11.1 Cyclic Voltammetry

All CV measurements were performed using an Ossila T2006A1 potentiostat. Voltammo-

grams at scan rates of 50, 100, 150 and 200 mV s-1 were gathered, commencing in an anodic

direction between a potential range of approx. -1.5 to +1.0 V (start: -1.5 V). Before each CV

experiment, the integrity of potentiostat equipment was verified using a test device supplied

by Ossila.

3.11.2 Chronoamperometry

An electrochemical testing setup comprised of a Keithley2400 Source Measure Unit (SMU)

and three-electrode cell was used for the assessment of amperometric response to glucose

following fabrication of biosensor devices described above. The 2400 SMU is capable of

sourcing a constant potential while simultaneously measuring current to a high degree of
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accuracy (Source accuracy: 0.02% + 600µV , Current measurement accuracy: 0.027% +

60 nA) allowing for determination of device performance. The current response resulting

from the addition of β -D-glucose was measured at a constant potential of 0.7 V over a 6 min

period. A 1 mM β -D-glucose aliquot was dispensed into the PBS saline electrolyte solution

every 15 s, accounting for the stabilisation of the current signal.

For each polymer, 2 sets of 3 sensing electrodes were fabricated and analysed by amperom-

etry. A ‘daily’ set of electrodes was tested 3 times over 48 hr (hours 0, 24 and 48), while

the ‘weekly’ set was tested every 7 days over a period of 21 days (days 0, 7, 14 and 21).

This testing regime allowed for the determination of linear response, response time, device

reproducibility and reusability (RSD/CV%). The amperometric response to urea (0.3 M)

was examined to analyse the selectivity of select polymer-enzyme sensors.
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Chapter 4
Synthesis of Thiophene Copolymers for

the Immobilisation of Biomolecules

This chapter outlines the synthesis of 3-hexylthiophene-based copolymers, as well as the

analysis of synthesised monomers and polymer materials by a range of molecular spectroscopy

techniques.

In the following work, the primary motivation centres on the production of soluble polymers

designed to possess specific chemical and physical properties. At a minimum, the material

must meet the following criteria;

1. Soluble in solvents typically used in solution deposition processes, e.g. chloroform

(CHCl3), chlorobenzene (C6H5Cl).

2. Suitable for deposition of thin films by solution processing methods, e.g. spin-coating.

3. Capable of immobilising enzymes through covalent binding.

4. Electrically conductive.

5. Capable of gram-scale production by a facile and low-cost synthetic chemistry ap-

proach.

Thiophene polymers and their derivatives are well-studied with the general prerequisite

properties; that is, they are known to be intrinsically conductive materials with many estab-

lished synthetic pathways. As such, polythiophenes possess a clear capacity for the produc-

tion of materials that are soluble and possess the functionalities to bond to a bioreceptor.

As outlined in Figure 3.6, all polymers outlined in this forthcoming chapter were prepared

via chemical oxidative polymerisation employing iron(III) chloride (FeCl3) as the oxidant.

Anhydrous FeCl3 can be purchased in large quantities at a low cost (1 kg≈ £30). Given

the polymerisation reaction proceeds at room temperature in a limited volume of common

solvent (chloroform or acetonitrile), this class of polymerisation makes for a simple and

‘cheap’ method when preparing 3-hexylthiophene copolymers and despite challenges, the

organic synthesis methods are the most suitable for gram-scale production when compared

to electrochemical approaches [86, 307].
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The solubility of the proposed copolymer materials in solvents such as chloroform and

chlorobenzene is crucial to achieving the goals of this project. These solvents are particularly

well-suited for solution-processing methods, such as spin-coating and printing techniques,

e.g. gravure. Chloroform, in particular, is used extensively when preparing solutions and

inks containing soluble conductive polymers due to its desirable properties relevant to solu-

tion deposition. For example, a low boiling point (61°C) facilitates the formation of uniform

thin films, allowing for a quick removal of the solvent post-deposition while the miscibility

of such solvents enables the creation of multi-solvent systems which are often required for

the optimisation of process conditions and film quality.

4.1 Poly(3-hexylthiophene)

Figure 4.1: Reaction scheme for poly(3-hexylthiophene) synthesised in reaction solvent
A) chloroform (1) and B) acetonitrile (2).

Prior to the investigation of novel materials, poly(3-hexylthiophene) was prepared to test the

condition of available equipment, mainly the vacuum-gas manifold, the quality of purchased

FeCl3 oxidant and to aid in determining which solvent (CHCl3 or CH3CN) is most suitable

for the synthetic route.
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Figure 4.2: Image of poly(3-hexylthiophene) (2) solids.

Following the reaction scheme in Figure 4.1, poly(3-hexylthiophene) (1) and (2) were pro-

duced by the chemical oxidative polymerisation of 3-hexylthiophene in CHCl3 and CH3CN,

respectively. As shown by the photographed example in Figure 4.2, the products of both

reactions were collected as dark red-brown solids.

Consistent with similar homopolymerisation reactions using unsubstituted thiophene (see

Appendix B, Figures B.1 & B.2 for the IR spectra of polythiophene), the polymerisation

reaction of 3HT in CHCl3 (1) yielded a higher quantity of product at ca. 70% while the

percentage yield for P3HT from CH3CN (2) was lower at 43%. Expectedly, both of the

synthesised P3HT were soluble in chloroform and chlorobenzene at 20 mg ml-1, however

at this concentration, P3HT (2) gave a dark-orange solution that was particle free, while

P3HT (1) gave a turbid/cloudy orange solution with undissolved solids still present despite

extended heating and vigorous stirring. The difference in solubility behaviour between

P3HT (1) and (2) may be due to variations in polymer molecular weight (MW) and the

degree of doping/oxidation of the polymer, which arise from the use of different reaction

solvents. Moreover, the variation in FeCl3 solubility for CHCl3 and CH3CN likely contributes

considerably. The oxidant is only partially dissolved in the CHCl3 yet fully dissolved in

CH3CN, as such the polymerisation reactions in the two solvents will proceed at different

rates and to varying extents [308].

The partial solubility of P3HT (1) suggests that polymerisation reactions performed in CHCl3

produce a high MW polymer, as well as a higher yield, with a greater proportion of oxidised
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P3HT species that exhibit more double bond character along the backbone. In contrast, the

reaction in CH3CN produces a lower-yielding product with a lower molecular weight. Under

the assumption the P3HT synthesised in this project is of reasonable purity and quality, the

relationship between MW and solubility aligns with commonly accepted knowledge in the

literature and helps to explain the observed trends [309, 310].

It is possible a distribution of molecular weights were present in the crude polymer (1) as a

soluble component was collected following Soxhlet extraction with boiling CHCl3. Removal

of the solvent from extract via simple evaporation yielded a fully-soluble component of (1)

that could be used in film deposition and for further analysis. The total yield of processed

and soluble P3HT (1) was 36.6%, that is, approximately half of the crude product was

soluble.

Figure 4.3: IR spectrum of Poly(3-hexylthiophene) (P3HT) from CHCl3(1).
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Figure 4.4: IR spectrum of Poly(3-hexylthiophene) (P3HT) from CH3CN (2).

Characterisation of synthesised P3HT (1) and (2) was achieved by ATR-FTIR and 1H NMR.

The typical characteristic vibrations of P3HT were presented in both IR spectra (Figures 4.3

and 4.4). The small peak at ∼3060 cm-1 corresponds to the aromatic C H stretch from

the lone ring-bound hydrogen while the distinctive, three sharp peaks at 2953, 2922 and

2855 cm-1 are indicative of the aliphatic C H stretches from the hexyl ( C6H13) chain. The

ring stretching peaks between 1510 and 1450 cm-1 are present, while the sharp peak located

at 1377 cm-1 represents a methyl ( CH3) umbrella vibrational mode at the end of the C6H13

chain. Within the fingerprint region, a C H out-of-plane bending deformation is seen at

∼820 cm-1, a methyl ( CH3) rock is located at 725 cm-1 and C S vibration at ∼670 cm-1

can also be observed.

1H NMR of P3HT (1) and (2) allowed for further classification of the chemical structure,

structural connectivity and quantification of the regioregularity (RR) via comparison of the

peak integrals from the methylene ( CH2 ) group directly attached to the thiophene ring

(2.80 / 2.40 ppm).
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Figure 4.5: 1H NMR spectrum of P3HT from CHCl3 (1).

Figure 4.6: 1H NMR spectrum of P3HT from CH3CN (2).
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The combination of IR and 1H NMR spectra provides evidence that 3-hexylthiophene poly-

mers can be prepared with the available equipment and that the synthesised P3HT possesses

the expected characteristics and structure. Analysis of the NMR spectra in Figures 4.5 and

4.6 indicates the synthesis P3HT matches the literature [311, 312], giving the expected

chemical shift values: P3HT (1) - 1H NMR (400 MHz, CDCl3) δ 6.98-6.91 (s, 1H), 2.73 (s,

2H), 2.49 (s, 0H), 1.63 (s, 2H), 1.37 (s, 2H), 1.27 (s, 2H), 1.24 (s, 2H), 0.84 (s, 3H).

P3HT (2) - 1H NMR (500 MHz, CDCl3) δ 6.98 (s, 1H), 2.80 (s, 2H), 2.57 (s, 1H), 1.70 (s,

2H), 1.43 (s, 2H), 1.35 (s, 4H), 1.29 (s, 2H), 0.91 (s, 3H).

As shown by the annotated chemical structures in Figures 4.5 and 4.6, the peaks at 6.98-

6.91 ppm (A) represent the aromatic hydrogen of the thiophene ring (integral values refer-

enced to this proton). The two peaks located between 2.8 and 2.40 ppm (B/C) arise from the

deshielded hydrogens close to an aromatic centre. The methylene ( CH2 ) groups of the

hexyl chain can be assigned to the cluster of peaks between 1.70 to 1.20 ppm (D to G) and

finally, the terminal methyl protons ( CH3) give the sharp singlet located at 0.91/0.84 ppm

(H). By comparing the ratio of peak integral for the deshielded chain protons (B/C), the

regioregularity of P3HT (1) was calculated as 78.5 % Head-Tail to 21.5 % Head-Head and

for P3HT (2) it was determined to be 78.1 % HT and 21.9 % HH. Therefore, polymers (1)

and (2) are largely regiorandom, but possess RR% values that match P3HT preparations

found in the literature that have been synthesised using the same chemical oxidative poly-

merisation method [311, 313, 314].

Overall, ATR-FTIR and 1H NMR of reaction products (1) and (2) confirms the successful

chemical oxidative polymerisation of P3HT at quality comparable to that synthesised in

the literature. While these materials are not new and represent a reproduction from the

literature, collection of spectroscopic data will enable comparative analysis between the

synthesised P3HT homopolymers and novel copolymer materials presented in this chapter.

Further characterisation of P3HT (1) and (2) by UV-Vis spectroscopy is discussed later in

Section 4.4.
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4.2 Synthesis of 3-hexylthiophene Copolymers

This section will focus on the preparation of functionalised thiophene monomers, the synthe-

sis of 3-hexylthiophene copolymers by chemical oxidative polymerisation, and the charac-

terisation of synthesised materials using molecular spectroscopy techniques. All copolymers

explored in this section use 3-hexylthiophene (3HT) as the principle monomer, i.e. in ex-

cess or equal quantity relative to the functional monomer component. Initially, a selection

of copolymer reproduced from the literature are presented. This is followed in later Section

4.3.2 with novel materials that have not been previously synthesised.

4.2.1 Poly(3-hexylthiophene-co-methyl 3-thiophene carboxylate)

Figure 4.7: Reaction scheme for polymerisation of A) 3HT + T3CA yielding P3HT (3), and
B) 3HT + M3TC yielding P(3HT-c-M3TC) (4).

Incorporating a carboxylic acid functionalisation onto the polymer backbone provides a sim-

ple yet effective approach to enable the immobilisation of biomolecules. By synthesising ma-

terials to include R COOH moieties, appropriate binding sites for covalent immobilisation

become available. This subsequently allows for the formation of amide linkages between
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the (R COOH) of the polymer and amine-containing residues (R NH2) of an enzyme via

carbodiimide coupling chemistry. Considering COOH-functionalised thiophene polymers,

thiophene-3-carboxylic acid (T3CA) is the smallest, most simple acid available and was the

first comonomer explored. In this instance, the choice of T3CA relates to i) a desire to repeat

procedures and methods found in the literature, for example, in He et al. where 3HT and

T3CA are directly copolymerised without modification [315], and ii) there are no examples

outlining use of P(3HT-c-T3CA) for enzyme immobilisation and biosensing applications in

the literature at present.

8 0 01 2 0 01 6 0 02 0 0 02 4 0 02 8 0 03 2 0 03 6 0 04 0 0 0

0 . 0

0 . 1

0 . 2

0 . 3

0 . 4

0 . 5

Int
en

sity
 (a

.u.
)

W a v e n u m b e r  ( c m - 1 )

C - H  
h e x y l  c h a i n

C = C

r i n g
s t r e t c h

C - S

C - H
d e f o r m a t i o n

( o u t - o f - p l a n e  
&  i n - p l a n e )

P o l y ( 3 - h e x y l t h i o p h e n e )

C H 3
m e t h y l  s t r e t c h

C H 3
R o c k

Figure 4.8: IR spectrum of P3HT (3) - failed copolymerisation of 3HT and T3CA.

In order to establish that protection of the carboxylic acid is required, a polymerisation

reaction between 3HT and T3CA was attempted. Analysis of Figure 4.8 shows the reaction

product polymer (3); the compound obtained in the polymerisation between as-purchased

3HT and T3CA, was a P3HT homopolymer. The IR spectrum matches with that in Figures 4.3

and 4.4 while missing the expected broad peak of an O H stretch between 3500 - 2500 cm-1

and a sharp carbonyl stretch C O located around ca. 1700 cm-1 which would arise due to

the presence of T3CA monomers. The double peak at 2350 cm-1 is due to the asymmetric

stretch of CO2 in the atmosphere, it is not part of the polymer structure and can be observed

in many of the ATR-FTIR spectra collected during this project.
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The synthesis of P3HT during this attempted copolymerisation contrasts with the result

presented by He et al., who show direct oxidative polymerisation of 3HT and T3CA [315].

Questions can be raised about the IR analysis in the article that, in part, leads to the charac-

terisation of P(3HT-c-T3CA), for example, assignment of a sharp R OH stretch more com-

monly associated with aliphatic alcohols to the carboxylic acid. The ambiguity surrounding

the formation of P(3HT-c-T3CA) in the study could be clarified by 13C NMR spectroscopy as

the carbon of the carboxylic acid would present at 160 - 180 ppm due to strong deshielding

however this has not been carried out by the authors. The inability to directly copolymerise

the carboxylic acid, highlights the requirement to protect the acid group and as described

in Section 3.1.1, this was achieved by conversion of the carboxylic acid (R COOH) into a

methyl ester (R COOCH3) via Fischer esterification. Successful conversion of the acid to a

methyl ester is outlined by IR spectroscopy in Figure 4.9 where complete loss of the O H

stretch and strengthening of the C O to a higher wavenumber is observed.

Figure 4.9: IR spectra of thiophene-3-carboxylic acid and synthesised methyl 3-thiophene
carboxylate monomers.
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Figure 4.10: IR spectrum of P(3HT-c-M3TC) (4).

Represented in the reaction scheme (Figure 4.7), 3HT and M3TC in a [5:1] monomer

feed ratio was successfully copolymerised, yielding (4): poly(3-hexylthiophene-co-methyl

3-thiophene carboxylate) - P(3HT-c-M3TC) as a dark solid (19%). Although weak, ATR-FTIR

of polymer (4) in Figure 4.10 shows a C O stretch at 1720 cm-1 as well as increased com-

plexity in the fingerprint region arising due to the presence of ester vibrations of C O C

and C C O from the M3TC monomer. Compared to P3HT IR spectra in Figures 4.3, 4.4

and 4.8, the differences in the spectral makeup paired with the presence of characteristic

vibrations for the aliphatic C H of 3HT and those from the methyl ester suggests copolymer

formation.

P(3HT-c-M3TC) (4) exhibited minimal solubility in common spin coating solvents, e.g. chlo-

roform, chlorobenzene, and THF. This was observed despite the synthesis i) being performed

in acetonitrile, which had yielded highly soluble P3HT homopolymers ((2) and (3)) and

ii) using a monomer feed ratio of [5:1], thus favouring the soluble majority monomer 3-

hexylthiophene.

One of the primary objectives of this project is to produce soluble polymers to enable so-

lution processing and mass fabrication of sensor devices. Given that methyl 3-thiophene
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carboxylic acid possesses a rigid structure, it is likely that the structure of M3TC within the

polymeric chain contributes to the lack of solubility. Moreover, once the ester is deprotected

by hydrolysis, reformation of the carboxylic acid will likely reduce solubility further due

to the presences of carboxylic acid groups capable of forming strong interchain hydrogen

bonds. In P(3HT-c-M3TC), the π-interactions may hinder solvation and dissolution, leading

to insolubility.

As the polymer was insoluble, it was decided to cease further work on T3CA/M3TC due to

these proposed structural limitations. This brings about a clear reason as to why a large pro-

portion of the literature for COOH-containing thiophene polymers focuses on electropoly-

merisation, as the need for processing and deposition of the polymer onto an electrode is

avoided.

4.3 Thiophene Polymerisation in Chloroform (CHCl3)

The following work describes polymer materials synthesised in chloroform (CHCl3) exclu-

sively. At the time of this work, the rationale for using CHCl3 over CH3CN was to push for the

production of low-cost, gram-scale quantities of product by exploiting the higher-yielding

reaction in CHCl3. Additionally, the use of CHCl3 will aid comparison to the literature, as

it is the most common reaction solvent used in FeCl3 chemical oxidative polymerisation of

Poly(thiophene) (PTh), Poly(3-hexylthiophene) (P3HT), etc.

4.3.1 Poly(3-hexylthiophene-co-thiophene-3-acetic acid)

Thiophene-3-acetic acid (T3AA) represents the next logical monomer to explore, possessing

one additional methylene ( CH2 ) group when compared to T3CA. The extra carbon spacer

can increase the flexibility of the acid pendant group, reducing the π-stacking interactions,

and may improve the solubility characteristics. Furthermore, as outlined by Lai et al. a

copolymer of 3HT and T3AA can be produced using chemical polymerisations methods to

yield a chloroform-soluble material [38]. In general, copolymers of T3AA are more present

in the literature [38, 226, 316, 317], however the studies are overwhelmingly focused on

electrochemical polymerisation, are limited in terms of chemical copolymerisation with 3HT

and application to biosensing. Given the previous synthesis of this particular polymer via
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both chemical and electrochemical polymerisation methods, the work outlined in the thesis

is a reproduction from the literature and serves the purpose of generating a useful material

with a set of known properties i.e., it is a soluble, 3-hexylthiophene copolymer with applica-

tion for enzyme immobilisation [38]. As such, the production of P(3HT-c-T3AA) will enable

comparison and assist with the characterisation of the novel polymers described later in this

chapter.

Figure 4.11: Images of A) methyl 3-thiophene acetate monomer and B)
poly(3-hexylthiophene-co-methyl 3-thiophene acetate) (5).

Prior to polymerisation, the synthesis of methyl 3-thiophene acetate from T3AA following

the method in Section 3.1.2 is evidenced by infrared and NMR spectroscopy in Figures 4.12

and 4.13, respectively.

Considering the IR spectra (Figure 4.12), formation of methyl 3-thiophene acetate is clear.

The disappearance of the O H broad combination bands and overtones between 3200 -

2400 cm-1 shows total loss of the alcohol, and shifting of the carbonyl stretch from 1666

to 1734 cm-1 indicates ester formation. The stretching frequency of C O is particularly

sensitive to its surrounding molecular environment and can be used to distinguish between

carboxylic acids and the acid derivatives effectively.
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Figure 4.12: IR spectra of thiophene-3-acetic acid and synthesised methyl 3-thiophene
acetate monomers.

In general, esters possess an increased C O frequency as the negative induction of a R OCH3

group withdraws electrons from the π-orbital of the carbonyl, shortening and increasing the

π-bond strength. A π-bond with more double bond character will possess a higher IR fre-

quency when compared to the π-bond of a typical carboxylic acid [216]. 1H NMR provides

final confirmation for the formation of M3TA with analysis in Figure 4.13 showing 3 aro-

matic protons of the ring at 7.29, 7.15 and 7.04 ppm, the methyl group of the ester chain

at 3.71 ppm and finally, the 2 protons of the methylene group at 3.67 ppm. The integrated

intensity of the NMR signals matches with the expected number of protons in the M3TA

monomer structure: 1H NMR (500 MHz, CDCl3) δ 7.29 (dd, J= 4.9, 3.0 Hz, 1H), 7.15 (dq,

J = 3.1, 0.9 Hz, 1H), 7.04 (dd, J = 5.0, 1.3 Hz, 1H), 3.71 (s, 3H), 3.67 (s, 2H).
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Figure 4.13: 1H NMR Spectrum of synthesised M3TA monomer.

Figure 4.14: Reaction schemes for A) polymerisation of 3HT and M3TA, and B) Hydrolysis
of P(3HT-c-MT3A) (5) to P(3HT-c-T3AA) (6).
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The polymerisation (Figure 4.14) of 3HT and methyl 3-thiophene acetate (M3TA) proceeded

in an equal [1:1] monomer feed ratio without issue, producing an orange/brown solid (see

Figure 4.11) of poly(3-hexylthiophene-co-methyl 3-thiophene acetate) - P(3HT-c-M3TA) at

a yield of 56.2%. Primary analysis by ATR-FTIR in Figure 4.15 shows the triple peak of the

aliphatic C H at 2949, 2926 and 2853 cm-1, a sharp ester carbonyl C O peak at 1737 cm-1

and two ester peaks centred on ca. 1200 cm-1 to confirm the presence of both monomers in

the product.

Figure 4.15: IR spectrum of poly(3-hexylthiophene-co-methyl 3-thiophene acetate) [1:1]
(5).

The methyl acetate copolymer (5) was mostly soluble in chloroform as ascertained from

visual inspection. Following a review of the literature focusing on the hydrolysis methods of

thiophene methyl esters, the predominant method for deprotection of the acid was identified

as alkaline hydrolysis using 2M Sodium Hydroxide (NaOH) followed by workup with a

weak, monoprotic acid e.g. 1M HCl.

Over the course of several preliminary deprotection reactions performed on methyl ester

copolymers e.g. polymer (5), the hydrolysis did not proceed as expected. There were two

outcomes: either a white, salt compound precipitated (likely NaCl - See Figure B.3 in Ap-

pendix B) or recollection of the starting ester polymer. The reason for the failed hydrolysis
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is difficult to theorise as the literature provides clear evidence the reaction should proceed

readily. Bertran et al. and Fernando et al. performed the deprotection step in 2M NaOH(aq)

for 24 hr before acid workup in 1 M HCl on M3TA containing polymers [301, 305]. Further

to this, Lai et al. successfully produced P(3HT-c-T3AA) from P(3HT-c-M3TA) using the same

process [38]. Considering the possibility of a slower rate of hydrolysis to the literature ma-

terials, a number of reactions were performed with an extended reflux step (72 hr) to ensure

the methyl ester (R COCH3) is converted to the carboxylate (R COO– Na+); however the

extended reflux did not change the outcome as deprotection of the ester was again unsuc-

cessful. In Shit et al., a 72 hr reflux had been successfully employed for deprotection of

P3HT-c-M3TA as such, the outcome is surprising given the evidence for this method being

suitable for the hydrolysis of the acetate polymer [226].

A new approach was needed; thus, consultation and further investigation of the literature

and patent documents provided two additional hydrolysis procedures using concentrated

NaOH i) in methanol / water, or ii) in tetrahydrofuran / water. Conversion from the

methyl acetate to the acetic acid occurred using either of these methods, giving poly(3-

hexylthiophene-co-thiophene-3-acetic acid) - polymer (6). The percentage yield for the es-

ter hydrolysis using methanolic NaOH was 67.3% while the reaction in THF/4 M NaOH(aq)

was much lower at 11.3%. The difference in yield can be assigned to limited reprecipitation

of the P(3HT-c-T3AA) upon neutralisation by HCl for the reaction in THF.
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Figure 4.16: IR spectra of P(3HT-c-T3AA) (6) from hydrolysis of (5) in THF/4M NaOH
[4:1] or 2M NaOH in CH3OH/H2O [4:1].

Figure 4.16 shows IR spectra of the hydrolysed polymers (6) following the reaction condi-

tions described in Section 3.4. Reformation of the carboxylic acid moiety becomes apparent

by the appearance of a broad O H stretch between 3600 - 2400 cm-1 and weakening of the

carbonyl peak from 1737 cm-1 in polymer (5) to 1708 cm-1 in polymer (6).

1H NMR spectra for P(3HT-c-M3TA) - (5) and P(3HT-c-T3AA) - (6) following ester hydroly-

sis (2M NaOH(aq)) in CH3OH/H2O as shown in Figures 4.17 and 4.18 provides further ev-

idence of successful deprotection. The signals arising from the proton environments of the

methyl acetate (R CH2 COOCH3) or acetic acid groups (R CH2 COOH) will be present

between a chemical shift range of 3.7 - 3.4 ppm.
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Figure 4.17: 1H NMR spectrum of P(3HT-c-M3TA) [1:1] (5).
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Figure 4.18: 1H NMR spectrum of P(3HT-c-T3AA) [1:1] (6).

The deshielding environment of the ester carbonyl, shifts the NMR signal downfield to a

higher PPM value when compared to the comparable methylene group of the hexyl alkane

chain. Simple differentiation between the two monomers of the copolymer is enabled as
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3HT and C=O functionalised thiophene possess distinctly different proton environments.

In Figure 4.17, the terminal methyl group (R OCH3) of the ester gives a strong singlet peak

at 3.69 ppm, paired with an obscured peak at ca. 3.65 ppm for the methylene ( CH2 )

groups, accounts for the remaining protons of the acetate. P(3HT-c-M3TA): 1H NMR (400

MHz, CDCl3) 7.11 7.00 (m, 1H), 7.00 6.84 (m, 1H), 3.69 (s, 3H), 3.65 (s, 2H), 2.72 (s,

1H), 2.49 (s, 1H), 1.50 (s, 2H), 1.36 (s, 2H), 1.26 (s, 3H), 1.19 (s, 2H), 0.81 (s, 3H).

