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Summary 

The work described in this thesis concentrates on chemically 

modified heterocyclic conducting polymers based upon pyrrole, thiophene 

and indole monomers with -particular emphasis placed upon carboxylic 

acid substituents. A brief description of the electrochemistry of 

chemically modified poly(pyrroles) is given with an explanation of the 

problems associated with the chemical modifications. 

A reasonable understanding of the properties of chemically modified 

poly(thiophenes) has been achieved. In particular the properties of 

poly(3-thiopheneacetic acid) have been characterised in both aqueous and 

nonaqueous solution using standard electrochemical techniques in 

conjunction with reflectance FFIR studies. 

Finally the understanding of poly(indole) and poly(5-carboxyindole) 

electrochemistry has been greatly improved especially with regards to the 

chemical structure of each polymer, which was elucidated from several 

reflectance FTIR studies. The characterisation of the electrochemical 

growth and the aqueous electrochemistry of poly(5-carboxyindole) are the 

areas in which the greatest advances have been made. The techniques of 

reflectance FTIR spectroscopy, UV/vis spectroscopy and impedance 

spectroscopy have aided the study of poly(5-carboxyindole) immensely. 

More studies need to be performed before a fuller understanding of 
these polymeric systems is achieved and the final chapter gives 
suggestions for further work which will add to the information given in 

this thesis. 
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Chapter 1 

Introduction 

1.0 Historical Background of Conducting Polymers 

Conducting polymers have become the subject of an intensive 

multidisciplinary research effort over the past decade after several 

research groups showed that trans-poly(acetylene), 1,2,3 figure 1.1, could 

be made to conduct by positively doping the polymer. One of the original 

methods of doping was by exposure to iodine vapourý figure 1.2, which is 

believed to be responsible for a radical attack upon the polymer which 

initially forms radical sites, called polarons, upon the conjugated polymer 

backboneý, 6 Upon further oxidation of the polymer the polarons join 

together to form two spinless non-radical states called solitons. Both 

polarons and solitons are responsible for the conductivity of the polymer 

using the conjugated ; r-bonding system as a ladder for transporting 

charge down the length of the polymer chain. 

Original conductivities of the doped trans-poly(acetylenes) were 

found to be around 1000 S cm-1 but there has been significant effort put 

into the improvement of the propertiesý both conductive and mechanical, 

of trans-poly(acetylene) and its derivatives by, for example, increasing its 

chain length, reducing the number of defects in the conjugated system 

and devising new polymerisation synthetic routes. 8 Conductivities have 

now reached values of greater than 100,000 S cm-1, however the 

polymers suffer from instability and attack by atmospheric oxygen which 
limits their potential applications. 

The discovery that organic polymers could be made to conduct by 

virtue of a n-conjugated backbone capable of delocalising and 
transporting charge carriers destroyed the myth that only metals and 

graphite systems could exhibit conductivities above the semiconductor 
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Figure 1.1 Structure of trans-poly(acetylene) 
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range. It is beyond the scope of this introduction to discuss further the 

search for more efficient conducting materials but rather to concentrate 

on the specific area of heterocyclic conducting polymers and the specific 

properties of these materials. 

1.1 Heterocyclic Conducting Polymers 

Conducting polymer science advanced further when it was 

discovered that certain heterocyclic compounds, for example pyrrole9 and 

thiopheneý could, under the right conditions, be polymerised quite easily 

by oxidation of the monomer to form polymers that could be reversibly 

doped into the conducting state and then dedoped to an insulating state 

by either electrochemical or chemical means. Poly(pyrrole)10,11,12,13 

figure 1.3, initially discovered by Dall'Olio et al. 14 is the most studied of 

all the heterocyclic conducting polymers. It is bonded through the a 

positions of the pyrrole monomer providing an uninterrupted cis-trans 

n bonded conjugated network which can be oxidised into a conducting 

state. Regarded as one of the simplest conducting polymers it serves as a 

reasonable example of this class of conducting polymers. 

The ease of deposition coupled with the conducting nature of the 

materials suggests that conducting polymers could be useful for the 

purpose of electrode modification. A chemically modified electrode15 is 

one which has been deliberately coated with a film of foreign molecules 

so that the direct contact between solution species and the electrode is 

prevented i. e. electron transfer is mediated by molecules comprising the 

coating. Such modified electrodes lend themselves to applications such as 
biosensing, 16 pH determination17 and gas sensing. 18 

The polymers formed were stable free standing films in air which 
displayed interesting properties other than conductivity, such as 
electrochromism 19 and high capacitanceýo These polymers are generally 
deposited upon electrodes by electrochemical oxidation, in a suitable 
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solution, of the monomer which initiates the polymerisation. The 

polymerisation mechanisms will be discussed later in this chapter. 

Some commonly studied poly(heterocycles) are shown in figure 1.4. 

However, there are several other more novel polymers which have been 

studied. 

1.3 Electrochemical Polymerisation of Heterocyclic Conducting Polymers 

Although heterocyclic conducting polymers can be polymerised 

chemically9 by o. )ddising agents such as FeCl 
3 and CU(CI04)2 the preferred 

technique, for electrochemists, is by electrochemical o)ddation, and in 

some cases reduction, of the monomers to form radicals which then 

initiate the polymerisation process. The reaction mechanism for the 

polymerisation of heterocyclic conducting polymers is still largely 

unknown although several studies have been undertaken, particularly on 

pyrrolel3,25,26,27,28,29 and the following reaction scheme, figure 1.5, has 

been suggested. 

The scheme shows the initial formation of a radical cation in 

step (a). The position or the radical site is preferentially at the cc-position 

of the pyrrole due to a higher degree of resonance stabilisation. The 

position of the radical site is quite fortuitous since this is the position 

where a polymer bond will be formed. A polymer with bonds at the 

P-position would not have a continuous conjugated system; * this has 

consequences for the conductive nature of the polymer which will be 

discussed later in the chapter. 

Steps (b) and (c) although shown as reactions with monomers could 

also be thought of as reactions with polymer chains as shown by the 
further steps (f) and (g). Several authorS26,30,31 are sceptical as to 

whether step (c) takes place suggesting that two radical cations would 

coulombically repel each other rather than react to form a bond, but this 
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Figure 1.3 Chemical structure of poly(pyrrole) 
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Figure 1.5 Suggested reaction mechanism for the polymerisation of 

poly(pyrrole) 
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effect would be reduced by increasing the ionic strength of the growth 

solutions. Other authors' have suggested that the radical - radical 

coupling is the only symmetrically allowed reaction32 when orbital 

symmetry is considered. Step (b) involves the attack of a radical cation 

upon a neutral species followed by a farther o)ddative process (d) which 

then leads to a double deprotonation in step (e). Step (c) is also followed 

by step (e). The problem of determining the favoured reaction step, (b) or 

(c) is mainly due to the difficulty of detecting radical sites on the polymer 

chain during polymerisation. 

One point which is generally accepted is that monomer radicals are 

required throughout the polymerisation and that o)ddation of only the 

polymer in a solution containing the monomer will not result in further 

polymerisation. It is also accepted that large amounts of charge are 

consumed during the polymerisation. Two electrons per monomer unit 

are removed to form the polymer and charge is also taken up during the 

o)ddation of the polymer. The amount of charge required to o)ddise the 

polymer and the way that it is distributed in the polymer's conjugated 

chain will be discussed later in the chapter. 

The polymerisation also depends very heavily upon the effect of the 

solvent33 and the dopant34 anion used during the growth process 

figure 1.6. The nucleophilicity of both the solvent and the dopant anion 

is the most important factor. A strongly nucleophilic species is capable 

of competing with the monomers in the nucleophilic attack on the 

polymerising radical species preventing continued polymerisation. 

The susceptibility to attack by nucleophiles other than the monomer 

species depends greatly upon the properties of the monomer species in 

question. For example, pyrrole has a much lower redox half wave 

oxidation potential of 0.76 V vs. Ag/Ag+ (0.1 mol dM-3 in acetonitrile) 
than thiophene which has a value of 1.60 V against the same reference. 
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Figure 1.6 
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This suggests that oiddised thiophene is much more reactive than oxidised 

pyrrole. This is bome out in the polymerisation of the two species; 

pyrrole can be polymerised in both acetonitrile and water whereas 

thiophene cannot be polymerised under aqueous conditions. In fact the 

polymerisation of thiophene in acetonitrile is very sensitive to the 

35 presence of water. It has been shown that traces of 

water (0.1 mol dM-3) in acetonitrile can retard the polyinerisation process 

by acting as a nucleophile and . concentrations of greater than 

1.0 mol dm-3 entirely prevent polymerisation. 

The reactivity of the monomers can be reduced by adding electron 

donating substituents to the non-bonding positions but generally 

substituted monomers tend to behave in a similar manner to the parent 

monomer because the substituent cannot exert a big enough influence 

upon the oxidation potential. 

The polymers may also be susceptible to attack from nucleophiles at 

the P-position after the main polymerisation is completeý6,37 This 

usually occurs when the polymer has been o,,, ddised too far, a process 

known as "overo)ddation". After overoddation occurs the polymer 

generally becomes more resistive or passive to further attempts at 

o. )ddation and reduction. Figure 1.7. shows the effect of the attack of 

water in acetonitrile on poly(thiophene). 

1.4 Bulk Polymerisation and Electrochemical Deposition 

After discussing the chemical nature of the polymerisation of 
heterocyclic conducting polymers the bulk behaviour of the polymerisation 

or electrochemical deposition must be discussed. 

Electrochemical polymerisations have been performed on a variety 

of substrates the most popular being platinum, gold, glassy carbon and 
indiurn doped SnO 2' 
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Figure 1.7 The effect of "overo)ddation" on poly(thiophene) in the 

presence of water. 
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Pletcher et al. 35 studied the polymerisation of thiophene in 

acetonitrile by cyclic voltammetry and chronoamperometry at different 

potentials and found evidence for a nucleation process. Nucleation loops 

were observed during cyclic voltarnmetry figure 1.8, and transients 

recorded, figure 1.9, showed an initial rising portion with a linear i- t2 

relationship which can be interpreted as instantaneous nucleation and 

three dimensional growth. After the current peaks the transient has an 

i_ CI/2 relationship which is interpreted as a film thickening process 

controlled by linear diffusion of the monomer to the anode. 

Hillman et aL38 using chronoamperometry, figure 1.10, described an 
initial monomer adsorbance process for the polymerisation of thiophene 

in acetonitrile seen as a current spike, followed by polymer nucleation 

resulting in a rising i-t transient. As the nuclei join to form a 

continuous film electron transfer control results in a level i-t transient. 

Although these inconsistencies in results e, -dst, due mainly to 

differences in growth conditions, it is generally accepted that the 

deposition process involves an initial three dimensional nucleation 
followed by a steady one dimensional growth perpendicular to the plane 

of the electrode, figure 1.11. 

Very similar results to Hillman et al. 38 have been obtained for 

poly(pyrrole) in both acetonitrile4l and aqueoUS42 conditions. However 

the water content of acetonitrile has been found to affect the nucleation 

process. The nucleation process is retarded in very dry acetonitrile and 

enhanced by a1% increase by volume of water being added. Water is 

thought to act as a base4l during the polymerisation process by removing 
the protons ejected during the polymer bond formation. Larger increases 

in water concentration have proved to be less beneficial. 

Other techniqueS42,43 have been used to study the nucleation 
process which go beyond the scope of this chapter. 
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Figure 1.8 Nucleation loops observed during the cyclic voltammetry 

at 100 mV s-I of thiophene (50 mmol drri-3) in 
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Figure 1.9 Potentiometric steps'35 at a platinum electrode, of a 

thiophene (50 mmol drn-3) acetonitrile solution 

containing TEAT (0.2 mol dM-3) at various potentials 

vs. Ag/Ag+ 
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Figure 1.10 A potential step from 0.0 V to 1.8 V (vs. SCE) at a 

platinum electrode in a solution thiophene 

(50 mmol dM-3) acetonitrile containing TEAT 

(0.1 mol dM-3 ) 38 
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Figure 1.11 Diagrammatical representation of three dimensional 

nucleation followed by one dimensional growth 
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1.5 Redox Behaviour and Conductivity of Heterocyclic Conducting 

Polymers 

As mentioned previously the requirement of a continuous n-bonded 

system for the conductivity of a conducting polymer is very important. 

Figure 1.12, shows how charge can be transferred down a chain of 

poly(1,4-phenylene) but not down a chain of poly(1,3-phenylene). 

The redox behaviour of conducting polymers is different from the 

behaviour of immobilised redox couples ý4 It has been suggested that the 

initial o)ddation of the polymers is faradaic followed by a long 

capacitative charging processý-5 More recent suggestions imply that 

several redox processes are involved which weakly interact with each 

otherý6 The later explanation is regarded as a more adequate description 

of the large potential regions observed between the onset of o)ddation and 

complete o., ddation. 

Poly(1,4-phenylene) has proved to be a good model system for the 

aromatic type conducting polymers. The initial o, -ddation of this'polymer 

produces a polaron47,48,49 (spin = 1/2). Upon further o, -ddation a diionic 

bipolaron (spin = 0) is formed, figure 1.13. 

The charge separation in the bipolaron state is determined by the 

offset in energy destroyed by the disruption of aromaticity in the 

monomers of the chain. The charged states shown in figure 1.13, are 

capable of transferring charge down the length of the polymer chain. 
Both the polaron and the bipolaron have associated energies and can be 

thought of as energy states which have their own place in an orbital band 

diagram. Figure 1.14, shows the band diagrams for typical metals, 
nonconducting polymers and conducting polymers. 

The presence of polarons and bipolarons has been confirmed by 

studies of oligomeric phenylene compoundS50,51,52 which show distinct 
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Figure 1.12 The charge transport mechanism of poly(1,4-phenylene) 

as opposed to poly(1,3-phenylene) 
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Figure 1.13 Polaron and bipolaron formation during the o)ddation of 

poly(1,4-phenylene) 
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Figure 1.14 Energy band diagram for typical metals, nonconducting 

polymers and conducting polymers 
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o)ddation peaks during cyclic voltammetry corresponding to polaron and 
bipolaron formation. The reduction peaks are somewhat more negative 

than the wddation peaks suggesting that a large scale structural 

reorganisation, is involved. 

Heterocyclic conducting polymers are believed to behave in the 

same way as poly(1,4-phenylene) and e. sr. results produced by 

AlberyetaL53 show evidence of radical polarons being formed during 

o)ddation followed by production of spinless bipolarons upon further 

o)ddation. 

Although the polaron/bipolaron model of conductivity in 

heterocyclic conducting polymers is important, it is also worth noting that 

other physical aspects of the polymers exert a great influence on their 

conductivity. Wegner et aL 54 have studied compounds of the type shown 
in figure 1.15. The size of the ring was used to attenuate the distance 

between -each polymer chain. It was was conclusively shown that 

increasing the distance between the polymer chains markedly reduced the 

conductivity. The conductivity range of conducting polymers is shown in 

figure 1.16. 

The overall charge taken up by the polymer, during o)ddation, per 

monomer unit is called the dopancy (6). For polymers such as 

poly(pyrrole) and poly(thiophene) the dopancy tends to lie between 

6=0.25 and 6=0.33, which means that when the polymer is fully 

o)ddised there is one charge for every three or four monomer units. 
However lower figures have been quoted for the dopancies. The overall 

charge consumed during polymerisation can now be defined in 

equation I. I. from figure 1.17. 

QT = (2 + 6)me (1.1) 

m, - number of moles of monomer. 
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Figure 1.15 Monomers of the type studied by Wegner et al. 54 
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Figure 1.17 
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1.6 The Effect of Dopant and Solvent on the Electrochemistry of 

Heterocyclic Conducting Polymers 

The way that charge is distributed in the polymer chain has already 

been discussed but an equally important aspect is the way that charge is 

countered in order to maintain electroneutrality. When a conducting 

polymer is o. )ddised or in other words is positively doped the dopant 

inevitably takes the form of anions. The dopant anions hence have a very 

important effect on the electrochemistry of conducting polymers. The 

doping behaviour can be divided into three different types; 

(i) by diffusion of small anioniC34 species such as BF4- and C10 
4- 

into the polymer matrix during oxidation and diffusion out during 

dedoping, 

(ii) by entrapment of large anions55 or polymeric anioniC56,57,58,59 

systems in the polymer to act as a macro dopant resulting in expulsion of 

cations during oxidation of the polymer and their return during dedoping, 

(iii) by covalently binding anionic species6O, 61,62,63 to the 

monomers, known as "self doping" or "auto doping", resulting in 

behaviour similar to (ii). 

The three types of processes given are highly idealised and very 

rarely occur independently of each other. The most common form of 

doping is type (i) although type (ii) is becoming more popular since the 

large counter ions impart their own characteristics on the films improving 

their overall mechanical properties especially when anionic polymers are 

used. 

Type (iii) is probably the most electrochemically interesting class of 
doping. Covalent binding of sulphonates to pyrrole60,61 and thiophene62 

have been the most commonly studied although the effects of carboxylic 
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acid groups on pyrrole63 have also been investigated. Pickup17 studied 

poly(3-methylpyrrole-4-carboxylic acid) finding that direct linkage of a 

carboxylic acid group to the ring had an inductive effect on the polymer 
imparting a pH dependent "self doping" effect, figure 1.18. 

The choice of dopant can be very important, especially during 

polymerisation, but also to prevent deactivation due to blockage of the 

film by large cations. 64,65 

Solvents as always play a large part in the electrochemistry of 

conducting polymers. The nucleophilic effects of solvents on the 

electrochemical polymerisation of conducting polymers have already been 

described but other properties are also of importance when the processes 

of doping and dedoping are considered. Dopant ions are naturally 

solvated and carry solvent in and out of the polymer during doping and 

dedoping To facilitate doping, the polymer must already contain solvent 

molecules, a process known as wetting. 

Poly(thiophene) is an example of a polymer that exhibits very good 

electrochemistry in acetonitrile but inhibited electrochemistry under 

aqueous conditions unless the films are thin. 66 Neutral poly(thiophene) is 

hydrophobiC67 with a contact angle, for a drop of pure water, of 180, '. 

However when fully oxidised the contact angle approaches 0" and the 

polymer becomes hydrophilic. It has been shown that 

poly(3-methylthiophene)68,69 exhibits limited aqueous electrochemistry or 
degradation depending on the type of dopant ion used. Anions such as 
NO 

3- and C104- allow a limited doping process to occur which is not fully 

understood but varies with the treatment and history of the polymer and 

anions such as SO, - and C17 allow the polymer to be oxidised only at 

potentials at which it will be overoxidised. The aqueous electrochemistry 

of the poly(thiophenes) can be improved by the substitution of poly(ether) 

groups7O at the P-position but the limited behaviour of these polymers 
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Figure 1.18 Cyclic voltarnmetry at 100 mv S-I of 

poly(3-methylpyrrole-4-carboxylic acid) at a platinum 

electrode in aqueous acetate (0.2 mol dm-3) buffer 

containing KNO 
3 

(0*1 mol dM-3) at various pH values17 
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presents a barrier to their potential applications. 

Most conducting polymers experience "break-in"ý1,72 effects when 

cyclic voltarnmetry is performed upon them for the first time or when the 

polymer has been allowed to relax in one oxidation state for a finite 

length of time. The effect is seen as an initial retardation of the oxidation 

or reduction of conducting polymers during cyclic voltarnmetry which is 

associated with a reorganisation within the polymer that allows the flow 

of solvent and counter ions during the cycle to proceed more easily. 

1.7 Substituted Heterocyclic Conducting Polymers 

One of the most interesting features of heterocyclic conducting 

polymers is their ability to be chemically modified by covalently binding 

substituents to positions which are, not directly involved in the 

polymerisation process. The substituents can alter the properties of the 

conducting polymers drastically which means that monomers can be 

chemically tailored to produce polymers to suit the specific needs of a 

particular application. 

Pyrrole monomers are usually substituted at the nitrogen73 position 
due to the ease of substitution compared to the difficult chemistry 
involved during the substitution of the P-position. Thiophenes in contrast 

cannot have substituents on the sulfur but the ease of substitution at the 

P-position has allowed several monomers to be synthesised. 

Alkyl substituted thiophenes were probably the simplest studied 

substituted thiophenesý4,75 They were largely studied as a means of 
improving the processability of poly(thiophenes) by increasing their 

solubility in organic solvents since neither poly(pyrrole) nor 
poly(thiophene) are soluble in any solvent. N-substituted alkyl pyrroles19 
have also been studied. Substitution was found to generally reduce the 

conductivity of the polymers by increasing the distance between each 
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monomer chain. The ease of electrochemical o)ddation and reduction was 

found to be governed by a fine balance between the electron donating 

effects of the P-substituentS' and steric effects which reduce the planarity 

of the n-bonded conjugated network. 76 

As mentioned earlier the substituents have a very important effect 

on the polymerisation of monomers. Several P-substituted thiophenes 

were studied in acetonitrileý7 figure 1.19, performing cyclic voltarnmetry 

and the results were rationalised in terms of the Hammett-Taft 

equation 1.2. 

p,, cF +S (1.2) 

p,, cr - polar-mesomeric parameters (cF - Hammett constant) 

S- steric factor 

The plot shows that the steric factor S is largely constant and the 

reactivity of the monomers largely depends on the oxidation potential. 

The monomers shown outside the box, figure 1.19, do not polymerise, 

their higher reactivities reduce the selectivity for monomer - monomer 

coupling and increase the influence of side reactions výith nucleophiles. 

Properties other than the inductive effect of the substituent on the 

aromatic ring can also interfere with the polymerisation of heterocyclic 

conducting polymers. For example the lone pair of electrons on 

pyrrole-pyridine in the monomer78 shown in figure 1.20, inhibits the 

electrochemistry of pyrrole and hence electropolymerisation is prevented. 
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Figure 1.19 Hammett-Taft plot of several P-substituted thiophenes 

(monomers outside the box do not polymerise) 
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Substituent effects add another comple., dty to conducting polymer 

electrochemistry which needs to be taken into account if progress is to be 

made in improving these very interesting materials. 

The effect of self doping substituents has already been discussed but 

several more exotic substituents have been studied, the most popular 

being ones that have their own redox behaviour such as ferrocene79 and 

anthraquinone. 80 The redox substituents display electrochemical 

behaviour characteristic of immobilised redox couples. This behaviour is 

independent of the electrochemical behaviour of the conducting polymer. 

The work described in this thesis concentrates on conducting 

polymers modified with carboxylic acid groups and their subsequent 

effects on the electrochemistry in aqueous solutions. Carboxylic acid 

modified conducting polymers have the following distinct advantages; 

(i) the potential for self doping and of binding metal ions due to the 
17,81 ease of deprotonation, their weakly acidic nature means that unlike 

sulphonates the level of deprotonation can be controlled by pH, 

(ii) the variety of chemistry available to further modify the 

carboxylic acid groups by, for example, esterification or by 

carbodiimide82,83 peptide coupling reactions, 

(iii) the ease of characterisation of the conducting polymers and the 
further modified polymers by Fr-IR due to the strong absorption of the 

carbonyl group in the spectrum. 

Previous studies on the effects of carboxylic acid substituted 
monomers and polymers have been made showing their future potential 

17.81 as either pH sensors, modified electrodeS84 or as precursors for more 

sophisticated peptide modified electrodes for biosensor05 However, 

further studies need to be undertaken to fully understand the 
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electrochemistry of this interesting class of modified conducting polymers. 

A number of techniques, other than electrochemistry, have been 

used to characterise and study the conducting polymers described in this 

thesis, namely, FT-IR spectrometry, UV/vis spectrometry and impedance 

spectrometry. These three major techniques will now be discussed. 

