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Abstract 

 
Specific DNA detection is important for many applications in areas such as biology, 

forensics and medical diagnostics which all share the need for fast and inexpensive 

detection technology. Conducting polymers are now widely investigated as 

alternative substrates for rapid and label-free DNA sensors. Previous work in this 

laboratory investigated DNA sensors based on conducting polymer films made from 

pyrrole but the chemical versatility of thiophene motivated the study of thiophene 

based conducting polymer substrates in this thesis. 

 

Four thiophene conducting polymers were synthesized wherein two of these (TAA 

and TPDA) shared structural features with pyrrole homologues for comparison of 

their sensing properties. The following thiophene-containing monomers and their 

conducting polymers were synthesised and characterised: TAA (5‟‟:2‟‟‟-

terthiophene)-3‟‟-yl) acrylic acid), TPDA (5-(2‟:2‟‟, 5‟‟:2‟‟‟-terthiophene)-3‟‟ –yl)] 

(2E,4E)penta-2,4-dienoic acid ), HTAA (3-[3‟,3‟‟‟-bis(hydroxymethyl)-2‟:2‟‟,5‟‟:2‟‟‟-

terthiophene)-3‟‟–yl (E)acrylic acid ) and AAE ((E)-3-(2,3-dihydrothieno[3,4-

b][1,4]dioxin-2-yl)acrylic acid).  All polymers were studied by electrochemical 

impedance spectroscopy (EIS) which was used as the sensor readout to allow rapid 

and label-free detection. 

 

Initial results using PTAA and PTPDA film as DNA sensors in aqueous solution 

showed poor hybridisation responses that were difficult to consistently reproduce. 

This prompted a comprehensive EIS study investigating the change of polymers 

properties when immersed (20 hours) in aqueous electrolytes before attachment of 

DNA. EIS revealed that the microstructure of these films collapses in aqueous 

solution for about three hours accompanied by a dramatically decreased 

capacitance and hindered redox activity and conductivity. Subsequently, a gradual 

increase in film capacitance resulted from the oxidizing potential applied during the 

EIS experiment. Discovery of this microstructure collapse in aqueous solution 

explained the difficulty in obtaining reproducible hybridisation responses. This 

finding runs contrary to the usual assumption in the literature that conducting 

polymers are electrochemically stable and may be used straight after preparation for 

DNA sensing [1-7]. The collapse was largely ameliorated in PHTAA films and the 

increased electrochemical stability of this polymer was attributed to its greater 
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hydrophilicity endowed by its hydrophilic group (CH2OH). The slight gradual 

capacitance increase due to film charging induced by the oxidizing potential applied 

during EIS was also observed in PHTAA film. Poor DNA selectivity of PTAA and 

PTPDA films originated partly from the collapse and the consequent disruption of 

the π-bonded “highway” of the polymer backbone. Another contribution towards 

poor selectivity was the charge storage region that built up underneath the film 

surface during the time (20 hours) the films were allowed to adjust their 

microstructure in aqueous solution. 

 

EIS was optimized for DNA sensing by examining the effect of the Fe(CN)6
3-/4-

 redox 

couple on the DNA sensing of PTAA film which was found to enhance sensing. 

Additionally, the effect of the oxidation state of PTAA film on its DNA-sensing ability 

was examined where the oxidized state best detected DNA compared to the 

reduced state. An alternative modelling scheme that measures the hybridisation 

response from the change in phase angle on the phase angle plot (rather than the 

change in real impedance) was also demonstrated. This scheme can be adapted for 

other electrochemical DNA sensors where the Nyquist plot does not sufficiently 

characterize the hybridisation response. Unlike the Nyquist plot, the phase angle 

plot sensitively conveyed useful information about film microstructure changes and 

oligonucleotide attachment on the film surface for the entire frequency range studied 

although frequencies in the 103-105 Hz region provided the best indicator of 

hybridisation. 

 

 

 

 

 

 

 

 

 

 

 

 



iv 

 

Acknowledgements 

 
 
Several institutions are gratefully acknowledged for enabling me to complete my 

doctoral thesis: Auckland Uniservices for the fully-funded scholarship and The 

University of Auckland and the Polymer Electronics Research Centre (PERC) for 

providing the laboratory, office facilities and other support services. Several people 

are also gratefully acknowledged for their help: my supervisors Jadranka Travas-

Sejdic and Christian Soeller for their overall help and giving me the opportunity to 

study this challenging project at the cutting edge of conducting polymer research; 

Hui Peng for his invaluable electrochemical and organic synthesis help (especially in 

making TAA); David Williams for his electrochemical impedance spectroscopy (EIS) 

help including his contribution towards my published papers and help in deriving the 

phase angle equation (3.1); Michel Nieuwoudt for her help with IR; and the other 

people at PERC and the University of Auckland who helped in some way.  

 
 
  



v 

 

Table of Contents 
 

Abstract   .................................................................................................................... ii 

Acknowledgements ................................................................................................ iv 

1 Introduction ............................................................................................... 2 

1.1 DNA sensors ............................................................................................................ 2 

1.2 Conducting Polymers as DNA Sensors ................................................................... 4 
1.3 Fundamentals of Conducting Polymers ................................................................... 5 
1.4 Capacitance and  Electrochemical Impedance Spectroscopy [101] ....................... 14 
1.5 Experimental Considerations ................................................................................. 24 
1.6 Motivation and Objective ....................................................................................... 33 

 

2 Experimental ........................................................................................... 38 

2.1 Reagents ................................................................................................................. 38 

2.2 Instruments ............................................................................................................. 38 
2.3 DNA Hybridisation ................................................................................................ 42 
2.4 Synthesis of 3-((2’:2’’,5’’:2’’’-terthiophene)-3’’-yl) acrylic acid (TAA) ............. 43 
2.5  Synthesis of 5-(2’:2’’, 5’’:2’’’-terthiophene)-3’’ –yl)] (2E,4E)penta-2,4-dienoic 

acid (TPDA). .......................................................................................................... 46 
2.6  Synthesis of 3-[3’,3’’’-bis(hydroxymethyl)-2’:2’’,5’’:2’’’-terthiophene)-3’’-

yl](E)acrylic acid (HTAA) ..................................................................................... 52 
2.7 Synthesis of Acrylic Acid EDOT (AAE) ............................................................... 57 

 

3 Synthesis, Characterisation and DNA-Sensing Properties of Poly(3-
((2’:2’’,5’’:2’’’-terthiophene)-3’’-yl) acrylic acid) (PTAA) Thin Films .... 62 

3.1 Synthesis of TAA ................................................................................................... 62 
3.2 Effect of Polymerisation Conditions on PTAA film Properties ............................ 63 

3.3 DNA Sensing of Unstabilized PTAA Film ............................................................ 76 
3.4  EIS Investigation of the Stability of PTAA Films in Organic Solvents and 

Aqueous Solution ................................................................................................... 81 
3.5 Modelling the EIS of PTAA Films Using Circuit Models ..................................... 86 

3.6 The Effect of Oxidation State on PTAA Film Electrochemical Stability ............ 100 
3.7 DNA Sensing of Stabilized PTAA Film .............................................................. 102 
3.8 UV-Vis Characterization of PTAA Film ............................................................. 126 
3.9 Fluorescent Characterization of PTAA Film ....................................................... 129 
3.10 Conclusions .......................................................................................................... 130 

 

4 Synthesis, Characterization and DNA-Sensing Properties of Poly(5-
(2’:2’’, 5’’:2’’’-terthiophene)-3’’ –yl)] (2E,4E)penta-2,4-dienoic acid) 
(PTPDA) Thin Films .............................................................................. 133 

4.1 Synthesis of TPDA ............................................................................................... 133 
4.2 Effect of Polymerisation Conditions on PHTAA film Properties ........................ 134 
4.3 Effect of Oxidation State on PTPDA Film Electrochemical Stability ................. 139 
4.4 Evaluation of DNA Sensing Using Stabilized PTPDA Film ............................... 140 
4.5 UV-Vis Characterisation of PTPDA Film ........................................................... 148 
4.6 Conclusions .......................................................................................................... 149 



vi 

 

5 Synthesis, Characterisation and DNA-Sensing of Poly(3-[3’,3’’’-
bis(hydroxymethyl)-2’:2’’,5’’:2’’’-terthiophene)-3’’ –yl] (E)acrylic acid) 
(PHTAA) Thin Films .............................................................................. 152 

5.1 Synthesis of HTAA .............................................................................................. 153 
5.2 Effect of Polymerisation Conditions on PHTAA film Properties ........................ 153 
5.3 The Effect of Oxidation State on PHTAA Film Electrochemical Stability ......... 162 
5.4 DNA Sensing Properties of Stabilized PHTAA Film .......................................... 164 

5.5 Reproducibility of Stabilized PHTAA Film ........................................................ 177 
5.6 Conclusions .......................................................................................................... 180 

 

6 Synthesis, Characterization and DNA-Sensing Properties of 
Substituted Poly(3,4-ethylenedioxythiophene) (PEDOT) Polymers . 183 

6.1 Synthesis of Acrylic Acid EDOT ......................................................................... 184 

6.2 Effect of Polymerisation Conditions on PEDOT Film Properties ....................... 185 

6.3  EIS Investigation of the Stability of PEDOT Films in Organic Solvents and 

Aqueous Solution ................................................................................................. 188 
6.4  Effect of Polymerisation Conditions on Poly(hydroxymethyl EDOT) Film 

Properties ............................................................................................................. 195 

6.5  EIS Study of the Stability of Poly(Hydroxymethyl EDOT) Films in Aqueous 

Solution ................................................................................................................ 198 

6.6 Effect of Polymerisation Conditions on PAAE Film Properties .......................... 201 
6.7  DNA Sensing by Unstabilized P(AAE-co-EDOT) Film Made With LiClO4 in 

Propylene Carbonate in EIS Solution Containing the Fe(CN)6
3-/4-

 Redox Couple .... 

  .............................................................................................................................. 205 
6.8 Conclusion ........................................................................................................... 207 

 

7 Conclusions and Future Directions .................................................... 209 

 

 Appendix 1 .................................................................................................214 

 Appendix 2 .................................................................................................216 

 Appendix 3 .................................................................................................222 

 References..................................................................................................223 

 

 
 
 
 
 
 
 
 
 
 
 



Chapter 1 

 

1 

 

 

 

Chapter 1 
 

 
Introduction 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



Chapter 1 

 

2 

 

 

1 Introduction 

 
 

1.1 DNA sensors  

 
There is a need in medical and forensic science to detect the DNA molecule for 

disease diagnosis or evidence identification [8, 9].  Found in every cell, DNA 

contains the instructions for making an organism.  On a macromolecular level, it is 

composed of two single-stranded entwined polynucleotide chains as illustrated in 

Figure 1.1. They are held together by hydrogen bonding between the nucleotide 

bases (adenine, thymine, guanine, cytosine) that make up each chain. This bonding 

is very specific in that adenine only bonds to thymine and guanine only bonds to 

cytosine [10].  These nucleotides are attached to a backbone chain composed of 

sugar and phosphate molecules which carry an overall negative charge [10].  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 1.1. Helical structure of a DNA molecule showing the two entwined single-
stranded chains hydrogen-bonded to each other through their nucleotide bases.  
Modified from [10].  
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Shorter-length chains of DNA are called oligonucleotides (ODN) that are often used 

in DNA sensors rather than the full-length DNA molecule. Commonly, a short ODN 

called a probe is attached to a DNA sensor platform and used to sense its 

complementary strand (the target ODN) in a biological sample [11]. Upon the 

recognition of the complementary strands and their hydrogen-bonding by Watson-

Crick base-pair hybridisation, a signal (fluorescent, electrochemical, radioactive, etc) 

is transduced to a recording device (spectrophotometer, electrochemical analyzer, 

etc) [11-13]. Transduction can be through electrochemical, optical or mass-sensitive 

means [11].  

 

Sensitivity refers to the amount of a target DNA a sensor can detect whereas 

selectivity refers to how specific is the detection of the target and whether the 

sensor can distinguish the target from non-complementary ODN and interfering 

species such as proteins and debris [14].  

 

The conformation of DNA is strongly affected by its immediate ionic environment 

[15].  A long DNA molecule may be simply described as a moderately flexible elastic 

rod [15].  

 

Various substrates have been used as the platform upon which DNA detection 

occurs such as nitrocellulose filter paper [13], gold [16-18], diamond [8, 19, 20], 

silicon [21, 22], quantum dots [23] and conducting polymers (CPs) [22]. They are 

accompanied by specialized detection techniques such as electrochemical, 

radioactive, magnetic, fluorescent or enzymatic  that may require labelling the DNA 

in a way specific for that technique [12, 13]. Labels include radioactive isotopes, 

enzymes, or fluorophores for example [12, 13]. Development of these and other 

techniques is an on-going active field of research striving to overcome existing 

disadvantages and improving advantages particular to each technique [11].  

 

Most commonly used fluorescence techniques rely on a fluorescent signal indicative 

of hybridisation [11, 24].  Common problems include fluorescent quenching and low 

fluorescent yield [23]. Radioactive techniques offer specific hybridisation detection 

but their radioactivity renders them dangerous. Enzymes may offer specificity but 

are complicated to implement and time-consuming [11]. Silicon platforms are 
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commonly used with the fluorescence and electrochemical techniques but are 

susceptible to hydrolysis [20]. Although diamond is the best known electrochemical 

transducer and does not experience the hydrolysis problem that silicon substrates 

do, the reproducibility of synthetic diamond production is a matter of concern [8, 20] 

and diamond surfaces are difficult to functionalize [25]. Molecular beacons use 

fluorescence detection and are characterized by a particular ODN stem-loop 

configuration and can be mounted on quantum dots or conducting polymers [26]. 

Although some have shown excellent sensitivity and selectivity they are complicated 

to implement [26]. 

 

Some electrochemical techniques require ODN to be labelled with a redox-active 

marker that enhances an electrochemical hybridisation signal [27]. To avoid 

labelling expense, complication and possible damage to the DNA through labelling,   

research on detecting hybridisation without labelling is being pursued [6, 12, 16-18, 

28-30].  

 

One approach, for example, involves measuring the change in mass of a quartz 

crystal upon hybridisation with the target [11, 31]. Measuring the change in mass of 

a quartz crystal technique however suffers from sensitivity to temperature 

fluctuations and has limitations for miniaturization and arraying [20]. Another label-

free approach measures the difference in impedance upon hybridisation using 

electrochemical impedance spectroscopy (EIS) [6, 16-18, 29, 30, 32]. Development 

of new materials and techniques will surely continue to grow in the field of DNA 

sensing.   

 

1.2 Conducting Polymers as DNA Sensors 

 

This thesis focuses on evaluating thiophene-based conducting polymer thin films as 

the substrate for a DNA sensor for their ability to be functionalized for specific 

applications [33-35]. It uses EIS as the principal detection method for its simplicity 

and powerful analysis capability [32, 33, 35, 36]. The use of conducting polymers for 

a variety of applications emerged after the discovery of electrically conducting 

polyacetylene in 1977 [37] and includes four major classes: polypyrrole, polyaniline, 

poly(phenylvinylene) and polythiophene [35, 38]. These polymers can be made into 

a wide variety of morphologies [39-42]  and used in a wide variety of DNA sensor 
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configurations [35].  For example, co-polymers of aniline and pyrrole can be made 

into nanofibre, nanorod, nanosphere and nanotube morphologies [40].  

 

The variety of sensor configuration results partially from the number of possible 

ways to construct the polymer and attach the probe. For example, the probe can be 

incorporated into the polymer by physical entrapment into the  electrochemically 

formed CP on the electrode surface [43, 44]. Another approach uses an easy-

leaving group like N-hydroxyphthalimide on the monomer [45, 46]. After the CP is 

formed, the easy-leaving group is replaced with the probe which then hybridises 

with its target DNA. The approach adopted in this thesis is illustrated in Figure 1.2 

and uses a monomer with a carboxylic group which does not require a leaving group 

to be cleaved [7]. After the monomer is electropolymerized into a CP on the 

electrode surface, the carboxylic group is chemically reacted with an amino-

terminated probe DNA to form a peptide bond. The attached probe is then allowed 

to hybridise to its target DNA. An advantage of this approach is its gentle treatment 

of the delicate probe avoiding its damage during the CP formation [47]. This is of 

crucial importance for monomers which require an oxidation potential greatly above 

the oxidation potential of the DNA bases.  

 

In designing a CP-based DNA senor both the properties of the polymer film and 

issues related to the DNA needs to be taken into an account [22, 35]. To operate 

effectively in the aqueous solution in which DNA is measured, the polymer sensor 

film ideally needs to be conductive, stable, sensitive to hybridisation and insensitive 

to interfering species. Designing such a polymer is a non-trivial task that has not 

been well addressed in the literature. In the emerging field of organic polymer 

electronics and its applications in biosensors and bioelectronics there is still a need 

for fundamental research on integrating the CP materials into such devices.  

 

1.3 Fundamentals of Conducting Polymers 

 

In order to use conducting polymers as the platform of DNA sensors, it is necessary 

to understand their electronic properties. CPs are similar to common plastics in 

being polymeric but they differ in that they can be made conductive by being doped 

with a chemical species during oxidation or reduction of the polymer [48, 49]. For 
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their high conductivity they have been also called synthetic metals [48] and have 

been used in diverse applications such as organic field effect transistors, light-

emitting diodes, solar cells, electrochromic devices, molecular electronics, light 

emitting diodes [50-53], gas sensors, DNA sensors, photovoltaic devices, etc [38, 

54].     

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.2. Schematic diagram of a DNA sensor consisting of a conducting polymer 
and a covalently attached probe hybridised to its complementary target 
oligonucleotide. 
 

 

During doping a dopant (commonly a cation or anion) becomes embedded in the 

polymer matrix to counterbalance the created charge on the polymer during 

oxidation or reduction of the polymer and has the effect of charging the polymer  

[48, 55, 56]. During doping charge carriers (polarons and bipolarons) are created 

which permit conductivity through their “travelling” along the π-bonded “highway” 

[56]. A positive polaron (a radical cation) is created by removing an electron from 

the π conjugated system and bipolarons (dications) from the removal of another 

electron from the same part of the polymer chain [55]. Conductivity also depends on 

the electrochemical conditions (solvent, electrolyte, etc) used to make the CP [38].  
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Completely redox-active CPs can be both n- and p- doped [55, 57, 58]. In n-doping, 

radical anions are created within the polymer which causes reduction of the polymer 

and causes cation counterions to enter and anions to leave in order to maintain 

charge neutrality [55, 57, 58]. In p-doping, positive radical cations are created which 

causes anions to enter and cations to leave the polymer in order to maintain charge 

neutrality [55, 57, 58]. The maintenance of charge neutrality is the driving force 

behind cation and anion insertion and expulsion [56, 59]. The flow of the ions into 

and out of CPs can be followed by cyclic voltametry and quartz-crystal microbalance 

[59]. For some CPs complete ion movement into and out of the polymer described 

above is not possible [60, 61]. In situations where a large anion like poly(4-

styrenesulphonate) (PSS) becomes permanently embedded, ion flow may be 

restricted to cation movement in and out of the CP rather than by anion movement 

[60-62]. In addition to the size, another factor that affects the ability of ions to enter 

and leave a CP is the porosity of the polymer with high porosity facilitating ion 

movements and low porosity hindering them [63].  

 

The energy level diagram of the oxidation of a neutral (undoped, ground state) CP 

to its highly conducting form is illustrated in Figure 1.3.  

 

Figure 1.3. Energy level diagram of a conducting polymer showing the band gap 
and energy levels of its different oxidation states [64].  
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Figure 1.3 illustrates the broadening of the highest occupied molecular orbital 

(HOMO) and lowest occupied molecular orbital (LUMO) bands from the monomer to 

the neutral polymer [64]. The band gap determines the conductivity and optical 

properties of a CP – the wavelengths of light it absorbs and emits [64]. As the 

polymer is increasingly oxidized, new energy levels appear between the HOMO and 

LUMO of the neutral polymer effectively narrowing the band gap, increasing the 

polymer conductivity and lowering the energy that can be absorbed and emitted 

(resulting in their bathochromic shift). In highly-doped polymers, the intermediate 

energy levels can overlap the HOMO and LUMO resulting in quasi-metallic 

behaviour with increased conductivity and no band gap [65].   

 

An understanding of the ionic and electronic current flow is essential for 

understanding the electrochemical properties of CPs and although these are not 

completely understood in the literature, some generalizations can be made [59]. 

Cations and anions in solution, not possessing redox activity, are considered as 

supporting electrolyte that can flow to the CP (by diffusion, migration or convection) 

and enter into polymer where they can participate in its doping process [59]. Such 

current in the solution surrounding the CP is ionic. Similarly, redox-active ions in 

solution such as the Fe(CN)6
3-/4- can also can flow to the CP (by diffusion, migration 

or convection) and enter into it (if the CP porosity is sufficient, although generally 

they have been thought to not enter the CP [59]) where they can participate in its 

doping [66]. Such redox-active ions in solution are able to carry electrons to, and 

transfer them onto, the CP [62, 66]. This flow of electrons in solution and within the 

CP is electronic.  

 

The mechanism of CP synthesis is generally recognized as a radical-driven process 

as illustrated for 3-substituted thiophene in Figure 1.4 [38]. By chemical or 

electrochemical means, an electron is removed from the π-conjugated thiophene 

ring preferentially at the more reactive α or α‟ positions (compared to the less 

reactive β position) producing a radical cation thiophene ring [38, 55]. This ring 

couples together with a neutral ring producing a dimer. Chain propagation proceeds 

with further removal of an electron from this dimer and further coupling with another 

monomer eventually yielding the polymer upon propagation cessation [38, 55].  

Coupling at the β position produces branching in the polymer backbone with the 
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undesired consequence of reduced π-π overlap from the loss of planarity and the 

consequent higher bandgap and reduced conductivity [55, 67]. As the polymer 

backbone grows, the relative reactivity of β position increases leading to increased 

α-β coupling resulting in increased morphological disorder, higher bandgap and 

decreased conductivity and is a reason why thinner films of polythiophene were 

more conductive than thicker films [55]. Depending on how adjacent thiophene rings 

couple, different arrangements of oligomers and polymers can form as illustrated in 

Figure 1.5.  

Figure 1.4. Polymerisation of thiophene [38].  

 

Recognizing this, thiophene development has progressed from simple single-ringed 

monomers to more complicated and interesting monomer structures [55]. One 

development has been to synthesise a ter-thiophene monomer with the middle 

thiophene ring functionalized at the 3‟ position to bring desired properties to the 

polymer while reducing the coupling possibilities [68-75]. The extra electron 

donation and resonance energy lowers the potential required to oxidize the 
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monomer and thus reduces the need to apply a high potential that overoxidizes the 

polymer. This problem was termed the polythiophene paradox – the potential 

required to initiate polymerisation of the monomer also overoxidized the polymer 

[38]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.5. Possible coupling arrangements of polythiophene [38].  

 

Although polymerisation of the monomer can be initiated chemically or 

electrochemically, the ability to carefully control the parameters used in the latter 

has rendered it a popular and powerful way to fine-tune CP properties such as film 

thickness, morphology and the formation of the polymer films directly on an 

electrode surface [55]. In general, the conductivity of electrosynthesised CPs is 

higher than chemically-synthesised CPs [38].  
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Monomers can be electropolymerized through various methods such as (a) 

potentiostatic where a constant potential is applied over time, (b) galvanostatic 

where a constant current (CC) is applied over time, and (c) potentiodynamically 

where a potential is varied or time. A specific form of the latter is cyclic voltammetry 

(CV) where a potential is linearly scanned up to a certain potential and then 

reversed to its initial value for specific number of cycles [34, 76]. CV has the 

advantage of tracing the polymer growth layer-by-layer wherein the increase in 

current with each cycle is a direct measurement of the increase in surface of the 

redox-active CP [76]. Constant potential has the advantage of carefully controlling 

the potential needed to oxidize the monomer which helps to avoid overoxidizing the 

polymer unlike CV where some potentials may be insufficient to oxidize the 

monomer. CC has the advantage of more homogenous and conductive films than 

CV-made films but, obviously, it lacks the control of potential [55, 77]. CC-created 

polythiophene films, for example, were found to be more homogeneous and 

conductive than constant potential-created films when the CC was performed about 

0.5 V more positive than the oxidative potential of the monomer [55].   

 

In each of these methods, the thickness of films can be directly controlled. For CV 

thicker films can be made by increasing the number of cycles. For CC and the 

constant potential method, thicker films can be made by increasing the time the 

current is passed [78], increasing the current density passed or increasing the 

polymerisation potential. Direct comparison between films created by these different 

methods (even though their thickness may be the same) must be approached with 

caution because of the often different morphologies of the resultant films created by 

different electropolymerisation methods [79]. The behaviour of such films for DNA 

sensing or another application could be dramatically different.  

 

The oxidation potential required to electropolymerize a monomer is a characteristic 

of a CP monomer and a significant difference between the polymerisation potential 

of different monomers can hinder their copolymerisation [80, 81]. A common 

concern is using an oxidation potential sufficient to oxidize the monomer but 

insufficient to overoxidize the polymer [38, 82].  
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The monomer oxidation potential can be modified either by modifying the monomer 

structure or, by lesser extent, by the choice of electrode, electrolyte and solvent in 

which electropolymerisation occurs. The latter was illustrated dramatically for 

another 5-atom ringed heterocycle, furan, similar to thiophene where the sulphur 

atom is replaced with oxygen. In acetonitrile with NaClO4 as dopant its oxidation 

potential was 2.056-2.256 V (Ag/AgCl) but in the strongly acidic boron 

trifluoride/ethyl ether solvent system it was reduced to 1.2 V (Ag/AgCl) [83]. 

Modifying the monomer structure however is more powerful and allows for careful 

tuning of not only the oxidation potential but also the resulting electro- and optical 

properties of the polymer.  

 

Much research has provided an understanding of the key factors that govern 

oxidation potential of polythiophenes: primarily the electronic effects and secondarily 

steric effects [55]. In the former, electron-withdrawing substituents on the thiophene 

ring raise the oxidation potential whereas electron-donating substituents lower it 

[55]. These effects have been attributed to the electron density on the thiophene 

ring and hence its reactivity and the stability of the radicals involved in the 

electropolymerisation process [55]. Thus electron-withdrawing substituents 

destabilize the radicals and raise the oxidation potential whereas electron-donating 

substituents stabilize them and lower the oxidation potential. As a consequence, 

with strongly electron-withdrawing substituents the radicals undergo rapid reactions 

with the solvent or anions to form soluble products rather than to electropolymerize 

[55]. With electron-donating substituents, the radicals can diffuse away from the 

electrode surface to form soluble oligomers in solution [55]. The radicals also can be 

quenched by the increased electron density thus hindering them from reacting with 

individual monomers and form oligomers and polymer chains [34]. A balance 

between strongly electron withdrawing and strongly electron donating substituents 

appears to be the condition necessary for obtaining extensively conjugated and 

highly conducting substituted polythiophenes [55]. 

 

Efforts to lower the oxidation potential of polythiophenes through alkylation at the 3 

and 4 positions resulted in improved solubility and processability but also resulted in 

lowered conductivity because of disruption of the π-conjugated system of the 

polymer [34]. This in turn led to the development of the EDOT family of monomers 
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with good solubility, processability, stability and conductivity [34]. A dramatic 

lowering of the oxidation potential by electron donation through conjugation of 

EDOT monomers was demonstrated for a series of EDOT monomers; the oxidation 

potential of ter-EDOT was dramatically lowered to 0.20 V compared to EDOT (1.19 

V) [34]. Efforts to lower the oxidation potential of polythiophenes also led to the 

development of terthiophene monomers (such as terthiophene) with lower bandgaps 

compared to single-ringed thiophene monomers [72].   

 

A unique combination of moderate band gap and low oxidation potential confers on 

poly(EDOT) (PEDOT) an exceptional stability in the oxidized state which exhibits 

high conductivity and good optical transparency in the visible spectral region thus 

rendering it useful in many applications, including chemical sensing, smart 

packaging and organic transistors [51, 54]. Of special relevance for DNA sensors is 

(a) the ability of EDOT to electropolymerize in water with the aid of a surfactant [84] 

or with polystyrene sulphonate as a dopant [85], (b) the stability [85] and 

electroactivity [84] of PEDOT in aqueous solution and (c) the ability of PEDOT 

doped with polystyrene to dissolve in water [86]. This latter study (in 2002) was 

apparently the first PEDOT sensor to detect DNA. The PEDOT film was made water 

soluble by being doped with polystyrene sulphonate and its conformational change 

in solution upon exposure to DNA was detected by UV-Vis spectroscopy. PEDOT 

itself has low solubility in water [34]. The few PEDOT polymers that have been used 

as a DNA sensor [2, 27, 87, 88] allow room for further exploration of this CP family 

for biosensing applications.  

 

Realizing the importance of hydrophilic, water-compatible polymers [89] for 

biosensing applications has resulted in improving polythiophenes‟ hydrophilicity and 

water solubility [90, 91]. For PEDOT polymers, this has resulted in increasing the 

hydrophilicity by adding ether [92-97], ester-acid [98], hydroxylmethyl [98-100], 

sulphonate [101, 102], succinimide [27] and other groups [103] to the EDOT 

monomer.  

 

The minor factor governing the oxidation potential concerns the sterical interaction 

between substituents and the consequent torsion angle on the thiophene rings in 

the main polymer chain as a result of their twisting to accommodate the substituents 
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[55].  A torsion angle smaller than 40º is acceptable [55]. As this angle increases it 

decreases the π-π orbital overlap between thiophene rings and results in a 

shortened effective mean conjugation length and an increase in the ionization 

potential required to remove an electron from the π conjugated system thus raises 

the oxidation potential [55]. An excellent study investigating electronic and steric 

effects of oxyalkyl substituents at the 3 position of thiophene introduced the theory 

of a functional space within which steric effects do not prevent polymerisation but 

beyond which they do [55]. Highly branched (>4) and long substituents (> 10 C 

atoms) where found to prevent electropolymerisation.  

 

Designing a monomer to form a CP for a particular application has become a 

powerful way to give the CP the desired functionality [51]. The conjugation in the 

polymer backbone can serve as a transmission line relaying a hybridisation signal 

for DNA detection [7, 35] or from other interactions of a biological analyte [47]  or as 

a source of fluorescence [72, 104].  

 

1.4 Capacitance and  Electrochemical Impedance Spectroscopy 
[105] 

 

Although a CP is not an ideal parallel-plate capacitor (Figure 1.6 A), CP modelling 

theory often assumes it resembles one and invokes a capacitance at the CP-

solution interface called the double-layer capacitance [36, 106, 107]. An increase in 

the roughness of a CP surface contributes to the departure from ideal capacitive 

behaviour [108]. It is therefore useful to firstly understand capacitance in its simplest 

form of an ideal capacitor which may be defined as [105]: 

 

  
 

 
   

   

 
       (1.1) 

 

where C is capacitance, Q is the electric charge stored between two conductor 

plates separated by a dielectric (insulator), E is the potential between the plates, ε is 

the dielectric permittivity, A is the surface area of two conductor plates and d is the 

distance between the plates. 

   
From (1.1) when a constant potential is applied across a capacitor, charge will 

accumulate on the conductor plates until the potential across the capacitor equals 
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the potential of the source. A capacitor can act as source of potential for battery 

applications when the voltage polarity is reversed and its stored charge is allowed to  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.6. (A) Current flow in an ideal capacitor. (B) Model of the double layer at a 
metal electrode-solution interface under conditions where anions are specifically 
adsorbed.   
 

 discharge. The current flowing during the time when the capacitor is charging is 

called the charging current although current does not actually traverse the conductor 

plates but an excess of electrons accumulates on one plate while a deficiency of 

electrons accumulates on the other plate instead.  

 

However, when an alternating potential is applied across a capacitor, the potential 

reverses polarity periodically and consequently the capacitor will charge and 

discharge. The charging current is a form of non-Faradaic current in that charge 

does not actually traverse through the capacitor. Note: A Faradaic current is one 
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where charge traverses, for example, an electrode-solution interface and is so-

called because it behaves according to Faraday‟s law wherein 96485.4 couloumbs 

(6.24 x 1018 electrons of charge) causes 1 equivalent of reaction (e.g. consumption 

of 1 mole of reactant or production of 1 mole of product in a one-electron reaction).   

 

From (1.1) the capacitance of an ideal capacitor will decrease proportionally with 

decreased surface area of the conductor plates assuming a constant distance and 

permittivity between them. It will also decrease proportionally with increased 

distance between the plates. As a consequence, the double-layer capacitance (Cd) 

in the double-layer (Figure 1.6 B) decreases with increased distance from the 

electrode surface.  

 

The relationship between alternating voltage and alternating current in an ideal 

capacitor is governed by Ohm‟s law (Figure 1.7 A): 

 

  
 

  
                     (1.2) 

 
 
where i is current, E is voltage, XC is capacitive reactance = 1/ωC, ω is angular 

frequency, Φ is the phase angle = π / 2, C is capacitance, t is time. 

 

The capacitive reactance, XC, is a frequency-dependent resistance (measured in 

ohms) analogous to the frequency-independent resistance R in a resistor (also 

measured in ohms).  The relationship between alternating voltage and alternating 

current in a resistor is also governed by Ohm‟s law (Figure 1.7 B): 

 

  
 

 
                (1.3) 

 

Comparison of (1.2) and (1.3) shows that a capacitor introduces a phase angle of 

π/2 (90º) by which the current leads the voltage. When a capacitor is connected to a 

resistor in series with sinusodial voltage the total resistance in the circuit is 

measured by the impedance, Z, by the relation: 

 

   
  

 
         (1.4) 
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where I and E are current and voltage in phasor notation and Z is the impedance 

which has real (Zre) and imaginary components (Zim) describing the resistive and 

capacitive contributions. In a circuit consisting only of resistors, Z = R and equation 

(1.4) simplifies to (1.5) which is the phasor way of expressing (1.4): 

 

   
  

 
        (1.5) 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
Figure 1.7. Phasor diagram showing the relationship between alternating current (i) 
and voltage (e) over time (t) in a (A) capacitor and (B) resistor. Reproduced from 
[105].  
 

The phase angle expresses the balance between capacitive and resistive 

components in the series circuit. For a pure resistance Φ = 0º and for pure 

capacitance Φ = 90º.  These relationships can be seen in a Nyquist plot as a line 

laying parallel with the Zre axis for Φ = 0º and laying parallel with the Zim axis for Φ = 

90º [105].  

 

At any particular voltage along the voltage curve in Figure 1.7 A, a capacitance will 

be defined by equation (1.1). CPs, however, are not ideal capacitors and usually 

depart from pure capacitive behaviour. The dielectric material separating the 

pseudocapacitive plates (the interfacial area between the CP surface and the 
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electrolyte solution) may permit charge transfer analogous to a leakage current in 

capacitors whereby charged species travel between the capacitor plates thus 

reducing the capacitance [109]. This process can be followed by a change in the 

Nyquist curve from a vertical position parallel to the Zim axis to a inclined position 

intermediate between the Zim and Zre axis [109]. 

 

Impedance can be obtained by EIS which is a technique sensitive to electrode 

surface phenomena and has the advantage of being adaptable for a variety of 

applications such as DNA detection [35], stainless steel corrosion rate determination 

[110], and concrete quality assessment [111].  

 

The different ways to format EIS data allow an identification of the different 

electrochemical properties of a system. Nyquist plots, for example, emphasize the 

low frequency data whereas Admittance plots emphasize the high frequency data 

[112]. Bode plots allow an assessment of a circuit element as a function of 

frequency which is valuable when capacitors or capacitor-like elements are 

involved. The capacitative properties of a CP become paramount, for example, at 

low frequencies because as frequency decreases the impedance of a capacitor 

increases [112] such that at extremely low frequencies, a capacitor behaves as a 

open circuit and at high frequencies it behaves like a short circuit according to 

equation (1.2). Hence the more capacitative nature of a CP the more changes in 

impedance may occur at low or high frequencies which may be apparent on a Bode 

plot.  

 

The most common way to display EIS data is a Nyquist plot where Zim is plotted on 

the y-axis and Zre is plotted on the x-axis [36].  Another common way is the Bode 

Magnitude (Modulus) plot wherein the impedance magnitude |Z| [105] or the phase 

angle (Φ) [1, 7, 105, 113] is plotted on the y-axis and frequency is plotted on the x-

axis. Other less common ways include Complex Capacitance [109, 114] or Complex 

Admittance plots [115] where imaginary capacitance or admittance is plotted on the 

y-axis and real capacitance or admittance is plotted on the x-axis. 

 

Applying a perturbing potential (of small amplitude) requires EIS to be operated in 

potentiostatic mode although an open circuit potential may be applied in 



Chapter 1 

 

19 

 

galvanostatic mode [116]. Potentiostatic mode is more common and is depicted in 

Figure 1.8 where an electrochemical system with a steady-state current-voltage 

represented by the line AB is perturbed with a small amplitude alternating potential 

Eo and the resultant current Io oscillation is analyzed (Figure 1.8) [36].  

 

 

 

 

 

 

 

 

 

 

 
 
 
Figure 1.8. Derivation of the alternating current response from direct current current-
voltage characteristic. An electrochemical system with a steady-state current-
voltage represented by the line AB is perturbed with a small amplitude alternating 
potential Eo and the resultant current Io oscillation is analyzed and used to calculate 
the impedance. Modified from [112].  
 

The resultant current amplitude is altered in respect of the perturbing voltage 

according to Ohm‟s law. The phase angle will also be altered if the system contains 

elements (e.g. capacitors or inductors) that do not respond instantaneously to the 

perturbing voltage [112] and the impedance can be calculated according to equation 

(5). In a purely resistive system lacking time-delayed elements like capacitors and 

inductors, the phase angle between the resultant voltage and current will remain 

undisturbed (0º) and the impedance will equal the resistance which can be 

calculated by equation (6) [105]. In other words, impedance is a complex frequency-

depended resistance with real and imaginary components that derive from resistors 

and capacitors (or inductors) respectively [117]. 

 

EIS data is often interpreted with use of equivalent circuit models in which the 

system is represented by an arrangement of resistors, capacitors and other 

components [32, 36]. By examining an electrochemical system through a wide 
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range of frequencies, EIS ideally allows for a separation of the individual 

components making up the system by their different time constants [118]. However, 

sometimes the shapes of the curves do not allow for easy separation of components 

[59]. Although progress has been made in modelling, there remains no consensus 

that one model applies to the EIS spectra of all CPs which has led to creating 

various equivalent circuit models. Too complicated models with many elements for a 

particular CP run the risk of not being applicable to other CPs that have been 

created differently [12].  

 

CP modelling has progressed from simple equivalent circuit models to more 

complicated ones involving more variables. This has lead to recognition of the 

distributed nature of circuit elements throughout the CP structure and has given rise 

to so-called transmission line models – a generalization of which is shown in Figure 

1.9. Transmission-line models belong to the broad branch of modelling theory that 

assumes CPs are porous possessing a two-phase matrix consisting of the polymer 

penetrated by pores of various shapes and depths [119, 120].  

 

Figure 1.9 depicts a transmission-line model where charge transport processes 

occur within the electrolyte solution (x), at the pore-film interface (y) and within the 

CP (z) [36, 66]. The dual nature of the depicted transmission line refers to the 

transmission line of elements within the polymer plus another transmission line 

consisting of the electrolyte solution within a pore. Transmission-line models usually 

account for the porosity of a CP which determines the extent of solvent and 

electrolyte entry into the CP [121]. The impedance of the polymer usually consists of 

resistance arising from ion (Ri) and electron (Re) flow and from the interfacial 

capacitance (C) [36, 122].  
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Figure 1.9. Generalized dual-transmission line model depicting charge transport 
processes occurring within the electrolyte solution (x), at the pore-film interface (y) 
and within the CP (z). Reproduced from [36].  
 

 

The most popular non-transmission line model, the Randles model, obtains the 

following equivalent circuit element parameters from modelling data over a range of 

frequencies: charge transfer resistance (RCT), solution resistance (RS), double-layer 

capacitance (C), and Warburg impedance (ZW) (inset, Figure 1.10) [29, 30]. Figure 

1.10 shows the corresponding theoretical Nyquist diagram for the Randles model 

with three distinctive regions: (a) at high frequencies a semi-circular arc represents 

RCT along the Zre axis; (b) at intermediate frequencies the diagonal line with a 45º 

slope has been modelled as a Warburg impedance that describes the diffusion of 

ions and that decreases with increased frequency and increased concentration of 

diffusing ions; (c) at low frequencies capacitive elements dominate which cause the 

curve to become vertical  [36]. The transition from (b) to (c) is characterized by a 

steep incline and has been called the characteristic angular frequency ω which 

strongly depends on the solution penetration depth into the CP and the resistance 

and capacitance per unit length of the pore [121, 123]. The Warburg impedance has 

been used as a measure of impedance arising from diffusing ions within CPs [36, 

124] but usually is related to diffusion of ions in the solution phase (with a redox 

couple) and describes the delay arising from diffusion of the redox couple to the CP 

surface [12, 62]. Slower diffusion can be correlated to a more noticeable Warburg 

impedance [36]. Another interpretation given to the Warburg impedance is the 
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migration of ions within a CP [125] – the difference there (in migration) being the 

movement of ions under the influence of an electric field [105].   

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

Figure 1.10. Nyquist plot of a Randles circuit model showing three distinctive 
regions: (a) at high frequencies a semi-circular arc represents RCT along the Zre 
axis; (b) at intermediate frequencies the diagonal line with a 45º slope representing 
a Warburg impedance (ZW) that describes the diffusion of ions; (c) at high 
frequencies capacitative elements dominate which cause the curve to become 
vertical. Where RS is the solution resistance and C is the double-layer (interfacial) 
capacitance. Modified from [36].  
 