Figure 4.19: Images of A) P(3HT-c-M3TA) [1:1] (5) solution in CHCl3:C6H5Cl, B) thin film
of (5) on Al2O3 sapphire substrate deposited via spin-coating, C) spin coating solution of

P(3HT-c-T3AA) (6) and D) thin film of P(3HT-c-T3AA) (6) on Al2O3 substrate.

Conversely, in Figure 4.18, there is a large reduction in signal intensity at 3.69 ppm, indi-

cating loss of the methyl group following hydrolysis. P(3HT-c-T3AA): 1H NMR (400 MHz,

CDCl3) 6.91 (d, J= 9.0 Hz, 1H), 3.44 (d, J= 18.1 Hz, 2H), 2.72 (s, 2H), 2.48 (s, 1H), 1.35

(s, 4H), 1.19 (s, 14H), 1.07 (s, 2H), 1.24 (s, 14H), 0.81 (s, 5H). Typically, the carboxylic acid

proton (R-COOH) is expected between 10 - 13 ppm; however, no signal is observed within

this range. Given the presence of the alcohol (O H) in the IR spectra (Figure 4.16), the

lack of signal is likely due to proton exchange between the acidic proton of R COOH and

deuterium in CDCl3. As the yield for hydrolysis of polymer (5) in methanolic base was sig-

nificantly higher than the reaction in THF, hydrolysis utilising methanolic sodium hydroxide
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became the condition of choice for the remainder of the project.

Solubility of polymer (6) was investigated by dissolving the solids in a spin-coating solvent

mixture CHCl3:C6H5Cl at 15 mg mL-1 as well as other solvents and solvent mixtures such as

THF and toluene at 5 mg mL-1 (See Appendix A, Figure A.1 for more images of dissolutions.).

As illustrated in Figure 4.19, from the visual inspection of the solution and spin-coated

thin film as well as by determination of turbidity using UV-Vis, it is clear that polymer (6)

is much less soluble than polymer (5) with many undissolved particles in both solution

and film. This difference in solubility in organic solvents, e.g. chloroform, also appears

in the literature looking at the homopolymers of thiophene esters and carboxylic acids e.g.

poly(thiophene-3-acetic acid) and poly(methyl-3-thiophene acetate) [284, 301, 318–320].

As outlined by Della Casa et al. and Mescoloto et al., it is thought the reintroduction of the

polar and hydrophilic R COOH group, allows for the formation of strong intermolecular

forces, mainly hydrogen bonding, between polymer chains [321–323]. This has the effect

of reducing solubility in non-polar solvents, such as CHCl3. Carboxylic acid groups may

improve solubility in polar, aqueous solvents, such as H2O, but in polymers like (6), this

would be completely negated by the presence of the non-polar hexyl chain [283, 317].

4.3.2 Poly(3-hexylthiophene-co-trans-3-thiophen-3-yl-acrylic acid)

Trans-3-thiophen-3-yl-acrylic acid (T3T3YAA) is another readily available thiophene acid

monomer. Compared to both T3CA and T3AA, trans-3-thiophen-3-yl-acrylic acid possesses

a longer chain length with an acrylic acid group as shown by the structure in Figure 3.3.

Several factors influenced the decision-making process when determining which functional

monomers to pursue. As mentioned, one factor was materials cost, which T3T3YAA satis-

fies at £5 per gram. The functionality of the monomers is, however, the most important

consideration. The monomer must be capable of forming a bond with the enzyme; in this

case via the carbodiimide coupling pathway, without modifying the desirable solubility of

P3HT polymers. It was thought the increased chain length would aid the solubility issue by

altering overall polymer polarity.
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Figure 4.20: Reaction scheme for A) polymerisation of 3HT and M3T3YA and B)
hydrolysis of P(3HT-c-M3T3YA) (7) - (9) to P(3HT-c-T3T3YAA) (10) - (12).

The use of a double bond containing acrylic acid over a long chain thiophene carboxylic

acid, such as 3-(thiophen-3-yl)propanoic acid (C7H8O2S), is expected to enlarge conjuga-

tion from the π-system of the polymer backbone along the acid substituent enhancing elec-

tron transport characteristics of the enzyme-binding group, as described in a study on the

structural and electronic properties of poly(T3T3YAA) by Bertran et al. [301]. Further-

more, the added length of the side chain in T3T3YAA has the potential to increase the

availability of the enzyme binding sites by reducing steric interference of the backbone and

3HT comonomer while further improving sensor quality. As discussed by Clayton (2011),

an improvement in sensor reproducibility and reduction of signal variation was seen in

an electropolymerised poly(3-methylthiophene-co-trans-3-thiophen-3-yl-acrylic acid) plat-

inum disk electrode [67]. Additionally, in Clayton (2011), the versatility of T3T3YAA is
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highlighted further by the conversion of the acid to an N-succinimdyl ester type moiety and

subsequent electropolymerisation with 3MT. The copolymerisation of N-succinimidyl esters

with 3-hexylthiophene for the production of solution-processable materials will be discussed

in 4.3.3 and 4.4.2.

Figure 4.21: IR spectra of trans-3-thiophen-3-yl-acrylic acid and synthesised methyl
3-(thiophen-3-yl)acrylate monomers.

Similar to the previous esterification reactions, conversion of T3T3YAA to M3T3YA was per-

formed with relative ease to high yields (≥ 85%). In Figure 4.21, a comparison of IR spectra

of the starting acid vs the product of esterification shows the expected loss of the broad OH

peak, strengthening of the carbonyl C O due to ester formation (1674 to 1700 cm-1) as well

as many changes to the fingerprint region of the spectra.

In agreement with the IR spectra, the 1H NMR data presented in Figure 4.22 shows a sharp

singlet peak with an integration value of 3 is present at ca. 3.72 ppm and represents the

methyl group (R CH3) of the ester.
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Figure 4.22: 1H NMR spectrum of synthesised M3T3YA monomer.

The alkene of the chain gives two distinct proton environments, with the deshielded proton

next to the thiophene at ca. 7.61 ppm compared to the signal ca. 6.20 ppm of alkene proton

closest to the C O. M3T3YA Monomer: 1H NMR (500 MHz, CDCl3) 7.61 (d, J = 15.9 Hz,

1H), 7.43 (dd, J = 3.0, 1.2 Hz, 1H), 7.27 (dd, J = 5.1, 2.9 Hz, 1H), 7.22 (dd, J = 5.1, 1.3

Hz, 1H), 6.20 (d, J = 15.9 Hz, 1H), 3.72 (s, 3H).

As represented in Figure 4.20, three polymers of 3HT and M3T3YA were prepared at monomer

feed ratios of [1:1], [5:1] and [10:1] before hydrolysis to yield the acrylic acid containing

P(3HT-c-T3T3YAA). Similar to the copolymerisations of 3HT with M3TC or M3TA, the use

of chloroform as the solvent gave high-yielding reactions. A summary of reaction yield for

P(3HT-c-M3T3YA) and P(3HT-c-T3T3YAA) is given in Table 4.1.

Table 4.1: Table of reaction yield (%) for preparation of P(3HT-c-M3T3YA) and
P(3HT-c-T3T3YAA).

Monomer Ratio P(3HT-c-M3T3YA) Yield P(3HT-c-T3T3YAA) Yield

1:1 (7) - 69.3% (10) -∼90%
5:1 (8) - 60.3% (11) - 85.9%

10:1 (9) - 43.3% (12) -∼88%
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Figure 4.23: IR spectra of P(3HT-c-M3T3YA) (7) [1:1], (8) [5:1] and (9) [10:1].

Figure 4.24: Fingerprint IR spectra of (7), (8) and (9) - 2000 to 600 cm-1.

Once again, IR and 1H NMR were utilised for the determination of polymer structure. As

outline in Figures 4.23 and 4.24, for polymers (7), (8) and (9), confirmation of successful

copolymerisation is evidenced by the presence of both the strong aliphatic C H peaks at

2953, 2922 and 2855 cm-1 and ester carbonyl (C O) at 1716 cm-1. The C C vibration at
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ca. 1625 cm-1 further highlights the presence of the acrylate chain. When possible, given

clear separation of certain signals, the monomer ratio can be determined by comparison of

NMR peak integrals.

Focusing on the two regions OCH3 at ca. 3.69 ppm and CH2 between 2.8 - 2.5 ppm then

determining the ratio of relative monomer % gave a reasonable matching to the monomer

feed (7) with 52.8% 3HT to 47.2% M3T3YA or (C10H16S)1.12(C8H8O2S)1.00. Moreover, when

considering the difference between IR spectra and the relative intensities for the C-H stretches

at 2900 cm-1 and the carbonyl (C=O) for polymers (7), (8) and (9), it becomes clear the

monomer feed ratio has affected the final polymer composition. Qualitatively speaking, the

C-H and C=O peaks for (7) are of equal intensity which corresponds to the [1:1] monomer

feed ratio however for (10) where the 3HT:M3T3YA ratio is [10:1], the increase in 3HT

content in the monomer feed has resulted in a corresponding decrease to the intensity of

the C=O stretch while the C-H stretch intensity has increased. In Figure 4.25, analysis of the

proton NMR spectrum for the polymer (7) provides additional confidence P(3HT-c-M3T3YA)

has been synthesised5.
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Figure 4.25: 1H NMR spectrum of P(3HT-c-M3T3YA) [1:1] (7).

The peak at 0.88 ppm represents the terminal methyl group ( CH3) of the hexyl chain. The

mixture of peaks between 1.25 - 1.69 ppm arise due to the methylene groups ( CH2 ) of

the chain, and the distinct peaks at 2.88 and 2.55 ppm are typical of the deshielded protons
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of the hexyl chain. The primary signal of the ester is found at ca. 3.78 ppm followed by the

protons of the alkene and aromatic thiophene ring at 6.35, 6.98 and 7.03 ppm, respectively.

P(3HT-c-M3T3YA): 1H NMR (400 MHz, CDCl3) 7.03 (s, 1H), 6.98 (s, 1H), 6.35 (s, 1H),

3.78 (s, 3H), 2.80 (s, 1H), 2.54 (s, 1H), 1.69 (s, 2H), 1.43 (s, 3H), 1.34 (s, 2H), 1.25 (s,

3H), 0.88 (s, 3H).

Figure 4.26: Image of A) P(3HT-c-T3T3YAA) [1:1] (10) exhibiting partial solubility when
dissolved in CHCl3 (20 mg mL-1) and B) Thin Film of (12) on an ITO-glass substrate.

Deprotection of polymers (7), (8) and (9) using 2M NaOH in CH3OH:H2O [4:1] yielded

poly(3-hexylthiophene-co-trans-3-thiophen-3-yl-acrylic acid) - polymers (10), (11) and (12).

The successful hydrolysis or deprotection is shown by weakening of the C O from ca. 1720

to 1693 cm-1 as well as changes in the composition of the fingerprint region, e.g. loss of

the ester peaks (C C O, C O C) in Figures 4.27 and 4.28. In the IR spectrum of polymer

(10), reappearance of the broad alcohol vibration (R OH) is also observed.
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Figure 4.27: IR spectra of P(3HT-c-T3T3YAA) - (10), (11) and (12).

Figure 4.28: IR spectra of P(3HT-c-T3T3YAA) - (10), (11) and (12) - 2000 to 600 cm-1.

Prior to 1H NMR, the P3HT-c-T3T3YAA compounds (10), (11) and (12) were assessed for

solubility by dissolution in chloroform. After only partially dissolving in the solvent, it was

clear from visual inspection and UV-Vis turbidity measurements, these polymers were again
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much less soluble than their methyl ester versions, i.e. polymers (7), (8) and (9). The

images in Figure 4.26 show the poor solubility of these materials. Specifically, as observed

in Figure 4.26.B, the presence of undissolved particles in the polymer solution leads to a

non-uniform film. This issue is compounded by limited solubility in general, as the polymer

begins to immediately crash-out when the carrier solvent evaporates, resulting in the film

having a powdery appearance. If the polymer had good solubility, the spin-coating solution

would spread out evenly across the substrate, before thinning and solvent evaporation to

give uniform, and continuous thin polymer film.
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Figure 4.29: 1H NMR spectrum of P(3HT-c-T3T3YAA) [1:1] (10).

As with P(3HT-c-T3AA) (6), it is likely the reduction in solubility is due to changes in polarity

between the acrylate/acrylic acid side chain. The molecular weight of the polymers is also

likely to contribute to the observed solubility behaviour. Considering the proton NMR of

polymer (10), the spectrum in Figure 4.29 appears to show no T3T3YAA comonomer present

in the polymer with the lack of an obvious signal from the alkene proton closest to the

carbonyl. It is therefore possible that the component dissolving into solution is a P3HT

homopolymer present in the solid product whereas it is the P(3HT-c-T3T3YAA) copolymer

which remains largely insoluble, producing the undissolved particles seen in the solution

and film in Figure 4.26. As such, this insoluble component of polymer (10) is capable of
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identification using ATR-FTIR as shown in Figures 4.27 and 4.28 but is not effectively able

to be characterised by 1H NMR . P(3HT-c-T3AA): 1H NMR (400 MHz, CDCl3) 7.00 (s, 1H),

6.76 (s, 0H), 3.95 (s, 0H), 2.84 2.74 (m, 1H), 2.56 (s, 1H), 1.73 (s, 3H), 1.40 (s, 3H), 1.33

(s, 2H), 1.25 (s, 5H), 0.88 (s, 3H).

Solubility issues notwithstanding, the work above outlines the first chemical synthesis of

novel 3-hexylthiophene copolymers containing the T3T3YAA monomer - poly(3-hexylthiophene-

co-trans-3-thiophen-3-yl-acrylic acid) as well as the methyl ester derivative M3T3YA - poly(3-

hexylthiophene-co-methyl 3-thiophen-3-yl acrylate).

Notes

5In a select number of NMR spectra, sharp signals arising from contamination/impurities in the solvent

are present at exactly 8.123, 4.283 and 3.525 ppm. These signals have been suppressed using available tools

during analysis. An example of the unprocessed spectra can be found in Appendix B, Figure B.4.

4.3.3 Poly(3HT-co-N-succinimidyl 3-thiophene acetate) and Poly(3HT-

co-N-succinimidyl 3-(thiophen-3-yl) acrylate)

Following the preparation of P3HT-c-M3TC, -T3AA and -T3T3YAA, it was apparent that

performing the polymerisation in chloroform yields poor solubility in the final product. The

polarity of the carboxylic acid side chains is likely the key factor when determining solubility

as both methyl ester polymers of P(3HT-c-M3TA) and P(3HT-c-M3T3YA) - Polymers (5), (7),

(8) and (9) were capable of dissolving in the spin-coating solvent mixture.

To address the solubility issue and improve solubility in non-polar, chlorinated solvents such

as chloroform, chlorobenzene or dichloromethane, three approaches can be investigated i)

reduce the polarity of enzyme-immobilising side chain, ii) produce polymers with a lower

molecular weight, or naturally iii) a combination of i) and ii). Keeping chloroform as the

reaction solvent, the first approach was to produce a polymer with less polar side chains.

Use of polymers with N-succinimiyl esters offers a very nice approach considering that the

same starting materials can be used, coupling the succinimide group to the thiophene acid

protects the compound during polymerisation and finally, the N-succinidyl ester is formed

89



during the immobilisation step therefore removes the need for deprotection and essentially

pre-activates the polymers for enzyme attachment [67]. The use of N-succinimidyl esters

for the immobilisation of biomolecules has been discussed in a number of publications.

Figure 4.30: Images of A) N-succinimidyl 3-thiophene acetate (S3TA), B) P(3HT-c-S3TA)
(13), C) N-succinimidyl 3-(thiophen-3-yl)acrylate (S3T3YA), and D) P(3HT-c-S3T3YA)

(14).

Early use of succinimide-activated thiophene esters can be seen in two publications by Li

et al. where an N-succinimidyl 3-thiophene acetate homopolymer and copolymer with 3-

methylthiophene are prepared by electropolymerisation [289, 324]. Li develops on the

idea further to produce more functional thiophene derivatives e.g. 1-(11-thiophene-3yl-

undecyl)-pyrrole-2,5-dione, showcasing a broad range of bioactive functionalisation pos-

sible on a thiophene-based polymer [108]. Turning to chemically-polymerised materials,

Kim et al. showcases the ability of succinimide activated thiophene esters to immobilise

biomolecules. Kim produces S3TA homopolymer by FeCl3 oxidative polymerisation be-

fore immobilising the anti-C-reactive protein; a bioreceptor for the useful clinical marker

CRP [291]. Clayton (2011) expands on the work by Li and Kim to produce a number of
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succinimide-activated thiophene ester monomers and electropolymerised copolymers with

3-methylthiophene, describing the application of these materials to immobilise glucose ox-

idase and detect of glucose. Additionally, Clayton establishes a procedure for synthesis of

the succinimide ester derivative of T3T3YAA [67].

Figure 4.31: IR spectra of T3AA and synthesised N-succinimidyl 3-thiophene acetate
(S3TA) monomers.

Figure 4.32: 1H NMR spectrum of S3TA monomer.
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Figure 4.33: Reaction scheme for polymerisations of A) P(3HT-c-S3TA) [1:1] (13), and B)
P(3HT-c-S3T3YA) [1:1] (14) in CHCl3.

As outlined in Section 3.2, N-succinimidyl 3-thiophene acetate was prepared from thiophene-

3-acetic acid. Figure 4.31 shows comparative ATR-FTIR spectra between the as-purchased

T3AA monomer and S3TA following synthesis and purification upon a silica column (eluent

= ethyl acetate:hexane 9/1). In the IR spectrum for S3TA, loss of the alcohol vibration,

strengthening of the ester C O from 1681 to 1716 cm-1 and the appearance of asymmetric

and symmetric carbonyl vibrations at 1781 and 1822 cm-1 indicates successful preparation.

Further analysis of S3TA by proton NMR agrees with the vibrational information in the IR

spectrum. The aromatic protons of the ring are located at 7.25, 7.20 and 7.02 ppm, the

methylene ( CH2 ) is at 2.10 ppm and the signal at 2.77 ppm indicates the four protons of

the succinimide ring. The peak integrals of Figure 4.32 matches the expected no. of protons,
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S3TA Monomer: 1H NMR (500 MHz, CDCl3) 7.26 (dd, J = 5.0, 3.0 Hz, 1H), 7.24 7.20

(m, 1H), 7.04 6.96 (m, 1H), 3.90 (s, 2H), 2.77 (s, 4H). The presence of solvent impurities

in the spectrum outlines the need for additional processing of the monomers, e.g. excessive

drying under vacuum to improve purity in future projects.

The polymerisation of N-succinimidyl ester monomers with 3HT was conducted using the

same method as the previous copolymers (see Figure 4.33). At a [1:1] monomer feed ra-

tio, 3-hexylthiophene and N-succinimidyl 3-thiophene acetate were copolymerised in chlo-

roform, yielding poly(3-hexylthiophene-co-N-succinimidyl 3-thiophene acetate) (13) as a

bright red solid at a yield of 45.1% (see Figure 4.30).

Visual observations following synthesis show that polymer (13) possessed a stronger reddish

hue when compared to the methyl esters copolymers (Figure 4.30). After purification of

the polymer solids by methanol Soxhlet extraction, IR analysis was performed giving the

spectrum in Figure 4.34.

Figure 4.34: IR spectrum of P(3HT-c-S3TA) from CHCl3 (13).

The characteristic features of copolymerisation are present with the aliphatic C H stretch at

2953, 2926 and 2855 cm-1 as well as the three carbonyl vibrations. In this polymer, the C O

vibrations were located at 1815 and 1784 cm-1 for the symmetric and asymmetric stretches
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of the succinimide ring carbonyls, whereas the ester is at 1738 cm-1. Further character-

istic vibrations are the two intense vibrations of the ester, indicative of C-C-O and C-O-C

stretching, at 1200 and 1065 cm-1. Following primary structural analysis by IR, the polymer

was dissolved in a range of solvents to determine solubility and potential viability in sensor

application. While more soluble than the carboxylic acid copolymers, (13) was still only

minimally soluble in the test solvents, as the polymer solutions were significantly turbid

and drop cast polymer films contained large particles of undissolved solid (See Figure A.2

in Appendix A for images of polymer solution.)

0.45 and 0.2µm PTFE syringe filters were used to remove solid particles prior to 1H NMR.

NMR analysis of P(3HT-c-S3TA) (13) shown in Figure 4.35 proved difficult due to the over-

lap between the protons of the succinimide ring at ca. 2.76 ppm and the protons of the

head-tail oriented hexyl chain, also at ca. 2.76 ppm. As such, an accurate determination of

the HT/HH ratio cannot be performed, and confidence in the presence of the succinimide

protons is reduced. On the other hand, the small signal around 3.73 ppm is in the region

that the acetate methylene ( CH2 ) would be present and paired with IR spectrum sug-

gests P(3HT-c-S3TA) has been formed. 1H NMR (400 MHz, CDCl3) 7.13 6.75 (m, 1H),

3.95 3.40 (m, 1H), 2.79 (s, 1H), 2.55 (s, 1H), 1.70 (s, 1H), 1.51 1.39 (m, 2H), 1.33 (s,

2H), 1.25 (s, 2H), 0.90 (s, 3H).

Figure 4.35: 1H NMR spectrum of P(3HT-c-S3TA) (13).
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To allow for a more complete assessment of solubility, probing the idea that increasing

both the length and decreasing the polarity of the pendant chain will aid in producing a

soluble product, the synthesis of poly(3-hexylthiophene-co-N-succinimidyl 3-(thiophen-3-

yl)acrylate) was targeted. As with the previous polymers, the initial step was to produce

the N-succinimidyl ester derivative of T3T3YAA - N-succinimidyl 3-(thiophen-3-yl)acrylate

(S3T3YA).

Figure 4.36: IR spectra of T3T3YAA and synthesised N-succinimidyl
3-(thiophen-3-yl)acrylate (S3T3YA) monomers.

In Figure 4.36, comparison of the IR spectra of T3T3YAA and synthesised S3T3YA shows

the same changes observed in the synthesis of S3TA are present. That is, loss of the al-

cohol stretch, emergence of the symmetric and asymmetric NHS carbonyl peaks, at 1761

and 1724 cm-1 and shifting of the ester C O from 1674 to 1705 cm-1. 1H NMR provides

additional supporting evidence of the expected structure. Some impurities are present in

Figure 4.37, again, highlighting the need for additional purification of the N-succinimidyl

ester monomers. However, focusing on the dominant signals, the spectrum is as predicted.

S3T3YA Monomer: 1H NMR (500 MHz, CDCl3) 7.83 (d, J = 15.9 Hz, 1H), 7.57 (d, J =

4.1 Hz, 1H), 7.31 (dd, J = 5.2, 2.9 Hz, 1H), 7.27 (d, J = 5.0 Hz, 1H), 6.33 (d, J = 15.9 Hz,

1H), 2.81 (s, 4H).
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Figure 4.37: 1H NMR spectrum of S3T3YA monomer.

The cluster of signals at between 7.83 - 7.31 ppm are indicative of the three aromatic ring

protons (A/B/C), the highly deshielded alkene proton (D) closest to the aromatic ring but on

the withdrawing environment of the ester chain can be found at 7.27 ppm while the lesser

deshielded alkene proton (E) on the ester side is present at 6.33 ppm. The characteristic

protons of the succinimide ring (F) yields a strong singlet peak at 2.81 ppm, giving an

overall agreement between the integrals and expected no. of protons.

3-hexylthiophene and N-succinimidyl 3-(thiophen-3-yl)acrylate at a [1:1] molar ratio were

polymerised in CHCl3 to give poly(3-hexylthiophene-co-N-succinimidyl 3-(thiophen-3-yl)

acrylate) (14) as a red-brown solid and at a yield of 50.0% (Figure 4.30.D). Although com-

plex due to the broadening of peaks within the sub-1700 cm-1 region of the spectrum, IR

analysis provides evidence of copolymer formation. Figure 4.38 shows the typical aliphatic

C H peaks at 2955, 2924 and 2853 cm-1 from the hexyl chain and the cyclic imide. Thio-

phene ring stretching is located between ca. 1587-1410 cm-1 and the C-H out-of-plane de-

formation and C-S is below 900 cm-1. The vibrational frequencies arising from the S3T3YA

comonomer, that is, a strong, broad carbonyl peak at 1712 and 1724 cm-1 from the ester

and succinimide, respectively. The second NHS carbonyl seen at 1761 cm-1 in Figure 4.36 is

missing from the IR spectrum of (14) however, as it is highly probable that the S3T3YA com-

ponent is present, the C=O peak appears to be adsorbed by broadening of the peak. Also
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present is the C=C alkene stretch at 1630 cm-1, another characteristic vibration of T3T3YAA

and its derivatives.

Figure 4.38: IR spectra of P(3HT-c-S3T3YA) from CHCl3 (14).
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Figure 4.39: 1H NMR spectrum of P(3HT-c-S3T3YA) (14).

ATR-FTIR and proton NMR of (14) offer contrasting information. By analysing the spec-

trum in Figure 4.39, it becomes clear the compound dissolved in the CDCl3 NMR solvent is
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essentially P3HT homopolymer. None of the expected proton environments for the S3T3YA

comonomer are present; this is similar to the solubility phenomena observed for P(3HT-c-

T3T3YAA) (9), where it is thought the copolymer is insoluble while a small portion of P3HT

in the polymer solids is able to dissolve and be assessed by NMR. Figure 4.40 shows a film

and solution of (14) where the insolubility is clear. P(3HT-c-S3T3YA) (14): 1H NMR (400

MHz, CDCl3) 7.05 (s, 1H), 6.98 (s, 0H), 2.80 (s, 1H), 2.56 (s, 1H), 1.68 (s, 3H), 1.40 (s,

3H), 1.33 (s, 3H), 1.25 (s, 8H), 0.88 (s, 3H).

Figure 4.40: Images of A) (14) film on Sapphire, and B) solution of (14) in CHCl3:C6H5Cl
(20 mg mL-1).