1.8 Fr-IR Spectroscopy of Heterocyclic Conducting Polymers 

The development of FT-IR spectroscopy using the Michelson 

interferometer86 has enabled infrared spectra to be recorded in the time 

domain as interferograms and translated by means of a'Fourier Transform 

to the frequency domain to give a normal infrared spectrum. The speed 

at which the interferograms can be collected and processed, due mainly to 

fewer moving parts within the spectrometer, compared to normal 
dispersive infrared measurements gives the technique a distinct advantage, 
in addition to having a higher energy throughput. Such a technique 

enables several interferograms to be collected and averaged before 

processing, increasing the signal to noise rati087 because the signal 
increases directly with the number of scans (n) while the noise only 
increases with -, In due to its statistical nature. An increase in the signal 

to noise ratio has enabled many techniques such as specular reflectance, 

attenuated total internal reflectance and diffuse reflectance to be 

developed increasing the variety of substrates which can be studied. 

Specular reflectance is the main technique used throughout this 

thesis. The infrared beam is reflected at an angle of appro)dmately 21* 

off a surface upon which the conducting polymer under investigation is 

deposited, figure 1.21. 

The technique is ideal as a nondestructive means of studying 
conducting polymers on electrodes which can then go on for further 

study. 
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Figure 1.21 Specular reflectance PT-IR spectroscopy (at approx. 21*) 

of a sample deposited upon a reflecting surface 
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There are three areas regarding conducting polymers in which 

Fr-IR can be of particular use; 

(i) chemical characterisation of the polymer chain and the changes 

incurred on the structure during doping and dedoping, 88 

(ii) detection Of dopant ions, e. g. BF4- at 1060 cm'l and C104 at 

1100 cm-1, 

(iii) observation of very strong polaron and bipolaron bands in the 

88 near infrared region. 

Poly(thiophene) and poly(3-methylthiophene)89 have been studied 

showing that there are a significant number of defects in the 

poly(thiophene) chain due to cc-P and P-P linkages as opposed to just 

pure a-a bonds, figure, 1.22. This was confirmed by the presence of both 

a (3071 cm-1) and P (3055 cm-1) C-H stretches in the infrared spectrum. 

Poly(3-methylthiophene) showed only P C-H stretches confirming its 

more regular bonding. 

The example given shows the power of infrared spectrometry in the 

analysis of conducting polymers and confirms that poly(thiophene) has 

more defects due to the higher reactivity of the monomer during 

polymerisation. Many other studies 89,90 have also been reported but it is 

worth noting that if the polymer is oxidised the very strong polaron and 

bipolaron bands may obscure' the structural information in the infrared 

spectra above 2000 cm-1. 

1.9 Optical Properties and UV/vis Spectrometry of Conducting Polymers 

As mentioned previously some electronic transitions are observed in 

the near infrared spectrum" but another transition is observed in the 

visible spectrum due to it-it* transitions from the conjugated backbone of 

the polymer. It is thought that the electronic transitions9l, 92,93,94 shown 
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Figure 1.22 Possible defects in poly(thiophene) 
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in figure 1.23 are responsible for the features of both the visible and near 
infrared spectra. 

The ; c-jt* transition (hv, ) observed in the visible region of the 

spectrum decreases in intensity and increases in energy as the polymer is 

o)ddised. When a polaron is formed there are three additional transitions 

(hv,, hV3, hv4) which are observed in the near infrared region. When a 
bipolaron is formed there are only two additional transitions (hv2 and 
hv 3) also observed in the far visible and near infrared regions. The 

change in the intensity of transitions during o)ddation and reduction 

allows the doping process to be followed by UV/vis spectrometry. Near 

infrared studies have not been performed in this thesis. 

Most UV/vis studies have been performed using optically 

transparent electrodes (OTE), like indiurn doped tin o)dde (ITO) or 

microgrids, to facilitate the collection of normal in situ absorbance spectra. 
However, a technique called near normal incidence reflectance 

spectroscopy (NNIRS)95 has also been applied to record UV/vis spectra 

of conducting polymers 96,97 deposited on reflecting platinum electrodes. 

The results from UV/vis studies on conducting polymers are 

generally recorded as normal absorbance spectra although some 

papers98,99 have used a technique called derivative cyclic 

voltabsorptometry (DCVA)100 which involves plotting the rate of change 

of absorbance with potential (d, 4/dE) against the applied potential (E) for 

a specific wavelength. The technique is complimentary to cyclic 

voltarnmetry since (dA/dE) should be directly proportional to current (i) 

for a purely faradaic process. Capacitative effects are hence not observed 

and this has been of particular interest when comparing cyclic 

voltammograms and cyclic voltabsorptammograms of the same 

conducting polymer. 
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Figure 1.23 
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UV/vis spectrometry has enabled several groupsIO1.102 to study 
further the redox behaviour of conducting polymers. There is still some 

debate as to the exact behaviour especially concerning the contribution 

that capacitance makes to the charge passed during doping. Data fitted 

to the Nernst equation has yielded values of n significantly lower than 1. 

This has been explained as a coulombic effect103 due to charged species 

acting upon one other on the same polymer chain but other more 

sophisticated explanations have been given which will be discussed in 

chapter 5. 

The effect of substituentS104,105,106 has also been studied show'Ing 

that increasing the planarity and introducing electron donating groups 

induces a bathochromic shift of the it-it* band gap for the dedoped 

polymers. 

1.10 Impedance Spectroscopy of Heterocyclic Conducting Polymers 

Impedance spectroscopy has facilitated the study of the capacitative 

and resistive nature of conducting polymers. The technique measures 

both the in phase (Z) and 90* out of phase (Z') impedance components 

of a small applied ac potential at a particular frequency. Generally the ac 

potential is applied across films during standard electrochemical 

experiments as a small (5 - 10 mV) modulation to the main applied 

potential. When the impedance components are measured over a range 

of frequencies the resistive nature of the polymers can begin to be 

understood. Data is usually recorded as a Nyquist plot (-Z" against Z) 

which can also be thought of as an Argand diagram showing the vector 

sum of the impedance components (Z' and Z') and the phase lag of the 

applied ac potential to the ac current measured. Further discussion of the 

technique, equipment and analysis of results are covered in standard 
texts107,108 and will not be discussed. further in this introduction. 

Several impedance spectroscopy studies have been performed on 
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heterocyclic conducting polymers, mainly on poly(pyrrole)109-110-111. Low 

frequency (mHz - Hz) studies have yielded results suggesting that the 

oxidised polymers act as simple capacitances, but higher frequency 

(Hz - kHz) studies show more complex behaviour. Albery et al. 53 have 

developed a transition line model for the behaviour of conducting 

polymers by considering the resistances of the polymers (Rp) and the 

solution (Raq) separated by capacitances (C 
P) as described in figure 1.24. 

The effect of such a model on the impedance spectrum involved a 

very involved and complex calculation. Real impedance data could only 
be compared with the model if RP was made equal to Raq otherwise a 45* 

"Warburg" region was observed between the onset of the low frequency 

capacitative behaviour and the high frequency resistance and capacitance 
in parallel type behaviour figure 1.25. 

It has been pointed out that the resistance of the polymer depends 

on charge transfer between chainS54 and hence RP is very unlikely to be 

equal to Raq so the model was amendedl 12 to take this into account. 
Even the amended model failed to fully explain the experimental results 

and a "Warburg" region was still observed in the simulations. The 

overall nature of the impedance response of heterocyclic conducting 

polymers is hence still largely under debate with only low frequency 

studies being of any particular use. 

Lower frequency studies have shown that the degree of doping 

affects the capacitances measured. 109 The large magnitude of the 

capacitances are thought to be due to the formation of a double layer at 
the surface of the polymer chains rather than at the bulk surface of a 
large piece of polymer. It has been pointed out that the redox processes 
have associated effects on the capacitance hence capacitative behaviour is 

observed throughout the o)ddation of the polymer and not just near the 
fully o, -ddised region. This has lead to the conclusion that the capacitative 
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Figure 1.24 Transition line model for conducting polymers proposed 
by Albery et al. 53 (RP - resistance of polymer, Raq - 

resistance ofthe solution separated by CP- capacitance) 
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process seen in the cyclic voltammetry of conducting polymers is simply a 

continuation of the oxidation of the polymer. This conclusion is 

supported by data on the extent of the doping at particular potentials and 

contradicts some UV/vis DCVA resultsý8 mentioned earlier, which 

suggest that there is a large purely capacitative region but these results 

may be due to deviations in the UV/vis spectrum. 

The resistances of the polymers measured using this technique are 
found to fall very rapidly in the first stages of o)ddation and then to 

remain low. Generally the technique is very good at low frequencies to 

determine the capacitances between the polymer and the solution. 

1.11 Other Techniques Used to Analyse Heterocyclic Conducting 

Polymers 

The number of analysis techniques available to conducting polymer 

scientists is very great and an exhaustive discussion of each would be 

inappropriate in this introduction. However some of the main techniques 

that compliment and add to the ones previously described will be briefly 

summarised in this section. 

The quartz crystal microbalance (QCM) has been used to study the 

effects of cyclic voltammetry113,114 of conducting polymers by measuring 
the mass of material present on the crystal. Such studies have shown the 

movement of both solvent and counter ions in the film during doping. i 

Ellipsometry has also been used to follow the growth of conducting 

polymers4O and determine the thickness of the films at different o)ddation 

states. 

Nuclear magnetic resonance (NMR)115 has proved to be a very 
powerful tool in studying the chemical structure of conducting polymers. 
The technique of magic angle spinning has enabled solid state NMR 
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studies to be performed on the most intractable conducting polymers, 116 

but relatively large amounts of material are required. The results 

obtained from NMR have generally complimented the results obtained 

using FF-IR illustrating the usefulness of the simpler and easier FIF-IR 

technique. 

Scanning electron microscopy (SEM)117 has been utilised to study 

the morphology of conducting polymers showing that poly(thiophenes) 

tend to have fibrous structures whereas poly(pyrroles) tend to form in 

spheroids. The technique can be extended further by studying the energy 

dispersive X-rays (EDAX) which provides information on the elemental 

composition of the polymers118 by their characteristic X-ray emissions in 

the scanning electron microscope. 

Unfortunately the final two techniques have the disadvantage of 
being ex situ. 

1.12 Conclusion 

A wide ranging summary of the science of conducting polymers has 

been given which is most relevant to the electrochemical and chemical 

nature of these interesting materials. However the literature on these 

materials is far more wide ranging and the potential applications are 
immense. The work undertaken in this thesis concentrates mainly on 

conducting polymers based on thiophene, pyrrole and indole with 

carboxylic acid substituents and the unique effects which those 

substituents impart on the electrochemistry of the polymers. The three 

main analysis techniques described in sections 1.8,1.9 and 1.10 are used 
in conjunction with standard electrochemical techniques to study the 

effects of the carboxylic acid groups. Poly(indoles)27,119,120,121 are a 

much less studied class of conducting polymer. The monomers show 

similar reactivity to thiophenes when studied using the Hammett - Taft 

equation (1.2). The chemical structure of the polymers is still under 
39 



debate but the widely accepted view is that bonding occurs at the I and 3 

positions. The work in this thesis represents a significant step forward in 

the understanding of poly(indoles) which will be discussed in the 

following chapters. 
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Chapter Z 

Experimental 

2.1 Introduction 

Standard electrochemical techniques have been employed in this 

thesis which have been summarised in several standard 

texts. 107,122,123,124,125,126 The three electrode system is used throughout 

the thesis to make electrochemical measurements. The equipment 

employed for electrochemical and chemical studies will now be described. 

All glassware was cleaned by immersion in Decon 90 solution for 24 h 

followed by a thorough rinse using water from a Whatman WR50 RO 

(Reverse Osmosis) purification system (conductivity S<1.0 VS cm-1). 

2.2 Electrodes 

Platinum rotating disc electrodes (A = 0.385 cm 2) encased in Kel-F 

were employed in most studies. A platinum ring-disc electrode 
(r, = 0.201 cm, r2 = 0.210 cm and r3=0.227 cm) and a glassy carbon 

electrode (A = 0.323 cm 2) both encased in Kel-F were also employed for 

several studies. All electrodes were supplied by Oxford Electrodes, their 

areas were calculated using the mean of several randomly selected 
diameters measured with a travelling microscope. Initial polishing was 

achieved using individual Hyprocel lapping cloths (Engis) sprayed with 
6 [im, 3 [Lm and II. Lm diamond lapping spray (Engis). Before each 
individual e3cperiment the electrodes were initially polished with I Vrn 

alumina/water slurry followed by 0.3 [tm alumina/water slurry, both on 

medical cotton wool, to give a mirror finish. The electrodes were then 

washed with Whatman RO water and dried by wiping with a clean soft 
tissue. Indium doped tin ox: ide eiectrodes (ITO) were used for UV/vis 

studies, the electrode areas could not be readily measured but 

appro, dmate dimensions will be quoted in the text. 
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All potentials were measured against a previously described127 

in-house constructed saturated calomel electrode (SCE) incorporating a 

low porosity ceramic frit (gift from Kent Industrial Measurements Ltd. ). 

The reference electrodes were frequently checked against a commercial 

saturated calomel electrode (Radiometer) for deviations above: ±: 6 mV. If 

deviations exceeded this value the calomel electrodes were repacked and 

tested again before further use. 

Counter electrodes were constructed from (I x 4) CM2 platinum 

gauze spot welded to I mm thick platinum wire which was 7 cm long. 

The counter electrode was regularly washed in Whatman RO water and 

was cleaned before each experiment by heating over a blue Bunsen flame 

until the platinum glowed orange and the flame had no colours 

corresponding to contaminants. 

2.3 Electrochemical Cells 

Most electrochemical studies were performed using a previously 
described, specifically designed electrochemical cell constructed from 

PyrekID127. The cell is water jacketed so that solutions could be 

thermostatted at 25 *C =t: 0.2 *C using a water bath circulator (Grant 

Instruments (Cambridge) Ltd. models W14 and SE15). The cell has an 

approximate volume of 15 CM3 with the counter electrode placed in a 

second compartment behind a high porosity glass frit to prevent 

contamination of the bulk solution by products produced by reactions at 
the counter electrode. Solutions were degassed directly, for at least 

20 minutes, in the cell by bubbling oxygen free nitrogen through the 

solution. The nitrogen was scrubbed, to remove traces of oxygen, by 

bubbling through a caustic solution of anthraquinone-2-sulphonate in 

contact with zinc amalgam, using a series of dreschel bottles and zero 
porosity sinter heads. If dry nitrogen was required it was subsequently 

passed down a sealed glass drying column consisting of Silica Gel, 
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activated 3A and 4A molecular sieves and sodium hydroxide pellets. 

After degassing a blanket of oxygen free nitrogen was passed over the 

solution at positive pressure to prevent diffusion of atmospheric oxygen 

back into the cell. 

Electrochemistry in solutions of less than 5 CM3 was performed 

using a small pyrex cell at ambient temperatures (20 - 25 oC). In this 

case the counter electrode could not be separated from the rest of the 

solution and the cell was only used if it was not practical to use larger 

volumes. 

2.4 Electrochemical Equipment 

Most electrochemical experiments were carried out using a 

commercial potentiostat with an internal voltage source (Thompson 

Electrochem Ltd., Ministat) capable of passing high currents by virtue of 

external measuring resistors. This potentiostat was coupled with an 

external 16-bit digital potential sweep generator with a potential range 

of =t 4.5 V and sweep range of 0.01 [tV s'l to 10 V s-1 (Thompson 

Electrochem. Ltd., Miniscan). In addition a smaller commercial 

potentiostat (Oxford Electrodes) with internal measuring resistors, 

triangular wave generator and voltage source was occasionally utilised. 
For ring disc electrode work an in-house constructed bipotentiostat was 

used with modular triangular wave generator, voltage sources and voltage 
followers. Rotation of the electrode was achieved using a commercial 

electrode rotator (Oxford Electrodes) capable of rotating a disc or ring 
disc electrode between I Hz and 50 Hz (: t 0.0 1 Hz) while maintaining 

electrical contact with the potentiostat. Electrochemical data was 

recorded using an X-Y-t chart recorder (Bryans/Gould model: 60,000) or 

alternatively using a digital voltmeter (Keithley model: 197) capable of 

measuring both direct and ac voltage, current and resistance. 
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2.5 Impedance Spectroscopy Equipment 

Impedance spectra were obtained by coupling a Solartron frequency 

response analyser (Schlumberger model: 1250) to an in-house purpose 
built low noise potentiostat. The applied ac voltage and ac current 

response were monitored using a two channel digital storage oscilloscope 
(Gould model: OS4020). An IBM 286 XT microcomputer linked by an 

RS232 serial port to the Solartron was used to collect raw data which 

was converted to ASCII format using a simple Turbo Pascal'D (Borland) 

computer program for further data manipulation. 

Lock-in studies were performed using a Jupiter 2000 (Black Star) 

frequency function generator monitored by an Apollo 100 (Black Star) 

universal counter-timer. The in-phase and out of phase components of 

the signal were monitored by a combination of a Low Noise (Lock-in) 

Amplifier Type 450, a Phase Sensitive Detector Type 411 and Phase 

Shifter Type 421 (Brookdeal Electronics) coupled to an in-house purpose 

built low noise potentiostat. 

2.6 Fr-IR Equipment 

Two FT-IR spectrometers were utilised throughout the course of 

this thesis, the first being a Perkin Elmer 1720X (ma)dmum, 

resolution 2 cm-1) with a purpose built computer work station, the second 
being a Nicolet 510P (ma)dmum resolution 0.8 cm-1) interfaced with a 
Philips 386 microcomputer running PCIR software (Nicolet 

Computers Ltd. ). Standard IR techniques were used for normal chemical 

samples. A21* to the normal specular reflectance accessory (Specac) was 

used to study deposits upon electrodes. A special electrode support was 
designed, figure 2.1, to hold standard size disc electrodes over the 

reflectance accessory. 
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Figure 2.1 Electrode support for the specular reflectance accessory 
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2.7 UVNis Equipment 

In-situ UV/vis studies were carried out using a diode array UV/vis 

spectrophotometer (Hewlett-Packard model: 8452A) interfaced to a 
Hewlett-Packard 386 microcomputer with UV/vis operating software. 
The cell arrangement shown in figure 2.2 was used at stationary 

potentials, provided by a simple potentiostat (Oxford Electrodes). The 

cell is not suitable for potential sweeping due to the size of the working 

electrode and the position of the reference electrode, which creates iR 

drop effects. Indiurn doped tin oxide (ITO) electrodes were used as the 

optically transparent working electrodes, giving an optical cut out below 

320 nm. 

2.8 Computer Software 

Electrochemical data was analysed using Sigma Plot 4.1 

(Jandel Software) to produce graphs, calculate regression coefficients (r) 

and curve fit. PCMODEL (Serina Software) molecular modelling software 

was used to calculate molecular dimensions and to study theoretical 

monomer - monomer space filling interactions in polymer chains. 

2.9 Purification and Synthesis of Chemicals 

Acetonitrile (Aldrich, BDH and Rathburn, HPLC grade) was 
distilled over calcium hydride, under a dry nitrogen blanket, for at 
least 24 h and was used immediately without further storage. 
Tetraethylammonium tetrafluoroborate (TEAT) (Aldrich, 98 %) was 

recrystallised from methanol (Fisons, AnalaR) and dried under high 

vacuum. Aqueous solutions were prepared using water from the 
Whatman VVR50 RO purification system pumped through a carbon filter 
(Whatman model: Still Plus) giving a conductivity in the range 
0.1 to 1.0 [LS cm-1. Perchloric acid (Aldrich, A. C. S. Reagent) and 
hydrochloric acid 37% (Aldrich, AnalaR) were used to prepare acidic 
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Figure 2.2 Electrochemical cell arrangement for UV/vis studies 
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solutions. Sodium Hydro)dde (Fisons, AnalaR) was used to prepare basic 

solutions. The McIlvaine128 buffer was used extensively throughout the 

coarse of work described in this thesis. The buffers are prepared from 

two solution components comprising of firstly citric acid (Fisons, AnalaR) 

(0.1 mol dm-3) and secondly di-sodium hydrogen orthophosphate (Fisons, 

AnalaR) (0.2 mol dm73) both with sodium chloride (Fisons, AnalaR) 

(0.1 mol dff3) to increase the ionic strength. 

3A and 4A molecular sieves (Aldrich) were activated by heating 

(250 - 300 OC) under high vacuum for 24 h. 

The monomers studied in this thesis are shown in figure 2.3. 

1-(2-Cyanoethyl)pyrrole (1) (Aldrich, 99+ %) was used without 

ftirther purification. - 

1-(2-Carboxyethyl)pyrrole (H) was synthesised by refluxing 
1-(2-cyanoethyl)pyrrole (5g) in an aqueous potassium hydro'-dde solution 
(1.0 mol dm-1) (300 CM-3) with 10% ethanol for 72 h, figure 2.4. The 

reaction solution was then acidified using concentrated hydrochloric acid 

solution and extracted using diethyl ether (3 X 50 CM73). The organic 

phase was dried over magnesium sulfate and reduced under vacuum to 

yield needle crystals of 1-(2-carboxyethyl)pyrrole (1) (4.6g, 80%). The 

solid product was recrystallised from a minimum of distilled cyclohexane. 
6. (ppm, 270 MHz, CDC13 , Me4Si) 6 2.83 (2H, t, H4), 6 4.21 (2H, t, 

H3), 6 6.15 (2H, m, HI), 6 6.67 (2H, m, H2). 6c (ppm, 67.8 MHz, CDC13, 

Me4Si) 6 36.2 (d), 6 44.4 (C3), 6 108.6 (0), 6 120.5 (C2), 6 176.8 (C5). 

m/z (EI) 139 (60%, M'*), 94 (40%, C4H4NCH2CH2+. ), 80 (100%, 

C4H4NCH2+*). I. R. (cm-1, nujol mull) 1709 (s, C--O stretch), 939 (s, 

C-OH deformation), 722 (s, C-H pyrrole o. p. bend). 

1-(-I-Benzo-15-crown-5-methylene)pyrrole (M) was a gift from 

Dr. A. C. Benniston and was used without further purification. 
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Figure 2.3 Monomers studied in this thesis 
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3-Methylthiophene (M (Aldrich, 99+ %) was distilled under reduced 

pressure and stored over activated 3A molecular sieves. 

3-Thiopheneacetic acid M (Aldrich, 98%) was recrystallised from 

distilled water and dried under high vacuum. Used 3-thiopheneacetic acid 
M was recovered from acetonitrile solution and background electrolyte 
by reducing the solution under vacuum followed by recrystallising twice 

from distilled water. 

Methyl(3-thiopheneacetate) (VI), ethyl(3-thiopheneacetate) (VU), 

n-propyl(3-thiopheneacetate) ("11) and n-butyl(3-thiopheneacetate) were 

synthesised in the following manner, figure 2.5. Methanol (Fisons, 

AnalaR), ethanol (Aldrich, AnalaR), n-propanol (Fisons, AnalaR) and 

n-butanol (Fisons, AnalaR) were distilled separately over calcium hydride 

and used immediately without further storage. 3-Thiopheneacetic acid (V) 

(4 x5 g) was dissolved in each of the dried alcohols (100 cm-3) with a 

drop of concentrated hydrochloric acid and refluxed. The reactions were 

followed using thin layer chromatography with a 10 :I dichloromethane 

(Aldrich, Reagent Grade) : methanol system with a spray for detecting 

esters (1% vanillin in concentrated sulfuric acid with a trace of ethanol). 

