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ABSTRACT
The electrochemical properties of 5-membered heterocyclic
conducting polymers have been investigated. W o r k has centred on
polypyrrole, although poly-3-methylthiophene has also been considered.
The redox nature of these polymers makes them ideally suited for
characterisation by electrochemical (EC) techniques. Conventional E C
methods

such

as

cyclic

voltammetry,

chronoamperometry,

chronopotentiometry and chronocoulometry have been employed. In
addition, a n e w technique, Resistometry, has been used to study the
resistance changes that occur upon oxidation and reduction of these
materials. Mrcroelectrodes have also been employed throughout this
work. The electrochemical characteristics of conducting polymers at
these electrodes have been compared to the characteristics at electrodes of
conventional size.
The two major aspects of heterocyclic conducting polymer
electrochemistry that were addressed were:
(i) Electrochemical synthesis/deposition at electrode surfaces, and
(ii) Electrochemical doping and dedoping.
The electropolymerisation of heterocyclic monomers of
(3-methylthiophene and pyrrole) was found to be dependent on a number
of factors. These included: the solvent; the m o n o m e r concentration; the
electolyte concentration; the chemical nature of the electrolyte
(particularly the anion); the electrochemical method used to initiate the
polymerisation reaction; the nature of the electrode and the size of the
electrode. Polymer deposition at /n/croelectrodes was particularly
dependent on these factors where it was found that, under certain

Ill
conditions, no deposition occurred. This was despite the fact that the
m o n o m e r was oxidised and that deposition occurred at conventionally
sized electrodes under identical conditions. Further investigation of this
phenomenon revealed that the electropolymerisation process involved the
formation of soluble intermediates and that polymer deposition was the
result of the continual precipitation of these species.
The factors influencing the doping and dedoping (oxidation and
reduction) of polypyrrole were investigated. It was found that the
thickness of the polymer, the solvent from which the polymer was
synthesised, the dopant ion and the electrolyte ions affected this process.
The nature of the processes that accompany the doping and dedoping of
polypyrrole were also investigated. The transport of anions in and out of
the polymer during doping/dedoping has been well documented, but this
work revealed the importance of cation transport in this respect.
Reaction order experiments at m/croelectrodes and resistometry were
used to confirm this. It was also shown that the capacitance like
behaviour of polypyrrole in its oxidised form was not due to double layer
charging effects (as originally thought) but was an extension of the doping
process.
Finally, a practical application of the doping/dedoping processes of
polypyrrole were investigated with a view to determining electroinactive
ions using flow injection analysis. It was found the the electrochemical
signal produced upon injection of an ion containing sample into a glycine
eluent was not the result of doping/dedoping (as assumed), but was due
largely to changes in solution conductivity.
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CHAPTER 1
GENERAL INTRODUCTION
1.1

CONDUCTING POLYMERS - GENERAL

The idea that polymers or plastics can possess high electrical
conductivity or high chemical activity is a foreign concept. Plastics such
as polyethylene, polystyrene and polyvinylchloride ( P V C ) were carefully
designed over the past 5 0 years to produce materials with particular
physical characteristics while possessing an electrical and chemical
inertness far beyond most of mother nature's designs. For 5 decades the
electrical and chemical activities have been meticulously bred out of such
systems by material scientists intent on satisfying the thirst of the 20th
century consumer. N o w , however, the wheel has turned! Enter a n e w
breed of material scientist - one with vision. For 15 years a rapidly
expanding section of the scientific community have turned their attention
to Conducting

Polymers.

The discovery 1 that conventional organic polymers could attain
electrical conductivities approaching those of metals led to an explosion of
interest that created a n e w and exciting branch of materials science. This
interest w a s prompted by the vast number of new, often exotic,
applications that could exploit the electrical, physical and chemical
properties of these n e w materials. Applications in areas as diverse as
battery technology, electronic devices, controlled release devices,
electromagnetic shielding, solar cells, physical and chemical sensing,
catalysis, biomedicine, aeronautics, the space program and intelligent
systems have been envisaged2'3.
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The prospect of such novel applications in a diversity of areas has
brought together scientists from traditionally different fields such as
physics, chemistry (in particular electrochemistry), electrical engineering
and material science to work toward a c o m m o n goal: controlling the
chemical, electrical and mechanical properties of conducting polymers.
The field of conducting polymers is, therefore, highly interdisciplinary
and one in which electrochemists are taking a leading role.
Although electrically insulating properties are advantageous in many
applications, the ability to control conductivity of polymeric materials is
desirable.

The earliest approaches to achieve this involved the

preparation of composites consisting of an organic polymer and
conductive filler, such as a metal powder 4. Providing the loading of the
filler was sufficiently high, the composite could conduct electricity.
Conductivity of the composite was controlled by varying the percent
loading of the conductive filler. This approach took advantage of the
processability of already existing plastics and gave to them the property
of electronic conduction. For m a n y applications, such as electromagnetic
shielding, such composites were more than adequate. These composite
materials however cannot be regarded as truly conducting polymers since
the polymer component is by itself inherently insulating.
The first polymeric material that was found to be intrinsically
conducting was polysulfurnitride ( S N ) X 5. This inorganic polymer was
shown to have values of conductivity in the metallic regime at room
temperature and was found to be superconductive at temperatures
approaching 0 K. However, because of the explosive properties of this
compound, it found limited use.

2
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The major breakthrough that initiated the vast interest in conducting
polymers was m a d e by Shirakawa and coworkers in 1977 1. They
showed that when polyacetylene (generally considered an insulator) was
exposed to vapours of halogens and other oxidising agents, the partial
oxidation that resulted m a d e the polymer films 10 9 times

more

conducting. Conductivities of 10 3 S cm"1 are readily achieved using this
method, while values as high as 10 5 S cm"1 have also been reported6.
Comparison of these values to those of conventional metallic conductors
(Table 1.1) show w h y polyacetylene is often referred to as an organic
metal.

TABLE 1.1 Conductivity of Metals
Metal Conductivity S cm'1
Silver 6.29 x105
Copper

5.65x10 5

Platinum

1.00 x 1 0 5

Tantalum

6.45 x 1 0 4

Mercury

1.04 x 1 0 4

In 1979 Diaz et al 7 reported a n e w route for conducting polymer
synthesis. They showed that electrochemical oxidation of pyrrole resulted
in the deposition of a conducting polymer (polypyrrole) on the surface of
the anode. Later, in 1983, they also showed that polythiophene could be
synthesised in the same w a y from a solution of thiophene m o n o m e r 8.
Polyaniline was another conducting polymer that was synthesised and

3
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studied by electrochemical methods 9. The importance of these
discoveries is two-fold:
(i) the polymers were synthesised in their conducting states, and
(ii) the electrical conductivity of the polymers could be carefully
controlled by the application of appropriate electrochemical
potentials.
In the early 1980's other polymers such as polyparaphenylene 10,
and polyphenylene sulfide u were also found to exhibit high conductivity
upon oxidation. In the decade since a vast number of n e w conducting
polymers have been synthesised and investigated. Most are related to or
derivatised forms of the polymers described above. In particular, the
polyheterocycles - pyrrole, thiophene and their derivatives - have been
extensively studied.

1.1.1 DOPING/DEDOPING OF CONDUCTING POLYMERS
A c o m m o n feature of all organic conducting polymers is that the
electrical conductivity is dependant on the polymer being in a state of
relative oxidation or reduction.

A s such, the polymer m a y lose

(oxidation) or gain (reduction) electrons, resulting in a change in the
electronic structure that allows it to conduct electricity. This process - ie
the transformation of an organic polymer such as polyacetylene from its
insulating state to its conducting state via oxidation or reduction - is called
doping.