One of the main motivations for preparing N-succinimidyl thiophene esters was an attempt

to overcome the solubility problem in P(3HT-c-T3AA) and P(3HT-c-T3T3YAA) but reducing

the polarity of the pendant while retaining the required functionality for biomolecule im-

mobilisation. As the insolubility of the synthesised polymers remains an issue, chloroform

appears a less than ideal solvent in the pursuit of a processable polymer. While synthesis of

the polymers using chloroform as the reaction solvent did not yield any polymer capable of

solution processing. Due to a change in the FeCl3 solubility and an alteration to the reaction

kinetics, polymerisation performed in acetonitrile is likely to produce a lower molecular

weight product at a trade-off of reaction yield. Although many factors ultimately determine

solubility, as is seen in the dissolution behaviour of polymers (7) vs (10), it is probable the

chloroform polymers possess a high MW contributing to the solubility issue.
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Reproducing the same polymer using acetonitrile as the reaction should reduce the molec-

ular weight of the materials while positively influencing the solubility, allowing for use in

biosensor applications. Overall, section 4.3 outlines the first known preparations of P(3HT-

c-M3T3YA) (7), P(3HT-c-T3T3YAA) (10), P(3HT-c-S3TA) (13), and P(3HT-c-S3T3YA) (14)

and represents extension beyond the existing body of knowledge given copolymerisation of

the functional monomers with 3-hexylthiophene is not present within the literature.

4.4 Thiophene Polymerisation in Acetonitrile (CH3CN)

The process for polymerisation between 3-hexylthiophene and the synthesised monomers

remains identical for reactions in acetonitrile or chloroform. As this process is the same,

the outcome of the polymerisation reactions will be addressed briefly while highlighting

the key information. Any differences between polymers produced in acetonitrile and those

produced in chloroform will be discussed in more detail. In broad terms, copolymerisation

reactions performed in acetonitrile yielded soluble compounds. This is likely due to the

reason discussed in the previous section, i.e. reduction in molecular weight of the polymers.

The improved dissolution behaviour of the materials now allows for expanded analysis using

UV-Vis spectrophotometry for the collection of absorption spectra and the use of GPC-SEC

to determine molecular mass.

4.4.1 Carboxylic Acid Polymers - P(3HT-c-T3AA) and P(3HT-c-T3T3YAA)

Table 4.2: Summary of yields for methyl ester/carboxylic acid polymers from CH3CN.

ID Polymer - Target ratio Yield

(15)/(18) P(3HT-c-M3TA/T3AA) [1:1] 20.3%
(16)/(21) P(3HT-c-M3TA/T3AA) [5:1] 43.8%
(17)/(20) P(3HT-c-M3TA/T3AA) [10:1] 37.7%
(21)/(24) P(3HT-c-M3T3YA/T3T3YAA) [1:1] 42.1%
(22)/(25) P(3HT-c-M3T3YA/T3T3YAA) [5:1] 41.0%
(23)/(26) P(3HT-c-M3T3YA/T3T3YAA) [10:1] 35.5%

All polymerisation reactions involving the methyl ester monomers of M3TA and M3T3YA

proceeded without issue in the acetonitrile reaction solvent and oxidant mixture. The prod-

uct yield for the six polymers are outlined in Table 4.2;
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Figure 4.41: IR spectra of A) P(3HT-c-M3TA) (15), (16) and (17), B) P(3HT-c-M3T3YA)
(21), (22) and (23), C) P(3HT-c-T3AA) (18), (21), (20) and, D) P(3HT-c-T3T3YAA)

(24), (25), (26).

TThe composition of the copolymer as a result of the variation in monomer feed ratio ([1:1],

[5:1], [10:1]) may offer some additional reasoning for the trend in solubility. Compared to

those polymers synthesised in CHCl3, the CH3CN polymers (25) and (26) were soluble in

the spin-coating solvent (CHCl3:C6H5Cl) while the insolubility of polymer (24) - P(3HT-c-

T3T3YAA) remained the same. It becomes clear that an increase in 3HT content provides

improvement in solubility when paired with the decrease in molecular weight due to the

polymerisation in acetonitrile. This trend remained true for P(3HT-c-T3AA), with polymers

(16) and (17) being fully soluble while polymer (15) is largely insoluble. Absorption spec-

troscopy of polymer films spin-coated onto a transparent substrate, e.g. sapphire (Al2O3),

provides useful information. Firstly, the determination of the absorption maxima between
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300 - 500 nm (λmax) provides information on the characteristic π − π∗ transition of the

conjugated polymer thiophene backbone and offers more evidence of differentiation of syn-

thesised polymer. The π − π∗ absorption gives an indication of intermolecular forces and

π stacking efficiency. Increases in conjugation length and a high degree of orientated π-

stacking are represented by a λmax shift to a longer wavelength, i.e. a bathochromic shift.

Secondly, focusing on the 700 - 800 nm near-IR region of the spectra gives an indication of

solubility by highlighting the presence of undissolved particles in the polymer film. At this

wavelength, the bulk polymer film is transparent to the near-IR light; however, particles in

the film scatter that light and produce a non-zero absorbance. The rationale for this method

arises from the determination of turbidity in ’cloudy’ liquid samples where the same idea of

non-zero absorbance in particulate-laden samples is exploited.

Table 4.3: Table of UV-Vis Absorbance Maxima (λmax) and absorbance at 800 nm -
Polymers (15) to (26).

ID-Polymer λmax(nm) 700 - 800 nm absorbance Soluble?

(2) - P3HT 484 0 Yes
(15) - P(3HT-c-M3TA) [1:1] 380 0 Yes
(18) - P(3HT-c-T3AA) [1:1] 393 1.6 Partial
(16) - P(3HT-c-M3TA) [5:1] 495 0 Yes
(19) - P(3HT-c-T3AA) [5:1] 489 0 Yes

(17) - P(3HT-c-M3TA) [10:1] 453 0 Yes
(20) - P(3HT-c-T3AA) [10:1] 458 0 Yes

(21) - P(3HT-c-M3T3YA) [1:1] 449 0 Yes
(24) - P(3HT-c-T3T3YAA) [1:1] 482 0.1 Partial
(22) - P(3HT-c-M3T3YA) [5:1] 478 0.05 Yes
(25) - P(3HT-c-T3T3YAA) [5:1] 466 0 Yes
(23) - P(3HT-c-M3T3YA) [10:1] 482 0 Yes
(26) - P(3HT-c-T3T3YAA) [10:1] 480 0 Yes

As outlined in Table 4.3 and Figure 4.43, the [1:1] polymers (15) and (21) exhibit a hyp-

sochromic shift relative to the P3HT reference, indicating inhibition of efficient packing due

to the presence of the methyl ester and carboxylic acid side chains. However, as the relative

amount of 3HT monomer increases, the absorption maximum returns to values closer to

that of P3HT homopolymer and, although minimal in the higher 3HT ratio polymers, the

[1:1] polymers show a clear difference between the protected methyl ester and the depro-

tected carboxylic acid. In this case, it is likely the bathochromic shift from 449 nm in (21)

to 482 nm in (24) arises from the reformation of favourable intermolecular bonds between
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the acid groups on different polymer chains, promoting better packing and increasing the

conjugation length (See Figure 4.44). The same shift is observed from 380 nm in P(3HT-

c-M3TA) - (15) to 395 nm in P(3HT-c-T3AA) - (18). Across all spectra in Figures 4.43 and

Figure 4.44, the discontinuity at 350 nm is the result of the spectrophotometer changing

between the visible and UV-light source.

Figure 4.42: Images of polymer solutions A) P(3HT-c-M3TA) (15), B) P(3HT-c-T3AA)
(18), and C) P3HT (2).

In the near-IR region (700-800 nm), the non-zero absorbance corresponds well to the ob-

served solubility behaviour of the polymers. In all the fully soluble polymers, the ability

to deposit a continuous film of a reasonable quality allowed for the collection of a typical,

strongly absorbing UV-Vis spectra with a single broad maximum. In the partial or insoluble

polymers, the spectra are flat, possessing even broader absorption with scattering of near-

IR light resulting in non-zero absorbance. Figure 4.42 shows the spin-coating solutions of

polymers (15), (18) and (2) at 15 mg mL-1. This gives a representation of polymer solubil-

ity, and, as discussed, highlights how the insoluble portion of polymer (18) contributes to

turbidity in the solution and particles in the film.

Only the polymers suitable for biosensor application, i.e. soluble and capable of enzyme

immobilisation, were analysed via GPC-SEC for the determination of molecular weight and

Polydispersity index. P(3HT-c-T3T3YAA) [5:1] - (25) has a MW= 8214 g mol-1 and a PDI

= 2.39, for P(3HT-c-T3T3YAA) [10:1] - (26) the MW = 5007 g mol-1 and PDI = 1.83. In

the acetic acid polymers, P(3HT-c-T3AA) [5:1] - (21) has a MW = 13,920 g mol-1 and a

PDI = 2.03 while P(3HT-c-T3AA) [10:1] - (20) has a MW = 13,700 g mol-1 and a PDI =
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2.42. The polymer weights determined here are lower than literature values for that of

P3HT from a chloroform reaction solvent (>30,000 g mol-1) [311, 315] but comparable

to P3HT synthesised in acetonitrile [314]. This provides evidence for the hypothesis that

polymerisation reactions in acetonitrile yield a lower molecular weight product.

Figure 4.43: UV-Vis adsorption spectra of P(3HT-c-M3TA/T3AA) polymers (15) to (20).

Figure 4.44: UV-Vis absorption spectra of P(3HT-c-M3T3YA/T3T3YAA) polymers (21) to
(26).
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4.4.2 N-succinimidyl Ester Polymers - P(3HT-c-S3TA) and P(3HT-c-S3T3YA)

Figure 4.45: Images of P(3HT-c-S3TA) solutions (15 mg mL-1) in CHCl3:C6H5Cl and films
on Al2O3 substrates. A/B) [1:1] (27), C/D) [5:1] (28) and E/F) [10:1] (29).

The final set of polymers prepared in this project were the acetonitrile variants of both N-

succinimidyl esters: P(3HT-c-S3TA) and P(3HT-c-S3T3YA). As discussed above in Section

4.3.3, these monomers have been chosen to impart reactivity to the biomolecule without

the need for deprotecting the polymer and the subsequent EDC/NHS coupling. The poly-

merisation reactions proceeded without issue, affording red/black powdered solids with

monomer ratios of [1:1], [5:1] and [10:1] targeted. All six of the succinimidyl ester poly-

mers from CH3CN were highly soluble in the spin coating solvent mixture (CHCl3:C6H5Cl)

and was capable of producing a good quality thin film with no particulates as showcased in

Figure 4.45.
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The product yields in this series (Table 4.4) were lower than expected and significantly de-

creased when compared to the chloroform equivalents ((13) - 45.1% and (14) - 50.0%).

Several factors, such as the physical conditions, e.g. reaction temperature, reaction du-

ration, duration of monomer addition and the chemistry choices, e.g. reaction solvent,

monomer/oxidant ratio, monomer choice and oxidant choice, all affect polymerisation yield.

Although certain conditions, e.g. reaction temperature and oxidant choice, have a large

impact on the yield, these variables can be excluded when comparing the synthesised poly-

mers as they remain constant in all reactions, while other factors such as reaction solvent,

monomer choice, and reaction-scale could offer some explanation. These factors will dras-

tically influence the kinetics of polymerisation, affecting the product yield [304, 308, 311,

314, 325].

Table 4.4: Summary of yields for N-succinimidyl ester polymers from CH3CN.

ID Polymer - Target ratio Yield

(27) P(3HT-c-S3TA) [1:1] 10.9%
(28) P(3HT-c-S3TA) [5:1] 7.42%
(29) P(3HT-c-S3TA) [10:1] 17.0%

(30) P(3HT-c-S3T3YA) [1:1] 18.1%
(31) P(3HT-c-S3T3YA) [5:1] 21.6%
(32) P(3HT-c-S3T3YA) [10:1] 33.2%

It was observed both the N-succinimidyl ester monomers were slightly less soluble in ace-

tonitrile than the same monomers in chloroform and the methyl ester monomers in both sol-

vents, therefore, as the monomer solution is fed into the oxidant, a portion of the monomer

remains unreacted and is removed during polymer precipitation and purification. This may

highlight the requirement for the implementation of additional purification steps during the

monomer synthesis. Secondly, the reaction scale appears to have a slight impact on yield;

specifically, reactions with a greater mass of starting material yielded more product, whereas

less starting material gave less product. This phenomenon was not explicitly investigated,

but inferred from the yield data collected throughout the duration of this project. Potential

reasons could include improved mixing in larger reaction volumes, ensuring more efficient

interaction between reactants leading to higher yields over the specific reaction duration.

Additionally, there are practical implications to using larger reaction volumes, particularly

that it is easier to handle larger quantities of material which minimises the effect of product
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loss during precipitation and collection.

As with the polymer in Section 4.4.1, the solubility of polymers (27) to (32) enabled char-

acterisation by UV-Vis and GPC-SEC. All six N-succinimidyl ester polymers possessed a hyp-

sochromic shift relative to P3HT homopolymer, with the three variations of P(3HT-c-S3TA)

being drastically blue-shifted. The UV-Vis spectra is presented in Figures 4.46 and 4.47 with

λmax values summarised in Table 4.5. The large hypsochromic shift seen in polymers (27),

(28), and (29) indicates poorπ-stacking and, subsequently, a lower conjugation length. The

inclusion of S3TA comonomer in the polymer structure has a clear impact on the electronic

structure and while a bathochromic shift is observed in all the carboxylic acid polymers, the

nature of the N-succinimidyl ester groups results in no additional intermolecular forces to

aid in packing efficiency. Hypsochromic shift of polymers (30), (31), and (32) is noticeably

reduced compared to P(3HT-c-S3TA).

Figure 4.46: UV-Vis absorption spectra of P(3HT-c-S3TA) polymers (27) to (29).
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Figure 4.47: UV-Vis absorption spectra of P(3HT-c-S3T3YA) polymers (30) to (32).

Table 4.5: Table of UV-Vis Absorbance Maxima (λmax) and absorbance at 800 nm -
Polymer (27) to (32).

ID-Polymer λmax (nm) 700 - 800 nm absorbance Soluble?

(2) - P3HT 484 0 Yes
(13) - P(3HT-c-S3TA) from CHCl3 428 0.05 No

(27) - P(3HT-c-S3TA) [1:1] 374 0 Yes
(28) - P(3HT-c-S3TA) [5:1] 386 0 Yes
(29) - P(3HT-c-S3TA) [10:1] 397 0 Yes

(14) - P(3HT-c-S3T3YA) CHCl3 469 0.12 No
(30) - P(3HT-c-S3T3YA) [1:1] 410 0 Yes
(31) - P(3HT-c-S3T3YA) [5:1] 441 0 Yes
(32) - P(3HT-c-S3T3YA) [10:1] 430 0 Yes

GPC-SEC analysis was performed on the six, soluble N-succinimidyl ester polymers as tabu-

lated in Table 4.6. Unexpectedly, polymers (28) and (29) gave a distinct bimodal distribu-

tion of molecular weights while (30) does possess two peaks but are less resolved and more

broad in nature. It is difficult to draw overriding conclusions from this information due to

the possibility of a range of contributing factors. The bimodal distribution of polymer (28)

may be the result of two different polymer components in the sample or two size distribu-

tions of P(3HT-c-S3TA) with low weight component centred on 1228 g mol-1 possessing a
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higher concentration of S3TA monomer than the high weight component possessing more

P3HT or vice versa. The data determines the low-weight component comprises ca. 25%

of the eluded volume, whereas the high MW portion makes up the other ca. 75%. The

consequences of this bimodal distribution are interesting to consider.

Table 4.6: Table of molecular weights and polydispersity values for polymers (27) to (32).

ID-Polymer
MW (g mol-1)

PDI
Peak 1 Peak 2

(27) - P(3HT-c-S3TA) [1:1] 1,343 18,249 3.65
(28) - P(3HT-c-S3TA) [5:1] 1,228 17,678 6.21
(29) - P(3HT-c-S3TA) [10:1] 1,183 9,779 2.67

(30) - P(3HT-c-S3T3YA) [1:1] 1,280 17,840 3.29
(31) - P(3HT-c-S3T3YA) [5:1] 1,939 2.22
(32) - P(3HT-c-S3T3YA) [10:1] 2,447 1.95

The observed shifts in the UV-Vis absorption spectra may be, in part, explained by a depen-

dence on molecular weight and polydispersity. The effect of MW on the optoelectronic prop-

erties on thiophene-type polymers has been investigated by Hayashi et al. and by Trznadel

et al. and does indicate increasing conjugation length with increasing molecular weight

[312, 326].

4.5 Summary

In this chapter, the synthesis of four novel 3-hexylthiophene copolymers: P(3HT-c-M3T3YA),

P(3HT-c-T3T3YAA), P(3HT-c-S3TA), and P(3HT-c-S3T3YA), has been outlined and discussed.

These materials, which represent the first reported preparation of their kind, were syn-

thesised using established methods, including methyl esterification, NHS-activation, and

chemical oxidative polymerisation. The novelty of this work lies in the copolymerisation

of 3-hexylthiophene, a widely studied and readily available monomer, with comonomers

capable of covalently bonding biomolecules such as enzymes.

Synthesised copolymers, shown and summarised in Figure 4.48, were characterised using

a range of analytical techniques. Attenuated total reflectance - fourier transform infrared

spectroscopy (ATR-FTIR) was employed as the primary method owing to ease-of-access and

effectiveness in identifying characteristic vibrations, such as the aliphatic C H stretch of the
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Figure 4.48: Structures of reproduced and novel 3-hexylthiophene polymers synthesised
in this project.

hexyl ( C6H13) pendant group in 3HT and the carbonyl (C O) vibrations in the carboxylic

acid, methyl ester, or N-succinimidyl ester comonomers. Structural analysis was further

supported by 1H NMR when possible. For the soluble copolymers synthesised in acetoni-

trile, UV-Vis spectroscopy provided absorption spectra, and GPC-SEC was used to determine

molecular weight distribution.

The motivations behind this work focused on the production of soluble polymers, suitable for

thin film deposition by solution processing, and capable of gram-scale production through a

facile and cost-effective synthesis. Although challenging, these objectives were successfully

achieved. As detailed in Section 4.4, copolymers synthesised in acetonitrile, including all

N-succinimidyl ester copolymers and certain T3AA and T3T3YAA polymers with high 3HT
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monomer content ([5:1], [10:1]), met these criteria. Overall, the synthesis work to generate

these soluble polymers enables the application of such materials in a model sensing platform

as discussed and evaluated in Chapter 7.

110



Chapter 5
Experimental Methods -

Polydimethylsiloxane (PDMS) Selective
Metallisation

This chapter covers the experimental methods used in the development of a selective

metallisation process that utilises surface-modified PDMS printing stamps. The processes

described below includes; PDMS stamp casting, UV/O3 surface treatment, surface regeneration

methods as well as accompanying analytical techniques.

Table A.1 contains a list of reagents, chemical formulae and product purity/grades of those

described in Chapters 5, 6 and 7. This can be found in Appendix A Chemicals and Solvents.

5.1 PDMS Stamp Preparation

The production of polydimethylsiloxane (PDMS) for use in printing is well-established [257].

Primarily used in soft lithography methods e.g. microcontact printing (µCP), the manu-

facturing of PDMS stamps follows a mature process to create high-quality, smooth surfaces

capable of ink transfer. The PDMS used in this project (Sylgard™184) is supplied by the man-

ufacturer as a two-part kit containing a silicone elastomer base and thermal cross-linking

agent. The base and cross-linker were mixed in a [10:1] ratio by mass, until homogeneous.

Due to the introduction of air bubbles during mixing, the liquid precursor was degassed at

∼1 mbar for 30 min before casting into an aluminium plate mould (200 x 100 x 0.3 mm).

The cast PDMS was cured in a convection oven (100 °C, 60 min). Once cured and solid, the

PDMS blocks were left in the mould until use.

5.2 Fabrication of Photomasks

A range of masks were used in this project, from in-house fabricated geometric shapes to

high-quality source-drain evaporation masks purchased from a supplier. A TS 3040 laser

cutter was used to prepare basic geometric photomasks from 0.25 mm thick polyethylene

naphthalene (DuPont Teijin Films™ Teonex®) or 0.5 mm thick aluminium substrates.
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For complex patterns, high-density, source-drain deposition masks possessing micron-sized

transistor features were purchased from Ossila.

5.3 Ultraviolet-Ozone (UV/O3) Surface Treatment

Immediately prior to ultraviolet-ozone surface treatment, the PDMS blocks were demoulded

and cut into the appropriate dimension for stamping (40 x 40 mm) or surface analysis (10

x 10 mm) before rinsing with ethanol and drying with N2.

To achieve patterned surface modification, a mask was pressed firmly onto the PDMS sur-

face, protecting specific areas from ozone treatment. A Novascan PSD-S digital UV/O3

cleaner was used to irradiate samples for 240 min at a light array-to-sample height of∼5 mm.

According to the manufacturer, the maximum applied power density is 28 - 32 W cm-2 at a

wavelength of 253.7 nm.

5.4 Deposition of Krytox1506 Oil Mask

As discussed in Section 2.12, patterned metal deposition by the selective metallisation pro-

cess relies on the deposition of a high-quality sacrificial oil mask onto the substrate or web.

Following UV/O3 surface treatment, 300µL of Krytox1506 oil was coated onto modified-

PDMS using a Laurell WS-650XZ-6NPPLITE spin coater. The oil is deposited onto the block

statically before spinning at 5000 rpm for 180 s [136].

The oil-coated PDMS stamps were contacted to a PET substrate for 2 min to allow for the

transfer of the sacrificial mask. A 200 g weight was placed on the stamp to ensure a consis-

tent and repeatable stamping force for all PDMS stamping attempts.

5.5 Metal Deposition - Vacuum Thermal Evaporation

The use of vacuum thermal evaporation allows for the deposition of metal via a simple

yet controllable process and is crucial to the success of sacrificial oil selective metallisation

[270].

Oil-masked PET substrates were loaded into an Edwards E306A Vacuum Thermal Evapo-

rator, where a thin layer of silver (Ag) or copper (Cu) was deposited. The desired metal
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was evaporated from a resistive heating tungsten boat at a pressure of 9 x 10-5 mbar to a

thickness of∼50 nm (rate of 0.5 nm s-1). The film thickness was monitored by quartz crystal

micro-balance (QCM).

5.6 Regeneration of PDMS Stamps

Different surface regeneration procedures were applied to UV/O3-modified PDMS in an at-

tempt to control PDMS’s intrinsic ability to undergo hydrophobic recovery. Prior to applica-

tion of a regeneration process the residual Krytox oil was removed from the surface of the

PDMS by the following process: 1) rinse surface with isopropanol (C3H8O), 2) wipe with

an isopropanol-soaked, lint-free wipe, 3) wipe with Novec™ HFE-7200 soaked clean-room

wipe, 4) rinse with ethanol (C2H6O), and 5) dry using N2.

During the project, two regeneration approaches were investigated.

1. Thermal: A sustained heat treatment was applied to the UV/O3-PDMS blocks using

a convection oven. Temperatures of 50, 100, 150 and 200 °C at treatment lengths

between 15 and 90 min were investigated.

2. Silica Dissolution: UV/O3-modified PDMS was submerged in a 0.01 M phosphate-

buffered saline solution at 85 °C for 60 min to dissolve the ’silica-like’ surface layer

generated during ozone treatment. After the dissolution process, the PDMS-block was

rinsed, dried using N2.

5.7 Analytical Methods

Pristine PDMS, surface-modified PDMS, patterned metal substrates and regenerated PDMS

stamps were analysed using optical and electron imaging methods, infrared spectroscopy, as

well as surface analysis techniques such as XPS and drop shape analysis. The application of

these methods and techniques paired with patterned metal deposition experiments allowed

for the effective determination of wetting behaviour and surface regeneration efficacy.
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5.7.1 Imaging

Optical micrographs were acquired using a Yenway CX40M Microscope. Scanning electron

micrographs (SEM) were captured on a Zeiss EVO SEM. Operational conditions: Working

distance = 8 mm, 5 kV acceleration voltage and Probe current = 250 pA. Prior to electron

imaging, PDMS samples were coated with a thin layer of sputtered platinum (5 nm) to

prevent with surface charging.

5.7.2 Surface Analysis

The surface chemistry of pristine, UV/O3-modified and regenerated PDMS was determined

by Attenuated total reflectance - fourier transform infrared spectroscopy (ATR-FTIR) using

a Varian Excalibur FTS 3500. Measurements were taken between 3750 - 600 cm-1.

Further analysis by X-ray photoelectron spectroscopy (XPS) of the surface and near-surface

region of pristine and modified PDMS allowed for the characterisation of elemental com-

position. PDMS samples were analysed using a Thermo Scientific K-Alpha XPS instrument.

Depth profile analysis was performed in order to determine changes in atomic percentages

of carbon, oxygen and silicon. XPS was performed by the Oxford Materials Characterisation

Service, operating at 12 KeV with a spot size of 400µm. Depth profile survey was performed

using an Argon ion source at 1000 V with a beam incident angle of 30°.

5.7.3 Roughness Characterisation

Changes in surface roughness arising from the irradiation of PDMS by UV/O3 as well as from

the application of regeneration methods, can be determined by analysis of areal roughness

parameters e.g. arithmetic mean surface height (Sa). Interference microscopy for macro-

scale roughness and atomic force microscope for quantification of nano-scale roughness

were employed for characterisation purposes.

Macro-scale roughness was measured using a Filmetrics Profilm3D optical profiler at x50

magnification in a composite white light (WLI) and phase shifting interferometry (PSI) op-

eration mode. Areal roughness analysis using ProfilmOnline, allowed for collection of Sa

from a 100 x 100 µm selection area.
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An Agilent 5400 AFM/SPM in non-contact mode was used for the collection of nano-scale

roughness parameters. Operation conditions: collection area = 1 x 1 µm, scan rate = 512

lines s-1. Raw AFM data was processed using Gwyddion.

5.7.4 Sessile Drop Method for Contact Angle

Determination of contact angle via drop shape analysis offered an effective method to probe

the wetting behaviour of multiple liquid compounds e.g., water, Krytox1506, diiodomethane.

Moreover, the determination of contact angles from a dispersive component (diiodomethane)

and a polar component (water) allows for the determination of surface free energy by appli-

cation of the Owens-Wendt-Rabel-Kaeble (OWRK) model. Calculating the surface energy of

a solid surface allows the researcher to better understand how liquid materials will interact

with the surface of interest.