After complete reaction the reaction solutions were reduced under vacuum 

and dissolved in diethyl ether (Fisons, Analar) (50 cm-3). The organic 

phase was washed with saturated sodium hydrogen carbonate solution 

(3 x 30 crft-3) and dried over anhydrous magnesium sulfate before being 

reduced under vacuum and pumped under high vacuum. The esters were 

obtained as clear liquids (80 - 90 % yield) and used without further 

purification. Methyl(3-thiopheneacetate) (VI): 6H (ppm, 400 MHz, CDC13 

, Me4Si) 6 3.65 (2H, s, H5) 6 3.69 (3H, s, H) 6 7.03 (IH, c, H3) 6 7.14 

(IH, c, HI) 6 7.27 (IH, c, H2). 6c (ppm, 100 MHz, CDC13, Me4CI) 6 

35.3 (C5) 6 51.7 (C) 6 122.6 (C4), 6 125.4 (C3 )6 128.2 (Cl)! 6 133.3 

(C2) 6 171.2 (C6). m/z (EI) 156 (80%, MI*) 97 (100%, (C4HACH21. I, 

R. (cm-1, thin layer) 3 100 (m, ctC-H stretch) 
_2800-3000 

(ms, aliphatic 
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C-H stretches) 1741 (vs, C=O stretch) 1440 (s, CH3 sym. deformation) 

1350-1550 (m, aromatic ring stretches) 1150 (s 
, 

CC(=O)-O stretch). (d 

= 1.26 g CM-3). Ethyl(3-thiopheneacetate) (VH): 6H (ppm, 400 MHz, 

CDC13, Me4S') 6 1.27 (3H, t, H8) 6 3.64 (2H, s, H5) 6 4.15 (2H, q, H) 6 

7.04 (1 H, c, H3) 6 7.14 (1 H, c, HI) 6 7.27 (1 H, c, H2). 6c (pprn' 100 

MHz, CDC13, Me4S') 6 13.9 (C8) 6 35.7 (C5) 6 60.6 (C) 6 122.5 (C4) 6 

125.4 (C3) 6 128.2 (CI) 6 133.5 (C2) 6 170.8 (C6). m/z (EI) 170 (90%, 

M'-) 97 (10070, (CAS)CH21, I. R. (cm-1, thin layer) 3 100 (m, aC-H 

stretch) 2800-3000 (ms, aliphatic C-H stretches) 1735 (vs, C=O stretch) 
1350-1550 (m, aromatic ring stretches) 1150 (s, CC(=O)-O stretch). 

(d = 1.27 g CM-3) n-Propyl(3-thiopheneacetate) (VIU): 6,, (ppm, 400 

MHz, CDC13 , Me4S') 6 0.92 (3H, t, H8) 6 1.60 - 1.69 (2H, c, H8) 6 3.64 

(2H, s, H) 6 4.06 (2H, t, H7) 6 7.04 (IH, c, H3) 6 7.14 (IH, c, H1) 6 

7.27 (1H, c, Hl). 6c (ppm, 100 MHz, CDC13, Me4S') 6 10*1 (C) 6 21.8 

(C8) 6 35.7 (C5) 6 66.2 (C) 6 122.5 (C4) 6 125.3 (C3) 6 128.3 (Cl) 6 

133.6 (C2) 6 170.9 (C6). m/z (EI) 184 (85%, M'-) 97 (100%, 

(C4H4S)CH2+*). I. R. (cm'l, thin layer) 3100 (m, aC-H stretch) 2800-3000 

(s, aliphatic C-H stretches) 1735 (vs, C=O stretch) 1350-1550 (m, 

aromatic ring stretches) 1150 (s, CC(=O)-O stretches). (d = 1.25 g cm-3). 

n-Butyl(3-thiopheneacetate) (IX): 6. (ppm, 400 MHz, CDC13, Me4Si) 6 

0.92 (3H, t, HIO) 6 1.31 - 1.40 (2H, c, H9) 6 1.57 - 1.64 (2H, c, H8) 6 

3.64 (2H, s, H5) 6 4.10 (2H, t, H) 6 7.03 (IH, c, H3) 6 7.12 - 7.14 (H, 

c, H2). 6c (ppm, 100 MHz, CDC13, Me4Si) 6 13.4 (C10) 6 18.9 (C) 6 

30.4 (C8) 6 35.7 (C5) 6 64.5. (C7) 6 122.5 (C4) 6 125.3 (C3) 6 128.2 (Cl) 

6 133.6 (C2) 6 170.8 (CO). m/z (EI) 198 (25%, M+-) 97 (100%, 

(C4H4S)CH2+'). I. R. (cm-1, thin layer) 3 100 (w, aC-H stretch) 2800-3000 

(s, aliphatic C-H stretches) 1736 (vs, C=O stretch) 1350-1550 (m, 

aromatic ring stretches) 1150 (s, CC(=O)-O stretch). (d = 1.15 g CM-3). 

Compound (X) was synthesised by stirring L-valene methyl ester 
hydrochloride (Aldrich) (1.17g) with distilled triethylamine (Aldrich) 

(0.97 cm-3) in dry dichloromethane (30 CM-3). 
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Figure 2.5 Synthesis of the 3-thiopheneacetic acid esters monomers 
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1-(3-Dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride (Aldrich) 

(1.48g) and 3-thiopheneacetic acid (1.00g) were added to the reaction 

mixture and stirred for 24 h. figure 2.6. The reaction mixture was 

reduced under vacuum and the remaining solid was redissolved in ethyl 

acetate (Aldrich, Reagent Grade) (50 CM-3) and washed with distilled 

water (30 CM-3) and saturated sodium hydrogen carbonate solution 

(30 Cm-3) before being dried over anhydrous magnesium sulfate, reduced 

under vacuum and pumped dry under high vacuum to yield compound (X) 

(1.31g, 73%) which was used without further purification. 6H (400 MHz, 

CDC13 
, Me4S') 0.76 (3H, d, H(10 or 11)) 6 0.85 (3H, d, H(10 or 11)) 6 2.07 

(I H, doublet of a septet, H9) 6 3.62 (2H, d, H5) 6 3.68 (3H, s, H13) 6 4.5 

(IH, dd, H8) 6 6.01 (1H, d, H) 6 7.00 (IH, C, 113) 6 7.17 (IH, c, H1) 

6 7.32 - 7.34 (1 H, c, H2). 6c (400 MHz, CDC13, Me4S') 6 17,19 (C10, 

C11) 6 31 (C) 6 38 (C5) 6 52 (C13) 6 57 (C8) 6 123 (C4) 6 127 (C3) 

6 128 (Cl) 6 134 (C2 )6 170,172 (C6CI2). m/z (EI) 255 (2076, M") 97 

(10070, (CAS)CH21. I. R. (cm-1, nujol mull) 3290 (s, N-H stretch) 

1742 (s, C=O ester stretch) 1646 (s, C=O peptide stretch) 1551 (s, N-H 

bend) 1215 (s, O-C-0 antisym. stretch). 

3-Thiophenemethanol (XI) (Aldrich, 99 %) was distilled under 

reduced pressure and stored over activated 3A molecular sieves before 

use. 

Indole (XII) (Aldrich, 99+ %) was sublimed under reduced pressure, 

protected from direct light and stored at below 0 OC. 

5-carboxyindole (XIII) (Aldrich, 9976) was recrystallised from a 

minimum of distilled water and dried under high vacuum for 48 h. 

2.10 Deuteration of Indole-5-carboxylic Acid 

5-carboxyindole (XIII) was deuterated129 at the 3-position by 

recrystallising in deuterium o)dde with a trace of concentrated 
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hydrochloric acid, figure 2.7.1H NMR data showed that the 3-position 

was fully deuterated and the I -position was partially deuterated, FrIR 

data will be discussed in the following chapters. 

Figure 2.7 Deuteration of 5-carboxyindole (XHI) 
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Chapter 3 

Chemically Modified Poly(pyrroles) 

3.1 Introduction 

Poly(pyrroles) being the largest class of heterocyclic conducting 

polymer have been studied intensely in many different areas of 

application. 10,11,12,13,14 As mentioned previously 

several pyrrole monomers, with carboxylic acid substituents'17,63 have 

been studied but a fall understanding of their particular effects has not as 

yet been reached. It is not the aim of this chapter to intensively study 

the effects of the various substituents, but rather to provide a contrast 

with which to compare the more complete studies performed on both 

poly(thiophenes) and poly(indoles). Finally, a poly(pyrrole) macrocyclic 

polymer (appendix 1) is described in detail and provides a further 

example of a novel chemically modified poly(pyrrole). 

3.2 Electrochemical Polymerisation of Poly(1-(2-cyanoethyl)pyrrole) and 
Poly(l-(2-carboxyethyl)pyrrole) 

Films of poly(l-(2-cyanoethyl)pyrrole) were grown from solutions of 
1-(2-cyanoethyl)pyrrole (1) (20 mmol dM-3) in acetonitrile containing 
TEAT (0.1 mol dm'l) by potentiometrically stepping from 0V to 

1.25 V (vs. SCE) at a polished stationary platinum disc electrode 
(A = 0.385 CM2). A steady i-t transient is observed after 5 s, similar to 

those reported by Hillman et al. 38 with an initial nucleation transient, 
figure 3.1. Films could be grown for extended periods of time (t > 60 s) 

without passivating the electrode. 

Films of poly(I -(2-carboxyethyl)pyrrole) were grown from solutions 
of 1-(2-carboxyethyl)pyrrole (11) (20 mmol dm-3) in acetonitrile containing 
TEAT (0.1 mol dm-3) by potentiometrically stepping from 0V to 
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Figure 3.1 Growth of poly(l -(2-cyanoethyl)pyrrole) by 

potentiometrically stepping from 0.0 V to 

1.25 V (vs. SCE) in a solution of 1-(2-cyanoethyl)pyrrole 

(20 mmol dM-3) in acetonitrile containing 

TEAT (0.1 mol dM, 3) at a stationary platinum electrode 

(A = 0.385 cm2) 
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1.35 V (vs. SCE) at a polished stationary platinum disc electrode 
(A= 0.385 CM2). An initial nucleation is observed followed by a 
decreasing transient similar to the diffusion limited i_ t-1/2 transients 

observed by Pletcher et al. 35, figure 3.2. 

Neither polymer could be grown in McIlvaine128 citrate/phosphate 

pH 7 buffered solutions of the monomer (0.1 mol dM-3). 

3.3 Electrochemistry of Poly(I-(2-cyanoethyl)pyrrole) and 
Poly(l-(2-carboxyethyl)pyrrole) 

Films of Poly(I -(2-cyanoethyl)pyrrole) display very reproducible 

cyclic voltarnmetry, from fully reduced to fully oxidised, in background 

acetonitrile solution containing TEAT (0.1 mol dm-3) between -0.3 V and 

1.1 V (vs. SCE) with no apparent loss in electroactivity. The cyclic 

voltammograms show an initial pre-wave between 0.4 and 
0.5 V (vs. SCE) and a much larger redox wave which has an 
Epa = 0.75 V (r = 0.998, n= 9) and an Epc = 0.75 V (r = 0.993, n= 9) 

(vs. SCE) at limiting low sweep rates, figure 3.3; this eliminates R drop 

effects. The values obtained for the Epa and Epc are slightly higher than 

other reported N-substituted poly(pyrroles)130 indicating increased 

disruption in the planarity of the polymer. 115 Plots of anodic peak 

current Upa) vs. sweep rate (u) for a film grown for 60 s, figures 3.4 and 

3.5, are linear (r = 0.999, n= 9) corresponding to immobilised redox site 
behaviour. 

The dopancy (6) of a long chain conducting polymer can be roughly 

estimated from the ratio of the charge passed in the growth transient 
(QT) to the charge passed under the cyclic voltammogram, (QCV) using 
the trivially derived equation (3.1). 

(QTIQCV) = 2/6 +I (3.1) 
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Figure 3.2 Growth of poly( I -(2-carboxyethyl)pyrrole) - by 

potentiometrically stepping from 0.0 V to 

1.35 V (vs. SCE) in a solution of 
1-(2-carboxyethyl)pyrrole (20 mmol dIn-3) in acetonitrile 

containing TEAT (0.1 mol dm-3) at a stationary platinum 

electrode (A ='0.385 CM2) 
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Figure 3.3 Plot of Epa (o) and Epc (9) V (vs. SCE) against sweep 

rate (u) for a film of poly( I -(2cyano ethyl)pyrrole) 

(previously grown for t= 60 s at a'platinurn electrode 

(A = 0.385 cm2)) (o, r=0.998, n= 9) (e, r=0.993, 

n= 9) 
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Figure 3.4 Cyclic voltammetry at 20,50 and 100 mV s-1 -in 
acetonitrile containing TEAT (0.1 mol dm-3) of a 

poly(l-(2cyanoethyl)pyrrole) film, grown for t= 60 s, on 

a platinum electrode (A = 0.385 CM2) 
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Figure 3.5 Plot of 'pa against sweep rate (U) for the 

poly(I -(2-cyanoethyl)pyrrole) film whose cyclic 

voltammetry is shown in figure 3.4 (r = 0.999, n= 9) 
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For poly(l-(2-cyanoethyl)pyrrole) the dopancy calculated from 

equation (3.1) was 6=0.15 which is rather low compared to 

poly(pyrrole). However the value is consistent with other reported 
130 N-substituted poly(pyrroles) The calculation assumes a totally 

faradaic efficient polymerisation and no losses during cyclic voltarnmetry. 

Poly(l-(2-carboxyethyl)pyrrole) displays very irreproducible cyclic 

voltammetry in background acetonitrile solution containing 
TEAT (0.1 mot dM-3) where QCV diminishes on successive cycles. 

A sweep rate analysis could not be performed and dopancy (6) was not 

calculated. 

Neither polymer displayed any electrochemistry in aqueous 

potassium nitrate solution (0.1 mol dM-3) or aqueous citric 

acid (0.1 mol dm-3) and sodium chloride (0.1 mol dm-3) solution. For 

poly( I -(2-cyanoethyl)pyrrole) the polymer appeared to be hydrophobic 

and for poly(l-(2-carboxyethyl)pyrrole) it has been reported that the 

polymer is soluble in water. 131 The absence of aqueous electrochemistry 

seriously reduces the potential applications of these two polymers. FTIR 

studies were performed to complete the overall characterisation of the 

polyiners. 

3.4 FrIR Spectroscopic Characterisation of Poly(l-(2-cyanoethyl)pyrrole) 

and PoIY(I-(2-carboxyetliyl)pyrrole) 

Reflectance FTIR spectra of poly(l -(2-cyanoethyl)pyrrole) and 

poly(l-(2-carboxyethyl)pyrrole) were recorded in their fully reduced and 
fully o,, ddised states. Polymer spectra were compared to spectra of the 

two monomers and were found to have broad bands typical of polymer 
species. 132 The polymers were always carefully washed in neat 

acetonitrile and allowed to dry before being studied. 

The reflectance FTIR spectrum of fully reduced 
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poly(l-(2-cyanoethyl)pyrrole) held at 0V (vs. SCE) in an acetonitrile 

solution containing TEAT (0.1 mol dm-3), figure 3.6, displays a weak 

aromatic pyrrole PC-H stretch at 3120 cm'l but no, aromatic pyrrole 

ctC-H stretch which is present at 3105 cm-1 in the monomer spectrum. 
Aliphatic C-H stretches are 'observed in both the monomer and polymer 

spectra between 2920 cm-1 and 2960 cm-1. The C-=N stretch in the 

monomer spectrum appears as a strong band at 2253 cm7l, in the 

polymer spectrum the same band is observed but is either attributed to 
free monomer trapped within the polymer or surface 'polymer since a 
broader band centred again at 2253 cff 1 is likely to be due to bulk 

polymer C-=N stretching. The remainder of the polymer spectrum, below 

2000 cm-1, is complex and hard to assign. However there are bands 

between 1360 cm-1 and 1505 cm7l which can be assigned to aromatic 

ring stretches. 133 Interestingly a peak at 1700 cm-1 is also observed 

which may be due to a, P unsaturated carbonyls produced during 

overoxidationý6,37 The monomer spectrum has a strong peak at 
722 cm7l corresponding to an aromatic pyrrole C-H out of plane stretch 

which is not present in the polymer spectrum indicating that this feature 

is due mainly to aC-H. The feature between 3300 cm7l and 4000 cm-1 in 

the polymer spectrum has not been assigned but may be electronic in 

nature. 

The reflectance FTIR spectrum of fully oxidised 

poly(I -(2-cyanoethyl)pyrrole) held at 1.25 V (vs. SCE) in acetonitrile 

solution containing TEAT (0.1 mol dm-3), figure 3.7, displays marked 
differences from the reflectance FTIR spectrum of the fully reduced 

polymer, figure 3.6. Between 2500 cm, '1 and 4000 cm-1 electronic 
transitions are observed which totally obscure the C-H stretching regions. 
The C-=N monomer stretch at 2253 cm" is observed again but the 

polymer C=-N broad band is now centred at 2100 cm-1 indicating a 
marked environment change. The aromatic ring stretching region133 
between 1360 cm-1 and 1505 cm-1 shows the largest deviations from the 
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Figure 3.6 The FT-IR spectrum of a fully reduced film of 

poly(l-(2-cyanoethyl)pyrrole) previously held at 0.0 V 

(vs. SCE) in acetonitrile containing TEAT (0.1 mot dmw3) 
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Figure 3.7 The FT-IR spectrum 'of a fully o)ddised film of 

poly(l-(2-cyanoethyl)pyrrole) previously held at 1.25 V 

(vs. SCE) in acetonitrile containing TEAT (0.1 mol dm-3) 
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fully reduced polymer which is expected from the large structural changes 
incurred during o)ddation of the polymer. There is evidence, in terms of 
increased absorption, for the incorporation of BF4- in the polymer at 
1060 cm-1; this is slightly obscured by other peaks in that region. 

The reflectance FI'IR spectrum of fully reduced 

poly(l-(2-carboxyethyl)pyrrole) held at 0.0 V (vs. SCE) in a solution of 

acetonitrile containing TEAT (0.1 mol dM-3), figure 3.8, showed 

similarities with the monomer spectrum in nujol mull. The region 
between 2000 cm-1 and 4000 cm-1 is ill-defined due to the O-H stretch in 

both the monomer and polymer spectrum. The polymer and monomer 

spectra both have strong C=O peaks at 1703 cm-1 corresponding to 

typical dimerised carboxylic acid carbonyl stretches. Aromatic ring 

stretches are observed between 1350 cm-1 and 1550 cm-1 for both the 

monomer and polymer. The monomer spectrum displays a medium 

strength peak at 726 cm" corresponding to an aromatic C-H out of plane 

stretch; this is absent from the polymer spectrum indicating that this 

band is due mainly to aC-H on the pyrrole ring. 

The reflectance FTIR spectrum of fully o)ddised 

poly(l-(2-carboxyethyl)pyrrole) held at 1.35 V (vs. SCE) in acetonitrile 

containing TEAT (0.1 mol dm-3), figure 3.9, has only minor differences 

compared to the fully reduced polymer spectrum, figure 3.8. The acid 

carbonyl peak is unchanged but the aromatic ring stretching region133 
between 1350 cm-1 and 1550 cm-1 shows small differences from the fully 

reduced monomer. A peak at 1060 cm'I is observed which is due to the 

BF4- counter ion. 

Both polymers display FIFIR spectra which confirms their proposed 

structures and shows standard behaviour for fully reduced and fully 

o3ddised poly(pyrroles). The functionalities, associated with the two 

monomers have been shown to be preserved during polymerisation. 
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Figure 3.8 The FT-IR spectrum of a fully reduced film of 

poly(l-(2-carboxyethyl)pyrrole) previously held at 0.0 V 

(vs. SCE) in acetonitrile containing TEAT (0.1 mol dm-3) 
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Figure 3.9 The FT-IR spectrum of an o)ddised film of 

poly(l-(2-carboxyethyl)pyrrole) previously held at 1.35 V 

(vs. SCE) in'acetonitrile containing TEAT (0.1 mol, dm-3) 
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The spectrum for poly(l-(2-cyanoethyl)pyrrole) shows that the nitrile 

peak is more sensitive to oxidation of the polymer than the carbonyl peak 
in the spectrum for poly( I -(2-carboxyethyl)pyrrole). This is probably due 

to the ability of the carboxylic acid groups to dimerise which would tend 

to reduce the effect of the incorporated counter ion on the substituent. 

The two polymers, poly(l -(2-cyanoethyl)pyrrole) and 

poly(l-(2-carboxyethyl)pyrrole), will not be discussed further since their 

limited aqueous electrochemistry prevents any additional studies from 

being made. 

3.5 Growth, Electrochemistry and Characterisation of 

poly(I 5-(I-pyrrolyl)methyl[benzo-1 5-crown-5]) 

Films of poly(l 5-(1 -pyrrolyl)methyl[benzo- I 5-crown-5]) 

(appendix 1) were grown on a polished stationary platinum disc electrode 
by cyclic voltammetry of a solution of 
15-(I-pyrrolyl)methyl[benzo-15-crown-5] (M) (10 mmol dM-3) in 

acetonitrile containing TEAP (0.1 mol dnf3) at 50 mV s-I between 0V 

and 1.1 V (vs. SCE), figure 3.10. Films could also be grown under the 

same conditions by potentiometrically stepping from 0V to 

1.1 V (vs. SCE) but a lower quality polymer, in terms of vi$ual 

appearance, is formed. Only limited experiments could be performed on 

this compound due to its low availability 

Benzo- I 5-crown-5134 is known to bind Nal more strongly than Li+, 
K+ or TEA+ and when covalently bound to a conducting polymer there 

may be significant changes in electrochemistry in the presence of alkali 
metal ions due to Donnan type interactions and bulk restructuring of the 
polymer. Other poly(ether) modified conducting polymers have previously 
been studied70,135 and shown to have differing electrochemistry in alkali 
metal ion electrolyte solutions but 

poly(15-(I-pyrrolyl)methyl[benzene-15-crown-5]) is believed to be the 
68 



Figure 3.10 The growth of poly(I 5-(l -pyrrolyl)methyl- 
[benzene- I 5-crown-5]) by cyclic voltarnmetry between 

0.0 V and 1.1 V (vs. SCE) of a solution of 

15-(1 -pyrrolyl)methyl[benzo- I 5-crown-5] CEID 

(10 mmol dM-3) in acetonitrile containing 

TEAP (0.1 mol dM-3) at a stationary platinum electrode 

(A = 0.385 cm2) (sweep rate -u = 50 mV s-1) 
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only crown ether modified conducting polymer to be studied to date other 

than a pseudo crown ether thiophene polymer studied by Roncali et al. 136 

The films formed were studied by cyclic voltammetry in acetonitrile 

solutions containing either TEAP (0.1 mol dM-3), LiC104 (0.1 mol dM-3), 

NaC104 (0.1 mol dM-3) and, because of the low solubility of KC104, 

TEAP (0.1 mol dM-3) saturated with KC104- Reproducible cyclic 

voltammograms, typical of poly(pyrrole) type conducting polymers, were 

obtained between 0V and 0.9 V (vs. SCE) but the Epa values 

(ca. 0.78 V (vs. SCE)) varied slightly from film to film under the same 

electrolyte conditions. The polymer Ep,, peak positions in the different 

electrolytes were compared to ferrocene (1.0 mmol dm-3) E,, 2 values in 

the same electrolytes at a clean polished stationary platinum disc 

electrode (A = 0.385 cm 2) at a sweep rate of 50 mV s-1, table 3.1, to 

correct for changes in the liquid junction potentials between the aqueous 

calomel electrode and the acetonitrile background electrolyte solution. 
There were only small variations in the cyclic voltarnmetry of the polymer 

at 50 mV s-1 in terms of the shape or position of the Epa in the different 

electrolyte solutions, figure 3.11. This -suggests that the 

benzo-15-crown-5 macrocycle within either the fully o, -ddised or fully 

reduced polymer does not bind alkali ions including Nat which means 

that the polymer only undergoes type (i) doping (see section 1.6) with 
C'04-* 

The electrochemical results agree with EDAX data (appendix 1) 

provided by Dr. L-Y. Chung which showed that no Na+ ions were present 
in the film in either the fully oxidised of fully reduced form after being 

cycled in NaC104 (0.1 mol dM-3) acetonitrile solution. The same result 

was also found to be true for the other ions studied. O., ddised polymers 

were found to have large traces of chlorine incorporated corresponding to 

the C104- dopant. 
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Figure 3.11 Cyclic voltarnmetry, between 0.0 V and 0.9 V (vs. SCE) 

(sweep rate -u = 50 MV S-1), of a film of 

poly(l 5-(l -pyrrolyl)methyl[benzo- I 5-crown-5] in three 

individual acetonitrile solutions containing 0.1 mol dm-3 

LiClO,, ( ... ), NaCI04(-) and TEAP (-) 
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Table 3.1 Comparison of the E1/2 of ferrocene with the Epa Of 

poly(l 5-(l -pyrrolyl)methyl[benzo- I 5-crown-5] in the 

various background electrolytes 

Background El/2(Fc/Fc+) Epa(polymer) E- 1ý1/2 ? ' 
electrolyte vs. SCE/V vs. SCE/V ( c 1Fct)1V 

TEAP 0.38 0.78 0.40 
NaC104 0.30 0.78 0.48 
LiC104 0.31 0.75 0.44 
TEAP/KC104 0.38 0.78 0.40 
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These surprising results are thought to be due to the close stacldng 

of the benzo-15-crown-5 rings which are approximately perpendicular to 

the plane of the polymer chain. Using a computer generated molecular 

model of the polymer and assuming that the monomers have a trans 

arrangement the centre to centre distance between the macrocycles was 

estimated to be 7 A. If the crown ether groups are tilted as shown in 

figure 3.12 then the actual gap is further reduced. These gaps are 

thought to be too small for an ion solvated with acetonitrile, introducing a 

steric barrier to complexation. 