"Doping" is a term borrowed from

semiconductor

nomenclature which describes an analogous but distinctly different
process involving conductivity changes of inorganic semiconductors. As
a result, the term "doping" can be misleading and from the point of view
of this work, should be considered a redox process.
4
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"P-type doping" refers to a doping process that involves polymer
oxidation. In this case "dedoping" (used to describe the process that
transforms the polymers from the conducting state to the insulating state)
would involve polymer reduction. "N-type doping" refers to a doping
process that involves polymer reduction. In this case "dedoping" involves
polymer oxidation.

S o m e polymers, such as polyacetylene and

polyparaphenylene can undergo both p-type (oxidative) and n-type
(reductive) doping. Others such as the heterocyclic polymers polypyrrole
and polythiophene and their derivatives can only undergo p-type doping.
"Doping" and "dedoping" are n o w so firmly ingrained in the
conducting polymer literature that their use will be maintained here. For
the purpose of this work, the doping of heterocyclic polymers
involves polymer oxidation, while dedoping involves polymer
reduction.
It is known that the p-type (oxidative) doping of conducting
polymers results in the polymer backbone being converted from a neutral
polymeric chain to polymeric cation. The overall charge neutrality of
the system is preserved by the incorporation of counterions (in this case
anions) into the polymer matrix. Subsequent dedoping (reduction) of the
polymer film generally results in the expulsion of these counterions. The
counterions are usually by-products of the redox reaction. For example
w h e n Br2 is used as the oxidising agent the product of the reduction
reaction, Br3", is the species incorporated into the polymer matrix. It is
often convenient to refer to the incorporated counterion as the "dopant"
ion.
Doping and dedoping processes can be induced either chemically, by
the choice of appropriate oxidising and reducing agents, or

5
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electrochemically where the polymer itself acts as one of the electrodes in
an electrochemical cell. In the latter case the level of oxidation or
reduction is controlled by the applied potential and the dopant is usually
the anion (or cation for reductive doping) of the supporting electrolyte
present in the electrochemical cell.

1.1.2 ELECTRICAL PROPERTIES OF CONDUCTING
POLYMERS
At this stage it is pertinent to consider the doping process in more
detail, since the investigation of the doping/dedoping of conducting
polymers constitutes a major part of this study. In this section the
electronic properties of conducting polymers and the changes that occur
upon doping are considered. The mechanism of electronic conduction is
also considered. M u c h of this discussion is based on a series of excellent
publications by Street and coworkers 12"15.
The electrical properties of any material are determined by its
electronic structure, which in turn is determined by the chemical
structure of the material 16 . Central to m a n y studies in the area of
conducting polymers has been the establishment of a relationship between
the chemical structure of the polymers and the electronic structure, since
a full understanding of such a relationship would enable control of the
electrical properties at the molecular level. The most striking feature of
the chemical structure of conducting polymers is that they are fully
conjugated systems. Figure 1.1 shows the chemical structures of some of
the commonly reported conducting polymers. It is worth noting that all
have alternating single and double C-C bonds along the polymer chain.

6
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FIGURE 1.1 Chemical structures of some conjugated conducting polymers

An insight into the relationship between the chemical structure of a
material and its electrical properties is given below, where a comparison
between conjugated organic polymers and metals is made.
Metals can be regarded as a crystalline arrangement of cations within
a cloud of electrons that are free to m o v e through the lattice in the
presence of an electric field.

These free electrons are therefore

considered to be the charge carriers for electrical conduction in metals.
In c o m m o n organic materials however, no such condition exists, valence
electrons in normal covalent bonds are tightly held and shared between
the atoms. These localised (tightly held) electrons are therefore not
available as charge carriers. However, in double and triple C - C bonds the
rc-electrons are relatively free compared to the a-electrons. In conjugated

7
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double bond systems it is possible that delocalisation of Tt-electrons can
occur through the interaction of neighbouring 7C-electrons. Thus, in a
completely conjugated system, the delocalisation can m a k e the 7t-electrons
freely mobile over the entire length of the molecule. In fact, long before
polyacetylene (a completely conjugated system) w a s k n o w n to be
conductive it was postulated 17'18 that it should be superconductive. The
basis of this theory was the availability of freely mobile 7t-electrons.

TABLE 1.2 * Conductivities of some common conducting polymers
Polymer

-1'
Conductivity (S cm'')

Dedoped Form

Doped Form

cis-Polyacetylene

10-7

10 3 -10 4

trans-Polyacetylene

10-4

10 3 -10 4

Polypyrrole

10-10

10 2 -10 3

Polythiophene

10 •10

10 2 -10 3

Polyparaphenylene

10 •12

5x102

Polyparaphenylene Sulphide

10 •12

5x102

Alas, while completely conjugated polymers such as polyacetylene
and the others shown in Figure 1.1 m a y provide a pathway for charge
carrier movement, in reality the conductivity of these materials in their
pristine form is not high. From the point of view of their conductivity,

Values taken from references 36 and 104.
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they resemble, at best, intrinsic semiconductors. Despite the fact that
these polymers exhibit conductivity 5-10 orders of magnitude greater
than conventional plastics, such as polyethylene (10"18 S cm"1), it is only
when they are doped that their conductivity approaches those of metallic
conductors (Table 1.2). What are the processes that occur during doping
that cause such a dramatic change in conductivity? To answer this
question one must consider Band Theory.

1.1.2.1

BAND THEORY OF CONDUCTING POLYMERS

In a polymer, just as in a crystal lattice, the electrons of the
individual entities (monomers/molecules/atoms) interact with their
neighbours to form electron(ic) bands 15. The highest occupied energy
levels are termed the valence band (VB) and the lowest unoccupied levels,
the conduction band (CB). These bands correspond to overlapping
bonding (VB) and antibonding (CB) orbitals respectively. In dedoped
conjugated polymers, there are two types of ^-electron energy bands: the
ox-bonding molecular orbitals constitute the valence band, while the
7i*-antibonding molecular orbitals form the conduction band. The size of
the energy gap, or bandgap (Eg), between the two bands determines, to a
large extent, the intrinsic electrical properties of the materials. It should
be pointed out, however, that there is only a qualitative relationship
between the size of the bandgap and the conductivity of the material.
Conductivity is more dependent on the number and mobility of available
charge carriers. Figure 1.2 shows the energy band models for the three
types of solid materials while Table 1.3 shows the values of the bandgap
for some conventional semiconductors as well as some dedoped
conjugated polymers.

9
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F I G U R E 1.2 Electronic band structures for three types of solid materials

T A B L E 1.3 Bandgaps for Conventional and Polymeric Semiconductors

Name

Bandgap
(eV)

Name

Bandgap
(eV)

Silicon

1.1

Polyacetylene

1.7

Germanium

0.7

Polypyrrole

3.2

Cadmium Sulfide

2.5

Polythiophene

2.0

Zinc Oxide

3.3

Polyparaphenylene

3.5

In conventional semiconductors, the formation of mobile charge
carriers (and therefore conductivity), depends on how the conduction and
valence bands are filled. When the bands are filled or empty there is no
conduction because movement of charge carriers is inhibited 16. It is
only when the bands are partially empty or partially full that conduction
10
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takes place *. P-type doping of conventional semiconductors results in
electrons being withdrawn from the top of the V B ; n-type doping results
in electrons being added to the bottom of the conduction band.
Conductivity is achieved because charge carriers are no longer inhibited.
With n-type doping, the charge carriers are electrons in the conduction
band, while with p-type doping the charge carriers are "electron holes" in
the valence band. It turns out that "electron holes" in the valence band
can be treated as positively charged carriers fully analogous to the
negatively charged electrons in the conduction band.
In the case of conjugated polymers, it was initially assumed that the
increase in conductivity upon doping was the result of the removal or
addition of electrons from the C B or the V B , in direct analogy to
conventional semiconductors. This assumption was quickly challenged
with the discovery 15 that polypyrrole and polyacetylene show
conductivity which is not associated with unpaired electrons. Addition
(or removal) of electrons from the C B (or the V B ) will result in the
presence of unpaired electrons, which, due to their spin of ± 5, should be
observed by E S R measurements. N o E S R signal is observed and so it
appears that conductivity is associated with spinless charge carriers.
These spinless charge carriers turn out to be bipolarons and solitons and a
brief description of their formation follows. P-type doping (oxidation)
only, will be considered, although the reverse is fully applicable for ntype doping (reduction).