Figure 5.1: Example analysis process for determination of contact angle. A) Micrograph
of water droplet on PDMS, B) Thresholding to highlight droplet edge and C) Contact angle

calculation using DropSnake plug-in. θL = 94.29°, θR = 94.14°.

Using a 21 g hypodermic needle, droplets of Krytox1506 oil ((C3F6O)nC5F12O), water (H2O)

and diiodomethane (CH2I2) are placed onto the surface of pristine or modified PDMS. Mi-

crographs of the droplet-PDMS interface were captured using an Osilla Contact Angle Go-

niometer 10 s after deposition to eliminate contact angle variance caused by time-dependent

spreading of the droplet. Image processing and analysis of static contact angle was per-

formed on ImageJ using the DropSnake plug-in, an example of this process is shown in

Figure 5.1 [327].
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Chapter 6
UV/O3-PDMS Selective Metallisation and

Regeneration of Printing Surfaces

The chapter discusses the regeneration of UV/O3-modified polydimethylsiloxane printing

stamps by thermal and chemical enhancement of intrinsic contact angle recovery.

This work centres on the development of UV/O3-irradiated polydimethylsiloxane (PDMS)

printing plates and deposition of sacrificial Krytox1506 oil masks in a selective metallisation

process. The primary motivations revolve around exploring the limitations of UV/O3-PDMS

selective metallisation by better understanding the oil-wetting behaviour and the hydropho-

bic/oleophobic recovery, an intrinsic property of oxidised-PDMS. Additionally, this research

aims to determine a surface regeneration process to enable the re-use and repatterning of

UV/O3-PDMS print plates to reduce materials waste and plate fabrication time. Further-

more, the use of UV/O3-PDMS in the deposition of functional electrodes will be explored

with the aim of producing a simple strip electrode for application in a glucose biosensor

device. This is outlined in Chapter 7 - Glucose Biosensor Electrodes: Fabrication, Immobil-

isation and Analysis.

6.1 Reference Data: P-PDMS and UVO240-PDMS

Oxidation of the hydrophobic pristine PDMS (P-PDMS) by 240 min UV/O3-oxidation (UVO240-

PDMS) results in modification of various material properties and characteristics. The deter-

mination of contact angles for water and Krytox1506 oil is a particularly relevant identifier

for modulation of the wetting-dewetting patterning surface and, by extension, control of

the hydrophobic and oleophobic recovery.

Using the sessile drop method outlined in Section 5.7.4, Figure 6.1 shows the effect of UV/O3

surface oxidation on P-PDMS for the water (WCA), Krytox1506 (KCA) and diiodomethane

contact angles (DCA) as a function of oxidation duration. The decrease to water contact

angle (WCA) as a result of the sustained UV/O3 treatment is rapid, decreasing from a hy-

drophobic state (95.93 ± 2.6°) on P-PDMS to a hydrophilic state (6.22 ± 1.5°) on UVO240-

PDMS; however, it is the decrease in Krytox1506 contact angle (KCA) from 36.86 ± 1.9°

116



to 7.42 ± 1.2° that is key for oil transfer and therefore, application to deposition of the oil

mask for selective metallisation.

Figure 6.1: Contact angle vs UV/O3 treatment duration (0 - 240 min) for water,
Krytox1506 and diiodomethane.

The change in WCA due to the oxidation of PDMS has been investigated in the literature,

with oxidation primarily achieved by methods such as O2-plasma and coronal discharge. To

a lesser extent, the oxidation of PDMS by ultraviolet-ozone (UV/O3) has been studied in

works by Efimenko et al., Fu et al., and Ma et al. and in agreement with these select stud-

ies, the contact angles in Figure 6.1 decrease linearly as a function of oxidation duration

[159, 328, 329]. Similarly, as initially presented by Francis and confirmed in this work,

for control of Krytox1506 wetting-dewetting, a 240 min UV/O3-oxidation is crucial to en-

sure sufficiently low contact angle values for the Krytox1506 oil and, therefore, enable the

deposition of patterned oil masks [136].

The observed hydrophobic-hydrophilic behaviour on P-PDMS and UVO240-PDMS is a con-

sequence of the substitution of methyl groups (Si CH3) with hydrophilic silanol groups

(Si OH) on the PDMS surface. For water, wetting onto UVO240-PDMS is energetically

favoured due to the formation of hydrogen bonding interactions with the surface, minimis-

ing the surface-free energy. The favourable wetting of water on oxidised-PDMS results in
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Figure 6.2: P-PDMS and UVO240-PDMS contact angle reference values for H2O,
Krytox1506, and CH2I2.

a strong rate of decrease for the contact angle at -0.384 degrees min-1 of UV/O3 treatment.

For KCA and DCA, the decrease is notably weaker, corresponding to a gradient of -0.119 and

-0.096 degrees min-1, respectively. The slower decrease in KCA and DCA relates to the for-

mation of the wetting interactions for the two non-polar, halogen-containing compounds.

The primary bonding interactions are weak intermolecular forces such as Van der Waals

and Dipole-Dipole, resulting in wetting of Krytox1506 and CH2I2 being less energetically

favoured as opposed to remaining in the bulk droplet. The difference in the rate of decrease

between KCA and DCA is likely a result of Krytox1506 having a much larger molecular

weight (∼2160 g mol-1) and volume compared to CH2I2 (267.8 g mol-1). Simply put, the

larger molecule can form additional interactions with the surface, favouring adhesion and

wetting on the surface.

As described by Young’s Equation (Equation 6.1.1), the contact angle is related to the free

energy of the surface-vapour interface (SFE), free energy of the liquid-vapour interface and

the solid-liquid interfacial tension,

γsv = γsl + γl vcosθ (6.1.1)
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where γsv, γsl and γl v are the free energies of the solid-vapour, solid-liquid and liquid-vapour

phases, and θ is the static contact angle at equilibrium.

Several methods for calculating the surface free energy from experimental contact angle

data are described in the literature, with the extended Fowkes and Owens-Wendt-Rabel-

Kaelble (OWRK) methods the most common. Both methods simplify the process to only re-

quire the contact angles of liquids with known polar and dispersive interactions [330, 331].

Table 6.1 presents the surface free energy (SFE) of UV/O3-irradiated PDMS as a function of

treatment duration. Determining SFE for the modified PDMS allows for the representation

of wettability on the PDMS surface as a single value that may be applied to any coating

liquid. In general, wetting of a liquid is due to the interface naturally seeking to minimise

its free energy; therefore, upon adding a liquid to the surface, a high-energy surface will

form bonding interactions with the liquid across its area, wetting the surface to minimise

the energy. This leads to the observed inverse relationship between WCA/KCA/DCA and

the SFE.

Table 6.1: Table of SFE (mJ m-2) vs UV/O3 treatment duration.

UV/O3 Duration (min) Surface free energy (mJ m-2) Reference

0 (P-PDMS) 22.36

This work

30 25.24
60 29.39
90 32.78

120 44.01
240 (UVO240-PDMS) 72.80

0 32.7 [117]
0 ∼19 [328]
90 ∼72 [328]

As well as outlining the effect of UV/O3 treatment on PDMS, a large data set of WCA, KCA

and DCA values collected throughout the project allowed for the determination of accurate

contact angle reference values for P-PDMS and UVO240-PDMS as shown in Figure 6.2. Ref-

erence contact angles on P-PDMS were determined to be 95.93 ± 2.6°, 36.86 ± 1.9° and

63.95 ± 2.9° for WCA, KCA and DCA, respectively. For UVO240-PDMS, the average WCA

was 6.22 ± 1.5°, the KCA was 7.42 ± 1.2° and 39.74 ± 3.1° for DCA.

In addition to contact angle and surface energy data, identifying and monitoring the sur-
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face chemistry changes or lack thereof on oxidised-PDMS is also important to allow for a

better understanding of the underlying interactions related to the applied surface regener-

ation methods and their impact on the surface’s wettability. Figure 6.3 shows the ATR-FTIR

spectra of P-PDMS and UVO240-PDMS with the changes as a result of UV/O3 treatment

annotated. As discussed previously, the major change associated with UV/O3-oxidation is

the substitution of silicon-bound methyl groups Si CH3 with silanols Si OH. In Figure 6.3,

this is represented by the appearance of an alcohol stretch (Si OH) at 3300 cm-1 and an

increase in the intensity of Si O H stretches between 900 - 820 cm-1. There is also an

accompanying intensity reduction associated with the loss of methyl groups Si CH3, in-

cluding a decrease in intensity associated with the asymmetric methyl stretch at 2962 cm-1,

the symmetric deformation at 1257 cm-1, as well as the CH3 rock at 788 cm-1.
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Figure 6.3: IR Spectra of pristine (P-PDMS) and UV/O3-treated polydimethylsiloxane
(UVO240-PDMS).

Oxidation of PDMS by penetrating methods, such as UV/O3 treatment or O2 plasma, is

known to form an oxygen-rich, glassy and brittle silica-like layer with thickness of this layer,

highly dependent on the method and oxidation duration used [332–335]. X-ray photoelec-

tron spectroscopy (XPS) with depth profiling was employed on both P-PDMS and UVO240-

PDMS reference samples to quantify the atom % of the surface and subsurface regions.
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Figure 6.4: XPS depth profile as a function of etching time (s) showing the carbon,
oxygen, and silicon percentages (%) for pristine PDMS (P-PDMS).

Figure 6.5: XPS atomic profile as a function of etching time (s) showing the carbon,
oxygen, and silicon signals for 240 min UV/O3 PDMS (UVO240-PDMS).

The atomic profile of P-PDMS in Figure 6.4 and the profile of UVO240-PDMS in Figure 6.5

outline the relative atomic percentages of carbon, oxygen, and silicon as assessed by detec-

tion of the C1s signal at 284 eV, the O1s signal at 532 ev and the Si2p signal at 102 eV. By

measuring the atom percentages in the plateau regions in Figures 6.4 and 6.5, it is possible

to determine the bulk composition for both the P-PDMS and UVO240-PDMS samples, respec-

tively. The bulk atomic % remains relatively constant in P-PDMS with carbon at 38.98%,
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silicon at 32.41% and, 28.61% for oxygen. Considering the surface region prior to depth

profiling, the carbon percentage in P-PDMS is 44.12% while the oxygen and silicon per-

centages are 28.80% and 27.08%, respectively. The small difference between the bulk and

surface percentages is likely a result of contamination from the air/environment. The bulk

compositions corresponds to atomic ratios for C/O and O/Si equal to 1.362 and 0.883.

These values do not match the theoretical composition of P-PDMS at C/O= 2 and O/Si= 1

i.e. 50% Carbon, 25% Oxygen and 25% Silicon. However, the atomic ratios do match the

compositions frequently reported in the literature, with the deviation from the theoretical

value commonly attributed to contamination and stabilising agents in the commercial elas-

tomer kit [279, 280]. For example, the addition of silica fillers would increase atomic % of

oxygen and silicon, which explains the elevated values of these atoms in the bulk P-PDMS.

(See Appendix B, Figures B.5 & B.6 for XPS spectra.)

In Figure 6.5, a large change in atomic percentages is observed following UV/O3 oxidation.

The carbon content drops to 11.27% while an accompanying increase in the quantity of

oxygen to 59.07% relates to the substitution of methyl groups (Si CH3) for silanol groups

(Si OH) on the surface, as well as the formation of the oxygen-rich silica phase. The silicon

atom percentage remains stable following UV/O3 oxidation, with the silicon content in both

P-PDMS and UVO240-PDMS at a similar value (27.09% vs 29.65%). The depth profile of

UVO240-PDMS in Figure 6.5 shows increased depth dependency, exhibiting a drop in oxy-

gen percentage from 59.07% to a plateau of ca. 42% after 150s of etching. The high oxygen

content before the etch suggests a significant quantity of surface bound silanol groups and

other oxygen contaminations from the UV/O3 treatment process. However, in comparison

to P-PDMS, the elevated oxygen percentage remaining after the etch is further evidence of

a deeply penetrating SiOx layer that possesses a thickness greater than the sampling depth

of the XPS (estimated 50 nm [336]) and is deeper than any possible surface contamination.

In addition to atom percentage, the peak binding energy provides information about the

bonding and coordination of the siloxane groups; therefore, considering the Si2p peak, the

difference in silicon-oxygen connectivity in the P-PDMS and UVO240-PDMS phases can be

probed. On P-PDMS, the binding energy peak of Si2p in P-PDMS is centred at 101.7 eV

indicating silicon with 2 oxygen atoms i.e. an ( O SiR2 O ) phase [279, 329, 333].
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Following oxidation, the Si2p peak shifts to 103.38 eV, which corresponds to the formation

of additional Si-O bonds (>2) and is consistent with values reported in the literature for

oxidised-PDMS, for example, Özçam et al. finds unmodified, pristine-PDMS has a Si2p

peak at 101.5 eV and 60 min UV/O3-irradiated PDMS has the peak Si2p binding energy at

103.6 eV [337–339].

The final property of interest relevant to wetting-dewetting control is surface roughness.

It is known that surface roughness can play a significant role in the wetting behaviour of

a surface, and in general, an increase of roughness on a hydrophobic or non-wetting sur-

face (contact angle >90°) will result in an increase in hydrophobicity, whereas the opposite

is observed on a hydrophilic or wetting surface (contact angle <90°) with an increase in

roughness resulting in a decrease of contact angle. This phenomenon was first presented

by Wenzel, who describes the relationship between wetting and surface roughness;

cosθw = rcosθ where r =
real surface

geometric surface
(6.1.2)

In the Wenzel equation (Equation 6.1.2), θw is the apparent contact angle on a rough surface

(Wenzel contact angle), r is the ratio of surface area on the real surface to the planar geo-

metric projection of the surface and θ is the static contact angle at equilibrium on an ideal,

flat surface. Given the oxidised UVO240-PDMS possesses a hydrophilic/oleophilic surface,

an increase in surface roughness would result in a decrease in contact angle. A significant

increase in roughness due to the applied surface regeneration method would counter the at-

tempts to induce recovery enhancement, likely limiting the maximum recovery possible due

to potential permanent topographical changes. However, to affect the wetting behaviour, a

change to roughness e.g. Sa on the order of 10s - 100s of microns (µm) would be required

[136, 340, 341].

The areal surface roughness (Sa) was calculated using an arithmetic mean method. The

Sa data was extracted from two measurement areas - a 12 µm area termed the ‘nano-scale’

area and a 1002 µm termed the ‘microscale’ area, from micrographs obtained using atomic

force microscopy and optical interferometry, respectively (See Section 5.7.3 for operational

details).

123



Figure 6.6 shows the Sa values for both areas on the same chart, grouped by sample (P-PDMS

and UVO240-PDMS). The roughness data matches with similar measurements performed

by Francis et al. [136] and shows there is only a minimal increase in Sa of ∼ 0.7 nm over

both the nano- and microscale measurement areas. This is orders of magnitude under the

roughness variation needed to influence the surface’s wetting behaviour, indicating the ob-

served wetting of water and Krytox1506 is due to chemical changes to the surface and the

accompanying increase in surface free energy.

Figure 6.6: Areal Surface Roughness (Sa) of P-PDMS and UVO240-PDMS calculated by
arithmetic mean. Black bar: nanoscale (12µm), grey bar: microscale (1002µm).

6.2 Surface Regeneration

The deposition of a patterned metal layer by UV/O3-PDMS selective metallisation follows a

simple, multiple-step process. After PDMS plate casting and curing, fresh P-PDMS samples

are covered with a patterned shadow mask before UV/O3 irradation (240 min). Krytox1506

oil is deposited onto the UVO240-PDMS by spin-coating or pickup from an anilox roller

before printing the oil onto a suitable substrate. Finally, the oiled-coated substrates are

exposed to a thermally evaporated or sputtered metal source to yield the patterned metal
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layer. The casting and oxidation steps are time-consuming; therefore, the reuse and the

ability to clear and repattern PDMS stamps and R2R plates, would save time and money,

which is highly desired for a potential industrial application of this print method.

To achieve this goal, it is proposed the PDMS printing stamps can be renewed and regener-

ated in a controlled manner before a second UV/O3 patterning step, i.e. a surface rewriting

process. Once oxidised by UV/O3, the UVO240-PDMS surface undergoes a process known as

hydrophobic recovery, where the hydrophilic (wetting) behaviour is slowly converted back

to a hydrophobic (dewetting) state. This process can occur through a number of proposed

mechanisms, for example, time-dependent reabsorption and rerechemisorption of the Si-

OH group on the surface into the bulk or migration of low molecular weight (LMW) species

from the bulk to the surface, however the consensus is that the latter, is the dominant pro-

cess [342–345]. It has been shown that the process by which hydrophobicity recovers will

happen immediately following surface treatment but in an uncontrolled, non-uniform man-

ner across the PDMS as shown by Olah et al., Bodas et al., Eddington et al., etc. [333, 346,

347]. However, the overall recovery speed depends on several factors, such as tempera-

ture, sample thickness, local environment, etc. Unwanted hydrophobic recovery is widely

regarded as an issue for the applicability of oxidised PDMS in microfluidics and is a barrier

to the commercial application of UV/O3-PDMS stamps and printheads.

Conversely, as shown by Ma et al. and discussed later by Francis, the instantaneous recov-

ery can be significantly delayed by passivating the surface with a fluid coating [159]. The

phenomenon was used to retain the hydrophilicity of patterned UVO240-PDMS and, there-

fore, the ability for patterned mask deposition for at least 50 days [348], meaning as long

as printing stamps and plates are coated with Krytox1506 immediately after UV/O3 oxida-

tion, the effects of unwanted hydrophobic recovery can be negated for printing applications

[348].

For the purpose of regenerating and rewriting the pattern on a UVO240-PDMS stamp, vari-

ous methods for controlling hydrophobic recovery by rapidly enhancing its rate and, there-

fore, ensuring a complete and uniform regenerated pristine-like surface available for a sec-

ond UV/O3 patterning are discussed. The recovery enhancing or regeneration methods

utilised in this project are divided into two categories: Thermal and Chemical.
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• Thermal: The thermal approach to surface regeneration concerns the application

of a sustained heat treatment to the surface of the oxidised PDMS. The thermal en-

hancement of hydrophobic recovery is targeted, taking advantage of the temperature

dependency seen in the diffusion of low molecular weight (LMW) PDMS oligomers to

the surface from the bulk. This process can be represented by an Arrhenius-type rate

equation (Equation 6.2.1 as described in Hillborg et al., and Pascual et al., etc [280,

344].

k∝ exp[
Ea
RT ] (6.2.1)

where k is the rate of recovery, Ea is the activation energy of LMW species in the

bulk, R is the gas constant (8.314 J mol-1 K-1) and T is the treatment temperature. In

addition to the temperature dependency, the concentration of LMW PDMS species, i.e.

degree of curing, influences the diffusivity of LMW and therefore, the rate of contact

angle recovery. However, given the consistent preparation method, that is, [10:1]

PDMS kit ratio and a 1 hr, 100°C curing temperature, this parameter is expected to be

constant across all PDMS blocks used in the project [159]. There is a limit to what

range of temperatures can be applied as PDMS is known to completely decompose and

depolymerise at temperatures exceeding 400°C [349, 350], however in practice, it was

observed during this study that at temperatures above 200°C, the PDMS stamps begin

to bow, deform and become more susceptible to tearing [351]. It has been shown

that thermally-enhanced hydrophobic recovery can be achieved at temperatures as

low as 20°C over a long enough time frame (60 days) [344], as such, in this project,

temperatures of 50, 100, 150 and 200°C were investigated.

• Chemical: It has been observed that oxidation of PDMS by UV/O3 results in the for-

mation of a ‘thin, brittle silica-like layer’ with a thickness ranging from 5 - 500 nm

[279, 332]. Chemically-enhanced hydrophobic recovery targets the dissolution of the

silica-like layer, reducing the thickness and promoting the formation of cracks and

fractures to increase the rate of hydrophobic recovery. Bowen et al. present a method

for dissolving the SiOx layer, taking inspiration from the dissolution of amorphous

silica by NaCl solutions in the field of geochemistry [352, 353]. In the publication,

Bowen finds immersion of oxidised PDMS in a mild saline buffer, for example, 0.01
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M phosphate-buffered saline at 80°C for 1 hr, results in the removal of the silica-like

layer. In this project, a comparable method by immersing UVO240-PDMS in 0.01 M

PBS was studied in addition to a combined chemical-thermal approach.

• Other: Mechnically-enhanced regeneration targets the formation of cracks and frac-

ture via physically deforming the oxidised-PDMS to break the silica-like layer. This

effect appears to have been first described by Hillborg and Gedde, showing increased

rate of hydrophobic recovery by ’mild bending’ on high-dose, corona discharge ex-

posed PDMS samples [280]. Further examples within the literature are limited how-

ever, in a recent publication Mazaltarim et al. utilises mechanically induced recovery

on O2-plasma treated PDMS to produce patterned surface by controlling the wetting

behaviour of water [354]. Mazaltarim shows the recovery of the surface plateaus at

∼76% of the original value (118° verses 90° WCA) on the samples in their study. In

preliminary experiments investigating the effect of mechanical deformation on the

recovery of krytox patterning surfaces, P-PDMS samples were blanket irradiated by

UV/O3 for 240 min to produce UVO240-PDMS blocks. Enhancement of contact angle

recovery by mechanical deformation was attempted on numerous samples, this was

performed by manually bending and stretching the blocks for an allotted duration

of 15 min. On every attempt, the mechanical deformation of UVO240-PDMS would

result in the tearing and snapping of the samples. While this contrasts the work by

Mazaltarmin, there are some differences in the experimental design. Firstly, the PDMS

samples used in the study by Mazaltarim are thinner than the materials used in this

project (100 µm vs ca. 3 mm). A thinner PDMS film will be more flexible, allow-

ing multiple bending actions. Secondly, the deformation performed by Mazaltarmin

was conducted using a robotic, mechanical testing system for controlled stressing of

the PDMS and finally, Mazalatrim employed at 10 s oxygen plasma to irradiate the

PDMS which would not produce a deep oxidised layer similar to the type generated

by a 240 min UV/O3 treatment. Given the issues with tearing and brittleness of the

samples relevant for stamping & R2R printing, the mechanical process is generally

considered incompatible with 240 min UV/Ozone-irradiated PDMS at present.
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6.3 Contact Angle and Surface Free Energy Behaviour

6.3.1 Thermal Regeneration - Sustained Heat Treatment

As per Section 5.3, sheets of cured PDMS were demoulded, cut into an appropriate di-

mension (10x10x3 mm), rinsed with ethanol and dried with nitrogen flow to give a debris-

free, pristine surface (P-PDMS). A 240 min blanket (non-masked) UV/O3-oxidation was per-

formed on the P-PDMS to generate oxidised UVO240-PDMS samples. The UVO240-PDMS

samples were subject to various heating regimes. To investigate the effect of thermal re-

generation on UVO240-PDMS, a contact angle study was performed by measuring the static

water (WCA) and Krytox1506 contact angles (KCA) as a function of heat treatment duration

for the 4 temperatures of interest (50, 100, 150 and 200°C).

Figure 6.7: Water contact angle vs heat treatment duration following 50, 100, 150 and
200°C heat treatments on 240 min UV/O3 oxidised-PDMS (UVO240-PDMS). Pristine PDMS

P-PDMS reference value from whole project average as dashed line.
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Figure 6.8: Krytox1506 contact angle vs heat treatment duration following 50, 100, 150
and 200°C heat treatments on 240 min UV/O3 oxidised-PDMS (UVO240-PDMS). Pristine

PDMS P-PDMS reference value from whole project average as dashed line.

Figure 6.7 shows the effect of heat treatment on the static water contact angle with the WCA

of P-PDMS and UVO240-PDMS shown as reference lines at 95.93° and 6.2°, respectively. Re-

covery of hydrophobicity, i.e., the increase in WCA relative to the UVO240-PDMS reference,

is observed for all applied temperatures regardless of treatment duration; however, a tem-

perature dependency exists for the extent of recovery. Upon the onset on heating, rapid

recovery occurs, and after 15 min of heat treatment for all temperatures, an appreciable

increase in WCA is observed with a threshold present between 50 and 100°C. Considering

the 50°C treatment at 15 min, the WCA increases to 38.9 ± 2.7° (40.5% recovery) before

reaching a high of 59.9 ± 3.8° (62.5%) after 90 min of heating. At this temperature, the

recovery effect increases gradually with time, following the immediate jump upon applica-

tion of the heat treatment. This initial recovery from 6.22° in UVO240-PDMS to 38.9° is the

result of the volatilisation of hydrophilic species bound to the surface of the oxidised PDMS

as well as the onset of LMW PDMS migration to the surface [342, 345]. Summarised in

Table 6.2, there is a noticeable jump in WCA recovery of 43.3% between 50 and 100°C to

80.4 ± 3.3° (83.8%) at the 15 min of heating and unlike the time dependency of the 50°C
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heating, no such increase in recovery as a function of time is observed for 100°C with a WCA

of 80.4 ± 4.5° (83.8%) after 90 min.

Table 6.2: WCA recovery percentages (%) for thermal regeneration regimes.

Duration (min)
Temperature (°C)

50 100 150 200

15 40.5% 83.8% 95.6% 89.8%
30 42.1% 85.3% 93.1% 88.2%
45 54.3% 83.0% 91.3% 93.6%
60 52.2% 86.4% 94.5% 94.7%
75 59.4% 82.2% 91.0% 93.4%
90 62.5% 83.8% 91.3% 94.3%

Increasing the temperature to 150°C results in a further ∼8% jump in the percentage recov-

ery values, ranging between 91.0% - 95.6%. Similar results for WCA recovery are observed

at 200°C between a low of 84.61 ± 2.9° (88.2%) and a high of 90.81 ± 4.0° (94.6%) with

no clear time dependency for both 150 and 200°C. The data outlines that treatment temper-

atures ≥ 150°C induce maximum hydrophobic recovery, reaching a limit of approximately

88° or 92% in percentage terms. Overall, the general increase in recovery as a function of

temperature is expected and matches similar data from the literature [344]. Contrasting the

water contact angle hydrophobicity where the lower temperatures (50 & 100°C) result in

less recovery than the high temperatures (150 & 200°C), oleophobic recovery of Krytox1506

contact angle (Figure 6.8) occurs in a balanced manner across all temperatures at all treat-

ment durations, i.e. no clear temperature or time dependency. Table 6.3 presents recovery

of KCA as a percentage and shows the limit is slightly lower than that of WCA for the higher

temperature heat treatments (150 & 200°C); however, for 50°C, the recovery is much closer

to the high temperatures. The lack of a temperature dependency for the KCA outlines a

deviation from the Arrhenius-type behaviour observed for WCA hydrophobic recovery. It is

likely this lack of trend for the KCA values is due to the absence of strong bonding interac-

tions involved in the wetting and adhesion of Krytox1506 in addition to the existence of the

oxygen-rich silica-like layer that causes a permanent increase in surface free energy.