The reflectance FTIR of fully reduced 

poly( 15 -(1 -pyrrolyl) methyl [benzo- I 5-crown-5]) is shown in figure 3.13 

and the assignments compared to the monomer are shown in table 3.2. 

Peaks corresponding to both pyrrole and benzo-15-crown-5 are observed 
in both the monomer and polymer spectrum. 

3.6 Conclusion 

The results obtained for the three pyrrole monomers (1), (H) and 

(IH) described in this preliminary chapter illustrate some of the difficulties 

commonly encountered when studying chemically modified conducting 

polymers. The substituted group can not only reduce the electrochemical 

stability of the polymer but can also have its own chemical behaviour 

impeded. The next chapter will discuss the study of chemically modified 

poly(thiophenes) and the problems associated with that class of polymer. 
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Figure 3.12 Simplified representation of the spacial arrangement of 

poly(15-(I-pyrrolyl)methyl[benzene-15-crown-5]) 

Benzo-IS-Crown-5 Ring 
Perperukular to the 
Plane of the polymer 
Chain 

Polymer Chairt 

Figure 3.13 The FT-IR spectrum of a fully reduced 

poly(I 5-(1 -pyrrolyl)methyl[benzene- I 5-crown-5)) film 

previously held at 0.0 V (vs. SCE) in acetonitrile solution 

containing TEAP (0.1 mol dm-3) 
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Table 3.2 Peak assignments for the FT-IR spectrum shown in 

figure 3.13 

Wavenumber (cm-1) =! = 4 cm" 

Polymer Monomer Assignments 

2871(s) C-H stretches 

1350-1590(ms) 1350-1590(ms) Aromatic ring stretching 

1263(s) 1263(s) O-Aryl symetric stretch 

1132(s) 1139(s) C-0-C antisymetric stretch 

1093(s) 1089(s) 4ryl-O-C antisymetric stretch 
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Chapter 4 

Chemically Modified Poly(thiophenes) 

4.1 Introduction 

Poly(thiophenes) being one of the largest class of heterocyclic 

conducting polymer are unusual in that their electrochemistry is largely 

limited to nonaqueous SolUtion68,69 (see Chapter 1). On occasions 

aqueous electrochemistry of the polymers has been performed but with 
limited success. Since many of the eventual applications of conducting 

polymers including poly(thiophenes) are likely to be in aqueous media the 

specific conditions required to perform stable aqueous electrochemistry 

need to be determined. This coupled with the increasing interest in 

substituted poly(thiophenes)115,137 provides a challenging research area. 
The effects of chemically bound carboxylic acid functionalities on the 

aqueous electrochemistry of poly(thiophenes) are studied in this chapter, 
in addition to their potential for further chemical modification both before 

and after polymerisation. Reflectance FTIR is performed throughout the 

studies to monitor any chemical changes imparted upon the various films 

during electrochemistry in both aqueous and nonaqueous solutions. 

4.2 Summary, Growth and Electrochemistry of Poly(3-methylthiopliene) 

Poly(3-methylthiophene) is one of the most intensively studied 

conducting polymers90 and was chosen as a general reference conducting 

polymer, for comparison purposes, in this thesis because of its highly 

reproducible electrochemistry. The particular growth conditions for 

poly(3-methylthiophene) applied in this thesis will be discussed briefly 

along with its subsequent electrochemistry. The reflectance FTIR and 
impedance spectroscopy will then be discussed in more detail. 

Films of poly(3-methylthiophene) were grown from solutions of 
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3-methylthiophene (M (0-1 mol dM-3) in acetonitrile containing 

TEAT(O. 1 mol dM-3) potentiometrically stepping from 0.0 V to 

1.65V(vs. SCE) at a polished stationary platinum disc electrode 

(A = 0.385 CM2). The growth transient observed is shown in figure 4.1, 

38 and is similar to i-t transients observed by Hillman et al. However, 

after the initial 5s nucleation period the transient current increases 

steadily by a small constant amount instead of levelling out. This 

increase is largely due to the polymer growing in more than one direction, 

even after nucleation, and was confirmed visually when thick films were 

studied under a microscope. The current density passed during the 

growth of thin films of the polymer (t < 60 s) was found to be 2.6 x 10-3 

A CM-2. Polymer films could also be grown under the same solution 

conditions by cyclic voltammetry between 0.0 V and 1.7 V (vs. SCE) at 

variable sweep rates (50 to 100 MV S'1). All the 

poly(3-methylthiophene) films discussed in this chapter were grown using 

the potential step method described in this paragraph. 

Films of poly(3-methylthiophene) were studied by cyclic 

voltarnmetry in acetonitrile solutions containing TEAT (0.1 mol dm-3) 

between -0.3 V and 1.1 V (vs. SCE), figure 4.2. Films cycled to 

potentials above 1.1 V (vs. SCE) experienced small but continual losses in 

QCV due to overoxidation. 36,37 There is a simple anodic peak on forward 

scans with a limiting Epa of 0.64 V (vs. SCE) (r = 0.995, n= 5), 

figure 4.3, which is consistent with previously reported values. The 

behaviour on the reverse scan is more complex with a shoulder appearing 

at much lower potentials (0.0 V to 0.4 V (vs. SCE)). The ipa has a linear 

dependence with sweep rate (r = 0.998, n=0.998), figure 4.4, consistent 

with immobilised redox species. The dopancy (6) was calculated using 

equation 3.1 by plotting QT against QCV for films of different thickness 

grown for 10 s, 20 s, 30 s, 40 s, 50 s and 60 s, figure 4.5, and was found 

to be 6=0.18 (r = 0.999, n= 6), which is slightly lower than reported 
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Figure 4.1 Growth of poly(3-methylthiophene) by potential stepping 

from 0.0 V to 1.65 V (vs. SCE) in a solution of 3-methyl 

thiophene (M (0.1 mol dm-3) in acetonitrile containing 
TEAT (0.1 mol dm-3) at a stationary platinum electrode 
(A = 0.385 CM2) 
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Figure 4.2 Cyclic voltammetry of poly(3-methylthiophene) in 

acetonitrile containing TEAT (0.1 mol dfff3) between 

-0.3 V and 1.1 V (vs. SCE) at sweep rates of v= 20,40, 

60,80 and 100 mV s'l 
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Figure 4.3 The Epa VS. sweep rate (U) graph for 

poly(3-methylthiophene) (r = 0.995, n= 5) plotted from 

the data shown in figure 4.2 
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Figure 4.4 The 'pa VS. sweep rate (1)) graph for 

poly(3-methylthiophene) (r = 0.998, n= 5) plotted from 

the data shown in figure 4.2 
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Figure 5.5 The QT VS* QCV Plot (r = 0.999, n= 6) for films of 

poly(3-methylthiophene) grown for t= 10,20,30,40,50 

and 60 s 
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dopancy figures for thiophenes, suggesting a slightly inefficient 

polyrnerisation. 

4.3 MR Spectroscopy of Poly(3-methylthiophcne) 

Obtaining good reproducible reflectance FrIR of 

poly(3-methylthiophene) proved to be difficult since a large degree of 

infra red scattering is observed in the spectrum above 2000 cm-1 

compared to the relatively weak absorptions of the film. To obtain 

persistently reproducible spectra thick films were grown for 180 s. These 

films produced excellent FTIR spectra which could be given assignments 

in their fully reduced form, figure 4.6. However, in their fully oxidised 

form the peaks became very ill-defined. The effect observed in the 

spectra of the fully oxidised polymer is likely to be due to either enhanced 

scattering or some unusual concentration effect since ATR and 

transmission studies do not display this behaviour. 89,90 

The FTIR spectrum of fully reduced poly(3-methylthiophene) in 

figure 4.6 is compared to an FIIR spectrum of 3-methylthiophene in 

table 4.1. 

The spectra compare well with previously reported data showing 

that the poly(3-methylthiophene) grown by the method described in 

section 4.2 is consistent with other films studied in the literature and 

possesses few defects, since the only aromatic C-H peaks observed 

correspond to those for C-H in the P-positionP, 90 

4.4 AC Impedance Spectroscopy of Poly(3-methylthiophene) 

AC impedance measurements were performed on 

poly(3-methylthiophene) films grown for 30 S. Measurements were 

always taken in background electrolyte solutions of TEAT (0.1 mot dM-3) 

in acetonitrile on films stabilised for 300 s at several selected potentials. 
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Figure 4.6 The reflectance FT-IR spectrum of a film of fully reduced 

poly(3-methylthiophene) grown for t= 180 s 
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Table 4.1 The peak assignments for the reflectance FT-IR 

spectrum of poly(3-methylthiophene) shown in figure 4.6 

Wavenumber (cm-1) : ': 4 cm7l 

3-methylthiophene Fully Reduced Assignment 
P3MT 

31 00(w) aC-H stretch 

3055(w) 3055(w) PC-H stretch 

2800-3000(ms) 2800-3000(ms) C-H methyl stretches 

1360-1590(s) 1360-1590(s) Aromatic ring stretches 

1321(s) C-C ring. stretches 

853(s) aC-H o. p. bend 

817(vs) 817(vs) PC-H o. p. bend 
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The amplitude of the modulation was 10 mV (RMS) and a frequency 

range of between 50 mHz and approximately 500 Hz was used. The 

potentials studied were -0.3 V (vs. SCE) and then upwards from 0.5 V to 

1.1 V (vs. SCE) in steps of 0.1 V and then downward from 1.0 V to 

0.2 V (vs. SCE) in steps of 0. IV. 

The Nyquist plot for poly(3-methylthiophene) held at 

-0.3 V (vs. SCE) shows very complex behaviour in figure 4.7 consistent 

with previously described data for fully reduced filmsý3 At the other 

potentials studied the behaviour corresponded to a simple resistance and 

capacitance acting in series. 107 The Nyquist plot recorded at 
0.6 V (vs. SCE) during the upward steps is shown in figure 4.8. The 

resistance (ca. 40 Q) recorded at high frequency as the intercept on the 

real axis of the Nyquist plot is constant for all potentials measured and is 

due solely to the uncompensated resistance of the solution. This 

resistance is also present at a bare platinum electrode (A = 0.385 CM2) 

studied under the same conditions. The Nyquist plots were analysed 

using equation 4.1 for a resistance and capacitance in series by plotting 

the imaginary component (Z") against frequency. 

Z=R- i 

WC 

Z- Impedance 

R- Resistance 

co - f/2. Tr V- Frequency) 

C- Capacitance 

The data recorded at 0.6 V (vs. SCE) during the anodic potential 
steps shown in figure 4.8 when analysed gives the plot shown in 
figure 4.9. The capacitances calculated in this way for the entire 
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Figure 4.7 The Nyquist plot for a poly(3-methylthiophene) film 

(previously grown for t= 30 s at a platinum electrode 
(A = 0.385 cm2)) held at -0.3 V (vs. SCE) in acetonitrile 

containing TEAT (0.1 mol dm-3) (frequency range - . 
50 

mHz to 500 Hz, amplitude - 10 mV (RMS)) 
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Figure 4.8 The Nyquist plot for poly(3-methylthiophene) grown for 

t= 30 s at a platinum electrode (A = 0.385 CM2) and 

held at 0.6 V (vs. SCE) in acetonitrile containing TEAT 

(0.1 mol dnf3) (frequency range - 50 mHz to 500 Hz, 

amplitude - 10 mV (RMS)) 
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Figure 4.9 Interpretation of the data shown in figure 4.8 using 

equation 4.1 (r = 0.999) 
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potential data set are shown in figure 4.10. 

The magnitude of the capacitances measured are particularly large 

and are probably the result of charging between the individual chains of 

the polymer and the background electrolyte solution. 109 The volume of a 

film of poly(3-methylthiophene) grown for 30 s is estimated to be 

VTOT = 1.3 X 10-12 M3 from a monomer volume of 

VMON = 1.77 X 10-29 M3 estimated from dimensions calculated by 

molecular modelling. The area of the polymer is estimated by comparing 

the capacitance of the polymer at a particular potential with an estimate 

of the capacitance of a typical metal under the same solution conditions 

(approximately 0.05 MF CM-2). The maximum capacitance of the polymer 

at 0.9 V (vs. SCE), figure 4.10, is 8.0 mF CM-2. So for an electrode with 

a geometric area A=3.85 X 10-5 M2 the effective area of 

poly(3-methylthiophene) at 0.9 V (vs. SCE) is AEFF = 6.2 X 10-3 M2. In 

order to investigate the scale at which the capacitance acts within the 

polymer, the entire volume of the polymer is considered to be bounded in 

the form of a cylinder. For the polymer to have these estimated values 

for VTOT and AEFF the radius of the proposed cylinder would be 

rCYL = 1.0 x 10-10 m or I A, which is at molecular dimensions, 

supporting the suggestion that the capacitances measured are due to 

charging at the polymer chain level. 

Marked hysteresis is observed in figure 4.10 indicating that there is 

significant structural change during the o)ddation and reduction of the 

polymer. The hysteresis observed during the cathodic potential steps 

coincides with the large shoulder observed at low potentials 
(0.0 V to 0.4 V (vs. SCE)) in the cyclic voltammetry of the cathodic 

wave, indicating that this effect is not due to slow kinetics within the film, 

but rather to thermodynamic effects. It is worth noting however, that 
hysteresis occurs throughout the whole potential range but is more 

marked in the low potential region. 
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Figure 4.10 Overall capacitance data set calculated using 

equation 4.1 from Nyquist data, similar to figure 4.8, 

obtained after anodic and cathodic potential steps upon 

poly(3-methylthiophene) grown for t= 30 s (the order of 

the steps is shown by the arrows) 
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The hysteresis effect was further studied by applying an ac potential 

of 5 mV at 330 Hz to a poly(3-methylthiophene) film, grown for 30 s, 
during cyclic voltarnmetry in a background electrolyte solution of 
TEAT (0.1 mol dM-3) in acetonitrile. The in-phase component of the ac 

current was then compared with the applied ac potential using the lock-in 

amplifier equipment described in Chapter 2. The RMS amplitude or the 

in phase ac current was then plotted as a function of potential. A typical 

in phase ac cyclic voltammogram. is shown in figure 4.11 where the 

hysteresis is clearly visible in the reverse cathodic sweep. 

At sweep rates below 10 mV s-I the ac cyclic voltammograrns 

remain consistent under the same sweep conditions and do not vary. The 

lower potential limit was always maintained at -0.27 V (vs. SCE). No 

hysteresis is observed for upper potential limits of less than 

0.3 V (vs. SCE) and no further increase in the hysteresis is observed 

when the upper sweep limit is greater than 0.8 V (vs. SCE). When ac 

cyclic voltammograms with upper potential limits, between 0.3 V and 
0.8 V (vs. SCE), are studied the size of the hysteresis loop increases 

steadily with potential but also increases slightly if the potential is held at 

the particular upper potential limit for a short finite period, this could not 
be measured accurately but is appro)dmately 5 s. The in-phase current 

saturates at the higher potential side of the ac cyclic voltammograrn and 

this corresponds to a resistance of 60 0 which is due to the solution 

resistance indicating that the polymer becomes very conducting at these 

potentials. 

Similar results reported by Ofer and Wrighton138 on 

poly(3-methylthiophene) in S02 solutions at -40 T only attribute the 
hysteresis effect to cyclic voltarnmetry, kinetic effects, which is clearly not 
the case. 
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Figure 4.11 A typical ac cyclic voltammogram between -0.3 V and 

1.1 V (vs. SCE) of a poly(3-methylthiophene) film 

(previously grown for t= 30 s at a platinum electrode 

(A = 0.385 CM2)) (amplitude =5 mV (RMS), f= 330 

Hz, sweep rate u= 10 mV s-1) 

0.6 

0.5 

0.4 

0.3 

0.2 

0.1 

0.0 

-0.1 
L- 

-0.4 0.0 0.4 0.8 1.2 

E/V (vs. SCE) 

93 



Unfortunately the data does not reveal the cause of the effect but 

displays its extent. Quartz crystal microbalance (QCM) studies performed 
by Hillman et al. 113,114 on poly(bithiophene) under similar conditions, but 

using solely cyclic voltarnmetry, correlate quite well with these results. 
The exact cause of the hysteresis is still debatable and is probably due to 

some extreme thermodynamic or quasi-thermodynamic effects occurring 
during the oxidation of the film to polarons or bipolarons. These results 
raise an important point about the description of the oxidation state of 

conducting polymer films. It is not sufficient to quote the potential at 

which a film is held in a background electrolyte as a standard, the history 

of the film needs to be taken into account, since films of the same type 

can be held at the same potential but have completely different dopancies. 

Impedance spectroscopy was performed on poly(3-methylthiophene) 
films grown for 5,10,30,45 and 60 s. Again an ac potential modulation 

of 10 mV (RMS) was applied to the films which were held at 
0.8 V (vs. SCE) and allowed to settle for 300 s in a TEAT (0.1 mol drný3) 

acetonitrile solution. Impedance measurements were taken between 

50 mHz and approximately 500 Hz and were analysed in the manner 

previously described to obtain capacitance data. Figure 4.12, shows the 

capacitances obtained plotted against QCV which gives a excellent linear 

relationship with a gradient of 1.16 F C-1 (r = 0.998, n= 5) as would be 

expected confirming that the capacitances measured are proportional to 

the amount of material present and not any bulk effects. 

4.5 Growth and Electrochemistry of Poly(3-thiopheneacetic acid) and its 

Associated Esters 

Poly(3-thiopheneacetic acid) was first grown by 

Albery et al. 139,140,141 in a series of experiments which showed that under 

very carefully controlled conditions the polymer could be deposited by 

two dimensional layer-by-layer nucleation and growth during 

94 



Figure 4.12 Capacitance of poly(3-methylthiophene) films (previously 

grown for t=5,10,30,45 and 60 s at a platinum 

electrode (A= 0.385 CM2)) held at 0.8 V (vs. SCE) 

plotted against QT (r = 0.998, n= 5) 
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chronoamperometry. Initial experiments on the polymer grown by cyclic 

voltarnmetry showed that its electrochemistry was unstable and resulted 
in eventual passivation in acetonitrile solutions. No information on the 

electrochemical stability of the two dimensional layer-by-layer polymer 

was reported. For convenience poly(3-thiopheneacetic acid) was grown 

using cyclic voltammetry in the manner described below and was studied 
in both acetonitrile, aqueous and methanol solutions to determine the 

nature of its electrochemical behaviour. 

Films of poly(3-thiopheneacetic acid) were grown from solutions of 

3-thiopheneacetic acid (V) (1.0 mol drlf3) in acetonitrile containing 

TEAT (0.1 mol dm-3) by cyclic voltammetry between 0.0 V and 

1.8 V (vs. SCE) at a polished stationary platinum disc electrode 

(A = 0.385 CM2). Films were. grown in four sweeps at 100 mV s-1 and 

then held at 0.0 V (vs. SCE) figure 4.13. Marked nucleation loopS35 were 

observed during each cycle and the success of the growth depended 

heavily upon the purity of the solution, with older solutions producing 

poor quality films. 139 Cyclic voltammetry in solutions of acetonitrile 

containing TEAT (0.1 mol dm-3) was recorded between 0.0 V and 

1.4 V (vs. SCE) but resulted in passivation after several scans. Cyclic 

voltarnmetric data recorded immediately after growth gave a roughly 

linear correlation between the sweep rate and ipa, figure 4.14 (r = 0.999, 

n= 4) with the Epa estimated to be between 1.1 V and 1.2 V (vs. SCE). 

The Epa of monomeric 3-thiopheneacetic acid. M (1.0 mmol dm-3) in 

acetonitrile containing TEAT (0.1 mol dM-3) was found to be 

1.99 V (vs. SCE) at 100 mV s-1 and that of 3-methylthiophene (M 

(1.0 mmol dM-3) under the same conditions was found to be 

1.96 V (vs. SCE). Since the oxidation potential of 
3-methylthiophene (W) under these conditions is reported to be 

EOJM = 1.35 V (vs. SCE)115 then the oxidation potential of 
3-thiopheneacetic acid is estimated to be EOJV) = 1.4 V (vs. SCE). 

Comparing the EOJV) of the monomer to the limiting Epa of the polymer 
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Figure 4.13 The growth of poly(3-thiopheneacetic acid) by cyclic 

voltarnmetry between 0.0 V and 1.8 V (vs. SCE) at a 

platinum electrode (A = 0.385 CM2) in a solution of 

3-thiopheneacetic acid (V) (1.0 mol dm-3) in acetonitrile 

containing TEAT (0.1 mol dM-3) (sweep rate 

Ij = 100 mv S'1) 
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Figure 4.14 The 'pa vs- sweep rate (u) plot for the cyclic voltammetry 

of poly(3-thiopheneacetic acid) in acetonitrile containing 

TEAT (0.1 mol dm-3) (. U = 10,20,50 and 100 mV s-1) 
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Figure 4.15 Comparison of 3-thiopheneacetic acid (V) and 

poly(3-thiopheneacetic acid) o)ddation potential with 

previously reported data115 for other thiophenes, 
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with previously reported dataI15, figure 4.15, on substituted thiophenes, 

suggests that there are large steric effects acting within the polymer 

which increase the Epa for the polymers by a greater amount than would 

be expected solely from the electron withdrawing effect on the 

, 
(V) of monomeric 3-thiopheneacetic acid substituent. The estimated E,,, 

. 
(M of thiophene itself is, as described earlier, similar in value to the Eo,, 

suggesting that the acetic acid group has little effect on the ring. The 

polymer, in its fully reduced state, was found to be soluble in aqueous 

NaOH (1.0 mol dM-3) to give a red/orange solution with a 

kmax = 456 nm, this is lower than the value of 480 nm observed for 

poly(3-methylthiophene) films 115 and suggests a lower degree of 

conjugation. 