The high conductivity of metals is due to the overlap of partially filled conduction bands with
partially empty valence bands - ie no bandgap.

11
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W h e n an electron is removed from the top of the valence band of a
conjugated polymer an electron hole is formed that does not delocalise
completely as would be expected in conventional semiconductors.
Instead, in an organic polymer chain it is energetically more favourable
to localise the charge along the polymer chain and to have a local
distortion of the "lattice" around the charge *. This distortion is called a
polaron and is, in chemical terms, a radical cation that is delocalised over
3-4 m o n o m e r units (see Figure 1.3). The energy level associated with the
polaron represents a destabilised bonding orbital and thus has a slightly
higher energy than the energy of the valence band. In other words, the
energy level of a polaron lies within the bandgap (Figure 1.4 (b)).
When a second electron is removed from the polymer two things can
happen. In one case, two individual polarons can form or in the other
case a special dication, called a bipolaron, can form. It turns out that the
formation of bipolarons is energetically more favourable than the
separated polaronic states 15. Thus when polarons are formed along a
polymer chain, they converge into bipolarons w h e n the polaron
concentration gets high enough for the polarons to "feel" each other2
(Figure 1.3).

The two-fold coordination of these polymers (as opposed to the four or six-fold coordination of
conventional semiconductors) makes these systems generally more susceptible to structural
distortion. Consequently, the dominant electronic excitations are inherently coupled to chain
distortions19.
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Polypyrrole
(dedoped)

Polypyrrole
(lightly doped)
Polaron spread over four units

Polypyrrole
(heavily doped)
Bipolaron spread over four units

F I G U R E 1.3 Structure of polypyrrole at different doping levels

Like the polaron the bipolaron also has a "lattice" distortion
associated with it. The distortion around the dicationic charge is stronger
than that around only one charge and therefore the energy levels of the
bipolaron in the bandgap are further away from the band edges than for a
polaron (Figure 1.4 (c)). W h e n the polymer is heavily doped, the energy
levels of the bipolaronic states overlap to create their o w n bands within
the bandgap (Figure 1.4 (d)).
Polarons and bipolarons, like electron holes, are mobile in an
electric field and are the charge carriers responsible for electrical
polymer chain by the rearrangement of the double and single bonds in the
conjugated system (Figure 1.5). This is one reason w h y conjugation is an
important criterion in polymers that are potential conductors. Another
reason is the ease of oxidation or reduction of such systems - ^-electrons
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can be relatively easily removed or added to form a polymeric ion
without much disruption of the o-bonds which hold the polymer together.
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//////
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F I G U R E 1.4 Evolution of polaronic/bipolaronic bands during doping

F I G U R E 1.5 Transport of a polaron along a conjugated chain
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The most appropriate experimental evidence for the existence of
polarons and bipolarons is derived from optical absorption spectroscopy.
Using this technique midgap electronic states are readily determined and
the evolution of polaronic states into bipolaronic states can be directly
observed 12'15. The presence of midgap electronic states also accounts
for the colour changes that are often observed during doping and
dedoping

19 36

1.1.2.2 A

' .

NOTE ON DEGENERACY

Polyacetylene, the simplest conjugated polymer, was long considered
the "prototype conducting polymer" 3 and the system to which all other
conducting polymer systems were compared.

It is n o w however,

considered to be unique among conducting polymers with respect to the
mechanism of conduction.
Polyacetylene has what is known as a degenerate ground state. This
means that the two possible resonance forms correspond to exactly the
same total energy. This is not the case with other conjugated polymers
(Figure 1.6). A result of the degeneracy is that the two charges forming
a would-be bipolaron can readily dissociate into two independent cations.
Individual cations existing in a system with a degenerate ground state are
spinless (unlike polarons) and are called solitons15. In polyacetylene
electronic conduction is considered to be due to a movement of solitons
along the polymer chain. Solitons do not form in polymers with nondegenerate ground states, such as polypyrrole, polythiophene and
polyphenylene.

15
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The two resonance structures of dedoped polyacetylene are equivalent.
(The structures are identical when superimposed).

The two resonance structures of polypyrrole (aromatic & quinoid)
are not equivalent.

FIGURE 1.6 Degeneracy of conjugated conducting polymers

1.1.2.3

OTHER CONSIDERATIONS

Conduction by polarons, bipolarons and solitons is currently
considered to be the dominant mechanism of charge transport in
conducting polymers. Other models

20 21
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have been proposed which

emphasise the chemistry between localised redox species (sites) on the
polymer chains. In these models the polymer is considered to contain
discrete redox sites.
A different interpretation of the polaron/bipolaron model is
proposed by Nechtstein et al 22'23 w h o claim that the formation of
bipolarons is no more energetically favourable than the formation of two
polarons. They conclude that the formation of polarons from neutral
polymer and bipolarons from polarons are discrete faradaic processes
which each have a characteristic redox potential. Such a model is
considered in greater detail in Section 1.2.2.1.
Other models 24"26 take the polaron/bipolaron model further and
suggest a "charge hopping" mechanism whereby the mobile charge
carriers (polarons/bipolarons) can hop from one polymer chain on to
16
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adjacent chains and continue on their way. Such a model would explain
w h y the resistivity of conducting polymers increases with decreasing
temperature, which is the opposite to the observed behaviour of metals.
Conceptually this is a nice idea, especially w h e n one considers that
individual polymer chains, which have chain length of about 100-1000 27
would be too short to carry current over appreciable distances. Models
of this type, that involve charge transport along chains as well as hopping
of carriers (polarons + bipolarons) from one chain to another, are
currently the most widely accepted view of conductivity in these
systems 26.
The complete elucidation of the charge transport mechanism remains
one of the major objectives in conducting polymer research. Certainly
the polaron/bipolaron theory explains very elegantly the experimental
observations of E S R and optical absorption, and as such should be
regarded highly. However, it should be pointed out that models such as
these were based on ideal chemical structures. The actual structures of
conducting polymers are not known. It is known that, depending on the
synthetic conditions, these polymers display varying degrees of defects.
Furthermore, the homogeneity of doping and therefore conductivity is
unclear. It is apparent therefore, that a greater understanding of the
synthesis/polymerisation mechanism as well as the structure of the
resulting polymer is required before a better understanding of the
electrical properties of conducting polymers is achieved.