 

The large semi-circular arc representing the RCT of electrons across an interface 

happens in kinetically-governed situations where charge transfer is limited across 

the CP-solution or CP-metal interface rather than being limited through the 

electrolyte solution [36, 126]. Typically kinetically-governed situations arise when a 

redox-active species (i.e. a redox couple) is present in the solution which supports 

electron-transfer through the solution [59, 66] although it can also happen where the 

solution lacks a redox-active species [124]. With a semi-circular shape on a Nyquist 

plot being characteristic of a resistor and capacitor in parallel, the semi-circular arc 

from which RCT can be calculated thus represents RCT in parallel with the interfacial 

double-layer capacitance [36, 124]. The RCT has been used as a measurement of 

hybridisation [29, 30]. 
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Another way to classify the various models are those that obtain at least one value 

at a single frequency from the raw data without requiring fitting the experimental 

curves [106, 127, 128] and those that obtain values based over a range of 

frequencies by fitting [62, 126, 129, 130]. Using a value obtained at a single 

frequency from the Nyquist or another EIS plot has the advantage of simplifying the 

processing required and eliminating fitting errors. This is especially useful in 

comparing CPs of different nature which may have quite different morophologies 

and electrochemical properties and which cannot be fitted with the same model. It is 

also useful where the response at a single frequency is dominated by a single circuit 

element such as is common in capacitive biosensors [12].  

 

For example, the high frequency x-axis intercept on the Nyquist plot can be taken as 

a measure of the solution resistance (RS) (using a bare electrode) [36, 131]. For a 

PEDOT film made with KCl electrolyte, it shifted rightwards to higher Zre values as 

the concentration of supporting electrolyte (also KCl) in the impedance solution 

(lacking a redox couple) decreased thus indicating RS increased as [KCl] decreased 

[126]. The same curves were vertical throughout all frequencies and did not display 

any semi-circular arc at low frequency or the 45º Warburg diffusion line at 

intermediate frequencies thus indicating fast charge transport (little RCT) at the 

carbon electrode | polymer and polymer | solution interfaces as well as fast charge 

transport in the polymer [126]. The high frequency x-axis intercept on the Nyquist 

plot can also be taken as a measure of the polymer resistance as illustrated in its 

shifting to higher values with increased thicknesses of a polypyrrole film [131].  

 

In a study examining the capacitance of polypyrrole the low-frequency limiting 

capacitance from the Nyquist plot (Figure 1.10 c) was used as a measure of the 

total capacitance of the oxidized film (Cs) [106, 132]. The total (intrinsic) capacitance 

of polypyrrole film was also obtained from the low-frequency limit from a complex 

capacitance plot where the curve intersected the x-axis (Capre) [122, 124]. A single 

semi-circular arc in the complex capacitance plot of polypyrrole has been interpreted 

as arising from a single dominant ion transport process [122, 133]. Two semi-

circular arcs were interpreted as arising from a polypyrrole bilayer consisting of a 

thicker inner layer close to the electrode surface and a thinner outer layer [125].  
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One parameter that may be obtained at a single frequency and may be useful in  

comparing CPs of differing natures is the characteristic angular frequency at which 

the Warburg line (Figure 1.10b) transforms into the vertical line (Figure 1.10.c) 

dominated by capacitive element(s).  In a dual-transmission line for PEDOT the 

characteristic angular frequency was defined by the ionic resistance of the solution 

in the pores and by total differential capacitance at the interface between the pore 

and the polymer film [120]. A major disadvantage to its use however is poorly-

defined transition between region (b) and (c) so that a precise value usually cannot 

be obtained.  

 

Capacitive biosensors usually use frequencies around 10,000 Hz although the 

majority of these are non-DNA non-CP sensors [134]. They are usually composed of 

a metal electrode (often gold) covered by a monomolecular layer of alkylthiols in a 

self-assembled monolayer (SAM) [135]. They are implemented either as (a) an 

interdigitated electrode device where the biomaterial is situated between the two 

conductor plates which alters the dielectric permittivity of the dielectric which alters 

the capacitance according to equation (1.1) or as (b) a double-layer device where 

the biomaterial is immobilized on the surface of an insulator which is immobilized on 

an electrode surface [134]. The total capacitance of the system can be modelled as 

a series of capacitors [134].  

 
 

1.5 Experimental Considerations   

 

Cyclic Voltammetry  
 

Cyclic voltammetry can serve as a valuable diagnostic tool that can reveal 

electrochemical information about the electrochemical processes at the electrode 

surface and the nature of the materials on the surface.  The integrated area within 

the CV, for example, represents the total amount of charge stored by the CP and 

has been used to evaluate the effectiveness of charge storage and discharge in 

CPs designed as supercapacitors [136]. The total charge has been attributed to the 

sum of two different charges: (a) non-capacitive charge from deeply trapped ions 

between polymer chains (with a slow relaxation time) responsible for switching 
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between reduced and oxidized states and giving rise to a asymmetric non-capacitive 

(Faradic) current in the CV (manifested as the oxidation and reduction peaks) and 

(b) capacitive charge from weakly trapped ions near the surface of internally doped 

polymer domains (with a fast relaxation time) responsible for the capacitive plateau 

seen at potentials higher that the polymer oxidation peak giving rise to a symmetric 

capacitive current in the CV [106, 107, 137]. The non-capacitive current is 

responsible for the asymmetry and broadening of the CV reduction peak [106, 138]. 

This separation of CV current into two categories was based on study of chemically 

synthesised polypyrrole (using the low-frequency capacitance obtain from a Nyquist 

plot) and has been applied to polyaniline and polythiophenes although the 

separation of non-capacitive and capacitive current in polythiophenes is less distinct 

because of greater overlap between these two types of current [107, 139]. 

 

Generally, the shapes of CV-curves are determined by parameters that can affect 

the amount of charge stored by the CP including the cation and anion used in its 

electrosynthesis, the cations and anions of the supporting electrolyte in the CV 

solution (and their concentration), thickness of the CP [140] and solvent of the CV 

solution [141].  

 

The potential at which oxidation and reduction (redox) of a polymer occurs can be 

determined by CV peaks at those potentials [76]. The separation and shape of those 

peaks reveals information about the redox reversibility and the consequent ease or 

difficulty of doping and de-doping [38]. No separation of peaks reveals completely 

reversible switching between oxidized and reduced states with easy doping and de-

doping [142]. Broadness of the redox peaks indicates a distribution of various 

lengths of conjugated segments of polymer chains of differing lengths with their 

slightly differing oxidation or reduction potential [107, 143]. Additionally, broadness 

of CV peaks has been attributed to the rough surface morphology [108].  

 

In addition to redox potentials of the conducting polymer, CV can reveal the redox 

peaks of redox-active substances present in solution such as the Fe(CN)6
3-/4- redox 

couple [121] which can be used, for example, to amplify the hybridisation signal of 

DNA sensors  [7, 144, 145].  
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CV scan rate is one factor that affects the polymerisation of CPs [146] and their 

electroactivity in monomer-free solutions [77, 147]. Scan rate has been shown to 

affect the oxidation potential at which polythiophene in monomer-free solution 

occurs wherein lower potentials accompany a slower scan rate and higher potentials 

accompany a faster scan rate [141]. Consistently using one rate to study the 

polymerisation of films or their electroactivity in monomer-free solutions allows for 

comparison of the other factors under study.   

 

Electrode, Electrolyte, Solvent 
 

Solvent, concentration of monomer, electrolyte, temperature, cell geometry, nature 

and shape of the electrodes and applied electrical conditions affect the structure and 

properties of a CP [38, 55]. Ideally all these variables should be optimized for a 

particular CP. Consequently, the optimization of the electrochemical conditions to 

achieve the desired properties in the CP is a complex problem [38, 55]. 

Polythiophenes have been polymerized on platinum, gold, indium tin oxide (ITO) 

and glassy carbon electrodes [7, 55, 148]. The physiochemical properties of the 

electrode surface determines the nature and strength of the bond between the 

electrode and the polymer [55], as well as the polymer film properties. For example, 

poly(3-methylthiophene) film demonstrated different surface resistivities when 

electrodeposited under the same conditions on surfaces of SnO2 and ITO 

electrodes [55]. The overpotential applied to make the polymer will depend on the 

electrode material [55, 149].  

 

A study involving the many available different electrolytes alone, holding the other 

parameters constant, is a task in itself. For example, PEDOT films prepared in one 

solvent while varying the electrolyte (different Li salts) demonstrated the porosity (as 

measured by pore size) depended on the electrolyte used [150]. For LiBF4, LiClO4 

and LiPF6 electrolytes, pore size increased with the decreased size of the anion 

(where LiBF4 the smallest anion had the largest pore size compared to the larger 

anions and smaller pore sizes of LiClO4 and LiPF6)  [150]. For the electrolyte with 

the largest anion, lithium bis-trifluromethanesulfonimidate, no pores were observed 

due to its compact morophology [150]. The PEDOT film with the most compacted 

porosity (made with lithium bis-trifluromethanesulfonimidate) thus demonstrated the 
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slowest rate of polymer discharge (i.e. slowest rate of ions diffusing out of the film 

into the solution) compared to the more porous films [150].  

 

Studies have shown that the solvent in which the CP is made affects its morphology, 

microstructure and properties [151-154]. The structure of a non-polar conjugated 

phenylenevinylene, for example, changed from extended chain conformation when 

made in good non-polar solvents (common organic solvents) to a collapsed 

conformation when made in poor solvents (various alcohols) as evidenced by 

changes in the UV-Vis and fluorescence spectra [154].   

 

Polythiophenes are normally produced from organic (non-aqueous) solvents since 

their monomers are more soluble in these [38]. The minimum amount of monomer 

required for polymerisation may depend  on solvent as shown for thiophene [155]. 

Moreover, the solvent effect upon the swelling or shrinkage of a CP may be 

associated with its oxidation state as presented in actuator studies wherein CPs in 

the oxidized state are swollen and are shrunken in the reduced state [156].  

 

Both solvent and electrolyte should be electrochemically stable in the potential 

range under experimentation.  Tetrabutylammonium hexafluorophosphate dissolved 

in acetonitrile, for example, is electrochemically stable within the range +3.4 V to -

2.9 V [157].  Solvents are recommended to be able to solvate electrolytes to 0.1 M 

[157]. The solvent should have a high dielectric constant  to ensure high ionic 

conductivity of the electrolyte solution while also offering good resistance against 

oxidative decomposition of the polymer film [55].  

 

The concentration of monomer used to prepare a polymer may affect the polymer 

film‟s properties [65, 158]. High monomer concentration (0.5 – 1.0 M) has been 

shown to produce loose, poorly conducting thiophene films containing significant 

amounts of soluble oligomers [55]. Lesser concentrations improves the cohesion 

and conductivity although at too low concentrations polymer degradation may occur 

as the rate of polymer deposition cannot be sustained [55].  
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The electrolytes used in this thesis are illustrated in Figure 1.11. All are soluble in 

CH2Cl2 and water-insoluble except for TEABF4 (which is soluble in CH2Cl2 and 

water) and LiClO4 (which is insoluble in CH2Cl2 and soluble in water.) TEABF4 thus 

serves as a valuable electrolyte used during polymer synthesis (in CH2Cl2) and also 

as the supporting electrolyte in aqueous solutions [148].   

 
Figure 1.11. Electrolytes used in this thesis. 
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Electrochemical Stability of CPs in Organic Solvents and Aqueous Solutions 
 

The electrochemical stability of CPs in organic solvents and aqueous solutions is an 

important issue that has not been well addressed in the literature for DNA sensors. 

Ideally CPs in aqueous solution will reach an equilibrium prior to attaching the 

probes so that changes in the detected signal can be attributed to hybridisation 

rather than to film electrochemical instability. Often it is simply assumed that the CP 

films are not changing prior to the DNA detection [1-6]. The electrochemical stability 

of CPs is especially important for those CPs that are synthesised in an organic 

solvent (due to good film-forming properties of the organic solvent) and then used in 

aqueous buffer solutions as DNA sensors [7, 35, 159] because of the possibility of 

microstructural changes occurring in the CP as it reaches a new equilibrium state in 

the aqueous solution [148].  

 

One way to assess the electrochemical stability of a CP (including the reversibility 

between oxidized and reduced states) in a particular solvent (or solution) employs 

cyclic voltammetry where the film is repeatedly cycled over a potential range [147, 

160]. Greater confidence is placed in those CV studies with many multiple cycles 

[147, 160] than with a few cycles [85].   

 

A decrease in charge storage (i.e. capacity), as measured by a decreased area 

within a CV curve, has been observed upon successive cycling and has been 

attributed to polymer film degradation [62, 85] or chemical modification of the 

polymer (reaction with side reactions) [136] or to expulsion of anions and solvent 

which leads to a dense polymer where the doping process is hindered  [147].  The 

expulsion of charged ions from the polymer is the opposite process of charging the 

polymer by doping [48, 55, 56]. The decreased area within the CV curve is often 

accompanied by a large decrease from the first cycle to the second cycle (the first-

cycle effect) followed by lesser decreases upon further cycling until eventually a 

stabilization may occur [63, 160]. The decrease of the first cycle has been attributed 

to the expulsion of anions and solvent which leads to a dense polymer where the 

doping process is hindered [63, 147].  

 

Figure 1.5 Electrolytes used in this thesis.   
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Useful information can be obtained by comparing cyclic voltammograms of a film 

cycled in monomer-free solvents and aqueous solutions. An excellent study by 

Rhee et al. demonstrated that polypyrrole film made in acetonitrile becomes swollen 

in monomer-free acetonitrile whereas its microstructure changed little in water as 

evidenced by SEM micrographs [147]. The enlarged polymer microstructure in 

acetonitrile allowed the large dodecylsulfate anion dopant embedded inside the film 

during polymerisation to escape into the surrounding monomer-free acetonitrile 

upon prolonged reduction whereas the relatively compact microstructure in water 

prevented its escape [147]. The ability of the dopant to be expelled from the film in 

monomer-free acetonitrile was observed during CV cycling wherein the oxidation 

and reduction peaks decreased dramatically until the cyclic voltammogram was flat. 

In contrast, the film oxidation and reduction peaks in monomer-free water did not 

nearly decrease as much indicating the retention of the dopant within the film. These 

results demonstrated that the polymer microstructure collapsed primarily as a result 

of the dopant expulsion and secondarily as a result of solvent expulsion. They also 

illustrated the generalization that the ability of a solvent to swell a CP affects the 

ease with which ions diffuse in or exit the CP wherein swelling is associated with 

ease and shrinkage is associated with difficulty of these movements [161]. 

 

The stability of silica-based DNA sensors has been similarly indentified as an issue 

as seen in the need for a 10 minute data collection time in impedance solution due 

to baseline drift [17].  

 

Compared to other methods of testing the stability of CPs, time-based methods can 

be an important way to understand stability aspects that might be otherwise 

overlooked. For example, the CV oxidation peaks of polythiophene increased in 

amplitude (current) and oxidation potential with increasing resting time (in the 

reduced state) between CV cycles [141]. Another CV study showed the far superior 

stability of PEDOT compared to polypyrrole over time by calculating the charge lost 

over 2 weeks in PBS (calculated from the area within the CV) [162]. The stability of 

polypyrrole films were tested by examining its resistance after soaking in solutions 

of NaCl for 15 days [116]. Its decreased resistance with increased time indicated the 

increased incorporation of NaCl ions into the polymer and demonstrated the film 

porosity affected ion insertion under rest conditions [116].   
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Preconditioning a CP before its use is one way to achieve some stability. An 

approach of this is to apply a dc potential for a specified time or to cycle the film 

using CV for specified number of cycles [126].  

  

Memory Effect 
 

When using CPs it is important to use freshly made films because of their ability to 

„remember‟ the electrochemical history they experienced [163, 164]. This has been 

called a “memory” or “relaxation effect” and was initially characterized as an 

increase in the polymer oxidation potential on CVs when a pretreatment potential 

corresponding to the insulating state of the CP is applied for a length of time prior to 

the CV [119, 165]. With increased pretreatment time, the oxidation potential was 

shifted towards higher potentials [119, 163]. This effect has been attributed to the 

creation by positively-charged polarons in a “space-charge” region that accumulates 

at the electrode-polymer interface to counterbalance the accumulated negative 

charge [165]. Even rinsing a conducting polymer can affect the shape of its CV 

[164]. Apparently, the memory of past electrochemical events can be “erased” by 

passing the CP through a conducting state [163]. This memory-effect term however 

may be extended to other past electrochemical events experienced by CPs. This 

ability of CPs to remember past electrochemical events could affect the 

reproducibility of experiments if pretreatments are not consistently applied.   

 

Effect of Using a Redox Couple on DNA Sensing  
 

Generally speaking, an EIS experiment performed with a redox couple in the 

impedance solution is a Faradaic experiment whereas an EIS experiment performed 

without a redox couple in the impedance solution is a non-Faradaic experiment 

examining mainly capacitive changes [127]. When using a redox couple in solution, 

a constant potential is usually applied equal to the open-circuit potential of the redox 

couple [1, 127]. The redox couple dramatically lowers the impedance of the system 

[127] as was seen by a shrunken and flattened semi-circular RCT arc in the Nyquist 

plot when using the Fe(CN)6
3-/4-  redox couple in solution compared to the larger 

semi-circular arc in the Nyquist lacking it [1].  
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A redox couple may be embedded into a CP as demonstrated by polypyrrole doped 

with the Fe(CN)6
3-/4- whose CV displayed redox peaks for it as well as redox peaks 

for the CP [166].  For CP-based DNA sensors using a  redox couple in solution, the 

RCT (from the semi-circular arc on the Nyquist plot) is usually attributed to the 

increased resistance of electron transport from the solution to the CP because the 

added layers of oligonucleotides resist this transfer (negative charge of the DNA 

repel the negative charge on the Fe(CN)6
3-/4- redox couple) [1, 144]. The lowered 

resistance to charge transfer when a redox couple is present in solution allows for 

the lower arm in the Randles model (consisting of RCT and ZW) to dominate the 

Nyquist plot (Figure 1.10) [1]. Without a redox couple in solution the upper arm 

(consisting of the double layer capacitance C) dominates the Nyquist plot [1]. In this 

manner, the redox couple amplifies the charge transfer processes occurring within a 

CP and minimizes the charge transfer processes occurring within the solution.    

 

When the RCT of a sensor can be measured it is convenient to compare it to other 

sensors with similarly well-defined RCT as a measure of performance of their 

sensing ability. But when the sensor response results in a Nyquist plot with a poorly 

defined or absent RCT, another scheme must be used to compare the performance 

of DNA sensors. Such has been pursued in this thesis.  

 

Other DNA Sensing Considerations 
 

An ideal DNA sensor is highly sensitive to minute amounts of target ODN and highly 

selective so that it distinguishes between complementary ODN and between base 

pair mismatched ODNs [12, 17]. It is also insensitive to interfering species, such as 

proteins, in the biological sample [12]. Of these two major criterion (sensitivity and 

selectivity), more success with sensitivity has been achieved although selectivity is 

arguably more important [12]. A quantum leap in biotechnology research resulted 

from the development of the polymerase chain reaction (PCR) which allows the 

tremendous amplification of minute amounts of DNA [17]. Although this has 

mitigated the need for highly-sensitive DNA sensors in that a target oligonucleotide 

can be amplified to a desired concentration and then analyzed by a DNA sensor, a 

highly sensitive DNA sensor that can detect minute quantities is still valuable [167].   
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Selectivity can be evaluated based on a sensor‟s response to a perfectly 

complementary target, slightly base-pair mismatched target or non-complementary 

target whereas sensitivity can be evaluated by the lowest amount of oligonucleotide 

a sensor is able to detect or as extrapolation from the slope of a concentration-

response curve [12]. Probe selectivity towards its target depends on its length and 

nucleotide composition and binding conditions such as pH, salt content, solvent and 

temperature [168, 169]. Selectivity increases with increasing temperature and 

decreasing salt content [168, 170].  

 

For a probe ODN to operate effectively on a CP and act as a catcher of the target 

ODN, the probe concentration should be optimized so to not hinder hybridisation 

[171, 172]. There are two common buffer solutions used to measure DNA: 

phosphate buffer solution (PBS) [30, 78] and tris(hydroxymethyl)methylamine (tris) 

[7, 172]. The former contains a higher salt content (10 mM phosphate buffer, 137 

mM NaCl and 2.7 mM KCl) than the latter (10 mM tris, 1 mM EDTA, 2 mM Na+). The 

choice of using one or the other seems to be depend upon the researchers‟ 

preference. A reason for choosing PBS is its greater similarity to the physiological 

environment of the cell (with phosphate constituting part of the DNA molecule.)  

 

1.6 Motivation and Objective 

 

In our laboratory polypyrrole was previously explored as a DNA sensor wherein the 

pyrrole monomer was functionalized with propenoic acid [30], butanoic acid [78] and 

pentadienoic acid [29]. Because of the disadvantages of polypyrrole such as 

chemical instability [85, 121] and difficulty in its functionalization and the advantages 

of polythiophene such as ease of functionalization, chemical stability reported in the 

literature, it was desired to explore the use of polythiophenes as DNA sensors [50].  

The chemistry of polythiophenes is established and has been well developed for a 

long time yielding multiple methods of structural variation which allows tuning of 

their electronic properties in a wide range [50].  

 

From the literature it was known that terthiophene functionalized with carboxylic acid 

(3‟-carboxyl-5,2‟,5‟,2‟‟-terthiophene) could be electropolymerized and was used as a 

DNA sensor [173]. For this thesis it was hypothesized that adding a conjugated 
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linker on the 3‟ position on the middle thiophene ring of terthiophene terminated with 

a carboxylic acid would enhance the DNA sensing effectiveness like the 

polypyrroles previously investigated [29].  Two terthiophene monomers were 

therefore designed on the pattern of extending a carboxylic acid side chain on 3‟ 

position on the middle thiophene ring of terthiohene: (3-((2‟:2‟‟,5‟‟:2‟‟‟-terthiophene)-

3‟‟-yl) acrylic acid (TAA, monomer 1) and 5-(2‟:2‟‟, 5‟‟:2‟‟‟-terthiophene)-3‟‟ –yl)] 

(2E,4E)penta-2,4-dienoic acid (TPDA, monomer 2) (Figure 1.12). In pyrrole 

homologues a longer linker improved the DNA sensing compared to a shorter one 

[35]. In addition, research since the 1980s has shown the need for a spacer 

between the π-conjugated polymer backbone and the functional group in order to 

minimize the steric effects of the substituents on the polymerisation process and on 

the effective conjugation length of the resulting polymer [51]. 

 

Another terthiophene (3-[3‟,3‟‟‟-bis(hydroxymethyl)-2‟:2‟‟,5‟‟:2‟‟‟-terthiophene)-3‟‟–yl 

(E)acrylic acid, monomer 3) was designed similar to TAA but bearing a 

hydroxymethyl substituent on the thiophene rings surrounding the middle thiophene 

ring. The hydrophilic substituent was expected to improve the hydrophilicity (and 

consequently DNA-sensing ability) of the resultant CP similarly to the improved 

hydrophilicity of hydroxymethyl EDOT (2,3-dihydrothieno[3,4-b][1,4]dioxin-2-

yl)methanol, monomer 6, Figure 1.12) compared to EDOT (3,4-

ethylenedioxythiophene, monomer 5) [98-100].  

 

The polymers made from EDOT (5) and hydroxymethyl EDOT (6) do not have a 

functional group available for attaching a probe ODN. A new monomer, (E)-3-(2,3-

dihydrothieno[3,4-b][1,4]dioxin-2-yl)acrylic acid, monomer 4, acrylic acid EDOT, 

Figure 1.12) was therefore synthesised bearing a carboxylic acid functionality for 

attachment of probe and thus capable of detecting DNA. It was expected that the 

hydrophilicity of hydroxymethyl EDOT would increase further by converting the OH 

group into a carboxylic acid. One of the difficulties in synthesising a new EDOT 

monomer (monomer 4) is the great stability of EDOT which hinders its further 

modification [51]. To avoid having to modify EDOT itself, synthesis of the monomer 

4 was performed using hydroxymethyl EDOT (monomer 6).   
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The objective of this thesis was to investigate thiophene-based CPs thin films as 

DNA sensors with direct electrochemical read-out and without a need for DNA 

labelling. Towards that objective, the following questions were investigated: 

 

(a) Which electropolymerisation conditions are best for preparing thiophene-

based that CPs suitable for use as DNA sensors? 

 

(b) Which thiophene monomer, when made into a CP film, best detects DNA? 

Why it that so? 

 

(c) How can electrochemical impedance spectroscopy (EIS) experimental 

conditions be optimized to detect DNA using these CPs? 

 

(d) What EIS format best displays the hybridisation response? Which 

frequencies best characterize hybridisation? 

 

(e) Are these thiophene-based CPs stable enough to be used as DNA sensors? 
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Figure 1.12. Monomers prepared and examined in this thesis.  
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2 Experimental 

 

This chapter describes (a) the synthesis of the monomers (structures 1-4 in Figure 

1.12, Chapter 1) and (b) the experimental details for optical and electrochemical 

procedural details.  

 

2.1 Reagents 

 

3,4-Ethylenedioxythiophene (EDOT) and tetraethylammonium tetrafluoroborate 

(TEABF4), thiophene-3-carboxaldehyde, tetrakis(triphenylphosphine)-palladium 

[Pd(PPh3)4], 2-thiophene boronic acid, methyl (triphenylphosphoranylidene)acetate 

(98%), tetrabutylammonium trifluoromethanesulfonate (TBACF3SO3), 

tetraethylammonium tetrafluoroborate (TEABF4), tetrabutylammonium-bis-trifluoro-

methanesulfonimidate (TBA(CF3)2(SO2)2), tetrabutylammonium 

hexafluorophosphate (TBAPF6), tetrabutylammonium perchlorate (TBAClO4), 1-

ethyl-3-(3-dimethylaminopropyl) carbodii-amide (EDC), phosphate buffered saline   

(PBS) pellets  were purchased from Sigma-Aldrich. EDTA 

(ethylenediaminetetraacetic acid), disodium salt, dihydrate was purchased from 

Scharlau.  Tris(hydroxymethyl)methylamine (tris) was purchased from AppliChem.  

Magnesium sulphate and hydrobromic acid were purchased from Ajax Finechem. 

Bromine and sodium dodecyl sulfate (SDS) were purchased from Acros Organics. 

Poly (styrenesulfonic acid) sodium salt (PSS) (MW: 70,000) was purchased from 

Polysciences, Inc. ODN were purchased from Invitrogen or Alpha DNA.   

 

2.2 Instruments 

 

Electrochemical Instruments  
 

Cyclic voltammetry was performed either on a CHI 650 Electrochemical Workstation 

(CH Instruments) or a BAS 100B Electrochemical Analyzer (Bioanalytical Systems, 

Inc.). The scan rate of 100 mV s-1 was adopted as the standard for all CV films in 

this thesis unless otherwise specified. 
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Constant current electropolymerisation was performed on a CHI 440 

electrochemical workstation (CH Instruments).   

 

For CV and impedance experiments, the polymer films were formed or cycled (6 

cycles) using a three electrode cell containing a glassy carbon (GC) working 

electrode (diameter 3.0 mm, 80 mm length, Bioanalytical Systems, BAS) (unless 

otherwise noted), a coiled Pt counter electrode (BAS), a Ag/AgCl (in saturated KCl) 

reference electrode (BAS) as illustrated in Figure 2.1. Prior to electropolymerisation 

of the polymers the working electrode was polished on 0.5 µm alumina slurry mixed 

with Milli-Q water.  After polishing the electrode was subsequently immersed in 

solutions of acetonitrile containing activated carbon, CHCl3, and Milli-Q water and 

sonicated for 10 minutes. Prior to electropolymerisation, the monomer solution 

(contained 3 mM of the monomer unless otherwise noted) was deaerated by 

purging with N2. After the films were synthesised they were rinsed with solvent. 

CH2Cl2 was the polymerisation solvent unless noted otherwise in the text.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.1. Three-electrode electrochemical cell containing a glassy carbon working, 
coiled platinum counter and Ag/AgCl (3M KCl) reference electrode immersed in a 
TAA monomer solution.  
 

 

 

 



Chapter 2 

40 

 

 
 
Electrochemical Impedance Spectroscopy (EIS)  
 

Electrochemical impedance spectroscopy (EIS) was performed on an EG&G 

potentiostat/galvanostat (Princeton Applied Research, model 280) coupled to an 

EG&G 1025 Frequency Response Analyzer. A three electrode cell was used as 

described in 2.2.1. Impedance was performed with 5 mV sinusoidal modulation 

amplitude at an applied bias potential (as specified in the text) over the frequency 

range from 0.1 Hz to 105 Hz unless otherwise noted. The impedance solution was 

deaerated by purging with N2. The circuit models used in Section 3.5 were 

constructed by wiring the capacitors and resistors together as illustrated in Figure 

3.20 (Chapter 3) and EIS was performed using a 0.8 bias potential.  

 

Atomic Force Microscopy (AFM) 
 

PTAA films for atomic force microscopy (AFM) were created on GC electrodes (3.0 

mm diameter, 23 mm length, MF-2012) manufactured by BAS. A tape mask covered 

one half of the glassy carbon electrode which was removed after polymerisation to 

produce a step edge for depth profiling. AFM scans were taken using NSC16 

probes (Mikromasch) and an 80 µm-range, closed-loop scanner on an Q-Scope 

Q250 scanning probe microscope (Ambios Instruments) running in the tapping 

mode.  Scans were taken with a range of 80 µm and a resolution of 500 x 500 at a 

scan rate of 8 µm s-1.  AFM data was analysed in Ambios Q-Port SPM analysis 

software (v.1) following acquisition.  

 

Scanning Electron Microscopy (SEM)  
 

PTAA films for scanning electron microscopic (SEM) images were created on GC 

electrodes (3.0 mm diameter, 23 mm length, MF-2066) manufactured by BAS. SEM 

images were acquired on a Philips XL30S FEG (Field Emission Gun) instrument 

equipped with a SiLi (Lithium drifted) EDS detector with a Super Ultra Thin Window. 

Samples were sputtered with platinum in a Polaron SC 7640 Sputter Coater (300 s 

at 5-10 mA, 1.1 kV) and placed in a Gattan Alto 2500 Cryo unit at liquid nitrogen 

temperature and positioned at 0º angle for surface viewing and approximately 60º 

angle for thickness viewing.  
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UV-Vis Spectroscopy 
 

UV-Vis spectroscopy was performed on a UV-1700 Pharmaspec UV-Visible 

Spectrophotometer. For In-situ UV spectroscopy, the polymer films were formed on 

an indium tin oxide (ITO) glass electrode (1 x 5 cm) as illustrated in Figure 2.2.  

 

 

 

 

 

 

 

 

 

Figure 2.2. An indium tin oxide (ITO)-covered glass working electrode shown with a 
PTAA film in the reduced state.  
 

ATR-FTIR Spectroscopy 
 

ATR-FTIR spectra of PEDOT film were recorded using the Smart Orbit Germanium 

ATR single Reflection accessory of the Thermo Electron Nicolet 8700 FTIR 

spectrometer. The angle of incidence of the IR beam was 45º and 100 scans were 

collected at a resolution of 4 cm-1 and averaged. The spectra were ATR corrected 

using the Omnic spectroscopic software. 

 

ATR FTIR spectra of PTAA film were recorded on a Perkin Elmer Spectrum 400 FT-

IR/FT-FIR Spectrometer equipped with a KRS-5/diamond crystal, with a single 

bounce at an angle of 45 degrees. Spectra were recorded with resolution of 4 cm-1, 

and baseline corrected using the Spectrum One spectroscopic software. 

 

Nuclear Magnetic Resonance (NMR) Spectroscopy 
 

1H, 13C, correlation spectroscopy (COSY) and Edited HSQC (phase-sensitive 

gradient selected HSQC with sensitivity enhancement and multiplicity editing in F1) 

spectra were recorded on a Bruker Avance 300 or  Bruker DRX spectrometer. The 
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former recorded 1H NMR at 300 MHz and 13C at 75 MHz whereas the latter 

recorded 1H NMR at 400 MHz and 13C at 100 MHz. Spectra were recorded in CDCl3 

and referenced to TMS or the CDCl3 peak.  

 

2.3 DNA Hybridisation   

 

For DNA studies, before the probe ODN was attached to the polymer films, the films 

were pre-treated with the constant bias potential under study (0.9, 0.8 or 0.2 V) for 

60 s to ensure the film was in the desired oxidation state unless otherwise noted. 

This was usually applied in monomer-free solvent except for Section 3.3 in Chapter 

3 and Section 6.3 in Chapter 6 where it was applied in tris buffer. The solvent 

contained the electrolyte (same concentration) used in the monomer solution.  

 

The ODN probe was end-modified to bear a terminal amino group on its 5‟ end with 

the sequence 5‟-NH2-GATGAGTATTGATGCCGA-3‟. The probe sequence is 

specific to the Salmonella virulence invA gene [174]. The complementary ODN 

sequence was 5‟-TCG GCA TCA ATA CTC ATC-3‟.  The non-complementary ODN 

sequence was 5‟-TAT GCT GGT GCG TCG CAC-3‟. Probe ODN was prepared 

using PBS buffer (pH 5.2). Complementary or non-complementary target was 

prepared using PBS buffer (pH 7.4).   

 

After applying the constant potential treatment, ODN probes were covalently 

attached onto the PTAA film by the formation of  covalent bond between the probe‟s 

amino group and the carboxylic group on the polymer surface [175] by adding 10 µL 

of probe to the PTAA film followed by 40 µL of 40 mM EDC catalyst and allowing 

attachment to occur for one hour at 37 ºC.  Fresh EDC solution was prepared from  

PBS buffer (pH 5.2). A plastic tube was used as the incubation chamber where 

probe attachment and hybridisation occurred as illustrated in Figure 2.3 shown fitted 

over the active surface of a glassy carbon electrode.  
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Figure 2.3. A glassy carbon electrode fitted at its active surface end with the 
incubation chamber where probe attachment and hybridisation occurred. After 
placing the ODN onto the surface, the chamber was wrapped with parafilm and the 
assembly was placed in a glass test tube situated in a closed water bath.  
 

Tris solution was prepared as 10 mM tris: 1 mM EDTA solution using Milli-Q water 

and contained 2 mM Na+. PBS buffer was also prepared from Milli-Q water and 

contained 10 mM phosphate buffer, 137 mM NaCl and 2.7 mM KCl. The 

concentration of Fe(CN)6
3-/4- redox couple, 5 mM, was chosen from previous CP 

DNA studies  and was prepared from PBS buffer [1].  

 

20 µL of 49 µM target ODN or 40 µL of 1.35 µM target ODN was allowed to 

hybridise for one hour at 37 ºC in a water bath then the sensor was rinsed with tris-

EDTA or PBS buffer [176]. Hybridisation responses were calculated as the phase 

angle difference between the probe and target ODN.  

 

2.4 Synthesis of 3-((2’:2’’,5’’:2’’’-terthiophene)-3’’-yl) acrylic acid 
(TAA) 

 

The synthesis of 3-((2‟:2‟‟,5‟‟:2‟‟‟-terthiophene)-3‟‟-yl) acrylic acid (TAA) (monomer 1, 

Figure 1.12, Chapter 1) is illustrated by Scheme 2.1. A Suzuki reaction [177, 178] 

was used to make the terthiophene (3) from the aldehyde (2). A Wittig reaction [115, 

178, 179] was used to make the ester (4) from the aldehyde (3).  
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Scheme 2.1. Synthesis of 3-((2‟:2‟‟,5‟‟:2‟‟‟-terthiophene)-3‟‟-yl) acrylic acid (TAA).  

 

2,5-Dibromo-3-formylthiophene (2) 
 

Thiophene-3-carboxaldehyde (1) (2.54 g, 22.8 mmol) was mixed with 48 % aqueous 

hydrobromic acid (6.8 mL) and ether (6 mL) then cooled to 0 °C in an ice bath. A 

mixture of bromine (7.36 g, 46.0 mmol) and 48 % aqueous hydrobromic acid (6.8 

mL) was added dropwise under vigorous stir. The reaction mixture was then heated 

at 50 °C and reacted for 4 h. After reaction, the mixture was diluted with water (100 

mL) and extracted with ether (3  50 mL). The organic layers were combined, 

washed with 10 % sodium thiosulfate solution (2  15 mL) and water (30 mL), and 

dried (Na2SO4). After the solvent was removed under reduced pressure, the dark 

crude product was purified by column chromatography on silica gel (hexane/ethyl 

acetate = 5:1) resulting in 4.32 g of (2) (70 % based on compound 1). 1H NMR (400 

MHz, CDCl3, /ppm) 9.80 (s, 1H, CHO), 7.34 (s, 1H).  

 

3’-Formyl-2:2’,5’:2’’-terthiophene (3)  
 

2,5-dibromo-3-formylthiophene (2) (5.0 g, 18.5 mmol), tetrakis(triphenylphosphine) 

palladium [Pd(PPh3)4] (1.27 g, 1.1 mmol, 6 mmol %), and 2-thiophene boronic acid 

(5.42 g, 42.3 mmol) were dissolved in 150 mL of 1,2-dimethoxyethane followed by 

the addition of a solution of 1 M Na2CO3 (110 mL). The reaction mixture was heated 

under reflux for 5 h. Then another portion of 2-thiophene boronic acid (1.09 g, 8.5 
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mmol) was added and refluxed for overnight. After the reaction mixture was 

concentrated under pressure, 150 mL of dichloromethane (150 mL) was added. The 

organic residue was washed with water (2  50 mL) and dried (Na2SO4). The 

solvent was removed under reduced pressure resulting in a brown liquid. This crude 

material was dissolved in CH2Cl2/ hexane (1:1) and passed through a pad of silica to 

remove baseline material and the palladium catalyst. Further purification was carried 

out by column chromatography (hexane/ethyl acetate = 6:1), followed by 

recrystallisation from ether to give the compound (3) as a bright yellow solid (3.68 g, 

72 %): 1H NMR (400 MHz, CDCl3, /ppm), 10.08 (s, 1H, CHO), 7.56 (s, 1H, H 4‟), 

7.50 (dd, 1H, H 5), 7.32 (dd, 1H, H 3), 7.30 (dd, 1H, H 5‟‟), 7.23 (dd, 1H, H 3‟‟), 7.16 

(dd, 1H, H 4), 7.05 (dd, 1H, H 4‟‟); 13C NMR (400 MHz, CDCl3, /ppm) 185.5, 146.3, 

138.1, 137.2, 135.9, 132.5, 129.6, 129.0, 128.7, 128.4, 126.2, 125.3, 122.8.  

 

3-((2’:2’’,5’’:2’’’-terthiophene)-3’’-yl) acrylic acid methyl ester (4)  
 

(Triphenylphosphoranylidene) methyl acetate (7.6 mmol, 4 g, 1.5 equiv) was added 

to a solution of (3) (2.1 g, 7.6 mmol) in anhydrous THF (250 mL) and refluxed at 50 

ºC for 6 hours. The stable ylide, methyl (triphenylphosphoranylidene)acetate, was 

expected to form primarily the trans isomer [179]. The solvent was removed under 

reduced pressure giving a bright yellow solid which was purified by column 

chromatography on silica gel (hexane/ethyl acetate = 5:1) resulting in the 2.1 g of 

(4) (83 % based on compound 3). 1H NMR (CDCl3, /ppm), 7.90 (d, 1H, 3), 7.42 (dd, 

1H, H 5‟), 7.32 (s, 1H, H 4‟‟), 7.27 (dd, 1H, H 3‟), 7.20 (dd, 1H, H 5‟‟‟), 7.18 (dd, 1H, 

H 3‟‟‟), 7.14 (dd, 1H, H 4‟), 7.04 (dd, 1H, H 4‟‟‟), 6.36 (d, 1H, 2); 3.79 (s, 3H); 13C 

NMR (400 MHz, CDCl3, /ppm) 167.92, 137.57, 137.25, 137.09, 136.43, 134.18, 

134.02, 128.78, 128.46, 128.34, 127.82, 125.66, 124.88, 122.34; 119.26, 52.07.  

 

3-((2’:2’’,5’’:2’’’-terthiophene)-3’’-yl) acrylic acid (TAA) (5)  
 

A carboxylic acid (5) was made by adding (4) (1 g, 3 mmol) in 30 mL of 1:1 (v:v) 

mixture of MeOH and 2 M aqueous NaOH and refluxed for 5 h. The reaction mixture 

was allowed to cool and methanol was removed under reduced pressure. The 

aqueous solution was acidified with 5 M HCl to pH 3 and the precipitate was 

collected and dried in vacuum oven resulting in 0.84 g of (5) as yellow powder. (88% 

based on compound 4). 1H NMR (CDCl3, /ppm), 7.99 (d, 1H, 3), 7.44 (dd, 1H, H 
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5‟), 7.35 (s, 1H, H 4‟‟), 7.29 (dd, 1H, H 3‟), 7.22 (dd, 1H, H 5‟‟‟), 7.20 (dd, 1H, H 3‟‟‟), 

7.14 (dd, 1H, H 4‟), 7.06 (dd, 1H, H 4‟‟‟), 6.37 (d, 1H, 2); 13C NMR (400 MHz, CDCl3, 

/ppm) 170.85, 139.26, 138.44, 137.29, 136.34, 134.05, 133.78, 128.55, 128.48, 

128.38, 128.04, 125.80, 125.00; 122.31, 118.22.  The 1H NMR spectrum of (5) in 

the aromatic region is shown in Figure 2.4  

Figure 2.4.  1H NMR spectrum of TAA (5) in the aromatic region (in CDCl3).   