The wetting behaviour of water relies overwhelmingly on the formation of hydrophilic sur-

face species, e.g. Si OH and hydrogen bonding interactions between the water molecules

and the surface. Upon application of a thermal regeneration regime, the hydrophobic re-
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Table 6.3: KCA recovery percentages (%) for thermal regeneration regimes.

Duration (min)
Temperature (°C)

50 100 150 200

15 85.3% 86.8% 85.1% 75.5%
30 65.0% 83.4% 90.4% 73.5%
45 75.0% 82.0% 87.4% 80.4%
60 78.7% 87.2% 80.7% 85.1%
75 67.9% 82.8% 81.3% 88.0%
90 88.8% 86.1% 84.8% 77.0%

covery relates to the loss of these bonding groups via the processes previously discussed. As

water possesses a high surface tension (72 mN m-1), it energetically favours remaining in

the bulk droplet as opposed to wetting a surface. On a high energy surface such as UVO240-

PDMS, wetting is favoured due to the minimisation of free energies however when the SFE

begins to decrease due to the loss of the unstable and polar silanols, the water again prefers

to remain in the droplet, increasing the WCA.

Figure 6.9: Surface Free Energy (mJ m-2) of thermally regenerated, 240 min UV/O3

oxidised-PDMS (UVO240-PDMS) as a function of treatment duration (min). Values
calculated using the OWRK/Fowkes method with experimental WCA and KCA data.

Pristine PDMS (P-PDMS) SFE as dashed reference line.
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On the other hand, Krytox1506 adheres to the surface only by weak intermolecular forces.

While the loss of the higher energy polar groups on the surface does result in the observed

oleophobic recovery, the permanent changes to the surface as a result of UV/O3-oxidation,

e.g. cleavage of stable Si CH3 and formation of an oxygen-rich, silica layer, limit the total

recovery possible for both hydrophobicity and oleophobicity of the surface when utilising

a purely thermally-enhanced regeneration method. As Krytox1506 is a non-polar, perfluo-

ropolyether, an estimate of the surface free energy can be calculated from KCA and WCA

values by the OWRK/Fowkes method as it is assumed the bonding interactions involved for

wetting of Krytox1506 are purely dispersive.

Figure 6.9 summarises the SFE data for the thermal regeneration methods collating the

WCA and KCA values. The plot better represents the overall picture for both hydrophobic

and oleophobic recovery, showing the higher temperatures (150 and 200°C) give a more

complete recovery with no time dependency at 100°C or above. Further detail on the tem-

perature dependency of PDMS hydrophobic recovery has been presented by Morra et al.,

Hillborg et al., and Pascual et al. [343, 344, 355] with the data in Figure 6.7 following a

similar and expected trend irrespective of variation in PDMS composition, oxidation method

and oxidation duration.

6.3.2 Chemical Regeneration - Silica Dissolution

A second approach to regenerate the patterning surface of UVO240-PDMS is through etching

of the oxygen-rich, silica-like layer. Generation of the SiOx layer during oxidation of P-PDMS

by UV/O3 contributes to the large increase in surface free energy due to the loss of stable

methylsilyl (Si CH3) groups. As the primary mechanism for recovery is well understood and

occurs through the diffusion-controlled migration of LMW PDMS oligomers, it is proposed

that the thickness reduction or complete removal of the silica layer will increase the rate of

recovery by increasing the diffusivity and, therefore, lowering time for the diffusion process

[159, 356, 357]. For the application to metal deposition, the KCA is key to controlling the

wetting and dewetting required to form oil mask patterns. Given that KCA on P-PDMS is

already, by definition, in an oleophilic state (CA <90°), it is crucial that the regeneration

method returns the KCA to the value of P-PDMS (KCA: 36.86± 1.9° ). Thermally enhanced
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regeneration is limited by the persistence of the SiOx layer, so another approach targeting

the silica layer itself was investigated. UVO240-PDMS samples were prepared following

the same approach as Section 6.3.1 then subject to a chemically enhanced recovery process

whereby the samples were immersed in a 1X PBS solution (0.137 M NaCl, 7.6 pH) and

heated to 85°C for 60 min to dissolve or etch the SiOx surface layer. A combined chemical

and thermal approach was performed on a second set of UVO240-PDMS samples where the

samples were first subject to a chemical dissolution regime followed by a heat treatment of

150°C for 60 min. For the purposes of a contact angle investigation, only the 150°C was

studied as this temperature afforded the maximum recovery percentage and resulted in the

complete removal of hydrophilic silanols as shown later in Figure 6.15. In essence, there

was no perceived benefit to using a higher temperature.

Figure 6.10: Water contact angle (°) on UVO240-PDMS samples regenerated using a
chemical, thermal, and combined chemical-thermal method.
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Figure 6.11: Krytox1506 contact angle (°) on UVO240-PDMS samples regenerated using a
chemical, thermal, and combined chemical-thermal method.

Figure 6.12: Diiodomethane contact angle (°) on UVO240-PDMS samples regenerated
using a chemical, thermal, and combined chemical-thermal method.

A contact angle and surface energy investigation for the chemical, thermal and combined
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chemical-thermal regeneration methods was conducted in the same manner as Section

6.3.1. Figure 6.10 shows the water contact angles (WCA) for the three regeneration methods

with the chemical-only method resulting in a WCA recovery to 56.99 ± 4.63° (59.4% recov-

ery), a repeat of the 150 °C, 60 min thermally-enhanced recovery gave a WCA of 78.90 ±
5.38° (82.2%) while the combined chemical-thermal approach exceeded expectations and

resulted in the highest observed recovery for WCA up to a value of 98.64 ± 0.3° (102.8%).

The oleophobic recovery of Krytox1506 contact angle for the chemical-only regeneration

(Figure 6.11) was 83.3% to a contact angle of 30.71 ± 4.16°. The thermal method was

70.0% (25.79 ± 2.39°) and the combined approach again resulted in a higher than P-PDMS

contact angle 38.42 ± 3.3° or 104.2% recovery. Lastly for the contact angle of CH2I2 on

this set of regenerated UVO240-PDMS samples in Figure 6.12 were 57.72 ± 6.64° (90.3%),

59.99 ± 2.0° (93.8%) and 61.12 ± 3.0° (95.6%) for the chemical-only, thermal and com-

bined chemical-thermal regeneration methods, respectively. Table 6.4 represents this data

in terms of percentage recovery, and in Table 6.5, the calculated surface free energy values

are shown. By taking into account the standard error in the measurement, the combined

method offers a repeatable approach to achieving complete recovery of the hydrophobicity

(WCA) and oleophobicity (KCA), even exceeding the values of WCA and KCA on P-PDMS.

Table 6.4: Table of Percentage recovery values for water, Krytox1506 and diiodomethane
contact angles.

Sample
Recovery

WCA KCA DCA

Chemical-only (PBS 85°C, 60 min) 59.4% 83.3% 90.3%
Thermal (150°C, 60 min) 82.2% 70.0% 93.8%

Combined Chemical + Thermal 102.8% 104.2% 95.6%

Table 6.5: Table of Calculated Surface Free Energy (SFE) for chemically-enhanced
regeneration methods. Reference values in bold.

Sample Surface Free Energy (mJ m-2)

Combined Chemical + Thermal 20.04
P-PDMS 22.36

Thermal (150°C, 60 min) 30.78
Chemical-only (PBS 85°C, 60 min) 44.99

UVO240-PDMS 72.80

For the chemical-only approach, hydro- and oleophobic recovery is on par with the 50°C heat
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treatment, yielding comparable percentage values and surface energy when considering the

same treatment timescale (60 min). It was expected that the recovery for the chemical-only

process would be much higher, exceeding the low temperature thermal regeneration, given

the elevated temperature and potential for increased diffusivity of LMW PDMS due to the

thickness reduction in the silica-like layer. As this was not the case, it is clear that the mech-

anism for hydrophobic and oleophobic recovery induced by the chemical approach is more

complex and a balance between positive and negative influences that increase the rate of re-

covery and impede or delay it. Given what is already known about the primary mechanisms

involved with recovery of hydrophobicity and oleophobicity, the positive influences aim to

increase rate of diffusion-controlled migration of LMW PDMS from the bulk to the surface,

as well as promote the reorientation and/or the volatilisation of polar, hydrophilic surface

groups. It is also proposed that the elevated temperatures required during the dissolution

step, would further increase the rate of LMW PDMS migration which is known to follow an

Arrhenius-type rate behaviour and as such, has a strong temperature dependency as seen

previous in Section 6.3.1.

As the recovery values are lower than expected given the elevated temperature and disso-

lution of the silica-like layer, there must be some process that will likely negatively impact

the rate significantly. In publications by Chen et al. and Ma et al., the stability of oxidised-

PDMS surfaces and delay of intrinsic hydrophobic recovery are discussed [159, 358]. The

retardation of intrinsic hydrophobic recovery is a common topic of the literature as many

researchers want to stop or delay the WCA increase of oxidised-PDMS for application in

microfluidics, and in both studies, immersion in water is presented as an effective method

of preventing recovery. As shown by Chen, the rate of recovery is likely influenced by the

difference in relative permittivity between the oxidised-PDMS surface (εPDMS = 2.65) and

the environment (εH2O = 80, εPBS = 80, εair = 1), with the relative permittivity a measure

of the polarity, i.e. the higher the relative permittivity, the more polar the compound. Water

and therefore an aqueous buffer such as PBS, will impede the reorientation of hydrophilic

groups towards the bulk due to the prevalence of h-bonding between the water molecules

and the polar groups on the surface in addition to slowing the migration of LMW species to-

wards the surface. A similar effect of preventing or delaying the intrinsic recovery has been
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shown by Francis et al. and was achieved by coating the oxidised UVO240-PDMS sample in

Krytox1506 [348]. This is a relevant consideration as the Krytox1506 oil mask used in the

printing and metal deposit must be removed from the PDMS so that the surface is free and

clear of residual liquids, as this may impact the effectiveness of the applied regeneration

method.

Comparatively, the combined chemical-thermal treatment shows a much-increased hydro-

and oleophobic recovery to a value marginally higher than P-PDMS and is therefore indica-

tive of total recovery (≥100%). It is apparent that the post-etching bake is key to driving the

recovery to the values shown in Table 6.4. Application of the 150°C, 60 min heat treatment

allows the PDMS to return to a purely temperature-dependent process where partial yet

rapid recovery was previously observed. Assuming the majority of the recovery is a result

of the heat treatment, the chemical dissolution reduces or potentially eliminates the SiOx

layer’s barrier effect. The barrier effect to the migration of LMW PDMS by the oxygen-rich

silica layer can be similarly reduced by inducing cracks and fractures through the layer.

The formation of cracks in the SiOx facilitates the rapid diffusion of LMW species, lead-

ing to a similarly increased rate of recovery. This mechanically-induced recovery has been

described in numerous publications, for example, Hillborg et al. [280, 343], including an

in-depth study by Mazaltarim et al. [354].

6.4 Surface Characterisation

6.4.1 Surface Chemistry Analysis

Characterisation of the surface chemistry and topographic properties will allow for improved

correlation between the contact angle data and regeneration method. IR spectroscopy was

performed to probe the underlying chemical changes to oxidised UVO240-PDMS as a result

of thermal, chemical and combined regeneration. Samples of pristine, oxidised and heat-

treated UVO240-PDMS are shown in Figure 6.13. Focus was placed on the edge conditions

of the thermal treatments as the most significant differences in WCA and KCA were observed

at these conditions, therefore, the four thermally enhanced recovery regimes analysed were

50°C for 15 min and 90 min as well as 200°C for 15 min and 90 min.
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Figure 6.13: IR Spectra of P-PDMS, UVO240-PDMS and UVO240-PDMS subject to heat
treatment regeneration process. Focusing on regions of interest at A) 4000 - 2500 cm-1 and

B) 1500 - 600 cm-1.

In Figure 6.13.A, the spectrum is centred on the OH silanol stretch at 3300 cm-1. As pre-

viously mentioned, oxidation by UV/O3 results in the formation of silanol groups (Si OH)

following cleavage of the methylsilyl groups Si CH3 in P-PDMS. Upon application of the
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200°C heat treatment to UVO240-PDMS, the intensity of the alcohol vibration begins to

reduce with a longer duration, producing a greater reduction in the peak height. This re-

duction represents the loss of silanol groups from the oxidised surface. The hydroxyl loss

appears to occur via silanol condensation, resulting in the formation of new Si O Si bridges

[279, 338, 355].

Evidence of the condensation process is seen in Figure 6.13.B by the increase of the Si O Si

stretch at 1010 cm-1 for both 200°C samples, which are accompanied by a reduction of both

the Si O stretches of the silanol group (Si OH) at 893 and 840 cm-1. As proposed by Fritz et

al. and Senzai et al., loss of hydrophilic species bound to the surface of the UVO240-PDMS,

e.g. Si O, carbonyls, etc., to the environment may occur due to heat-induced volatilisa-

tion. [342, 345]. Relative to the intensity of the peaks in the UVO240-PDMS reference,

the characteristic vibrations of PDMS methyl groups (Si CH3) at 2962, 1257 and 786 cm-1

do not change upon application of heat treatment, i.e. the trimethylsilyl group are neither

reformed nor further eliminated from the surface. The intensity of the methyl vibrations

remains at the level of UVO240-PDMS, indicating that oxidation of PDMS by UV/O3 results

in the permanent loss of CH3 content from the surface. The spectra for both 50°C samples

in Figure 6.13 are almost identical to that of UVO240-PDMS reference with only a minor re-

duction in the OH stretch observed, which is likely the loss of silanols to the atmosphere or

by reorientation of the polymer chains away from the surface. The IR data corresponds well

to the WCA and KCA data in Section 6.3, providing further reasoning for the large differ-

ence between 50°C and the higher temperature regenerated samples. Additionally, this data

lends credence to the theory by Hillborg that the brittle, glass-like silica layer on UVO240-

PDMS acts as an effective barrier at a lower temperature before undergoing a transition to

a pristine-like rubbery state where increased LMW PDMS diffusivity is observed [343].

Figure 6.14 shows the IR spectra of UVO240-PDMS samples subject to chemical and com-

bined chemical-thermal regeneration processes alongside comparative 60 min heat treat-

ments. The thermally-enhanced recovery regimes (50, 100 & 150°C for 60 min) in Figure

6.15 show the same changes in vibration intensities as in Figure 6.13, that is, a reduc-

tion in the alcohol peak of the silanol at ∼3000 cm-1, an increase in the Si O Si peak at

∼1010cm-1 and decreases in the other Si O intensities below 900cm-1. Similarly, the higher
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the temperature, the greater the reduction in intensity of the oxidised species.
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Figure 6.14: IR Spectra of P-PDMS, UVO240-PDMS and UVO240-PDMS subject to
chemical-only and combined chemical-thermal processes at 50, 100 and 150°C. A) 4000 -

2500 cm-1 and B) 1500 - 600 cm-1.
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Figure 6.15: IR Spectra of P-PDMS, UVO240-PDMS and UVO240-PDMS subject to 60 min
thermal regeneration at 50, 100 and 150°C. A) 4000 - 2500 cm-1 and B) 1500 - 600 cm-1.

In comparison, focusing around the alcohol stretch in Figure 6.14.A, there is a significant

decrease in the Si OH vibration for the preferred combined regeneration of PBS dissolution
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(85°C, 60 min) + 150°C, 60 min heat treatment.

The spectrum in Figure 6.14.B suggests the hydrophilic species are removed due to the

significant loss in intensities of the Si O vibration close to the level in P-PDMS, however

comparable to the thermal data, the methyl content, i.e. Si CH3 does not recover. Inter-

estingly, both the chemical-only spectrum and the chemical-thermal (50°C) sample show an

identical but minimal reduction in vibrations. It is possible the reduction of the chemical

and chemical-thermal (50°C) sample corresponds solely to the loss of weakly-bound sur-

face groups to the environment or reorientation, whereas the higher temperature combined

spectra show a greater loss of silanols by migration of LMW PDMS.

The similarity between the chemical/combined process and the thermal methods in Figures

6.14 and 6.15, respectively, shows that ATR-FTIR is not capable of characterising the oxygen-

rich, silica-layer. However, the IR data does provide strong evidence that the combined

regime removes the majority of the hydrophilic species, e.g. Si OH, from the surface, which

is a contributing factor to the observed recovery of WCA and KCA.

Figure 6.16: XPS depth profile of heat treated UVO240-PDMS - 50°C, 15 min.

Depth profiling XPS enabled the characterisation of the near-surface region, which is pre-

dominately comprised of the oxygen-rich silica-like phase. By determining the atomic per-

centages of oxygen, carbon, and silicon as well as the peak binding energies, the effective-
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ness of modifying or removing the silica can be determined. Firstly, Figures 6.16 and 6.17

shows the XPS atomic profiles for two heat-treated sample (50°C for 15 min and 200°C for

15 min), respectively. (See Appendix B, Figures B.7 & B.8 for spectra.)

Figure 6.17: XPS depth profile of heat treated UVO240-PDMS - 200°C, 15 min

Both profiles in the above as well as the accompanying percentage data in Tables 6.6 and

6.7 match closely with the reference UVO240-PDMS in Figure 6.5. The measurement be-

fore depth profiling summarises the composition of the oxidised surface, while the etched

measurement (after 300 s) outlines the composition of the oxygen-rich silica layer in the

near-surface region.

Table 6.6: XPS atomic composition of surface Layer (0 s etch).

Sample
Atomic Composition (%)

C/O ratio
Carbon Oxygen Silicon

P-PDMS 44.12 28.8 27.09 1.532
UVO240-PDMS 11.27 59.07 29.65 0.191

UVO240→50°C, 15 min 11.6 59.11 29.29 0.196
UVO240→200°C, 15 min 11.7 58.52 29.78 0.200

There is minimal differentiation between Figures 6.5, 6.16 and 6.17 as the silica-like layer

possesses an identical composition irrespective of applied heat treatment. As the chemical

composition of this silica layer remains the same, it will not contribute to recovery through
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Table 6.7: XPS atomic composition of subsurface and oxidised silica layer (300 s etch).

Sample
Atomic Composition (%)

C/O ratio
Carbon Oxygen Silicon

P-PDMS 38.98 28.61 32.41 1.362
UVO240-PDMS 24.70 42.50 32.80 0.581

UVO240→50°C, 15 min 24.42 42.99 32.59 0.568
UVO240→200°C, 15 min 25.73 41.73 32.54 0.617

alteration of bonding interactions. The silica-like layer is persistent and unperturbed by

heat treatment. As discussed, Hillborg proposed that the glassy silica-like layer formed

during oxidation is an effective barrier to the diffusion of LMW species to the hydrophilic

surface at room temperature. As the temperature increases to ca. 60°C, the silica-like layer

may undergo a transition from a glassy state, to a more rubbery state that allows for an

increased LMW PDMS diffusivity [343]. Therefore, despite the silica layer remaining after

heat treatment, the conversion into a state with an increased rate of migration occurring

between 50 and 100°C would offer some explanation for the difference in WCA recovery.

Turning to the chemical-only and combined chemical-thermal (150°C, 60 min) methods, fur-

ther XPS corroborates the mixture of theories explaining the observed recovery. Considering

Figures 6.18 and 6.19, the atomic profile and percentages appear similar to the pristine sur-

face (Figure 6.4) and therefore indicates the silica-layer formed during UV/O3 oxidation is

no longer present, that is, has been dissolved. However, there is a small disconnect between

the IR spectra in Figure 6.14 and the atomic percentages in Figure 6.19. Specifically, the

intensity of the carbon containing vibrations e.g. 2982 cm-1 does not recover to the inten-

sity of that in P-PDMS while the carbon element concentration in the XPS does recover. It

is possible this is the result of differences in sampling depth of both techniques or sensitiv-

ities to different functional groups of the individual techniques, and differences in sample

preparation and oxidation. It is worth noting that the samples used in the ATR-FTIR and

XPS were different such that they were prepared, oxidised and analysed over 1 year apart.
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Figure 6.18: XPS depth profile of UVO240-PDMS subject to chemically-enhanced recovery
- Silica Dissolution (PBS 85°C, 60 min). See Appendix B, Figure B.9 for spectra.

Figure 6.19: XPS depth profile of UVO240-PDMS subject to combined thermal &
chemically-enhanced recovery - Silica Dissolution (PBS 85°C, 60 min)→ heating (150°C,

60 min). See Appendix B, Figure B.10 for spectra.

The dissolution of the silica layer is further evidenced by the shift in Si2p peak binding

energy. In Figure 6.20, the peak binding energies of various regeneration processes are

presented. The shift of the Si2p peak for both the chemical-only and combined processes
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back to the approximate value of P-PDMS, e.g. 101.3 eV, is indicative of the siloxane phase

due to the removal of the SiOx-like layer which has a higher peak binding energy around

103.3 eV.

Figure 6.20: XPS Si2p peak binding energy.

6.4.2 Roughness Analysis

As outlined in Section 5.7.3, Sa values over two areas of 1002 µm and 12 µm were deter-

mined using optical interferometry and AFM, respectively. Figure 6.23 shows the microscale

and Figure 6.24 shows the nanoscale roughness for the thermal extremes, chemical-only

and combined regeneration methods. Considering the microscale area, there is a general in-

crease in Sa as a result of higher treatment temperature and duration from 1.883 ± 0.43 nm

on UVO240-PDMS to 5.088 ± 1.89 nm for the 200°C, 90 min sample. As outlined in Fig-

ure 6.23, the chemical-only approach has a microscale roughness comparable with the

200°C/90 min thermal regeneration, while a relatively large increase in Sa is found on the
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combined chemical-thermal treatment up to 13.925 ± 3.27 nm. Over a nanoscale area as

measured by atomic force microscopy (Figure 6.24), the changes in areal surface roughness

relative to the reference are minimal, with all the applied regeneration methods resulting

in negligible change of ± ∼ 1 nm. While the applied surface regeneration methods result in

a small nanometre-scale increase in areal surface roughness, the magnitude of this increase

on the scale of nanometres will have no impact on the wetting behaviour of the surface.

Figure 6.21: Micrographs of thermally-regenerated PDMS samples showing the formation
of cracks following an application of a high-temperature regeneration regime. A)

UVO240-PDMS Reference Sample, B) 50°C, 15 min thermally-regenerated sample, and C)
200°C, 15 min sample with surface cracking annotated.

Figure 6.22: Photograph of UVO240-PDMS with cracking due to mechanical deformation
(bending and stretching).
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Figure 6.23: Areal arithmetic mean microscale surface roughness (Sa, nm) vs
Regeneration Process from interferometry over an area of 1002 µm. 1†/2† : Select 2-D

optical profilometry images of PDMS surfaces.
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Figure 6.24: Areal arithmetic mean microscale surface roughness (Sa, nm) vs
Regeneration Process Nanoscale roughness from AFM over an area of 12 µm. 3‡/4‡:

Select 2-D AFM micrographs of PDMS surfaces.
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The difference between the increase in microscale roughness and the unchanged surface

on the nano-scale may be the result of cracks forming throughout the brittle silica layer. It

has previously been shown that the induced stresses of a thermal bake to oxidised-PDMS

samples can result in cracking [280]. Figure 6.21 shows micrographs of a UVO240-PDMS

reference verse the 50 and 200°C (15 min) thermally regenerated surfaces. Images A and B

show the surfaces are void of cracks and relates to low surface roughness values. In Figure

6.21.C, the formation of cracks on the surface also corresponds to a ∼3 nm increase in Sa

for the 200°C heated sample.

The cracks in the silica-like layer are on the order of 10s of microns in length, as such,

the formation of the cracking network can be observed by the human eye if it is extensive

enough, for example, visualisation of the cracks was achieved by repeated mechanical de-

formation (bending and stretching) of a UVO240-PDMS sample. The image in Figure 6.22

shows this cracking on the surface of a UVO240-PDMS block that has been purposefully

deformed to induce crack formation. This highlights the need for careful handling of the

PDMS blocks throughout the whole process.

6.5 Patterning and Images Analysis

6.5.1 Direct Metal Deposition on PDMS Substrates

Several promising surface regeneration methods, informed by contact angle data and com-

pelling evidence of surface/near-surface chemistry changes, have been outlined in the previ-

ous sections. Both the high-temperature thermal treatments (150 & 200°C) and the chemically-

enhanced processes have demonstrated significant recovery for the water and Krytox1506

contact angles. The data underscores the theoretical viability of regenerating the surface

of oxidised UVO240-PDMS for repatterning applications. Chemical analysis by surface-

sensitive ATR-FTIR and XPS has shown that the combined chemical-thermal method appears

to result in the complete reversion of the oxidised surface to a pristine-like state. While the

regeneration methods have been shown to result in improved recovery evidently, translation

to real patterned metal deposition by UV/O3-PDMS selective metallisation proved challeng-

ing. In the following section, select attempts of utilising the regeneration methods to achieve
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pattern rewriting and the reuse of oxidised-PDMS printing stamps are presented.

Figure 6.25: Schematic representation of theoretical outcome for patterned metal
deposition using UV/O3-PDMS as the substrate. 1) UV/O3 irradation of P-PDMS, 2)

Control sample with no applied regeneration method (Intrinsic recovery), and 3)
Deposition process with regenerated PDMS samples.

Typically, the normal process for deposition of a patterned metal layer by UV/O3-PDMS

selective metallisation is as follows;

1. Oxidise: Prepare and oxidise a PDMS block (stamp) using a 240 min UV/Ozone treat-

ment. This is performed through a patterned mask in the design of the final metal

pattern, similar to the use of a positive resist in photolithograhpy.