1.2 HETEROCYCLIC CONDUCTING POLYMERS
Despite the original interest in polyacetylene, conducting polymers
derived from the polymerisation of heterocyclic m o n o m e r s such as
pyrrole and thiophene have received the most attention over the last ten
17
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years. The increased interest in heterocyclic conducting polymers was the
result of several factors, with the initial attraction stemming from the
enhanced chemical and thermal stability of these polymers compared to
polyacetylene 28. M o r e importantly, however, is the ease of preparation
of polyheterocyclics compared to other conducting polymer systems - this
preparation involves a simple one step chemical or electrochemical
oxidation of the m o n o m e r in solution. Another reason for the increased
interest in heterocyclic polymers is the ability to easily derivatise the
monomers and/or polymers to produce a range of polymer systems with
varying electrical, chemical and physical properties. In addition, the
ability to prepare polymers from aqueous solutions (at least in the case of
pyrrole) allows the incorporation of a greater range of dopant molecules,
which again givesriseto polymers with varying properties.
Conducting polymers have been synthesised from a range of
heterocyclic

monomers

azulenes 31» 32, indole

33

carbazoles 29, quinolines 30,

including
and furan

34

. However, by far the most

extensively studied have been those prepared from pyrrole, thiophene and
their derivatives

28

. Only polymers from these two groups will be

considered in this discussion.
Interest in polyheterocycles only became widespread with the
discovery that polypyrrole could be deposited as continuous films on
electrode surfaces by electrochemical methods 7. Since then a wide range
of polypyrroles and polythiophenes have been prepared.
It has been shown by CPMAS, 13C NMR and IR techniques that
polymerisation of these 5-membered heterocycles occurs mainly by
linking of the 2nd and 5th carbon atoms

3S

. Therefore, the model

considered to best represent the structure of these polymers is shown in
Figure 1.7. It consists of a linear, completely planar, exclusively 2, 5
18
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bonded chain in which the orientation of the heterocyclic m o n o m e r units
alternate 27. This is of course an ideal model and the actual structure is
known to deviate from this depending on the conditions of synthesis. For
example, although 2, 5 linking is theoretically favoured the less desirable
2, 3 linkage does not take m u c h more energy 36.

X = N-H: Polypyrroles
X = S : Polythiophenes
*M

R2

Ri

R2

Figure 1.7 Chemical structure of 5-membered heterocyclic conducting
polymers

1.2.1 ELECTROCHEMICAL SYNTHESIS OF HETEROCYCLIC
POLYMERS
Although heterocyclic conducting polymers can be chemically
synthesised, electrochemical synthesis is easily achieved and is the most
c o m m o n preparative method. Electrochemistry provides a simple, clean
and efficient route to polymer synthesis. Using electrochemical methods,
the rate and extent of the polymerisation reaction can be carefully
controlled by the choice of appropriate electrochemical conditions.
Furthermore, the electrical, chemical and physical properties of the
resulting polymers can be controlled by the electrochemical conditions
employed during synthesis 37.
Electrochemical synthesis of polymers was first reported in the early
1950's with electrochemically induced vinyl polymerisation

38

. Since

then a range of organic monomers including styrene and acrylonitrile
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have been shown to undergo electrochemical polymerisation. For these
systems the process usually involves an electrochemical initiation step
with subsequent polymerisation the result of a c o m m o n radical or ionic
chain growth mechanism.

In other words the propagation step for

polymer growth is chemical in nature 39. During such processes the
polymer often precipitates onto the electrode surface forming an
insulating, or passivating, layer that prohibits further electrochemical
reaction.
The electropolymerisation of heterocyclic monomers proceeds in a
considerably different manner. The two most important differences are:
(i) the propagation step is electrochemical rather than chemical in
nature, and
(ii) the process results in the deposition of a conducting polymer.
In this respect the growing polymer film itself constitutes the electrode
surface for further polymer growth. A s a result it is possible to deposit
relatively thick polymer films (> 100 urn).
In the simplest sense, the electrochemical synthesis of heterocyclic
conducting polymers consists of an irreversible electrochemical oxidation
of the m o n o m e r in solution, leading to the coating of the anode with the
synthesised polymer. The oxidation involves the transfer of 2 e" per
m o n o m e r unit. Chemical analysis and coulometry measurements during
electrochemical synthesis are consistent with the elimination of 2 H atoms
from each m o n o m e r unit followed by Unking of the monomers via the
carbons from which the H atoms were eliminated 40. These observations
are summarised in Equation 1.1.
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+ (2n)lT
(sol)
n/4

<elec>

...(1.1)

It should be remembered that the polymer is deposited in its conducting
(doped) form and that during the above process the polymer undergoes
electrochemical doping. This process can be described by Equation 1.2.

(elec)

(soI>

\

*-*

M_7/ ( e l e c )

(12)

Depending on the extent of doping, the positive charge on the polymer
backbone is spread over 2-4 m o n o m e r units. This represents a transfer of
0.25-0.50 electrons per m o n o m e r unit or a doping level of 25-50%. A s
noted in Section 1.1.1 charge neutrality is preserved by incorporation of
the anion ( A ) of the supporting electrolyte into the polymer matrix.
The overall electrochemical synthesis of heterocyclic polymers can
therefore be described by the two concomitant processes referred to in
Equations 1.1 and 1.2. A combination of these equations (Equation 1.3)
summarises the overall process.

(«•«*)

...(1.3)

It should be stressed that the processes described in Equations 1.1
and 1.2 occur simultaneously and cannot be separated since the potential
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required for m o n o m e r oxidation is greater than that required for
polymer oxidation (doping).

1.2.1.1

CONDITIONS FOR ELECTROCHEMICAL SYNTHESIS

Electropolymerisation can be carried out in a classical two electrode
or more commonly three electrode cell. The potential of the working
electrode is set so as to induce oxidation of the m o n o m e r in solution.
This is done either by controlling the potential of the system or by
controlling the current that flows. Galvanostatic deposition (constant
current) is the most commonly employed technique because it is more
reproducible 41 and affords greater control over the rate and extent of the
polymerisation reaction. Consequently the amount of polymer deposited
can be carefully controlled. Chronopotentiometry is used to characterise
the electropolymerisation process during constant current deposition. The
other techniques commonly used are potentiodynamic and potentiostatic
deposition. While these techniques allow close control over the electrode
potential the rate and extent of polymerisation are not readily controlled.
Cyclic voltammetry and chronoamperometry are used to characterise
polymer synthesis during potentiodynamic and potentiostatic deposition
respectively.
In all three methods of electropolymerisation the thickness of the
polymer is largely determined by the quantity of charge passed during the
polymerisation process. Several relationships have appeared in the
literature that directly relate the charge passed with the polymer
thickness. S o m e of these are based on empirical observations while
others are theoretical in nature. For example, Diaz et al42 claim a 1 urn
thick polypyrrole film will result with the passage of 240 m C cm" 2 of
charge while Genies et al43 claim that 428 m C cm" 2 will give the same
22
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thickness. Both of these are empirical relationships. Jakob's theoretical
relationship 44 on the other hand, says that a 1 u m film will result from
357 m C cm"2. It is clear from these results that one needs to be careful
w h e n applying such relationships, since the solvent, the dopant, the
electrochemical conditions and polymer morphology will all have a
bearing on the polymer thickness.
As far as the cell components are concerned, the working electrodes
should, in general, be conductive and stable at the potentials required for
m o n o m e r oxidation. In this respect, glassy carbon, platinum or gold are
commonly used 37. The choice of working electrode also depends on the
use to which the polymer will be put after synthesis For example, if a
polymer membrane

is to be synthesised, then obviously the working

electrode would require a relatively large surface area and would allow
the polymer to be readily peeled from the electrode surface. In this
respect a stainless steel plate (-10 c m x 10 c m ) is ideal 45.
The auxiliary electrode can be m a d e of any of the c o m m o n materials
used in conventional electrochemical cells providing the surface area is
sufficiently larger than that of the working electrode. For example, large
surface area Pt gauze or reticulated vitreous carbon electrodes are ideal.
The choice of reference electrode is determined by the choice of
solvent. In aqueous media the Ag/AgCl or S C E reference electrodes are
suitable, while in organic solvents the A g / A g + reference electrode is
commonly employed.
The nature of the solvent is critical since it can affect the
morphology, conductivity, electroactivity and other chemical and physical
properties of the polymer film

37

.