 

 

2.5 Synthesis of 5-(2’:2’’, 5’’:2’’’-terthiophene)-3’’ –yl)] 
(2E,4E)penta-2,4-dienoic acid (TPDA). 

 

The synthesis of 5-(2‟:2‟‟, 5‟‟:2‟‟‟-terthiophene)-3‟‟–yl)] (2E,4E)penta-2,4-dienoic acid 

(TPDA) (monomer 2, Figure 1.12, Chapter 1) is illustrated by Scheme 2.2. A Wittig 
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reaction [115, 178, 179] was used to make the ester (3) and (6). A Suzuki reaction 

[177, 178] was used to make the terthiophene (7).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Scheme 2.2. Synthesis of 5-(2‟:2‟‟, 5‟‟:2‟‟‟-terthiophene)-3‟‟ –yl)] (2E,4E)penta-2,4-
dienoic acid (TPDA).  
 

2,5-Dibromo-3-formylthiophene (2)  
  

Thiophene-3-carboxaldehyde (1) (10.0 g, 89.2 mmol) was mixed with 48 % aqueous 

hydrobromic acid (27 mL) and ether (24 mL) then cooled to 0 ºC in an ice bath. 

Bromine (10 mL) was added dropwise under vigorous stirring then the mixture was 

heated to 50 ºC and reacted for 4 hours after which the mixture was diluted with 

water and extracted with ether. The organic layers were combined, washed with 10 

% sodium thiosulfate solution and water to remove excess Br2 and dried with 

magnesium sulphate. The solvent was then removed under reduced pressure to 

give a dark crude product which was subsequently purified by column 

chromatography on silica gel (hexane/ethyl acetate = 7:1) resulting in 17.080 g of 

(2) (141 % based on compound 1). (Some impurity accounted for greater than 100 

% yield.) 1H NMR (300 MHz, CDCl3, /ppm): 9.80 (s, 1H, CHO), 7.35 (s, 1H, H 4‟). 
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(E)-methyl 3-(2,5-dibromothiophen-3-yl)acrylate (3)  
 

2,5-dibromo-3-formylthiophene (2) (17.080 g, 63.3 mmol) and methyl 

(triphenylphosphoranylidene)acetate (32.73 g, 97.8 mmol) were dissolved in 250 mL 

of anhydrous THF and reacted for six hours under N2 atmosphere at  50 ºC. The 

solvent was removed under reduced pressure and the mixture was purified by 

column chromatography on silica gel (hexane/ethyl acetate = 7:1) resulting in 

16.381 g (50.2 mmol) (79 % based on compound 2) of (3). 1H NMR (300 MHz, 

CDCl3, /ppm): 7.56 (d, 1H, H 3), 7.13 (s, 1H, H 4‟), 6.23 (d, 1H, H 2), 3.80 (s, 3H,  

OCH3).  

 

(E)-3-(2,5-dibromothiophen-3-yl)prop-2-en-1-ol (4)  
 

The ester (3) was reduced to the alcohol (4) by adding (3) (14.065 g, 43.1 mmol) 

and 33 mL 2.0 M LiBH4 to 400 mL anhydrous THF and stirred under N2 for 21.5 

hours at room temperature after which the reaction was quenched by the addition of 

water resulting in a clear yellow solution and white precipitate. After extraction of the 

yellow solution by CHCl3 and CH2Cl2, the organic layer was dried with magnesium 

sulphate and solvent was removed under reduced pressure resulting in 17.095 g 

(57.3 mmol) (133 % based on compound 3) of crude product (4) composed of (4) 

and its saturated alcohol counterpart. 1H NMR (300 MHz, CDCl3, /ppm): 7.06 (s, 

1H, H 4‟), 6.54 (d, 1H, H 3),  6.20 (sextet, 1H, H 2), 3.66 (q, 2H, H1), 4.32 (t, 1H, 

OH).  

 

(E)-3-(2,5-dibromothiophen-3-yl)acryaldehyde (5)  
 

The alcohol (4) was oxidized to the aldehyde (5) by adding (4) (17.095 g, 57.4 

mmol) and 61.6732 g (709 mmol) MnO2 to 220 mL CHCl3 and refluxed at 65 ºC for 

12 hours under N2. The solvent was removed under reduced pressure and the 

mixture was purified by column chromatography on silica gel (hexane/ethyl acetate 

= 10:1) resulting in 9.36 g (55 % based on compound 4) of (5). 1H NMR (300 MHz, 

CDCl3, /ppm): 9,71 (d, 1H, CHO), 7.37 (d, 1H, H 3), 7.18 (s, 1H, 4‟), 6.48 (q, 1H, 

H2).  
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(2E, 4E)-methyl 5-(2,5-dibromothiophen-3-yl)penta-2,4-dienoate (6)  
 

The aldehyde (5) (2.004 g, 6.77 mmol) and methyl (triphenylphosphoranylidene) 

acetate (3.516 g, 10.5 mmol)  were dissolved in 30 mL anhydrous THF and refluxed 

at 55 ºC for 6 hours under N2 [115, 179]. After the solvent was removed under 

reduced pressure, the solution was purified by column chromatography on silica gel 

(hexane/ethyl acetate = 2:1 followed by another column using 5:1) resulting in 

1.6572 g (4.71 mmol) (45 % based on compound 5) white crystals of (6). 1H NMR 

(300 MHz, CDCl3, /ppm): 7.43 (q, 1H, H 5), 7.14 (s, 1H, H 4‟), 6.80 (d, 1H, H 5), 

6.64 (q, 1H, H 4), 6.01 (d, 1H, H 2), 3.78  (s, 3H, OCH3). 
13C NMR (300 MHz, 

CDCl3, /ppm): 167.14, 144.05, 138.22, 130.83, 128.50, 127.32, 122.06, 113.19, 

112.44, 51.64.  Figure 2.5 shows the 1H spectrum of (6) in CDCl3.  

 

 

Figure 2.5. 1H spectrum of (6) in CDCl3.  

 

(2E, 4E)-methyl 5-((2:2’, 5’:2’’-terthiophene)-3’ –yl)penta-2,4-dienoate (7)  
  

The ester (6) (1.822 g, 5.17 mmol), tetrakis(triphenylphosphine)palladium 

[Pd(PPh3)4] (0.598 g, 0.517 mmol) and 2-thiopheneboronic acid (1.661 g, 13.0 

mmol) were dissolved in 1,2-dimethoxyethane (55 mL) and 1 M Na2CO3 (33 mL) 

and refluxed at 85 ºC overnight under N2. After the reaction, the mixture was 
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concentrated under reduced pressure and the product was extracted with CHCl3 

and CH2Cl2 and filtered through a pad of silica to remove the palladium catalyst. 

Further purification was carried out by column chromatography on silica gel 

(hexane/ethyl acetate = 5:1) resulting in 0.675 g (1.88 mmol) (36 % based on 

compound 6) of (7). 1H NMR (300 MHz, CDCl3, /ppm): 6.00 (d, 1H, H 2), 7.45 (dd, 

1H, H 3), 6.77 (dd, 1H, H 4), 7.15 (d, 1H, H 5), 7.32 (s, 1H, H 4‟‟), 7.20 (d, 1H, H 3‟, 

3‟‟‟), 7.03 (dd, 1H, H 4‟, 4‟‟‟), 7.26 (d, 1H, H 5‟, 5‟‟‟). 1C NMR (300 MHz, CDCl3, 

/ppm): 167.41 (C 1), 120.65 (C 2), 144.96 (C 3), 127.55 (C 4), 127.64 (C 5), 121.76 

(C 4‟‟), 124.40 (C 3‟, 3‟‟‟), 127.94 (C 4‟, 4‟‟‟), 125.13 (C 5‟, 5‟‟‟).  

  

5-(2’:2’’, 5’’:2’’’-terthiophene)-3’’ –yl)] (2E,4E)penta-2,4-dienoic acid (TPDA) (8) 

A carboxylic acid (8) was made as follows. The ester (7) (1.99 g, 5.55 mmol) was 

added to 55 mL of 1:1 (v:v) mixture of methanol and 2 M aqueous NaOH and 

refluxed at 80 ºC under N2 for 5 hours. After allowing the reaction mixture to cool, 

the methanol was removed under reduced pressure and 5 M HCl was added 

dropwise to adjust the pH to 1. The reaction mixture was purified by column 

chromatography on silica gel (hexane/ethyl acetate = 3:1) resulting in 0.325 g (0.943 

mmol) (17 %) of crude yellow (8). 1H NMR (300 MHz, CDCl3, /ppm): 6.003 (d, 1H, 

H 2),  7.5262 (dd, 1H, H 3), 6.8081 (dd, 1H, H 4), 7.1650 (d, 1H, H 5), 7.3512 (s, 1H, 

H 4‟‟), 7.2188 (d, 1H, H 3‟), 7.0469 (dd, 1H, H 4‟), 7.2842 (d, 1H, H 5‟), 7.1275 (dd, 

1H, H 4‟‟‟), 7.4085 (d, 1H, H 5‟‟‟). The coupling constant at positions 2, 3, 4, and 5 

were 15 Hz in excellent agreement with the literature for designating these as trans 

protons indicating the carboxylic acid side chain of (8) was in the trans position 

[179]. The COSY spectrum (showing H-H coupling) of (8) is shown in Figure 2.6 and 

its edited HSQC spectrum (showing C-H coupling) is shown in Figure 2.7. Mass 

spectroscopy on a VG-70ES mass spectrometer using electron impact ionization 

showed the molecular ion of 344 amu which confirmed the expected molecular 

weight of 344.47 g/mol.  
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Figure 2.6. COSY spectrum of TPDA (8) in CDCl3.  
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Figure 2.7. Edited HSQC spectrum of TPDA (8) in CDCl3.  

 

2.6 Synthesis of 3-[3’,3’’’-bis(hydroxymethyl)-2’:2’’,5’’:2’’’-
terthiophene)-3’’-yl](E)acrylic acid (HTAA) 

 

The synthesis of 3-[3‟,3‟‟‟-bis(hydroxymethyl)-2‟:2‟‟,5‟‟:2‟‟‟-terthiophene)-3‟‟-

yl](E)acrylic acid (HTAA) (monomer 3, Figure 1.12, Chapter 1) is illustrated by 

Scheme 2.3. A Wittig reaction [115, 178, 179] was used to make the ester (5). A 

Suzuki reaction [177, 178] was used to make the terthiophene (4).  
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Scheme 2.3. Synthesis of 3-[3‟,3‟‟‟-bis(hydroxymethyl)-2‟:2‟‟,5‟‟:2‟‟‟-terthiophene)-3‟‟-
yl](E)acrylic acid (HTAA).  
 

 

2,5-Dibromo-3-formylthiophene (2)  
  

Thiophene-3-carboxaldehyde (1) (5.0 g, 44.6 mmol) was mixed with 48 % aqueous 

hydrobromic acid (14 mL) and ether (12 mL) then cooled at 0 ºC. Bromine (5 mL) 

was added dropwise under vigorous stirring then the mixture was heated to 50 ºC 

and reacted for 5 hours after which the mixture was diluted with water and extracted 

with ether. The organic layers were combined, washed with 10 % sodium thiosulfate 

solution and water to remove excess Br2 and dried with magnesium sulphate. The 

solvent was then removed under reduced pressure to give a dark reddish crude 

product which was subsequently purified by column chromatography on silica gel 

(hexane/ethyl acetate = 7:1) resulting in 11.170 g of (2) (93 % based on compound 

1). 1H NMR (400 MHz, CDCl3, /ppm): 9.7870 (s, 1H, CHO), 7.3323 (s, 1H, H 4‟).  
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1-[3’,3’’’-bis(hydroxymethyl)-2’:2’’,5’’:2’’’-terthiophene)-3’’-yl]formaldehyde (4) 
 

2,5-Dibromo-3-formylthiophene (2) (1.5340 g, 5.6827 mmol), 3-hydroxymethyl-

thiophene-2-boronic acid pinacol ester (3) (3.0021 g, 12.5019 mmol) and 

tetrakis(triphenylphosphine)palladium [Pd(PPh3)4] (0.6568 g, 0.5682 mmol) were 

dissolved in Na2CO3 (2M, 76 mL) and THF (230 mL) and refluxed at 80 ºC for 41 

hours under N2 after which the product was extracted with mixed CH2Cl2 and CHCl3, 

filtered and washed with water. The organic layers were combined, reduced under 

reduced pressure and purified by column chromatography on silica gel (CHCl3) 

resulting in 1.460 g (4.5 mmol) light-orange crystals of (4) (79 % based on 

compound 2). 1H NMR (400 MHz, CDCl3, /ppm): 9.6735 (s, 1H, CHO), 4.6871 (d, 

2H, CH2 on 3‟), 6.9207 (d, 1H, 4‟), 7.1293 (d, 1H, 5‟), 7.4984(s, 1H, 4‟‟), 4.8642 (d, 

2H, CH2 on 3‟‟‟), 7.2510 (d, 1H, 4‟‟‟), 7.4776 (d, 1H, 5‟‟‟). Its COSY spectrum is 

shown in Figure 2.8 while the edited HSQC spectrum is shown in Figure 2.9.  

 

 
 
Figure 2.8. COSY spectrum (4) (in CDCl3). 
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Figure 2.9. Edited HSQC spectrum of (4) in CDCl3. 

 

(E)-methyl-3-[3’,3’’’-bis(hydroxymethyl)-2’:2’’,5’’:2’’’-terthiophene)-3’’-
yl]propenoate (5) 
 
1-[3‟,3‟‟‟-bis(hydroxymethyl)-2‟:2‟‟,5‟‟:2‟‟‟-terthiophene)-3‟‟-yl]formaldehyde (4) (1.460 

g, 4.5 mmol) and methyl (triphenylphosphoranylidene)acetate (2.2569 g, 6.75 mmol) 

were dissolved in 35 mL anhydrous THF and refluxed at 80 ºC for 11 hours under 

N2 after which the product was extracted with mixed CH2Cl2 and CHCl3 and washed 

with water. The organic layers were combined, reduced under  pressure and purified 

by column chromatography on silica gel (CH2Cl2) resulting in 1.350 g (3.241 mmol) 

of (5) (72 % based on compound 4). 1H NMR (300 MHz, CDCl3, /ppm):  6.1952 (d, 

1H, 2), 7.4207 (d, 1H, 3), 4.4807 (d, 2H, CH2 on 3‟), 4.6459 (s, 2H, CH2 on 3‟‟‟), 

7.2753 (s, 1H, 4‟‟), 7.2151 (d, 1H, 4‟‟‟), 7.3853 (d, 1H, 5‟‟‟).  
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3-[3’,3’’’-bis(hydroxymethyl)-2’:2’’,5’’:2’’’-terthiophene)-3’’-yl](E)acrylic acid 
(HTAA) (6) 
 
A carboxylic acid (6) was made as follows. The ester (E)-methyl-3-[3‟,3‟‟‟-

bis(hydroxymethyl)-2‟:2‟‟,5‟‟:2‟‟‟-terthiophene)-3‟‟-yl]propenoate (5) (1.350 g, 3.241 

mmol) was added to a mixed solvent consisting of 2 M NaOH (16 mL) and methanol 

(16 mL) and refluxed at 80 ºC for 10 hours under N2. After the mixture was washed 

with water and CH2Cl2, the product was extracted into the aqueous layer and 

acidified to about pH 1 with 1 M HCl.  After centrifuging the precipitate, remaining 

water was removed under reduced pressure resulting in 0.820 g yellow of (6) (67 % 

of compound 5). 1H NMR (400 MHz, CDCl3, /ppm): 6.2176 (d, J = 15 Hz, 1H, 2), 

7.5024 (d, J = 15 Hz, 1H, 3), 4.9293 (d, 2H, CH2 on 3‟), 7.2527(d, 1H, 4‟), 7.4576 (d, 

1H, 5‟), 7.3206 (s, 1H 4‟‟), 5.0051 (d, 2H, CH2 on 3‟‟‟), 6.8028 (d, 1H, 4‟‟‟), 7.1451 (d, 

1H, 5‟‟‟). The coupling constant at positions 2 and 3 carbons were 15 Hz in excellent 

agreement with the literature for designating these as trans protons indicating the 

carboxylic acid side chain was in the trans position [179]. The COSY spectrum of 

HTAA (6) is shown in Figure 2.10 while its edited HSQC spectrum is shown in 

Figure 2.11.  

Figure 2.10. COSY spectrum of HTAA (6) in the aromatic region (in CDCl3).  
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Figure 2.11. Edited HSQC spectrum of HTAA (6) in the aromatic region (in CDCl3). 

 

2.7 Synthesis of Acrylic Acid EDOT (AAE) 

 

The synthesis of (E)-3-(2,3-dihydrothieno[3,4-b][1,4]dioxin-2-yl)acrylic acid (acrylic 

acid EDOT (AAE) (monomer 4, Figure 1.12, Chapter 1) is illustrated by Scheme 2.4. 

A Wittig reaction [115, 178, 179] was used to make the ester (3).  

 

2,3-dihydrothieno[3,4-b][1,4]dioxine-2-carbaldehyde (2) 
 

A Swern oxidation [180, 181] of hydroxymethyl EDOT was used to produce the 

aldehyde (2). 42 mL CH2Cl2 was cooled to -78 ºC in an acetone bath and 2 mL 

oxalyl chloride was added followed by the slow addition of a mixture containing 3.6 

mL DMSO and 9.385 mL CH2Cl2. A mixture containing hydroxymethyl EDOT (3.0 g, 

17.42 mmol) dissolved in 14 mL CH2Cl2 was then slowly added to the reaction 

vessel which was stirred for 15 minutes. 10 mL triethylamine was then slowly added. 

After the reaction continued for 5 hours it was allowed to warm up to room 

temperature (20 ºC) and quenched with 50 mL water. The product was extracted 

into CH2Cl2 and washed with saturated NaCl solution, 1 % HCl, and 1 M Na2CO3. 
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The organic layers were combined, dried with MgSO3, reduced under pressure and 

purified by column chromatography on silica gel (1 ethyl acetate: 5 hexane) resulting 

in 1.045 g (6.14 mmol) of (2) (35 % based on compound 1). 1H NMR (300 MHz, 

CDCl3, /ppm):  9.3572 (s, 1H, 1), 6.5546 (d, 1H, 2‟‟‟), 6.4317 (d, 1H, 4‟‟‟), 4.3560 (s, 

2H, 6‟), 4.3883 (m, 1H, 2).   

Scheme 2.4. Synthesis of acrylic acid EDOT ((E)-3-(2,3-dihydrothieno[3,4-

b][1,4]dioxin-2-yl)acrylic acid).  

 

(E)-methyl 3-(2,3-dihydrothieno[3,4-b][1,4]dioxin-2-yl)acrylate (3)  
 

1.045 g (6.14 mmol) (2) and methyl (triphenylphosphoranylidene)acetate (2.4541 g, 

7.33 mmol) were dissolved in  60 mL THF and refluxed under N2 for 24 hours. The 

solvent was removed under reduced pressure and the product was extracted into 

CH2Cl2 and washed with water. The organic layers were combined and purified by 

column chromatography on silica gel (1 ethyl acetate: 7 hexane) resulting in 0.445 g 

(1.96 mmol) (3) (32 % based on compound 2). 1H NMR (400 MHz, CDCl3, /ppm): 

6.2390 (d, 1H, 2), 6.8055 (d, 1H, 3), 5.156 (d, 1H, 4), 4.2005 (d, 1H, 6‟a), 4.0616 (d, 

1H, 6‟b), 6.4375 (d, 1H, 2‟‟‟), 6.3955 (d, 1H, 4‟‟‟), 3.7805 (s, 3H, OCH3).  
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(E)-3-(2,3-dihydrothieno[3,4-b][1,4]dioxin-2-yl)acrylic acid (acrylic acid EDOT) 
(AAE) (4)  
 

The ester (3) was converted into the acid (4) by the following method. 0.445 g (1.96 

mmol) (3) was dissolved in 100 mL of a 4:1 mixture of CH2Cl2: methanol (90 mL: 22 

mL) according to a modified method for the alkaline hydrolysis of esters [182]. The 

methanol contained a final concentration (after adding the methanol) of 0.446 M 

NaOH.  After refluxing under N2 for 5 hours, the methanol was removed under 

reduced pressure and the product was extracted into CH2Cl2 and washed with 

water.  After the mixture was acidified to about pH 1 using 5 M HCl, the organic 

layers were combined and removed under reduced pressure resulting in 0.185 g (4) 

(44 % based on compound 3). 1H NMR (300 MHz, CDCl3, /ppm): 6.2625 (d, 1H, 2), 

6.9172 (d, 1H, 3), 5.1824 (d, 1H, 4), 4.2327 (d, 1H, 6‟a), 4.1032 (d, 1H, 6‟b), 6.4707 

(d, 1H, 2‟‟‟), 6.4248 (d, 1H, 4‟‟‟). Figure 2.12 shows the COSY and Figure 2.13 

shows the edited HSQC spectra of acrylic acid EDOT (4).  The coupling constant at 

the double bond in the side chain at carbon 2 and 3 were 15 Hz in excellent 

agreement with the literature for designating these as trans protons indicating the 

carboxylic acid side chain of (4) was in the trans position [179].   

Figure 2.12. COSY spectrum of AAE (4) in the aromatic region (in CDCl3).  
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Figure 2.13. Edited HSQC spectrum of AAE (4) in the aromatic region (in CDCl3).  
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Chapter 3 

Synthesis, Characterisation and DNA-Sensing Properties 
of Poly(3-((2’:2’’,5’’:2’’’-terthiophene)-3’’-yl) acrylic acid) 

(PTAA) Thin Films 
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3 Synthesis, Characterisation and DNA-Sensing Properties of 
Poly(3-((2’:2’’,5’’:2’’’-terthiophene)-3’’-yl) acrylic acid) (PTAA) Thin 

Films 

 

The 3-((2‟:2‟‟,5‟‟:2‟‟‟-terthiophene)-3‟‟-yl) acrylic acid (TAA) monomer (Figure 3.1) 

was synthesised and the corresponding polymer films were made and characterized 

by CV, EIS and UV-Vis with the aim of optimizing the films‟ properties for DNA 

sensing. This involved (a) investigating the films made from various solvents and 

electrolytes, (b) assessing the film electroactivity and stability in monomer-free 

electrolyte solutions (organic and aqueous), (c) evaluating whether DNA sensing 

was helped or hindered in film made with a (i) water-soluble electrolyte (TEABF4) or 

(ii) water-insoluble electrolyte (TBA(CF3)2(SO2)2, (d) evaluating whether DNA 

sensing was helped or hindered by the Fe(CN)6
3-/4- redox couple present in the EIS 

solution and (e) evaluating whether the oxidation state of the polymer affects DNA 

sensing.  

 

 

 

 

 

Figure 3.1. Structure of 3-((2‟:2‟‟,5‟‟:2‟‟‟-terthiophene)-3‟‟-yl) acrylic acid (TAA) 

 

3.1 Synthesis of TAA 

 

From the literature it was known that terthiophene functionalized with carboxylic acid 

without any side chain on the 3‟ position (3‟-carboxyl-5,2‟,5‟2-terthiophene) could be 

electropolymerised and was used as a DNA sensor [173]. The effectiveness of that 

sensor was assessed by comparing the change in |Z| at 1000 Hz for 

complementary, mismatched and non-complementary target. Complementary target 

showed the largest change. For the present work, it was hypothesized that adding a 

conjugated linker on the 3‟ position in the carboxylic acid side chain would enhance 

the DNA sensing effectiveness. This hypothesis was tested by designing and 

synthesising the TAA monomer as described in chapter 2.   
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3.2 Effect of Polymerisation Conditions on PTAA film Properties 

  

TAA was made into the polymer poly(3-((2‟:2‟‟,5‟‟:2‟‟‟-terthiophene)-3‟‟-yl) acrylic 

acid) (PTAA) under various polymerisation conditions.  For most CPs, the solvent 

and electrolyte used for electropolymerisation largely determine its morphology and, 

consequently, electrochemical properties [39, 55, 153]. The effect of electrolyte on 

PTAA film cyclic voltammetry behaviour will be presented first. The 

electropolymerisation voltammograms of PTAA made in a monomer solution 

containing 3 mM TAA,  CH2Cl2 and 50 mM TBA(CF3)2(SO2)2,TBACF3SO3, TBAClO4 

or TEABF4 are shown in Figure 3.2.  

 
All four films show the characteristic film growth feature where the current grows in 

amplitude upon successive cycling [69, 75, 183].  A broad polymer oxidation curve 

is seen from 600-1200 mV with a maximum peak at about 1000 mV. A broad 

polymer reduction wave is seen from 1200-400 mV with a maximum reduction peak 

varying depending upon the electrolyte used. The broadness can indicate a wide 

distribution of lengths of conjugated segments of polymer chains with their slightly 

differing oxidation or reduction potential [107, 143] and/or a rough surface 

morphology [108]. The film made with TBA(CF3)2(SO2)2  (A) displays the largest 

oxidation and reduction currents indicating the  best polymer growth.  

 

Figure 3.2 illustrates the effect of changing the electrolyte while keeping the solvent 

(CH2Cl2) constant. Conversely, the solvent can be changed while keeping the 

electrolyte constant as illustrated in Figure 3.3. PTAA film grew better with 

TBACF3SO3 in AN (Figure 3.3 A) than in CH2Cl2 (Figure 3.2 B) on a glassy carbon 

electrodes or in AN on a platinum electrode (Figure 3.3 B) or in propylene carbonate 

on a glassy carbon electrode (Figure 3.3 C). Especially poor film growth occurred in 

propylene carbonate (C). Having initially investigated making PTAA film in the 

common organic solvents in which CPs are made, CH2Cl2, AN and propylene 

carbonate, the first two solvents were chosen to further investigate PTAA film.   
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Figure 3.2. Electropolymerisation cyclic voltammogram of PTAA film on a glassy 
carbon electrode in a monomer solution containing 3 mM TAA, CH2Cl2 and 50 mM 
(A) TBA(CF3)2(SO2)2, (B) TBACF3SO3, (C) TBAClO4 and (D) TEABF4.  Scan rate: 
100 mV s-1.  
 

All subsequent films in this thesis were made on glassy carbon electrodes unless 

specifically stated otherwise. These results demonstrate the importance of electrode 

material and solvent on polymerisation and the need to optimize them for a 

particular polymer [38, 55] and may indicate a stronger adhesion between PTAA 

and glassy carbon than between PTAA and platinum [55].  
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Figure 3.3. Electropolymerisation cyclic voltammogram of PTAA film (A,B,C) in a 
monomer solution containing 3 mM TAA and 50 mM TBACF3SO3 in (A) AN on a 
glassy carbon electrode; (B) AN on a platinum electrode; (C) propylene carbonate 
on a on a glassy carbon electrode. Each electropolymerisation was performed using 
6 cycles (100 mV s-1). (D) Potential profile during electropolymerisation of PTAA film 
in a monomer solution containing 5 mM TAA and 50 mM TBACF3SO3 in AN on a 
glassy carbon electrode by applying a constant current of 0.1 mA for 7 s (total 
charge: 0.5 mC).  
 

 
The first cycles from the electropolymerisation cyclic voltammograms of TAA in 

CH2Cl2 from Figure 3.2 are shown in Figure 3.4. The figure reveals that a potential 

of at least 1.1 V (vs. Ag/AgCl) must be applied in the anodic direction for the 

oxidation of the TAA monomer. This is higher than the oxidation of the polymer 

which began at about 0.6 V (Figure 3.2, 3.3). The oxidation of the monomer at a 

higher potential than the polymer is typical for CPs [147].  In the cathodic direction a 

potential of at least 600 mV must be applied for the reduction of the monomer.  The 

maximum reduction peak potential depends on the electrolyte used.  More 

specifically, it depends on the anion component of the electrolyte since all 

electrolytes have the same TBA cation. The lowest maximum reduction peak 
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potential occurred where ClO4
- was used (664 mV, c) followed closely by 

TBA(CF3)2(SO2)2, (672 mV, a) (Figure 3.4). The lower reduction potential where the 

large bulky TBA(CF3)2(SO2)2 was used compared to the smaller TBACF3SO3 (728 

mV, b) illustrates the increased difficulty of removing of the former anion compared 

to the latter anion.  

 

 

 

 

 

 

 

 

 

 

 

 

 
 
Figure 3.4. Comparison of the first cycles from Figure 3.2 for monomer solution 
containing  3 mM TAA and (a) TBA(CF3)2(SO2)2, (b) TBACF3SO3, (c) TBAClO4 and 
(d) TEABF4 in CH2Cl2.  Scan rate: 100 mV s-1. 
 

The films in Figure 3.2, 3.3 were made with 6 potentiodynamic cycles corresponding 

to a certain thickness.  For the film in Figure 3.3 A the thickness approximates to 1.5 

μm as shown by its depth profile as measured by atomic force microscopy (AFM) 

(Figure 3.5 B) using a tape mask and peel technique [184, 185]. The bulk of the film 

was of a globular morphology with multiple globular aggregates.  Many of the gaps 

between globules extended nearly through the full thickness of the film as seen in 

the depth profile. This is typical of a conducting polymer formed by diffusion-limited 

aggregation and the result is a highly porous film [7].  
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Figure 3.5. AFM images (A,C,E) top view and (B,D,F) depth profiles of PTAA film 
made in monomer solution containing 5 mM TAA and 50 mM TBACF3SO3 in AN by 
(A) CV (6 cycles, 100 mV /s) or (C,E) applying a constant current of 0.1 mA for 7 s 
(delivering 0.5 mC). All three films were made on a glassy carbon electrode. (E) was 
a repeat of (C).  
 
 
The thickness of the film in Figure 3.3 D (made using constant current (CC) 

technique) approximates 0.566 μM as shown by its depth profile in Figure 3.5 F [7]. 

The thickness of another identically-made film approximates 1 μM as shown by its 

depth profile in Figure 3.5 D. The variation in the thickness and the profile peaks in 

Figure 3.5 D and F illustrates the poor reproducibility of the film that can contribute 

to the poor reproducibility of DNA sensing. Film thickness was known to affect the 

DNA sensing of a CP made from a pyrrole monomer functionalized with butanoic 

acid where a thinner film was more sensitive to ODN than a thicker film [78].  

 

The topography and the morphology of the films shown in Figure 3.5 highlights their 

globular nature. An alternative view is shown by the scanning electron microscopic 
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(SEM) images in Figure 3.6. Figure 3.6 A and B shows the SEM image of an 

identically PTAA film as Figure 3.5 C,E (prepared using constant current) and Figure 

3.6 C and D shows the SEM image of an identically-made PTAA film as Figure 3.5 

A (using CV). The surface of the constant current-made film (A) appears smoother, 

more homogenous and less porous than the CV-made film (C) with fewer 

protrusions.  

 

 
Figure 3.6. SEM of PTAA film made in a monomer solution containing 5 mM TAA 
and 50 mM TBACF3SO3 in AN on a glassy carbon electrode by (A, B) applying a 
constant current of 0.1 mA for 7 s (charge 0.5 mC) or (C, D) CV (5 cycles, 100 mV  
s-1). B and D show the same films in higher magnification.  
 
 

A practical consideration in making PTAA from a TAA monomer solution is how 

many times can that solution be used?  To answer that question, PTAA film was 

repeatedly made in a 3 mM TAA monomer solution containing 50 mM TEABF4 in 

CH2Cl2. Figure 3.7 shows (A) the first 0-6 cycles, (B) 13-18 cycles and (C) 43-48 

cycles. A gradual increase in the reduction peak with increased usage is observed (-

0.054 mA in A compared to -0.0723 mA in C) indicative of slightly thicker films [186, 

187] perhaps as a result of increased branching along the polymer backbone. As 
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the monomer is consumed eventually one would expect cessation of polymer 

formation. For the subsequent work, an arbitrary limit of 24 cycles was chosen as 

the maximum number of cycles a monomer solution could be used to ensure that 

the PTAA films were similar.  

 

 
 
Figure 3.7. Electropolymerisation cyclic voltammogram of PTAA film in a 3 mM TAA 
monomer solution containing 50 mM TEABF4 in CH2Cl2 that has had (A) 0 cycles; 
(B) 12 cycles and (C) 42 cycles previously used. Scan rate: 100 mV s-1. 
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Figure 3.8. Cyclic voltammograms of the PTAA films from Figure 3.2 cycled in 
monomer-free solution containing CH2Cl2 and 50 mM (A) TBA(CF3)2(SO2)2, (B) 
TBACF3SO3, (C) TBAClO4 and (D) TEABF4. Scan rate: 100 mV s-1. 
 

The electroactivity of PTAA film is best seen in monomer-free solutions as shown in 

Figure 3.8 cycled in CH2Cl2 containing 50 mM (a) TBA(CF3)2(SO2)2, (b) 

TBACF3SO3, (c) TBAClO4 and (d) TEABF4.  A single broad oxidation peak is 

observed from about 0.6 to 1.2 V and a single broad reduction peak is observed 

from 1.2 to about 0.5 V. The symmetry of the oxidation and reduction peaks reveals 

quasi-reversible switching between oxidized and reduced states with easy doping 

and de-doping [142]. All CVs in Figure 3.8 display a first-cycle effect in that the 

largest change occurs after the first cycle and approaches a steady-state by the 6th 

cycle. The slight cyclic current increase observed in Figure 3.8 corresponds to a 

slight increase in the charge stored by the additional electrolyte embedded during 

successive cycling [48, 55, 56, 147].  
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Figure 3.9. Cyclic voltammogram of PTAA film in (A,B,C,D) PBS buffer or (E) tris 
buffer containing 50 mM TEABF4 supporting electrolyte.  Films were made in a 
monomer solution containing 3 mM TAA and 50 mM (A) TBA(CF3)2(SO2)2, (B,E) 
TBACF3SO3, (C) TBAClO4, (D) TEABF4 in CH2Cl2. Scan rate: 100 mV s-1.  
 

 

A large current decrease, however, is observed when cycling PTAA films in an 

aqueous electrolyte solution as shown in Figure 3.9. This figure shows a first-cycle 

collapse for the film made from all investigated electrolytes that can be attributed to  

the expulsion of ions and solvent which leads to a compact polymer conformation 

where the doping process is hindered [63, 147, 148, 188]. That this microstructure 
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collapse is due primarily to the expulsion of solvent from the film is indicated by 

comparing the CV of PTAA film (made with TEABF4) cycled in PBS (Figure 3.9 D) to 

CV of an identically-made film cycled in tris buffer containing 50 mM TEABF4 

supporting electrolyte (Figure 3.9 E). Both showed the first-cycle collapse. This 

conclusion is supported by Figure 3.10 which investigated whether collapsed PTAA 

films in aqueous solution can be re-swelled in a good solvent to their original 

conditions. The first cycle collapse of polyaniline likewise could not be prevented by 

increasing the salt concentration in aqueous solution [189].  

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3.10. Cyclic voltammogram of a PTAA film (made with 50 mM TEABF4 in 
CH2Cl2) was cycled 6 times in monomer-free CH2Cl2 containing 50 mM TEABF4 (A, 
curve a) followed by cycling 6 times in H2O (C, curve a). This sequence (a) was 
repeated once more (b) followed by a final 6 cycles in monomer-free CH2Cl2 
containing 50 mM TEABF4 (c). Another PTAA film (made with 50 mM 
TBA(CF3)2(SO2)2 in CH2Cl2) was similarly cycled in monomer-free CH2Cl2 containing 
50 mM TBA(CF3)2(SO2)2 (B) followed by cycling in H2O (D).  
 
 

A PTAA film was made with 50 mM TEABF4 in CH2Cl2 and subsequently immersed 

and cycled in monomer-free CH2Cl2 containing 50 mM TEABF4 followed 
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immediately by immersion and cycling in H2O. The cycle of immersing and cycling 

the film in CH2Cl2 and water was repeated. The cyclic voltammograms in monomer-

free CH2Cl2 are shown as Figure 3.10 A and the cyclic voltammograms in H2O are 

shown as Figure 3.10 C. Another PTAA film was made with TBA(CF3)2(SO2)2 and 

the same cycling was performed. Its cycling in monomer-free CH2Cl2 containing 

TBA(CF3)2(SO2)2 is shown in Figure 3.10 B and its cycling in H2O is shown in Figure 

3.10 D. Both films showed that the films can be reversibly re-swollen and restored to 

its original monomer-free electroactivity in a good solvent for the first 6 cycles that 

supports is microstructure (A,B curve a). But upon further cycling in H2O this 

restoration in monomer-free solvent was gradually diminished (A, B curves b,c). The 

first cycle decrease in H2O of film made with TEABF4 (C) was much greater than the 

first cycle decrease in H2O of film made with TBA(CF3)2(SO2)2 (D). This could 

indicate the greater microstructure stability of the latter compared to the former in 

H2O.  

 

Almost identical cycling behaviour in monomer-free solvent occurred for PTAA film 

made with TBA(CF3)2(SO2)2) when a constant bias potential was applied to the film 

in a higher ionic strength aqueous solution instead of cycling in pure H2O.  Figure 

3.11 A shows its cyclic voltammograms in monomer-free CH2Cl2 containing 

TBA(CF3)2(SO2)2) which decreased after each cycling in PBS.  The application of 

the constant potential of 0.8 V in PBS buffer in Figure 3.11 A roughly simulates the 

potential applied during EIS experiments. The irreversible decrease in the redox 

activity of the films shown in Figure 3.10 and Figure 3.11 A after either cycling or 

application of a constant potential in aqueous solution are in contrast to the 

restoration of the redox activity of another film shown in Figure 3.11 B. That film was 

made identically to the one used in Figure 3.11 A and cycled identically in monomer-

free solvent containing TBA(CF3)2(SO2)2 but the application of 0.8 V was performed 

in monomer-free solvent containing TBA(CF3)2(SO2)2 instead of in PBS buffer. Its 

cyclic voltammogram show a restoration of redox activity after each 0.8 V 

application.   

Figure 3.9-Figure 3.11 demonstrate one problem of making a film in organic solvent 

and using it in aqueous solution: the redox activity it possessed in the monomer-free 

solvent can be lost in the aqueous solution (pure H2O or PBS buffer).  An 

explanation for this loss of redox activity in aqueous solution is the polymer‟s 
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microstructure collapse where ions are hindered from entering and leaving the film 

[63, 147, 148, 188, 190]. This is in contrast to a good solvent like dichloromethane 

that swells the polymer film [85, 147].  

 

Figure 3.11. (A) PTAA film (made with 50 mM TBA(CF3)2(SO2)2 in CH2Cl2) was 
cycled in (a) monomer-free CH2Cl2 containing 50 mM TBA(CF3)2(SO2)2 followed by 
an application of 0.8 V for 600 s (10 min) in PBS buffer (not shown). This sequence 
was repeated one time (b) followed a third cycling in monomer-free CH2Cl2 (c). (B) 
Another PTAA film was identically made and cycled in monomer-free CH2Cl2 
containing 50 mM TBA(CF3)2(SO2)2 (a) followed by an application of 0.8 V for 600 s 
(10 min) in monomer-free CH2Cl2 containing 50 mM TBA(CF3)2(SO2)2 instead of in 
PBS buffer (not shown). This sequence was repeated one time (b) followed a third 
cycling in monomer-free CH2Cl2 (c). 

 
One way to mitigate the effect of microstructure collapse may involve growing the 

polymer from a solution of an electrolyte with large anions (or cations for n-doped 

polymers) that become entrapped into the polymer network so that they cannot be 

expelled upon cycling in another solvent/solution [60, 147]. This approach may 

preserve some conductivity of the polymer, but may not completely prevent the 

polymer microstructure collapse.   

This approach was investigated here by making PTAA films from solutions of the 

various electrolyte salts (Figure 3.9) without success in preventing the first cycle 

collapse.  An additional attempt was made with a PTAA film in a solvent containing 

a  very large, bulky and hydrophobic PPh4Cl as an electrolyte (Figure 3.12 A,B) or in 

combination with the large bulky hydrophobic TBA(CF3)2(SO2)2 (Figure 3.12 C); 

however no polymerisation occurred as determined from CV examination and by 

microscopy observations.  

 



Chapter 3 

 

75 

 

 

Figure 3.12. Attempted electropolymerisation of PTAA using a monomer solution 
containing 3 mM TAA and (A, B) 50 mM PPh4Cl in CH2Cl2 or (C) 50 mM PPh4Cl and 
50 mM TBA(CF3)2(SO2)2 in CH2Cl2.   
 

Failure to electropolymerize these films can be attributed to unfavourable 

polymerisation conditions. This has been seen elsewhere for the attempted 

polymerisation of thiophene using aromatic electrolytes [38, 55]. The choice of a 

hydrophobic electrolyte arises from a motivation to entrap the electrolyte in the 

polymer matrix that will not be expelled during cycling or during a prolonged 

oxidizing potential in aqueous solutions [147]. In contrast, hydrophilic electrolytes 

will more likely be expelled. The size of anions also affect whether the anion 

remains permanently embedded in the polymer where larger bulkier anions are 

more likely to remain embedded compared to smaller anions [38, 55].  

  

An additional attempt to prevent the collapse was made by electropolymerizing 3 

mM TAA monomer solution containing 50 mM TBACF3SO3 and 200 mM [SiO2]n in 

CH2Cl2 (Figure 3.13). The [SiO2]n (200-325 mesh for chromatography, ECP Ltd) was 

hoped to act as a filler material which, when the film was immersed in an aqueous 
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buffer, would retain the morphology and porosity of the polymer film as formed in the 

organic solution in which it was made. The [SiO2]n did not dissolve in the CH2Cl2 but 

rather formed a gel like suspension.  Although a polymer was formed in that attempt 

(Figure 3.13 A), the collapse after the first cycle in PBS buffer (Figure 3.13 B) 

indicated that either no SiO2 was retained in the film or that SiO2 was an ineffective 

filler which could not prevent the microstructure collapse.  

 

Figure 3.13. (A) Electropolymerisation CV of PTAA in a 3 mM TAA monomer 
solution in CH2Cl2, 50 mM TBACF3SO3 and 200 mM SiO2; (B) CV of the resultant 
film cycled in PBS buffer.   
 