Films of poly(m ethyl (3 -thiopheneacetate)), 

poly(ethyl(3-thiopheneacetate)), poly(n-propyl(3-thiopheneacetate)) and 

poly(n-butyl(3-thiopheneacetate)) were grown from acetonitrile 

solutions of the monomers methyl(3-thiopheneacetate) (VI), 

ethyl(3-thiopheneacetate) (VH), n-propyl(3-thiopheneacetate) (VM) and 

n-butyl(3-thiopheneacetate) (IX) (0.1 mol, dm, 3) containing 

TEAT (0.1 mol dm-3) by cyclic voltammetry between 0.0 V 

and 1.7 V (vs. SCE) at a polished stationary platinum disc electrode 

(A = 0.385 CM2). The growth of poly(methyl(3-thiopheneacetate)) 

at 100 mV s-I is shown in figure 4.16. The other polymers give 

growth cyclic voltammograms which are very similar to the methyl ester. 

The cyclic voltammetry of poly(methyl(3-thiopheneacetate)) is very 

stable in acetonitrile solutions of TEAT (0.1 mol dm-3), figure 4.17, 

giving a linear ipa vs- sweep rate (u) plot (r = 0.999, n= 5), figure 4.18. 

The plots for limiting Epa and Epc for poly(methyl(3-thiopheneacetate)) 

are shown in figure 4.19 and give the values of Epa = 1.16 V (r = 0.998, 

n= 5) (vs. SCE) and Epc = 1.11 V (r = 0.994, n= 5) (vs. SCE), which are 

as high as the corresponding poly(3-thiopheneacetic acid) values, 
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Figure 4.16 The growth of poly(methyl(3-thiopheneacetate)) by cyclic 

voltarnmetry between 0.0 V and 1.7 V (vs. SCE) at a 

platinum electrode (A = 0.385 CM2) in a solution of 

methyl(3-thiopheneacetate) (VI) (0.1 mol dM-3) in 

acetonitrile containing TEAT (0.1 mol dM, 3) (sweep rate 

ij = 100 mv S-1) 
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Figure 4.17 The cyclic voltarnmetry between 0.0 V and 1.4 V 

(vs. SCE) of poly(methyl(3-thiopheneacetate) in 

acetonitrile containing TEAT (0.1 mot dm-3) at 

sweep rates u= 20,40,60,80 and 100 mV s-I 
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Figure 4.18 The plot of 'pa vs. sweep rate (u) taken from the data 

presented in figure 4.17 (r = 0.999, n= 5) 
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Figure 4.19 The plot of Epa (o) and Epc * vs. sweep rate (u) taken 

from the data presented in figure 4.17 (o, r=0.998, 

5) (o, r=0.994, n= 5) 
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suggesting low planarity of the monomers. within the polymer. 115 The 

other polymers have very similar electrochemistry to the methyl ester and 

have the following sweep rate (1j) limiting Epa and Epc values; 

poly(ethyl(3-thiopheneacetate)) Epa = 1.17 V and Epc = 1.04 V (vs. SCE), 

poly(n-propyl(3-thiopheneacetate)) Epa = 1.15 V and 

Epc = 1.01 V (vs. SCE), poly(n-butyl(3-thiopheneacetate)) Epa -= 1.15 V 

and Epc = 0.96 V (vs. SCE). The films formed are of high quality except 

for the n-butyl polymer and are red in their fully reduced form and blue in 

their fully oxidised form. 

Films could also be grown by potential stepping in acetonitrile 

solutions of the monomer at concentrations of as little as 15 mmol dm-3 

but the best quality films were obtained by using the method described 

above. 

4.6 Characterisation by FrIR Poly(3-thiopheneacetic acid) and Associated 

Ester Polymers 

The FTIR spectrum of fully reduced poly(3-thiopheneacetic acid) 

grown in the manner described above is shown in figure 4.20. Bands 

above 2000 cm-1 are obscured by scattering and the intensity of the O-H 

stretch. A very strong carbonyl band is recorded at 1702 cm-1 

corresponding to the dimerised acid group in the polymer. Medium 

strength bands are observed between 1300 cm"i and 1590 cm7l 

corresponding to aromatic and ring-ring stretches. The PC-H out of 

plane bend is observed as a weak band at 835 cm-1 which is higher than 

the corresponding PC-H out of plane stretch for poly(3-methylthiophene) 
(Table 4.1). There does not appear to be any significant aC-H out of 

plane bending in the spectrum indicating that there are few ct-P or P-P 

defects in the polymer even when grown at relatively high potentials. 
This may be due to the steric directing effects of the attached acetic acid 

groups. 
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Figure 4.20 The reflectance FT-IR spectrum of fully reduced 

poly(3-thiopheneacetic acid) 
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The reflectance FTIR spectrum of fully reduced 

poly(methyl(3-thiopheneacetate)) is shown in figure 4.21 and is very 

similar to the spectra of the other three ester polymers with a few 

exceptions. The spectra of the other ester polymers show increasing 

aliphatic C-H stretches between 2800 cm-1 and 3000 cm-1 as the 

aliphatic chain increases. Very little aliphatic C-H stretching is observed 
in the poly(methyl(3-thiopheneacetate)) spectrum, figure 4.21. The 

poly(methyl(3-thiopheneacetate)) spectrum, figure 4.21, has a mediuni 
band at 1440 cm-1 corresponding to a symmetric CH3 deformation which 
is not observed in the other spectra. All the ester polymer spectra have 

carbonyl peaks corresponding to ester groups, which are compared to the 

carbonyl peak in the spectrum of poly(3-thiopheneacetic acid) in 

table 4.2, and a peak at 1150 cm-1 corresponding to an acetate 

C-C(=O)-O symmetric stretch (see Chapter 2 for reference). It is evident 

that there are also weaker underlying bands between 1300 cm-1 and 
1500 cm-1 corresponding to aromatic ring stretching and ring-ring 

stretching. The PC-H out of plane bending in all the spectra occurred as 

a weak band at 835 cm'l with no visible aC-H out of plane bending 

The spectra described above quite clearly demonstrate the presence 

of the relevant fanctional groups within the polymer structure. The slight 

difference in position of the carbonyl peaks shown in table 4.2 from 

monomer to polymer is quite common and occurs in other types of 

polymers due to steric packing effects. 132 

4.7 Aqueous Electrochemistry of Poly(3-thiopheneacetic acid) 

Based on work reported by Sunde et al. 68,69 degassed aqueous 

potassium nitrate (0.1 mol dm-3) was chosen as the standard electrolyte 
to be used in the aqueous electrochemical studies of 
poly(3-thiopheneacetic acid) and its related compounds. The cyclic 

voltarnmetry between 0.0 V and 0.9 V (vs. SCE) at 20 mV s-1 for 
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Figure 4.21 The reflectance FT-IR spectrum of fully reduced 

poly(methyl(3-thiopheneacetate)) 
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Table 4.2 Comparison of the position of the carbonyl stretches in 

-- the reflectance. Fr4R- spectra of poly(3-thiopheneacetic 

acid) and its esters 

Functional 
G 

Peak Position (cm-1) =I: 4 cm71 
roup 

Monomer Polymer 

-COOH 1709 1702 

-COOMe 1741 1739 

-COOEt 1735 1732 

_COOnPr 1735 1730 

_COOnBu 1736 1734 
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poly(3-methylthiophene), grown for 30 s, in degassed aqueous potassium 

nitrate (0.1 mol dM-3) solution was consistent with the previously 

reported resultS69 with initial losses in QCV followed by a stable trace. 

When a film of poly(3-thiopheneacetic acid), grown in the manner 

previously described for four cycles, is placed in degassed aqueous 

potassium nitrate (0.1 mol dM-3) and is studied by cyclic voltammetry 
between 0V and 1.4 V (vs. SCE) at 10 mV s-1 the initial cycle passes a 

very large QCV and subsequent cycles show passivated behaviour 

figure 4.22. The ratio of the initial QCV(aqueous) to QCV(acetonitrile) is 

approximately 9: 1 which is a very large change and must be due to an 

extraordinary overoxidation process. 

The reflectance FTIR of poly(3-thiopheneacetic acid) before and 

after cyclic voltammetry in degassed- aqueous potassium nitrate 
(0.1 mol dM-3) solution is shown in figure 4.23. It is evident that a large 

band has appeared in the carbonyl region at a lower wave number than 

the acetic acid stretch. This band is likely to be due to the formation of 

the a, p-unsaturated ketone group within the polymer chain, figure 4.24, 

formed by the nucleophilic attack of water upon the polymer during 

o)ddation. From the sizes of QCV(aqueous) and QCV(acetonitrile) and 

assuming a dopancy of (6 = 0.25) it can be estimated that almost every 

monomer has been converted to the a, p-unsaturated ketone form during 

the initial cycle. This result is very unusual and was investigated further. 

Poly(methyl(3-thiopheneacetate)) was studied in degassed aqueous 

solution to provide a comparison to poly(3-thiopheneacetic acid) since 
both have similar Epa values in acetonitrile solutions. The film of 

poly(methyl(3-thiopheneacetate)) whose cyclic voltarnmetry is shown in 
figure 4.17, was studied by cyclic voltarnmetry between 0.0 V and 
1.2 V (vs. SCE) in degassed aqueous potassium nitrate (0.1 mol dM-3) 

solution. Again passivation was observed upon the second cycle, 
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Figure 4.22 The passivation of poly(3-thiopheneacetic acid) during 

cyclic voltarnmetry between 0.0 V and 1.4 V (vs. SCE) 

in degassed aqueous potassium nitrate (0.1 mol dm-3) 

solution (sweep rate u= 10 mV s-1) 
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Figure 4.23 The reflectance FT-IR of poly(3-thiopheneacetic acid) 
before and after the passivation shown in figure 4.22 
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figure 4.25 however the QCV(aqueous) to QCV(acetonitrile) ratio was 
approximately 1: 1 suggesting that the acetic acid group in 
poly(3-thiopheneacetic acid) may be responsible for the extraordinarily 
large QCV(aqueous) observed. The reflectance FTIR of the 

poly(methyl(3-thiopheneacetate)) film before and after cycling in aqueous 
solution is shown in figure 4.26 clearly showing a medium strength 
ct, p-unsaturated ketone peak at 1650 cm-1 and a weak peak at 838 cm7l 
which overlays the PC-H out of plane bend. 

To further investigate the electrochemistry of 

poly(3-thiopheneacetic acid) electrolyte solutions of TEAT (0.1 mol dm-3) 

in methanol were utilised. Methanol has similar properties to acetonitrile 
but is more nucleophilic which prevents polymer growth but not polymer 

electrochemistry. A film of poly(3-methylthiophene) grown for 60 s was 

studied by cyclic voltammetry in a degassed solution of 
TEAT (0.1 mol dm"3) in methanol between -0.3 V and 1.0 V (vs. SCE) at 
100 mV s-1, figure 4.27. The electrochemistry observed in figure 4.27 is 

stable and consistent with the electrochemistry in acetonitrile except for 

differences in liquid junction potentials, at the reference electrode, which 
tend to shift the electrochemistry in methanol to lower potentials 
by ca. 0.1 V. There are no changes in the reflectance FTIR spectra of 

the polymer before and after cyclic voltammetry in methanol and the 

electrochemistry in acetonitrile remains unchanged, which gives 

conclusive evidence that methanol does not . attack 

poly(3-methylthiophene) during oxidation and reduction. 

A film of poly(3-thiopheneacetic acid), grown in the manner 

previously described for four cycles, was studied by cyclic voltarnmetry 
between 0.0 V and 1.6 V (vs. SCE) at 20 mV s-1 in a degassed solution 
of TEAT (0.1 mol dM-3) in methanol. Again passivation was observed 
after the first cycle and the QCV(methanol) to QCV(acetonitrile) ratio -was 
appro)dmately 9: 1. Inspection of the reflectance FTIR spectra of the film 
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Figure 4.25 The passivation of poly(methyl(3-thiopheneacetate) 

during cyclic voltarnmetry between 0.0 V and 1.2 V 

(vs. SCE) in degassed aqueous potassium nitrate 
(0.1 mol dm-3) solution (sweep rate u= 10 mV s-1) 
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Figure 4.26 The reflectance FT-IR of 

poly(methyl(3-thiopheneacetate) before and after the 

passivation shown in figure 4.25 
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Figure 4.27 The cyclic voltammetry between -0.3 V and 1.0 V, 

(vs. SCE) of poly(3-methylthiophene) (grown for 

t= 60 s) in methanol containing TEAT (0.1 mot dm73) 

(sweep rate v= 100 mV s-1) 
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before and after cyclic voltarnmetry in the methanol electrolyte revealed 

that the carboxylic acid functionality had been totally replaced by a 

methyl. ester functionality, figure 4.28 with a C=O stretch at 1734 cm'l 

and a CH3 symmetric deformation band at 1440 cm-1. It therefore 

appears that in this case the passivation process has driven the 

esterification of the polymer, this is unusual since esterification usually 

requires conditions such as low pH and prolonged heating (see 

Chapter 2). 

It is thought that this behaviour can be explained by 

poly(3-thiopheneacetic acid) reversibly forming five membered lactone 

rings, at the vacant P-position, which can then undergo nucleophilic 

attack to leave O-H groups on the vacant position. Tautomerisation 

would then occur to give an a, p-pnsaturated ketone. The whole process 

is described schematically, for a two monomer bipolaron, in figure 4.29. 

This would explain why poly(3-thiopheneacetic acid) is both passivated- 

and esterified in methanol solutions and why 

poly(methyl(3-thiopheneacetate)) has stable electrochemistry in 

acetonitrile solutions while having a similar Epa. The large QCV(aqueous) 

for poly(3 -thiopheneace tic acid) can be explained by the formation of the 

lactones which would effectively discharge the film without immediately 

destroying its conjugated backbone allowing further oxidation to take 

place. Each lactone ring requires two electrons for formation which for a 
dopancy of (6 = 0.25) would predict a QCV(aqueous) to QCV(acetonitrile) 

ratio to be 9: 1 i. e. for a four monomer segment, within the polymer, the 

removal of eight electrons is required for lactone formation and one is 

required for doping. In acetonitrile the formation of lactones is not as 
favourable because of the necessity to eject protons, explaining why 

passivation of the film occurs over more cycles. 
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Figure 4.28 
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Figure 4.29 Schematic representation of the passivation of 

poly(3-thiopheneacetic acid) in various solvents using a 

two monomer bipolaron model 
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4.8 The Copolymerisation of 3-Thiopheneacctic Acid and 
3-Methylthiopliene 

The copolymerisation of 3-thiopheneacetic (V) acid with 
3-methylthiophene (M was studied to stabilise the electrochemistry of 

the polymer in acetonitrile solutions. The copolymerisation of 
3-thiophenecarboxylic acid and thiophene has previously been studied140 
but 3-methlythiophene is a better monomer to use in order to reduce the 

Epa of the resulting copolymer. 

Copolymerisation experiments were performed on solutions of 

3-thiopheneacetic acid (V) with concentrations between 50 mmol dm-3 

and 1.0 mol dm-3 in solutions of TEAT (0.1 mol dM-3) in acetonitrile. All 

the solutions contained 3-methylthiophene (IV) (50 mmol dM-3) and were 

studied by potentiometrically stepping from 0V to 1.7 V (vs. SCE) for 

30 s at a polished stationary platinum disc electrode (A = 0.385 cm, 2).. 

The films formed were then studied by cyclic voltarnmetry and by 

reflectance FTIR. It proved to be impossible to estimate the monomer 

incorporation in the polymers by reflectance FTIR due to the lack of 

comparison peaks and micro-analysis was regarded as too inaccurate to 

derive any meaningful data so no monomer-monomer percentage 

incorporations were calculated. The reflectance FTIR results did however 

reveal the presence of 3-thiopheneacetic acid in the polymers. - Lower 

concentrations of 3-methylthiophene in the copolymerisation mixture 

were studied but the quality of films was found to be unacceptable. 

Polymers grown from concentrations of 3-thiopheneacetic acid 
below 0.1 mot dM, 3 do not contain any appreciable amounts of 
3-thiopheneacetic acid monomer when studied by reflectance FTIR. The 

electroghemistry and appearance of these polymers is very similar to the 
poly(3-methylthiophene) films studied earlier. Polymers grown from 

concentrations of 3-thiopheneacetic acid greater than 0.2 mot dm-3 
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contain appreciable amounts of 3-thiopheneacetic acid monomer as 

evidenced by reflectance FTIR and the electrochemistry has behaviour 

which is intermediate between that of poly(3-methylthiophene) and 

poly(3-thiopheneacetic acid). The films appeared to be slightly different 

to poly(3-methylthiophene) being red/orange in their fully reduced state 

and blue in their fully o)ddised state. The reflectance PTIR of copolymer 

films grown for 30 s in the manner described above from solutions 

containing 3-thiopheneacetic acid (V), with concentrations of 0.1,0.2 and 

0.6 mol dm-3, are shown in figure 4.30. 

Copolymer films grown in the manner described above from 

solutions with concentrations of 0.6 mol dM-3 3-thiopheneacetic acid (V) 

show similar growth transients to poly(3-methylthiophene) and have 

stable cyclic voltarnmetry between -0.3 and 1.3 V (vs. SCE), figure 4.31. 

The ipa vs- sweep rate (u) plot has a linear correlation shown in 

figure 4.32 and the limiting values for the peak potentials 

are -Epa --'ý 1.03 V (vs. SCE) (r = 0.983, n= 9) and 

Epc = 0.95 V (vs. SCE)(r = 0.990, n= 9), figure 4.33. The effect of 

introducing the 3-methylthiophene groups has had a marked effect on the 

Epa of the acetic acid polymer. However when the aqueous 

electrochemistry was studied passivation was again observed with a 

QCV(aqueous) to QCV(acetonitrile) ratio of approdmately 9: 1 confirming 

that there is a high percentage of 3-thiopheneacetic acid in the polymer. 

When films of this type of copolymer were fully o., ddised in acetonitrile 

and then placed into degassed aqueous potassium nitrate (0.1 mol dni73) 

solution the film immediately turned from blue to red/orange indicating 

complete discharge. This process could only be performed a limited 

number of times on the same film before the film became totally inactive 

supporting the lactone formation theory. Reflectance FTIR data taken of 

the copolymer film before and after aqueous passivation revealed similar 

changes to those previously observed for poly(3-thiopheneacetic acid) 
described earlier. 
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Figure 4.30 
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Figure 4.31 The cyclic voltarnmetry between 0.3 V and 1.3 V 

(vs. SCE) in acetonitrile containing TEAT (0.1 mol drn73) 

at sweep rates of u= 20,30,40,50,60,70,80,90 and 

100 mV s-1 of the copolymer initially grown from a 

solution containing 3-thiopheneacetic acid (0.6 mol dM73) 

(see figure 4.30) 
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Figure 4.32 The 'pa vs- sweep rate (u) plotted from the data shown in 

figure 4.31 (r = 0.998, n= 9) 
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Figure 4.33 The plot of Epa (0) and Epc (e) vs. sweep rate (u) taken 

from the data presented in figure 4.31 (o, r=0.983. 

9) (9, r=0.990, n= 9) 
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It is quite clear that thiophene polymers based on 3-thiopheneacetic 

acid have serious instability problems under aqueous conditions which 
leads to passivation when o)ddation is attempted. It has been found that 

this behaviour is due to both the high oxidation potentials of the 

polymers and the attached acetic acid group. 

4.9 Other Chemically Modified Poly(thiophenes) 

Films of the substituted thiophene monomer (X) could not be grown 

from solutions of the monomer (X) (0-5 mol dM-3) in acetonitrile 

containing TEAT (0.1 mol dM-3) by either potentiometrically stepping or 

cyclic voltammetry at a polished stationary platinum disc electrode. 

However thin low quality films could be obtained if 

3-methylthiophene (0.05 mol dM-3) was added to the growth solution 

before cyclic voltammetry between 0.0 V and 1.7 V (vs. SCE) at 

100 mV s-1 was performed. 

The cyclic voltammetry of the films in acetonitrile containing 

TEAT (0.1 mol dM-3) between 0.0 V and, 1.3 V (vs. SCE) is very 

ill-defined but stable and the reflectance FTIR spectra of the fully reduced 

polymer showed the presence of appreciable amounts of monomer (X) 

with carbonyl peaks at 1739 cm"i corresponding to the ester group and 

at 1645 cm-1 corresponding to the amide group. In addition peaks 
between 2800 cm'l and 3000 cm'l corresponding to aliphatic C-H 

stretches and at 3400 cm" corresponding to N-H stretches were also 

observed. 

Again there was no aqueous electrochemistry recorded and 
deprotection by de-esterification of the attached peptide group on the 

polymer could not be achieved. 

Films of poly(3-thiopheneacetic acid), grown in the manner 
described previously for four cycles on vacuum dried aqua regia treated 
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platinum flags (I cm xI cm), were treated with the carbodiimide 

coupling agent 2-ethoxy- I -ethoxycarbonyl- 1,2-dihydroquinoline 

(EEDQ), 82 valine(hydrochloride) and triethylamine in dichloromethane 

overnight, figure 4.34. Upon inspection by reflectance MR, 

after washing in neat dichloromethane and a saturated aqueous solution 

of sodium hydrogen carbonate, the film was found to be modified by 

a peptide linkage with carbonyl peaks at 1739 crrf 1 and 
1646 cm-1 corresponding to an ester and peptide carbonyl stretch 

respectively. 

This shows that films grown from the 3-thlopheneacetic acid 

monomer (V) can subsequently be modified by further substitution. The 

obvious advantage being that modified conducting polymeric systems 

could be produced without direct polymerisation through a bulky 

monomer. Other peptide modifications of 3-thiopheneacetic acid have 

been performed but not directly on the polymer. 137 

Only electrochemically inactive films of 3-thiophenemethanol (XI) 

could be grown in acetonitrile solutions containing TEAT (0.1 mol dni73). 

A variety of monomer concentrations are studied but in all cases a 

passive green/brown film was formed. Figure 4.35 shows the first two 

cycles during the cyclic voltarnmetry of a 
3-thiophenemethanol (XI) (0.1 mol dm, 3) solution between 0.0 V and 
2.55 V (vs. SCE), at 100 mV s'l, at a polished stationary platinum disc 

electrode (A = 0.385 CM2). Polymerisation could also not be achieved if 

the acetonitrile solutions were protonated by means of Zn(BF4)2. xH20, in 

order to reduce the nucleophilicity of the monomerý8 The films formed 

partially blocked the platinum electrode since the electrochemistry of 
ferrocene solutions in acetonitrile containing TEAT (0.1 mol dm-3) was 
inhibited at these modified electrodes. It is thought that the methanol 
group on the monomer prevents the formation of a conducting polymer 
by acting as a nucleophile and attacking the a-position of the o)ddised 
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Figure 4.34 The carbodiimide reaction for the chemical modification 

of poly(3-thiopheneacetic acid) using valine(methyl ester) 

and EEDQ 
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Figure 4.35 The cyclic voltammetry between 0.0 V and 2.55 V 

(vs. SCE) of a solution of 3-thiophenemethanol, (XI) 

(0.1 mol dnf3) in acetonitrile containing TEAT 

(0.1 mol dm-3) at a platinum electrode (A = 0.385 CM2) 

(sweep rate v= 100 mV 0) 
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Figure 4.36 The proposed structure of poly(3-thiophenemethanol) 
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monomers forming a film which is reminiscent of poly(phenol), 141 

figure 4.36. 