Ideally, as in conventional

electrochemical cells, the solvent should possess a high dielectric constant
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and low viscosity. Obviously the m o n o m e r and supporting electrolyte
must also be soluble in it. (For this reason water is excluded as a solvent
for thiophene and m a n y of its derivatives). The nucleophilic nature of the
solvent is also crucial and in terms of both mechanical properties and
conductivity, the best polymers are prepared from non-nucleophilic
solvents 37. The reason for this is that nucleophilic species compete with
the intermediates of the polymerisation reaction. Solvents that have
proved useful in this regard are acetonitrile, propylene carbonate and
tetrahydrofuran. Despite its nucleophilic nature, water has also been used
extensively for pyrrole and some of its derivatives 46. The advantage of
water as a solvent is that it has the ability to solubilise a m u c h wider range
of electrolytes that can therefore be incorporated into the polymer matrix
during synthesis. However, this is achieved at the expense of polymer
conductivity. For example, studies have shown that polypyrrole films
grown from water have conductivities an order of magnitude lower than
those grown from acetonitrile or propylene carbonate 37.
The choice of supporting electrolyte is also crucial since the anion of
the electrolyte is incorporated into the polymer during the polymerisation
process. It is well k n o w n that physical properties such as morphology,
conductivity, adhesion and mechanical strength are influenced by the
incorporated anion

37

. However, the nature of this counterion also

influences the chemical properties of the polymer and provides a
convenient means of generating chemically active polymers. For
example, chemically active counterions have been incorporated into
polypyrrole during synthesis to induce a range of chemical interactions at
the polymer surface including precipitation 47'48, complexation 47'48,
and antibody-antigen interactions

49

. From a general point of view,

however, the supporting electrolyte must be soluble in the solvent of
choice and ideally electroinactive at the potentials of interest. In water,
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the sodium or potassium salts of C10 4 ", CI" and N O 3 " are suitable. In nonaqueous solvents, the sodium or tetrabutylammonium salts of C10 4 ", BF 4 "
and PF6~ are the most c o m m o n electrolytes.

Typical electrolyte

concentrations vary from 0.1-1.0 mol L"1 while m o n o m e r concentration
are generally in the range 0.01-0.5 mol L"1. (See ref. 37 for details).

1.2.1.2

MECHANISM OF ELECTROCHEMICAL SYNTHESIS

It is generally agreed that the mechanism of polymerisation of
heterocyclic conducting polymers is an E ( C E ) n mechanism

43

' 50"53

(Figure 1.8). The first step involves the electrochemical oxidation of the
m o n o m e r [A] to a delocalised radical cation [B]. Studies 5 2 have shown
that this delocalised radical cation has the highest spin density at the
a-position, and so, of the possible resonance forms ([C], [D], and [E]), [E]
is the most stable. The next step is dimerisation of the monomer radicals,
which occurs via radical-radical coupling at the a-positions.
Radical-radical coupling is accompanied by the expulsion of 2 H+
ions to leave the neutral dimer - the driving force for this step being the
return to aromaticity.

Chain propagation then proceeds via

electrochemical oxidation of the neutral dimer to form the dimer radical.
This step occurs because the neutral dimer and higher molecular weight
oligomers oxidize more easily than the neutral m o n o m e r

43 51

' . The

radical dimer thus formed can combine chemically with other
monomeric, dimeric or oligomeric radicals to extend the chain. It is
generally considered that the radical coupling/electrochemical oxidation
process repeats itself until chain growth is terminated - hence the
description as an E ( C E ) n mechanism.

Chain growth is generally

terminated when the radical cation of the growing chain becomes too
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unreactive or more likely, when the reactive end of the chain becomes
sterically blocked from further reaction 54.

1. M o n o m e r oxidation
Eapp

o

(ox)

#

[A]

[B]

2. Resonance forms
+

o
[C]

.x.

o
[D]

O'
[E]

3. Radical - radical coupling

+ 2lf

4. Chain propagation

+ 2Y?

Figure 1.8
monomers

Mechanism of electropolymerisation for heterocyclic
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A radical-radical coupling mechanism is considered unusual for
polymerisation processes. Free radical polymerisation is by far the most
c o m m o n mechanism of polymerisation and was presumed by some 55 to
be the case for heterocyclic compounds such as pyrrole and thiophene. In
free radical polymerisation a radical m o n o m e r reacts with a neutral
m o n o m e r to produce a radical dimer, which in turn can react with other
neutral monomer molecules to increase the chain length, ie

M' M» M-M# M» M-M-M'
Chain propagation therefore occurs via a series of free radical
chemical reactions. The belief that such a mechanism was responsible for
heterocyclic polymerisation was quickly challenged by a series of
experiments that show that polymer growth is dependent on the continual
production of monomeric/oligomeric radicals at the electrode surface.
For example, in order to sustain polypyrrole growth the electrode
potential has to be maintained at the electrochemical oxidation potential of
pyrrole

51

. Thus, despite the initial creation of free radicals, chain

propagation by reaction with neutral m o n o m e r does not occur. In
support of this was the discovery that, during co-polymerisation of
relative m o n o m e r reactivity was found to be potential dependent 50,53
and that a co-polymer was only formed at potentials where both
monomers were oxidised. If radical-neutral m o n o m e r coupling were
occurring a co-polymer would be formed at the potential where only one
of the m o n o m e r types was oxidised. In addition to these observations,
chronoabsorptometric data

43

and quartz crystal microbalance

experiments 50 show that polypyrrole films grow linearly with time and
not t1/2. These results imply that the rate-limiting step during film
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growth is the radical-radical coupling process and not diffusion of
m o n o m e r to the electrode 43. Therefore, while being unusual, there is
certainly sufficient experimental evidence to confirm the mechanism
described in Figure 1.8.
Closer examination of Figure 1.8 gives an insight into some of the
problems associated with heterocyclic polymer growth. For example, it
can be seen w h y the electropolymerisation process is inhibited by the
presence of nucleophiles. The monomeric/oligomeric radicals formed
during this process would quickly react with nucleophilic species thus
terminating chain growth. The presence of O 2 in this regard is also a
problem since O 2 will readily react with radical cations formed.
T h e possibility of coupling at the (3 -position is also readily
appreciated from Figure 1.8. A s already mentioned structure [E] is the
most stable resonance form of the radical cation. Hence polymerisation is
favoured at the a-positions where the spin density is highest. However,
with higher molecular weight oligomers the spin density is diluted and no
longer concentrated at the a-positions. In fact, in the pyrrole trimer
radical, the spin density is almost evenly spread between the a and
P-positions 52. Thus incoming m o n o m e r radical cations could in principle
undergo a radical coupling reaction with the trimer radical at either the
a or p-positions with equal probability (see below).

This view, of

course, neglects other parameters such as steric constraints that will limit
the reaction at the p-positions. Nevertheless, the possibility of extensive
2-3 couplings particularly in high molecular weight polymers, exists.
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1.2.2

ELECTROCHEMICAL PROPERTIES OF HETEROCYCLIC
POLYMERS

Once the polymer has been electrochemically synthesised in its
oxidised, conducting state, the film can be reduced either chemically or
electrochemically to give the neutral polymer. This dedoping results in
the expulsion of the counterions and a marked decrease in the electrical
conductivity.

Subsequent re-oxidation (either chemically or

electrochemically) results in the incorporation of counterions and an
increase in conductivity. Electrochemical methods have proved to be the
most convenient w a y to obtain precise control of the doping/dedoping of
conducting polymers. The level of doping and therefore the conductivity
of the polymer film can be carefully controlled via the application of
appropriate electrochemical potentials. A lesser degree of control is
possible with chemical reagents. Electrochemical methods also provide a
clean and efficient method of doping/dedoping. For instance, switching
from the conducting to insulating states can be done on the milli second
time scale without the use of messy chemical oxidising and reducing
agents.
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W h e n doping and dedoping is carried out electrochemically the
redox equations can be written as follows.