 
 

3.3 DNA Sensing of Unstabilized PTAA Film 

 

A question that arises when using EIS for DNA sensing with CPs is whether the film 

possesses better sensing properties when used in an oxidized or reduced state [48, 

55, 57, 58]. The bias potential should be chosen so that it is below the oxidation 

potential of the probe‟s and target‟s bases to avoid their damage. An estimate of 

that potential was obtained in a study which have identified guanine as the 

nucleotide with the lowest oxidation potential (1.093 V vs Ag/AgCl in aqueous 

solution at pH 7) [191]. However, that value is for the isolated nucleotide and not in 

a DNA molecule.  Base pairing with other nucleotides (as in a DNA molecule) can 

lower that potential [191]. Another study saw guanine oxidize at about 0.75 V in 50 

mM aqueous phosphate buffer, but that was only obtained by special electrode 

pretreatment [192]. Studies showing the oxidation of guanine in experimental 

conditions dissimilar to real biological (aqueous) samples are not particularly useful 

like the one showing the oxidation of guanine at 1.05 V in acetate buffer at pH 4.8 
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[192]. The difficulty in obtaining consensus on the oxidation of DNA and guanine in 

particular has resulted in experiments employing pre-treatment of the electrode at 

various potentials for various lengths of time [192].  

 

In addition to the oxidation state of the CP film, another question about using EIS for 

DNA sensing with conducting polymers is whether DNA sensing is enhanced by 

using a redox couple during EIS.  The Fe(CN)6
3-/4- redox couple (RC), for example, 

has been widely used to facilitate a measurement of the charge transfer resistance 

(Rct) [30]. 

 

To answer these questions, a study was conducted on PTAA film made by applying 

a constant current of 0.1 mA for 7 s delivering 0.7 mC in a AN solution containing 5 

mM TAA and 50 mM TBACF3SO3 [7]. 434 μM probe was grafted to the films (EIS 

spectra shown in Figure 3.14 (a,c) and Figure 3.15 (a,c)) and hybridised to 1.35 μM 

complementary (com) target ODN (b,d). EIS was measured with the Fe(CN)6
3-/4- 

redox couple (A,C) or without it (B,D) (Figure 3.14; Figure 3.15). Each panel in 

Figure 3.14 and Figure 3.15 (A,B,C,D) shows two films to have a measure of 

reproducibility. The Nyquist plot of these films is shown in Figure 3.14 whereas their 

phase angle plots are shown in Figure 3.15.  
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Figure 3.14. Nyquist plot of PTAA films in the (A,B) oxidized or (C,D) reduced state 
as measured (A,C) with the Fe(CN)6

3-/4- redox couple or (B,D) without it. Attached on 
the films is (a) 434 μM probe hybridised to (b) 1.35 μM complementary (com) target 
ODN. Each panel is for two films which were electropolymerized by applying a 
constant current of 0.1 mA for 7 s delivering 0.7 mC in a monomer solution 
containing 5 mM TAA and 50 mM TBACF3SO3 in AN. The oxidized state was 
induced by applying 0.9 V in tris buffer prior to EIS for 60 s and by applying 0.9 V 
during EIS. The reduced state was induced by applying 0.2 V in tris buffer prior to 
EIS for 60 s and by applying 0.2 V during EIS. No time was allowed for the films to 
stabilize before EIS.  Film 1 in each panel was identified by having probe 1 attached 
and hybridized to com 1 complementary target. Probe 1 was identical to probe 2 
and com 1 was identical to com 2.  
 

The Nyquist plots show an inclined line characteristic of a Warburg impedance 

(segment b in Figure 1.9) the prominence of which indicate these sensors are 

dominated by slow ion diffusion [12, 36, 62]. This inclined line is typical of porous 

conducting polymers and can be modelled using a dual transmission-line model [36, 

193, 194]. The increased conductivity of the oxidized films manifests itself in their 

lesser Zim and Zre values (A,B) compared to the reduced films (C,D).  
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Figure 3.15. Phase angle plot for Figure 3.14 of PTAA film in the (A,B) oxidized or 
(C,D) reduced state as measured (A,C) with the Fe(CN)6

3-/4- redox couple or (B,D) 
without it.  
 
It is interesting that upon hybridisation with 1.35 μM complementary target, this 

inclined line for the oxidized films increases in angle whereas it remains virtually 

unchanged in the reduced films.  

 
The Nyquist plots are noteworthy in their lack of distinct features other than the 

inclined line, the angle which it intersects the real axis, and the magnitude of 

impedance values. RCT could not be calculated from them using the semi-circular 

arc   for segment (b) in Figure 1.10 (Chapter 1). Complementary information about 

the circuit elements that contribute to this line is revealed by the corresponding 

phase angle plots (Figure 3.15). There the impedance data can be seen along all 

frequencies unlike the Nyquist plots which emphasize a limited range of 

frequencies. The noteworthy features being the phase angle peaks: how many 

peaks, the frequencies at which they are maximal and their phase angle (i.e. 

position along the y-axis). Both oxidized and reduced films experience a single 

major phase angle peak with the former occurring maximally at about 10 Hz and the 



Chapter 3 

 

80 

 

latter at about 1000 Hz. The difference along the y-axis (phase angle) between the 

probe and target were therefore used as a measure of hybridisation at 10 Hz for the 

oxidized films and 1000 Hz for the reduced films (Table 3.1). The oxidized films 

were found to be more sensitive to 1.35 μM complementary target than the reduced 

films.  Also, the redox couple enhanced this sensitivity by 5º (greater phase angle).  

 

Table 3.1. The change (Δ) in phase angle (Φ) upon hybridisation with 1.35 μM 
complementary target (n = 2) for Figure 3.15 with the Fe(CN)6

3-/4- redox couple (RC) 
or without it.  
 

 200 mV 900 mV 

ΔΦ (deg) RP No RP RP No RP 

(10 Hz) N/A N/A -19.21 ± 6% -14.44 ± 36% 
(1000 Hz) 2.39 ±17% 3.33 ±46% N/A N/A 

 
 
 
This study [7] was noteworthy for its rarity among published DNA sensors using EIS 

and conducting polymers to detect hybridisation. Only a few others have used the 

phase angle as the main method to assess hybridisation [1, 5]. Most use the Nyquist 

plot and many rely on calculating a RCT from that plot [30, 36, 78, 195-197] as a 

measure of hybridisation. Usually when a redox couple is used, the RCT increases 

as a result of an impedance increase due to the probe and target on the conducting 

polymer surface blocking the redox couple from accessing the surface [30, 144, 

172]. Without a  redox couple the impedance may increase [17] or decrease [198].  

 

A phase angle Bode plot has been used to identify 50 Hz and 5000 Hz as two 

frequencies where the hybridisation response occurred in a thiophene sensor 

functionalized with an arylsulfonamide group [1]. The same authors [1] also 

compared the sensor response with and without Fe(CN)6
3-/4- redox couple in order to 

compare the hybridisation event observed by Faradaic and non-Faradaic processes. 

The interpretation employed in those studies, however, suffered from the lack of 

modelling and rigorous treatment. A more systematic treatment was therefore 

envisioned as necessary to understand the obvious questions in using the phase 

angle to interpret conducting polymer responses to DNA. For the results in Figure 

3.15, the obvious questions are (a) why do the oxidized films experience a phase 

angle maximum at about 10 Hz whereas the reduced films experience a phase 

angle maximum at about 1000 Hz?; (b) why does the phase angle peak in the 50-
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90º region for the oxidised film compared to peaking in the 50-60º region for the 

reduced films?; (c) why is the reproducibility poor in both films as measured by their 

standard deviations in Table 3.1 and by the lack of overlapping curves at all 

frequencies in Figure 3.15?  Moreover, these results highlighted the need for an 

alternative way to interpret the hybridisation response from EIS data on conducting 

polymers that do not yield well defined semicircles in their Nyquist plots.   

 

Measuring hybridisation where the phase angle is greatest was also used in a DNA 

sensor employing a p-doped silicon dioxide substrate, rather than a conducting 

polymer, which modelled the impedance upon hybridisation with a resistor and 

capacitor in series and used the |Z| at the high-frequency plateau (7000 Hz) to 

calculate the solution resistance and used the |Z| at 1000 Hz to calculate the double 

layer capacitance [199]. The maxiumum phase angle at a single frequency has 

been employed elsewhere for other applications for its sensitivity to changes at a 

surface. It was used, for example, to evaluate the degradation of linseed oil on steel 

plate [200].  

 

Several other studies also report EIS-DNA sensing obtained only at a bias potential 

where the conducting polymer is oxidized (and presumably conducting) but 

reproducibility was not addressed [1, 5].  One study (for polyaniline) reported DNA 

sensing at the reduced state even though the conductivity of the reduced state is 

lower than the oxidized state [19]. The reduced film state was chosen based on the 

polyaniline film‟s behaviour for a range of potentials from reduced to oxidized where 

the reduced state displayed the greatest Nyquist plot change [19].     

 

 

3.4 EIS Investigation of the Stability of PTAA Films in Organic 
Solvents and Aqueous Solution 

 

The stability of PTAA film over a prolonged time in organic and aqueous media 

without any DNA attached was further studied with special attention paid to the 

changes in the complex capacitance and phase angle plots and by developing a 

suitable model for their interpretation using circuit models [148].  An advantage of 

using EIS to evaluate the stability of conducting polymers used as DNA sensors is 

the ability to apply a constant potential (with a very small fluctuation in amplitude). 
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This is in contrast to CV stability studies [162] where the potential is cycled from low 

to a high potential that may damage the attached DNA [12].  

The stability of PTAA films made with 50 mM TEABF4 and TBACF3SO3 in CH2Cl2 

was evaluated in tris buffer, AN and CH2Cl2 by EIS over about 20 hours (Figure 3.16 

and Figure 3.17). Comparing the stability of films made with these electrolytes 

allowed an assessment of the stabilizing effect of the electrolyte on the film 

microstructure. The idea was that the large bulky hydrophobic TBACF3SO3 would 

support the microstructure better in tris than the smaller hydrophilic TEABF4 

because the former was expected to remain permanently embedded within the film 

whereas the other may be expelled into the surrounding medium [60, 147]. This 

could have been a contributing reason for the dramatically less first-cycle collapse of 

the TBA(CF3)2(SO2)2-made film  than TEABF4-made film cycled in H20 in Figure 

3.10 C and D respectively.  

 

For brevity and simplicity, only the EIS results for PTAA and PEDOT films (as a 

reference films) made with 50 mM TEABF4 were published [148]; however the 

results for both types of PTAA film are included here and the results for the PEDOT 

films are presented in Chapter 5.  

 

The stability of PTAA/TEABF4/CH2Cl2 film was evaluated by EIS in tris buffer over 

about 20 hours and the spectra are shown as complex capacitance plots in Figure 

3.16 A. The dramatic drop in complex capacitance from (b) to (c) can be interpreted 

as a capacitance decrease arising from microstructure collapse and reduced 

interfacial surface area according to equation (1.1) (Chapter 1). In the closeup view 

about the origin in Figure 3.16 B, the semi-circular arc, characteristic of a capacitor 

and resistor in parallel, is observed [112]. For reference, the complex capacitance 

plot of the bare electrode is also shown (Figure 3.16 B, spectra a). The real 

component of the complex capacitance can be plotted as shown in Figure 3.16 C. 

The low-frequency limiting capacitance at the lowest frequency measured (0.1 Hz) 

at the different measurement times were plotted as Figure 3.18 (curve c) and used 

as a measure of time-evolution of the microstructural change in the film (as an 

approximate measure of the effective surface area) [106, 122, 124, 132]. These 

values were compared to the Capre (0.1 Hz) values of PTAA film made with 50 mM 
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TEABF4 and measured in AN (Figure 3.18 – curve a) and CH2Cl2 (Figure 3.18 – 

curve b).  

 

Figure 3.16. Complex capacitance plots of PTAA (made with 50 mM TEABF4 in 
CH2Cl2) film in (A) tris over 20 hours; (B) Closeup of (A) about the origin; (C) 
replotted as Capre over frequency; in (D) AN; or (E) CH2Cl2. EIS was performed in 
each solvent containing 50 mM TEABF4 at a bias potential of 0.8 V without a redox 
couple. Identical films were made for each solvent. 
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Figure 3.17. Complex capacitance of PTAA film (made with 50 mM TBACF3SO3 in 
CH2Cl2) in (A) tris; (B) Closeup of (A) about the origin; (C) AN; (D) CH2Cl2. EIS was 
performed in tris solution containing 50 mM TEABF4 and in AN and CH2Cl2 solvents 
containing 50 mM TBACF3SO3 at a bias potential of 0.8 V without a redox couple. 
Identical films were made for each solvent. 
 

In addition, the Capre (0.1 Hz) values obtained for PTAA films (made with 50 mM 

TBACF3SO3) are shown in CH2Cl2 (curve d), in tris (curve e) and AN (curve f) 

(Figure 3.18). (Their corresponding complex capacitance curves are shown in 

Figure 3.17.) Figure 3.17 also shows the Capre (0.1 Hz) values for PTAA film in 

CH2Cl2 made with 50 mM TBAPF6 (curve g).  

 

From Figure 3.18 it can be seen that the Capre of films made with TEABF4 and 

TBACF3SO3 were significantly lower in aqueous tris solution (c, e) than in the 

organic solvents (a, b, d, f) (note the log scale of the y-axes).  
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Figure 3.18. Capre at 0.1 Hz over about 20 hours of PTAA films in (a,f) AN, (c,e) tris 
buffer or (b,d,g) CH2Cl2 containing (a,b,c,e,) 50 mM TEABF4 or (d,f) 50 mM 
TBACF3SO3 or (g) 50 mM TBAPF6. The films were made in a monomer solution 
containing CH2Cl2 and (a,b,c) 50 mM TEABF4 or (d,e,f) 50 mM TBACF3SO3 or with 
(g) 50 mM TBAPF6. EIS was performed at bias potential of 0.8 V. A new film was 
made for each curve.  
 

The rate of change of the Capre of the film made with TBACF3SO3 was much slower 

in tris (e) compared to that made with TEABF4 (c) whose Capre decreased so fast 

that by the second data point (at 60 min) it had reached its lowest value. 

 

Moreover, the rate of change of the film made with TBACF3SO3 was virtually the 

same in CH2Cl2 (d) and AN (f) as in tris (e) indicating its microstructure changed 

very little in these media. This is in contrast to the Capre of PTAA made with TEABF4 

whose microstructure collapsed quickly in tris (c) compared to AN (a) or CH2Cl2 (b). 

These results indicate that TBACF3SO3 better supports the microstructure of PTAA 

film than TEABF4 in AN, CH2Cl2 and tris.  

 

The ability of TBACF3SO3 to better support the microstructure of PTAA film than 

TEABF4 in AN, CH2Cl2 and tris can be seen in the overall change in the complex 

capacitance plots: smaller evolution of capacitance indicative of microstructural 

change in tris, AN and CH2Cl2 for TBACF3SO3-made film compared to a larger 
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evolution of capacitance indicative of microstructural change in tris, AN and CH2Cl2 

for TEABF4-made film. For both types of film, the microstructure changed more in 

tris than in the organic solvents.  Although Figure 3.18 indicates the microstructure 

of TBACF3SO3-made film at 0.1 Hz changed little in tris, complex capacitance plots 

over a range of frequency did indicate some significant change  within the first hour 

(Fig 3.17A: from (b) to (c)). The complex capacitance plots, covering more 

frequencies than Figure 3.18, are thus more descriptive of the microstructure 

change.  

 

TEABF4-made film changed significantly more (Figure 3.16 E) than TBACF3SO3-

made film (Figure 3.17 D) in CH2Cl2.  Intermediate between these two is the small 

microstructure-related change that occurred in CH2Cl2 for the film made with 

TBAPF6 (Figure 3.19).  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.19. Complex capacitance plot of PTAA film made with 50 mM TBAPF6 in 
CH2Cl2 and tested in CH2Cl2 containing 50 mM TBAPF6 at a bias potential of 0.8 V 
with no redox couple present. 
 

3.5 Modelling the EIS of PTAA Films Using Circuit Models 

 

The principal feature of the capacitance plots in Figure 3.16 and Figure 3.17 is a 

large semi-circular arc becoming smaller over time representing a decreased 

capacitance and interfacial surface area (and increased RCT) from microstructure 

collapse according to equation (1.1). A transformation occurred over time such that 
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the complex capacitance could be approximated by a parallel capacitor (Cp) and 

resistance (RCT) in series with a relatively large solution resistance (RS) [112]. This 

model can be applied to all those films except the film made with TBACF3SO3 in 

CH2Cl2 in which a slight capacitance increase was observed over time (Figure 3.17 

D). This increase could be interpreted as a slight swelling of the PTAA film over time 

with the consequent increase in interfacial surface area.  

 

The decreased capacitance transformation can be approximated using circuit 

models (in air without a redox couple) instead of PTAA film (in solution) as illustrated 

in Figure 3.20 B for a circuit consisting of a 2000 ohm resistor in series with a 

parallel resistor and capacitor (at a 0.8 bias potential).  As the parallel capacitor is 

decreased and the parallel resistor is increased, the semi-circular arc shrinks 

towards the origin (Figure 3.20 B, a-d). The semi-circular arc of (a) is too large to be 

observed in the frequency range examined and thus appears as a nearly vertical 

line whose curvature is starting to bend towards the Capre axis.  

 

By (d) however the arc is clearly observed at high frequencies (Figure 3.20 B). The 

distance along the Capre axis between the high and low frequency intercepts of the 

semi-circular arc represents the real capacitance of the circuit as illustrated in Figure 

3.21 for two circuits composed of a capacitor in series with resistor. The circuit with 

the larger capacitor (b) thus has a larger distance along the Capre axis between the 

high and low frequency intercepts. The small semi-circular arc (d) in Figure 3.20 B 

thus represents a smaller capacitance than the capacitance represented by the 

larger semi-circular arcs (a,b,c).  

 

This feature of a shrinking complex capacitance semi-circular arc as the capacitor 

value decreases in the circuit model shown in Figure 3.20 is further illustrated by the 

circuit model shown in Figure 3.22. As the parallel resistance (10 000 ohm) is held 

constant while the capacitor value decreases from (a) to (c), the semi-circular arc 

shrinks towards the origin. This manifests as a phase angle peak shift towards 

higher frequency (Figure 3.22 A) and an unchanging Nyquist plot (Figure 3.22 C).  A 

phase angle shift towards higher frequency as the parallel resistance increased was 

also observed in the model in which it was increased simultaneously as the parallel 
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capacitor decreased (Figure 3.20 A). The effect of increasing the parallel resistance 

manifested as an increasing semi-circular arc in the Nyquist plot (Figure 3.20 C).  

 

Figure 3.20. Phase angle (A), complex capacitance (B) and Nyquist plot (C) of the 
circuit model (D) consisting of a 2000 ohm resistor in series with a parallel capacitor 
and resistor whose values are (a) 10 μF and 1000 ohm, (b) 1μF and 2000 ohm, (c) 
0.47 uF and 5000 ohm and (d) 0.1 μF and 10,000 ohm.   
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Figure 3.21. Phase angle (A), complex capacitance (B) and Nyquist plot (C) of the 
circuit model (D) consisting of a 2000 ohm resistor in series with a (a) 1 μF or (b) 10 
μF capacitor.  
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Figure 3.22. Phase angle (A), complex capacitance (B) and Nyquist plot (C) of the 
circuit model (D) consisting of a 2000 ohm resistor in series with a parallel capacitor 
and resistor whose values are (a) 10 μF and 10,000 ohm, (b) 1μF and 10,000 ohm 
and (c) 0.1 uF and 10,000 ohm.   
 

Comparing the two circuits in which the parallel capacitor is held constant while the 

parallel resistor is varied (Figure 3.23, Figure 3.24), the circuit with the larger 

capacitor (10 μF, Figure 3.24) has phase angle peaks at 10 times (about 1 log unit) 

lower frequencies. For example, the phase angle of Figure 3.24 A with the 10 uF 

parallel capacitor and 10000 ohm resistor (curve c) peaks at 3.98 Hz (0.59999 log 

units) compared to the phase angle of Figure 3.23 A with the 1 uF parallel capacitor 

and 10000 ohm resistor (curve c) which peaks at 39.8 Hz (1.59999 log units).  For  
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Figure 3.23. Phase angle (A), complex capacitance (B) and Nyquist plot (C) of the 
circuit model (D) consisting of a 2000 ohm resistor in series with a parallel capacitor 
and resistor whose values are (a) 1 μF and 1000 ohm, (b) 1μF and 2000 ohm, (c) 1 
uF and 10,000 ohm.   
 

the same reason, in the simpler series circuit model of Figure 3.21 the circuit with 

the larger capacitor (10 μF) has a phase angle curve shifted towards lower 

frequencies.  

 

As the parallel resistance increased and the parallel capacitance decreased in the 

Figure 3.20 model, the phase angle not only shifted towards higher frequency, it 

also shifted in amplitude towards a greater phase angle value (Figure 3.20 A). An 

increased phase angle shift also occurs in circuit model where the parallel capacitor 

is held constant while the parallel resistance is increased (Figure 3.23, Figure 3.24). 
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In Figure 3.23 and 3.24 the phase angle, however, shifts towards lower frequencies 

as a result of the increasing importance of the capacitor in the circuit as the parallel 

resistance is increased.  As this resistance is increased infinitely more the resistor 

arm in the parallel RC circuit would approach an open circuit so that current would 

only “flow through” the capacitor and not the resistor. The increasing capacitive 

nature of the circuit as the parallel resistor is increased in Figure 3.23 and Figure 

3.24 is thus indicated by a phase angle shift towards lower frequencies. 

Figure 3.24. Phase angle (A), complex capacitance (B) and Nyquist plot (C) of the 
circuit model (D) consisting of a 2000 ohm resistor in series with a parallel capacitor 
and resistor whose values are (a) 10 μF and 1000 ohm, (b) 10 μF and 2000 ohm, 
(c) 10 uF and 10,000 ohm.   
 
Thus, for the circuit models examined, a phase angle shift towards lower 

frequencies indicates the increased importance of capacitors and the more 
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capacitance of the circuit. Conversely, a phase angle shift towards higher 

frequencies indicates capacitors‟ decreased importance and lesser capacitance of 

the circuit. Moreover, a phase angle amplitude increase indicates an increased 

parallel resistor and conversely a phase angle amplitude decrease indicates a 

decreased parallel resistor. This phase angle behaviour is governed by equation 

(3.1) (derivation shown in Appendix 1) [105]:  

 

 

 

 

 (3.1) 

 

 

where ω is the angular frequency (s-1), ω1 = 1/(CPRS), ω2 = 1/(CPRP), CP is the 

polymer capacitor, RP is the polymer resistor and RS is the solution resistor in the 

circuit model shown in Figure 3.25. 

 

 

 

 

 

 

 

Figure 3.25. Equivalent circuit model used in Figure 3.20-Figure 3.24.  
 

The Rs/RP element in (3.1) acts as a scalar that is responsible for the increase and 

decrease in phase angle amplitude whereas the other elements are responsible for 

the phase angle peak shift towards higher or lower frequencies.  An equation for 

complex capacitance can be defined that depends on ω1 and ω2 (shown in 

Appendix 1) [105].  

The trend shown in the circuit models are instrumental in interpreting the complex 

capacitance and phase angle plots of PTAA in organic and aqueous solution. They 

are also useful in explaining results that showed oxidized PTAA film experience a 

maxiumum phase angle at about 10 Hz (Figure 3.15 A,B) whereas reduced PTAA 
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film experienced a maximum phase angle at about 1000 Hz (Figure 3.15 C,D) [7]. 

The oxidized film was thus more capacitive than the reduced film.   

 

The capacitance decrease over time observed on the complex capacitance plots for 

PTAA film (made with TEABF4 and TBACF3SO3) in tris  (Figure 3.16, 3.17) can also 

be observed on the phase angle plots as the spreading of the phase angle towards 

higher frequencies for PTAA film made with TEABF4 (Figure 3.26) but not for PTAA  

film made with TBACF3SO3 (Figure 3.27). Based on the simulations, this shift 

towards higher frequencies for TEABF4-made film can be attributed to a decrease in 

the parallel capacitor value. This is simultaneously accompanied by an upward 

spreading of the phase angle towards higher values observed abundantly for PTAA 

film made with TEABF4 (Figure 3.26) and slightly for PTAA film made with  

TBACF3SO3 (Figure 3.27) and can be attributed to an increased parallel resistor 

value (i.e. RCT) over time. The dramatic outward and upward spreading of the phase 

angle in PTAA film (made with TEABF4) in tris (Figure 3.26 A) compared to PTAA 

film (made with TBACF3SO3) in tris (Figure 3.27 A) clearly illustrates the larger 

microstructure collapse of the former compared to the latter.  

 

However, for PTAA film (made with TEABF4) in tris (Figure 3.26 A), the phase angle 

also appears to slightly spread towards lower frequencies thus indicating a slight 

capacitance increase. This can be correlated to the Capre creep along the Capre axis 

towards higher real values by 2 hours (d) in Figure 3.16 B.  
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Figure 3.26. Phase angle plot of PTAA film in Figure 3.16 (made with 50 mM 
TEABF4 in CH2Cl2) in (A) tris over 20 hours; (B) AN; (C) CH2Cl2. EIS was performed 
in each solution containing 50 mM TEABF4 at 0.8 V without a redox couple.    
 

This can be interpreted as after the initial dramatic decrease in capacitance caused 

by microstructure collapse under the influence of immersing a CH2Cl2-made PTAA 

film in aqueous tris buffer (as indicated by the collapse of the semi-circular arc from  

(b) 0 min to (c) 1 hour in Figure 3.16 A,B), there is a gradual increase in 

capacitance. This could arise from a slight charging of the film due to the constant 

potential applied during EIS experiments. Thus this low “creeping” capacitance 

would be expected to creep along the Capre axis for as long as the constant 

potential is applied and a charge builds up inside the polymer. This reasoning is 

consistent with the simulation in Figure 3.23, 3.24 which shows the resistive tail 

(above the semi-circular arc) creeping along the Capre axis towards higher Capre 

values as a result of an increased parallel resistor. It is also consistent with 

simulation in Figure 3.21 that shows an increased capacitance along the real axis 

with an increasing capacitor value. 
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Figure 3.27. Phase angle plot of PTAA film in Figure 3.17 (made with 50 mM 
TBACF3SO3 in CH2Cl2) in (A) tris; (B) AN; (C) CH2Cl2. EIS was performed in tris 
solution containing 50 mM TEABF4 and in AN and CH2Cl2 solvents containing 50 
mM TBACF3SO3 at 0.8 V without a redox couple. 
 

An interesting feature unique to the phase angle plots of PTAA film in tris (Figure 

3.26 A, Figure 3.27 A), unlike its phase angle plots in AN (B) or CH2Cl2 (C), is the 

appearance of two distinct peaks. For Figure 3.26 A they are observed distinctly 

only for curve (b) immediately upon immersion in tris. For Figure 3.27 A they are 

observed for all time curves (b-h).  Each peak may be interpreted as a capacitor in 

parallel with a resistor as illustrated by the (b) circuit model in Figure 3.28 E and its 

phase angle plot in Figure 3.28 A. The large peak at 0.1 Hz originates with the 10 

μF capacitor in parallel with the 10 000 ohm resistor (labelled 4) whereas the 316 Hz 

peak originates with the 0.1 μF capacitor in parallel with the 10 000 ohm resistor 

(labelled 1 and 3) as demonstrated by the disappearance of the 0.1 Hz peak when 

the 10 000 ohm resistor in 4 is reduced to 100 ohm in 2.   
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Figure 3.28. (A) Phase angle, (B) complex capacitance, (C) complex capacitance 
closeup about the origin and (D) Nyquist plot of the circuit model (E) consisting of 
two 2000 ohm resistors in series with a parallel capacitor and resistor whose values 
are (a) 0.1 μF and 10,000 ohm in series with 10 μF and 100 ohm, (b) 0.1 μF and 
10,000 ohm in series with 10 μF and 10,000 ohm.  
 

A parallel capacitor and resistor in series with another parallel capacitor and resistor 

as shown in Figure 3.28 E (b) thus evidently exists in PTAA film upon immersion in 

tris buffer and can be interpreted as the double-layer capacitance and RCT at the 
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interface of two polymer layers, one on top of the other, giving rise to two 

overlapping complex capacitance arcs [148] and somewhat seen in Figure 3.16 A 

and better seen as two overlapping phase angle peaks in Figure 3.26 A and Figure 

3.27 A. As the PTAA film made with TEABF4 transforms its microstructure over time 

these interfaces evidently became less distinct resulting in their blending and the 

consequent disappearance of those distinct peaks (Figure 3.26 A). As PTAA film 

made with TBACF3SO3 transformed its microstructure over time, however, these 

interfaces evidently were maintained resulting in distinct phase angle peaks over 

time (Figure 3.27 A). This is consistent with PTAA film made with TBACF3SO3 being 

able to maintain its synthesised microstructure in tris buffer better than PTAA film 

made with TEABF4.  

 

The absence of two distinct overlapping complex capacitance arcs and phase angle 

arcs of PTAA film (made with TEABF4 or with TBACF3SO3) in the organic solvents 

(Figure 3.16 D,E; Figure 3.17 C,D; Figure 3.26 B,C; Figure 3.27 B,C) can be 

interpreted as those solvents affecting its microstructure such that one homogenous 

layer exists rather than two distinct layers. The greater upward spread of the phase 

angle over time in PTAA film (made with TEABF4) in AN (Figure 3.26 B) and CH2Cl2 

(Figure 3.26 C) compared to PTAA film (made with TBACF3SO3) in AN (Figure 3.27 

B) and CH2Cl2 (Figure 3.27 C) clearly illustrates that the parallel resistor (RCT) of 

PTAA film made with TEABF4 increased more than PTAA film made with 

TBACF3SO3 and indicates that PTAA film made with TBACF3SO3 is better able to 

maintain its synthesised microstructure in these organic solvents than PTAA film 

made with TEABF4. 

For completeness, the Nyquist plots of PTAA film for Figure 3.16 and Figure 3.17 

are shown as Figure 3.29 and Figure 3.30 respectively.  
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Figure 3.29. Nyquist plot of PTAA film in Figure 3.16 (made with 50 mM TEABF4 in 
CH2Cl2) in (A) tris over 20 hours; (B) AN; (C) CH2Cl2. EIS was performed in each 
solution containing 50 mM TEABF4 at 0.8 V without a redox couple.   
 

A featureless inclined line is observed which renders the Nyquist plot less useful 

than the phase angle or complex capacitance plots for analysis of these films.  One 

bit of useful information can be gleaned is the overall increase of impedance over 

time that corroborates the RCT increase inferred from the phase angle and complex 

capacitance plots.  Comparison of the complex capacitance, phase angle and 

Nyquist plots of these PTAA films (made with TEABF4 and TBACF3SO3) formed the 

opinion that the phase angle plot carries more information and thus will serve as the 

primary format for the DNA hybridisation experiments that follow.  
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Figure 3.30. Nyquist plot of PTAA film in Figure 3.17 (made with 50 mM TBACF3SO3 
in CH2Cl2) in (A) tris; (B) AN; (C) CH2Cl2. EIS was performed in tris solution 
containing 50 mM TEABF4 and in AN and CH2Cl2 solvents containing 50 mM 
TBACF3SO3 at 0.8 V without a redox couple. 
 

3.6 The Effect of Oxidation State on PTAA Film Electrochemical 
Stability  

 

Three experiments were performed to see whether the stability of the PTAA film 

depended on its oxidation state while immersed in aqueous solution. The results 

presented in Figure 3.31 A are for PTAA film (made with 50 mM LiClO4 in AN) and 

show the phase angle when either 0.200 V or 0.900 V bias potential was 

alternatively applied during EIS (each potential was applied three times).  No waiting 

time was allowed between the runs.  
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Figure 3.31. (A,B) Phase angle plot of a PTAA film in tris buffer containing 0.1 M 
NaCl (and no redox couple) where the constant potential was varied in the following 
order: 1-3 at 0.200 V, 4-6 at 0.900 V, 7-9 at 0.200 V and 10-12 at 0.900 V.  The (A) 
film was made with 50 mM LiClO4 in AN (5 CV cycles, 100 mV s-1) and cycled 6 
cycles in tris buffer containing 0.1 M NaCl before EIS.  The (B) film was made with 
50 mM TBACF3SO3 in AN (5 CV cycles, 100 mV s-1) and cycled 15 cycles in tris 
buffer containing 0.1 M NaCl before EIS; (C) Phase angle plot of a PTAA film in 
PBS buffer without any redox couple or other supporting electrolyte where the 
constant potential was varied in the same order. After making the film with 50 mM 
TBA(CF3)2(SO2)2 in CH2Cl2 (6 cycles, 100 mV s-1), no further treatment occurred 
before EIS.  
 

The experiment demonstrated that the phase angle drift depends on the film 

oxidation state with greater drift occurring between repetitions in the oxidized film (at 

0.900 V) compared to little drift between repetitions in the reduced film (at 0.200 V). 

Moreover, the reduced film has a higher phase angle peaks (about 73º) compared 

to the oxidized films (below 70º) which can indicate the greater RCT in the reduced 

films compared to the oxidized films. 
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With PTAA film made with TBACF3SO3 in AN (Figure 3.31 B) or with 

TBA(CF3)2(SO3)2 in CH2Cl2 (Figure 3.31 C), again little change occurs during the 

200 mV measurements compared to the 900 mV measurements further 

demonstrating greater instability in the oxidized film compared to the reduced film.  

With this in mind, the effect of attaching DNA to oxidized films was examined. 

 

3.7  DNA Sensing of Stabilized PTAA Film  

 

After seeing PTAA film (made in CH2Cl2) will collapse over time in aqueous tris 

buffer solution until a pseudo steady-state has been reached and finding no way to 

prevent that collapse, time-based EIS experiments were performed on oxidized 

PTAA films with ODN probe covalently grafted to determine the extent of collapse of 

the polymer when ODN is present and the effect of such collapse on the film‟s DNA-

sensing ability.  Oxidized films were chosen for study rather than reduced films 

because of the better DNA-sensing of oxidized films compared to reduced films 

discovered in Section 3.3.  

 

As before, the relatively small TEABF4 water-soluble salt was used as the 

electrolyte to make a PTAA film which was compared to PTAA film made with 

TBA(CF3)2(SO2)2 whose anion (CF3)2(SO2)2
- is double the bulkiness and size of the 

CF3SO3
- anion of  TBACF3SO3. The larger (CF3)2(SO2)2

- was expected to be 

physically entrapped in the PTAA network during synthesis and would not be easily 

expelled from the polymer film during EIS measurement [60, 147]. In addition to 

size, the electrolytes TEABF4 and TBA(CF3)2(SO2)2 are also of different 

hydrophilicity where TEABF4 is hydrophilic and water-soluble  whereas 

TBA(CF3)2(SO2)2 is hydrophobic and water-insoluble.  

 

The relative stability seen in PTAA film observed for PTAA/TBACF3SO3 films was 

expected to be enhanced for PTAA/TBA(CF3)2(SO2)2 films because of the similar 

nature (hydrophobic) and greater size of TBA(CF3)2(SO2)2 compared to 

TBACF3SO3. TBAClO4 was also investigated for comparison as another 

hydrophobic, water-insoluble electrolyte with relatively small and mobile anion.  
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For the EIS experiments discussed in Section 3.3, tris buffer (pH 8.0) containing 10 

mM tris, 1 mM EDTA and 2 mM Na was used. However in this section, phosphate 

buffer (PBS) (pH 7.4) will be used because of the increased ionic strength of PBS 

buffer (10 mM phosphate buffer, 137 mM NaCl, 2.7 mM KCl) that provides a 

condition more favourable to DNA hybridisation although with lower selectivity [168].  

 

After examining the Nyquist, phase angle, and complex capacitance plots (for PTAA 

and the other polymers), it was decided to primarily use the phase angle plot for 

evaluating the films properties and DNA sensing because of its (a) sensitivity to the 

probe at high frequencies, (b) display of film capacitance (by the frequency at which 

peaks occur) and film resistance (by the phase amplitude) and (c) the ease of 

obtaining a measure of hybridisation in the form of a phase angle change [7]. The 

Nyquist plots for PTAA do not display the semi-circular arc commonly seen with 

polypyrrole CPs from which the RCT can be calculated and used as a measure of 

hybridisation [29, 30].  

 

DNA Sensing of 20-hour Stabilized PTAA/TBA(CF3)2(SO2)2 Film in EIS Solution 
Containing the Fe(CN)6

3-/4- Redox Couple  
 

Figure 3.32 shows the phase angle plot of a PTAA film made with 50 mM 

TBA(CF3)2(SO2)2 (A) immersed in PBS over 20 hours followed by (B) attachment of 

490 μM probe and 49 μM complementary (com) target. Another film was identically 

prepared (C) to which (D) 49 μM non-complementary (non) target was applied. The 

films A and C are shown separately from the attached ODN in B and D to clearly 

illustrate the phase angle changes arising from the film (A,C) or arising after 

attachment of probe and target (B,D). 

Successive measurements of the complementary or non-complementary target over 

time allowed an assessment of the drift; that is, the inherent tendency of the phase 

angle to change which constitutes a type of baseline drift error observed, for 

example, in silica-based DNA sensors [17] or in a pyrrole DNA sensor [201]. The 49 

μM complementary (com) target  (B) was measured (Figure 3.32 B, curve d) 

immediately after measuring the probe, (e) 1 hour 10 minutes later and (f) 2 hours 

25 minutes after measuring the probe. The overlay of these successive 

measurements indicates little drift at high and low frequencies. 
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Figure 3.32. Phase angle plot of (A,C) PTAA films over about 20 hours followed by 
attachment of 490 μM probe and (B) 49 μM complementary (com) target or (D) 49 
μM non-complementary (non) target. (B) shows the ODN attached to the film in (A) 
and (D) shows the ODN attached to the film in (C). EIS was done in PBS buffer at 
0.8 V with the Fe(CN)6

3-/4-. Films were made in 3 mM TAA solution containing 
CH2Cl2 and 50 mM TBA(CF3)2(SO2)2.   
 
 

For both films, a hybridisation response (hyΔ) can then be calculated at the 

frequency where the phase angle Φ (deg) of the probe exhibits a local maximum at 

high frequency: at 3981 Hz (3.6 log Hz) for the film in (B) and at 10,000 Hz (4.0 log 

Hz) for the film in D. This curious feature will be repeatedly seen in PTAA, PTPDA 

and PHTAA as an indication of successful probe attachment and DNA sensing. The 

aim is to select a frequency with the maximum Φ separation between the probe and 

complementary (com) target. For Figure 3.32 B at 3981 Hz the hyΔ is 9º and for 

Figure 3.32 D at 10,000 Hz the hyΔ is 9º. These results demonstrate PTAA film is 

not selective towards complementary target as it cannot distinguish it from non-

complementary target.  The selectivity is therefore poor. Poor selectivity has been a 
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major problem for DNA sensors; sometimes this issue is ignored or the reasons for 

the poor selectivity have not been precisely identified [14].  

 

A few factors may be responsible for this poor selectivity. By their very nature ODN 

carry an overall negative charge arising from their backbone chain composed of 

sugar and phosphate molecules [10]. ODN will thus be electrostatically attracted to 

positive species. This property forms the basis of field-effect DNA sensors where 

the negatively-charged target ODN are attracted to a positively-charged electrode 

under the influence of an electric field [202]. By reversing the polarity of the field, 

denaturisation of the DNA molecule (i.e. strand separation) can occur [202].  

 

Ideally, PTAA film will cover the electrode surface with a uniform thickness such that 

probe or target ODN cannot contact the bare electrode. However, as shown by the 

AFM depth profile (Figure 3.5), the film does not have a uniform thickness and some 

regions are thinner.  At those thin regions, the positive electrostatic field felt by the 

ODN should be greater than at the thicker film regions given the insulating nature of 

the polymer in aqueous solution. These thin regions may contribute more than 

thicker regions to non-specific electrostatic adsorption of negatively-charged ODN 

on the PTAA film surface.   

 

The effect of electrostatic attraction between negatively-charged probe ODN and a 

positively-charged electrode surface was clearly shown in a study using AFM to 

visually see the spatial arrangement of the probe molecules on a carbon electrode 

under two conditions: (a) immobilization of the probe while a oxidizing potential was 

applied to the carbon electrode surface and (b) immobilization of the probe without 

applying that potential [203]. The AFM images in (a) clearly showed a more 

compact, orderly arrangement of probe ODN on the electrode surface compared to 

more spatially separated arrangement in (b) with more bare spots where no probes 

attached [203]. These visual differences in the probe density and arrangement 

affected the capacitance at the electrode-ODN layer (as measured by EIS) when the 

probes were incubated with complementary or non-complementary ODN. It was 

concluded that reduced non-specific adsorption was achieved by using an electric 

field to help immobilize the probe onto the electrode surface [203].  
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But a greater source of electrostatic adsorption that could affect the poor selectivity 

of PTAA film in Figure 3.32 likely arises from the uneven distribution of charges 

within the PTAA film thus defining a space-charge region [204]. Such a region arises 

in insulators when the rate of charge accumulation is different from the rate of 

removal [204]. The space charge may be due to electrons, ions or other charge 

carriers such as polarons [204]. The effect of a space charge region in a polymer 

film used for DNA sensing can be likened to the double layer illustrated in Figure 1.6 

B where charges of a particular polarity collect under the electrode surface which 

exert an electrostatic field between charges of opposite polarity in the solution.  

 

In a DNA sensor constructed with a diamond electrode functionalized with a simple 

short alkyl linker, the space charge in the diamond electrode manifested its effect 

upon hybridisation in the Bode and Admittance plots in the high frequency range 

(1000-1,000,000 Hz) [25]. It was inferred that hybridisation of the negatively-charged 

ODN induced a space-charge (of positive charges) in the diamond electrode. The 

equivalent circuit model used to model the EIS data included a circuit element 

specific to the space-charge region that was similar to the capacitor in parallel with a 

resistor used in this thesis.  A very similar DNA sensor with a transducer layer (a 

polyaniline/polyacrylate polymer) on the diamond electrode more akin to the layer 

used in this thesis (PTAA film) likewise attributed the impedance changes seen in 

the Bode plot upon hybridisation to the electrostatic attraction between the 

negatively-charged DNA layer and the space charge region in the diamond 

electrode [19]. However, the changes there were observed most at the lowest 

frequencies (between 10-100 Hz).  