4.10 Conclusions 

It has been shown that poly(3-methylthiophene) has very complex 

electrochemistry which cannot be explained as a simple reversible 

oxidation and reduction. When more complex poly(thiophenes) were 

studied they were found to have major electrochemical instability 

problems, particularly in the case of poly(3-thiopheneacetic acid) which 

was not even stable in acetonitrile solutions. These stability problems 

were found to be related to the oxidation potentials of the polymers (in 

terms of Epa) and, in the case of poly(3-thiopheneacetic acid), the action 

of the P-substituent. It was also evident that when large substituents 

were present on the thiophene ring, in the case of thiophene 

monomer (X), the polymerisation process was inhibited by steric effects. 
The 3-thiophenemethanol monomer could not form a conducting polymer 

due to the substituent's nucleophilicity. 

It is evident that the high oxidation potentials associated with both 

thiophenes and poly(thiophenes) presents problems in their 

electrochemical study, making them more susceptible to nucleophilic 

attack than, for example, pyrroles. Most practical applications of these 

monomers are likely to be in aqueous solutions and the work described 

above illustrates how difficult it is to encourage poly(thiophenes) to 

exhibit simple non-destructive electrochemistry under these conditions. 
The aqueous electrochemistry of poly(thiophenes) with various useful 

substituents is not however a distant and impossible goal but can only be 

achieved by the very careful design of the monomers required and a 
complete understanding of the electrochemical problems associated with 
these monomers. 
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Chapter 5 

Poly(indole) and PoIY(5-carboxyindole) 

5.1 Introduction 

The poly(indoles)27,119,120,121,144,145 remain a very infrequently 

studied class of heterocyclic conducting polymer, largely because they 

suffer from the general inability to form stable and reproducible high 

quality conducting polymer films. The growth and properties, in 

acetonitrile solutions, of an electrochemically reproducible and stable 

poly(indole) film are reported in this chapter. The particular conditions 

for the electrochemical growth of poly(5-carboxyindole) in acetonitrile 

solutions have previously been reported121 (appendix 2) but the unusual 

growth system is studied further in order, to obtain a fuller 

electrochemical characterisation. Upon introduction to buffered aqueous 

solutions poly(5-carboxyindole) displays marked variation in its 

electrochemistry at different pH values121 (appendix 2) which is discussed 

and characterised. In addition an in-depth study of the properties of 

electrochemically stable films of poly(5-carboxyindole) in buffered 

aqueous solutions is reported using the techniques of reflectance FTIR 

spectroscopy, UV/vis spectroscopy and impedance spectroscopy. The 

results reported in this chapter represent a significant advance in the 

understanding of the poly(indole) type conducting polymer system and 

open up the possibilities for further investigations into this interesting 

class of polymer. 

5.2 Electrochemical Growth of Poly(indole) and Poly(5-carb. oxyindole) 

The growth and electrochemistry of poly(indole) has previously been 

described in a number of reportS27,119,120,121,144,145 but has always failed 

to display stable electrochemistry and the films were found to be of very 
low quality resulting in easy detachment from electrodes. 145 It was found 
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that in order to obtain high quality films of poly(indole) the purity of the 

indole in the acetonitrile growth solution had to be exceptionally high. 

To obtain the required high purity indole needs to be sublimed under 

reduced pressure and then stored under nitrogen in the absence of light at 

below 0 OC. Indole which is not treated in this way discolours very easily 

and produces polymers upon electrochemical polymerisation with inferior 

properties in terms of quality of film, electrochemical stability and 

electrochemical reproducibility. The impurities are most likely to be in 

the form of N-N coupled dimers which are formed quite easily under mild 

conditions. 129 

Films of poly(indole) were grown from solutions of purified indole 

(5 mmol dM-3) in acetonitrile solutions of TEAT (0.1 mol dM-3) by 

potentiometrically stepping from 0V to 1.4 V (vs. SCE) at a polished 

stationary platinum disc electrode (A = 0.385 CM2) for between 10 s and 

60 s. The transient shown in figure 5.1 is similar to the diffusion 

limited i_ t-1/2 transients observed by Pletcher et al. 35 but without any 

observable nucleation process. Films grown for longer than 60 s proved 

to be unstable electrochemically and peeled easily off the electrodes, 

however films grown for under 60 s were of very good quality and 

adhered strongly to the electrode. All the poly(indole) films described in 

this chapter were grown in this manner. 

Figure 5.2 shows the cyclic voltarnmetry of a poly(indole) film 

grown for 60 s-, between -0.3 V and 1.1 V (vs. SCE) at various sweep 

rates in an acetonitrile solution containing TEAT (0.1 mol dm-3). The 

cyclic voltarnmetry is very stable but losses in QCV are recorded if the 

upper potential sweep limit is raised to potentials of above 
1.0 V (vs. SCE). The plot of 'pa vs. sweep rate (u), figure 5.3, is linear 

(r = 0.999, n= 9), consistent with an immobilised redox species. The 

limiting Epa and Epc values from figure 5.4 are calculated to be 

Epa = 0-90 V (vs. SCE) (r = 0.982, n= 9) and the Epc = 0.66 V (vs. SCE) 

132 



Figure 5.1 The growth of poly(indole) by potential stepping from 

0.0 V to 1.4 V (vs. SCE) in a solution of indole WI) 

(5 mmol dM-3) in acetonitrile containing TEAT 

(0.1 mol dm-3) at a platinum electrode (A = 0.385 CM2) 
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Figure 5.2 The cyclic voltammetry between -0.3 V and 1.1 V 

(vs. SCE) of a poly(indole) film (grown for t= 60 s) in 

acetonitrile containing TEAT (0.1 mol dm-3) at sweep 

rates of v= 20,30,40,50,60,70,80,90 and 

100 mv S"i 
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Figure 5.3 The 'pa vs. sweep rate (U) plotted from the data 

- presented in figure 5.2 (r = 0.999, n= 9) 
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Figure 5.4 The Epa (0) and Epc (9) vs. sweep rate (u) plotted from 

the data presented in figure 5.2 (0, r=0.982, n= 9) 

(e, r=0.977, n= 9) 
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(r = 0.977, n= 9). The dopancy was estimated to be 6=0.2 which is 

consistent with previously reported values. 145 

The growth of poly(5-carboxyindole) films has previously been 

described121 (appendix 2) but a summary of the standard growth method 
is given below. This growth method is utilised for all the 

poly(5-carboxyindole) films described in this chapter unless otherwise 

stated. 

Films of poly(5-carboxyindole) were grown from solutions of 

5-carboxyindole (5 mmol dm, 3) in acetonitrile containing 

TEAT (0.1 mol dM-3) by potentiometrically stepping from 0.0 V to 

1.4 V (vs. SCE) at a polished rotating (W =4 Hz) platinum disc electrode 

(A = 0.385 CM2). A linear i-t transient is observed after 20 s, figure 5.5, 

similar to the electron transfer limiting process proposed by 

38 Hillman et al. However, this occurs at a rotating disc electrode 

suggesting in fact that the process is actually diffusion limited. The 

deposition rate of 3.08 mA cm-2 is calculated from equation 3.1 using QT 

data from growth transients of 15,30,45 and 60 s, figure 5.6. The 

calculation of the value of the dopancy (6) will be discussed in the 

aqueous electrochemistry section 5.4 due to the film's increased 

electrochemical stability in aqueous solutions, but is quoted here as 

6=0.49 to facilitate further discussion of the electrochemical growth in 

this section. 

Rotating disc electrode (RDE) and rotating ring disc 

electrode (RRDE) studies have only been performed during the 

polymerisation of common polymers in a limited number of cases. It has 
been found that when rotating the electrode during electrochemical 

polymerisation of standard conducting polymers, for example pyrrole and 
thiophene, growth becomes inhibited presumably due to enhanced mass 
transport of oligomers from the electrode. 146 
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Figure 5.5 The growth of poly(5-carboxyindole) by potential 

stepping from 0.0 V to 1.4 V (vs. SCE) in a solution of 
5-carboxyindole (XM) (5 mmol dm-3) in acetonitrile 

containing TEAT (0.1 mol dm-3) at a rotating 
(W= 4 Hz) platinum electrode (A = 0.385 CM2) 
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Figure 5.6 The QT VS* t Plot for poly(5-carboxyindole) growth 

transients of t= 15,30,45 and 60 s 
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Poly(5-carboxyindole) requires electrode rotation to sustain growth121 
(appendix 2) and is hence an excellent polymer to study by these 

techniques. 

The potential dependence of the growth of poly(5-carboxyindole) 

was studied at a polished platinum rotating disc electrode 
(A = 0.385 CM2) at 4 Hz by potentiometrically stepping from 

0.0 V (vs. SCE) to various potentials between 1.0 V and 1.6 V (vs. SCE) 

in a solution of 5-carboxyindole (5 mmol dM-3) in acetonitrile containing 
TEAT (0.1 mol dM-3) and measuring the current density after 60 s, 
figures 5.7 and 5.8. The increase in current density observed between 

1.0 V and 1.4 V (vs. SCE) with potential can be interpreted in terms of a 

sigmoidal increase which begins to plateau at 1.3 V (vs. SCE) followed by 

a similar reduction in current when the potential is increased to values 

greater than 1.4 V (vs. SCE). The decrease in current density at higher 

potentials may be due to increased passivation and/or side reactions or an 
increase in the resistivity of the film (section 5.8). 

The rotation speed dependencies of the growth of 

poly(5-carboxyindole) were studied by potentiometrically stepping 

solutions of 5-carboxyindole of varying concentrations from 

0.0 V (vs. SCE) to 1.125 V and 1.4 V (vs. SCE) at a polished rotating 

platinum disc electrode (A = 0.385 CM2). Three solutions of 
5-carboxyindole (5 mmol dm-3,7 mmol dm-3 and 10 mmol dm-3) in 

acetonitrile containing TEAT (0.1 mol dm-3) were studied. Figure 5.9 

shows the transients observed for the potentiometric steps to 
1.4 V (vs. SCE) in the solution of 5-carboxyindole (5 mmol dn, 73) at 
different rotation speeds. 

Curved Levich107,122 plots are obtained for each of the three 

concentrations studied when the current (i), after 60 s, is plotted against 
the square root of the rotation speed (W12) using the data recorded at the 
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Figure 5.7 The potential dependence of the growth of 

poly(5-carboxyindole) shown for transients of t= 60 s at 

growth potentials of 1.0,1.1,1.4,1.5 and 1.6 V 

(vs. SCE) (all the other growth conditions are 

summarised in figure 5.5) 
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Figure 5.8 The overall data set for the potential dependence of the 

growth of poly(5-carboxyindole) with '(t 
- 60 s) plotted 

against potential (vs. SCE) 
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Figure 5.9 The growth of poly(5-carboxyindole) by potential 

stepping from 0.0 V to 1.4 V (vs. SCE) for t= 60 s in a 

solution of 5-carboxyindole (XIII) (5 mmol dm, 3). in 

acetonitrile containing TEAT (0.1 mol dm-3) at a 

rotating platinum electrode (A = 0.385 cm2) where 

W=1,4,9,16'and 25 Hz 
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Figure 5.10 The Levich107,122 plots of '(t 
- 60 s) VS' TV112 for the 

growth of poly(5-carboxyin dole) by potentiometricallyy, 

stepping from 0.0 V to 1.125 V (vs. SCE) at a rotating 

platinum electrode (A = 0.385 cm 2, W=1,4,9,16 and 

25 Hz) in a solution of 5-carboxyindole (5 mmol dM73) 

in acetonitrile containing TEAT (0.1 mol dM-3) 
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Figure 5.11 The Levich107,122 plots of '(t 
- 60 s) VS' W1/2 for the 

growth of poly(5-carboxyindole) by potentioirnetrically 

stepping from 0.0 V to 1.4 V (vs. SCE) at a rotating 

platinum electrode (A = 0.385 CM2, W=1,4,9,16 and 

25 Hz) in a solution of 5-carboxyindole (5 mmol, dm-3) 

in acetonitrile containing TEAT (0.1 mol dm-3) 
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two potentials studied, figure 5.10 and 5.11. 

When the data for the different concentrations is converted into 

Koutecky-Levich'07,122 plots by plotting (t)-I against (M'1/2, figures 5.12 

and 5.13 curved plots are again observed that appear to converge to the 

same intercept on the y a)ds suggesting that the polymerisation reaction 

is zero order with respect to the concentration of poly(5-carboxyindole) at 

infinite rotation speed. The position of the intercept does however 

depend upon the potential. This agrees with the results taken solely at 

4 Hz, figure 5.8. The currents observed for the transients are compared 

to those predicted from the Levich equation, 107,122 this is assuming a 

diffusion coefficient for 5-carboxyindole in acetonitrile of 

Do = 5.0 x 10-6 CM2 S-1 and a viscosity of acetonitrile 

v=3.45 x 10-3 g CM-1 s-1, the density being d=0.786 g CM-3. This 

predicts a current of i., = 1.0 mA at W=4 Hz from the Levich 

equation107,122 assuming that two electrons are required per monomer 

unit for polymerisation and that the dopancy 6=0.49 so that the 

estimated value for n=2.49. The actual current observed is 

i. bý = 1.1 mA which is in excellent agreement with ica and suggests a 

diffusion limited process at 4 Hz. 

Limited studies using a rotating ring disc electrode (RRDE) have 

also been performed to study the growth of conducting polymerS147,148 by 

detecting protons formed during electrochemical polymerisation. Ring 

disc experiments were performed at a polished platinum rotating ring disc 

electrode (RRDE, r, = 0.201 cm, r2 = 0.210 and r3 = 0.227 cm) in a 
degassed solution of 5-carboxyindole (5 mmol dm-3) in acetonitrile 

containing TEAT (0.1 mol dM-3) by potentiometrically stepping the disc 
from 0.0 V to 1.4 V (vs. SCE) initially at 4 Hz. 
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Figure 5.12 The Koutecky-Levichl07,122 plots of '(t 
- 60 s)-1 VS' W112 

for the growth of poly(5-carboxyindole) by 

potentiometricallyy stepping from 0.0 V to 1.125 V 

(vs. SCE) at a rotating platinum electrode 

(A = 0.385 CM2, W=1,4,9,16 and 25 Hz) in a 

solution of 5-carboxyindole (XIII) (5 mmol dM-3) in 

acetonitrile containing TEAT (0.1 mol dm-3) 
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Figure 5.13 The Koutecky-Levich107,122 plots Of '(t - 60 s)'l VS' W112 

for the growth of poly(5-carboxyiiidole) by 

potentiometrically 1. stepping from 0.0 V to 1.4 V 

(vs. SCE) at a rotating platinum electrode 

(A = 0.385 cm2, W=1,4,9,16 and 25 Hz) in a 

solution of 5-carboxyindole (XHI) (5 mmol dm-3) in 

acetonitrile containing TEAT (0.1 mol dM-3) 
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The ring was held at potentials between -1.0 V and 1.0 V (vs. SCE) but 

the only species detected were protons. This suggests that the 

electrochemical polymerisation was very efficient since no soluble 

oligomers were detected. 

For a very efficient electrochemical polymerisation at a disc 

potential of 1.4 V (vs. SCE) and a dopancy of 6=0.49, the amount of 

charge consumed during the polymerisation other than the dopancy 

charge is estimated to be 80 % of the total charge passed. 'This estimate 
is based upon the assumption that the polymer chains are sufficiently 
long so that the end groups are negligible and that there are no other 

non-faradaic processes occurring. At a ring potential of -0.8 V (vs. SCE) 

the current observed due to the protons formed during polymerisation is 

found to plateau so readings were taken at this point, this is in agreement 

with previously reported data. 147 For a potentiometric step at the disc 

electrode of 1.4 V (vs. SCE) the corrected ring current (-iRINO) at 

-0.8 V (vs. SCE) for a rotation speed of 4 Hz, figure 5.14, was found to 

be consistently 40 % of the total transient current. This was also found 

to be true at higher rotation rates (M and is exactly half of the value 

expected. The reproducibility of the results and the fact that (4RINO) 

does not decay at a faster rate than iD eliminates fouling of the ring 

electrode as being responsible for the observed results. 

There could be a number of explanations for this. The polymer could 
in fact be essentially dimeric which would predict a (-iRINO) of 40 % of 
(iD). However, this is unlikely for two reasons. Firstly, such dimers would 
be soluble in certain organic solvents whereas in fact the films are largely 

insoluble in all organic solvents. 121 Secondly, there is strong reflectance 
FTIR evidence (section 5.3) that a polymer bonded at the I and 3 

positions of the 5-carboxyindole monomer is in fact the product of the 

electrochemical polymerisation. Alternatively 50 % of the protons, ie. one 

per monomer unit polymerised, may be adsorbed in the growing 
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Figure 5.14 The 'D and iRINO recorded during the polymerisation of 

poly(5-carboxyindole) at the disc of a platinum ring disc 

electrode (r, = 0.201 cm, r2 = 0.210 cm and 

r3 = 0.227 cm) by potentiometrically stepping from 

0.0 V to 1.4 V (vs. SCE) in a solution of 5-carboxyindole 

Will) (5 mmol dm-3) in acetonitrile containing TEAT 

(0.1 mol dm-3) W=4 Hz 
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Figure 5.15 

Electrode 

Graphical representation of the absorption of 50 % of 
the protons formed during polymerisation 
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polymer film, figure 5.15, which is a larger value than other reported 

adsorptions. 148 But this would not be surprising considering the chemical 

nature of the film with possible protonation sites at both the nitrogen and 

carboxylic acid groups. Unfortunately no adsorbed protons have been 

detected in the electrochemistry of the film or by detecting their counter 
ions by reflectance FTIR; however, this does not disprove their existence. 
The 40 % (4RINO) to (iD) value may also be due to smaller adsorption 

effects coupled with shorter polymer chains, but it is most likely that the 

number of protons predicted from charging theory has been halved in 

some way. 

The growth conditions for poly(5 -carboxyin dole) have been further 

investigated but it is clear that a very complicated electrochemical 

polymerisation process is taldng place which needs further in depth study 

to be fully characterised. What has been established is that at - low 

rotation rates (M the electrochemical polymerisation is diffusion limited 

and that at high rotation rates the reaction is zero order with respect to 

the concentration of the monomer. This suggests that the polymerisation 

proceeds via a surface bound site which would also explain why the 

polymerisation appears to be extremely efficient in faradaic terms and 

why no oligomers are observed during the ring disc experiments. Further 

supporting data could be obtained by performing in situ PTIR 

spectroscopy, UV/vis spectroscopy and quartz crystal microbalance 
(QCM) studies during the growth of the polymer. Clearly the rotation of 

the electrode would present problems with some of these techniques but 

constant stirring of the solution can be utilised to mimic the 
hydrodynamic effects of rotation. 

The chemical characterisation and aqueous electrochemistry of 

poly(5-carboxyindole) will now be discussed in detail. 
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5.3 Structural Characterisation of Poly(indole) and Poly(5-carboxyindole) 

by Reflectance FrIR 

The reflectance FTIR spectra of fully reduced and fully o)ddised 

poly(indole) films grown for 60 s, are shown in figure 5.16, and table 5.1 

gives their assignments. There are however a few features that are worth 
discussing further. As previously reported119,120 the N-H stretching peak 

at 3400 cm-1 is very much diminished in the polymer spectra compared 

to the monomer spectra suggesting that the nitrogen position is one of 

the polymer bonding positions. In addition a weak C-H out of plane 
bending is also observed at 747 cm'l corresponding a 1,2-disubstituted 

six membered benzene87 ring suggesting that polymer bonding does not 

occur at the 4,5,6 and 7 positions of the molecule. It is also worth 

noting that the spectra of the fully oxidised and fully reduced poly(indole) 

vary only slightly and the presence of BF4- is only just detected at 
1060 cm-1. 

The reflectance FTIR spectrum of a fully reduced 

poly(5-carboxyindole) film grown for 30 s and held at -0.3 V (vs. SCE) in 

acetonitrile solution containing TEAT (0.1 mol dM-3), is shown in 

figure 5.17 (between 400 cm. -I and 4000 cm"I) and in more detail in 

figure 5.18 (between 400 cm'I and 2000 cm-1). No spectra were 

recorded for fully o)ddised poly(5-carboxyindole) because of its instability 

in acetonitrile solutions. 

The assignments for the spectra are given in table 5.2, and show 
that the carboxylic acid functionality remains intact after polyrnerisation. 
One major feature in the spectra, figures 5.17 and 5.18, is the presence 
of C-H out of plane bending at 746 cm-1 and 822 cm71 corresponding to 

a 1,2,4-trisubstituted benzene. 87 This indicates that, as with poly(indole), 
the six membered ring remains intact after polymerisation. In addition 
the peak at 767 cm'l corresponds to C-H out of plane bending in the five 
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Figure 5.16 The reflectance FT-IR spectrum of a fully reduced 

poly(indole) film previously held at -0.3 V (vs. SCE) and 
fully oxidised poly(indole) film previously held at 1.1 V 

(vs. SCE) in acetonitrile solution containing TEAT 

(0.1 mol dm-3) 
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Table 5.1 The assignments for the reflectance FT-IR spectrum of 

poly(indole) shown in figure 5.16 

Wavenumber (cm-1) Assignment 
=L- 4 cm-1 

1500-1650(vs) C-C aromatic ring stretches 
typical of indoles 

1465(s) C-N aromatic ring stretch 

747(vw) C-H o. p. bend of six membered 
indole ring 

FuUy Reduced Film at -0.3 V (vs. 
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Figure 5.17 The reflectance FT-IR spectrum of fully reduced 

poly(5-carboxyindole) between 400 and 4000 cm71 
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Table 5.2 The assignments for the reflectance FT-IR spectra of 

poly(5-carboxyindole) shown in figures 5.17 and 5.18 

Wavenumber (cff 1) 
4 cm- 

Assignment 

2500-3750(vs) O-H carboxylic acid stretch 

1680(vs) carbonyl stretch of carboxylic 
acid dimer 

1500-1650(m) C-C aromatic ring stretches 
typical of indoles 

1465(m) C-N aromatic ring stretch. (? ) 

1425(m) carboxylic acid OH bend 

1286(vs) C-0 carboxylic acid stretch 

900-1000(w) aromatic C-H i. p. bends 

820(w) C-H o. p. bend, typical of 
1,2,4 tri-substituted benzene 
ring 

767(m) C-H o. p. bend, typical of five 
membered ring 

746(w) C-H o. p. bend, typical of 
1,2,4 tri-substituted benzene 
ring 
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membered ring of the indole monomer suggesting that either the 2 or the 

3 C-H position remains intact and is not involved in polymer coupling. 

No N-H stretching is observed in the spectra, figure 5.17, suggesting 

again that this is one of the bonding positions. 

The reflectance FTIR spectra of poly(indole) figure 5.16 and 

poly(5-carbox-yindole) figure 5.18 show some similarities other than the 

substitution related bands, but because of the weak nature of the 

poly(indole) reflectance FTIR spectrum, figure 5.16, the definition of the 

C-H out of plane bending region is low and hence poly(5-carboxyindole) 

is the most favoured polymer upon which to perform further studies. 

Labelling compounds with deuterium enables IR bands involving 

hydrogen to be identified by inducing a IIV2 shift in wavenumber from 

the original undeuterated compound. For these reasons, and the fact that 

indole easily degrades under the deuteration conditions, 5-carboxyindole 

was deuterated at the 3-positioq (see Chapter 2) and the FTIR of the 

undeuterated and deuterated monomers, in nujol mull, were compared in 

figure 5.19. 

The C-H out of plane bending region between 700 cm'1 and 

900 cm"l will be discussed thoroughly since this region is directly 

comparable to the reflectance FTIR spectra of the polymers. The spectra 

did however show shifts upon deuteration. for 5-carboxyindole in other 

regions, the most notable being the N-H stretch at 3400 cm`1 which 

shifted to 2490 cm'l with the presence of N-D and also the broad O-H 

band was shifted to lower frequencies upon the formation of O-D bonds. 