2. Coat: Deposit a thin-layer of Krytox1506 PFPE vaccum oil onto the UVO240-PDMS

stamp. Oil coats the stamp over areas of the PDMS irradiated by UV/Ozone i.e. the

oxidised PDMS.

3. Stamp: Transfer oil pattern from the Krytox-coated UVO240-PDMS to a suitable sub-
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strate (e.g. a PET sheet) via stamping or R2R printing. The substrate will now be

coated by oil on the negative spaces of the pattern.

4. Metallisation: Deposition of metal via a PVD process such as vacuum thermal evap-

oration will, in essence, develop the substrate leaving a pattern metal layer. As men-

tioned, the oil prevents metal deposition, yielding a patterned metal layer in the parts

of the substrate that were not coated with Krytox1506.

An initial of experiments eliminated the oil mask transfer stage (3. Stamp), simplifying the

regeneration and metal deposition processes. However, by using PDMS as the substrate for

both oil and metal deposition, it is only possible to perform a single metallisation step. This

contrasts a full process where the oil coated PDMS can be used for repeat deposition of an

oil mask onto a secondary substrate.

As outlined in Figure 6.25, a complete process for the ’direct’ metal deposition begins with

oxidation of PDMS blocks by a blanket UV/O3-irradiation (240 min). The blanket oxidised

PDMS blocks are in a fully wetting / oleophilic state where the Krytox1506 oil would coat

its entire area, i.e. preventing metal deposition. A sample is left without regeneration

to undergo an intrinsic and uncontrolled hydrophobic recovery process, this will act as a

control. The remaining fully oxidised UVO240-PDMS surfaces are regenerated by a thermal

(150°C, 60 min), chemical (PBS immersion @ 85°C, 60 min) or combined (PBS immersion

then 150°C heat treatment) processes.

Following regeneration, a second UV/O3-oxidation is performed through a shadow mask to

yield a patterned oxidised layer to which Krytox1506 was deposited by spin coating. Finally,

the oil masked PDMS substrates were developed by exposure to a thermally evaporated

metal source to yield the final patterned metal layer. As oxidising the whole pristine-PDMS

surface, results in a UVO240-PDMS surface with a Krytox1506 wetting state that is, no metal

deposition should be possible, successful regeneration of the UVO240-PDMS should yield a

patterned metal layer at the end of the process.

The images in Figure 6.26 show the result of direct metal deposition onto repatterned

UV/O3-PDMS substrates. Expectedly, the control sample that was not subject to a regen-

eration process, showed minimal or partial formation of the patterned metal layer. As
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oxidised PDMS does naturally recover contact angle, a partial metal layer resembling the

shadow mask pattern was likely to form, highlighting the need for application of a controlled

and uniform surface regeneration process which is one of the primary motivations for this

work. The quality and completeness of the metal layer as a result of the surface regen-

eration process on blanket oxidised UVO240-PDMS, matches the trend in KCA outlined in

Figures 6.11, that is, thermal<chemical≪combined, in terms of percentage recovery. There

is a large difference in the final metal layer for the thermally-regenerated (150°C, 60 min)

and chemically-regenerated (PBS 85°C, 60 min) samples despite similar levels of recovery,

strongly suggesting removal of the oxygen-rich silica-layer is crucial to achieving repattern-

ability of the oxidised UVO240-PDMS surface. The result from metal deposition on PDMS

substrates are promising and show that the applied regeneration method, particularly chem-

ical methods, can effectively induce recovery of the UVO240-PDMS to enable a secondary

patterning by UV/O3, deposition of patterned oil mask due to control of wetting-dewtting

on the regenerated surface and the final patterned metal deposition.

Figure 6.26: UV/O3-PDMS metal deposition utilising PDMS as the substrate. Images of 4
samples include a control and 3 regenerated samples - thermal, chemical and combined

chemical-thermal. The expected patterned metal feature is outlined in red.

The direct metal deposition onto regenerated, repatterned PDMS offers little in terms of real

application to the deposition of electrodes onto flexible, plastic substrates and acts purely

as a proof-of-concept that the UVO240-PDMS can be regenerated to allow for a patterned
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metal deposition. Direct deposition avoids potential issues arising from oil mask printing,

the removal of residual Krytox1506 from used printheads and the problematic wetting-

dewetting behaviour of Krytox1506. In the second part of this section, a double-patterning

process with oil transfer by stamping will be presented.

6.5.2 Stamped Oil Transfer and Rewriting

UV/O3-PDMS was utilised as a stamp to enable the transfer of a patterned Krytox1506 oil

mask onto flexible plastic (PET) substrates. Following a similar process as outlined in Figure

6.25, the complete double-pattern, or rewriting process is shown in Figure 6.27. The main

difference between the direct deposition and the double patterning process is that both

the oxidation steps are performed through a shadow mask as opposed to an initial blanket

UV/O3 oxidation to the entire P-PDMS surface. Additionally, following completion of oil

mask transfer onto PET, the remaining and residual Krytox1506 needs to be removed from

the surface of the PDMS before application of a regeneration treatment.

Throughout the rewriting process, the initial deposition for all samples will exhibit a single

feature on the patterned metal layer. In the case of the control sample, the second deposition

is expected to present elements of both the first and second patterns, reflecting the surface’s

negligible regeneration in the absence of enhancement of the recovery process. Conversely,

with stamps subjected to a regeneration process, it is expected that the second deposition

will show only the secondary patterned feature given that the original pattern has been

successfully removed during the regeneration process. This is described in steps 2, 4 and 5

of Figure 6.27.

Figures 6.28 and 6.29 showcase images of resultant patterned metal layers from the com-

plete metal deposition process. For each PDMS stamp, two separate stampings were per-

formed to create two metallised samples. The expected metal pattern for the 1st pattern

is highlighted in red with the expected feature from the 2nd shadow mask pattern in blue.

The patterned metal features in Figure 6.28 serve as reference markers as the deposition of

metal layers by UV/O3-PDMS is already understood and relatively consistent process.

To summarise as outlined in Figure 6.28, all four of the initial patterned PDMS stamps,
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prior to regeneration and repatterning, produced metal layers with sharp features and im-

portantly, clear differentiation between the metallised and non-metallised areas.

Figure 6.27: Schematic representation of theoretical outcome for patterned metal
deposition using UV/O3-PDMS as a print stamp for oil mask deposition onto PET

substrates 1) Patterned UV/oxidation of P-PDMS through a shadow mask and coating of
patterned Krytox1506 layer, 2) Deposition of Krytox1506 oil mask onto PET and

development on metal layers by PVD onto oil-masked PET substrates, 3) Cleaning of used
PDMS stamps by IPA rinse and HFE-7200 wiping and, rewriting (2nd patterned UV/O3

oxidation) onto 4) control (no regeneration) or 5) regenerated PDMS samples.
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Figure 6.28: UV/O3-PDMS metal deposition using PDMS stamps for patterned oil mask
transfer onto PET. Images of patterned metal layers before application of regeneration

processes (1st pattern).

To remove the residual Krytox1506, the used PDMS stamps were cleaned by rinsing with

IPA before wiping with an ethoxynonafluorobutane (C6H5F9O) soaked, lint-free cleanroom

tissue. The hydrofluoroether solvent (HFE-7200) was chosen as it one of the limited com-

pounds that is thought to be miscible with Krytox1506 [359]. Once visually clean and no

longer oily to the touch, the PDMS stamps were subject to surface regeneration processes

before a second hydrophilisation by UV/O3 in which a shadow mask a different feature was

used to produce a contrasting patterned surface. After a fresh coating of Krytox1506 oil

onto the PDMS stamp, a final set of oil mask transfer onto PET substrates and the sub-
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sequent metal evaporation was performed to produce metal layers from the regenerated

surfaces. The images in Figure 6.29 show the final metallised substrates after regeneration,

repatterning and metal deposition.

Figure 6.29: UV/O3-PDMS metal deposition using regenerated PDMS stamps for
patterned oil mask transfer onto PET - Example 2. Images of patterned metal layers after

to application of regeneration processes (1st pattern and 2nd pattern).
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Figure 6.30: UV/O3-PDMS metal deposition using regenerated PDMS stamps - High
resolution Source-Drain mask (1st pattern and 2nd pattern). A) 1st patterning and

deposition and B) 2nd patterning and deposition with mask placed perpendicular to 1st

pattern.
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It is immediately clear that features from both the 1st and 2nd shadow mask patterns are

present in the final metal layers directly opposing what was expected on account of the ex-

perimental data and previous direct deposition example. The identifying features of both

the basic geometric shadow masks, that is, the small circles and rounded bar, are visible. The

presence of both the key features indicates that despite performing the regeneration process,

Krytox1506 oil is wetting the regions of the block that were originally oxidised during the 1st

UV/O3-oxidation. This is the opposite result from the direct depositions shown in outlined

in the example Figure 6.26. Multiple repeats of the rewrite, double-patterning deposition

process with a variety of different shadow mask shapes, including a high-resolution source-

drain shadow mask with 30 µm features, gave in the same outcome. Furthermore, in the

chemical-only samples of Figure 6.29, the quality of the metal layer and overall expected

coverage of the pattern is very poor. This emphasises the inconsistency in the rewritten

UV/O3-PDMS deposition process to produce a quality and repeatable metal pattern each

attempt. In additional examples, the chemical-only regeneration process has produced pat-

terned metal layers of comparable quality to the others with both feature present, i.e., the

final metal layers are indistinguishable irrespective of applied surface regeneration process.

Images of developed metal layers from a pattern rewriting example using a high-resolution

shadow mask are shown in Figure 6.30 alongside micrographs of select features in Figure

6.31.
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Figure 6.31: Micrographs of high-resolution UV/O3-PDMS pattern rewriting examples. A)
Shadow mask with 30µm linewidth feature. B) Channel feature from 1st stamping of 1st
pattern (before regeneration). C) Quality of metal layer showing a region of grading. D) &

E) Overlapping features of both 1st pattern and 2nd pattern.

In the high-resolution example, the same outcome as the geometric shape patterns was ob-

served, that is, clear patterned metal features from the 1st and 2nd stamping in the initial

patterning step, followed by the presences of both the patterns in the 2nd set of patterned

metal layers after regeneration. Although the control sample in this case gave a very poor

layer with no discernible features, the double patterned stamp, which underwent a com-

bined chemical-thermal regeneration, showed overlap. The pattern overlap is easier to vi-
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sualise in the micrographs of Figures 6.31.D & E as outlined by the blue and red highlights.

Figure 6.32: Graphical representation of the surface states in UV/O3-PDMS
oxidation-regeneration.

The disconnect between the experimental contact angle data (Figure 6.11) that shows a re-

covery of Krytox1506 contact angle for the combined regeneration process, and the outcome

of the double patterning process raises a complex issue that would ultimately require addi-

tional investigation given the current understanding. It is possible the failure to translate

the experimental data and direct deposition examples to double patterned stamps is a result

of a combination of factors i) the wetting of Krytox1506 on the different surface states of ox-

idised and regenerated PDMS, ii) non-complete dissolution and interaction of oxygen-rich

silica layer and iii) Krytox1506 residue remains on the surface of PDMS stamps, preventing

regeneration. In the analytical samples e.g. those used to determine WCA as well as the

direct depositions, wetting of Krytox1506 takes places on two states of the oxidised PDMS.

The proposed states are outlined graphically in Figure 6.32 with all states starting from a
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pristine (P-PDMS) surface. In the case of direct deposition and experimental data collection,

the blanket UV/O3-oxidation followed by regeneration then a secondary oxidation through

a shadow mask leads to states 2 and 3. For the pattern rewriting examples, as a blanket ox-

idation is not performed, some surface remains in a pristine state before regeneration (state

1) while other regions of the regenerated P-PDMS surface is oxidised (state 4). A contact

angle study was performed to investigate the possibility that the regenerated surface states

resulted in changes to the WCA and KCA.

Figure 6.33: Contact angle of A) Water and B) Krytox1506 oil on surface state 1
(P-PDMS→ Regeneration).

Figure 6.34: Contact angle of A) Water and B) Krytox1506 oil on surface state 2
(UVO240-PDMS→ Regeneration).
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Figure 6.35: Contact angle of A) Water and B) Krytox1506 oil on surface state 3
(UVO240-PDMS→ Regeneration→ UV/O3, 240 min).

Figure 6.36: Contact angle of A) Water and B) Krytox1506 oil on surface state 4
(Pristine→ Regeneration→ UV/O3, 240 min).

The pristine surface following application of a thermal, chemical or combined regeneration

process (state 1) in Figure 6.33 showed no change in WCA and KCA values, reletive to the

comparable P-PDMS reference values. State 2 in Figure 6.35 represents the oxidised-PDMS

surface following regeneration, as previously outlined in Section 6.3 and shows the con-

tact angle is heavily dependent on the effectiveness of the regeneration with the combined

chemical-thermal process exhibiting total hydrophobic and oleophobic recovery. State 3 in

Figure 6.35 describes the double oxidised surface with its expected wetting surface high-

lighted by the low WCA and KCA values and finally, Figure 6.36 outlines the contact angle
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values for surface state 4 which is the regenerated P-PDMS surface after oxidisation. Com-

parison of WCA and KCA values on the surface states against the references in Figure 6.2

shows that regeneration has no significant impact on the expected values, and as such, will

likely not result in observed failure to repattern the surface. Another possible cause for

the failed rewrite patterning may be due to an inability to effectively removal residue Kry-

tox1506 from the surface of the PDMS stamps during the cleaning process. This may dras-

tically reduce the enhancement of recovery and therefore the contact angle of Krytox1506

on the regenerated PDMS, leading to a mismatch between the expected and real wetting

behaviour. Ultimately, this disconnect between the contact angle data and information such

as ATR-FTIR and XPS of the Si2P signal, outline the regeneration to a pristine PDMS state

and the results from the real double patterning application remains a complex issue that

warrants further investigation.

6.6 Summary

In this chapter, the general understanding of novel UV/O3-PDMS selective metallisation has

been developed through investigations of contact angle, surface chemistry and topological

changes as a result of applied thermal and chemical surface regeneration processes. Fo-

cusing primarily on the hydro- and oleophobic recovery of 240 min UV/O3 oxidised PDMS,

new contact angle and surface energy data for both the thermally-enhanced approaches in

Figures 6.7 and 6.8 as well as the chemically-enhanced regimes in Figure 6.12 describe

a method for complete and rapid regeneration. The novel combined chemical-thermal

method (Submerge in ionic buffer at 85°C, 60 min followed by a 150°C, 60 min bake) ex-

hibited >100% recovery of WCA and KCA, near total loss of hydrophilic surface groups

as assessed by ATR-FTIR (Figure 6.14) and dissolution of the oxygen-rich, silica-like layer

as evidenced by XPS (Figures 6.19 & 6.20). Furthermore, the contact angle and IR data

presented in this in the chapter, provides evidence and support to the proposed mecha-

nisms which hydrophobic recovery is known to proceed by, that is, temperature-dependent,

diffusion-control migration of low-molecular weight PDMS oligomers from the bulk to the

surface, reorientation of hydrophilic surface groups and the condensation of surface silanols

(Si OH). Furthermore, it has been shown that oleophobic recovery occurs largely as a re-
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sult of the same mechanisms but does not exhibit the same temperature-dependency owing

to the inter-molecular interactions involved in the wetting of Krytox1506. Finally, a number

of rewrite deposition examples; a first of their kind, have been presented in the later part

of the chapter and while the successful repatterning of oxidised PDMS was observed when

using PDMS as a substrate, the regeneration process in a a double-pattern rewriting PDMS

stamp process did not exhibit an ability to overwrite the original pattern.
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Chapter 7
Glucose Biosensor Electrodes:

Fabrication, Immobilisation and Analysis

This chapter describes the use of solution-processable P3HT copolymers described in Chapter

4. A glucose biosensor based on a gold/polymer/glucose oxidase strip electrode is presented.

The successful covalent immobilisation and retention of enzyme activity will be outlined by a

colorimetric assay and electrochemical analysis.

7.1 Sensor Fabrication and Enzyme Immobilisation

A set of soluble P3HT copolymers have been utilised in the fabrication of glucose biosensing

electrodes. The synthesis and characterisation of the polymers outlined in Table 7.1 has been

discussed in Chapter 4, Section 4.4 - Thiophene Polymerisation in Acetonitrile (CH3CN).

Table 7.1: Table of P3HT copolymers used in the fabrication of glucose biosensor
electrodes. 3HT=3-hexylthiophene, T3AA=Thiophene-3-acetic acid,

T3T3YAA=Trans-3-thiophen-3-yl-acrylic acid, S3TA=N-succinimidyl 3-thiophene acetate,
and S3T3YA=N-succinimidyl 3-(thiophen-3-yl)acrylate.

Polymer ID Composition Ratio

(19) P(3HT-c-T3AA) [5:1]
(20) P(3HT-c-T3AA) [10:1]

(25) P(3HT-c-T3T3YAA) [5:1]
(26) P(3HT-c-T3T3YAA) [10:1]

(27) P(3HT-c-S3TA) [1:1]
(28) P(3HT-c-S3TA) [5:1]
(29) P(3HT-c-S3TA) [10:1]

(30) P(3HT-c-S3T3YA) [1:1]
(31) P(3HT-c-S3T3YA) [5:1]
(32) P(3HT-c-S3T3YA) [10:1]

The fabrication of biosensor electrodes used in this project relies on two main principles;

i) the solution-processability of synthesised polymers for the deposition of thin films and,

ii) the covalent immobilisation of enzymes to the carboxylic acid or N-succinimdyl ester

group on the polymer chain via a carbodiimide cross-linking type reaction. As outlined in

Chapter 3, solutions of soluble polymers (see Table 7.1) at a concentration of 15 mg mL-1

in a CHCl3/C6H5Cl solvent mixture [8:2 v/v] were deposited by spin-coating. The quality,
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uniformity, and continuity of the coating was assessed by visual and microscopic inspection

as presented in Figures 7.1 and 7.2. All polymers, irrespective of monomer composition,

yielded a good-quality, pin-hole free thin film on ITO-glass, while on the Au strip electrode,

the film was not as uniform with effects of the spin-coating process such as comet streaks.

However, the polymer films on Au were continuous over the complete electrode area. A

15 min UV/O3 treatment of the substrate prior to spin-coating, as the increase in surface

free energy aided wettability of the polymer solution during depostion. All polymer films

were prepared immediately prior to enzyme immobilisation in an attempt to minimise pho-

todegradation [360], the polymer film thicknesses were measured to range between 103 -

140 nm using optical profilometry (See Figure B.11 in Appendix B).

Figure 7.1: Photographs of A) Bare Au Strip electrode, B & C) Polymer thin films on Au
Strip electrode and D) Polymer thin film on ITO-glass electrode. All polymer films were

deposited by spin-coating.

Figure 7.2 presents micrographs of A) an uncoated gold electrode, and polymer (19) thin

films on B) Au/PET and C) ITO, respectively. The images show the presence of debris on the

electrode and under/in the polymer film. It is possible the debris may affect the electrical

performance of the device, and preparation of the devices in a cleanroom may be beneficial,

however, as the goal of this project is to show a prototype sensor, optimisation was con-

sidered to be secondary in importance to producing a working device on a restricted time

frame.

The enzyme is conjugated to the polymer backbone through the carboxylic acid and N-

succinimidyl ester functionalities. Polymers containing the carboxylic acid groups require
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Figure 7.2: Optical micrographs of A) Bare Au strip electrode, B) Polymer thin film on Au
Strip electrode and C) Polymer thin film on ITO-glass electrode.

activation using EDC/NHS before enzyme exposure while the N-succinimidyl ester groups

are pre-activated allowing for immobilisation immediately after polymer film deposition.

In accordance with the method in Section 3.7, films of polymers (19), (20), (25), (26)

were immersed in a solution containing 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide

(EDC) and N-hydroxysuccinimide (NHS) for 3 hr. To immobilise the enzyme, each of the

polymer films were immersed in a 5 mg mL-1 solution of Glucose Oxidase for 6 hr. Following

the immobilisation, all electrodes were repeatedly rinsed with PBS to remove weakly and

unbound enzyme before storage in PBS at 4°C until use.

Successful enzyme binding was confirmed by a colorimetric binding assay utilising a horseradish

peroxidase (HRP) and o-dianisidine chromogen system. As outlined in Section 3.8.2, the

presence of active Glucose oxidase (GOx) enzyme, results in a strong orange-brown colour

change upon the addition of an appropriate substrate, i.e. β -D-glucose. The GOx enzyme

reacts with glucose to form glucono-1,5-lactone and hydrogen peroxide H2O2. The gener-

ated H2O2 reacts with the HRP, catalysing the oxidation of the colourless o-dianisidine into

the brown/orange quinoneimine chromophore [52]. As H2O2 is produced due to the glu-
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cose oxidase/glucose reaction, the development of a strong colour change is indicative of

active GOx.

This type of assay is optimised for determining the activity of free enzymes in solution as

opposed to the polymer-fixated enzyme in this study, therefore, the purpose of this test

was to confirm covalent-bonding of active enzyme to the film. The polymer-enzyme films

were immersed in an assay solution containing o-dianisidine, peroxidase and glucose for

10 min before the absorbance of the solution at 460 nm was measured. Figure 7.3 shows

the absorbance values for each polymer-GOx film alongside insoluble polymers; P3HT-c-

T3T3YAAs (10) and (25) exposed to GOx following NHS-EDC activation, as well as control

samples of P3HT-GOx and ITO glass-GOx for comparison. In summary, all soluble polymers

with an enzyme binding functionality gave a non-zero absorbance, indicating the presence

of active glucose oxidase. Prior to performing the assays, all films were repeatedly rinsed

to remove any unbound or weak, non-covalently bound enzyme as such, any colour change

during the assay can be assumed to arise from active enzyme immobilised to the polymer

film.

Figure 7.3: Absorbance values for polymer-immobilised glucose oxidase for the
determination of binding by a HRP/o-dianisidine colorimetric assay.
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The N-succinimidyl ester monomers S3TA and S3T3YA were pre-activated for reaction with

enzyme bound amine residues e.g. Lysine, therefore, during immobilisation both polymer

types do not require activation of the carboxylic acid via EDC/NHS. Both carboxylic acid

polymers gave a higher absorbance, indicating a higher quantity or a more active enzyme

was present in these films.

7.2 Cyclic Voltammetry

Electrochemical analysis of the enzyme-polymer sensing electrodes by cyclic voltammetry

and chronoamperometry allowed for the determination of electrochemical redox properties

and quantification of the sensors by calculating figures of merit i.e. linear range, limit of

detection (LoD), sensitivity, selectivity, and reusability.

Figure 7.4: Cyclic voltammogram of a bare, uncoated gold strip electrode in PBS.
Left) Y-axis scale = -1500 to 4500 and Right) Y-axis scale = -400 to 400 µA.

The Au/polymer/GOx electrodes were probed using cyclic voltammetry to assess electroac-

tivity and quantify the redox behaviour. All measurements were performed in PBS with an

additional 50 mM of KCl as a supporting electrolyte in order to minimise ohmic drop within

the electrochemical system. Figure 7.4 presents the electrochemical response for a bare gold

strip electrode (30x10x0.250 mm) in a PBS electrolyte solution. The increase in current at

∼0.8 V corresponds to oxidation of the gold surface and the onset of electrode degradation,

while at potentials exceeding 1 V electrolysis of the PBS solution results in the evolution of

gas from the surface of the electrode [361, 362]. During the reverse (cathodic) sweep, the
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appearance of the peak at 0.8 V likely relates to the electrochemical reduction of gold oxides

in phosphate buffers [363, 364].

Figure 7.5: Cyclic voltammograms of enzyme electrode with a polymer binding matrix of
A) P(3HT-c-T3AA)[5:1] (19), B) P(3HT-c-T3AA)[10:1] (20), C) P(3HT-c-T3T3YAA)[5:1]

(25), and D) P(3HT-c-T3T3YAA)[10:1] (26).

As shown in Figures 7.5 and 7.6, all polymer-GOx coated electrodes show complex voltam-

mograms with multiple electron transfers. The similar peaks observed across all electrodes

are expected given 3-hexylthiophene is the majority component in each polymer. Exclud-

ing P(3HT-c-T3T3YAA) (26) which showed minimal redox behaviour with no clear oxidation

peak, the polymer-enzyme composites possessed a single anodic peak (Epa) located between

0.39 - 0.53 V with onset voltages (Eonset) ranging between 0.09 - 0.22 V. The presence of three

cathodic peaks (Epc) indicate multiple reduction processes occur during the voltage sweep,

with prominent processes occurring between 0.59 and 0.71 V, -0.11 and -0.28 V and -0.58

and -0.97 V vs Ag/AgCl. Reversibility of the redox processes is observed over sequential
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scans for a range of scan rates, that is, between 50 - 200 mV s-1. The observed oxidation

and reduction processes between 0.5 and 1 V can be attributed to the redox process of the

P3HT-based polymer [26, 66, 110, 365, 366] while the cathodic peaks between -0.2 and

-1 V relate to reduction processes within the glucose oxidase (GOx) and its redox-active

co-factor Flavinadenine dinucleotide (FAD) [367–370]. The result suggests that the FAD

centre, which is deep within the GOx protein shell, is capable of direct electron transfer

with the polymer-coated electrode.
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Table 7.2: Summary of Cyclic Voltammetry data. Epa: Anodic peak potential, Ipa: Anodic peak current, Eonset: Anodic onset potential,
Epc: Cathodic Peak potential, Ipc: Cathodic peak current.