 

A space charge region consisting of positive charges underneath the oxidized PTAA 

film surface can be expected as a result of the insulating, non-conductive nature of 

PTAA film in aqueous solution where its microstructure has collapsed, its 

conformation affected, and charge carriers cannot freely travel along the π-bonded 

“highway” [56].  These conditions may hinder the information that the charged 

polymer carries about the species that it senses. Preserving the conjugated network 

of overlapping π-bonds is a pre-request for charge transport along the polymer 

backbone [35]. The polymer conformation is sensitive to attached ODN when in a 
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good solution that permits the conformational change required to transmit the 

hybridisation event [86].  

 

The principle of space charge electrostatic attraction was essentially the same 

reason cited in a series of experiments using gel electrophoresis that showed non-

specific interaction between positively-charged polymer fragments and plasmid DNA 

where the polymers included 3-methylthiophene [79], PEDOT [205], poly(3-

thiophen-3-yl-acrylic acid methyl ester and poly(2-thiophen-3-yl-malonic acid 

dimethyl ester) [206] and pyrrole [207]. The strength of the electrostatic attraction 

was predicted to be proportional to the doping level in the polymer [208]. Other non-

specific interactions between these polymers and the plasmid DNA was assigned to 

Van der Waals forces, π-stacking and charge transfer [208].  

 

The electrostatic attraction between positively-charged regions in conjugated 

polymer film and negatively-charged ODN was the mechanism used to detect 

hybridisation by monitoring the changes in the UV-Vis absorption [86] or the 

fluorescence of the polymer-DNA complex [209-211].  

 

Electrostatic attraction between positively regions in the polymer and negatively-

charged ODN is an example of non-specific interaction that contributes to poor 

selectivity. Non-specific target interaction is a problem inherent in many microarray 

experiments [14, 212]. Poor selectivity arising from non-specific interaction can be 

distinguished from poor selectivity arising from specific interaction arising from 

hydrogen bonding between the nucleotide bases on the DNA and hydrogen donors 

or acceptors on the thiophene and pyrrole polymers as demonstrated further in 

those experiments involving plasmid DNA [79, 205-208]. PEDOT [205], poly(3-

thiophen-3-yl-acrylic acid methyl ester and poly(2-thiophen-3-yl-malonic acid 

dimethyl ester) [206] were found to specifically interact with the plasmid DNA by 

forming hydrogen bonds between the π cloud of the thiophene ring and N-H groups 

on the nucleic bases on the DNA. It was proposed [206] that this bonding 

mechanism competes with the hydrogen-bonding interaction that helps keeps the 

two strands in the double-stranded DNA molecule together [10]. Effectively, this 

competing interaction helps these polymers to pull the double-stranded DNA apart 

and exposes the bases to hydrogen bonding with the polymer [205, 206]. 3-
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methylthiophene, however, lacking hydrogen donors or acceptors failed to adsorb 

DNA specifically [79]. The N-H group on pyrrole formed hydrogen bonds with a 

proton acceptor on the nucleic bases [207].  

 

These experimental results were predicted based on theoretical calculations [208] 

and bear directly on the poor selectivity of PTAA film in Figure 3.32 B,D  particular 

for poly(3-thiophen-3-yl-acrylic acid methyl ester [206] which is very similar 

structurally to PTAA. Hydrogen-bonding between proton acceptor (oxygen atoms) 

and proton donor (H) groups in PTAA film to proton donor and acceptor groups on 

the nucleic bases in the complementary and non-complementary target therefore 

likely account for some of the poor selectivity of PTAA film in Figure 3.32 B,D. In 

addition, non-specific interactions from electrostatic, Van der Waals forces, π-

stacking and charge transfer could have contributed to the poor selectivity [208]. 

 

Instead of choosing a high frequency to characterize hybridisation response, an 

alternative choice could be the selection of the lowest frequency measured, 0.1 Hz, 

where hyΔ for the TBA(CF3)2(SO2)2-made film in B is 7º and for the film in D is 1º  

(Figure 3.32). The latter low response suggests the higher frequency is better. The 

literature is vague about which frequencies best characterize hybridisation [1, 199]. 

Both 5000 Hz [1] and apparently 7000 Hz [199] have been used. These 

observations together with the observation that low frequencies have been used to 

characterize the capacitance changes of polymer films [106, 122, 124, 132], leads to 

the hypothesis that high frequencies best characterize hybridisation likely because 

that is where the space charge effect between the polymer film and ODN manifests 

itself the most. This conclusion was also observed in another study using a 

thiophene-based polymer (from 1000-100,000 Hz) although the term “superficial p-

doping” was used instead of space charge [5]. But essentially the concept is the 

same involving an electrostatic attraction between positive charges underneath the 

polymer surface and negatively-charged ODN.  

 

Figure 3.32 A shows that the phase angle peak of the film shifted from an initial 1.99 

Hz to a final 10.0 Hz with much broadening of the peak. The amplitude of the initial 

peak decreased from (a) 0 min to (d) 3 hr 25 min while shifting to higher frequencies 

and then increased in amplitude from (e) 5 hr 35 min to (i) 20 hr 25 min while 
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spreading outwards. Similarly, the phase angle peak of the film in Figure 3.32 C 

shrunk for 3 hours while shifting towards higher frequencies and then increased in 

amplitude and width for about 17 hours. Using the theory developed by the 

simulations, the shifting of the peak towards higher frequencies represents a 

decreased capacitance of the film indicating collapse of the film microstructure while 

the parallel resistor value (i.e. RCT) initially decreased then increased.  

The initial peak at (a) 0 min in Figure 3.32 A and C resemble a single peak but after 

20 hours they resemble two broad overlapping peaks. The broadness of these 20-

hour stabilized peaks indicates a huge transformation has occurred. The broadness 

is so great that the two peaks are not distinct and appears as a single very broad 

peak.  

The phase angle peak of the probe above 10,000 Hz in Figure 3.32 B,D arises from 

a layer of ODN on the film surface so that it can be modelled as a capacitor in 

parallel with a resistor as shown by the circuit model in Figure 3.28 A. There it was 

shown that the phase angle of the 316 Hz peak had a capacitor value (0.1 μF) less 

than the capacitor value (10 μF) of the 0.1 Hz peak. The 316 Hz phase angle peak 

in Figure 3.28 A thus simulates the ODN-film double layer and the 0.1 Hz phase 

angle peak simulates the film. The larger capacitor value of the film in Figure 3.31 

B,D compared to the smaller capacitor value of the ODN-film double layer arises 

from the greater charge stored in the film due to the charged dopants [136] 

compared to the lesser charge between the oxidized (positive) film and negatively-

charged ODN [203].   

The complex capacitance plot corresponding to the phase angle plot in Figure 3.32 

A is shown as Figure 3.33 A along with a closeup about the origin (B); after 490 μM 

probe attachment and hybridisation with 49 μM complementary (com) target (C); 

and closeup about the origin (D).  
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Figure 3.33. Complex capacitance plot of the PTAA film (for Figure 3.32 A,B) (A) 
over about 20 hours; (B) closeup about the origin; (C) after attachment of 490 μM 
probe and hybridisation with 49 μM com target; (D) closeup about the origin. EIS 
was done in PBS buffer at 0.8 V with the Fe(CN)6

3-/4-. Films were made in 3 mM 
TAA solution containing CH2Cl2 and 50 mM TBA(CF3)2(SO2)2.  
 

The complex capacitance plots corroborate the phase angle changes.  A dramatic 

shrinking of the complex capacitance semi-circular arc is seen from (a) 0 min to (e) 

5 hr 35 min corresponding to the collapse of the polymer microstructure and 

increased RCT (Figure 3.33). The closeup (B) follows the semi-circular arc collapse 

by tracing the shrinking size at 100 Hz. The collapsing complex capacitance semi-

circular arc is the primarily most important feature in the complex capacitance plot.   

 

Secondarily, a slight creeping along the Zre axis of the resistive tail is observed from 

(e) to (i) (as indicated by the arrow along the real axis) that is consistent with a slight 

capacitance increase as a result of prolonged charging with a constant potential. 

The complex capacitance plot emphasizes the changes that occur at low frequency 

and hides the changes that occur at high frequencies.  The phase angle plot thus 
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offers a more complete assessment of all the changes happening to the film during 

stabilization and after ODN attachment.  

 

Successful probe attached was indicated by the phase angle rise at high 

frequencies for PTAA/TBA(CF3)2(SO2)2 film (Figure 3.32 B,D). Confirmation of this 

probe attachment was demonstrated by using attenuated total reflectance (ATR) 

spectroscopy as shown in Figure 3.34. Figure 3.34 shows the FTIR-ATR spectra of 

(b) PTAA film with attached 490 μM probe possessed an absorption at 798 cm-1 that 

was absent on the (a) film before probe attachment. This absorption arises from a 

phosphodiester vibration mode in the probe ODN [78, 213].   

 

Figure 3.34. ATR-IR spectra of (a) PTAA film and (b) PTAA film with attached 490 
μM probe. The films were made in a monomer solution containing 3 mM TAA, 50 
mM TBA(CF3)2(SO2)2 in CH2Cl2 (6 cycles, 100 mV /s).  
 

Additional absorptions at 1024, 1257, 1446 and 1538 cm-1 arise from vibrational 

modes of the peptide bond that formed between the COOH group on the polymer 

and the amino-terminated probe [214, 215]. These absorptions confirm the probe 

successfully covalently attached to the PTAA film.  
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DNA Sensing of 20-hour Stabilized PTAA/TEABF4 Film in EIS Solution 
Containing the Fe(CN)6

3-/4- Redox Couple  
 

The PTAA film in Figure 3.32 and 3.33 made with TBA(CF3)2(SO2)2 can be 

compared to PTAA film made with TEABF4 under the same conditions (a 20 hour 

stabilization time, 490 μM probe and 49 μM com and non, using the Fe(CN)6
3-/4-  as 

shown in Figure 3.35.  In Figure 3.35 there are three PTAA films: one for A-B, one 

for C-D and one for E-F. The phase angle of the films A, C and E are shown 

separately from their phase angle plots for attached ODN in B, D and F to clearly 

illustrate the changes arising from the film (A,C, E) or arising after attachment of 

probe and target (B,D,F). It is important to see these multiple films to understand 

film reproducibility. 49 μM complementary target was applied to the film in Figure 

3.35 A,C whereas 49 μM non-complementary target was applied to the film in Figure 

3.35 E.   

 

The phase angle curve of PTAA film made with 50 mM TEABF4, shown in Figure 

3.35 A initially decreases and shifts to higher frequencies from (a) 0 min to (c) 2 

hour 25 minutes then increases and spreads upward and towards lower and higher 

frequencies over time. The films in Figure 3.35 C,E  are similar except the initial 

decrease happens quicker.  All TEABF4-made films initial decrease for shorter time 

than TBA(CF3)2(SO2)2-made films. Like TBA(CF3)2(SO2)2-made films, the shifting of 

the peak towards higher frequencies represents decreased film capacitance 

indicative of film microstructural collapse; the parallel resistor value (i.e. RCT) 

likewise initially decreased then increased. The decreased capacitance and overall 

increased RCT from microstructural collapse can be also seen in the corresponding 

complex capacitance plots for the Figure 3.35 A,B film as Figure 3.36 where the 

semicircular arc collapses dramatically from (a) 0 min to (c) 2 hours 25 minutes. As 

with TBA(CF3)2(SO2)2-made films, after this collapse a creeping capacitance along 

the real axis is indicative of prolonged charging.  
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Figure 3.35. Phase angle plot of (A, C, E) PTAA films over about 20 hours followed 
by attachment of 490 μM probe and (B,D) 49 μM complementary (com) target or (F) 
49 μM non-complementary (non) target. (B) shows the ODN attached to the film in 
(A); (D) shows the ODN attached to the film in (C); (F) shows the ODN attached to 
the film in (E). EIS was done in PBS buffer at 0.8 V with the Fe(CN)6

3-/4-. Films were 
made in 3 mM TAA solution containing CH2Cl2 and 50 mM TEABF4.   
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Figure 3.36. Complex capacitance plot of the PTAA film from Figure 3.35 A showing 
(A) the film over about 20 hours; (B) closeup about the origin; (C) after 490 μM 
probe and 49 μM complementary (com) target. EIS was done in PBS buffer at 0.8 V 
with the Fe(CN)6

3-/4-. Film was made in 3 mM TAA solution containing CH2Cl2 and 
50 mM TEABF4.  
 

Unlike TBA(CF3)2(SO2)2-made film, TEABF4-made PTAA film is insensitive to 49 μM 

complementary target at high frequencies as indicated by no phase angle 

separation between the (c) probe and (d) complementary target in the phase angle 

plots in that frequency region (Figure 3.35 B,D,F). Moreover, there is no phase 

angle separation between the (b) film and (c) probe at high frequencies. This in 

contrast to the wide separation at high frequencies between the (b) film and (c) 

probe for TBA(CF3)2(SO2)2-made film (Figure 3.32).  At low frequencies, however, 

there is some phase angle separation between the (b) film and (c) probe for two 

TEABF4-made PTAA films (Figure 3.35 B,D) possibly indicating that the probe is 

attached. That this phase angle separation can be attributable to probe attachment 

and not attributable to film instability is the attainment of film stability indicated by 

the same phase angle measurements of the D film at (f) 15 hours 50 min and (g) 20 
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hours 20 min (Figure 3.35 C). However, for all TEABF4-made PTAA films there is no 

phase angle separation between the (c) probe and (d) complementary target.  

 

These results demonstrate the inferior DNA-sensing ability of PTAA film made with 

TEABF4 compared to PTAA film made with TBA(CF3)2(SO2)2. A possible 

explanation for the superior DNA-sensing ability of PTAA film made with 

TBA(CF3)2(SO2)2 is the positioning of the TBA(CF3)2(SO2)2 within the film (in the 

space charge region) during charging in such a way that the positively-charged TBA 

cations electrostatically attract the anionic probe more than the positively-charged 

TBE cations in PTAA film made with TEABF4 [19, 25, 204]. During prolonged 

charging of the PTAA film during EIS by application of the oxidizing potential, 

cations are expected to be expelled from the film (and optionally anions are 

expected to be inserted) to maintain charge neutrality [55, 57, 58]. The 

hydrophobicity of the TBA cations, however, prevents it from being expelled into 

aqueous solution. It is hypothesized, therefore, that TBA cations collect within the 

film underneath its surface at the interface between the film and the PBS buffer. 

Over time with more applied 0.8 V potential these cations build-up a positive charge 

(like a capacitor) that influences the species in the solution side (Figure 1.5 B).  An 

electrostatic interaction between this positive charge and the negatively charged 

probe, complementary or non-complementary target can explain  the better DNA 

response of PTAA film made with TBA(CF3)2(SO2)2 than with TEABF4. The build-up 

of cations underneath of the PTAA film surface was suggested previously using 

TBACF3SO3 as being instrumental in its ability to detect DNA [7]. In contrast, the 

TEA cations from TEABF4 are water-soluble and can be expelled into the aqueous 

PBS buffer during the prolonged charging while the oxidizing potential is applied.  

 

Essentially, the hybridisation response depended on the dopant used in making the 

polymer. This was also observed in chemically-synthesised polypyrrole powders 

due to the microstructural properties of the polypyrrole network induced by the 

dopant during its synthesis which produced an electrostatic attraction between the 

positively-charged polypyrrole powder and the negatively-charged ODN [216].    
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DNA Sensing of 20-hour Stabilized PTAA/TBAClO4 Film in EIS Solution 
Containing the Fe(CN)6

3-/4- Redox Couple  
 

Supporting the idea that a hydrophobic electrolyte enhances DNA detection of 

PTAA film are the results using the hydrophobic TBAClO4 as the electrolyte to make 

PTAA film as shown in Figure 3.37. Like PTAA film made with TBA(CF3)2(SO2)2 and 

TEABF4, the phase angle of the film initially decreases then increases over time  

 

Figure 3.37. Phase angle plot of (A) PTAA film over about 20 hours followed by (B) 

attachment of 240 μM probe and hybridisation with 1.35 μM complementary target. 

EIS was done in PBS buffer at 0.8 V containing 0.1 M NaCl and the Fe(CN)6
3-/4-. 

Film was made in 3 mM TAA solution containing CH2Cl2 and 50 mM TBACl04.  

  

spreading upwards and towards higher frequencies consistent with an increased 

RCT and decreased capacitance and towards lower frequencies consistent with 

increased capacitance due to prolonged charging. The stabilized film (B) resembles 

two large overlapping phase angle peaks like the films made with TBA(CF3)2(SO2)2 

(Figure 3.32) and TEABF4 (Figure 3.35).   

 

1.35 μM complementary (com) target was applied to the stabilized film in Figure 

3.37 A as shown separately as Figure 3.37 B. Like Figure 3.32, the phase angle of 

the probe in Figure 3.37 B rose at high frequency although without a maximum 

peak.  The lack of a maximum phase angle peak for the probe curve (c) illustrates 

the problem of selecting a single frequency at which to calculate a hybridisation 

response. In Figure 3.32, a maximum phase angle peak for the probe curve (c) 
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provided a convenient frequency at which to calculate the hybridisation response. 

For sensors using a single frequency to calculate the hybridisation response, that 

frequency ideally is the frequency where the widest separation between probe and 

target consistently occurs.  But as seen in Figure 3.32 and Figure 3.37 B there is no 

consistent single frequency at which to measure hybridisation.  

 

The complex capacitance plot of the PTAA film for Figure 3.37 is shown in Figure 

3.38 (A) with the attached 240 μM probe and 1.35 μM complementary target. (B) 

shows a closeup about the origin. In Figure 3.38 A, the dramatic decrease in 

complex capacitance due to microstructural collapse and increased RCT is observed 

from (a)  

 

Figure 3.38. Complex capacitance plot of the PTAA film from Figure 3.37 A,B 

showing (A) the film over about 20 hours followed by attachment of 240 μM probe 

and 1.35 μM complementary target; (B) closeup about the origin. EIS was done in 

PBS buffer at 0.8 V containing 0.1 M NaCl and the Fe(CN)6
3-/4-. Film was made in 3 

mM TAA solution containing CH2Cl2 and 50 mM TBACl04.  

 

to (c). The closeup (B) follows the semi-circular arc collapse by tracing the 

shrinkage at 100 Hz. A slight creeping along the Zre axis of the resistive tail is 

observed after (e) (as indicated by the arrow along the real axis) that can be 

attributed to a slight capacitance increase due to prolonged charging at the constant 

potential applied during EIS.  

 

The phase angle rise at high frequencies due to the presence of the probe on PTAA 

film made with TBA(CF3)2(SO2)2 (Figure 3.32 B,D) and TBAClO4 (Figure 3.37 B) 
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compared to the lack of such rise on PTAA film made with TEABF4 (Figure 3.35 

B,D,F), suggests that DNA sensing is enhanced by using a large hydrophobic 

electrolyte to make the film rather than using a smaller hydrophilic electrolyte.  This 

conclusion is based on comparing these films under similar conditions – one of 

which was using the Fe(CN)6
3-/4- redox couple in the EIS solution. The discussion 

now investigates whether this rise is enhanced when this redox couple is absent in 

the EIS solution.  

 

DNA Sensing of 20-hour Stabilized PTAA/TBA(CF3)2(SO2)2 Film in EIS Solution 
Lacking the Fe(CN)6

3-/4- Redox Couple  
 

Figure 3.39 shows the phase angle of TBA(CF3)2(SO2)2-made PTAA film where no 

redox couple is present in the EIS solution. 49 μM complementary (com) or non-

complementary (non) target was applied to the film. A small phase angle rise of 6º 

and 5º for the probe (c) was observed only in Figure 3.39 C,D respectively. The lack 

of significant increase in the signal after probe attachment indicates that the phase 

angle of the film changes more upon probe grafting when Fe(CN)6
3-/4- is used in the 

EIS solution. A theory to support this is that the accumulated TBA cations 

underneath the film surface have a greater electrostatic interaction with anions in 

the PBS buffer solution when the Fe(CN)6
3-/4- anion is present there also. EIS 

therefore detects a greater electrostatic interaction (i.e. capacitance) and reports it 

as an increase in the phase angle. The scatter between 10-100 Hz in Figure 3.39 D 

originated with the EIS equipment (not the film).  

 

DNA Sensing of PTAA/TBAClO4 Film in EIS Solution Without the Fe(CN)6
3-/4- 

Redox Couple After 60-Hour Pre-treatment Soak 
 

Another condition used to compare Figure 3.32, 3.35 and 3.37 was the time the film 

was allowed to stabilize (about 20 hours) during which EIS was measured. The 

question of how long the film should be allowed to stabilize was investigated by a 

series of experiments. One allowed PTAA film (made with TBAClO4) to soak 

undisturbed in the EIS solution (PBS buffer) for 60 hours followed by EIS 

measurements for 9 hours 25 minutes and the subsequent attachment of probe and 

target ODN. The phase angle plot is shown in Figure 3.40 A and the complex 

capacitance plot is shown in Figure 3.40 B,C. The phase angle of the film over those 

9 hours 25 minutes progressed similarly to the phase angle of the identically-made 
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film in Figure 3.37 A that was not allowed to soak for 60 hours before EIS. Both 

films‟  phase angles initially decreased then increased spreading upwards and 

outwards.   

 

Figure 3.39. Phase angle plot of (A) PTAA film over about 20 hours followed by 
attachment of 490 μM probe and hybridisation with (B) 49 μM complementary (com) 
target. Four other films were identically made to which 490 μM probe was attached 
followed by hybridisation with (C,D) 49 μM complementary (com) target  or (E,F) 49 
μM non-complementary (non) target. EIS was done in PBS buffer at 0.8 V without a 
redox couple. Films were made in 3 mM TAA solution containing CH2Cl2 and 50 mM 
TBA(CF3)2(SO2)2.  
 



Chapter 3 

 

120 

 

 

Figure 3.40. (A) Phase angle plot of PTAA film over 9 hours 25 min (a-f) followed by 
(g) attachment of 490 μM probe and (h) hybridisation with 1.35 μM complementary 
(com) target; (B) its complex capacitance plot; (C) Closeup about the origin. EIS 
was done in PBS buffer at 0.9 V without a redox couple. After making the film in 3 
mM TAA solution containing CH2Cl2 and 50 mM TBACl04, a constant potential of 0.9 
V was applied to the film for 60 s in monomer-free CH2Cl2 containing and 50 mM 
TBACl04 and then it was soaked in PBS buffer undisturbed for 60 hours 45 minutes.  

 

Their complex capacitance plots also similarly progressed over time in that an initial 

semi-circular arc collapse was followed by a gradual increasing creeping 

capacitance along the real axis. These results demonstrate that (a) the changes 

happening to the film depend on the oxidizing potential applied during EIS 

measurements, (b) a stabilized film cannot be obtained simply by pre-treating a film 

by soaking it undisturbed prior to EIS and (c) an absolute stabilized film may not be 

possible –changes in its microstructure continue to occur for as long as the oxidizing 

potential is applied. (c) is characterized by a slightly increasing capacitance 

consistent with prolonged charging.  Before this understanding was arrived at, it was 

hypothesized that if the microstructure was simply collapsing in aqueous solution 
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then with enough time it would stop collapsing. But the phase angle and complex 

capacitance plots in Figure 3.40 indicate that after this dramatic collapse from (a) 0 

min to (c) 2 hours 45 minutes, gradual microstructural changes still occur as a result 

of prolonged charging.  

 

Control EIS experiment of Unstabilized PTAA/TBAClO4 Film in EIS Solution 
without ODN and Lacking the Fe(CN)6

3-/4- Redox Couple   
 

On the other extreme, without allowing any time for PTAA film to stabilize prior to 

probe attachment can lead to a premature assessment of hybridisation as illustrated 

by Figure 3.41. For it, a PTAA film was made with TBAClO4 and its EIS was 

measured immediately afterwards (a) followed by the (b) incubation in PBS without 

probe and (c) incubation in PBS without complementary (com) target.  

 

 

Figure 3.41. Phase angle plot of (a) PTAA film followed by (b) incubation in PBS 
without probe and (c) incubation in PBS without complementary (com) target. EIS 
was done in PBS buffer at 0.9 V without the redox couple. The film was not 
stabilized in the PBS prior to EIS. Film was made in 3 mM TAA solution containing 
CH2Cl2 and 50 mM TBACl04. Before EIS, a constant potential of 0.9 V was applied 
to the film for 60 s in monomer-free CH2Cl2 containing 50 mM TBACl04 

 

This procedure served as a control experiment. The phase angle (A) and complex 

capacitance (B) change upon “hybridisation” is due entirely to film instability. This 

situation can arise in the literature where the CP film is assumed stable prior to DNA 

attachment detection [1-7].  
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DNA Sensing of 1-hour Stabilized PTAA/TBAClO4 Film in EIS Solution 
Containing the Fe(CN)6

3-/4- Redox Couple  
 

An alternative to waiting 20 hours for a PTAA film to approach pseudo-stability or 

not waiting any time, is the option of waiting for a time after most change happens 

(due to microstructure collapse) such as one hour. This idea was tested using PTAA 

film made with TBA(CF3)2(SO2)2 as shown Figure 3.42 where EIS was measured  in 

PBS buffer containing the Fe(CN)6
3-/4- redox couple. 49 μM complementary (com) 

target was applied to films (A,B) whereas 49 μM non-complementary (non) target 

was applied to films (C,D).  

 

The hypothesis tested was that even though the film had not reached pseudo-

stability (20 hours), the hybridisation response can be used relative to amount of 

time the film was allowed to stabilize.  Although the films were made identically, their 

instability resulted in phase angle variability at (a) 0 min, (b) 1 hour measurements 

of the film and measurements of the (c) 490 μM probe and (d) target (Figure 3.42). 

This variability is alternatively seen in Figure 3.43 where these curves (a-d) are 

overlayed. Figure 3.43 C clearly illustrates the great phase angle variability of the 

probe for each film thus rendering a consistent hybridisation response difficult 

because the films have not stabilized. The phase angle changes observed likely 

arise from the films whose microstructure is changing. This gives the erroneous 

appearance of a hybridisation response but actually originates with film instability.  
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Figure 3.42. Phase angle plot of PTAA films in PBS buffer containing the Fe(CN)6
3-

/4-  redox couple after (a) 0 min, (b) 1 hr, (c) attachment of 490 μM probe and (A,B) 
hybridisation with 49 μM complementary (com) or (C,D) 49 μM non-complementary 
(non) target. EIS was performed at 0.8 V.  PTAA films were made in 3 mM TAA 
solution containing CH2Cl2 and 50 mM TBA(CF3)2(SO2)2.  
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Figure 3.43. Phase angle plot of PTAA films from Figure 3.42 arranged showing all 
their (A) 0 min film; (B) 1 hour films; (C) 490 μM probes and (D) (a,b) 49 μM com or 
(c,d) 49 μM non-complementary target curves.   
 

DNA Sensing of Unstabilized PTAA/TBACF3SO3 Film in EIS Solution With and 
Without the Fe(CN)6

3-/4- Redox Couple 
 

Figures 3.41, 3.42 and 3.43 demonstrate the reason for the poor reproducibility of 

hybridisation experiments performed prior to understanding the necessity of allowing 

the film to stabilize before attaching the probe. The poor reproducibility was wrongly 

assumed to arise from many possible other variables (especially the 

electropolymerisation parameters). For example, one series of experiments 

explored making PTAA films with a constant current reasoning that the expected 

improved film homogeneity seen elsewhere for constant current-created film [55] 

may improve the reproducibility. Three films were made with TBACF3SO3 in AN and 

their chronopotentiograms are shown in Figure 3.44 A.  
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Figure 3.44. (A) Chronopotentiograms of three PTAA films (a,b,c)  

electropolymerized in a monomer solution containing 3 mM TAA and 50 mM 

TBACF3SO3 in AN using a constant current of 0.1 mA for 7 s (delivering a 0.7 mC 

charge); (B) their phase angle plots are showing after (a) 434 μM probe attachment 

and (b) hybridisation with 1.35 μM complementary (com) target in tris buffer 

containing the Fe(CN)6
3-/4-; (C) Another three films (a,b,c) were likewise prepared 

and their response to complementary target were assessed in tris buffer lacking the 

Fe(CN)6
3-/4-. EIS was performed at 0.9 V.  After the films were made, 0.9 V was 

applied in 10 mM tris buffer for 60 s before EIS to ensure the films were in the 

oxidized state.  

 

434 μM probe was attached to each film followed by hybridisation with 1.35 μM 

complementary (com) target. No time was allowed for the films to stabilize prior to 

attaching the probe. EIS was measured in tris buffer containing the Fe(CN)6
3-/4- 

redox couple.  The phase angle of the films with attached probe (a,c,e) and 

hybridised complementary target (b,d,f) curves are shown overlayed in Figure 3.44 

B. Another three films were identically prepared and EIS was measured in tris buffer 

lacking the redox couple. The phase angle of their films with attached probe (a,c,e) 
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and hybridised complementary target (b,d,f) curves are shown overlayed in Figure 

3.44 C.  

The poor reproducibility of the probe and target curves between identically-made 

films in each case (B or C) can thus be attributed to film electrochemical instability.  

Understanding that the film needed to be stabilized prior to attaching probe ODN 

was thus a major discovery explaining the reason for the poor reproducibility of 

PTAA film.  

 

3.8 UV-Vis Characterization of PTAA Film  

 

The ability of a conducting polymer to interact with light is of interest in various 

applications such as DNA sensors [11] and light-emitting diodes [217]. 

Spectroelectrochemistry of a conducting polymer is a powerful tool used to 

determine the nature of the charge states as well as to monitor the kinetics of the 

redox reaction [69, 75, 218-220]. For polythiophenes, this technique usually reveals 

a decreasing π – π* transition and the formation of polarons and bipolarons as the 

film transits from the reduced to oxidized state [69, 75, 218-220]. 

This technique was therefore applied to PTAA film made with TEABF4 in CH2Cl2. 

Figure 3.45 shows its in-situ UV-Vis spectrum of the film on ITO in CH2Cl2 at various 

applied potentials.   

A peak at 421 nm decreased and a new broad absorption peak appeared at 595 nm 

as the potential increased. The peak maxima at 421 nm can be assigned to the π – 

π* transition in the terthiophene moiety [69, 75, 115, 218]. A decrease in that 

transition in the 300-500 nm region is usually observed for polythiophenes in 

response to an increasing oxidizing potential as a result of structural changes that 

occur as the polymer changes from the reduced to oxidized state [69, 75, 115, 218]. 

Simultaneously, the appearance of new very broad peaks in the region 600-1500 

nm has been attributed to the formation of polarons and bipolarons  and -dimers 

[69] and indicate a CP‟s conductivity. The peak maxima at 595 nm and the long 

broad tails above 600 nm can therefore be assigned to polaron and bipolaron 

formation [69, 75, 115, 218].    
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Figure 3.45. In-situ UV-Vis spectrum of PTAA film on ITO in CH2Cl2 containing 50 

mM TEABF4 while a constant potential of (a) 0.400 V, (b) 0.600 V, (c) 0.800 V, (d) 

1.000 V and (e) 1.200 V was applied. The film was made on ITO with 50 mM 

TEABF4 in CH2Cl2 (12 CV cycles, 100 mV s-1, from 0 to 1.3 V).  

 

Changing the electrolyte that PTAA film was made with to TBACF3SO3 changed 

these features little as illustrated by Figure 3.46 A. The electroactivity of the film is 

reduced when immersed in aqueous tris buffer as indicated by a reduced decrease 

of the π – π* transition peak and by a reduced increase of the tails as the film is 

oxidized (Figure 3.46 B).  

 
The effect of reducing the conductivity of PTAA film (made from made TEABF4 in 

CH2Cl2) in aqueous solution is further illustrated by Figure 3.47. A PTAA film was 

immersed in the solvent mixture of AN and water of various proportions containing 

50 mM TEABF4 while a constant potential of 1.0 V was applied. The π – π* 

transition peak at 408 nm and the tail above 600 nm decreased as the percentage 

of water increased. This confirmed the reduced conductivity in aqueous solution 

likely arising from conformational changes of the polymer chains which inhibited the 

charge carriers (polaron and bipolaron) in the polymer.  
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Figure 3.46. In-situ UV-Vis spectrum of PTAA films on ITO in (A) CH2Cl2 containing 
50 mM TBACF3SO3 and (B) tris buffer containing 0.1 M NaCl while a constant 
potential of (a) 0.400 V, (b) 0.600 V, (c) 0.800 V and (d) 1.000 V was applied.  After 
making the films on ITO (with 50 mM TBACF3SO3 in CH2Cl2 using 15 CV cycles at 
100 mV/s from 0 to 1.3V), they were cycled (1 cycle, 100 mV s-1) in monomer-free 
CH2Cl2 containing 50 mM TBACF3SO3.  
 
 

 

 

 

 

 

 

 

 

 

 

Figure 3.47. In-situ UV-Vis spectrum of PTAA film on ITO in (a) 100% AN, (b) 80 % 

AN, (c) 60 % AN, (d) 0% AN and water containing 50 mM TEABF4 while a constant 

potential of 1.0 V was applied. After the film was made on ITO with 50 mM TEABF4 

in CH2Cl2 (12 CV cycles at 100 mV s-1 from 0 to 1.3V), it was cycled 5 times in AN 

containing 50 mM TEABF4. 
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3.9 Fluorescent Characterization of PTAA Film  

 

The hybridisation results in earlier sections used the changes in phase angle and 

capacitance induced in the film as a result of probe attachment and target 

hybridisation. An alternative scheme to detect hybridisation uses the changes in 

fluorescence emitted by the polymer film where the fluorescence depends upon  the 

film‟s conformation in aqueous solution [211]. In polymers lacking sufficient 

fluorescence, a fluorophore can be attached (i.e. labelled) to the film and used in the 

hybridisation detection [221, 222]. In polymers that are sufficiently fluorescent, no 

labelling is required [211]. It was therefore interesting to investigate whether PTAA 

film was sufficiently fluorescent to be used to detect hybridisation.  Figure 3.48 

shows the excitation spectrum of a PTAA film (a) and its fluorescent emission 

spectrum (b).  

 

 

 

 

 

 

 

 

 

 

Figure 3.48. Excitation (a) and emission spectrum (b) of dry PTAA film. The film was 
made in a monomer solution containing 3 mM TAA, 50 mM TBACF3SO3 in CH2Cl2 
(6 cycles, 100 mV s-1).  
 

The separation of the excitation and emission peaks is a key property of fluorescent 

materials called the Stokes‟ shift. A large Stokes shift is desired to reduce the 

amount of self-quenching [223, 224].  For the PTAA film in Figure 3.48, a moderate 
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Stokes shift of 57 nm is observed. Small Stokes are characterized by greatly 

overlapping excitation and emission spectra  [225]. Experiments were performed 

with PTAA film attempting to observe changes in fluorescence upon hybridisation 

but were not successful (not shown) in part because PTAA film is water insoluble 

unlike other water-soluble polymers whose ability to detect hybridisation depended 

on the conformational changes in aqueous solution [211].  Fluorescent probes and 

target ODN were also used but their fluorescence was obscured by the fluorescence 

of the PTAA film.   

 

3.10   Conclusions  

 

PTAA films were made using TBA(CF3)2(SO2)2, TBACF3SO3, TBAClO4 and  

TEABF4 as electrolytes in CH2Cl2. These films display reversible redox activity in 

monomer-free organic solvents containing these electrolytes. However, in aqueous 

solutions the same films display poor redox activity because the polymer 

microstructure has compacted -as determined by cyclic voltammetry. Consequently, 

PTAA films made with TEABF4 and TBACF3SO3 in CH2Cl2 display reduced 

conductivity in aqueous solution which detrimentally affects PTAA film‟s DNA-

sensing ability.  

The microstructure collapse can also be determined by EIS. When the polymer film 

is made from the solution of  TBA(CF3)2(SO2)2, TBACF3SO3, TBAClO4 and TEABF4 

electrolytes in CH2Cl2 and subsequently immersed in aqueous solution over 20 

hours, the microstructure of PTAA film collapses to a denser state where the redox 

activity is inhibited. The initial dramatic microstructure collapse (over about 3 hours) 

is accompanied by a dramatic film capacitance decrease. Subsequently, the film 

capacitance and charge transfer resistance (RCT) gradually slightly increases as a 

result of the oxidizing potential applied during EIS. These results complicate using 

PTAA as a DNA sensor and indicate that the film should be allowed to stabilize 

before ODN is grafted to the film surface.   

Stabilization of the films for about 20 hours provided better DNA sensing when the 

film was made with the large hydrophobic TBA(CF3)2(SO2)2 electrolyte salt 

compared to the smaller hydrophilic TEABF4 when the Fe(CN)6
3-/4- redox couple 



Chapter 3 

 

131 

 

was present in the EIS solution. Allowing insufficient time for stabilization yields 

poorly reproducible hybridisation assessments. Attempts to prevent the 

microstructure collapse by making PTAA film with large bulky electrolytes were 

unsuccessful.  

PTAA film is a hydrophobic conducting polymer whose microstructure collapses 

when immersed in aqueous solution resulting in reduced conductivity and 

unselective DNA sensing. No way was found to prevent or improve this. 
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Synthesis, Characterization and DNA-Sensing Properties 
of Poly(5-(2’:2’’, 5’’:2’’’-terthiophene)-3’’ –yl)] (2E,4E)penta-

2,4-dienoic acid) (PTPDA) Thin Films 
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4 Synthesis, Characterization and DNA-Sensing Properties of 
Poly(5-(2’:2’’, 5’’:2’’’-terthiophene)-3’’ –yl)] (2E,4E)penta-2,4-dienoic 

acid) (PTPDA) Thin Films 

 

The 5-(2‟:2‟‟, 5‟‟:2‟‟‟-terthiophene)-3‟‟ –yl)] (2E,4E)penta-2,4-dienoic acid (TPDA) 

(Figure 4.1) monomer was synthesised and the corresponding polymer film, poly 

(TPDA) (PTPDA), was made and characterized by CV, EIS and UV-Vis with the aim 

of evaluating DNA sensing properties of these films. This involved (a) preparing the 

film from electrolyte solutions of various solvents and electrolytes, (b) assessing the 

film electroactivity and stability in monomer-free electrolyte solutions including 

aqueous solution, (c) evaluating whether DNA sensing was affected when a film 

was made with a (i) water-soluble electrolyte salt (TEABF4) or (ii) water-insoluble 

electrolyte salt (TBA(CF3)2(SO2)2. Using these electrolytes under the same 

conditions as PTAA film (Chapter 3) allowed an assessment of the effect of 

additional conjugation and longer side chain length in TPDA compared to TAA on 

PTPDA‟s electrochemical and DNA-sensing properties.  

   

 

 

 

 

 

Figure 4.1. Structure of TPDA. 

 

 

4.1 Synthesis of TPDA 

 

The synthesis of the TPDA monomer was described in chapter 2.  It was 

subsequently made into the polymer film poly (TPDA) (PTPDA) by cyclic 

voltammetry using the polymerisation conditions discussed below.  
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4.2 Effect of Polymerisation Conditions on PHTAA film Properties 

 

The solvent and electrolyte used during electropolymerisation of conducting 

polymers largely determine their morphology and electrochemical and other 

properties [39, 55, 153]. The electropolymerisation CVs of PTPDA made from a 

solution containing 3 mM TPDA, CH2Cl2 and either TBA(CF3)2(SO2)2, TBACF3SO3, 

or TEABF4 as electrolytes are presented in Figure 4.2.  

 

 

Figure 4.2. Electropolymerisation cyclic voltammogram of PTPDA in a monomer 
solution containing 3 mM TPDA in CH2Cl2 and (A) TBA(CF3)2(SO2)2, (B) 
TBACF3SO3, (C) TEABF4; or containing (D) AN and TBACF3SO3.   
 

All four films show the characteristic film growth feature where the current values 

increases in amplitude upon successive cycling [69, 75, 183]. A broad polymer 

oxidation curve is seen from 600-1400 mV with a maximum peak at about 1000 mV. 

A broad polymer reduction curve is seen from 1200-400 mV with a maximum 

reduction peak varying depending upon the electrolyte used. The broadness can 

indicate a wide distribution of various lengths of conjugated segments of polymer 
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chains of differing lengths with their slightly differing oxidation or reduction potential 

[107, 143] and/or a rough surface morphology [108].  

 

The first electropolymerisation cycles in Figure 4.2 are shown in Figure 4.3. The 

figure reveals that a potential of about 1.024 V must be applied in the anodic 

direction for the oxidation of the TPDA monomer. This is lower than the 1.1 V 

required to oxidize the TAA monomer which suggests the greater conjugation and 

lower bandgap of TPDA compared to TAA [55]. As expected, a higher potential 

(1.024 V) is required to oxidize TPDA monomer compared to the potential  required 

to oxidize the resulting PTPDA polymer (about 0.6 V, Figure 4.2) [147]. In the 

cathodic direction, a potential of at least 500 mV must be applied for the reduction of 

the monomer.  The maximum reduction peak depends on the electrolyte used.  

More specifically, it depends on the anion component of the electrolyte since all 

electrolytes investigated have the same TBA cation.  

 

 

 

 

 

 

 

 

 

 

 
Figure 4.3. The first cycle from the PTPDA films in Figure 4.2 made in a monomer 
solution in CH2Cl2 containing 3 mM TPDA and (a) TBA(CF3)2(SO2)2, (b) 
TBACF3SO3, (c) TEABF4; or containing (d) AN and TBACF3SO3.   
 