Oxidation:

(elec) + A" (sol)

E

app^ [p+A"J ,.,
..., + e
eIec
< >

...(1.4)

Reduction:

[P+A"](elec) + e" E*PP» P° („ec) + A

(sol)

...(1.5)

P represents the part of a polymer chain over which a single positive
charge is delocalised (ie 2-4 monomer units) and A ' represents the anion
of the supporting electrolyte in the electrochemical cell.

1.2.2.1

ELECTROCHEMICAL PROCESSES

Most standard electrochemical methods have been used to
characterise the electrochemical properties of conducting polymers. Of
these methods, cyclic voltammetry is the most commonly employed
technique.
Figure 1.9 shows a typical * voltammogram of a polypyrrole film in
aqueous solution. The general features of this voltammogram could be

The size and shape of polypyrrole voltammograms can vary markedly with even slight changes to
the electropolymerisation conditions. Consequently, one has to be careful not to generalise when
referring to "typical voltammograms". The purpose here is to demonstrate some of the c o m m o n
observations made in the literature about the voltammetry of heterocyclic conducting polymers.
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considered to be similar in other solvents and for other heterocyclic
polymers, although the positions of the redox waves will differ with
different polymers.

In general the cyclic voltammograms of these

polymers have the following features: At potentials where the polymer is
reduced (dedoped) small currents are observed (this is in accordance
with the insulating nature of the polymer at these potentials); at potentials
where the polymer is fully oxidised (doped), the voltammogram is
characterised by large "capacitive like" currents similar to those observed
at porous metal electrodes; at intermediate potentials, the polymer film
undergoes major faradaic reactions - ie oxidation (doping) and reduction
(dedoping). A s seen in Figure 1.9, the oxidation w a v e is typically
moderately sharp and more well defined than the broader reduction wave.
In addition, there is a distinct peak separation suggesting a non-reversible
process.

100-1

50<
3.

E (V vs S.C.E.)

Figure 1.9 Cyclic voltammogram of a polypyrrole coated electrode in
1.0 mol L.-1 LiClat20mVs" 1 .
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There has been a great deal of debate over the nature of the
electrochemical processes that occur during the oxidation and reduction
of heterocyclic conducting polymers. In particular there have been
problems with the interpretation of the "capacitive-like" current observed
at positive potentials in the cyclic voltammograms. Because this current
is superimposed on the tail of the oxidation wave its interpretation has
been rather difficult.
Feldberg 56 introduced a model to describe the cyclic voltammetric
behaviour of heterocyclic conducting polymers in terms of quasireversible electron transfer kinetics and classical double layer capacitive
currents. In this model the cyclic voltammetric responses are the result
of the superposition of a surface confined quasi-reversible redox process
and double layer capacitive currents at the positive potentials analogous to
those observed at porous metal electrodes. The well documented porous
nature of these polymers 57 supported this view. T o explain the large
change in capacitive currents upon switching from insulating to
conducting states, Feldberg set the double layer capacitance proportional
to the amount of oxidised polymer.
The Feldberg model was initially well received and even supported
by other electrochemical methods such as A C impedance analysis 44.
variations of the model were also proposed

58 59

'

that allowed

deconvolution of the C V into separate faradaic and capacitive
components.

Nevertheless, the capacitive current model has been

criticized 60"64. M u c h of this criticism stems from the notion that in
order to explain the inordinately large capacitances *, an unrealistically

Capacitance values in excess of 400 m F cm'3 have been reported 61.
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high surface area to volume ratio would be required

60

' 61.

Furthermore, optical changes 60 and in particular E S R signal changes 62
in this potential region suggest that the "capacitance" involves redox
chemistry of some kind. Heinze and co-workers 63' 64 have also shown
that cyclic voltammetry on freshly prepared (doped) polypyrrole films
reveal only small non-capacitive currents when the potential sweeps are
confined to the positive potentials where the "capacitive" currents are
usually observed. This implies that the size of the capacitive currents
depends on the extent of initial polymer reduction. Similar observations
have been m a d e by Beck et al 65. Mermillod et al 66 give evidence to
show that the capacitive currents are related to the doping process itself
and claim that the charge involved in the capacitance effect adds to total
charge in the polymer giving an "overdoping" effect. In a similar vein,
Jow et al 67 used A C impedance to attribute the (low frequency)
capacitance to the insertion of dopant ions in the polymer during
electrochemical oxidation. Each of the observations above suggest the
capacitance is associated with redox processes of some kind, which casts
considerable doubt on the Feldberg model.
Heinze et al 63' M have proposed an alternative model in which the
capacitive like currents are the result of a range of superimposed redox
processes. In this respect, the model is similar to those proposed to
explain the unusually high capacitive currents at glassy carbon
electrodes 68. In the glassy carbon case, the capacitive like currents were
found to be due to a series of surface bound redox reactions (of the
functional

groups

on

the

carbon

surface)

that

produced

"pseudo-capacitive" currents. Using a similar model, Heinze argues that
depending on the chain length, a varying number of redox transitions will
have similar oxidation potentials that will overlap in a voltammetric
curve. Furthermore, as the polymer chains become more highly charged
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there will be large positive shifts in the redox potentials on account of the
increasing coulombic repulsion in the charged chain. Heinze claims that
this explains the accumulation of energetically low-lying redox transitions
in the peak-shaped wave and the dispersion of the highly charged states in
the anodic tail of the w a v e which form the so-called capacitive region.
Such a model accounts for experiments that suggest the capacitive-like
currents are faradaic in nature.
In a series of publications 61' 66'69"71 Tanguy and coworkers have
described the use of A C impedance techniques in the study of the
"capacitance" of conducting polymers. Their view is that the processes
occurring in the faradaic region and the processes occurring in the
"capacitive" region are not fundamentally different 66. Both contribute
to the overall charge of the polymer and both are associated with the
doping process. They claim that the differences arise as a result of the
existence of two energy levels for the dopant ions, one corresponding to
deeply trapped ions and one to shallowly trapped ions
measurements

61 70

*

61

.

AC

show that some of the dopant ions involved in the

doping process exhibit a relatively short relaxation time and follow the
low frequency A C signal. These ions are referred to as shallowly trapped
ions. Other dopant ions appear to be deeply trapped as they have long
relaxation times and do not follow the A C signal. They believe the
deeply trapped charges are responsible for the current in the faradaic
region of the C V and can be considered as the basic doping level
(12-15%) needed to switch the polymer from its insulating state to its
conducting state. The shallow charges on the other hand, are responsible
for the current in the "capacitive" region of the C V . This results in an
"overdoping effect" that can lead to a total doping level as high as 5 0 % .
They also found that the charge associated with the faradaic region
(12-15%) was nearly constant from one sample to another irrespective of
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the growth or electrochemical cell conditions. However, the charge
associated with the capacitive region varied largely from one sample to
another depending on the method of growth and also the cell conditions
(eg solvent, electrolyte etc).
The deeply trapped sites are considered relatively stable and the
dopant ions associated with these sites are only released at very negative
potentials in the reduction process. This gives rise to the hysteresis
observed in the cyclic voltammograms. The shallow sites are not as stable
and dopant ions m o v e in and out of the polymer across the potential range
of the "capacitive" region.

Such a model is supported by other

electrochemical effects which will be considered in Chapters 5-7.