In addition other smaller shifts were recorded for bands which did not 
involve the bonding of deuterium directly but are affected by hydrogen 

bonding. 

The FFIR spectrum of deuterated 5-carboxyindole shows a 

significant reduction in the peak at 752 cm" from the undeuterated, 
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Figure 5.19 The FT-IR spectra of 5-carboxyindole (XIII) and 
deuterated 5-carboxyindole in nujol mull between 600 

and 1000 cm-1 

1.0 
5-Carboxyindole 

vi 
10 0.5 
:4 

0.0 1 
1000 900 800 700 600 

Wavenumber (cm-1) 

Deuterated 5-Carboxyindole 
ý'ý 

A 

159 



5-carboxyindole FTIR spectrum. This peak is assigned to the C-H out of 

plane bend of the 3-position of the 5-carboxyindole monomer which is 

completely removed upon deuteration. The underlying peak observed at 
747 cm-1 in the deuterated spectrum is assigned to the C-H out of plane 
bend for a 1,2,4-trisubstituted benzene. The peak at 770 cm-1 in the 

deuterated 5-carboxyindole, figure 5.19, spectrum and at 767 cm7l in the 

undeuterated 5-carboxyindole spectrum, figure 5.19, is assigned to the 

C-H out of plane bend at the 2-position of the 5-carboxyindole monomer. 
The peak at 718 cm"l in the undeuterated 5-carboxyindole spectrum may 
be due to the N-H out of plane bend, this peak is not present in the FTIR 

spectrum of deuterated 5-carboxyindole and is consistent with the fact 

that this position is also mainly deuterated. The C-H out of plane 
bending peak at 822 cm"l is present in both the spectra which is 

consistent with its assignment as a 1,2,4-trisubstituted benzene band. 

Finally the reflectance FrIR spectra of poly(5-carboxyindole) films, 

grown for 30 s, from both the deuterated and undeuterated 
5-carboxyindole monomers is shown in figure 5.20 and 5.21. ' 

The spectra in figure 5.21 are identical, except in the O-H 

stretching region, and show no difference between each other suggesting 

that there is no deuterium present on the five membered ring in either of 

the polymers. What is even more remarkable is the similarity between 

the reflectance FTIR spectra in figure 5.21 and the FTIR spectrum of the 

deuterated monomer, figure 5.19, in the region between 700 cm-1 and 
900 cm-1. None of the spectra have the strong band at 750 cm-1 or the 
band at 718 cm- 1 but display all the other previously assigned bands. 

The overwhelming conclusion from the data described above is that 

poly(5-carboxyindole) is bonded at the I-position and the 3-position of 
the 5-carboxyindole monomer, figure 5.22, since it has been shown 

conclusively that in the polymer spectra the six membered ring remains 
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Figure 5.20 The reflectance FT-IR spectra of fully reduced 

poly(5-carboxyindole) grown from deuterated and 

undeuterated 5-carboxyindole MIT) 
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Figure 5.21 The reflectance FT-IR spectra of fully reduced 

poly(5-carboxyindole) grown from deuterated and 

undeuterated 5-carboxyindole (XIII) between 600 and 
1000 cm-1 with the deuterated sample scaled in 

absorbance by a factor of two to give a better 

comparison 
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unchanged and that the N-H stretch, and the C-H out of plane bend 

corresponding to the 3-position are not present. This experimental 

evidence compliments the predictions based on calculated spin density for 

the bonding positions of poly(indole) made by Waltman et al. 144 

The structure of the polymer suggested in figure 5.22 and by other 

research workerS27,144 has been found by molecular modelling to be 

incapable of attaining a completely planar form when the contributions 
from ; r-bonding are taken into account. The most energetically favourable 

conformation by molecular modelling, taking into account the conjugation 

energy as well as the bonding energy and steric interactions is the trans 

form of the polymer, figure 5.23. 

Even in the trans conformation planarity would be impossible to 

achieve. Figure 5.24 shows a dimer of 5-carboxyindole indicating the 

clear steric barrier created by the hydrogen atoms in the 2 and 7 

positions on the monomers. The dihedral angle between the two 

essentially planar monomers was calculated to be appro)dmately 35*. 

This has consequences for the type of electrical conduction 

mechanism predicted for this polymer which is likely to be via a charge 

hopping mechanism. 

5.4 Aqueous Electrochemistry of Poly(5 -carboxyin dole) 

The aqueous electrochemistry of poly(5-carboxyindole) has 

previously been discussed, but only in a very brief manner. 121 The 

following section describes the study of this polymer in aqueous solutions 

and explains its very interesting pH behaviour in some detail. The 

transition from acetonitrile electrochemistry to aqueous electrochemistry 
has previously been described but a brief summary is given in order to 

provide a full explanation of this polymer's properties. 
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Figure 5.22 The suggested chemical structure for 

poly(5-carboxyindole)27,144 

OH 

Figure 5.23 The trans conformation of poly(5-carboxyindole) 
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Figure 5.24 Molecular model of a 5-carboxyindole dimer clearly 

showing the steric interactions between the hydrogens at 

the 2 and 7 positions of the monomers 
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In order to perform electrochemistry upon films of 

poly(5-carboxyindole) in aqueous solutions the polymer had to be 

successively washed in serially diluted mixtures of acetonitrile and 
Whatman RO water with the ratios of 4: 1,3*2,2: 3 and 1: 4 followed by 

a final wash in neat Whatman RO water. The polymers could then be 

introduced to strongly acidic solutions or aqueous buffered McIlvaine 

solutions, between pH 0 and pH 7. At pH's above 7 the polymer 
immediately dissolved without any electrochemistry being performed. 

Without the initial serial dilution washing procedure, after growth in 

ace, tonitrile, the polymers immediately cracked upon contact with aqueous 

solutions. This is attributed to the swelling or contraction of the polymer 
in the different solvent occurring at an unmanageable rate. This cracking 

occurs when the polymer is placed at any potential and cannot be 

prevented when the polymer is fully o)ddised. 121 

All aqueous electrochemistry, unless otherwise stated, was 

performed in strongly acidic solutions or McIlvain buffer containing 

sodium chloride (0.1 mol dm-3) to provide a high ionic strength. The 

cyclic voltammetry at 20 mV s" of poly(5-carboxyindole) films, grown for 

30 s, at pH 2.00,3.25 and 5.00 is shown in figure 5.25. 

It is quite clear from figure 5.25 that the polymer undergoes two 

o)ddation processes, the first being very broad over a wide potential 

region and the second having well defined o)ddation and reduction peaks 

that vary in position with pH. The two o)ddation processes appear to 

overlap in the cyclic voltammetry, figure 5.25, which makes it difficult to 

determine whether the charge passed during each redox process is equal, 
but intuitively it can be estimated that the both processes pass the same 

amount of charge. 

Since the cyclic voltammetry of poly(5-carboxyindole) is much better 

defined in aqueous solutions than acetonitrile solutions dopancy studies 
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Figure 5.25 The cyclic voltarnmetry of poly(5-carboxyindole) 
(previously grown for 30 s at a platinum electrode 

(A = 0.385 CM2)) in pH 2.00,3.25 and 5.00 McIlvaine 

buffers (Sweep rate u= 20 mV s'l) 
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were performed using acetonitrile growth transients and aqueous solution 

cyclic voltammograms. Films of poly(5-carboxyindole) were grown for 

15,30,45 and 60 s and introduced to aqueous conditions. The films 

grown for 15 s and 45 s were studied in pH 2 buffer solution and the 

films grown for 30 s and 60 s were studied in pH 5 buffer solution. It 

was found that slight losses in QCV were recorded during the first few 

potential cycles of the polymer so each polymer was studied for one cycle 

only, immediately after growth. Each polymer was studied by holding at 

a fully o, )ddising potential until no current was recorded followed by 

cathodically sweeping at 10 mV s'l to fully reducing potentials and 

recording the QCV. Applying equation 3.1 gives a dopancy of 6=0.49, 

figure 5.26 (r = 0.977, n= 4), which is a very large number, compared to 

most conducting polymers, and suggests one charge for every two 

monomer units for the fully oxidised polymer or, since it is clear that two 

o, -ddation processes are taking place, two charges in every four monomer 

units for the fully o. )ddised polymer. 

The pH dependency of the second wave was studied by measuring 

the mid peak potentials of poly(5-carbo. xyindole) films, grown for 30 s, 

during cyclic voltammetry at 20 mV s"l in degassed aqueous solutions 

between pH 0.5 and pH 6. The potential limits of the cyclic voltarnmetry 

depended mainly upon the pH of the particular solution used at the time 

since varying pH has an effect upon both cathodic and anodic solvent 

limits. Fortunately full electrochemistry was recorded at all the pH values 

studied. For solutions between pH 2 and pH 6 McIlvaine buffers were 

utilised and hydrochloric acid solutions were used between pH 0.5 and 

pH 1.75. The overall data set is plotted in figure 5.27 showing that the 

mid-peak potential pH dependence is not linear. Towards pH 0.5 and 

pH 6.0 the gradient of the line becomes 120 mV per pH unit 

corresponding to an electrochemical process involving the transfer of two 

protons and one electron. In the central pH region between pH 2 and 

pH 4.5 the gradient of the line is much less than 120 mV per pH unit 
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Figure 5.26 The plot Of QT Vs* QCv for films of poly(5-carboxyindole) 

grown for t 15,30, . 45 and 60 s at a platinum 

electrode (A 0.385 CM2) and studied by cyclic 

voltammetry under aqueous conditions (r = 0.977, n= 4) 
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Figure 5.27 The plot of E, /2 vs. pH recorded for the second o)ddation 

process of poly(5-carboxyindole) during cyclic 

voltarnmetry at a sweep rate of -u = 20 mV s-1 for films 

grown for t= 30 s 
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and hence corresponds to less protons transferred during o)ddation or 

reduction. 

The results have been interpreted in equation scheme 5.1 by taldng 

into account the pKa's of the partially o)ddised and fully o3ddised polymer 

and curve fitting to equation (5.1.8). 

Equation Scheme 5.1 

We assume that the redox reaction can be represented by, 

X+ ne- + mH+ - YHm(m-n)+ 

Kx and Ky are equilibrium constants for X and Y, 

XHOI ci+ t4- X+ ctH 

KX = 

[XHOIO'+] 

and YH(. B+m) 
(m-n+fi)+ ! =; YHM(m-n) + PH+ 

Ky =( -n)][H+r_ 

[YH(fl+m) (m-n+p)+] 

Applying the Nernst Equation, 

Eo'= Eo + RT In [XI[H+lm 

nF 

I 

[YHm(m-n)+i 

Ell' =P+ RT In (H+lm(I + Ky7l[H+r) 

nF (I + Kx" [H+lc') 

Substitute n=1, m=2 and a-P-1, 

(5.1.1) 

(5.1.2) 

(5.1.3) 

(5.1.4) 

(5.1.5) 

(5.1.6) 

(5.1.7) 
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Eo'= Eo + RT In [H]2(l + K, ýý'[H+]) 
(I + Kx-'[H+]) 

pKx = 4.1 and pKy = 2.5 (pKa(monomer) = 5.55). 121 

The results show that the pKa of the fully o)ddised polymer is 

pKx = 4.1 and the pKa of the partially reduced polymer is pKy = 2.5. 

Figure 5.28 shows the schematic representation of the polymer at 

different potentials (vs. SCE) and pH values. A tetrameric charging unit 
is used to describe the charged states of the polymer assuming the 

calculated dopancy (6 = 0.49) for the fully o)ddised polymer. For 

convenience the partially o)ddised polymer has been drawn as a radical 

site but there is no direct evidence for this and the state may be as simple 

as a bipolaroný7,48,49 Unfortunately the first o, -ddation process cannot 

easily be Aefined so no information on the pKa of the fully reduced 

poly(5-carboxyindole) can be obtained electrochemically. The fully 

reduced and fully o)ddised poly(5-carboxyindole) are labelled as 

electronically insulating and the partially oxidised poly(5-carboxyindole) is 

labelled as an electronic conductor. This will be explained and justified in 

section 5.8. 

With regards to the second o3ddation process it seems unusual that 

the redox behaviour obeys the simple nernstian analysis so well, equation 

scheme 5.1, since it would be predicted that the activity effects within the 

film would distort the behaviour significantly. It is suggested that this 

near perfect behaviour occurs because the partially o)ddised and/or fully 

o)ddised polymer is charge compensated, in the pH range studied. 

The polymer in its fully reduced state at low pH is assumed to be 

fully protonated. For this reason the partially oxidised polymer tetramer 
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Figure 5.28 The schematic representation of poly(5-carboxyindole) 

redox chemistry at different pH values and potentials 

(vs. SCE) 
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unit below pH 2.5 is also assumed to be fully protonated and has been 

assigned a positive charge and the fully o., ddised polymer tetramer unit 

above pH 4.1 has been assigned a negative charge in figure 5.28. This 

means that below pH 2.5 the partially o)ddised positive 

poly(5-carboxyindole) is o)ddised by the removal of two protons and one 

electron per tetramer unit to give neutrally charged fully o)ddised 

poly(5-carboxyindole). Between pH 2.5 and 4.1 the partially o)ddised 

neutrally charged poly(5-carboxyindole) is o)ddised by the removal of one 

proton and one electron per tetramer unit to give neutrally charged fully 

o)ddised poly(5-carboxyindole). Above pH 4.1 the partially o. -ddised 

neutrally charged poly(5-carboxyindole) is oxidised by the removal of two 

protons and one electron per tetramer unit to give negatively charged 

fully o,, ddised poly(5-carboxyindole). 

To confirm the assigned charges on the poly(5-carboxyindole) 

tetrameric units in the various different o, -ddation states at different pH 

values a film of poly(5-carboxyindole), grown for 60 s, was initially held 

at 0.4 V (vs. SCE) in degassed aqueous pH 1.0 solution containing only 

perchloric acid until no current was recorded, before a reflectance FTIR 

spectrum was recorded of the partially o., ddised polymer. The polymer 

was then placed in the same pH 1.0 solution and held at 

0.96 V (vs. SCE) until no current was detected before a second 

reflectance FTIR spectrum was recorded of the fully o)ddised polymer. 

Both reflectance FTIR spectra are compared in figure 5.29 the main 

difference being a very strong peak in the spectra of the partially oxidised 

poly(5-carboxyindole) at I 100 cm"l, corresponding to large amounts of 
C104-, which is not present in the spectra of the fully o)ddised 

poly(5-carboxyindole). This result is consistent with the assumption that 

the partially o, -ddised poly(5-carboxyindole) is positively charged in 

pH 1.0 solution. 
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Figure 5.29 The reflectance FT-IR spectra of poly(5-carboxyindole) 

(previously grown for t= 60 s) before being held at 

0.4 V and 0.96 V (vs. SCE) in degassed aqueous pH 1.0 

perchloric acid solution 
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Figure 5.30 The reflectance FT-IR spectra of poly(5-carboxyindole) 

(previously grown for t= 60 s) before being held at 0.4 

V and 0.85 V (vs. SCE) in degassed aqueous pH 3.25 

perchloric acid solution 
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A film of poly(5-carboxyindole), grown for 60 s, was then placed in 

a degassed aqueous pH 3.25 solution containing only perchloric acid and 
held at 0.4 V (vs. SCE) until no current was recorded before a reflectance 
FTIR was recorded. The same film was then held at 0.85 V (vs. SCE) in 

the same pH 3.25 solution until no current was observed before a second 

reflectance FIFIR was recorded. The two reflectance PTIR spectra are 

compared in figure 5.30 and show no discernable differences. There is no 

peak corresponding to perchlorate in either of the spectra. This result is 

also consistent with the assumption that partially o,, ddised and fully 

oxidised poly(5-carboxyindole) films have a neutral charge at pH 3.25. 

Unfortunately it is not possible to detect positively charged counter ions 

in the same way that perchlorate was detected by FTIR, due to the low 

availability of strongly IR active cations. This means that studies in the 

pH region above pH 4.5 were difficult to perform. The charge of 

poly(5-carboxyindole), in its partially o)ddised and fully o)ddised state, in 

this pH region, still therefore remain unconfirmed. 

Further study of figure 5.30 shows great similarities between the 

spectra of the polymer FTIR spectra taken directly from the acetonitrile 

growth solutions, figure 5.18. This confirms that there are no major 

chemical differences between poly(5-carboxyindole) grown in acetonitrile 

and p oly(5 -carboxyin dole) which is introduced into aqueous conditions. 
Only slight differences in the reflectance FTIR spectra of the partially 

oxidised and fully oxidised poly(5-carboxyin dole) are observed between 

1500 cm-1 and 1600 cm-1 in the C-C aromatic stretching region and at 
1465 cm-1 where the peak diminishes upon o)ddation and is probably due 

to the disruption of the aromatic C-N bond. The position of the 

carboxylic acid C=O has moved only slightly to a value of 1690 cm-1 

probably due to a slight change in the strength of the hydrogen bonding 

within the film. 
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Figure 5.30 The reflectance FT-IR spectra of poly(5-carboxyindole) 

(previously grown for t= 60 s) before being held at 0.4 

V and 0.85 V (vs. SCE) in degassed aqueous pH 3.25 

perchloric acid solution 
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Figure 5.31 The current (z) due to oxygen plotted against fixed 

potentials (vs. SCE) measured at a clean platinum 

electrode (A = 0.385 CM2) (0) and at a platinum 

electrode (A = 0.385 CM2) with deposited 

poly(5-carboxyindole) (0) (previously grown for t- 30 s) 

in aqueous pH 3.25 buffered solution 
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Figure 5.32 The cyclic voltammetry of a poly(5-carboxyindole) film, 

previously grown for t= 30 s on a platinum electrode 

(A = 0.385 CM2), in aqueous pH 3.25 buffer solution 

(sweep rate u= 10 mV s"I) with oxygen present 
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Figure 5.33 The cyclic voltammetry of a poly(5-carboxyindole) film 

(previously grown for t= 30 s, on a glassy carbon 

electrode (A = 0.323 CM2)) in aqueous pH 3.25 buffer 

solution (sweep rate u= 10 mV s-1) with oxygen present 
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Figure 5.34 Schematic representation of the oxidation of 

poly(5-carboxyindole) by oxygen in solution at a 

platinum electrode 
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This means that poly(5-carboxyin dole) is not directly oxidised by 

oxygen in solutions. This result has, the same consequence that films 

deposited upon platinum will be more readily oxidised by oxygen than 

those deposited upon glassy carbon even out of electrolyte solutions. 

5.6 UV/visible Spectroscopy of Poly(5-carboxyindole) in Aqueous 

Solutions 

UV/visible spectroscopy was performed on poly(5-carboxyindole) 
films to measure the relative concentrations of redox species over a range 

of potentials in order to determine the nature of the redox processes 

taking place during oxidation and reduction. The colours observed during 

cyclic voltammetry in pH 3.25 McIlvaine buffer solution are labelled in 

figure 5.35, as fully reduced species fA), partially oxidised species [B] and 
fully oxidised species (C). 

To study the UV/visible spectra of poly(5-carboxyindole), films were 

grown in the standard acetonitrile growth solution upon ITO plates 
(9 X 50 mm 2) but in a strongly stirred solution instead of rotating the 

electrode at 4 Hz. Films were typically grown along approximately 
40 mm of the ITO plate with 10 mm remaining bare to maintain a dry 

contact. The length of each individual film was measured separately if 

charge density studies were required. The films were then treated in 

exactly the same way as in other studies. 

A film of poly(5-carboxyindole), grown for 40 s, was held at 

potentials between -0.1 V and 0.9 V (vs. SCE) at separated intervals of 
0.1 V in an aqueous pH 2.00 degassed McIlvaine buffer solution until the 
background current decayed to zero. UV/visible spectra were then 

recorded between 320 nm and 820 nm using the UV/visible 

electrochemical cell set up described in chapter 2. The entire data set is 
displayed in figure 5.36. 
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Figure 5.35 -The colours of poly(5-carboxyindole) (previously grown 

for t= 60 s on a platinum electrode (A = 0.385 CM2)) in 

its three o, -ddation states labelled on a cyclic 

voltammogram. of a film in degassed aqueous pH 3.25 

buffer (sweep rate ii = 10 mV s-1) 
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Figure 5.36 The UV/vis spectra of a poly(5-carboxyindole) film 

(previously grown for t= 40 s on an ITO electrode) 

recorded in aqueous pH 2.00 buffer at stationary 

potentials between -0.1 V and 0.9 V (vs. SCE) at 

intervals of 0.1 V 
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The largest absorption observed in the spectra is obscured by the 

320 nm cutoff of the ITO plates. This absorption appears to decrease 

slightly as poly(5-carboxyindole) is o., ddised but still remains very strong 

when the polymer is fully oddised and is therefore a common feature of 

all the species present ([A), {Bj and {Q. There are no other discernable 

peaks in the UV/visible spectra of fully reduced poly(5-carboxyindole) 

species fA). Partially oxidised poly(5-carboxyindole) species [B} has a 

very broad visible peak centred at ý, max 
(BI = 722 nm with an isosbestic 

point at X, JAHBJ = 448 nm. Species (B) still maintains a very strong 

absorption in the ultra violet region of the spectrum near the ITO cut off. 

The peak due to the partially o,, ddised poly(5-carb oxyin dole) species [B) 

diminishes as the species is depleted and the polymer becomes fully 

o. -, ddised to species (C]. The fully oxidised poly(5-carboxyindole) species 

JC} absorb strongly at a peak centred at ý, ax(cl = 458 nm forming two 

isosbestic points at %,., (BHCI = 660 nm and X,, 2 
f Bj-(Cj = 408 nm with the 

partially oAdised species [B). Again as mentioned earlier species {Cj 

maintains an additional very strong absorbance in the ultraviolet region of 

the spectrum beyond the ITO cut off point. 

The potential dependence of the relative concentrations of 

species (A), [B) and (C) in poly(5-carboxyindole) in McIlvaine pH 2.00 

buffer shown in figure 5.37 were deconvoluted by factor analysis of the 

data shown in figure 5.36. The initial results suggest that species JA) 

undergoes an initially slow depletion mirrored by a similarly slow increase 

in the concentration of species [BI with potential. Species {A) then 

rapidly undergoes depletion, over a range of approximately 0.3 V, to zero 

concentration, to give a maximum concentration of species [B) at higher 

potentials when species {C) begins its formation. Beyond this point the 

concentrations of species {Bj and {C) vary with potential in a nernstian 

manner with an estimated E*' = 0.64 V (vs. SCE) which correlates to that 

predicted from figure 5.28. The calculated nernstian concentration profile 
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Figure 5.37 The relative concentrations of species (A) (o), (B) (e) 

and (C) (v) at different potentials deconvoluted by factor 

analysis of the data shown in figure 5.36 
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for species (C) is also shown in figure 5.37, assuming 
E` = 0.64 V (vs. SCE), for comparison with the data. 

The first redox process for the oxidation of species [A) to (B) was 
further studied using films of poly(5-carboxyindole), grown for 40 s, in 

degassed aqueous pH buffer solutions ranging from pH 0 to pH 4.25. 

The absorbances recorded, up to a maximum absorbance, over a range of 

stationary potentials in aqueous degassed perchloric acid solutions 

containing sodium chloride (0.1 mol dM-3) at pH 0.05,0.38,0.75,1.50 

and 2.00 are shown in figure 5.38. The maximum absorption recorded 
increases with decreasing pH and occurs at higher potentials. However 

there do not appear to be any other major deviations with pH and the 

onset of oxidation from species {A) to {B) occurs at the same potential at 

all pH values. From these results it would appear that species fBJ has an 
increasing extinction coefficient with decreasing pH since when the film 

consists of species fB) only, the absorbance at kmax(BI = 722 nm 
decreases with increasing pH. 