The lowest maximum reduction peak potential occurred when the large bulky 

TBA(CF3)2(SO2)2 was used (0.601 V, a) (Figure 4.3). This is a smaller reduction 

potential compared to 0.620 V (b) for TBACF3SO3 illustrating the increased difficulty 

of removing the latter anion compared to the former (Figure 4.3.)  
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To evaluate how many times a particular TPDA monomer solution could be used, 

PTPDA film was repeatedly made from a solution containing 3 mM TPDA monomer 

and 50 mM TEABF4 in CH2Cl2. Figure 4.4 shows (A) the first 0-6 cycles and (B) 19-

24 cycles. Like TAA monomer solution, a gradual increase in the reduction peak 

with increased usage of TPDA monomer solution is observed (-0.0537 mA in A 

compared to -0.0575 mA in B) (Figure 4.4) indicative of slightly thicker films of 

somewhat different morphology [186, 187] perhaps as a result of increased 

branching along the polymer backbone. For the subsequent work, an arbitrary limit 

of 24 cycles was chosen as the maximum number of cycles a monomer solution 

could be used to ensure that the PTAA films were similar. 

 

Figure 4.4. Electropolymerisation cyclic voltammograms of PTPDA film made in a 3 

mM TPDA monomer solution containing 50 mM TEABF4 in CH2Cl2 that has had (A) 

0 cycles; (B) 18 cycles previously used.   

 

The redox electroactivity of PTPDA film from Figure 4.2 A-C is best seen in 

monomer-free solutions as shown in Figure 4.5, where the polymer film was cycled 

in CH2Cl2 containing 50 mM (A) TBA(CF3)2(SO2)2, (B) TBACF3SO3 and (C) TEABF4.  

A single broad oxidation peak is observed starting about 0.6 V (and ending at the 

upper potential 1.2 V) and a single broad reduction peak is observed from 1.2 to 

about 0.470 V for the film made with TBA(CF3)2(SO2)2 (Figure 4.5. A) or to about 

0.340 V when made with TBACF3SO3 or TEABF4 (Figure 4.5 B and C). The 

reduction peak for TBA(CF3)2(SO2)2- and TBACF3SO3-made film is shaper than that 

for TEABF4-made film. The oxidation peak for TBA(CF3)2(SO2)2-made film is sharper 

than TBACF3SO3- and TEABF4-made films.  These result suggest a narrower range 
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of various lengths of conjugated segments in PTPDA/ TBA(CF3)2(SO2)2 than 

PTPDA/TBACF3SO3 or PTPDA/TEABF4 film [107, 143]. 

 

 

Figure 4.5.  Cyclic voltammograms of the PTPDA films from Figure 4.2 A-C in 
monomer-free solution containing CH2Cl2 and 50 mM (A) TBA(CF3)2(SO2)2, (B) 
TBACF3SO3, and (C) TEABF4.  
 

The PTPDA film in Figure 4.5 became reduced at lower potentials than their PTAA 

analogues (Figure 3.8) as illustrated by the lower reduction peaks of PTPDA film: 

(A) 0.530 V, (B) 0.436 V and (C) 0.607-0.602 V compared to their PTAA analogues: 

(A) 0.714, (B) 0.786, (D) 0.674-0.670 V for film made with TBA(CF3)2(SO2)2, 

TBACF3SO3 and TEABF4 respectively. The shape of the cyclic voltammograms of 

PTPDA films made with TBACF3SO3 (B) and TEABF4 (C) (Figure 4.5) are similar to 

their PTAA analogues (Figure 3.8 B,D) but PTPDA film made with TBA(CF3)2(SO2)2 

(Figure 4.5 A) has a sharper oxidation and reduction peaks unlike its PTAA 

analogue (Figure 3.8 A) suggesting a more homogenous polymer matrix with a 

narrower range of polymer chains in PTPDA film [107, 143].  
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Like their PTAA analogues in monomer-free electrolyte solution, the CVs of PTPDA 

film in monomer-free solution display a first-cycle effect in that the most change 

occurs after the first cycle and approached a steady-state by the 6th cycle (Figure 

4.5). The slight increase in the area within the CV upon cycling observed in Figure 

4.5 corresponds to a slight increase in the charge stored by the additional electrolyte 

embedded during successive cycling [48, 55, 56, 147].   

 

Like their PTAA analogues, a large first-cycle current decrease is observed when 

cycling PTPDA film in aqueous PBS or tris buffer as shown in Figure 4.6 for PTPDA 

film made with TBA(CF3)2(SO2)2 (A) and TBACF3SO3 (B,C) due to the expulsion of 

ions and solvent which leads to a compact polymer conformation where the doping 

process is hindered [63, 147, 148, 188]. This manifests as a flattened CV. Like 

PTAA film, PTPDA film collapse in aqueous solution cannot be prevented by using 

increased ionic strength in the aqueous solution as attempted by cycling of PTPDA 

film in tris buffer containing additional 0.1 M NaCl as a supporting electrolyte (Figure 

4.6 C). This supports the idea that the collapse is due partly to the ejection of 

solvent molecules which supported the polymer microstructure [63, 147, 148, 188]. 
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Figure 4.6. Cyclic voltammograms of PTPDA film cycled in (A) PBS buffer; (B) tris 
buffer; (C) tris buffer containing 0.1 M NaCl supporting electrolyte. Films were made 
from a monomer solution containing 3 mM TPDA and 50 mM (A) TBA(CF3)2(SO2)2 
or (B,C) TBACF3SO3. Films (A,B) were made in CH2Cl2 whereas film (C) was made 
in AN. 
 

4.3 Effect of Oxidation State on PTPDA Film Electrochemical 
Stability 

EIS experiments were done to investigate in more detail the microstructure collapse 

of PTPDA film in aqueous solution. Two stability experiments were performed 

similar to those previously discussed for PTAA film (Figure 3.31) whereby PTPDA 

film was subjected to a repetition of oxidation or reduction potentials in PBS buffer 

and the EIS drift evaluated for the film. The results are presented as Figure 4.7 for 

PTPDA film made with 50 mM (A) TEABF4 or (B) TBA(CF3)2(SO3)2 in CH2Cl2. The 

small phase angle change between repetitive measurements at 0.200 V seen for 

PTAA film (Figure 3.31) was also observed for PTPDA film (Figure 4.7) for films 

made with both electrolytes. Likewise, the larger phase angle change between 

repetitive measurements at 0.900 V was seen for PTPDA film (Figure 4.7), similar to 
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PTAA film (Figure 3.31) perhaps arising from the greater charging occurring by 

applying an oxidizing potential [48, 55, 56]. 

 

 
Figure 4.7.  Phase angle plot of a PTPDA films in PBS buffer without a redox couple 

and any additional supporting electrolyte where the potential bias was varied in the 

following order: 1-3: 0.200 V, 4-6: 0.900 V, 7-9: 0.200 V and 10-12: 0.900 V. The 

films were made with 50 mM (A) TEABF4 or (B) TBA(CF3)2(SO3)2 in CH2Cl2 (6 CV 

cycles at 100 mV s-1).   

 

4.4 Evaluation of DNA Sensing Using Stabilized PTPDA Film 

 

Time-based EIS experiments were performed on oxidized PTPDA films with ODN 

probe covalently grafted to determine the extent of microstructure collapse of the 

polymer when ODN is present and the effect of such collapse on the film‟s DNA-

sensing ability.  PTPDA film was therefore made with TBA(CF3)2(SO2)2 or TEABF4 

(representing the two extremes of a large and hydrophobic or a small and 

hydrophilic electrolyte salt respectively) and the EIS experiments were performed 

under the same conditions used for PTAA film (Chapter 3) using 5 mM Fe(CN)6
3-/4- 

in the EIS solution and applying the bias potential of 0.8 V.  20 hours was allowed 

for the films to stabilize in the EIS solution prior to the EIS measurements and 

covalent grafting of the ODN probe. 
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DNA Sensing of PTPDA/TBA(CF3)2(SO2)2 Film in EIS Solution Containing the 

Fe(CN)6
3-/4- Redox Couple 

 

Figure 4.8 shows (A) the phase angle plot of a PTPDA film made with 50 mM 

TBA(CF3)2(SO2)2 immersed in PBS over about 20 hours followed by (B) attachment 

of 490 μM probe and hybridisation with 49 μM of complementary (com) target. 

Another film was identically prepared (C) to which 49 μM non-complementary (non) 

target was applied (D).  The PTPDA films in A and C are shown separately from the 

attached ODN in B and D to clearly illustrate the phase angle changes arising from 

the film in A and C or arising after attachment of probe and target (B, D).  

 

Figure 4.8. Phase angle plot of (A) PTPDA film over about 20 hours followed by (B) 

attachment of 490 μM probe and hybridisation with 49 μM complementary (com) 

target. Another film was identically prepared and measured (C and D). EIS was 

done in PBS buffer at bias of 0.8 V with the Fe(CN)6
3-/4-. Films were made in a 

monomer solution containing 3 mM TPDA and 50 mM TBA(CF3)2(SO2)2 in CH2Cl2.  
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Like PTAA film similarly made, the phase angle of PTPDA film initially decreased for 

3 hours while shifting to higher frequencies then increased over about 17 hours 

spreading outwards indicating an initial microstructure collapse (and decreased 

capacitance and RCT) followed by prolonged film charging (and gradual capacitance 

and RCT increase) (Figure 3.20). For the PTPDA film in A, the maximum phase 

angle value at (a) 0.50 Hz at 0 min shifted to (h) 0.79 Hz after 20 hours 40 minutes. 

Similarly, the maximum phase angle of the film in C shifted from (a) 0.63 Hz at 0 min 

to (h) 3.16 Hz after 20 hours 40 minutes (Figure 4.8).  

Like PTAA film, the phase angle plot of PTPDA film after 20 hours resembled two 

broad overlapping peaks indicative of two polymer layers each modelled by a 

parallel capacitor and resistor (Figure 3.28 A). But the initial peak of PTPDA film in 

Figure 4.8 at 0 min also resembled two broad overlapping peaks (in contrast to 

PTAA which resembled only one peak) indicating a more orderly polymer matrix in 

PTPDA film than PTAA film at 0 min. Like PTAA film, the phase angle changes of 

these PTPDA films indicate a huge transformation occurred. 

Like PTAA film similarly made, the phase angle of the PTPDA film with ODN probe 

peaked at high frequencies which can be used to measure the hybridisation 

response. For the PTPDA film in D the maximum phase angle for the probe peaked 

at 12,589 Hz although that frequency is not the maximum for B –which was 3980 

Hz. This inconsistency illustrates the difficulty in selecting a single frequency at 

which to measure the hybridisation response. Nevertheless, a hybridisation 

response, measured as a change in the value of the phase angle at a chosen peak 

value, at 12,589 Hz can be measured for complementary target (B) and non-

complementary target (D) as 14º and 17º respectively. Like PTAA film similarly 

made as measured in PBS with the Fe(CN)6
3-/4- redox couple (Figure 3.32), PTPDA 

film thus is unselective towards complementary target and cannot distinguish it from 

non-complementary target. As with PTAA film, this poor selectivity can arise from 

non-specific electrostatic attraction between the positively-charged space charge 

within the PTPDA film to negatively-charged ODN region [19, 25, 204] or between 

the non-specific interactions from electrostatic attraction, Van der Waals forces, π-

stacking and charge transfer between the film and the ODN [205, 206, 208] or 

between the specific hydrogen-bonding between the π cloud of the thiophene ring 

and N-H groups on the nucleic bases on the DNA [205, 206, 208] or from the 



Chapter 4 

 

143 

 

collapsed state of the polymer which renders it unable to sufficiently change its 

conformation upon the polymer exposure to the ODN [86].  The insulating, non-

conductive nature of PTPDA film in aqueous solution where its microstructure has 

collapsed, its conformation affected, and charge carriers cannot freely travel along 

the π-bonded “highway” very likely affects its ability to distinguish between 

complementary and non-complementary target [56].  

 

However these results clearly show the phase angle of the film changed upon either 

the probe or target exposure particularly at high frequencies.  That the response at 

high frequencies truly originate from the film interactions with ODN and not with film 

instability is indicated by the film stability experiments prior to probe attachment.  

For both films (Figure 4.8 A, C) at high frequencies, the phase angle of the film 

changed little between 8 hours (f) and 20 hours 40 minutes (h). This is in contrast to 

the significant phase angle change of the film at low frequencies during this time – 

even at longer stabilisation times, e.g. 19 hours 35 minutes (g) and 20 hours 40 

minutes (h). The phase angle change at low frequencies in Figure 4.8 B, D between 

the probe (c) and target (d) thus likely originates with film instability rather than with 

interactions with ODN. This film instability at low frequencies was also seen in 

similarly-made PTAA film (Figure 3.32 A, C) and is consistent with low frequencies 

being used to represent the capacitance of polymer films [106, 122, 124, 132] and 

further supports the hypothesis that high frequencies best characterize hybridisation 

likely because that is where the space charge effect between the polymer film and 

ODN manifests itself the most [19, 25, 204].  

 

The complex capacitance of the PTPDA film from Figure 4.8 A is shown as Figure 

4.9 A with a closeup about the origin in Fig. 4.9. B. Its complex capacitance after 

attachment of 490 μM probe and hybridisation with 49 μM complementary target is 

shown as Figure 4.9 C with a closeup about the origin shown in D. The complex 

capacitance plots are useful for demonstrating the overall decreased capacitance of 

the film and increased RCT as a shrinkage of the semi-circular arc as a result of 

microstructure collapse in the aqueous buffer. This collapse is traced at 0.1 Hz for 

(A) and at 15.85 Hz for (C). Moreover, the slight capacitance increase as a result of 

prolonged charging with at 0.8 V can be seen as a creeping of real capacitance 

values along the Capre axis after 5 hours 35 minutes (Figure 4.9 B, e). But as the 



Chapter 4 

 

144 

 

closeup about the origin of the PTPDA film with DNA shows (Figure 4.9 D) the 

complex capacitance it is not useful for displaying the capacitive changes at high 

frequencies due to film‟s interaction with ODNs. The phase angle plot thus serves 

as the best way to display the hybridisation response as well as the film stability. 

 

Figure 4.9. Complex capacitance plot of (A) the PTPDA film from Figure 4.7 A 
showing the film over about 20 hours; (B) closeup about the origin; (C) after 490 μM 
probe and 49 μM complementary (com) target; (D) closeup about the origin; EIS 
was done in PBS buffer at 0.8 V with the Fe(CN)6

3-/4-. Film was made in 3 mM TAA 
solution containing CH2Cl2 and 50 mM TBA(CF3)2(SO2)2.    
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DNA Sensing of PTPDA/TEABF4 Film in EIS Solution Containing the Fe(CN)6
3-

/4- Redox Couple  

 

PTPDA film made with TBA(CF3)2(SO2)2 can be compared to PTPDA film made with 

TEABF4 under the same conditions (that is a 20 hour stabilization time, 490 μM 

probe and 49 μM target in PBS solution containing the Fe(CN)6
3-/4- redox couple).  

 

Like PTPDA film made with TBA(CF3)2(SO2)2, the phase angle values of PTPDA 

film made with TEABF4 shown in Figure 4.10 A initially decreased for the first three 

hours (indicative of decreased RCT) and towards higher frequencies (indicative of 

decreased capacitance) as a result of microstructural collapse. The phase angle 

subsequently increased spreading upwards (indicative of increased RCT) while also 

spreading towards lower frequencies indicative of a capacitance increase as a result 

of prolonged charging at a constant bias potential (Figure 3.20). The maximum 

phase angle peak value of 0.50 Hz at 0 min (Figure 4.10 A, a) shifted to 1.25 Hz 

after 20 hours 35 minutes (h).  

 

Figure 4.10. Phase angle plot of (A) PTPDA film over about 20 hours followed by 
attachment of (B) 490 μM probe and hybridisation with 49 μM complementary (com) 
target. EIS was done in PBS buffer at 0.8 V with the Fe(CN)6

3-/4- redox couple.  The 
film was made in 3 mM TPDA solution containing CH2Cl2 and 50 mM TEABF4.    

 

These features can also been seen in the corresponding complex capacitance plot 

for the film (Figure 4.11 A,B) where the semicircular arc collapses dramatically from 

0 min (a) to 7 hours 30 minutes (f) representing an increased RCT and decreased 
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capacitance as a result of microstructural collapse. The slight capacitance increase 

as a result of prolonged charging at a constant bias potential is seen as a creeping 

real capacitance values along the Capre axis after 7 hours 30 min (f) as indicated by 

the arrow along the real axis (Figure 4.11 B).  

 

49 μM complementary target was applied to the film whose phase angle plot is 

shown in Figure 4.10 B. Like PTAA film made with TEABF4 (Figure 3.35), the 

PTPDA film in Figure 4.10 B is insensitive to the probe and target at all frequencies. 

This is seen in the complex capacitance plot shown in Figure 4.11 C,D. These 

results corroborate the conclusion reached with PTAA film that TEABF4 yields 

inferior films for DNA sensing compared to TBA(CF3)2(SO2)2-made films.   

 

Figure 4.11. Complex capacitance plot of the PTPDA film from Figure 4.10 showing 
(A) the film over about 20 hours; (B) closeup about the origin; (C) after attachment 
of 490 μM probe and hybridisation with 49 μM complementary (com) target; (D) 
closeup about the origin. EIS was done in PBS buffer at 0.8 V with the Fe(CN)6

3-/4- 

redox couple. Film was made in 3 mM TAA solution containing CH2Cl2 and 50 mM 
TEABF4.   
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DNA Sensing of PTPDA/TBACF3SO3 Film in EIS Solution Without the Fe(CN)6
3-

/4- Redox Couple 

 

Several experiments with unstabilized PTPDA film were performed prior to realizing 

the necessity of allowing time for film stabilization. Like PTAA, their usefulness 

amounts to an illustration that unstabilized films yield poorly reproducible 

hybridisation responses. One such experiment is shown in Figure 4.12 for two 

PTPDA films identically made with and 50 mM TBACF3SO3 in CH2Cl2. The films‟ 

EIS spectra were not even recorded assuming that they were stable. Thus only EIS 

of the film upon the 434 μM probe attachment (Figure 4.12, a, c) and the film‟s 

response to hybridisation with 1.35 μM complementary target (b, d) were recorded 

as shown.  The variability illustrates the films‟ instability. 

 

 

 

  

 

 

 

 
Figure 4.12. Phase angle plot of PTPDA films after attachment of (a,c) 434 μM 
probe and hybridisation with (b,d) 1.35 μM complementary target. EIS was done in 
tris buffer containing 0.1 M NaCl as supporting electrolyte at 0.8 V without any redox 
couple. Films were made in a 3 mM TPDA solution containing CH2Cl2 and 50 mM 
TBACF3SO3.  No time was allowed for stabilization prior to EIS.  
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4.5 UV-Vis Characterisation of PTPDA Film 

 

UV-Vis spectroelectrochemistry was used to compare the characteristics of the 

electronic structure of PTPDA film in tris buffer and in other organic electrolyte 

solutions.  

Figure 4.13 shows the in-situ UV-Vis spectrum of PTPDA film (made with 

TBACF3SO3 in CH2Cl2) in CH2Cl2 containing 50 mM TBACF3SO3 (A) and tris buffer 

containing 0.1 M NaCl (B) while a constant potential of 0 mV, 400 mV, 600 mV, 800 

mV and 1000 mV was applied.   

For the PTPDA film in CH2Cl2, a peak at 473 nm decreased and a new broad 

absorption peak appeared at 644 nm as the potential increased. The peak maxima 

at 473 nm can be assigned to the π – π* transition in the terthiophene moiety [69, 

75, 115, 218]. A decrease in that transition in the 300-500 nm region is usually 

observed for polythiophenes in response to an increasing oxidizing potential as a 

result of structural changes that occur as the polymer changes from the reduced to 

oxidized state [69, 75, 115, 218].  

 

Figure 4.13. In situ UV-Vis spectra of PTPDA films on ITO in (A) CH2Cl2 containing 

50 mM TBACF3SO3 and (B) tris buffer containing 0.1 M NaCl while a constant 

potential of (a) 0 mV, (b) 400 mV, (c) 600 mV,  (d) 800 mV, (e) 1000 mV and (f) 

1200 mV was applied. The films were made on ITO in a solution containing 3 mM 

TPDA and 50 mM TBACF3SO3 in CH2Cl2 and cycled (1 cycle, 100 mV s-1) in 

monomer-free CH2Cl2 containing 50 mM TBACF3SO3 prior to the UV-Vis 

measurements. 
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Simultaneously, the appearance of new very broad peaks in the region 600-1500 

nm has been attributed to the formation of polarons and  bipolarons [218, 220, 226] 

and -dimers [69] and indicate a CP‟s conductivity. The peak maxima at 644 nm 

and the long broad tails above 600 nm can therefore be assigned to polaron and 

bipolaron formation [69, 75, 115, 218].    

 

The π – π* transition in PTPDA film (Figure 4.13 A) occurred at a longer wavelength 

(473 nm) than similarly-made PTAA film (434 nm, Figure 3.46 A) possibly due to the 

greater conjugation in the TPDA monomer than in the TAA monomer arising from 

the former‟s smaller bandgap [64].  Like PTAA film in tris buffer, there was no 

significant change in the absorption of PTPDA film in tris buffer in the wavelength 

range of 600 to over 1000 nm (Figure 4.13 B) indicating hindered formation of 

charge carriers (polarons, bipolarons) when the film is exposed to aqueous 

electrolyte solutions.  

 

4.6 Conclusions  

 

PTPDA film was made using TBA(CF3)2(SO2)2 and TBACF3SO3 as electrolytes in 

CH2Cl2. Like PTAA, these films displayed reversible redox activity in organic 

solvents containing the same electrolytes. However, in aqueous solutions they 

display poor redox activity. Like PTAA, PTPDA films made with TBACF3SO3 in 

CH2Cl2 displayed reduced charge carriers formation in aqueous solution compared 

to organic solvent.  

The electrochemical stability of PTPDA film over 20 hours in aqueous solution is 

similar to PTAA film. When made with TBA(CF3)2(SO2)2 and TEABF4 in CH2Cl2 and 

subsequently immersed in aqueous solution over a prolonged time, the 

microstructure of PTPDA film collapses to a denser state where the redox activity is 

inhibited. The initial dramatic collapse of the microstructure (over about 3 hours) is 

accompanied by a dramatic film capacitance decrease. Subsequently, the film 

capacitance gradually slightly increases possibly as a result of the oxidizing 

potential applied during EIS. These changes complicate using PTPDA as a DNA 

sensor. The film should be allowed to stabilize before ODN is applied to the film 

surface. Not allowing any time for the film‟s microstructure to stabilize when the film 
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is transferred to aqueous solutions yields premature assessments of the sensors‟ 

responses and contributes to poor reproducibility of sensing.  For PTPDA film 

allowed to stabilize about 20 hours, some response to DNA was achieved when the 

large hydrophobic TBA(CF3)2(SO2)2 was used as the dopant to PTPDA film in 

contrast to the films obtained with the smaller and hydrophilic TEABF4. Good 

sensing in aqueous media is very hard to achieve with these films because their 

microstructure collapsed, the films are mostly non-conductive and therefore not very 

responsive (except there is a change is capacitance due to the presence of large 

charged molecule – ODN).  

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



Chapter 5 

 

151 

 

 
 

Chapter 5 
 

 
Synthesis, Characterisation and DNA-Sensing of Poly(3-
[3’,3’’’-bis(hydroxymethyl)-2’:2’’,5’’:2’’’-terthiophene)-3’’ –
yl] (E)acrylic acid) (PHTAA) Thin Films 
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5 Synthesis, Characterisation and DNA-Sensing of Poly(3-
[3’,3’’’-bis(hydroxymethyl)-2’:2’’,5’’:2’’’-terthiophene)-3’’ –yl] 

(E)acrylic acid) (PHTAA) Thin Films 

 

The 3-[3‟,3‟‟‟-bis(hydroxymethyl)-2‟:2‟‟,5‟‟:2‟‟‟-terthiophene)-3‟‟–yl (E)acrylic acid 

(HTAA) monomer was synthesised and the corresponding polymer film, poly 

(HTAA) (PHTAA), was electropolymerised.  The CH2OH functionality of HTAA on 

the two outside thiophene rings allowed an investigation of the effect of that 

functionality on the polymer‟s electrochemical and DNA-sensing properties 

compared to TAA. The hydrophilic substituent (OH) was expected to improve the 

hydrophilicity (and consequently stability and DNA-sensing ability) of the polymer 

similarly to the improved hydrophilicity of hydroxymethyl EDOT compared to EDOT 

[98-100].  

 

PHTAA film was characterized by CV and EIS and the DNA sensing properties were 

evaluated. Optimising the film properties involved making the film with various 

solvents and electrolytes in search of the best combination and assessing the film 

electroactivity and stability in monomer-free electrolyte solutions (organic and 

aqueous). The electrochemical stability of the film was evaluated in the reduced and 

oxidized states. The DNA sensing ability of the film was evaluated using a water-

soluble electrolyte (TEABF4) or water-insoluble electrolyte (TBA(CF3)2(SO2)2. The 

latter was evaluated in the presence and absence of the Fe(CN)6
3-/4- redox couple in 

the EIS solution.  

 

 

 

 

 

 

Figure 5.1. Structure of HTAA. 
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5.1 Synthesis of HTAA 

 

The synthesis of the HTAA monomer was described in Chapter 2. It was 

subsequently made into the polymer film, poly (HTAA) (PHTAA), by cyclic 

voltammetry using the following polymerisation conditions.  

 

5.2 Effect of Polymerisation Conditions on PHTAA film Properties 

 

The electropolymerisation cyclic voltammograms of PHTAA made in a CH2Cl2 

solution containing 3 mM of HTAA monomer and TBA(CF3)2(SO2)2, TBACF3SO3, 

TBAClO4 and TEABF4 as electrolytes are shown in Figure 5.2.  

 

Figure 5.2. Electropolymerisation cyclic voltammogram of PHTAA film in a 3 mM 

HTAA monomer in CH2Cl2 containing and 50 mM (a) TBA(CF3)2(SO2)2, (b) 

TBACF3SO3, (c) TBAClO4 or (d) TEABF4.  Scan rate: 100 mV s-1 

 

All four films in Figure 5.2 show the characteristic film growth where the cyclic 

current grows in amplitude upon successive cycling [69, 75, 183].  A broad polymer 
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oxidation wave is seen from 600-1200 mV with a maximum peak at about 800-900 

mV. A broad polymer reduction wave is seen from 1200-400 mV with a maximum 

reduction peak varying depending upon the electrolyte used. Similar to the 

discussion before, the broadness can indicate a distribution of various lengths of 

conjugated segments of polymer chains of differing molecular weights with their 

slightly differing oxidation or reduction potential [107, 143] and/or a rough surface 

morphology [108]. The CV of the film made with TBAClO4 displays the largest 

oxidation and reduction current peaks indicating the best polymer growth and 

electrochemical activity.  

 

Comparison of the first cycles from the polymerisation CVs in Figure 5.2 is shown in 

Figure 5.3. The first CVs reveal a potential of about 1.25 V must be applied in the 

anodic direction for the oxidation of the HTAA monomer. This higher potential, 

compared to the 1.1 V required for oxidation of TAA, can arise from the sterical 

strain imposed from added CH2OH functionality. A similar discovery was observed 

for a thiophene monomer with an ester linkage with a CH2 linker between the 

thiophene ring and ester group [94]. When the linker was elongated with more CH2, 

the sterical strain lessened and oxidation potential required to form the polymer was 

decreased [94].  

 

 

 

 

 

 

 

 

 

 

 

Figure 5.3. The first cycle electropolymerisation cyclic voltammograms from Figure 
5.2 for a 3 mM HTAA monomer solution containing in CH2Cl2 and (a) 
TBA(CF3)2(SO2)2, (b) TBACF3SO3, (c) TBAClO4 and (d) TEABF4.  Scan rate: 100 
mV s-1.  
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The onset oxidation potentials of HTAA in Figure 5.3 were less distinct than their 

TAA analogues (Figure 3.4) arising from the steeper first cycle curves in Figure 3.4 

compared to less steep first cycle curves in Figure 5.3. In Figure 5.3 no distinct 

reduction peaks were observed in the cathodic direction indicating fast coupling of 

the radical cations formed in the oxidation wave. The highest max current, indicating 

the fastest growth of the polymer, was obtained (at 1.4 V) for PHTAA film made with 

TBA(CF3)2(SO2)2.  

 

To investigate the re-usability of the monomer solution, PHTAA film was repeatedly 

made in a 3 mM HTAA monomer solution containing 50 mM TEABF4 in CH2Cl2. 

Figure 5.4 shows the first 0-6 cycles (A), 13-18 cycles (B) and 19-24 cycles (C).  

 

Figure 5.4. Electropolymerisation cyclic voltammogram of PHTAA film in a 3 mM 

HTAA monomer solution containing 50 mM TEABF4 in CH2Cl2 that has had (A) 0 

cycles; (B) 12 cycles and (C) 18 cycles previously used.  Scan rate: 100 mV s-1. 
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Like PTAA and PTPDA film, a gradual increase in the currents of the reduction peak 

of PHTAA film with increased usage was observed. For the subsequent work, a limit 

of 24 cycles was chosen as the maximum number of cycles a monomer solution 

could be used to ensure that the PTHAA films were similar.  

 

Several unsuccessful attempts to electropolymerise 3 mM HTAA monomer were 

performed: TBACF3SO3 in propylene carbonate, TBACF3SO3 in AN, PSS in H2O, 

LiClO4 in H2O, and SDS in CH2Cl2 as shown in Figure 5.5. In spite of increasing the 

polymerisation potential to 1.9 V (Figure 5.5 A, curve b) no polymer was formed 

using TBACF3SO3  in propylene carbonate (A) as assessed by cyclic voltammogram 

and by microscopic examination of the electrodes.  

 

Increasing the potential applied to the monomer with the intent to induce 

polymerisation was based on research which showed the potential required to 

polymerize thiophene monomers possessing a large bandgap can be high [34].  AN 

has been known as a good electropolymerisation solvent for terthiophene and 

PEDOT polymers [69, 183, 227] and a good film of PTAA was grown earlier using 

AN (Figure 3.3 A) as well as PTPDA (Figure 4.2 D). However, no successful 

polymerisation was achieved for HTAA in AN (Figure 5.5 B). Attempted 

electropolymerisation in H2O also yielded no polymer (Figure 5.5 C, D). 

Electropolymerization in H2O was attempted in the hope of yielding a polymer 

whose fundamental nature would be partly determined by the water solvent [38]. 

These unsuccessful attempts in propylene carbonate, acetonitrile and H2O left 

dichloromethane as the solvent of choice in which HTAA could be successfully 

electropolymerised.  
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Figure 5.5. Attempted electropolymerization of PHTAA using a 3 mM HTAA 
monomer solution containing in (A) 50 mM TBACF3SO3  in propylene carbonate 
using CV from 0 V to (a) 1.4 V (10 cycles) or (b) 1.9 V (6 cycles); (B) (a) 50 mM 
TBACF3SO3 or (b) 500 mM TBACF3SO3 in AN (6 cycles); (C) 2.55 mg/mL PSS in 
H2O; (D) 0.2 M LiClO4 in H2O; (E) 50 mM SDS in CH2Cl2.  Scan rate: 100 mV s-1.  
 

 

The electroactivity of PHTAA film is best seen in monomer-free solutions as shown 

in Figure 5.6 cycled in CH2Cl2 containing 50 mM (A) TBA(CF3)2(SO2)2, (B) 

TBACF3SO3, (C) TBAClO4 and (D) TEABF4.  Like PTAA, a single broad oxidation 

peak is observed starting about 0.6 V (and ending at the upper potential 1.2 V) and 
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a single broad reduction peak is observed from 1.2 to about 0.5 V. The most 

symmetrical oxidation and reduction peaks obtained with TBAClO4 suggests the 

most reversible doping-dedoping processes with TBAClO4 compared to more 

hindered doping and dedoping for PHTAA film made with the other electrolytes [60, 

61]. Moreover, the CV for PHTAA/TBAClO4 is more symmetric than its PTAA 

analogue (Figure 3.8 C) suggesting the hydroxylation of TAA with the OH 

functionality improves the doping-dedoping process in PHTAA films made with 

TBALiClO4.  

 

Figure 5.6. Cyclic voltammogram of PHTAA film in monomer-free solvent containing 

CH2Cl2 and 50 mM (A) TBA(CF3)2(SO2)2, (B) TBACF3SO3, (C) TBAClO4 and (D) 

TEABF4. Scan rate: 100 mV s-1.  

 

Unlike PTPDA film, the reduction peaks of PHTAA film are at a higher potential than 

PTAA as illustrated by the reduction peaks of PHTAA film: (A) 0.919 V, (B) 0.689-

695 V, (C) 0.822 V and (D) 0.920 V (Figure 5.6) compared to their PTAA analogues: 

(A) 0.714, (B) 0.786, (D) 0.674-0.670 V (Figure 3.8) for film made with 

TBA(CF3)2(SO2)2, TBACF3SO3 and TEABF4 respectively.  
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All CVs in Figure 5.6 display a first-cycle effect in that the most change occurs after 

the first cycle and approaches a steady-state by the 6th cycle. They differ from PTAA 

(Figure 3.8) and PTPDA (4.5) film in identical monomer-free electrolytes that 

experienced an increase in current from the first to sixth cycle. The slight current 

decrease observed for PHTAA film in Figure 5.6 can correspond to a slight 

decrease in the charge stored by the additional electrolyte embedded during 

successive cycling [48, 55, 56, 147] or to film degradation [62, 85] (unlikely because 

the CVs stabilise after couple of cycles) or to chemical modification of the polymer 

(reaction with side reactions - also unlikely) [136].  

 

Like PTAA and PTPDA films, a large first cycle decrease is observed when cycling 

PHTAA film in aqueous electrolyte solutions as shown in Figure 5.7 for PHTAA film 

made with TBA(CF3)2(SO2)2, TBACF3SO3, TBAClO4 and TEABF4. This decrease 

can be attributed to the expulsion of the solvent and ions resulting in a dense 

polymer where the doping process is hindered [63, 148, 188]. Figure 5.7 was 

surprising in that this new polymer with the CH2OH functionality did not improve the 

cycling behaviour in aqueous solution compared to PTAA film.  
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Figure 5.7. Cyclic voltammogram of PHTAA film cycled in PBS buffer.  Films were 
made in a monomer solution containing 3 mM HTAA and 50 mM (A) 
TBA(CF3)2(SO2)2, (B) TBACF3SO3, (C) TBAClO4 or (D) TEABF4 in CH2Cl2. Scan 
rate: 100 mV s-1.  
 

Cyclic voltammograms of  PHTAA films (made with TBA(CF3)2(SO2)2) when cycled 

in PBS solution containing the Fe(CN)6
3-/4- redox couple differed from the CVs of 

PTAA and PTPDA film cycled in the same solution (Figure 5.8). The film in each 

panel in Figure 5.8 was cycled for 6 cycles (a) followed by another 6 cycles one 

hour later (b).  The oxidation peaks (a,b) originate primarily from the Fe(CN)6
3-/4- 

redox couple and describe the Fe(CN)6
3-/4- redox potential rather than originating 

from the redox potential of the polymer films [228-230].  For some polymers in the 

literature, distinct redox peaks are observed originating from the Fe(CN)6
3-/4- redox 

couple and from the redox-active polymer [228]. More commonly though, only one 

redox wave is observed composed of the redox wave originating from the Fe(CN)6
3-

/4- redox couple superimposed on the redox wave originating from the polymer [66, 

121, 229-231]. These studies show that similar redox waves are observed whether 

the polymer have been doped with the Fe(CN)6
3-/4- redox couple or whether the 

polymer have been formed without being doped with the Fe(CN)6
3-/4- redox couple 
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but subsequently cycled in aqueous solution containing it. Those studies also show 

that the polymer modifies the Fe(CN)6
3-/4- redox potential and consequently the CV 

shape is particular to the polymer [66, 121, 229-231].  

Figure 5.8. Cyclic voltammogram of (A) PHTAA, (B) PTAA, (C) PTPDA film or (D) 
bare electrode cycled in PBS buffer containing 5 mM Fe(CN)6

3-/4- redox couple. 
Films were made in a monomer solution containing 3 mM (A) HTAA, (B) TAA or (C) 
TPDA with 50 mM TBA(CF3)2(SO2)2 in CH2Cl2 (6 cycles, 100 mV s-1).  

 

This is also true for the polymers in Figure 5.8 A-C: the CV shape and the redox 

potentials are particular for the polymer. For PHTAA film (A), the oxidation peak at  

0 min shifted from 0.485 V to 0.696 V after 1 hour. For PTAA film (B), the oxidation 

peak at 0 min shifted from 0.445 V to 0.507 V after 1 hour. For PTPDA film (C), the 

oxidation peak at 0 min shifted from 0.386 V to 0.407 V after 1 hour. For the bare 

electrode (D), the oxidation peak at 0 min also shifted from 0.309 V to 0.383 V after 

1 hour. The current peaks in Figure 5.8 A-C decrease in amplitude upon cycling. 

The peaks in (A) do so while aggressively shifting towards higher potential in 

contrast to the peaks in B-D. Moreover, no reduction peak is seen for PHTAA film 

unlike in PTAA, PTPDA or for bare electrode (A).  
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The collapsed microstructure of each polymer upon cycling (as demonstrated in 

Figure 5.7) hinders the redox processes of the Fe(CN)6
3-/4- by forming an insulating 

layer on the electrode surface. The redox couple‟s partial redox activity in Figure 5.8 

when PTAA (B) or PTPDA (C) film covers the electrode suggests these polymers 

are more porous than PHTAA film (A) whose denser film prevents reduction of the 

Fe(CN)6
3-. Consequently, the oxidation potential does not so significantly shift 

towards higher values when PTAA (B) or PTPDA (C) film covers the electrode.  

The complete absence of reduction peaks for PHTAA film in (A) indicates a 

possibility that partially oxidised PHTAA catalytically reduces Fe(CN)6
3- that 

prevents its reduction to Fe(CN)6
4- [105]. A significant shifting towards higher 

oxidation potentials could then be described by the Nernst equation (5.1) if the 

concentration of the reduced species in solution (Fe(CN)6
4-) were significantly 

lowered compared to an amount of the oxidized species (Fe(CN)6
3-) (the Ecell would 

increase as the reduced species in the reaction quotient is consumed) [105]: 

 

         
  

  
         (5.1) 

 

where Ecell is the oxidation potential of the  Fe(CN)6
3-/4-, Eº is the standard Fe(CN)6

3-

/4-  potential, R is the universal gas constant, T is the absolute temperature, z is the 

number of moles of electrons transferred in the cell reaction, F is the Faraday 

constant and Q is the reaction quotient which can be approximated as [Fe(CN)6
4-] / 

[Fe(CN)6
3-].  

 

5.3 The Effect of Oxidation State on PHTAA Film Electrochemical 
Stability  

 

A film stability experiment was performed whereby PHTAA film was subjected to a 

repetition of oxidation and reduction potentials (at 0.200 V and 0.900 V, 

respectively) in PBS solution and the change in the film properties was evaluated. 

The results are presented in Figure 5.9 for PHTAA film made with 50 mM 

TBA(CF3)2(SO3)2 in CH2Cl2.  
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The drift in phase angle curve was shown to depend on potential applied where just 

a small phase angle change occurred between repetitive measurements at both 

0.200 V and at 0.900 V. By comparing Figure 5.9 to the corresponding graphs for 

PTAA film (Figure 3.31 C) and PTPDA film (Figure 4.7 B), PHTAA film is shown to 

be much more stable as indicated by smaller changes in the phase angle curves 

upon alternate measurements at 900 mV and 200 mV bias potentials. This indicates 

greater film stability over time and a quicker transition between the oxidized and 

reduced states than PTAA and PTPDA film. In both oxidation states a high 

frequency peak occurred around 1000 Hz.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.9. (A,B) Phase angle plot of a PHTAA film in PBS buffer without a redox 
couple where the constant potential was varied in the following order: 1-3 at 0.200 
V, 4-6 at 0.900 V, 7-9 at 0.200 V and 10-12 at 0.900 V. Film was made with 50 mM 
TBA(CF3)2(SO3)2 in CH2Cl2 (6 CV cycles, 100 mV s-1).  No treatment was performed 
prior to EIS.   
 

At the lowest frequency, the reduced films consistently experienced a phase angle 

peak around 70º whereas the oxidized state experienced a phase angle peak 

around 50º indicating a greater RCT in the reduced state (see Figure 3.23). This 

consistency for PHTAA film was not seen for similarly-made PTAA (Figure 3.31 C) 

or PTPDA (Figure 4.7 B) further suggesting PHTAA film is more stable.                                                                                                       
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5.4 DNA Sensing Properties of Stabilized PHTAA Film  

 

The strategy was undertaken whereby electrochemical properties of the PHTAA film 

was investigated along the dual lines pursued for PTAA film: DNA sensing of the 

film (a) prepared with the large hydrophobic TBA(CF3)2(SO2)2 or smaller hydrophilic 

TEABF4 and (b) used in the presence and absence of Fe(CN)6
3-/4- redox couple. 

PHTAA film stabilized for 20 hour was studied and in the following section the 

results will be presented and compared to the previously discussed PTAA and 

PTPDA film.  

 

DNA Sensing Properties of PHTAA/TBA(CF3)2(SO2)2 Film in EIS Solution 

Containing the Fe(CN)6
3-/4- Redox Couple 

The unusual nature of PHTAA is seen in its phase angle and complex capacitance 

plots. The phase angle plots of a PHTAA/TBA(CF3)2(SO2)2 film immersed in PBS 

containing the Fe(CN)6
3-/4- redox couple over about 20 hours are shown in Figure 

5.10 A and C. Figure 5.10 B and D present the phase angle plots of those films after 

the covalent grafting of ODN probes and after the incubation into 49 μM target ODN 

solution (B) or 49 μM non-complementary (non) target (D).  