1.2.2.2

KINETICS OF DOPING/DEDOPING

The kinetics of doping/dedoping have been studied by a number of
workers 20,43,65,72-76

Some

65 72

'

have found that the cyclic

voltammetry of polypyrrole shows non-Nernstian behaviour and have
attributed this to low ion mobility in the polymer. Since doping/dedoping
involves both electronic and ionic charge transport, the kinetics of the
doping/dedoping process will be limited by the slower process. The ionic
transport is generally considered m u c h slower than the electron transfer
and is therefore the process that limits the rates of oxidation/reduction.
L o w ion mobility can therefore seriously effect the electrochemical
response of these polymers - hence the observed non-Nernstian
behaviour. Experimental factors that influence ionic movement include
the solvent, the applied potential, the thickness of the polymer, polymer
morphology and the concentration and nature of the dopant ions. Since
all these factors determine the ionic mobility it is not surprising that
reported values of diffusion coefficients of dopant ions within the
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polymer vary by 3 orders of magnitude, ranging from ~ 10' 12 c m 2 s'1 to
10- 9 cm 2 s- 1 7 7 .
The kinetics of the doping/dedoping processes are considered in
more detail in Chapter 6.

1.2.2.3

CATION INSERTION

The view that electrochemical doping and dedoping involves only the
movement of anions (dopants) in and out of the polymer matrix is a
simplified one. Several experiments, utilizing a range of analytical
techniques including mass spectrometry 78, atomic absorption 79, optical
absorption 80, and gravimetric electrochemical voltage spectroscopy 81,
have shown that anions are not the only species involved in the
doping/dedoping process. In m a n y cases, charge compensation upon
polymer reduction, is more readily achieved by the insertion of
electrolyte cations into the polymer rather than the expulsion of the
dopant anions. This is particularly the case for bulky dopants whose
movement in and out of the polymer matrix is hindered by their size.
Subsequent oxidation results in the expulsion of the cations.
When one takes into account "cation insertion/expulsion" the
equations for doping and dedoping (Equations 1.4 and 1.5) need to be
expanded to include Equations 1.6 and 1.7.

Oxidation:

[pVc+](elec)

E

.PP„

[p*A-j(elec) +C + ( s o l ) +e"

36

CHAPTER l

Reduction:
[p+A-](eleo +C+(S0|) +e" E»PP, [p°A"C+](elec)

(]?)

In reahty, the doping/dedoping process is likely to be a combination
of the processes described by Equations 1.4-1.7. T h e process that
dominates (ie anion expulsion or cation insertion), will depend on h o w
firmly the anions are trapped in the polymer, and h o w easily the cations
will enter the polymer.

This aspect of conducting polymer

electrochemistry will be considered in detail in Chapters 5-7.

1.2.2.4 OVEROXIDATION
Heterocyclic conducting polymers are stable to repetitive oxidation
and reduction only below certain anodic potential limits. The exact value
of the upper limit depends on the individual polymer. For polypyrrole
this value is about +0.60 V vs S C E . W h e n the potential is taken positive
of this value, the result is a rapid degradation of the polymer and loss of
electroactivity which has been attributed to an irreversible oxidation.
This phenomena is k n o w n as overoxidation *39'82_8S.
The rate and extent of overoxidation is strongly influenced by the
presence of nucleophiles 82'85 and therefore the choice of solvent and
electrolyte as well as the electrochemical potential will determine the
extent of damage caused by overoxidation. For this reason, overoxidation
is more prevalent in aqueous systems than non-aqueous systems.

*

This term should not be confused with "overdoping" described above.
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The mechanism of overoxidation of heterocyclic polymers has been
described by Novak et al82 and is shown below:

- 2e*, -2A", + 4Y

Y" could be O H " ions from water (or trace water in the case of organic
solvents) or any other nucleophilic ion.
From the mechanism above it can be seen that the counterions are
expelled during overoxidation and that the polymer conjugation has been
destroyed. Subsequent loss of conductivity and electroactivity results.

1.2.3 CHEMICAL AND PHYSICAL PROPERTIES OF

HETEROCYCLIC POLYMERS
1.2.3.1

CHEMICAL PROPERTIES

Perhaps the most important characteristic of heterocyclic polymers
compared with other conducting polymer systems is their enhanced
chemical and thermal stability. Polythiophene and its derivatives were the

38

CHAPTER l

first class of conducting polymers shown to be stable toward water and
oxygen in both their doped and dedoped forms 19. This arises because
their oxidation/reduction potentials he between those of O 2 reduction and
H 2 O oxidation 86. Polypyrrole shows similar stability in its doped form
but, as can be inferred from its oxidation potential, the dedoped form is
sensitive to oxygen. Both types of polymers are stable in air from 100 °C
to 350 °C depending on the nature of the counterion 87 and stable up to
900 °C in inert gas or under vacuum. They are also stable in acids but
strong bases can slowly attack the polymers causing loss of
conductivity 87.
Both polypyrrole and polythiophene are insoluble in common
solvents. They are also infusible. Consequently, processing these
polymers using conventional solution or melt techniques is difficult. A n
important feature of heterocyclic chemistry (in particular for thiophene)
is the ease of substitution at the 3 and 4 positions on the ring. This has led
to the preparation of polymers having long alkyl chains that are still
highly conducting and environmentally stable but with the added feature
of solubility 8 8 _ 9 °. Thus, whereas neither polypyrrole nor polythiophene
are soluble, the addition of relatively long flexible hydrocarbon chains to
the ring decreases the interchain interactions and makes the polymers
soluble (and therefore more easily processed) without significantly
changing the 7C-electronic structure. Both water and organic solvent
soluble 3-substituted polythiophenes have been prepared with only a slight
sacrifice in conductivity 19. Table 1.4 shows the typical conductivity of
some polythiophenes, although it has been reported that certain substituted
thiophenes have been prepared with conductivities above 1000 S cm"191.
Substituents at the 3 and 4 positions on the ring structure also induce
a "push-pull" effect on the delocalisedTC-electroncloud. This in turn has
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an effect on the oxidation/reduction potentials of the polymers depending
on the nature of substituents. For example the oxidation/reduction
potential of the polymers decreases w h e n electron donating substituents
are present.

Table 1.5 shows the oxidation potentials of some

polythiophenes.

Table 1.4 Conductivities of Polythiophenes
Name Conductivity
(S cm'1)
Polythiophene 50-100
Poly-3-methylthiophene

500

Poly-3-hexylthiophene

30

The insolubility of the majority of heterocyclic polymers also causes
problems with the determination of molecular weight - a fundamental
property of polymers that is readily determined in conventional polymer
systems.

The lack of solubility prevents a direct determination of

molecular weight and, consequently, several indirect methods have been
developed. These have been reviewed by Street 92. The results indicate
that polypyrrole has a spread of molecular weights with a predominance
of low molecular weight oligomers (< 50 m o n o m e r units). This is
despite the fact that the mechanical properties of polypyrrole are
indicative of a reasonably high molecular weight polymer 27.

*

Values taken from reference 19.
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Table 1.5 * Oxidation Potentials of Substituted Polythiophenes
Polymer

1.2.3.2

Eox (V vs SCE)

Polythiophene

1.10

Poly-3-methylthiophene

0.77

Poly-3,4-dimethylthiophene

0.98

Poly-3-bromothiophene

1.35

Poly-3,4-dibromothiophene

1.45

Poly-3,4-methylethylthiophene

1.06

Poly-3,4-diethylthiophene

1.10

Poly-2,2-bithiophene

0.70

Poly-3-thiomethylthiophene

0.72

PHYSICAL PROPERTIES

It has been found that a wide range of factors affect the physical
properties of these polymers 77. These include the type of monomer, the
electrode material, the solvent, the electrolyte, the oxygen content, the
water content in the case of organic solvents, and the electrochemical
growth conditions. While no quantitative understanding of these effects
has been established, some generalisations can be made.
Electrochemically prepared heterocyclic materials are essentially
amorphous materials.

Polypyrroles in particular always show a

3-dimensional space filling structure with little or no crystallinity.