Polymer
Epa

(V)
Ipa

(µA)
Eonset

(V)
Epc (V) Ipc (µA)

1 2 3 1 2 3

P(3HT-c-T3AA) [5:1] 0.47 79.27 0.11 0.59 -0.27 -0.79 -192.9 -77.8 -210.3
P(3HT-c-T3AA) [10:1] 0.38 121.93 0.10 0.62 -0.28 -0.60 -121.9 -114.3 -118.9

P(3HT-c-T3T3YAA) [5:1] 0.39 81.21 0.12 0.34 -0.11 -0.69 -121.9 -69.3 -128.3
P(3HT-c-T3T3YAA) [10:1] - - - - -0.28 -0.73 - -65.3 -146.6

P(3HT-c-S3TA) [1:1] 0.40 83.72 0.09 0.71 -0.25 -0.58 -138.6 -156.3 -164.7
P(3HT-c-S3TA) [5:1] 0.42 173.35 0.17 0.03 -0.28 -0.58 -160.97 -90.33 -69.86
P(3HT-c-S3TA)[10:1] 0.32 68.87 0.13 0.67 -0.68 -0.96 -129.2 -181.1 -190.5

P(3HT-c-S3T3YA) [1:1] 0.42 165.90 0.19 0.04 -0.27 -0.57 -197.0 -129.6 -106.1
P(3HT-c-S3T3YA) [5:1] 0.41 99.59 0.20 0.66 -0.28 -0.97 -159.0 -121.2 -37.5
P(3HT-c-S3T3YA) [10:1] 0.41 60.97 0.15 0.67 -0.29 -0.96 -151.0 -65.1 -30.7
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Figure 7.6: Cyclic voltammograms of enzyme electrode with a polymer binding matrix of
A) P(3HT-c-S3TA)[1:1] (27), B) P(3HT-c-S3TA)[5:1] (28), C) P(3HT-c-S3TA)[10:1] (29),

D) P(3HT-c-S3T3YA)[1:1] (30), E) P(3HT-c-S3T3YA)[5:1] (31), and F)
P(3HT-c-S3T3YA)[10:1] (32).
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7.3 Chronoamperometry - Response to Glucose

The ability of each sensing electrode to detect glucose was evaluated using chronoamperom-

etry. This method allows for real-time monitoring of the current response when the sensor

is exposed to increasing concentrations of glucose. Under application of a constant voltage

above the oxidation potential of the copolymer (0.7 V), the resultant current response is

directly related to the catalytic redox activity of GOx at the biosensor’s surface. The peak

current for each concentration can be extracted from the current vs time data to yield a

calibration curve (peak current vs substrate concentration e.g. Figure 7.7), allowing for

determination of sensor performance metrics such as, limit of detection (LoD), linear range

and sensitivity. The normal fasting glucose concentration in a non-diabetic human typically

ranges between ∼4 - 6 mM in whole blood [77, 371] whereas a person with diabetes may

experience postprandial glucose levels ranging between∼4 - 10 mM [66, 372]. Any concen-

tration above the normal range is considered hyperglycemia, or high blood sugar whereas

hypoglycemia, or low blood sugar, is defined as a concentration below approx. 3.5 mM

[373].

The amperometric measurements in this project were taken between concentration range

1 - 24 mM. As outlined in Section 3.11.2, phosphate-buffered saline (PBS) was used as the

electrolyte in a three-electrode electrochemical setup to maintain suitable pH and isotonic-

ity for the enzyme in use - Glucose Oxidase from Aspergillus niger (GOx). For each polymer,

a triplicate of electrodes were fabricated and used to measure the response to different

concentrations of glucose, focusing on electrode-to-electrode reliability and measurement

stability, as assessed by short-term (48 hr) and long-term (21 days) testing regimes. Follow-

ing data acquisition, peak current values were extracted from the current-time scans then

plotted again glucose concentration to obtain the calibration curves. Example current-time

scans collected during the chronoamperometry measurements can be found in Appendix B,

Figure B.13.

175



Figure 7.7: Calibration curves from amperometric response to glucose by
Au/P(3HT-c-T3AA)/GOx electrodes. A) T3AA[1:1] (19) - Short Term (48 hr), B)

T3AA[1:1] (19) - Long Term (21 days), C) T3AA[10:1] (20) - ST, and D) T3AA[1:1] (20) -
LT. Insets show the corresponding plot with a reduced Y-axis scale.

7.3.1 P(3HT-c-T3AA)

Chemically synthesised enzyme binding copolymers combining 3-hexylthiophene (3HT) and

Thiophene-3-acetic acid (T3AA) have been seen in the literature, for example, Lai et al.

prepared a P(3HT-c-T3AA)[1:1]/Urease electrode for the potentiometric detection of urea

[38]. Although Lai’s work is not directly comparable due to the difference in electrochemi-

cal transduction, Lai’s work shows mediator-free, enzymatic sensing of a small molecule is

possible using a P(3HT-c-T3AA)/enzyme biosensor. The work in this DPhil project provides

further evidence for the suitability of polythiophenes in sensing applications.

The calibration curves for the two soluble T3AA polymers (19) and (20) are presented in

Figure 7.7 with short term testing (3 measurements over 48 hours) and long term testing
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Table 7.3: Biosensor performance properties for T3AA containing polymers (19) and (20).

Time
Linear Range

(mM)
LoD

(mM)
Sensitivity
(µA mM-1)

Stability
(%)

Repeatability
(%)

P(3HT-c-T3AA) [5:1]

Hour 1 9 to 23 1.64 0.0031
87.9 88.3Hour 24 10 to 26 1.79 0.0026

Hour 48 12 to 22 6.96 0.0015

Day 1 1 to 20 2.03 0.0149

48.9 42.9
Day 7 10 to 25 2.56 0.0285

Day 14 11 to 24 2.88 0.0065
Day 21 4 to 21 1.18 0.0120

P(3HT-c-T3AA) [10:1]

Hour 1 6 to 20 2.79 0.0025
63.2 52.3Hour 24 9 to 21 3.30 0.0026

Hour 48 10 to 25 2.14 0.0020

Day 1 6 to 22 2.91 0.0662

17.7 27.5
Day 7 7 to 23 1.95 0.0127

Day 14 3 to 23 1.07 0.0490
Day 21 6 to 25 4.11 0.0041

(4 measurements over 21 days) performed for each batch of polymer-GOx sensing elec-

trodes. This polymer, that is, P3HT-c-T3AA has been investigated as a reference material

given its use in the literature for the exact purpose of a conductive binding agent in elec-

trochemical biosensors [38]. The sensor properties extracted from the curves are given in

Table 7.3. In summary, P(3HT-c-T3AA) [5:1] - (19) produced a higher quality sensor perfor-

mance when compared to (20) with greater electrode-to-electrode repeatability and greater

measurement stability. Over the 48 hr short term testing, (19)-GOx had a repeatability of

88.3%, outlining good consistency in current response across the three electrodes, while

the measurement stability of 87.9% shows sensor response is maintained over the 48 hours.

Over three weeks (21 days), stability and repeatability of (19)-GOx reduced, dropping to

48.9% and 42.9%, respectively.

The drop in stability could be attributed to many factors. For instance, as each batch of

electrodes was produced over the course of a month, minor variations in the fabrication

process may have resulted in differences in the quality of the gold thin film or polymer coat-

ing i.e. polymer film thickness and uniformity. Moreover, enzyme biosensors are known to

suffer from stability issues due to biomolecule leaching, strong pH and temperature depen-
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dence, and the susceptibility to oxidative damage. In the case of glucose oxidase, H2O2 can

denature the enzyme by oxidising certain residues while the spontaneous hydrolysis of the

catalytic byproduct gluconolactone to gluconic acid, reduces the pH of the medium [374,

375]. Both mechanisms degrade the enzyme’s stability over time, reducing the performance

of the sensors.

The (20)-GOx sensor electrodes had worse stability and showed poorer repeatability when

compared to (19). In short term testing, the sensors possessed a stability and repeatability

62.5% and 52.3%, respectively while over 21 days, these metrics worsened further to 17.7%

and 27.5%. Referring to the calibration curves in Figure 7.7, the measurement stability is

related to the spread of the whole data set with less stable devices possessing large spread.

The repeatability is the relative average of all the error bars for each measurement, with

both metrics calculated from the coefficient of variation.

The sensor performance metrics for (19) and (20) are also outlined in Table 7.3. Both

(19) and (20)-GOx electrodes possess similar linearity and sensitivity over 48 hr with (19)

having a slightly lower limit of detection at 1.64 mM for the 1st measurement (Hour 1). At

each additional measurement (24 & 48 hr), there is a reduction in sensitivity as well as a

restriction of the linear range which is likely the result of loss of enzyme activity as a result

of denaturing. The long term testing showed no clear trend with day 1 & day 21 for (19),

exhibiting similar sensitivity and linearity (1 - 20 mM and 4 - 21 mM) while for polymer

(20) the day 1 & day 14 measurements showed comparable sensitivity over an equally high

current range (∼0.30 to 1.3 µA).

7.3.2 P(3HT-c-T3T3YAA)

Trans-3-thiophen-3-yl-acrylic acid (T3T3YAA) differs from T3AA due to the acrylic acid func-

tionality. The added C C alkene linkage is thought to improve biosensor performance by

increasing the amperometric response due to the additional conjugation length and by intro-

ducing more space for the enzyme. The extra carbon spacer reduces the steric interactions

between the polymer and enzyme, facilitating easier enzyme binding and allowing for bind-

ing of an enzyme with high activity [67, 376, 377].
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The calibration curves for T3T3YAA containing polymers and the extracted sensor perfor-

mance data are shown in Figure 7.8 and Table 7.4. P(3HT-c-T3T3YAA) (25) and (26) exhibit

slightly reduced stability and repeatability when compared the P(3HT-c-T3AA) [5:1] (19)

but was on par with P(3HT-c-T3AA) [10:1] (20) over the short term.

Table 7.4: Biosensor performance properties for P(3HT-c-T3T3YAA) (25) and (26).

Time
Linear Range

(mM)
LoD

(mM)
Sensitivity
(µA mM-1)

Stability
(%)

Repeatability
(%)

P(3HT-c-T3T3YAA) [5:1]

Hour 1 9 to 25 1.43 0.0031
74.9 78.5Hour 24 13 to 24 3.13 0.0013

Hour 48 10 to 26 1.83 0.0037

Day 1 1 to 23 3.39 0.0348

0 5.4
Day 7 4 to 23 2.23 0.0058
Day 14 8 to 24 3.17 0.1017
Day 21 6 to 20 3.47 0.0051

P(3HT-c-T3T3YAA) [10:1]

Hour 1 10 to 23 4.33 0.0039
67.2 62.5Hour 24 12 to 25 3.57 0.0020

Hour 48 6 to 23 1.44 0.0052

Day 1 8 to 21 1.82 0.0207

65.5 43.3
Day 7 7 to 24 2.22 0.0342
Day 14 6 to 24 1.24 0.0052
Day 21 4 to 21 1.32 0.0129

Across 21 days, the difference was significant with large fluctuations in current output ob-

served in the (25)-GOx electrodes leading to a stability of 0%. (26)-GOx performed bet-

ter with the electrode exhibiting a repeatability of 43.3% and a stability of 62.5%. Both

polymers (25) and (26) exhibited very comparable sensing properties to the T3AA ma-

terials with the batch of electrodes for the short term tests possessing a linear range be-

tween ∼9 to 26 mM and low LoDs <5 mM. Interestingly, the lack of oxidation by P(3HT-c-

T3T3YAA)[10:1] (26), as outlined in Table 7.2, did not hinder the sensor performance giv-

ing the comparable properties to polymers (19), (20) and (26) which all possessed strong

oxidation peaks. As all acid polymers possess the reduction peak below -0.50 V and ex-

hibit sensor response, it strengthens the probability that this reduction peak is related to the

redox activity of the glucose oxidase enzyme.
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Figure 7.8: Calibration curve from amperometric response to glucose of
Au/P(3HT-c-T3T3YAA)/GOx electrodes. A) P(3HT-c-T3T3YAA) [5:1] (25) - ST (48 hr), B)

P(3HT-c-T3T3YAA) [5:1] (25) - LT (21 days). C) T3T3YAA [10:1] (26) - ST, and D)
T3T3YAA [10:1] (26) - LT. Insets show the corresponding plot with a reduced Y-axis scale.

7.3.3 P(3HT-c-S3TA)

The three polymers containing a pre-activated, N-succinimidyl ester co-monomer P(3HT-

c-S3TA) [1:1] - (27), [5:1] - (28) and [10:1] - (29) were conjugated to glucose oxidase

without the use of NHS/EDC carbodiimide. Determination of the amperometric response

for the Au/P(3HT-c-S3TA)/GOx electrodes to glucose is shown in Figure 7.9 and Table 7.5.

The S3TA polymers exhibited a range of results, balancing stability, repeatability and sens-

ing performance. P(3HT-c-S3TA) [1:1] (27) possessed strong linearity over long term test-

ing detecting a clear increase in glucose concentration across the largest range (1 to ∼20

mM) for all polymers analysed in this project. The electrodes were unstable and offered

no repeatability across the whole measurement period however if each measurement day
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Table 7.5: Biosensor performance properties for S3TA containing
polymers (27), (28) and (29).

Time
Linear Range

(mM)
LoD

(mM)
Sensitivity
(µA mM-1)

Stability
(%)

Repeatability
(%)

P(3HT-c-S3TA) [1:1]

Hour 1 9 to 24 4.29 0.0174
47.0 47.0Hour 24 8 to 25 2.26 0.0183

Hour 48 8 to 25 3.16 0.0062

Day 1 1 to 19 1.13 0.1750

0 0
Day 7 1 to 23 0.96 0.0015
Day 14 1 to 20 0.88 0.0023
Day 21 7 to 18 1.73 0.0063

P(3HT-c-S3TA) [5:1]

Hour 1 1 to 25 2.40 0.0091
54.5 53.7Hour 24 5 to 25 2.74 0.0081

Hour 48 3 to 23 1.25 0.0215

Day 1 3 to 18 4.71 0.0035

70.8 68.9
Day 7 6 to 20 2.63 0.0059
Day 14 9 to 23 1.66 0.0136
Day 21 6 to 18 3.06 0.0139

P(3HT-c-S3TA) [10:1]

Hour 1 1 to 26 1.36 0.0156
50.4 42.0Hour 24 2 to 21 3.14 0.0298

Hour 48 5 to 22 2.28 0.0264

Day 1 4 to 27 3.25 0.0083

66.3 51.4
Day 7 5 to 20 2.14 0.0087
Day 14 9 to 26 1.44 0.0152
Day 21 3 to 25 2.42 0.0025

is considered separately, the current response to glucose was very consistent for the three

electrodes (Day 1 = 82%, Day 7 = 47%, Day 14 = 94% & Day 21 = 82%). This day to

day variation may raise concerns in how the electrochemical system was prepared for that

specific day of analysis, for example, a lower than ideal volume of saturated KCl in the

Ag/AgCl reference electrode, may cause changes in the cell potential which would by ex-

tension, effect the current measured. The day-to-day current variation should be addressed

in any further work to ensure improved accuracy when quantifying the stability and re-

peatability of the polymer-enzyme biosensor. The polymers with a higher 3HT monomer

content (28) and (29) exhibited slightly weaker sensor performance but greatly improved

stability/repeatability.
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Figure 7.9: Calibration curve from amperometric response to glucose of
Au/P(3HT-c-S3TA)/GOx electrodes. A) P(3HT-c-S3TA) [1:1] (27) - Short Term (48 hr) and
B) P(3HT-c-S3TA) [1:1] (27) - Long Term (21 days), C) P(3HT-c-S3TA) [5:1] (28) - ST, D)

P(3HT-c-S3TA) [5:1] (28) - LT, E) P(3HT-c-S3TA) [10:1] (29) - ST, and F)
P(3HT-c-S3TA) [10:1] (29) - LT.
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Additionally, collating the data from both the acid (T3AA & T3T3YAA) variants and the

P(3HT-c-S3TA), it appears the polymers closest to 10% functional monomer component pos-

sess the greatest stability, a wide range of linearity and low limit of detection. This has also

been observed by Clayton and Kuwahara et al. for electropolymerised 3-methylthiophene-

based glucose biosensors [67, 68, 316], it is proposed that 10% functional monomer content

is optimal for biosensor performance as balance between the diffusion limitation of the sub-

strate and products caused by excessive enzyme and immobilising enough enzyme to gener-

ate a transducible signal is important. For short term testing, the stability, and repeatability

for each of the three polymer were comparable between a range of 47 - 54.5% and 42 -

53.7%, respectively. The sensor performance for (28) and (29) was better when compared

to (27) with a wide linear range, lower LoD and high maximum sensitivity observed.

7.3.4 P(3HT-c-S3T3YA)

The last set of polymers-GOx electrodes assessed for their amperometric response to glucose

was P(3HT-c-S3T3YA) [1:1] - (30), [5:1] - (31) and [10:1] - (32). As discussed previously,

S3T3YA refers to the N-succinimidyl ester derived from T3T3YAA, therefore, comparison

between P(3HT-c-T3T3YAA) (26) & (27) is appropriate. In summary, as presented in Figure

7.10 and Table 7.6, the stability and repeatability of the three S3T3YA polymers was less

varied in comparison to both S3TA and T3T3YAA variants ranging between 65.5% - 39.4%

and 62.4% - 31% in short term testing and between 27.4% - 68.0% and 30.9% - 59.1% over

the longer term measurements.

Overall, the sensor performance was similar to each of the other polymer-GOx compositions

tested in this project, with linearity present after ∼5 mM and limit of detection values ap-

proximately between 1 and 4 mM. Similarly, there was no clear trend in performance across

both the short and long term testing periods with the majority of sensing electrodes produc-

ing µA scale currents between 0 - 1 µA at sensitives of between 0.003 and 0.03 µA mM-1.
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Figure 7.10: Calibration curve from amperometric response to glucose of
Au/P(3HT-c-S3T3YA)/GOx electrodes. A) P(3HT-c-S3T3YA) [1:1] (30) - Short Term (48

hr) and B) P(3HT-c-S3T3YA) [1:1] (30) - Long Term (21 days), C) P(3HT-c-S3T3YA) [5:1]
(31) - ST, D) P(3HT-c-S3T3YA) [5:1] (31) - LT, E) P(3HT-c-S3T3YA) [10:1] (32) - ST and

F) P(3HT-c-S3T3YA) [10:1] (32) - LT.
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Table 7.6: Biosensor Performance Properties for S3T3YA containing
polymers (30), (31) and (32).

Time
Linear Range

(mM)
LoD

(mM)
Sensitivity
(µA mM-1)

Stability
(%)

Repeatability
(%)

P(3HT-c-S3T3YA) [1:1]

Hour 1 11 to 23 3.54 0.0244
65.5 62.4Hour 24 1 to 22 3.10 0.0124

Hour 48 5 to 24 1.86 0.0287

Day 1 7 to 23 1.92 0.0189

54.1 45.3
Day 7 11 to 26 7.78 0.0012
Day 14 6 to 24 2.81 0.0035
Day 21 6 to 24 2.08 0.0121

P(3HT-c-S3T3YA) [5:1]

Hour 1 11 to 21 3.46 0.0051
40.9 53.1Hour 24 5 to 24 1.61 0.0156

Hour 48 5 to 20 1.92 0.0204

Day 1 9 to 18 4.93 0.0194

27.4 30.9
Day 7 6 to 22 2.76 0.0074
Day 14 6 to 23 10.03 0.0159
Day 21 8 to 23 24.61 0.1278

P(3HT-c-S3T3YA) [10:1]

Hour 1 3 to 23 3.22 0.0032
39.4 31Hour 24 11 to 26 2.68 0.0203

Hour 48 3 to 25 3.54 0.0206

Day 1 5 to 24 1.15 0.0256

68.0 59.1
Day 7 9 to 25 2.35 0.0077
Day 14 9 to 24 1.76 0.0193
Day 21 5 to 24 2.32 0.0060

7.4 Selectivity

In addition to assessing the response to glucose for each of the biosensor electrodes, the

selectivity of select polymers was investigated. In this test, polymers-GOx electrodes of

P(3HT-c-T3AA) [10:1] (20), P(3HT-c-T3T3YAA) [10:1] (26), P(3HT-c-S3TA) [10:1] (29)

and P(3HT-c-S3T3YA) [10:1] (32) were assessed for their response to urea, a major metabolic

waste compound found in urine. For each electrode, the amperometric response to urea be-

tween 0 to 24 mM over 400 s was measured using the same method as described in Section

3.11.2. Continuing after 400 s, the response to glucose was then recorded using the same

electrochemical cell. In Figure 7.11, the outcome of the selectivity experiments are sum-

marised.

185



Figure 7.11: Amperometry plots of selectivity measurements for polymer (20), (26), (29)
and (32). A) Response to PBS only (Control), B) Polymer (20) Chronoamperogram for

response to urea (0-400 s) and glucose (400-800 s), C) Calibration curve (Urea) for (20),
(26), (29) and (32) and, D) Calibration curve (Glucose) for (20), (26), (29) and (32).

Inset show the corresponding plot with a reduced Y-axis scale
for polymers (20), (26) and (32).

For each of the selected polymer-GOx electrodes, the response to phosphate-buffered saline

blank solution is outlined in the calibration curve of 7.11.A. None of the tested devices show

a current gain as a result of addition of the ionic solution outlining baseline stability in the

absence of the target substrate, an important characteristic for accurate detection of analyte.

Moreover, the sensors exhibit low background noise owing to the flat nature of the response,

which essential for achieving high sensitivity.

An example chronoamperogram for the urea-glucose selective measurements is shown in

7.11.B. The current gain/response between 0-400 s owing to the addition of 1 mM urea

aliquots is minimal however following the addition of glucose to the electrochemical cell,
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the current response is rapid, increasing with each aliquot of substrate. The insensitivity to

urea and detection of glucose shows the polymer-GOx electrodes are highly selective and

do not impact on the inherent specificity of the enzyme bioreceptor. This data also confirms

that the polymer provides a stable and inert platform for enzyme immobilisation, ensuring

that only the specific interaction between the enzyme and target substrate will produce a

measurable response and that non-specific adsorption of molecules onto the polymer itself

does not generate a signal.

Table 7.7: Performance properties for selectivity measurements against urea and glucose
using polymers (20), (26), (29) and (32)

Analyte
Linear Range

(mM)
LoD

(mM)
Sensitivity
(µA mM-1)

P(3HT-c-T3AA) [10:1]

Urea - - 0.0003
Glucose 6 to 24 1.43 0.0070

P(3HT-c-T3T3YAA) [10:1]

Urea - - -0.0078
Glucose 2 to 22 1.58 0.0359

P(3HT-c-S3TA) [10:1]

Urea - - -0.0014
Glucose 8 to 24 2.19 0.0094

P(3HT-c-S3T3YA) [10:1]

Urea - - -0.0019
Glucose 6 to 18 2.00 0.0115

The extracted sensor performance data from the calibration curves in Figures 7.11.C to E

is presented in Table 7.7. As discussed, all polymer-GOx sensors exhibit negative or neg-

ligible sensitivity to the addition of urea while detecting glucose with a wide linear range,

low LoD and a sensitivity and, order of magnitude greater than urea. In any future work,

an expanded selectivity test against other physiological interferents and competing analytes

e.g. uric acid, ascorbic acid (vitamic C), para-acetylaminophenol, sucrose, etc. would pro-

vide greater evidence for the suitability of the P3HT-based enzyme binding agents in glucose

sensing applications. Additionally, further analysis of glucose concentration could be per-

formed in bodily fluid e.g. serum, dermal ISF as well as non-animal samples such as fruit

juices and waste waters to highlight the potential versatility of the system.
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7.5 Electrodes by UV/O3-PDMS Selective Metallisation

Figure 7.12: Calibration curve for polymers (20), (26), (29) and (32)-GOx glucose
response on UV/O3-PDMS deposited gold thin film electrodes.

Finally, the combination of electrodes fabricated using UV/O3-PDMS selective metallisation

and select polymer-GOx for glucose sensing is showcased below. The two key aspects of

this test were to show that the UV/O3PDMS method is capable of depositing an electrically

conductive metal film that is functional, unaffected by residual Krytox1506 oil and able

to withstand an aqueous environment. Following on from the selectivity measurements,

the same polymers were chosen for this test, i.e. (20), (26), (29) and (32). Figure 7.12

and Table 7.8 present the plot and extracted performance data. The different polymers

((20), (26), (29) and (32)) deposited onto electrodes fabricated using UV/O3 selective

metallisation all exhibit a strong linear response to glucose, with comparable performance

to their traditional shadow-mask fabricated counterparts shown in the preceding figures

and data. Looking at the UV/O3-PDMS deposited gold electrodes, it can be seen that the

film is not entirely continuous; a result of Krytox1506 oil comet streaks remaining in ideally,

oil-free dewetting portion of the stamp. This is a by-product of using spin-coating to coat
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each stamp with the oil. The images in Figure 7.13 shows the non-continuous UV/O3-PDMS

deposited film as well as a high quality electrode deposited through a shadow-mask. It can

be suggested that the polymer-GOx film is able to overcome the poor quality gold layer due

to the intrinsic conductivity of the P3HT-based polymer and that the high conductivity of

the gold allows for the current to travel around the defects as evidenced by the negligible

performance change, irrespective of the patchy electrode.

Table 7.8: Performance properties for the response to glucose using polymers (20), (26),
(29) and (32) on UV/O3-PDMS deposited gold thin film electrodes.

Polymer
Linear Range

(mM)
LoD

(mM)
Sensitivity
(µA mM-1)

P(3HT-c-T3AA) [10:1] 8 to 16 2.52 0.0067
P(3HT-c-T3T3YAA) [10:1] 8 to 23 2.36 0.0103

P(3HT-c-S3TA) [10:1] 7 to 25 2.16 0.0264
P(3HT-c-S3T3YA) [10:1] 9 to 23 3.88 0.0125

Figure 7.13: Images of gold thin film electrodes on PET substrates. Left) Prepared by
UV/O3-PDMS stamped deposition, Right) Prepared by thermal evaporation through a

shadow mask.

7.6 Summary

In this section, an application for the soluble, as synthesised, P3HT-based copolymers has

been outlined. Numerous sensing electrodes based on an enzymatic biosensor principle have

been fabricated for the detection of glucose. These biosensors have been analysed using a

range of methods, namely; colorimetric assay, cyclic voltammetry and chronoamperometry.