 

The phase angle peak of PTPDA film in (A) at 0 min resembled two broad 

overlapping peaks (a subordinate low frequency one at about 1 Hz and a dominant 

high frequency one at 125.8 Hz) (Figure 5.10). The dominant peak of the film at time 

0 hr in (A) indicates the presence of a dominant parallel capacitor-resistor element 

in the polymer (Figure 3.28). 
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Figure 5.10. Phase angle plot of (A, C) PHTAA films over about 20 hours followed 

by (B) attachment of 490 μM probe and incubation with 49 μM complementary 

(com) target or (D) attachment of 490 μM probe and incubation with 49 μM non-

complementary (non) target. EIS was done in PBS buffer at bias potential of 0.8 V, 

and in the presence of the Fe(CN)6
3-/4-. Films were made in 3 mM HTAA solution 

containing CH2Cl2 and 50 mM TBA(CF3)2(SO2)2.   

 

During the first hour the low frequency peak rises in amplitude (phase angle) while 

the high frequency peak remains virtually unchanged. Both peaks did not 

significantly shift towards higher or lower frequencies throughout the 20 hours. Both 

films in Figure 5.10 A and C do not change much after two hours which is in contrast 

to previously discussed PTAA (Figure 3.32) and PTPDA (Figure 4.8 A, C) films 

(made with the same electrolyte) which underwent a huge transformation over first 

three hours: they decreased in phase angle while shifting to higher frequencies for 

the first three hours followed by an increase in phase angle while shifting to higher 

and lower frequencies for about 17 hours.    
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The slight phase angle increase at low frequencies over 20 hours for PHTAA film 

indicates a slightly increased RCT (Figure 3.23). Not shifting to higher or lower 

frequencies indicates an almost constant capacitance over time as best seen in the 

almost unchanging semi-circular complex capacitance arc at high frequencies in the 

corresponding complex capacitance plots (Figure 5.11).  The complex capacitance 

plot of the phase angle plot from Figure 5.10 A is shown as Figure 5.11 A with a 

closeup about the origin presented in B and after probe attachment shown in C. 

Likewise, the complex capacitance plot for the phase angle plot in Figure 5.10 C is 

shown as Figure 5.11 D with a closeup about the origin presented in E and after 

probe attachment in F. Figure 5.11 B,E clearly shows that the semi-circular arc at 

high frequencies remains constant over 20 hours. Figure 5.11 A, D shows the 

resistive tail approaches the Capre axis and creeps along it over time. These two 

features were modelled in Figure 3.23, 3.24 for a constant parallel capacitor and 

varying parallel resistor. Assuming the interpretation adopted for PTAA and PTPDA 

film about a shrinking semi-circular complex capacitance arc represents a collapsing 

microstructure over time, the microstructure of PHTAA film does not significantly 

collapse over time. The relatively unchanging complex capacitance semi-circular arc 

at high frequencies for PHTAA film made with TBA(CF3)2(SO2)2 shown in Figure 

5.11 should be compared to the dramatically shrinking complex capacitance semi-

circular arc at high frequencies for similarly-made PTAA film (Figure 3.32) and 

PTPDA film (Figure 4.9).  

These features indicate that PHTAA film made with TBA(CF3)2(SO2)2 possesses a 

property that allows it to relatively quickly reach a pseudo-stability while retaining 

much of its capacitance and microstructure although experiencing a slight RCT 

increase at the lowest frequencies.  This property reflects different nature of PHTAA 

endowed by its OH functionality which gives the polymer an overall more hydrophilic 

nature than PTAA or PTPDA.  
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Figure 5.11. Complex capacitance plot of the PHTAA film from (A) Figure 5.10 A 
showing the film over about 20 hours; (B) closeup about the origin; (C) after 
applying 490 μM probe and 49 μM complementary (com) target; (D) Complex 
capacitance plot of the PHTAA film from Figure 5.8 E showing the film over about 20 
hours; (E) closeup about the origin; (F) after applying 490 μM probe and 49 μM non-
complementary (non) target.  EIS was done in PBS buffer at 0.8 V with the 
Fe(CN)6

3-/4-. Films were made in 3 mM HTAA solution containing CH2Cl2 and 50 mM 
TBA(CF3)2(SO2)2.   
 
 

The phase angle of probe ODN on PHTAA/TBA(CF3)2(SO2)2 film (like similarly-

made PTAA and PTPDA film) shows a characteristic phase angle maximum at high 

frequencies (for PHTAA film in the range from 3900 – 13 000 Hz) as shown in 
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Figure 5.10 B and D which indicated successful probe attachment to the films.  After 

incubation of the film in a solution of target ODN, the shape of the curve changes 

significantly. Using this response to the target immediately after hybridisation (d), 

the hybridisation response can then be calculated at that maximum as the change in 

the phase angle (between the film and probe): 17º at 3980 Hz (Figure 5.10 B) for 

complementary (com) target and 20º at 12,589 Hz for non-complementary (non) 

target (Figure 5.10 D). Unfortunately these results indicate that PHTAA film is 

unselective towards complementary target and cannot distinguish it from non-

complementary target.  

 

As with PTAA and PTPDA film, this poor selectivity can arise from non-specific 

electrostatic attraction between the positively-charged space charge within the 

PHTAA film to negatively-charged ODN region [19, 25, 204] or between the non-

specific interactions from electrostatic attraction, Van der Waals forces, π-stacking 

and charge transfer between the film and the ODN [205, 206, 208] or between the 

specific hydrogen-bonding between the π cloud of the thiophene ring and N-H 

groups on the nucleic bases on the DNA [205, 206, 208]. 

  

The complementary target measurement about 1 hour later (e) was nearly identical 

to the complementary target measurement immediately after hybridisation (d) 

indicating little drift and corroborating the phase angle change at high frequencies 

originated with the interaction with ODN and not with the film instability. 

The phase angle of the probe was maximal at 3980 Hz in Figure 5.10 B whereas it 

was maximal at 12,589 Hz in Figure 5.10 D for non-complementary ODN This 

inconsistency illustrates the problem of selecting one frequency at which to measure 

the hybridisation response.  

The following experiment examined whether increased selectivity could be achieved 

of 20-hour stabilized PHTAA/TBA(CF3)2(SO2)2 films where the EIS was acquired in 

the presence of the Fe(CN)6
3-/4- redox couple by using a lesser concentration of 

complementary (com) target than the 49 μM target used in the above 20-hour 

studies. This idea was based on the observation that 49 μM target was more 

concentrated than in some studies [5, 78] but less than in others [232]. The 

concentration of probe used so far (490 μM) is also large compared to other studies 
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[4, 5]. These high concentrations, however, were deemed necessary in the 

experiments to see an effect of probe attachment and hybridisation on a film that 

may be changing.  It was hypothesized that lesser concentrations of probe and 

target would not be “felt” by a polymer film whose microstructure may be changing.  

It must be kept in mind the DNA molecule is small (with a diameter of 2 nm) 

compared to the total surface area of the polymer film [10].  

Figure 5.12 A and C show the phase angle plot of two such PHTAA films.  4.9 μM 

complementary (com) ODN was applied to the film in Fig. 5.12 A, whereas 4.9 μM 

non-complementary (non) target was applied to the film in C.  

 

Figure 5.12. Phase angle plot of (A,C) PHTAA films over about 20 hours followed by 
attachment of 490 μM probe and (B) 4.98 μM complementary (com) target or (D) 
4.98 μM non-complementary (non) target. (B) shows the ODN attached to the film in 
(A); (D) shows the ODN attached to the film in (C). EIS was done in PBS buffer at 
0.8 V with the Fe(CN)6

3-/4- Films were made in 3 mM HTAA solution containing 
CH2Cl2 and 50 mM TBA(CF3)2(SO2)2.  
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The phase angle curves show some response to the probe attachment at high 

frequencies (Figure 5.12 B, D). A hybridisation response to the targets at 25,118 Hz 

can be calculated as 8º for 4.9 μM complementary target (Figure 5.12 B) and 9º for 

4.9 μM non-complementary target (Figure 5.12 D) thus illustrating that the film is still 

unselective. Decreasing the concentration of target ODN from 49 μM to 4.9 μM did 

not improve the selectivity. This is consistent with the reasons previously mentioned 

for non-specific electrostatic attraction between the positively-charged space charge 

within the PHTAA film to negatively-charged ODN region [19, 25, 204] or between 

the non-specific interactions from electrostatic attraction, Van der Waals forces, π-

stacking and charge transfer between the film and the ODN [205, 206, 208] or 

between the specific hydrogen-bonding between the π cloud of the thiophene ring 

and N-H groups on the nucleic bases on the DNA [205, 206, 208]. The phase angle 

of the films over time (A,C) drifted a little longer at low frequencies than the films 

made identically in Figure 5.10 A.  

DNA Sensing of 20-hour Stabilized PHTAA/TEABF4 Film in EIS Solution 

Containing the Fe(CN)6
3-/4- Redox Couple 

 

The PHTAA film in Figure 5.10, 5.11 made with TBA(CF3)2(SO2)2 can be compared 

to PHTAA film made with TEABF4 under the same conditions (a 20 hour 

stabilization time, 490 μM probe and 49 μM com and non, using the Fe(CN)6
3-/4- 

redox couple) as shown in Figure 5.13. The phase angle plot of three PHTAA films 

(made with 50 mM TEABF4) are shown (A,C,E respectively) immersed in PBS 

containing the Fe(CN)6
3-/4- redox couple over about 20 hours followed by attachment 

of 490 μM probe and hybridised to (B,D) 49 μM complementary (com) target or (F) 

49 μM non-complementary (non) target.  
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Figure 5.13. Phase angle plot of (A,C,E) PHTAA films over about 20 hours followed 
by attachment of 490 μM probe and (B,D) 49 μM complementary (com) target or (F) 
49 μM non-complementary (non) target. (B) shows the ODN attached to the film in 
(A); (D) shows the ODN attached to the film in (C); (F) shows the ODN attached to 
the film in (E). EIS was done in PBS buffer at 0.8 V with the Fe(CN)6

3-/4-. Films were 
made in a monomer solution containing 3 mM HTAA and 50 mM TEABF4  in CH2Cl2.  
 

 

Like PHTAA made with TBA(CF3)2(SO2)2, the phase angle of the film (Figure 5.13 

A,C,E) did not significantly change at high frequencies (about 1000 Hz) (indicating 



Chapter 5 

 

172 

 

no change in RCT)  and increased at low frequencies (indicating increased RCT) 

without significantly shifting towards higher or lower frequencies (indicating an 

almost constant capacitance) over the 20 hours.  The almost constant capacitance 

can be seen in the corresponding complex capacitance plots. The complex 

capacitance plot corresponding to the phase angle plot in Figure 5.13 A is shown as 

Figure 5.14 A with a closeup about the origin (B) and after (C) applying 490 μM 

probe and 49 μM complementary target and a (D) closeup about the origin.  The 

complex capacitance plot corresponding to the phase angle plot in Figure 5.13 C is 

shown as Figure 5.14 E and a (F) closeup about the origin.  

The relatively unchanging complex capacitance semi-circular arc at high 

frequencies for PHTAA film made with TEABF4 shown in Figure 5.14 should be 

compared to the dramatically shrinking complex capacitance semi-circular arc at 

high frequencies for similarly-made PTAA film (Figure 3.35).  

The greater increase of the phase angle of PHTAA/TEABF4 film at low frequencies 

compared to PHTAA/TBA(CF3)2(SO2)2 film can be attributed to a greater 

microstructural change arising from the greater mobility of the smaller electrolyte 

(TEABF4) within the film. The instability of PHTAA film at low frequencies in Figure 

5.13 A,C,E over 20 hours was also noticed in PTAA (Figure 3.35) and PTPDA film 

(Figure 4.10) made with TEABF4 and supports the conclusion that hybridisation 

should not be assessed at low frequencies because this region is sensitive to the 

film capacitance changes due to instability. However, in Figure 5.13 B the phase 

angle plot measured in the presence of the probe (curve c) rose significantly at low 

frequencies which may indicate the negatively-charged probe sensed some 

electrostatic attraction to the positively-charged space charge region under the film 

[19, 25, 204]. 

Figure 5.13 B, F shows that the phase angle plot of the PHTAA/TEABF4 film with 

probe attached did not significantly rise at high frequencies. Although it rose a little 

at high frequencies in B, the hybridisation response was poor.   
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Figure 5.14. Complex capacitance plot of (A) the PHTAA film from Figure 5.13 A 
showing the film over about 20 hours; (B) Closeup about the origin; (C) after 
applying 490 μM probe and 49 μM complementary (com) target; (D) Closeup about 
the origin;  (E) PHTAA film from Figure 5.10C; (F) Closeup about the origin. EIS was 
done in PBS buffer at 0.8 V with the Fe(CN)6

3-/4-. Films were made in 3 mM HTAA 
solution containing CH2Cl2 and 50 mM TEABF4.   

 

At 10,000 Hz the phase angle in the presence of the probe increased by 7º but 

resulted in a 0º hybridisation response. The lack of a change in phase angle at high 

frequency in the presence of the probe, a phase angle drift at low frequency and a 

poor hybridisation response at high frequency of PHTAA/TEABF4 film confirms the 
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results of PTAA (Figure 3.35) and PTPDA (Figure 4.10 B) film made with TEABF4 

that TEABF4 results in an inferior polymer film compared to TBA(CF3)2(SO2)2. This 

could arise from the greater ability of positively-charged TBA cations to form a 

space charge region under the film surface [19, 25, 204]. These cations are 

hydrophobic and would seek to stay within the polymers whereas TEA cations are 

hydrophilic and may be expelled into the EIS solution during the application of the 

oxidizing potential. Contributing to this, during synthesis the hydrophobic larger 

(CF3)2(SO2)2 may be more strongly embedded and less easily expelled than the 

hydrophilic smaller BF4.  

 

DNA Sensing of 20-hour Stabilized PHTAA/TBA(CF3)2(SO2)2 Film in EIS 

Solution Without the Fe(CN)6
3-/4- Redox Couple 

 

The PHTAA film in Figure 5.10, 5.11 made with TBA(CF3)2(SO2)2 and measured in 

EIS solution containing the Fe(CN)6
3-/4- redox couple can be compared to identically-

made PHTAA film measured in EIS solution without the Fe(CN)6
3-/4- redox couple 

while holding the other conditions constant (a 20 hour stabilization time, 490 μM 

probe and 49 μM target) as shown in Figure 5.15 and Figure 5.16 to see the effect 

of using the redox couple on DNA sensing.  

The phase angle plots (Figure 5.15) of three PHTAA films made with 50 mM 

TBA(CF3)2(SO2)2, and measured in PBS without the Fe(CN)6
3-/4- redox couple over 

about 20 hours are shown in Figure A,C,E respectively, followed by attachment of 

490 μM probe and hybridised to 49 μM complementary (com) target (B,D) or (F) 49 

μM non-complementary (non) target. The spectra for the films are shown separately 

from the spectra of the films with attached ODN to clearly illustrate the phase angle 

changes arising from the immersion of the film in PBS or arising after attachment of 

probe and subsequently incubation with the targets.  
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Figure 5.15. Phase angle plot of (A, C, E) PHTAA film over about 20 hours followed 
by attachment of 490 μM probe and (B,D) 49 μM complementary (com) target or (F) 
49 μM non-complementary target (non). (B) shows the ODN attached to the film in 
(A); (D) shows the ODN attached to the film in (C); (F) shows the ODN attached to 
the film in (E). EIS was done in PBS buffer at 0.8 V without a redox couple. Film was 
made in 3 mM HTAA solution containing CH2Cl2 and 50 mM TBA(CF3)2(SO2)2.  
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Figure 5.16. Complex capacitance plot of (A) the PHTAA film from Figure 5.15 A 
showing the film over about 20 hours followed by (B) attachment of 490 μM probe 
and 49 μM complementary (com) target; (C) the PHTAA film from Figure 5.15 C 
showing the film over about 20 hours; (D) closeup about the origin; followed by (E) 
attachment of 490 μM probe and 49 μM com target; (F) Closeup about the origin. 
EIS was done in PBS buffer at 0.8 V without a redox couple. Film was made in 3 
mM HTAA solution containing CH2Cl2 and 50 mM TBA(CF3)2(SO2)2.    

 

The phase angle curves of the PHTAA films in Figure 5.15 A,C,E measured in EIS 

solution without the Fe(CN)6
3-/4- redox couple are similar in their development over 
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time to the phase angle curves of PHTAA films in Figure 5.10 A,C,E measured in 

EIS solution containing the Fe(CN)6
3-/4- redox couple demonstrating (a) little change 

after 1 hour, (b) a high frequency peak that does not shift towards higher or lower 

frequencies, (c) and a low frequency peak whose phase angle increases a little over 

time. These features confirm the maintenance of the film capacitance over time 

accompanied by a slight RCT increase as corroborated by the corresponding almost 

unchanging complex capacitance semi-circular arc at high frequencies over 20 

hours (Figure 5.16 A,C,E). The complex capacitance plots of PHTAA film (with the 

Fe(CN)6
3-/4- redox couple in Figure 5.11 and without it in Figure 5.16) experience the 

slight gradual creeping capacitance along the real axis attributed to the slight film 

charging during EIS.  

A remarkable difference between the phase angle plots of PHTAA film measured 

with the redox couple in Figure 5.10 and without it in Figure 5.15 is the absence of 

the phase angle response to the ODN probe attachment at high frequencies in 

Figure 5.15. The lack of the phase angle response at high frequencies was also 

seen in PTAA films made with TBA(CF3)2(SO2)2 when measured under identical 

conditions (Figure 3.39). The explanation offered then can also be applied here to 

PHTAA films: apparently accumulated TBA cations underneath the film surface 

have a greater electrostatic interaction with anions in the PBS buffer when the 

Fe(CN)6
3-/4- anion is present in the EIS solution; EIS therefore detects a greater 

electrostatic interaction and reports it as an increase in the phase angle. Without the 

Fe(CN)6
3-/4- anions the electrostatic charge is insufficient to have an effect that can 

be seen in the phase angle plot. Essentially the Fe(CN)6
3-/4- thus amplifies the 

hybridisation response [144, 145]. The absence of a phase angle response in Figure 

5.15 for all three films for the probe and targets demonstrates the poor hybridisation 

response of PHTAA film made with TBA(CF3)2(SO2)2 when measured PBS buffer 

lacking the Fe(CN)6
3-/4-.  

 

5.5 Reproducibility of Stabilized PHTAA Film  

 

All the PHTAA films made with TBA(CF3)2(SO2)2 (Figure 5.10; Figure 5.15) or with 

TEABF4 (Figure 5.13) appeared to stabilize after about 20 hours.  But as an overlay 
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of these films shows (Figure 5.18) the films could not be reproduced identically even 

though the experimental methodology was identical.  

Figure 5.18 A shows the overlay of the phase angle curves of the stabilized films at 

the last measurement (about 20 hours) from Figure 5.10 for two PHTAA films made 

with TBA(CF3)2(SO2)2 as measured with the Fe(CN)6
3-/4- redox couple. Figure 5.18 B 

shows the overlay of the phase angle curves of the stabilized film at the last 

measurement (about 20 hours) from Figure 5.13 for three PHTAA films made with 

TEABF4 as measured with the Fe(CN)6
3-/4-. Figure 5.18 C shows the overlay of the 

phase angle curves of the stabilized film at the last measurement (about 20 hours) 

from Figure 5.15 for three PHTAA films made with TBA(CF3)2(SO2)2 as measured 

without the Fe(CN)6
3-/4- redox couple. 

 

 

 

 

 

 

 

 

 

 

Figure 5.18. Phase angle plots of the final phase angle curves at about 20 hours 
from (A) Figure 5.10 for two PHTAA films made with TBA(CF3)2(SO2)2 as measured 
with the Fe(CN)6

3-/4- redox couple; (B) Figure 5.13 for three PHTAA film made with 
TEABF4 as measured with the Fe(CN)6

3-/4-; (C) Figure 5.15 for three PHTAA film 
made with TBA(CF3)2(SO2)2 as measured without the redox couple.  
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The poor reproducibility of the phase angle of the films in Figure 5.18 partially 

accounts for the poor reproducibility of the phase angle plots measured with 

attached probes as shown in Figure 5.19. All films with attached probe showed the 

same amount of variability. This variability of the phase angle of the film with the 

probe transfers to variability of the hybridisation responses.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 5.19. Phase angle plot of the 490 μM probe curves from (A) Figure 5.10 for 
three PHTAA films made with TBA(CF3)2(SO2)2 as measured with the Fe(CN)6

3-/4- 
redox couple; (B) Figure 5.13 for three PHTAA films made with TEABF4 as 
measured with Fe(CN)6

3-/4-; (C) Figure 5.15 three PHTAA films made with 
TBA(CF3)2(SO2)2 as measured without the redox couple.  

 

More experiments were performed on PHTAA film similar to those experiments on 

PTAA film which investigated allowing the film to stabilize for different lengths of 

time and are presented in Appendix 2. The conclusions reached are similar to the 

conclusions reached for PTAA film: that (a) time alone is insufficient for PHTAA film 

to stabilize. Even after soaking the film for 60 hours prior to EIS, the film still 

changed although in a very different way than PTAA (an immediate capacitance 
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increase for PHTAA film rather than a immediate dramatic capacitance decrease for 

PTAA film); (b) 1 and 5 hours are insufficient for PHTAA film to stabilize before 

attaching ODN; (c) the instability of the films during stabilization time and the poor 

reproducibility of the films contribute to the poor hybridisation responses.   

5.6 Conclusions 

 

A new monomer, 3-[3‟,3‟‟‟-bis(hydroxymethyl)-2‟:2‟‟,5‟‟:2‟‟‟-terthiophene)-3‟‟–yl 

(E)acrylic acid (HTAA) was synthesised and it was shown that it can be 

electropolymerised into an electroactive conducting polymer thin film of PHTAA.  

PHTAA electropolymerisation was performed in CH2Cl2 containing 

TBA(CF3)2(SO2)2,  TBACF3SO3, TBAClO4 and TEABF4. However, the monomer 

cannot be electropolymised in AN, propylene carbonate or water.  Like PTAA and 

PTPDA film, PHTAA film displays good redox activity in monomer-free CH2Cl2 and 

displays a significant decrease in the CV currents when cycled in aqueous solution.  

When cycled in aqueous solution containing the Fe(CN)6
3-/4- redox couple, PHTAA 

film demonstrates an significant shift in Fe(CN)6
3-/4- oxidation wave toward higher 

potentials (accompanied by no reduction peaks) not seen in PTAA or PTPDA film 

suggesting that some catalytic role of PHTAA film in oxidation/reduction cycle of  

Fe(CN)6
3-/4-.   

Like PTAA and PTPDA film, the phase angle curves of PHTAA film stabilized for 20 

hours in aqueous solution resembles two overlapping peaks – one at low frequency 

(at around 1 Hz) and another at high frequency (at around 1000 Hz). Unlike PTAA 

and PTPDA film, PHTAA film experiences a steady high-frequency phase angle 

peak and a low-frequency peak that increases slightly over 20 hours indicative of an 

increased RCT and an almost constant capacitance.  PHTAA films thus stabilize 

quicker and maintain their microstructure better than PTAA or PTPDA films in PBS 

buffer during EIS experiments where an oxidizing potential is applied. This 

behaviour of PHTAA is observed whether made with TBA(CF3)2(SO2)2, TEABF4 or 

TBAClO4 as measured by EIS in the presence of the Fe(CN)6
3-/4-  redox couple in 

PBS buffer.  

 

Like PTAA film, PHTAA film senses both complementary and non-complementary 

target equally when made with TBA(CF3)2(SO2)2 as measured with the Fe(CN)6
3-/4- 
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redox couple. EIS of PHTAA film made with TEABF4 measured with the Fe(CN)6
3-/4-  

redox couple cannot sense ODN.  This poor selectivity was attributed to non-specific 

electrostatic attraction.  

 

Like PTAA and PTPDA, PHTAA films undergo a change caused by (a) immersing 

these CH2Cl2-made films into aqueous buffer and (b) the oxidizing bias potential 

applied during EIS. The change caused by (a) is dramatically different in PHTAA 

film compared to PTAA and PTPDA film. The change caused by (b) is similar to 

other investigated polymers in previous chapters and results in a gradually 

increasing capacitance. As non-ideal capacitors, these films‟ capacitance continue 

to grow for as long as the constant bias potential is applied during EIS thus 

preventing attainment of an absolute steady-state film. These results suggest that to 

use conducting polymers as substrates for DNA-sensing (in the manner used in this 

thesis) the polymers must be constructed to withstand solvent-induced collapse (a). 

Overcoming (b) may require using EIS in galvanostatic mode where EIS is 

measured at open circuit potential rather than at an applied potential [116]. These 

changes (a,b) greatly complicate using PHTAA, PTAA and PTPDA films as 

substrates for DNA sensing. 
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Chapter 6 
 

Synthesis, Characterization and DNA-Sensing Properties of 

Substituted Poly(3,4-ethylenedioxythiophene) (PEDOT) 

Polymers 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Chapter 6 

 

183 

 

6 Synthesis, Characterization and DNA-Sensing Properties of 
Substituted Poly(3,4-ethylenedioxythiophene) (PEDOT) Polymers 

 

Chapters 3 - 5 examined the effect of increased conjugation in the side-chain 

substituent and increased hydrophilicity on polyterthiophene film‟s properties and 

DNA sensing ability. It was seen that the increased side-chain conjugation of 

PTPDA film did not improve the DNA sensing ability compared to the lesser 

conjugated PTAA film. The increased hydrophilicity of PHTAA film also did not 

improve the DNA sensing ability compared to the lesser hydrophilic PTAA film.   

 

It was hypothesized that the problems encountered using those terthiophene 

polymers could be avoided by using a thiophene-based monomer structure based 

on EDOT (3,4-ethylenedioxythiophene). Polymers made from EDOT, poly(3,4-

ethylenedioxythiophene) (PEDOT), and derivative polymers are widely used for 

various applications because of their special properties such as smaller bandgap, 

greater electrochemical stability, higher hydrophilicity and better processibility than 

polythiophenes [51]. PEDOT is also much more electrochemically stable in aqueous 

solution than polypyrrole as evaluated by cyclic voltammetry [85].   

 

These properties made PEDOT a logical choice as an alternative polymer for DNA 

sensing in this thesis. PEDOT however does not have the functionality needed to 

covalently attach ODN. It must be modified for this purpose such as by adding a 

carboxylic group [233].  Adding a CH2OH functionality to the EDOT monomer  

resulted in 2,3-dihydrothieno[3,4-b][1,4]dioxin-2-yl)methanol (referred to here as 

hydroxymethyl EDOT), Figure 6.1, which endowed the polymer with greater 

hydrophilicity in aqueous solution [99]. Replacing the CH2OH functionality of 

hydroxymethyl EDOT with an ether or ester linker terminated with a carboxylic group 

increased the hydrophilicity of the polymer in aqueous solution [234].  

 

These results prompted the design and synthesis of a new monomer for this thesis:  

(E)-3-(2,3-dihydrothieno[3,4-b][1,4]dioxin-2-yl)acrylic acid (referred to here as acrylic 

acid EDOT)  (Figure 6.1). Attempts were made to electropolymerise it into  

poly(acrylic acid EDOT) (PAAE) and an assessment of its DNA-sensing ability was 

made. It was hypothesized that the expected hydrophilicity and electrochemical 

stability of PAAE would better allow it to detect DNA. A literature search revealed 
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only one other carboxylic acid-functionalized EDOT monomer that was polymerized 

and used as a DNA sensor [233]. Fluorescence was the detection mechanism and 

no electrochemical stability tests were performed in that study. The use of acrylic 

acid EDOT to detect DNA electrochemically in this thesis is thus the first such study.  

Figure 6.1. Structure of EDOT, hydroxymethyl EDOT and acrylic acid EDOT.  

 

PEDOT and poly(hydroxymethyl EDOT) were characterized by CV and EIS to 

evaluate the effect of the introduced CH2OH functionality on the film‟s electroactivity 

and electrochemical stability in organic and aqueous solution.  

 

6.1 Synthesis of Acrylic Acid EDOT  

 

One of the difficulties in synthesising a new EDOT monomer is its great stability 

which prevents its further modification and necessitates a  new synthesis scheme 

involving EDOT precursors for new EDOT derivatives [51]. To avoid this, a new 

synthesis scheme was developed which made acrylic acid EDOT from commercially 

purchased hydroxymethyl EDOT by conversion to an aldehyde followed by a Wittig 

reaction [115, 178, 179] and subsequent hydrolysis of the ester to form the acid as 

detailed in chapter two. Hydroxymethyl EDOT has also been used as the starting 



Chapter 6 

 

185 

 

material to synthesise EDOT monomers with an ether or ester linker terminated with 

a carboxylic group [98, 234].  

 

6.2 Effect of Polymerisation Conditions on PEDOT Film Properties 

 

An investigation of the polymerisation conditions (specifically the effect of electrolyte 

and solvent) on PEDOT and poly(hydroxymethyl EDOT) films‟ properties were 

performed in order to optimize these conditions for the study of PAAE. PEDOT can 

be electropolymerised with a variety of solvents and electrolytes [85, 88, 89, 98, 

120, 190] but only a few are presented here. The electropolymerisation cyclic 

voltammograms of PEDOT film made using a monomer solution containing 3 mM 

EDOT and 50 mM of either TBA(CF3)2(SO2)2, TBACF3SO3 or TEABF4 in CH2Cl2 are 

shown in Figure 6.2. Also the electropolymerisation CV of PEDOT film made using a 

monomer solution containing 4 mM EDOT and 0.1 M LiClO4 in propylene carbonate 

is shown in Figure 6.2 D. All four films show the characteristic film growth feature 

where the cyclic current grows in amplitude upon successive cycling [69, 75, 183].  

Like PTAA, PTPDA and PHTAA, the polymer oxidation and reduction peaks occur 

at electrolyte-dependant potentials [89, 99, 235, 236]. Four distinct oxidation peaks 

occur in PEDOT film made with TBA(CF3)2(SO2)2 but only one for PEDOT film made 

with TBACF3SO3, TEABF4 and 0.1 M LiClO4. All films show one broad reduction 

peak. Ideally for conducting polymers with reversible redox processes, each 

oxidation peak is matched by its corresponding reduction peak [106, 237] but such 

ideal redox behaviour is commonly not observed [34, 143]. The greater number of 

distinct oxidation peaks in PEDOT film made with TBA(CF3)2(SO2)2 suggests that 

film‟s structure permits more non-capacitive current as a result of deeply trapped 

ions between polymer chains (with a slow relaxation time) that are responsible for 

switching between reduced and oxidized states [106, 107, 137].  

 

During film growth the CVs of PEDOT films often display a large dip in the negative 

potential range corresponding to n-doping and a large rise in the positive potential 

range corresponding to p-doping as seen in Figure 6.2 [58, 235, 236, 238]. A slightly 

(upward) current decrease at -1.3 V for PEDOT film made with TBA(CF3)2(SO2)2 and 

TBACF3SO3 arises from the instability of n-doped PEDOT film [89, 239].  Little dips 

“pre peaks” in either range are attributed to the oxidation or reduction of trapped 
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charges although the precise origin of these are not well documented [34, 58]. 

Some studies do not attempt to identify all features on film electropolymerisation 

CVs and only mention that film growth is occurring and where the main oxidation 

and reduction peaks occur [240].  

 

Figure 6.2. Electropolymersation cyclic voltammogram of PEDOT using a monomer 
solution containing 3 mM EDOT and (A) 50 mM TBA(CF3)2(SO2)2; (B) 50 mM 
TBACF3SO3; (C) 50 mM TEABF4 in CH2Cl2; or containing (D) 4 mM EDOT and 0.1 
M LiClO4 in propylene carbonate (6 cycles, 100 mV s-1).  
 

Figure 6.3 shows the cyclic voltammogram of the PEDOT films discussed above 

cycled in monomer-free solvent containing 50 mM of either TBA(CF3)2(SO2)2, 

TBACF3SO3,or TEABF4 in CH2Cl2; or containing 0.1 M LiClO4 in propylene 

carbonate.   
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Figure 6.3. Cyclic voltammograms of the PEDOT films from Figure 6.2 in monomer-

free solvent containing (A) 50 mM TBA(CF3)2(SO2)2; (B) 50 mM TBACF3SO3; (C) 50 

TEABF4 in CH2Cl2; or containing (D) 0.1 M LiClO4 in propylene carbonate (6 cycles, 

100 mV s-1.)  

 

Again the polymer oxidation and reduction peaks occur at electrolyte-dependant 

potentials. The oxidation peak with the highest potential occurred for the film made 

with TBA(CF3)2(SO2)2 and the lowest occurred for the film made with TEABF4. Three 

oxidation peaks occur in PEDOT film made with TBA(CF3)2(SO2)2 but only one for in 

PEDOT film made with TBACF3SO3, TEABF4 and LiClO4 which further supports the 

former film‟s  structure permits more non-capacitive current [106, 107, 137]. 

Moreover, the sharp redox peaks for the film made with TBA(CF3)2(SO2)2 indicates 

a narrower distribution of various lengths of conjugated segments of polymer chains 

of differing lengths with their slightly differing oxidation or reduction potential 

compared to the film made with LiClO4 whose very broad redox peaks indicate a 

wider distribution of various lengths of conjugated segments of polymer chains of 

differing lengths [107, 143].  N-doping is more prominent for PEDOT film made with 
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TBA(CF3)2(SO2)2 (A). It was absent for  PEDOT film made with LiClO4 (D) likely 

because the potential was not swept to -1.3 V like A-C.  

 

PEDOT films made identically as those in Figure 6.2 A-C were cycled in tris buffer 

containing 50 mM TEABF4 and shown as Figure 6.4 A-C, respectively. Another film 

made with TBA(CF3)2(SO2)2 was cycled in PBS buffer without TEABF4 (Figure 6.4 

D). The polymer oxidation peak at about 0.9 V and the broad polymer reduction 

peak in tris buffer containing the supporting electrolyte (50 mM TEABF4) (Figure 6.4 

A,B,C) completely diminishes in the PBS buffer without the additional supporting 

electrolyte upon cycling (D). Figure 6.4 A-C shows that TEABF4 ions can enter and 

leave these PEDOT films and that the microstructure of these films are sufficiently 

porous to allow those ion movements [147]. 

 

However, without TEABF4 in the solution restricted entry or exit of ions occurs as a 

result of a collapsed microstructure which produces a flat CV. The behaviour of 

PEDOT film in (Figure 6.4 A-C) is in contrast to PTAA film (made with the same 

electrolytes) which did not possess any redox activity in aqueous solution containing 

supporting electrolyte (Figure 3.9). This suggests that PEDOT has fundamentally 

superior ability to undergo redox processes in aqueous solution containing a 

supporting electrolyte compared to PTAA film. The CVs of PEDOT film cycled in 

aqueous solution with supporting electrolyte (Figure 6.4 A-C) are different in shape 

and the position of the redox peaks compared to PEDOT film made with TBAPF6 or 

LiClO4 and cycled in aqueous solution containing supporting electrolyte 

demonstrating the influence of solvent and electrolyte at the film preparation on their 

redox behaviour in aqueous solution [99, 240].  

 

6.3 EIS Investigation of the Stability of PEDOT Films in Organic 
Solvents and Aqueous Solution 

 

EIS experiments studying the electrochemical stability of PEDOT films in organic 

solvent and aqueous tris buffer over about 20 hours were compared to similarly-

made PTAA films (Chapter 3, Section 3.3) and published as part of the study in 

[148]. Those PEDOT experiments are presented here and discussed using the 

modelling theory introduced in Chapter 3.  
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Figure 6.4. Cyclic voltammograms of PEDOT films in (A,B,C) tris buffer containing 
50 mM TEABF4 or in (D) PBS buffer lacking additional supporting electrolyte.  Films 
were made in a monomer solution containing 3 mM EDOT and 50 mM (A, D) 
TBA(CF3)2(SO2)2, (B) TBACF3SO3, or (C) TEABF4 in CH2Cl2 (6 cycles, 100 mV s-1).  
 

The stability of PEDOT film made with 50 mM TEABF4 and TBACF3SO3 in CH2Cl2 

were evaluated in tris buffer, AN and CH2Cl2 by EIS over about 20 hours (Figure 

6.5-6.8). Contrasting the stability of films made with these electrolytes allowed an 

assessment of the stabilizing effect of the electrolyte on the films‟ microstructure in 

these media over time. The idea was that the large bulky hydrophobic CF3SO3
-
 

would support the microstructure better in tris buffer than the smaller hydrophilic 

BF4
- because the former was expected to remain permanently embedded within the 

film whereas the BF4
- may be expelled into the surrounding medium [60, 147]. 

Contrasting the stability of these films in an organic solvent and aqueous buffer 

allowed an assessment of the de-stabilizing effect of the aqueous buffer. 
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Figure 6.5. Complex Capacitance of PEDOT film (made with 50 mM TEABF4 in 

CH2Cl2, 6 cycles, 100 mV s-1) over about 20 hours in (A) tris buffer; (B) Closeup of 

about the origin; (C) AN; (D) CH2Cl2. EIS was performed in each solution containing 

50 mM TEABF4 at 0.8 V without a redox couple. 

 

The electrochemical stability of the PEDOT film made with 50 mM TEABF4 in 

CH2Cl2 was evaluated in tris buffer over about 20 hours shown by its complex 

capacitance plot in Figure 6.5 A,B. The shrinking of the semi-circular arc towards 

the origin can be interpreted as a capacitance decrease (and RCT increase) arising 

from microstructure collapse and reduced interfacial surface area according to 

equation (1.1) and the circuit model in Figure 3.20. The closeup view about the 

origin in Figure 6.5 B clearly shows this shrinking semi-circular arc at 63.1 Hz. In 

contrast, the semi-circular complex capacitance arc of this PEDOT film in AN 

(Figure 6.5 C) and CH2Cl2 (Figure 6.5 D) shrunk very little indicating the polymer 
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maintained its microstructure in these solvents much better (note that Figure 6.5 A-

D were shown with equal axes).  

 

Figure 6.6. Phase angle plots from Figure 6.5 of PEDOT films (made with 50 mM 

TEABF4 in CH2Cl2) over about 20 hours in (A) tris; (B) AN; (C) CH2Cl2.  EIS was 

performed in each solution containing 50 mM TEABF4 at bias potential of 0.8 V and 

without a redox couple. 

 

The corresponding phase angle plots are shown in Figure 6.6 which confirms (a) the 

greater microstructure change of PEDOT film made with TEABF4 in tris buffer than 

in the organic solvents and (b) the increase in RCT in tris buffer indicated by a phase 

angle increase over time.  

 

Likewise, the stability of PEDOT film made with 50 mM TBACF3SO3 in CH2Cl2 was 

evaluated in tris buffer, AN and CH2Cl2 over about 20 hours as shown by its 

complex capacitance plot in Figure 6.7. The results are similar to the PEDOT film 
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made with TEABF4: a greater shrinking semi-circular arc in tris buffer than in AN or 

CH2Cl2 that can be interpreted as a capacitance decrease (and RCT increase) 

arising from microstructure collapse and reduced interfacial surface area.  

 

 

Figure 6.7. Complex Capacitance of PEDOT films (made with 50 mM TEACF3SO3 in 

CH2Cl2, 6 cycles, 100 mV s-1) over about 20 hours in (A) tris; (B) Closeup about the 

origin; (C) AN; (D) CH2Cl2. EIS was performed in each solution containing 50 mM 

(A,B) TEABF4 or (C,D) TBACF3SO3  at 0.8 V without a redox couple. 

The corresponding phase angle plot is shown in Figure 6.8 which confirms (a) the 

greater microstructure change of PEDOT film made with TBACF3SO3 in tris buffer 

than in the organic solvents and (b) the increase in RCT in tris buffer indicated by a 

phase angle increase over time.  
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Figure 6.8. Phase angle plots for Figure 6.7 of PEDOT film (made with 50 mM 

TEACF3SO3 in CH2Cl2) over about 20 hours in (A) tris; (B) AN; (C) CH2Cl2. EIS was 

performed in each solution containing 50 mM (A) TEABF4 or (B,C) TEACF3SO3  at 

0.8 V without a redox couple. 

 

The real component of the complex capacitance plots can be plotted independently 

of the imaginary component (not shown but like Figure 3.16 C for PTAA film).  The 

low-frequency limiting capacitance at the lowest frequency measured (0.1 Hz) at the 

different measurement times in Figure 6.5 and Figure 6.7 were plotted as Figure 6.9 

and used as a measure of time-evolution of the microstructural change in the film 

(as an approximate measure of the effective surface area) [106, 122, 124, 132]. 

 

Figure 6.9 clearly illustrates the dramatic difference of these PEDOT films in the 

organic solvents (a,c,d,f) versus tris buffer (b,e) with the maintenance of its 

microstructure in the former compared to its gradual collapse in the latter. The effect 

of electrolyte in these PEDOT films was not as significant as the effect of electrolyte 
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in similarly-made PTAA films (Figure 3.18) which suggests PEDOT films, whether 

made with TBACF3SO3 or TEABF4, maintains its microstructure better in organic 

and tris buffer solutions than PTAA films as evidenced by (a) the almost unchanging 

Capre values over time for PEDOT film in organic solvent (Figure 6.9 a,c,d,f) 

compared to a greater  changing Capre values over time for PTAA film in organic 

solvent (Figure 3.18 a,b,d,f,g). Likewise the PEDOT film (whether made with 

TBACF3SO3 or TEABF4) was able to support its synthesised microstructure longer 

(until about 400 s) (Figure 6.9 b,e) in tris buffer compared to PTAA film (made with 

TEABF4) in tris buffer (Figure 3.18 c).  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.9. Capre at 0.1 Hz over about 20 hours of PEDOT film in (a,f) AN, (b,e) tris 
buffer or (c,d) CH2Cl2 containing (a,c) 50 mM TBACF3SO3 or  (b,d,e,f) 50 mM 
TEABF4. The films were made in a monomer solution containing 3 mM EDOT, 
CH2Cl2 and (a,b,c) 50 mM TBACF3SO3 or  (d,e,f) 50 mM TEABF4. The Capre at 0.1 
Hz was obtained from a Capre over frequency plot for each film.  EIS was performed 
at 0.8 V.  
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6.4 Effect of Polymerisation Conditions on Poly(hydroxymethyl 
EDOT) Film Properties  

 

A comparison of poly(hydroxymethyl EDOT) film to similarly-made PEDOT film  

allowed an assessment of the effect of the CH2OH functionality on the EDOT 

monomer compared EDOT monomer without that functionality. Figure 6.11 shows 

the electropolymerisation CVs of poly(hydroxymethyl EDOT) made in a monomer 

solution containing 3 mM hydroxymethyl EDOT and either 50 mM  TBA(CF3)2(SO2)2 

or TEABF4 in CH2Cl2.  Films in Figure 6.11 A and C were formed on a glassy carbon 

electrode and in Figure 6.11 B on a gold electrode.  