One other strildng feature of the data shown in figure 5.38 is the 

linearity in the increase of the absorbance at kmax(BI = 722 nm with 

potential over a wide potential range (0.25 to 0.4 V) . This suggests that 

after the initial onset of formation of species [A) to species fB), between 

-0.1 V and 0.2 V (vs. SCE), the formation of species fBI becomes linearly 

dependent upon potential. Attempts to interpret the results shown in 

figure 5.37 in terms of the Nernst equation failed since unrealistically 

small values for n were obtained. It has been suggested by Evans et al. 149 

that this behaviour may be due to the thermodynamic effect of dopant 

ions entering the polymer and enforcing swelling against cross links such 

as hydrogen bonds. Such a model invokes an additional mechanical term 
in the Nernst equation which depends upon the bulk modulus (KB) of the 

polymer shown in equation (5.2). 
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Figure 5.38 The UV/vis absorbance (Xmax JBI = 722 nm) recorded up 

to a ma)dmum against potential (vs. SCE) plot for a film 

of poly(5-carboxyindole) (previously grown for t= 40 s 

on an ITO electrode) in degassed aqueous pH 0.05,0.38, 

0.75,1.50 and 2.00 buffer solutions 
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E= E*'+ RT In f+ nvAýKB(f - 0.5) (5.2) 

nF f-I 104F2, 

f- fraction of o. -ddised species. 

vA7 molar volume of monomer. 

c- concentration of redox sites within the polymer. 

Roncali et al. 150 performed experiments upon poly(thlophene) 

assuming a value for KB = 1.8 X 1010 dyn CM-2 to interpret UV/vis data 

in terms of equation (5.2) with good agreement. It is likely that the first 

oxidation process of poly(5-carboxyindole) behaves in a similar manner 

since hydrogen bonding needs to be interrupted to accommodate counter 
ions in the structure of the polymer. 

Recently Levi et al. 151 have developed a theory based upon Donnan 

exclusion to explain both the elongated oxidation process and the 

dynamic hysteresis observed during cyclic voltarnmetry. This theory 

suggests that there are potential distributions across the 

electrode/polymer and polymer/solution interfaces caused by the Donnan 

exclusion of ions in the film. Evans et al. 149 neglected Donnan effects 

and concentrated upon mechanical effects suggesting that at high ionic 

strength Donnan exclusion becomes negligible. 

The second o)ddation process from species (B) to (C) was further 

studied using a poly(5-carboxyindole) film grown for 40 s in acetonitrile 
before being introduced to a degassed aqueous solution of perchloric acid 

at pH 0 containing sodium chloride (0.1 mol dm-3). The film was held at 

stationary potentials between -0.15 V and I-IV (vs. SCE) until the 
background current decayed to zero before absorption measurements were 
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taken at knax(cl = 458 nm, figure 5.39. 

The absorbance vs. potential curve obtained, figure 5.39, showed 

behaviour consistent to that expected for an immobilised redox couple 

obeying the Nernst equation. The absorbance data was normalised with 

the absorbance at 1.1 V (vs. SCE) given the value of A. ax =I and the 

absorbance at 0.65 V (vs. SCE) given the value Anj. = 0. The normalised 

absorbance (Anom) at each potential is applied to equation 5.3, derived 

from the Nernst equation. 

E= E*' + RT In Anorm 

nF I- Anorm 

(5.3) 

The overall data set interpreted by equation 5.3 is not entirely linear 

due to slight deviations in the first few points. These deviations are 

largely due to small interferences from other bands in the UV/Visible 

spectra which become insignificant at higher A,, orm, these interference 

bands arise from species [B) since no deconvolution is performed. If the 

first four data points in the Nernst plot are neglected then a more linear 

plot is observed, figure 5.40, with an intercept at 0.87 mV (vs. SCE) 

corresponding to the mid-peak potential predicted from figure 5.28 for 

the polymer in pH 0.0 solutions. A gradient of 25.9 mV (r = 0.994, 

n= 9) is also recorded corresponding to a value of n=1, indicating that 

the redox process is indeed nernstian. 

The behaviour observed is reversible and repeatable at other values 

of pH however the kinetics of wddation and reduction appear to be very 

slow when the polymer becomes fully oxidised to species (C) probably 
due to the resistance of the film. This explains why the second redox 

process looks slightly distorted in its cyclic voltarnmetry with a large peak 
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Figure 5.39 The UV/vis absorbance (ý, ax(cl = 458 nm) against 

potential (vs. SCE) for a film of poly(5-carboxyindole) 
(previously grown for t= 40 s on an ITO electrode) in 

degassed aqueous pH 0.0 perchloric acid solution 
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Figure 5.40 Nernst plot for the normalised data shown in figure 5.39 

using equation 5.3 and neglecting the first four points 
(r = 0.994, n= 9) 
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separation and hence does not appear to behave like a standard 
immobilised electrochemically reversible redox couple. 

The extinction coefficient of species [C) remains constant at all pH 

values since no deviations in the UV/vis spectra of species (C) was 

recorded using the same film in different pH solutions. The extinction 

coefficient for species (C} was calculated by studying films of 

poly(5-carboxyindole) grown for 30 s, 40s and 50s in degassed aqueous 

pH 3.25 McIlvaine buffer held at 0.9 V (vs. SCE) until the background 

current decayed to zero. A linear plot was observed, figure 5.41 

(r = 0.999, n= 4), giving an extinction coefficient of 

6; 
lmax'C' 

(458 nm) = 3.77 x 106 Mol-1 CM2 which is consistent with 

extinction coefficients recorded for other conducting polymers. 106 

It would be interesting to consider what would happen if the pH 

were lowered significantly to move E` to even higher potentials. The 

most likely result would be the further deprotonation of the film. 

The effect on the concentration of each of the three species during 

potential stepping from fully reduced potentials to fully oxidised potentials 

and vice versa was briefly studied in degassed aqueous pH 2.00 McIlvaine 

buffer using a poly(5-carboxyindole) film grown for 40 s. The visible 

absorptions at both kmaxfcl = 458 nm and kmax(BI = 722 nm were 

monitored with time during a potential step. The experimental system 

used suffered from R drop (see chapter 2) making it impossible to 

perform a quantitative kinetic study but some interesting results were 

nevertheless observed which could be interpreted qualitatively. 

Deconvolution was not performed since only bulk concentration effects 

are discussed, there are contributions to the absorbance from all three 

species at the two wavelengths studied but the contribution from 

species fA) is small at both wavelengths. 
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Figure 5.41 Plot of absorbance Q-rnax'C' = 458 nm) vs. charge 

density (p) (calculated from QCV) for films of 

poly(5-carboxyindole) grown on ITO electrodes for 

t= 30,40 and 50 s (r = 0.999, n= 4) 
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A potential step from 0.0 V to 0.9 V (vs. SCE) performed upon the 

film, figure 5.42, shows that species (B) is formed and almost completely 

depleted within the first 10 s. Species {C) begins to form almost 

immediately when there is a ma)dmum concentration of species {B) 

present. The complete o)ddation of the polymer to species {C) seems to 

be retarded after 10 s and is not completed after 60s which coincides 

with a retardation in the depletion of species (B). This retardation is 

certainly not due to R drop effects across the solution and is probably 

due to slow Idnetics within the film caused by its resistance. 

A potential step from 0.9 V to 0.0 V (vs. SCE) in contrast, 

figure 5.43, results in the total conversion to species [A) within 20 s. 

Most of species {Q is depleted in the first 5s and most of species [B} is 

depleted in the first 10 s. It is interesting to note that there is some 

dynamic hysteresis observed between the two potential steps which is 

probably due to the differences in the conductivity of the two redox 

species fBj and {C). 

The UV/visible spectra of a poly(5-carboxyindole) film grown for 

60s were recorded in acetonitrile solutions containing 

TEAT (0.1 mol dm-3) at potentials between -0.4 V and 1.6 V (vs. SCE) 

at 0.2 V intervals, figure 5.44. The first o)ddation process for the 

formation of species (B) does not have a discernable peak as such but 

shows an increase in absorbance over a wide spectral range between 

450 nrn and 820 nrn and an isosbestic point at X, [Aj-fB) = 418 nm. When 

species JCJ is formed a kmaxfc) = 476 nm is recorded and two isosbestic 

points are observed at ki, 2 JBHQ = 412 nm and k,,, (BHC) = 658 nm which 

are fairly similar to the previously reported values in aqueous solution. A 

peak associated with the fully reduced species {A) is also observed at 
k. (A) = 342 nm. 
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Figure 5.42 The UV/vis absorbance vs. time (t) for a potentiometric 

step from 0.0 V to 0.9 V (vs. SCE) recorded at 

kmax'C' = 458 nm and ý, ax 
(BI = 722 nm for a film of 

poly(5-carboxyindole) (previously grown for t= 60 s on 

an ITO electrode) 
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Figure 5.43 The UV/vis absorbance vs. time (t) for a potentiometric 

step from 0.9 V to. 0.0 V (vs. SCE) recorded at 

kmaýc) = 458 nm and %maX(BI = 722 nm for a film of 

poly(5-carboxyindole) (previously grown for t= 60 s) 
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Figure 5.44 The UV/vis spectra of a poly(5-carboxyindole) film 

(previously grown for t= 40 s on an ITO electrode) 

recorded in acetonitrile containing TEAT (0.1 mol dm, 3) 

at stationary potentials between -0.4 V and 1.6 V 

(vs. SCE) at intervals of 0.2 V 
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It seems that species JBJ shows the greatest difference in its UVIvis 

spectroscopy in acetonitrile compared to that observed under aqueous 

conditions. This is not surprising since the electrochemistry observed by 

cyclic voltammetry in both solutions is quite different especially when the 

nature of the first o)ddation process is considered. No major UV/vis 

studies were performed in acetonitrile solutions because of the film's 

relative instability in this media. Because of this the results reported 

above, which were performed in acetonitrile solutions, may have slight 

errors associated with them. 

5.7 Impedance Spectroscopy of Poly(5-carboxyindole) 

Impedance spectroscopy was performed on poly(5-carboxyindole) 
films, grown for 30 s, in degassed aqueous buffer solutions at pH 1.00, 

3.25 and 5.00 chosen specifically to cover the different protonation states 

of the polymer, figure 5.28. The pH 3.25 and 5.00 solutions were 
McIlvaine buffers and the pH 1.00 solution was a concentrated citric acid 

solution. The films were held at -0.2 V and 0.2 V (vs. SCE) as well as at 

the mid-peak potential (E*') of the second o,, ddation process and at fully 

o. )ddised potentials at the particular pH values studied. The amplitude of 

the modulation was 10 mV (RMS) and the frequency range was from 

50 mHz to appro)dmately 100 Hz. The Nyquist plots recorded at 
0.2 V (vs. SCE) and at the mid-peak potentials were similar to Nyquist 

plots of a resistance and capacitance in series. 107 The results obtained at 

pH 3.25 are typical of the standard results obtained, figure 5.45, the 

resistance being largely due to uncompensated solution resistance. 

Interpreting these results using equation 4.1 gives linear plots, 
figure 5.46, from which capacitance can be calculated. 
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Figure 5.45 The Nyquist plots for a film of poly(5-carboxyindole) 
(previously grown for t= 30 s on a platinum electrode 
(A = 0.385 CM2)) held at 0.2 V (0) and 0.535 V (e) 

(vs. SCE) in aqueous pH 3.25 buffer (amplitude = 10 mV 

(RMS), frequency range - 50 mHz to 100 Hz) 
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Figure 5.46 Interpretation of the data shown in figure 5.45 using 

equation 4.1, 
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Table 5.3, shows the capacitances measured over the potential and 

pH ranges studied. For comparison the capacitances of a clean polished 

platinum disc electrode (A = 0.385 CM2) held at 0.0 V (vs. SCE) were 

also studied in the three pH solutions by recording impedance spectra at 
frequencies of between 100 Hz to 500 Hz- 

The results obtained for the clean platinum electrode were 

consistent with those expected for polycrystalline platinum. The 

capacitances recorded for poly(5-carboxyindole) at 0.2 V (vs. SCE) were 

consistent at all pH values within experimental error and are three orders 

of magnitude higher than the clean polished platinum electrode. The 

capacitances observed for poly(5-carboxyindole) at the mid-peak potential 

were approximately four times bigger than those recorded at 

0.2 V (vs. SCE). When the films were either fully reduced at 

-0.2 V (vs. SCE) or in their fully oxidised state the measured capacitances 

were significantly reduced to values more comparable to those for clean 

polished platinum. 

This data suggests that poly(5-carboxyindole) is electronically 
insulating in both its fully reduced and fully oxidised state but that it is 

also porous enabling the aqueous solution to contact with the underlying 

platinum electrode, this is supported by SEM data (appendix 2) provided 

by Dr. J. Farrington. Further confirmation of the resistance of a fully 

oxidised film of poly(5-carboxyindole) grown for 30 s, was gained by 

contacting with a drop of mercury. The film was found to be 103 times 

more resistive when removed from a pH 3.25 degassed aqueous solution 

in its fully oxidised state at 1.0 V (vs. SCE) than when it was removed 
from the same solution after being held at 0.4 V (vs. SCE). The 

resistance measured for the fully reduced film held at -0.1 V (vs. SCE) 

was found to be inconclusive presumably because of aerial oxidation. 
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Table 5.3 The capacitances of poly(5-carboxyindole) (previously 

grown for t= 60 s on a platinum electrode 
(A= 0.385 CM2)) measured at -0.2 V, 0.2 V, the 

mid-peak potential (E*') and fully o)ddised potentials 
(vs. SCE) in aqueous pH 1.00,3.25 and 5.00 buffer 

solutions 

Cap acitance / Mp CM-2 

Electrode pH 1.00 pH 3.25 pH 5.00 

Clean Pt 
electrode 0.063 0.035 0.044 
0.0 v 

Coated Pt 
electrode 

-0.2 V a 0.47 0.047 

+0.2 V 9.5 9.5 10.7 

mid-peak 40.0 37.0 37.0 

fully o, -ddised 0.044 0.058 0.10 

I Outside solvent limit. 

I 
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Using the same assumptions that were made in section 4.4, 

(chapter 4), that the polymer is in the form of fibres which can be 

approximated to a continuous cylinder with radius rCyL, the capacitance 

of the polymer was compared to the capacitance of the clean platinum 

electrode. The volume of a poly(5-carboxyindole), grown for 30s, was 

calculated to be VTOT = 5.0 x 10-12 M3 from a monomer volume 

estimated from molecular modelling to be VMON = 5.63 x 10-29 M3 , 
taking the dopancy to be 6=0.49. When the capacitance of the 

poly(5-carboxyindole) film in pH 3.25 buffer at the mid-peak potential of 

the second oxidation process (E*' = 5.35 V (vs. SCE)) is compared to that 

of polished clean platinum at 0.0 V (vs. SCE), table 5.3, the effective area 

of the polymer compared to platinum is estimated to be AEFF = 0.041 m2. 

The radius of the cylinder is hence calculated to be rCyL = 1.2 x 10"10 m 

or 1.2 A which again is at the molecular level. 

The results observed are consistent with the assumption that the 

second o)ddation process behaves like an immobilised redox couple since 

when fully o)ddised there are no sites available for electron hopping and 

resistive behaviour would be predicted. This was further investigated by 

studying a film of poly(5-carboxyindole), grown for 30 s before being 

introduced to aqueous conditions and placed in a degassed pH 3.25 

McIlvaine buffer solution at a range of potentials from between 0.2 V to 

1.1 V (vs. SCE), figure 5.47, using the impedance spectroscopy modulated 

amplitude and frequency values previously described. 

For a simple immobilised redox couple a simple gaussian 
distribution for the capacitance with potential is predicted centred upon 
the redox potential (EO') of the couple (appendix 3). A simple gaussian is 

not observed because of the continued presence of species [A) at lower 

potentials, however a peak in capacitance is observed at 
E=0.55 V (vs. SCE) which is approximately the E*' predicted from 
figure 5.28. Again very little hysteresis was observed since half the 
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Figure 5.47 The capacitance of a poly(5-carboxyindole) film 

(previously grown for t= 30 s at a platinum electrode 

(A = 0.385 CM2) over a range of stationary potentials 

(vs. SCE) in aqueous pH 3.25 buffer 
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readings were taken after cathodic potential steps and the other half were 
taken after anodic potential steps. 

The impedance spectroscopy of poly(5 -carboxyin dole) films grown 
for 15,30 and 45 s, held at 0.535 V (vs. SCE), were studied using an ac 

modulation of 10 mV (RMS) from 50 mHz to approximately 100 Hz in 

degassed aqueous pH 3.25 McIlvaine buffer solution. The capacitances 

obtained gave a excellent linear relationship when plotted against QCV, 

figure 5.48 with a gradient of 5.1 V-1 cm'l (r = 0.999, n= 3) showing 

that the capacitance measured depends upon the amount of material 
deposited upon the electrode. 

5.8 Conclusion 

The electrochemical polymerisation of a stable reproducible 

poly(indole) film has been achieved -in acetonitrile solutions although 

stable aqueous electrochemistry was not observed. 

Initial studies on the mechanism of polymerisation for 

poly(5-carbox-yindole) have been described showing that the Idnetics of 

polymerisation are potential dependent, zero order with respect to the 

concentration of 5-carboxyindole, at low rotation speeds, and that the 

polymerisation proceeds through a surface bound species. 

The characterisation of the properties of poly(5-carboxyindole) has 

been much improved with chemical structural information provided by 

reflectance FTIR confirming the bonding at the I and 3 positions on the 

five membered ring. The structure of poly(indole) is thought to be 

through the same bonding positions as poly(5-carboxyindole) because of 
the similarities observed in the reflectance FTIR spectra. 

207 



Figure 5.48 The capacitance VS. QCV for films of 

poly(5-carboxyindole) (grown previously for t- 15,30 

and 45 s at a platinum electrode (A = 0.385 CM2)) held 

at 0.535 V (vs. SCE) in degassed aqueous pH 3.25 

buffer solution 
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The aqueous electrochemistry of poly(5-carboxyindole) proved to be 

of particular interest with two distinguishable oxidation processes, the 

second having a pH dependency which could be attributed to self doping 

or partial self doping of the polymer upon deprotonation. The extent of 
the self doping was found to be dependent upon the pKas of the partially 

oxidised polymer (pKy = 2.5) and the fully oxidised polymer (pKX = 4.1). 

The nature of the oxidation processes and the two species JB) and (C} 

were characterised using UV/vis spectroscopy confirming that the second 

oxidation process behaved like a simple nernstian. redox couple while the 

concentration of species (B) increased linearly with potential when 

species [A) was oxidised. 

Impedance spectroscopy also confirmed that the second oxidation 

process behaved like a nernstian redox couple in addition to confirming 

that the polymer becomes electrically insulating at fully oxidised or 

reduced potentials. In this respect the polymer has similarities with 

poly(aniline)21 which also displays variation in colour in its different 

oxidation states. The first oxidation process is however very different 

from poly(aniline) and still remains a very interesting phenomenon 

especially when its relationship to the second oxidation process is 

considered. 

The main points that still remain unanswered are concerned with 
the nature of the first o, -ddation process and the structure of species {A), 

[B) and [C). The use of in-situ FTIR, e. s. r. and potentiodynamic UV/vis 

spectrometry would enable the chemical structure, spin density and 
Idnetics, of formation of all the species ({A), {B) and JQ to be 

determined. A quartz crystal microbalance (QCM) could b'e used to 
further investigate the complicated self doping and partial self doping 

effects suggested in the text, figure 5.28. 
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Chapter 6 

General Conclusions 

The electrochemistry of several chemically modified heterocyclic 

conducting polymers has been studied in conjunction with several other 

powerful analysis techniques. The major classes of heterocyclic 

conducting polymers namely poly(pyrroles), poly(thiophenes) and 

poly(indoles) have been covered with a particular emphasis placed upon 

carboxylic acid modifications. 

Poly(pyrroles) have only briefly been studied but useful FT-IR data 

has been recorded suggesting that the covalently bound functionalities are 

affected by counter ion incorporation. The first conducting polymer 
incorporating a 15-crown-5 substituent has been reported (appendix 1). 

However, the electrochemistry of this polymer was found to be 

surprisingly independent of the alkali cation type present in electrolyte 

solutions. This has been attributed to steric restrictions within the 

polymer which prevent the complexation of cations with the crown ether 

substituent. 

Poly(thiophenes) have been studied more intensely with particular 

emphasis placed upon poly(3-thiopheneacetic acid) which was found to 

undergo an extraordinary overoxidation process involving the acetic acid 

substituent. Some techniques to further modify the thiopheneacetic acid 
have been discussed but this remains an area which could potentially be 

expanded in order to introduce poly(thiophenes) into aqueous solutions. 

The use of carbodiimide chemistry opens up the area of biosensing. 

However this area is likely to be initially more successful using polymers 

which already display stable electrochemistry under aqueous conditions. 
Impedance spectroscopy has shown that the asymmetry observed in the 

poly(3-methylthiophene) cyclic voltammetry is thermodynamically based 

and not kinetic in nature. 
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Poly(indoles) have been studied intensely and this is the area in 

which the greatest advances have been made. Poly(indole) itself has been 

grown on platinum electrodes in the form of good quality and 

electrochemically reproducible films. The chemical structures of 

poly(indole) and poly(5-carboxyindole) have been characterised by Fr-IR 

spectrometry confirming that bonding occurs at the I and 3 positions of 

the monomers. The electrochemical growth of poly(5-carboxyindole) has 

been farther characterised using rotating disc and rotating ring disc 

experiments showing a marked potential dependence. In addition the 

polymerisation was found to be diffusion limited at low rotation speed 

and zero order with respect to the monomer concentration at high 

rotation speed. Only protons were detected at the ring, formed during 

the polymerisation at the disc and no evidence for soluble oligomeric 

by-products was found. This data suggests that the polymerisation is very 

efficient and proceeds via a surface bound site. 

The electrochemistry of poly(5-carboxyindole) has been further 

characterised (appendix 2) with the pH response of the second redox 

process species fBI to {C} being interpreted as a nernstian redox couple 

which is confirmed by both UV/vis and impedance spectroscopy. The 

first oxidation process species JA) to fBj still remains largely 

uncharacterised although it is suggested that the incorporation of counter 

ions into the film is resisted mechanically, introducing an extra free 

energy term to the Nernst equation which results in an oxidation over a 

wider potential range. 

Impedance spectroscopy performed upon poly(5-carboxyindole) 

suggests that the polymer is electronically insulating when fully oxidised 

or reduced. The maximum capacitance observed occurs at the E*' of the 

second oxidation process as would be expected from an immobilised 

redox couple (appendix 3). 
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Both poly(3-methylthiophene) and poly(5-carboxyindole) displayed 

impedance spectra which can be interpreted as a resistance and 

capacitance in series giving particularly large values for the capacitances. 
These values were interpreted as being due to the charging of the 

polymers at the molecular level. These results are not necessarily so 

surprising considering the very low frequencies used for the studies. It is 

also very important to define the interface at which the capacitance is 

acting. If the interface is defined as the traditional electrode/polymer 
interface it is hard to describe what the capacitance values reported 

actually mean. However, a more sensible interface to consider would be 

the polymer/solution interface, now the capacitances measured can easily 
be interpreted as a simple manifestation of the redox behaviour of the 

polymer with charge separation occurring between the chains and the 

counter ions. 

There still remains much to be studied before a complete 

characterisation, of poly(5-mboxyindole) and the other polymers 

mentioned in this thesis is attained. The polymers studied are so rich in 

their various properties that a list of all possible investigations which 

could be made would be impractical to report. However it would suffli ce, 

to say that the area of conducting heterocyclic polymers is likely to 

remain a very fruitful area of interest. 
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