A summary of the fabrication of the sensing electrodes and the conjugation of the enzyme -

Glucose Oxidase (GOx), to the functional co-monomer has been outlined. The bioreceptor

was bound to carboxylic acid containing polymers (19), (20), (25) and (26) via a sim-

ple EDC/NHS cross-linking reaction. For polymers (27) - (32), enzyme conjugation was
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achieved without additional reagents due to the presence of preactivated N-succinimidyl

ester-type groups. The covalent attachment of the enzyme to the polymer structure has

been confirmed by i) an o-dianisidine/peroxidase assay (Figure 7.3), and ii) retention of

glucose sensing capability over 21 days, during which the electrodes were stored in a 0.1 M

PBS solution at 4°C (Section 7.3). Cyclic voltammetry and constant potential chronoamper-

ometry were utilised to assess the electrochemical properties and sensing performance of

each polymer-glucose oxidase composite. Cyclic voltammetry allowed for determination of

electrochemical redox reactions within the film, with the majority of polymers possessing a

complex voltammograms with multiple electron transfers. The response to the enzyme’s tar-

get substrate - β -D-glucose and an interferent - urea, was measured amperometrically using

a three-electrode electrochemical cell consisting of the Au/Polymer/GOx working electrode,

a platinum wire counter electrode and a Ag/AgCl reference. In general, the polymer-enzyme

electrodes exhibit selective recognition of glucose, detecting the substrate linearly over a

wide concentration range (1 to 25 mM), with low Limit of Detection (LoD) and at range of

sensitivities. The measurement stability and electrode-to-electrode repeatability over short

term (48 hr) and long term (21 days) was calculated using the coefficient of variation to

assess repeatability in sensing glucose and how repeatable different batches of sensors are.

Table 7.9: Performance metrics for various conductive polymer based biosensors.

Glucose Oxidase
Electrode Technique

Limit of
Detection (LoD)

Sensitivity
(uA mM-1)

Linear Range
(mM)

Stability
(Days) Ref

Au/P3HT-c-S3TA [1:1]

Amperometry

1.13 0.180 1 to 19 < 21

This Work

Au/P(3HT-c-S3TA) [5:1] 4.71 0.004 3 to 18 > 21
Au/P(3HT-c-S3TA) [10:1] 3.25 0.008 4 to 27 > 21

Au/P(3HT-c-S3T3YA) [1:1] 1.92 0.019 7 to 23 > 21
Au/P(3HT-c-S3T3YA) [5:1] 4.93 0.019 9 to 18 > 21
Au/P(3HT-c-S3T3YA) [10:1] 1.15 0.026 5 to 24 > 21

Au/P(3HT-c-T3AA) [5:1] 2.03 0.015 1 to 20 > 21
Au/P(3HT-c-T3AA) [10:1] 2.91 0.066 6 to 22 < 21

Au/P(3HT-c-T3T3YAA) [5:1] 3.39 0.035 1 to 23 < 21
Au/P(3HT-c-T3T3YAA) [10:1] 1.82 0.021 8 to 21 > 21

Si-SiO2/PEDOT-PSS OTFT n/a 1.65 1.1 to 16.5 n/a [106]
Pt/Poly(2,2’-BT) Amperometry 0.03 n/a 0.09 to 5.2 <15 [27]
Pt/Poly(4,4’-bBT) Amperometry 0.05 n/a 0.15 to 5.2 <30 [27]

Pt/Al2O3/PPy Amperometry 0.03 7.4 0.5 to 10.4 <14 [378]
Au/Poly(dTT-bT) Amperometry 0.12 35 0.2 to 2 >30 [379]

Pt/Poly(3MT-T3AA) Amperometry 0.5 n/a 1 to 7 >28 [67]
Pt/Poly(3MT-S3TA) Amperometry 0.5 n/a 1 to 7 >28 [67]

C/Cs/poly(TP) Amperometry 9.7x10-5 0.322 0.001 to 0.01 >60 [380]

Abbreviations: 3-hexylthiophene (3HT), N-succinimidyl 3-thiophene acetate (S3TA), N-succinimidyl 3-(thiophen-
3-yl)acrylate (S3T3YA),Thiophene-3-acetic acid (T3AA), Trans-3-thiophen-3-yl-acrylic acid (T3T3YAA), Poly(3,4-
ethylenedioxythiophene):poly(styrene sulfonate) (PEDOT:PSS), 2,2’-bithiophene (2,2’-BT), 4,4’-bis(2-methyl-3-
butyn-2-ol)-2,2’-bithiophene (4,4’-bBT), Polypyrrole (PPy), 2,5-di(2-thienyl)thieno[3,2-b]thiophene (dTT-bT), 3-
methylthiophene (3MT), Chitosan (Cs), [N1, N4-bis(2,5-di(thiophene-2-yl)-1H-pyrrol-1-yl) terephthalamide] (TP).
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Comparison of the glucose oxidase sensing electrodes presented in this project to relevant

conductive polymer-based biosensors from the literature can be viewed in Table 7.9. A

difference between this project’s sensors and the sensors in the literature revolves around

the configuration of the electrochemical cell as well as the electrode itself, specifically, all the

similar devices found in the literature utilise platinum, carbon or gold wire/disk electrode

while the electrodes presented here are thin-film gold on PET i.e. a one-sided electrode.

Such a difference may explain the clear variation between the larger current responses in

the literature articles and the low microamp scale currents outlined above in Section 3.11.2.

Ultimately, analysis of the chronoamperometry data brings to light the need for further re-

finement of various system components, for example, the in-house amperometry system

(Section 3.11.2) due to the possible susceptibility to outside interference as well as opti-

misation of the sensor electrode device stack (film thickness, enzyme immobilisation time,

optimal functional monomer content, etc). Four polymer-GOx electrodes (20), (27), (29)

and (32) were assessed for selectivity. The results show the polymer-GOx electrodes are

highly specific to glucose and insensitive to urea. Finally, the preparation of sensing elec-

trodes fabricated using UV/O3-PDMS deposited gold thin films paired with polymers (20),

(27), (29) and (32) were presented.
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Chapter 8
Conclusion and Future Works

In this final chapter, the principle conclusions of this project are summarised and the

possibility of future work is considered and discussed.

By leaning on the properties and versatility of polymers, the work in this thesis aims to

present new processes, developments and, materials related to the preparation of flexi-

ble and printable biosensor devices. Specifically, for the purpose of covalently immobil-

ising enzyme bioreceptors for use in a sensing electrode, soluble copolymers based on

a 3-hexylthiophene (3HT) majority monomer and thiophene carboxylic acid derived co-

monomer have been synthesised and characterised as outlined in Chapter 4. Moreover,

Chapter 5 presents the development of a method for the deposition of patterned metal

layers, with a focus on the regeneration of UV/O3-PDMS printing stamps. Finally, the appli-

cation of the synthesised materials described in Chapter 4 and UVO3-PDMS selective met-

allisation outlined in Chapter 6 for the fabrication of glucose sensor is shown in Chapter

7.

8.1 Synthesis of Thiophene Copolymers for the Immobili-

sation of Biomolecules

This works presents the first synthesis of four novel 3-hexylthiophene copolymers (See Fig-

ure 8.1;

i) poly(3-hexylthiophene-co-methyl 3-(thiophen-3-yl)acrylate)

ii) poly(3-hexylthiophene-co-trans-3-thiophen-3-yl acrylic acid)

iii) poly(3-hexylthiophene-co-N-succinimidyl 3-thiophene acetate)

iv) poly(3-hexylthiophene-co-N-succinimidyl 3-(thiophen-3-yl)acrylate)

Low-cost, carboxylic acid functionalised thiophene monomers (T3CA, T3AA, T3T3YAA)

were converted into a set of polymerisable monomers via known synthetic pathways. As de-

scribed in Chapter 3, acid-catalysed methyl esterification and N-hydroxysuccinimide (NHS)

activation were successfully applied to yield 3-thiophene methyl esters and 3-thiophene N-

succinimidyl esters, respectively [67, 290, 301]. A common polymerisation method found
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Figure 8.1: Chemical structures of novel 3-hexylthiophene copolymer synthesised during
project.

extensively in the literature was utilised for the preparation of copolymer materials [149,

200, 226]. As detailed in Section 3.3, the polymerisation was carried out using either a

chloroform (CHCl3) or acetonitrile (CH3CN) reaction solvent with a fourfold molar equiva-

lent of the oxidant; iron(III) chloride (FeCl3). The monomer mixture consisted of 3HT and

one of the following: M3TC, M3TA, M3T3YA, S3TA, or S3T3YA which were combined in

molar ratios of [1:1], [5:1], or [10:1]. All synthesised monomers and polymers have been

characterised using a range of molecular spectroscopy techniques, e.g. ATR-FTIR, 1H NMR

and UV-Vis. The use of ATR-FTIR was crucial to the effective identification of characteristic

vibrations found in the polymer. For example, Figure 4.3 present the three sharp peaks of a

3HT aliphatic C H stretch between 2950-2850 cm-1 while the environment-dependent shift-

ing of the carbonyl C O vibration in the functional co-monomer can be observed in Figure

4.12. Furthermore, Figures 4.8 and 4.10 highlight that appropriate protection of the starting

R COOH monomer is indeed necessary due to an inability to undergo oxidative polymeri-

sation as a result of decomposition [283]. Nuclear magnetic resonance (NMR) was utilised

for further structural analysis when possible, thus allowing for determination of the poly-

mer regioregularity (RR). UV-Vis spectroscopy was performed on a select number of polymer

products following reaction in acetonitrile to determine both peak absorbance (λmax) and

solubility by measuring the solution turbidity. Finally, when permitted by polymer solubility

in tetrahydrofuran (C4H8O), GPC was employed to determine molecular weight (MW).
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As discussed in Section 4.3, copolymers prepared using chloroform as a reaction solvent

possessed limited solubility. it has been elucidated by the literature, this is likely caused by

two factors i) chloroform often results in a higher molecular weight product with a broader

polydispersity and ii) the reintroduction of the COOH moiety following ester deprotection

reduces solubility due to the formation of intermolecular bonding between the solvent and

polymer chain. After changing an acetonitrile reaction solvent, the proposed reduction in

molecular weight resulted in all N-succinimidyl ester copolymers variations prepared as well

as some of the T3AA and T3T3YAA polymers containing a high 3HT monomer % to meet

the material requirements set in Chapter 1 i.e. solubility and solution-processability.

A number of avenues for further work can be proposed based on the outcomes of this chap-

ter. Firstly, further optimisation of the synthetic procedures; specifically the polymerisation

and deprotection reactions, would be beneficial to refining the material properties. For ex-

ample, typical refinements found in the literature include i) adjusting the monomer feed

ratio to generate copolymers with an optimal percentage of the functional monomer while

balancing the electronic performance with bioreceptor binding capability [68, 289, 316]

ii) fine-tuning the molecular weight of the polymer to achieve suitable performance while

maintaining solubility [310, 312]. Greater investigation into the processability of these

material by producing films using print deposition methods may showcase the potential in

the mass production of flexible electronics. Furthermore, the use of alternative processing

method such as electrospinning into polymeric nanofibres may allow for improved immo-

bilisation capability through the optimisation of film properties e.g. porosity, surface area.

A proof of concept example for the electrospinning of polymers (26) and (29) is shown in

Appendix B, Figure B.15.

8.2 UV/O3-PDMS Selective Metallisation and Regeneration

of Printing Surfaces

In this chapter, investigations into the contact angle, surface chemistry and topological

changes as a result of applied thermal and chemical surface regeneration processes has

allowed for better understanding of the underlying mechanisms of UV/O3-PDMS selec-

tive metallisation, hydrophobic recovery on oxidised-PDMS and the suitability of UV/O3-
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PDMS as a possible roll-to-roll printing plate material. For both thermally-enhanced and

chemically-enhanced regeneration processes, a focus on measuring the recovery of contact

angle (WCA & KCA) and surface free energy SFE on 240 min UV/O3 oxidised PDMS relative

to pristine PDMS. As presented in Figures 6.7, 6.8, 6.10 and 6.11, a new chemical-thermal

method (Submerge in ionic buffer at 85°C, 60 min followed by a 150°C, 60 min bake) was

found to exhibit complete recovery of WCA and KCA, near total loss of hydrophilic surface

groups as assessed by ATR-FTIR (Figure 6.14) and dissolution of the oxygen-rich, silica-like

layer as evidenced by XPS (Figures 6.19 & 6.20). Water, Krytox1506 and diiodomethane

contact angle data presented in Section 6.3 as well as the aforementioned IR characteri-

sation provides further evidence to that in the literature, supporting the proposed mech-

anisms which hydrophobic recovery is known to proceed by, i.e. temperature-dependent,

diffusion-control migration of low-molecular weight PDMS oligomers from the bulk to the

surface, reorientation of hydrophilic surface groups and the condensation of surface-bound

silanol groups Si OH. However, for recovery of Krytox1506 contact angle, it is proposed

that this occurs largely as a result of the same mechanisms but does not exhibit the same

temperature-dependency owing to the inter-molecular interactions involved in the wetting

of perfluoropolyether PFPE. In Section 6.5, a number of rewrite deposition examples have

been presented and outlined mixed success. While the successful repatterning of oxidised

PDMS was observed when using PDMS as a substrate, the regeneration process in a double-

pattern rewriting PDMS stamp process did not exhibit an ability to overwrite the original

pattern. Although a complex issue that will require further investigation, it is hypothesised

the inability to utilise the UV/O3-PDMS as a rewritable stamp material is the result of i)

unexpected wetting of Krytox1506 on the different surface states of oxidised and regen-

erated PDMS, ii) non-complete dissolution and interaction between Krytox1506 and the

oxygen-rich silica-like layer and, iii) residual Krytox1506 remaining on the surface of PDMS

stamps, preventing complete regeneration. As such, proposed future works revolve around

resolving the disconnect between the theoretical evidence for regeneration and the limited

success during application to metal deposition. For example, investigating the use of dif-

ferent oils which are easier to clean off the oxidised PDMS or oils of a different chemistry

that has a weaker interaction to the hydrophilic surface. Moreover, the theoretical basis of
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thermally-enhanced contact angle recovery on UV/O3-PDMS can be further understood by

collecting many more data points over a temperature range with smaller increments. As

observed in Figure 6.7 and 6.8 between 50 and 100°C, there is a large jump in contact angle

that obfuscates possible information on the idea that the silica-like layer acts as a barrier

to recovery at low temperatures but undergoes a transition at higher temperatures where

recovery due to the low-molecular weight PDMS migration is observed [343]. Additionally,

as discussed first by Francis et al. [348], an expansion into the maskless patterning of PDMS

printing plates and the ability to deposit high-resolution oil features warrants a specific in-

vestigation. A preliminary study performed by the author (not included in this thesis) has

shown the capability for PDMS to undergo patterning by electron beam lithograph, yielding

recessed features with single-µm lateral resolution (see Appendix B, Figure B.14).

8.3 Glucose Biosensor Electrodes: Fabrication,

Immobilisation and Analysis

In Chapter 7, the soluble P3HT copolymers (ID: (19), (20), (25) to (32)) described in

Chapter 4 have been utilised in the fabrication of flexible, glucose biosensing electrodes.

Additionally, the UV/O3-PDMS selective metallisation process outlined in Chapter 6 has

been used to produce a set of gold electrodes upon which, the polymer-enzyme conjugate

can be deposited. As such, Chapter 7 aims to showcase both the biomolecule immobil-

isation capability of the polymer and the ability for UV/O3-PDMS selective metallisation

to produce functional electrodes. Following the fabrication processes outlined in Chap-

ter 3, the biosensors were analysed using a spectrophotometric (colorimetric) assay, cyclic

voltammetry and various chronoamperometry tests. Owing to the difference in functional

monomer chemistries within the polymers, e.g. carboxylic acid or N-succinimidyl esters,

enzyme immobilisation was performed using simple EDC/NHS cross-linker reaction for the

COOH-containing polymers or without additional reagents due to the presence of preacti-

vated N-succinimidyl ester groups. The covalent attachment of the enzyme, glucose oxidase

(GOx) to the polymer was confirmed using two methods i) an o-dianisidine/horseradish per-

oxidase assay as described in Section 3.8.2 with results in Figure 7.3, and ii) retention of

glucose sensing capability an extended test duration (21 days), during which the electrodes
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were stored in a 0.1 M PBS solution at 4°C so as to not denature the enzyme. Electrochem-

ical analysis (cyclic voltammetry & constant potential chronoamperometry) was performed

to assess both the sensing performance of each polymer-glucose oxidase composite and their

respective electrochemical properties e.g. oxidation/reduction potential. In summary, the

majority of polymers-enzyme electrode possessed complex voltammograms with multiple

electron transfers. As presented in Table 7.2, the oxidation and reduction processes seen

between 0.5 - 1 V were assigned to the redox process of the P3HT-based polymer while

the cathodic peaks between -0.2 and -1 V relate to reduction processes within the glucose

oxidase (GOx) and its redox-active co-factor Flavinadenine dinucleotide (FAD).

Chronoamperometry was employed to measure the response to (GOx)’s target substrate,

β -D-glucose, while the specificity and selectivity was probed by measuring the response to

urea. In general, biosensor electrodes exhibited selective recognition of β -D-glucose, de-

tecting the monosaccharide linearly over a wide concentration range (1 to 25 mM). During

short term (48 hr) and long term (21 day) testing, the measurement stability and electrode-

to-electrode variation was determined to assess the reliability of glucose sensing measure-

ment and the repeatability of different sensor batches, for example, as presented in Table

7.3, polymer (19) (P3HT-c-T3AA) possessed a stability of 87.9% and repeatability of 88.3%

(CV%) over 48 hours. In section 7.4, biosensor electrodes using polymers (20), (27), (29)

and (32) were assessed for selectivity against urea. In this testing, the four polymer-GOx

sensing electrodes were shown to be insensitive to urea and selective to glucose. Polymer-

GOx biosensor electrodes fabricated using uv/acro PDMS-PDMS deposited gold thin films

were also presented and shows comparable sensor performance to electrode that were pro-

duced using a shadow mask.

Further refinement of the test equipment, e.g. the in-house amperometry system, may al-

low for more accurate data collect by reducing the susceptibility of the electrochemical cell

to outside interference i.e. noise from vibrations. This may be achieved by using a com-

mercial potentiostat with amperometry capability. Moreover, optimisation of the device

stack, specifically, the polymer layer would likely provide the greatest sensor performance

boost, studying the effect of polymer film thickness, enzyme immobilisation time, functional

monomer content may improve the response to the biomarker and the reusability of device.
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Finally, alongside development of the existing platform, additional work related to the sen-

sor as a whole, will further showcase the ability of the polymers for use in biosensor devices.

For example, due to binding capability of the functional monomer, investigating the use of

other bioreceptors e.g. antibodies or different enzymes, would outline the capability of the

polymers to be a generalised linker agent.
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Appendix A
Chemicals and Solvents

Figure A.1: Images of polymer solutions from solubility testing A) P3HT-c-T3AA (6) and
B) P3HT-c-T3T3YAA (12). Polymer concentration = 5 mg mL-1. Solvents: Chloroform,

dichloromethane (DCM), dichlorobezene (DCB), toluene (Tol) and tetrahydrofuran (THF)
used neat, as [8:2] or [6:4] solvent mixtures. Solutions were heated at 70°C for 24 hr.
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Figure A.2: Images of polymer solutions from solubility testing A) P3HT-c-S3TA (15) and
B) P3HT-c-S3T3YA (16). Polymer concentration = 5 mg mL-1. Solvents: Chloroform,

dichloromethane (DCM), dichlorobezene (DCB), toluene (Tol) and tetrahydrofuran (THF)
used neat, as [8:2] or [6:4] solvent mixtures. Solutions were heated at 70°C for 24 hr.

Table A.1: Table of chemicals, formula, and grade/purity used in PDMS experiments.

Compound Formula Grade/Purity

Dow Sylgard™184 Polydimethylsiloxane (Si(CH3)2O)n ≥99.0%
3M Novec™7200 (ethoxy-nonafluorobutane) C4F9OC2H4 99.0%

Chemours Krytox™1506 (C3F6O)nC5F12O N/A
Diiodomethane CH2I2 99.0%

Ethanol, puriss. p.a., absolute CH3OH ≥99.8%

200



Table A.2: Table of chemicals, formula, and grade/purity.

Compound Formula Grade/Purity

Thiophenes

Thiophene C4H4S ≥ 99.0 %
3-hexylthiophene C10H16S 99.0 %

Thiophene-3-carboxylic acid C5H4O2S > 98.0 %
methyl 3-thiophene-carboxylate C6H6O2S Synthesised in-house

Thiophene-3-acetic acid C6H6O2S 98.0 %
Methyl 3-thiophene acetate C7H8O2S Synthesised in-house

N-succinimidyl 3-thiophene acetate C10H9NO4S Syntheised in-house
Trans-3-thiophen-3-yl-acrylic acid C7H6O2S 98.0 %
Methyl 3-(thiophen-3-yl)acrylate C8H8O2S Synthesised in-house

N-succinimidyl 3-(thiophen-3-yl)acrylate C11H9NO4S Synthesised in-house

Synthesis Ragents

Iron(III) chloride, anhydrous FeCl3 ≥ 97.0 %
N-hydroxysuccinimide C4H5NO3 > 98.0 %

N,N’-dicyclohexylcarbodiimide C13H22N2 99.0 %
Sodium Hydroxide, reagent grade NaOH ≥ 98.0 %

Magnesium Sulfate, anhydrous MgSO4 ≥ 99.5 %

Biosensors Preparation and Testing

EDC.hydrochloride C8H17N3 ·HCl 99.0 %
1x Phosphate-Buffered Saline, tablets N/A N/A
Glucose Oxidase from Aspergilus Niger EC 1.1.3.4 Type X-S, 100 - 250 KU g-1

Glucose Oxidase from Aspergilus Niger EC 1.1.3.4 Type IV, > 100 KU g-1

Horseradish peroxidase EC 1.11.1.7 Type II, 100 - 250 KU g-1

Urea, BioReagent CH4N2O ≥ 98.0 %
o-dianisidine dihydrochloride C14H16N2O2 · 2HCl 98.0 %

D-(+)-Glucose, anhydrous C6H12O6 99.0 %
Potassium Chloride, puriss.p.a KCl 99 - 100.5 %

Solvents and Acids

Chlorobenzene C6H5Cl ≥ 99.0 %
Chloroform, for HPLC, amylene stabilised CHCl3 ≥ 99.8 %

Acetonitrile, for HPLC, gradient grade CH3CN ≥ 99.9 %
Methanol, for HPLC CH3OH ≥ 99.9 %

Hexane C6H14 95.0 %
Acetone, puriss. p.a., C3H6O ≥ 99.8 %

Ethanol, puriss. p.a., absolute CH3OH ≥ 99.8 %
Isopropanol, puriss. p.a., C3H7OH ≥ 99.8 %

Tetrahydrofuran, anhydrous, inhibitor-free C4H8O ≥ 99.9 %
Chloroform, deuterated CDCl3 99.8 %

Chloroform, deuterated, 0.03% v/v TMS CDCl3 99.8 %
Ethyl acetate, ACS reagent C4H8O2 ≥ 99.5 %

Hydrochloric acid, ACS reagent HCl 37.0 %
Sulfuric acid, for analysis H2SO4 98.0 %
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Appendix B
Analysis and Spectra

B.1 Infrared Spectroscopy (ATR-FTIR)
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Figure B.1: IR spectrum of polythiophene from CHCl3 - PTh.
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Figure B.2: IR spectrum of polythiophene from CH3CN - PTh.
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Figure B.3: IR spectrum of salt-like compound from alkaline hydrolysis of P(3HT-c-M3TA)
(7).

B.2 Nuclear Magnetic Resonance Spectroscopy (NMR)

Figure B.4: 1H NMR spectrum of poly(3-hexylthiophene-co-N-succinimidyl 3-thiophene
acetate) with solvent impurities highlighted. Specifically, common impurities at 8.10, 4.28

and 3.5 ppm that appear in some spectra included in this thesis.
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B.3 X-ray Photoelectron Spectroscopy (XPS)

Figure B.5: XPS Spectra for pristine polydimethylsiloxane (P-PDMS).) A) Survey Scan, B)
C1s (297-282 eV), C) O1s (545 - 525 ev), and D) Si2p (110-95 eV).

Figure B.6: XPS Spectra for 240 min UV/O3 treated polydimethylsiloxane
(UVO240-PDMS) A) Survey Scan, B) C1s (297-282 eV), C) O1s (545 - 525 ev), and D)

Si2p (110-95 eV).
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Figure B.7: XPS Spectra for thermally regenerated UVO240-PDMS - 50°C, 15 min A)
Survey Scan, B) C1s (297-282 eV), C) O1s (545 - 525 ev), and D) Si2p (110-95 eV).

Figure B.8: XPS Spectra of thermally regenerated UVO240-PDMS - 200°C, 15 min A)
Survey Scan, B) C1s (297-282 eV), C) O1s (545 - 525 ev), and D) Si2p (110-95 eV).
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Figure B.9: XPS Spectra of chemically regenerated UVO240-PDMS - PBS immersion
(85°C, 60 min) A) Survey Scan, B) C1s (297-282 eV), C) O1s (545 - 525 ev), and D) Si2p

(110-95 eV).

Figure B.10: XPS Spectra of combination chemical-thermal regenerated UVO240-PDMS -
PBS immersion (85°C, 60 min)→ HT (150°C, 60 min) A) Survey Scan, B) C1s

(297-282 eV), C) O1s (545 - 525 ev), and D) Si2p (110-95 eV).
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B.4 Profilometry

Figure B.11: Step height analysis of polymer thin-films for determination of film
thickness. Data collected using profilometry.

207



B.5 Other/Future Works

Figure B.12: Images of colour change from o-dianisidine colorimetric assay.
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Figure B.13: Example Chronoamperography scans (current vs time) for select
polymer-GOx, glucose sensing electrodes. A) P3HT-c-T3AA [5:1], B) P3HT-c-S3TA [1:1],

C) P3HT-c-T3AA [10:1], D) P3HT-c-T3T3YAA [10:1], E) P3HT-c-S3TA [5:1] and F) Sensor
electrodes fabricated using UV/O3-PDMS metallisation.
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Figure B.14: Future work: Electron beam patterning of polydimethylsiloxane.
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Figure B.15: Future work: Electrospun deposition of polymers. A) Images of P3HT (4),
P3HT-c-T3T3YAA (28) and P3HT-c-S3TA (31) fibre network on ITO substrate. B) Electron
micrograph of P3HT (4) fibre network (x1k magnification), C) Micrograph of (4) at x15k
mag, D) Micrograph of P3HT-c-T3T3YAA (28) fibre network at x1k mag and, E) Polymer

(28) micrograph at x15k magnification. Electrospinning performed by R Schofield.
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