 

 
Figure 6.11. Electropolymerisation cyclic voltammograms of poly (hydroxymethyl 
EDOT) films using a monomer solution containing 3 mM hydroxymethyl EDOT and 
50 mM (A, B) TBA(CF3)2(SO2)2  or (C) TEABF4 in CH2Cl2.  Films in A and C were 
formed on a glassy carbon and in B on a gold electrode (6 cycles, 100 mV s-1). 
 

 

Gold seemed to be a slightly inferior electrode compared to glassy carbon as 

indicated by better film growth in Figure 6.11 A compared to Figure 6.11 B. The film 
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growth of poly(hydroxymethyl EDOT) using TBA(CF3)2(SO2)2 is similar to that grown 

with TEABF4. Both showed a broad polymer oxidation peak and a broad polymer 

reduction peak as seen elsewhere for hydroxymethyl EDOT electropolymerized with 

tetrabutylammonium hexafluorophosphate in acetonitrile or with lithium perchlorate 

in water [99]. When grown with TBA(CF3)2(SO2)2  on glassy carbon a minor 

reduction peak at -0.615 V indicates the presence of n-doping as seen when grown 

with tetrabutylammonium hexafluorophosphate in acetonitrile [99]. The separation 

between the main polymer oxidation and reduction peak for the films in Figure 6.11 

reveals the least reversible doping when grown with TEABF4 on glassy carbon 

(Figure 6.11. C) (widest seperation) and most reversible doping when grown with 

TBA(CF3)2(SO2)2 on gold (Figure 6.11 B) (closest separation). In ideally reversible 

doping there is no separation between oxidation and reduction peaks [142].    

 

The effect of the CH2OH functionality in hydroxymethyl EDOT can be seen by the 

lower onset potential at which oxidation of the monomer begins at about 1.1 V for 

poly(hydroxymethyl EDOT) film grown with TBA(CF3)2(SO2)2 (Figure 6.11 A) 

compared to 1.3 V for similarly-grown PEDOT film (Figure 6.2 A). Likewise, the 

onset potential of about 1.04 V for poly(hydroxymethyl EDOT) film grown with 

TEABF4 (Figure 6.11 C) was lower than the 1.260 V required for similarly-made 

PEDOT film (Figure 6.2 D).  These results suggest the CH2OH functionality lowered 

the oxidation potential of the EDOT monomer by electron donation [34].   

 

The CVs of poly(hydroxymethyl EDOT) film in monomer-free CH2Cl2 containing 

either 50 mM (TBA(CF3)2(SO2)2 or TEABF4 (Figure 6.12 A and B, respectively) are 

similar to similarly-made PEDOT film (Figure 6.3 A, B respectively) in that the 

polymer oxidation and reduction peaks depend on the electrolyte used to make the 

film [58, 89, 99, 238, 241]. As with PEDOT film, the n-doping at negative potentials 

is more pronounced for poly(hydroxymethyl EDOT) film made with TBA(CF3)2(SO2)2 

than with TEABF4. The oxidation peak at 1.180-1.174 V for 

PEDOT\TBA(CF3)2(SO2)2 film cycled in monomer-free CH2Cl2 containing 50 mM 

TBA(CF3)2(SO2)2 (Figure 6.3 A) is not observed in poly(hydroxymethyl 

EDOT)/TBA(CF3)2(SO2)2 film cycled in the same solution (Figure 6.12 A) suggesting 

more distinct separation of redox states in the former.  
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Figure 6.12. Cyclic voltammograms of poly(hydroxymethyl EDOT) films from Figure 
6.11 A,C in (A) monomer-free solution containing 50 mM (A) TBA(CF3)2(SO2)2 or (B) 
TEABF4 in CH2Cl2.  
 

Figure 6.13 shows the CV of poly(hydroxymethyl EDOT) film in either tris buffer 

containing 50 mm TEABF4 (A,B) or PBS buffer without any supporting electrolyte 

(C).  The films were made with TBA(CF3)2(SO2)2 (A,C) or TEABF4 (B).  The polymer 

oxidation peak at about 0.6-0.8 V and the broad reduction peak at about -0.5 V in A-

C gradually decrease upon successive cycling so that they flatten by the 6th cycle 

but not completely as an overlay of the 6th cycle of the films in A-C shows (Figure 

6.13 D). In particular, the film cycled in PBS solution without supporting electrolyte 

(Figure 6.13 C) still retains an oxidation and reduction peak. These features indicate 

that the CH2OH functionality of the hydroxymethyl EDOT monomer is still insufficient 

to prevent the microstructural collapse in aqueous solution. Perhaps this undesired 

property is why cycling results in aqueous solution have not been published in the 

few papers on hydroxymethyl EDOT [99, 233, 234, 242, 243]. However, one article 

mentioned that film possessed greater electrochemical stability in aqueous solution 

and remained unchanged after 100 cycles but did not show the CV [234]. 

 

The CH2OH functionality of the hydroxymethyl EDOT monomer significantly slows 

the rate of microstructure collapse as seen by comparing the dramatic first-cycle 

collapse of PEDOT/TBA(CF3)2(SO2)2  film (Figure 6.4) to the gradual collapse of 

poly(hydroxymethyl EDOT)/ TBA(CF3)2(SO2)2  film (Figure 6.13 C). 
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Figure 6.13. Cyclic voltammograms of poly(hydroxymethyl EDOT) films in (A, B) tris 

buffer containing 50 mM TEABF4 or (C) PBS buffer without any supporting 

electrolyte. Films were made using a solution containing 3 mM hydroxymethyl 

EDOT and 50 mM (A, C) 50 mM TBA(CF3)2(SO2)2  or (B) TEABF4 in CH2Cl2 (6 

cycles, 100 mV s-1).  

 

6.5 EIS Study of the Stability of Poly(Hydroxymethyl EDOT) Films 
in Aqueous Solution 

 

Poly(hydroxymethyl EDOT) film displayed superior ability to PEDOT film to maintain 

its microstructure and associated redox activity in aqueous solution as 

demonstrated by comparing the EIS experiments for PEDOT film in Figure 6.5 A,B 

and Figure 6.6 A to the results for poly(hydroxymethyl EDOT) film in Figure 6.14 A,B 

and Figure 6.15 A.  
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Figure 6.14. Complex capacitance plot of a poly(hydroxymethyl EDOT) film over 

about 20 hours in (A) tris buffer containing 50 mM TEABF4 without any redox 

couple; (B) Closeup about the origin; (C) another film in monomer-free solution 

containing 50 mM TEABF4 in CH2Cl2; (D) log of Capre at 0.1 Hz for (a) A and (c) C. 

Films were made using a solution containing 3 mM hydroxymethyl EDOT and 50 

mM TEABF4 in CH2Cl2 (6 cycles, 100 mV s-1). 

 

Figure 6.14 shows the complex capacitance plot of poly(hydroxymethyl EDOT) film 

(made with 50 mM TEABF4 in CH2Cl2) over about 20 hours in tris buffer containing 

50 mM TEABF4 without any redox couple (A,B) and monomer-free solution 

containing 50 mM TEABF4 in CH2Cl2 (C). Their corresponding phase angle plots are 

shown in Figure 6.15.  In tris both PEDOT and poly(hydroxymethyl EDOT) film took 

about the same time to stabilize (about 450 min = 7.5 hours) considering only the 

Capre at 0.1 Hz (Figure 6.9 curve e; Figure 6.14 D curve a respectively). 

Considering the semi-circular complex capacitance arc of the pseudeo-stabilized 

film after 7 hours, for PEDOT it appears flatter (Figure 6.5 B) than the more semi-

circular arc for poly(hydroxymethyl EDOT) film (Figure 6.14 B). 
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Figure 6.15. Phase angle plot of a poly (Hydroxymethyl EDOT) film from Figure 6.14 

over about 20 hours in (A) tris buffer containing 50 mM TEABF4 without any redox 

couple; (B) another film in monomer-free solution containing 50 mM TEABF4 in 

CH2Cl2.  

 

The phase angle of PEDOT film in tris changed more (shifting from an initial 2.51 Hz 

peak (b) to 0.79 Hz (h) while spreading upwards) (Figure 6.6 A) than 

poly(hydroxymethyl EDOT) film which increased a little vertically but did not shift 

towards higher or lower frequencies –the peak at 0.199 Hz (b) remained constant 

for over 20 hours (Figure 6.15 A). Moreover, the phase angle of the 

poly(hydroxymethyl EDOT) film in Figure 6.15 A clearly reveals two overlapping 

peaks that changed little over the 20 hours compared to the phase angle of the 

PEDOT film in Figure 6.6 A where the overlapping peaks cannot be distinguished 

and only a single broad single peak appears that changed more over 20 hours than 

the poly(hydroxymethyl EDOT) film. These results suggest that poly(hydroxymethyl 

EDOT) film changed less and maintained its original microstructure better than 

similarly-made PEDOT film in tris solution containing 50 mM TEABF4. 

 

In monomer-free CH2Cl2/TEABF4, the semi-circular arc of both PEDOT (Figure 6.5 

D) and poly(hydroxymethyl EDOT) film (Figure 6.14 C) decreased a little. This small 

overall capacitance decrease can also be observed by considering the real 

capacitance at 0.1 Hz (Figure 6.9 D curve c,d; Figure 6.14 curve c). These features 

indicate the microstructure of both polymers changed little in this organic solvent.  
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6.6 Effect of Polymerisation Conditions on PAAE Film Properties  

 

Encouraged by the better electrochemical stability of poly(hydroxymethyl EDOT) film 

in aqueous solution compared to PEDOT film, a novel monomer, acrylic acid EDOT, 

(Figure 6.2) was designed and synthesised with the hope of further improvement in 

electrochemical stability and redox activity of this EDOT-substituted polymer in 

aqueous solution brought by the presence of carboxylic acid group. The acrylic acid 

functionality would also allow for EDC-catalyzed coupling of an amino-terminated 

probe ODN to the polymer similar to the previously discussed polymers (PTAA, 

PTPDA and PHTAA).   

 

The usual solvents and electrolytes that were used to electropolymerise EDOT and 

hydroxymethyl EDOT were used here in attempts to electropolymerise acrylic acid 

EDOT into poly(acrylic acid EDOT) (PAAE) as illustrated in Figure 6.16 and Figure 

6.17 using either a 3 mM, 6 mM or 10 mM acrylic acid EDOT monomer solution with 

various electrolytes and solvents. However, these electropolymerisation attempts 

were characterised by poor or no film growth judging by the poor or no current 

increments at high potentials normally accompanying film growth [69, 75, 183] and 

microscopic examination. Poor film growth was observed using 50 mM TEABF4 in 

propylene carbonate (Figure 6.16 A); 50 mM TEABF4 in CH2Cl2 (Figure 6.16 B); and 

0.1 M LiClO4 in AN (Figure 6.16 C) judging by the poor layering although 

characteristic n-doping and p-doping were observed for films made in 

TEABF4/propylene carbonate and TEABF4/CH2Cl2. No film growth was observed for 

the other films in Figure 6.16 and Figure 6.17. These attempted polymerisations can 

be contrasted to the good film growth of other carboxylic acid PEDOT derivatives 

polymerised in TBAPF6\AN [98] and suggests the potential required to start 

polymerisation reaction is greater in acrylic acid EDOT.  

 

Increased steric interaction between the EDOT backbone and the acrylic acid side 

chain may explain the difficulty in electropolymerising acrylic acid EDOT [55, 96].  

The acrylic acid side chain contains a double bond which prevents rotation between 

carbon two and carbon three. This may increase the sterical strain felt by the 

thiophene ring similar to the strain caused by positioning the oxygen atom too 
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closely to the thiophene ring in polythiophenes substituted at the 3‟ position with 

straight chain alkyl chains possessing an ether group [96]. 

 

Figure 6.16. Electropolymerisation cyclic voltammograms of possible PAAE films 

made using a 3 mM Acrylic Acid EDOT monomer solution containing (A) 50 mM 

TEABF4 in propylene carbonate;  (B) 50 mM TEABF4 in CH2Cl2; (C) 0.1 M LiClO4 in 

AN. (D,E) Electropolymerisation cyclic voltammograms of a possible poly(acrylic 

acid EDOT) film made using a 10 mM acrylic acid EDOT monomer solution 

containing 0.1 M LiClO4 in acidified AN (about pH 3): (D) on glassy carbon 

electrode, (E) on gold electrode (6 cycles, 100 mV s-1). 
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Figure 6.17. Electropolymerization cyclic voltammograms of a possible PAAE film 

made using a 6 mM acrylic acid EDOT monomer solution containing (A) 0.1 M 

LiClO4 in propylene carbonate; (B) 0.1 M TBACF3SO3 in propylene carbonate (a; b); 

(C) 0.1 M TBACF3SO3 in CH2Cl2; or (D) 0.1 M TBACF3SO3 in AN (6 cycles, 100 mV 

s-1.)   

With only one CH2 as a linker between the thiophene ring and the ether group, the 

oxidation potential required to form a polymer increased [96]. Two or more CH2 as a 

linker lowered the oxidation potential [96]. The steric strain can decrease the π-π 

orbital overlap between thiophene rings resulting in an increase in the potential 

required for polymerisation [55].  

 

The difficulty in electropolymerising acrylic acid EDOT should be contrasted to the 

relative ease in electropolymerising EDOT monomers containing ether, ester linkers 

terminated by a carboxylic acid group [234]. These required cycling between -0.8 

and 0.9 V in acetonitrile containing tetrabutylammonium hexafluorophosphate [234]. 

Their ease of polymerisation was somewhat surprising since only one CH2 acted as 

the linker “spacer” between the thiophene ring and the ester group.  The double 
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bond in acrylic acid EDOT is thus suspected as raising the oxidation potential and 

making it difficult to polymerise.  

 

One way to tell whether a film is formed is to perform a CV of it in tris buffer 

compared to the CV of a bare electrode as illustrated in Figure 6.18 for a possible 

PAAE film made with 50 mM TEABF4 in CH2Cl2. The electropolymerisation cyclic 

voltammogram of that film was shown in Figure 6.16 B where poor film growth was 

observed.  Figure 6.18 shows the film (A) and bare electrode (B) cycled in tris buffer 

containing 50 mM TEABF4. The differences between these two indicate the 

presence of PAAE film in (A). The first-cycle polymer reduction peak in (A) occurs at 

-0.656 to -0.648 V whereas in (B) it occurs at -0.565 V. Although both CVs were 

swept up to 1.0 V, the smaller current tail near 1.0 V in (A) compared to the higher 

current tail in (B) suggests a film on the electrode surface in (A) that doesn‟t exist in 

(B). Moreover, the area within the CV, representing charge stored by a CP [136], is 

greater in (A) than (B). These reasons suggest a very thin film was formed in (A).  

 

It was theorised that although a film made using the AAE monomer (a 

homopolymer) could barely be formed, a film made using the AAE monomer and the 

EDOT monomer (as a co-polymer) could be much better polymerised into a film. 

This phenomena was observed in others‟ unsuccessful attempts to 

electropolymerise homopolymers of pyrrole functionalized with butanoic acid for 

example and resulted in using a copolymer of that pyrrole with unfunctionalised 

pyrrole [78].  

Figure 6.18. Cyclic voltammograms of a (A) possible PAAE film from Figure 6.16 B; 
or (B) bare electrode in tris buffer containing 50 mM TEABF4 (6 cycles, 100 mV s-1).  
 



Chapter 6 

 

205 

 

6.7 DNA Sensing by Unstabilized P(AAE-co-EDOT) Film Made With 
LiClO4 in Propylene Carbonate in EIS Solution Containing the 
Fe(CN)6

3-/4- Redox Couple  

 

Following the above discussed results, a co-polymer of acrylic acid EDOT and 

EDOT (1:1) was attempted using a monomer solution containing 4 mM acrylic acid 

EDOT, 4 mM EDOT and 0.1 M LiClO4 in propylene carbonate. The 

electropolymerisation cyclic voltammogram is shown in Figure 6.19 A. The closeup 

(B) shows film growth indicated by increased current upon cycling [69, 75, 183]. 

Increasing the amount of EDOT monomer in the monomer solution to 16 mM EDOT 

resulted in much improved film growth (Figure 6.19 C). This indicates that 

polymerisation is more difficult with a greater proportion of AAE monomer.  

 

Figure 6.19. Electropolymerisation voltammogram of poly(AAE–co-EDOT) using a 
monomer solution containing (A) 4 mM acrylic acid EDOT and 4 mM EDOT and 0.1 
M LiClO4 in propylene carbonate; (B) Closeup;  (C) 4 mM Acrylic Acid EDOT and 16 
mM EDOT and 0.1 M LiClO4 in propylene carbonate (6 cycles, 100 mV s-1). 
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However, the question was how much of that film in (A,B) or (C) originated with 

acrylic acid EDOT?  To answer that an FTIR spectra for this film (CV shown in 

Figure 6.19 C) is presented in Figure 6.20 B and DNA sensing using the film is 

shown in Figure 6.21.    

The presence of a small but significant absorption peak at 1700 cm-1 in the ATR-IR 

spectrograph of the film (Figure 6.20 B) indicates the presence of a C=O stretching 

that was expected from the C=O bond in the acrylic acid EDOT monomer that was 

not present in EDOT homopolymer film made without acrylic acid EDOT (Figure 

6.20 A) [215]. Thus some acrylic acid EDOT monomer apparently polymerized with 

the EDOT monomer to form the co-polymer film in Figure 6.20 B. but its presence 

was insufficient for the copolymer to detect the ODN.  

An identically-made copolymer film as Figure 6.19 C was made and its phase angle 

plot is shown in Figure 6.21: in tris buffer (a) followed by the attachment of 434 μM 

probe (b) and hybridised to 1.35 μM complementary (com) target (c). The lack of 

any phase angle change after the attempted attachment of the probe and 

hybridisation indicates that although some acrylic acid EDOT monomer apparently 

polymerized with the EDOT monomer to form the co-polymer film, its presence was 

insufficient for the copolymer to detect the ODN.  

 

Figure 6.20. ATR-IR spectra of (A) PEDOT film made using a solution containing 16 
mM EDOT and 0.1 M LiClO4 in propylene carbonate or (B) the poly(acrylic acid 
EDOT-co-EDOT) film from Figure 6.19 C made using a solution containing 4 mM 
acrylic acid EDOT and 16 mM EDOT and 0.1 M LiClO4 in propylene carbonate (6 
cycles, 100 mV s-1).   
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Figure 6.21. Phase Angle of (a) poly(acrylic acid EDOT-co-EDOT) film identically 
made as in Figure 6.19 C; (b) after attempted attachment of 434 μM probe; (c) 
attempted hybridisation with 1.35 μM complementary (com) target in tris buffer 
containing the Fe(CN)6

3-/4-. After the film was made (6 cycles, 100 mV s-1), 0.4 V 
was applied to it for 60 s in monomer-free solvent containing 0.1 M LiClO4 in 
propylene carbonate to ensure the film was in the oxidized state. No time was 
allowed for the film to stabilize before probe attachment. EIS was performed at 0.4 
V.  
 
 

6.8 Conclusion 

 

A new monomer, acrylic acid EDOT ((E)-3-(2,3-dihydrothieno[3,4-b][1,4]dioxin-2-

yl)acrylic acid), was synthesised in order to produce a polymer film of improved 

properties to those of the terthiophene polymers discussed in Chapters 3-5 that 

could be used for electrochemical DNA sensing in aqueous buffer solutions. 

Unfortunately it was difficult to polymerise the new monomer into a polymer and it 

failed to sense ODN. Although polymer films from EDOT and hydroxymethyl EDOT 

could be easily electropolymerized into polymers, they lacked the functionality 

needed to detect ODN.  

As expected, PEDOT films displayed greater electrochemical stability in aqueous 

solution than similarly-made PTAA films. Although the CH2OH functionality of the 

hydroxymethyl EDOT monomer was insufficient to prevent polymer film‟s 

microstructural collapse in aqueous solution, that polymer possessed greater 

electrochemical stability in aqueous solution than similarly-made PEDOT film.  
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7 Conclusions and Future Directions 

 

 

In this PhD project the following monomers and their conducting polymers were 

synthesised and their properties characterised including their ability to be used as 

electrochemical DNA sensors: TAA (5‟‟:2‟‟‟-terthiophene)-3‟‟-yl) acrylic acid), TPDA 

(5-(2‟:2‟‟, 5‟‟:2‟‟‟-terthiophene)-3‟‟ –yl)] (2E,4E)penta-2,4-dienoic acid ), HTAA (3-

[3‟,3‟‟‟-bis(hydroxymethyl)-2‟:2‟‟,5‟‟:2‟‟‟-terthiophene)-3‟‟–yl (E)acrylic acid ) and AAE 

((E)-3-(2,3-dihydrothieno[3,4-b][1,4]dioxin-2-yl)acrylic acid).  Electrochemical 

impedance spectroscopy (EIS) was the principal DNA detection method.  

 

PTAA and PTPDA were designed based on their pyrrole homologues [29, 30] and  

were hoped to overcome the disadvantages of the pyrrole polymers - primarily the 

difficult and lengthy functionalisation chemistry of pyrroles. The difficulty in 

polymerizing thiophene monomers composed of a single thiophene ring [72] 

necessitated PTAA and PTPDA being synthesised as terthiophene monomers 

composed of three conjugated thiophene rings. This allowed their easy 

polymerisation and were best electropolymerised in CH2Cl2 whereas the pyrrole 

polymers were best electropolymerised in propylene carbonate or acetonitrile [29, 

30]. 

 

PTAA and PTPDA films were best synthesised in CH2Cl2 with a range of electrolyte 

salts -from the large hydrophobic TBACF3SO3 and TBA(CF3)2(SO2)2 to the smaller 

hydrophilic TEABF4. PHTAA film was also well synthesised in this solvent and with 

these electrolytes but was even better synthesised with TBAClO4. All these 

polymers displayed good electrochemical redox activity in organic solvent (CH2Cl2) 

as determined by sustained redox peaks in their cyclic voltammograms. But in 

aqueous solution, these polymers displayed poor redox activity as determined by 

flattened redox peaks. The choice of the dopant used to synthesise the films 

somewhat ameliorated this flattening but did not prevent it. TBA(CF3)2(SO2)2 and 

TBACF3SO2 supported the microstructure of PTAA film better than TEABF4.    

 

The results from using PTAA and PTPDA as DNA sensors in aqueous solution 

showed poor hybridisation responses that were difficult to consistently reproduce.  
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This prompted a comprehensive EIS study investigating the change of the polymers‟ 

properties when immersed in aqueous electrolytes.  EIS revealed that the 

microstructure of these films collapses in aqueous solution for about three hours. It 

was necessary to model this change using circuit models specially constructed with 

varying capacitor and resistor values. After the microstructure collapse, the films 

were still not electrochemically stable because of the constant oxidizing potential 

applied during EIS which charged the films as indicated by a gradual increase in the 

film capacitance.  A possible way to prevent this undesired charging feature may lay 

in using EIS in galvanostatic mode where EIS is measured at open circuit potential 

rather than at an applied potential [116]. Doing so however raises questions about 

whether the conductivity of the film will be sufficient to detect the changes in the 

film‟s surface properties brought about by hybridisation.  Both sources of film 

change (from solvent effect and continual charging) complicate using PTAA and 

PTPDA as DNA sensors. Hybridisation responses from such sensors ideally depend 

on having a substrate that does not change so that changes in the detected signal 

can be attributed to the DNA rather than to instability of the sensor substrate. 

Hindered redox activity and conductivity accompanied the microstructure collapse.  

 

Discovery of PTAA and PTPDA films‟ microstructure collapse in aqueous solution 

explained the difficulty in obtaining reproducible hybridisation responses. This 

finding has significant impact on conducting polymer research because of the usual 

assumption in the literature that they are electrochemically stable and can be used 

straight after preparation for DNA sensing [1-7].  

 

In order to improve the electrochemical stability, PHTAA was synthesised that had a 

hydrophilic group (CH2OH) added to the TAA monomer. PHTAA film was similarly 

tested using cyclic voltammetry and EIS in aqueous solution. Although it still 

collapsed when cycled, the collapse was largely prevented during EIS as evident 

primarily by an almost constant complex capacitance at high frequencies. The slight 

gradual capacitance increase due to film charging induced by the oxidizing potential 

applied during EIS was also observed in PHTAA film. Unfortunately, like PTAA and 

PTPDA, PHTAA film still suffered from poor DNA sensing selectivity. 
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It was thought another monomer structure should be investigated based on the 

EDOT family of polymers which have shown desired properties including 

electrochemical stability, lower electropolymerisation potential, lower bandgap and 

higher conductivity [51, 85]. AAE was thus synthesised but polymerization was 

unsuccessful. The failure of thiophene monomers to polymerise is a known problem 

that partly arises from the high potentials required to start the polymerisation 

reaction [55].  

 

The electrolyte salt used in the synthesis of PTAA, PTPDA and PHTAA films 

determined to some extent whether a hybridisation response occurred. When the 

polymers were made with TBA(CF3)2(SO2)2 (but not with TEABF4) a hybridisation 

response occurred. The hybridisation response was attributed to the non-specific 

electrostatic attraction between the space charge region consisting of positive TBA 

(tetrabutylammonium) charges underneath the oxidized film surface and the 

negatively-charged ODN in the impedance solution rather than attributed to specific 

base-pair hydrogen bonding between complementary ODN [204]. Reducing this 

source of non-specific attraction will involve developing polymers that do not buildup 

such a space charge region such as by using water-soluble electrolytes (as shown 

for TEABF4). But the lack of a hybridisation response for all the terthiophene films 

made with TEABF4 suggests that a better polymer must be designed. Using 

electrochemical detection, a new polymer will likely need to be conductive in 

aqueous solution, whose microstructure has not collapsed and whose π-bonded 

“highway” is not hindered [56, 148]. For HTAA this might be achieved by changing 

the substituent at the CH2OH position or at the  3‟ position on the middle thiophene 

ring with amide or amine [90], sulfonate [101, 244] and ether [245] groups which 

made other polythiophene polymers water soluble. The substituent may be 

terminated with a carboxylic or other reactive group to form a covalent bond with the 

amino group of probe ODN. However, there is no simple answer as to which 

functionality would yield a polymer possessing all of the desired properties 

(selectivity, sensitivity, reproducibility, conductivity and electrochemical stability).  

 

Along with a new polymer, developing new electrolytes may be necessary to endow 

the new polymer with the desired properties. Much research is directed towards 

developing new monomers [34, 35, 242] but relatively little research is directed 
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towards developing new electrolytes for DNA sensors –although new electrolytes 

are being developed for other applications [246, 247].  

 

An investigation of the oxidation state of PTAA film revealed that the polymer best 

detects complementary ODN while in the oxidized rather than in the reduced state. 

This is consistent with the oxidized state of conducting polymers being much more 

conductive and stable [248]. The other polymer films‟ DNA sensing ability were thus 

evaluated while the films were in the oxidized state. Other published EIS studies 

also report DNA sensing obtained only at a bias potential where the conducting 

polymer is oxidized (and presumably conducting) [1, 5, 30]. Being in the oxidized 

state, however, may contribute to the poor selectivity of the terthiophene films where 

non-specific electrostatic attraction was indicated between the positive charges of 

the oxidised films and the negatively-charged ODN.  

 

In this work, an alternative format for displaying EIS hybridisation data was used. 

The common practise of modelling the data as a Randles circuit and obtaining the 

charge transfer resistance (RCT) from the semi-circular arc on the Nyquist plot was 

found to be not practical because of the lack of that arc in the Nyquist plots [29, 30].  

Instead, the phase angle plot was found to be the best format to display the 

hybridisation response because of its ability to sensitively convey information about 

film microstructure changes and ODN attachment on the film surface for the entire 

frequency range studied. A modified Randles circuit (lacking the Warburg 

impedance) was used as a model and the RCT was obtained from the increase or 

decrease in phase angle and used as a measure of hybridisation. The change in 

phase angle (Δ Φ) at a high frequency (in the 103 - 105 Hz region) was used to 

evaluate hybridisation because the phase angle of the film with attached probe ODN 

changed in this region.  

 

The problems encountered in this thesis illustrate a fundamental problem in 

designing and making a conducting polymer suitable for electrochemical biosensing 

–it must perform well on several criteria otherwise it is of limited value in end-user 

laboratories. It must be easy to grow, sensitive and selective towards the target 

biomolecule and the responses must be reproducible [14, 249]. The scope of this 

thesis allowed an investigation of only a subset of the problems encountered in 
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developing a DNA sensor. There is a trend to miniaturize the sensors and perform 

multiple detection measurements simultaneously [249-251]. The latter is typified by 

using microarrays to analyze an organism‟s whole genome simultaneously [250-

252]. These features were not inherent in this thesis where the apparatus detected 

one ODN target at a time on a macroscopic electrode but the sensor design would 

in principle allow miniaturisation. Commercially available microarray sensors detect 

ODN using a silicon, glass or plastic substrate rather than conducting polymers [11].  

 

The polymers in this thesis were tested for their ability to detect a commercially-

purchased small (18 base pair) synthetic piece of single-stranded ODN.  In real-life 

applications, longer ODN and of differing composition would be needed to detect 

various genes [249, 250] in a real biological sample with interfering species such as 

proteins and debris [14]. Re-useability of the sensor is also a desired feature 

industrially that was not investigated in this thesis [11, 19]. The ODN probe was 

covalently attached using the EDC catalyst [78, 173]. Various other strategies for 

immobilizing the probe were not attempted such as relying upon electrostatic 

attraction between positively-charged film and negatively-charged probe or using an 

enzyme to attach the probe or entrapment of the probe in the polymer matrix may 

be attempted in the future [11, 35].   

 

In conclusion, more fundamental research is required in order to use conducting 

polymers commercially as DNA sensors. Doing so requires them to surpass the 

advantages inherent in present microarray sensors.  The fundamental novel 

research performed during this thesis has significantly contributed towards that 

ultimate goal by (a) discovering the problem of solvent-induced microstructure 

collapse in thiophene-based conducting polymers and examining that effect on their 

DNA-sensing ability, (b) synthesising a terthiophene (PHTAA) conducting polymer 

which to a certain degree ameliorates that problem, (c) presenting an alternative 

modelling scheme that calculates an hybridisation measure, ΔΦ, from the phase 

angle plot rather than the ΔZre from a Nyquist plot, (d) examining the effect of 

oxidation state on a conducting polymer (PTAA)‟s DNA-sensing ability. Three 

papers were published based on this work as listed in Appendix 3.  

 

 



 

 

214 

 

Appendix 1  
 

The complex capacitance can be defined as the following [105] where ω is the 

angular frequency (s-1), CP is the polymer capacitor, RP is the polymer resistor and 

RS is the solution resistor in the circuit model shown in Figure 3.25. 

 

Additionally, the derivation of the phase angle equation (3.1) is shown below [105] 

where ω1 = 1/(CPRS) and ω2 = 1/(CPRP) for the circuit model shown in Figure 3.25. 
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Appendix 2 
 
 
A2.1. DNA Sensing of 9-hour Stabilized TBAClO4-made PHTAA Film in EIS 

Solution Lacking the Fe(CN)6
3-/4- Redox Couple (After 60-Hour Pre-treatment 

Soak) 

 

The experiment done on PTAA film investigating the effect of allowing a 60-hour film 

soaking time prior to EIS (Figure 3.40) was performed for PHTAA film using the 

same conditions (50 mM TBAClO4 to make the film, EIS in PBS without a redox 

couple at 0.9 V) as illustrated in Figure A2.1. 

 

Figure A2.1. (A) Phase angle plot of a PHTAA film over 8 hours 40 min (a-g) 

followed by (h) attachment of 490 μM probe and hybridization with (i) 1.35 μM 

complementary (com) target; (B) its Complex Capacitance plot; (C) Closeup about 

the origin. EIS was done in PBS buffer at 0.9 V without a redox couple. After making 

the film in 3 mM HTAA solution containing CH2Cl2 and 50 mM TBACl04 (6 cycles, 

100 mV /s), a constant potential of 0.9 V was applied to the film for 60 s in 
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monomer-free CH2Cl2 containing and 50 mM TBACl04 and then the film was soaked 

in PBS buffer undisturbed for 60 hours.   

 

The phase angle of the film (Figure A2.1 A) over time is consistent with the PHTAA 

film made with TBA(CF3)2(SO2)2 and TEABF4 in that the (a) phase angle increased 

indicating an increased RCT and (b) its shape resembles two overlapping peaks. 

However, the PHTAA film made with TBACl04 in Figure A2.1A differs from the 

PHTAA films made with TBA(CF3)2(SO2)2 and TEABF4 in that the high-frequency 

peak at (a) 199.4 Hz (0 min) shifts to the lower frequency of (g) 25.1 Hz after 8 

hours 40 minutes indicating a capacitance increase (Figure A2.1A). The film 

capacitance increase was clearly seen by the increase of the semi-circular complex 

capacitance arc (Figure A2.1 C). Most importantly, Figure A2.1 supports the same 

conclusion as Figure 3.40 reached for similarly-made PTAA film: that time alone is 

insufficient for PHTAA film to stabilize. Even after soaking the film for 60 hours prior 

to EIS, the film still changed although in a very different way than PTAA (an 

immediate capacitance increase for PHTAA rather than a dramatic capacitance 

decrease for PTAA).  

 

A2.2. DNA Sensing of 5-hour Stabilized TBA(CF3)2(SO2)2-made PHTAA Film in 

EIS Solution Containing the Fe(CN)6
3-/4- Redox Couple  

 

Pursuing the line of reasoning investigated with PTAA as to whether allowing only 

one hour for the film to stabilize affected the hybridization response (Figure 3.42), 

PHTAA film was studied under the same conditions (making the film with 50 mM 

TBA(CF3)2(SO2)2 in CH2Cl2, EIS at 0.8 V in PBS containing the Fe(CN)6
3-/4-redox 

couple) and the film was allowed to stabilize for about 5 hours before attaching the 

probe (Figure A2.2). Figure A2.2 shows the Phase Angle plot of four PHTAA films in 

PBS buffer containing the Fe(CN)6
3-/4- redox couple over about 5 hours and after 

attachment of (A) 490 μM probe or (B,C,D) 1000 μM probe followed by hybridization 

with (A,B,C) 1.35 μM complementary (com) or (D) 49 μM non-complementary (non) 

target.  
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Figure A2.2. Phase angle plot of four PHTAA films in PBS buffer containing the 
Fe(CN)6

3-/4- redox couple after about 5 hours and attachment of (A) 490 μM probe or 
(B,C,D) 1000 μM probe followed by hybridization with (A,B,C) 1.35 μM 
complementary (com) or (D) 49 μM non-complementary (non) target. EIS performed 
at 0.8 V.  Films were made in 3 mM HTAA solution containing CH2Cl2 and 50 mM 
TBA(CF3)2(SO2)2.   

 

Unlike 20-hour stabilized PHTAA films, these 5-hour stabilized films showed no 

phase angle probe rise at high frequency. The greatest phase angle changes 

occurred at the lowest frequency (0.1 Hz) but these likely originate with film 

instability as indicated by the phase angle drift of complementary target from (f) 59 º 

immediately after hybridization to (g) 64 º after 10 hours 50 minutes (Figure A2.2 C). 

This increase of 5º is significant considering the small 4º change between the (e) 

probe and (f) complementary target immediately after hybridization. At this 

frequency (0.1 Hz) the phase angle tends to spread upwards slightly over 20 hours 

as illustrated in Figure A2.2 A,C. These results further support the conclusion that 

(a) low frequency phase angle changes originate principally with film capacitance 
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changes [106, 122, 124, 132] and not from hybridization and (b) 5 hours are 

insufficient for PHTAA film to stabilize before attaching ODN.  

 

Figure A2.3. Phase angle plot of (A) the last PHTAA film measurement (at about 5 
hours) from (a) Figure A2.2A, (b) Figure A2.2B, (c) Figure A2.2C, (d) Figure A2.2D; 
(B) the probe curve from (a) Figure A2.2A, (b) Figure A2.2B, (c) Figure A2.2C, (d) 
Figure A2.2D. 

 

By overlaying the last film measurement (at about 5 hours) from Figure A2.2 A-D 

onto one graph (as Figure A2.3 A) and comparing Figure A2.3 A with their overlayed 

probe curves (as Figure A2.3 B), one sees the poor reproducibility of each film -

each film developed its own unique phase angle shape over those 5 hours. This 

feature was also seen in PTAA film (Figure 3.42) for 1-hour stabilized PTAA films 

and thus reinforces the conclusion that reproducibility of these polymer films is poor 

and contributes to the poor reproducibility of hybridization responses.  

 

 

A2.3. DNA Sensing of 5-hour Stabilized TBA(CF3)2(SO2)2-made Copolymer 

PHTAA Film in EIS Solution Lacking the Fe(CN)6
3-/4- Redox Couple 

 

An attempt was made to increase PHTAA film stability by making a co-polymer with 

hydroxymethyl EDOT using TBA(CF3)2(SO2)2 (6 cycles, 100 mV /s). Figure A2.4 

shows the (A) Phase Angle plot of the Poly (HTAA co EDOT) film in PBS buffer 

lacking a redox couple over (a-d) 4 hours 45 minutes followed by attachment of (e) 
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490 μM probe and (f) hybridization with 1.35 μM complementary (com) target; (B) its 

Complex Capacitance plots (C) a closeup about the origin.   

 

Figure A2.4. (A) Phase angle plot of a poly (HTAA co EDOT) film in PBS buffer 

lacking a redox couple after (a) 0 min, (b) 1 hour 30 min, (c) 2 hour 40 min, (d) 4 

hours 45 minutes followed by attachment of (e) 490 μM probe and (f) hybridisation 

with 1.35 μM complementary (com) target; (B) its complex capacitance plots; (C) 

closeup about the origin. EIS was done at 0.8 V. The film was made from a 

monomer solution containing 3 mM HTAA, 3 mM hydroxymethyl EDOT and 50 mM 

TBA(CF3)2(SO2)2 in CH2Cl2.  

 

An initial phase angle peak at 1.99 Hz at (a) 0 min broadened quickly so that by (c) 

2 hours 40 minutes it appeared as two overlapping peaks that appeared to have 

reached a stabilized state. The complex capacitance plot showed an initial 

decreasing semi-circular arc (Figure A2.4 B). No phase angle rise at high frequency 

occurred for the probe (e) resulting in a very poor hybridization response to 

complementary target (Figure A2.4 A).  
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A2.4. DNA Sensing of 1-hour Stabilized TBA(CF3)2(SO2)2-made PHTAA Film in 

EIS Solution Containing the Fe(CN)6
3-/4- Redox Couple  

 

Identical films as those in Figure A2.2 were made and allowed to stabilize for only 1 

hour (Figure A2.5). Again, variability of film and probes were seen from film to film 

demonstrating their poor reproducibility. Like 5-hour stabilized films, the 

hybridization responses for 1-hour stabilized films were poor and incorporated some 

film instability drift as illustrated in the phase angle increase of complementary 

target from 59º at (d) 0 min to 63º after (e) 11 hours 45 minutes (Figure A2.5 A).  

An overlay of the last film measurement (at 1 hour) from Figure A2.5 A,B,C,D onto 

one graph (as Figure A2.6 A) and an overlay of their probes (as Figure A2.6 B), 

further illustrates the poor reproducibility of films and their instability contributes to 

the poor reproducibility of hybridization responses. 

Figure A2.5. Phase angle plot of four PHTAA films in PBS buffer containing the 
Fe(CN)6

3-/4- redox couple after (a) 0 min, (b) 1 hr, (c) 490 μM probe and 
hybridisation with (A,B) 49 μM complementary (com) or (C,D) 49 μM non-
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complementary (non) target. EIS was performed at 0.8 V.  Films were made in 3 
mM HTAA solution containing CH2Cl2 and 50 mM TBA(CF3)2(SO2)2.   

 

Figure A2.6. Phase angle plot of the (A) 1 hour last PHTAA film measurement from 

(a) Figure A2.5 A, (b) Figure A2.5 B, (c) Figure A2.5 C, (d) Figure A2.5 D; (B) their 

probe curves.   

 
 
 

Appendix 3 
 
Published Papers 
 
The following papers were published during the course of the Ph.D. study:  
 
Peng H, Zhang L, Spires J, Soeller C, Travas-Sejdic J. Synthesis of a functionalized 

polythiophene as an active substrate for a label-free electrochemical genosensor. 

Polymer 2007;48:3413-3419. 
 
Spires JB, Peng H, Williams DE, Wright BE, Soeller C, Travas-Sejdic J. The effect of the  

 oxidation state of a terthiophene-conducting polymer and of the presence of a redox 

 probe on its gene-sensing properties. Biosensors and Bioelectronics 2008;24:934- 

 939. 

 
Spires JB, Peng H, Williams DE, Soeller C, Travas-Sejdic J. Solvent-induced microstructure 

changes and the consequences for electrochemical activity of redox-active polymers 

Electrochimica Acta 2010;55:3061-3067. 
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