*

Values taken from reference 87 (b).
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Polythiophenes however, can under certain conditions, show a fibrillar
structure similar to polyacetylene

93

. Thin films of polypyrrole and

polythiophene are highly homogeneous and appear smooth under an
electron microscope. Thicker films however lose their homogeneity and
have a more uneven appearance. This could possibly be due to structural
defects such as chain folding and coupling at the 2, 3 positions 93 or as a
result of inhomogeneity of the electric field at the growing polymer
surface 94. The use of low current densities and low potentials during
growth also gives smoother films 95 - possibly for the same reasons. The
chemical nature of the dopant anion has also been shown to have a major
influence on the morphology 93. While there have been no reports on
the influence of the cation in the polymerisation solution, work in these
laboratories has shown that the size of the cation can have an effect on the
polymer morphology 96.
The polymers appear to be quite porous 57. Both polypyrrole and
polythiophene have been shown to have relatively large internal surface
areas as measured by A C impedance 97 and coulometry 98.
Polyheterocyclic films are generally tough and flexible compared to
other conducting polymer films and depending on growth conditions and
the nature of the dopant, can be easily peeled off the electrode surfaces as
intact

films 45.

In particular, polypyrrole films that have

p-toluenesulfonate as the dopant show particularly good mechanical
properties and these are the only stand alone films that have been used to
date. 100 urn thick polymer films of this type can be stretched by as
m u c h as 6 0 % , have a tensile strength of approximately 3 x 10 3 psi and a
Young's modulus of 1 x 10 5 psi 99.
A s mentioned in Section 1.1.2.1 a series of colour changes is
generally observed w h e n these polymers are switched from their
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conducting to non-conducting states. These colour changes depend
largely on two factors: the polymer thickness and the magnitude of the
bandgap (E g ) in the dedoped state. If Eg is greater than about 3 e V
(polypyrrole = 3.2 e V ) then the insulating polymer will be transparent, or
at least lightly coloured. U p o n doping, the polymers are typically highly
absorbing in the visible region and display a range of colours depending
on the polymer, the level of doping and the thickness. Table 1.6 shows
the typical colour changes observed for polypyrrole and polythiophene
during doping.

Table 1.6 Colour Changes during Doping of Heterocyclic Polymers
Polymer Eg Colour
Undoped Lightly Heavily
Doped

Doped

Polythiophene 2.0 eV red purple blue (thick film: black)
Polypyrrole

3.2 eV

light
yellow

lime green
l
turquoise

blue (thick film: black)

Conductivity has been by far the most studied property of conducting
polymers.

The electrical conductivity of these materials is usually

measured on the as-grown films 10 ° or on pressed pellets 101 using four
point conductivity probes. Conductivities ranging from 10"3 S cm" 1 ->
10 3 S cm" 1 have been observed for various heterocyclic polymers
depending on a variety of factors. For example, the growth of polymers
with different counterions show conductivities which vary over 5 orders
of magnitude 8. In addition the solvent 37, the degree of molecular
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organisation 25 and the morphology 102 have all been shown to affect the
conductivity.

Despite extensive studies, there is still no clear cut

relationship between polymer synthesis, polymer structure and
conductivity.

1.3 LIMITATIONS OF CONDUCTING POLYMERS
This section gives a brief description of the major limitations of
conducting polymer research and shows h o w some of the problems are
being tackled.

Detailed descriptions of problems associated with

conducting polymers have been reviewed elsewhere 36'103-106.
After early predictions about the exciting future of conducting
polymers it was realised by the mid 1980's, that if these n e w materials
were going to produce commercially viable products then several
problems had to be addressed. For example, to be useful in electronic
applications these polymers must be environmentally stable, have
excellent electronic and mechanical properties and be solution or melt
processable. Unfortunately, the early conducting polymers, while having
moderately good electrical properties were not environmentally stable,
had inadequate mechanical properties and were not readily processable.
The delocalised structure of the conjugated polymer which is responsible
for the electronic properties tend to yield relatively stiff chains with little
flexibility and have interchain interactions that m a k e them insoluble and
infusible. They were also thermally unstable and prone to air oxidation.
Consequently, m u c h of the research into conducting polymers over the
last five years has been aimed at solving these problems. This has not
been a trivial task and, even now, most of what is k n o w n is empirical in
nature. S o m e of the efforts to improve the properties of conducting
polymers are outlined below.
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(i)

l

Conductivity

As outlined in Section 1.1.2.1 conductivity depends on two important
factors, the number of charge carriers and the mobility of the charge
carriers. In conventional inorganic semiconductors the number of charge
carriers is typically 10 1 6 -10 1 8 cm" 3 , while the mobility of the charge
carriers is typically 10 2 -10 5 c m 2 V" 1 s"1 3<J. O n the other hand, the
number of charge carriers in conducting polymers is 4-5 orders of
magnitude higher, lO^-lO 2 3 cm"3, but the mobility is extremely low, only
lO^-lO"5 c m 2 V" 1 s'136. It is obvious that if higher conductivities are to be
achieved then higher charge carrier mobility is required. In general,
higher mobilities arise with increased crystallinity, better chain
orientation and with defect-free polymers. Preparing such polymers is
not easy (see reference 36 for details).

(ii) Processability
The insolubility and infusibility of conducting polymers make them,
in general, unprocessable by either solution or melt processing methods.
Several methods have been used to increase the solubility and fusibility of
conducting polymers. For example, co-polymerisation of two different
monomers can produce polymers that are soluble in a range of solvents
depending on the choice of solvents and the choice of starting monomers.
In a similar vein, blends of rigid conducting polymers with more
conventional polymer materials will produce a polymer composite with
increased processability. Both of these approaches have detrimental
effects on the conductivity and as such involve a compromise between
processability and conductivity.
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A more encouraging approach is the introduction of long alkyl or
charged functional groups to the base m o n o m e r .

Polymers prepared

from such m o n o m e r s have been found to be soluble in a range of
solvents. A s mentioned in the previous section 3-substituted alkyl
thiophenes have been particularly successful in this respect. Importantly,
such functional groups have only small detrimental effects on the
conductivity and in some cases improve the conductivity markedly (see
reference 106 for details).

(iii) Mechanical Properties
The ability to control the mechanical properties of conducting
polymer films is perhaps the most poorly understood aspect of conducting
polymer research. A more detailed understanding of h o w synthesis
conditions influence mechanical properties is required. Empirically it is
k n o w n that the incorporation of certain dopant ions under certain
electrochemical synthetic conditions results in polymers with excellent
flexibility and tensile strength. However, beyond such observations, little
else is known.

(iv) Stability
Conducting polymers based solely on extended conjugated carbon
chains such as polyacetylene and polyphenylene exhibit poor thermal and
air stability. Those polymers that are stable to heating and air oxidation
include the polyheterocyclic polymers polypyrrole, polythiophene and
their derivatives, and also polyaniline polymers. In each of the latter
cases the delocalised n-electron cloud is the result of carbon-carbon
double bonds as well as non-bonding electrons of heteroatoms such as
nitrogen and sulfur. Maiti et al 107' 108 have used this concept to
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synthesize two environmentally stable polymers, one containing sulphur
atoms and the other phosphorous atoms in the polymer backbone. These
polymers, shown below exhibit remarkable thermal and air stability.

—[p-c = c]—

-4s-c = c]-

i

Another approach to improve the stability
of conducting polymers is to use special dopant ions during synthesis.
For example, w h e n polypyrrole is synthesised using p-toluenesulfonate
(and similar salts) as the dopant, it remains stable for several years 106.

(v) Characterisation
While the recent literature is full of new and ingenious methods for
improving various properties of conducting polymers, one of the major
problems is the ability to fully characterise these systems w h e n such
changes are made. The properties of these polymers that mitigate against
processing, namely insolubility and infusibility, also mitigate against the
use of m a n y conventional characterisation techniques. A d d e d to the
problems associated with conventional ex-situ characterisation techniques
is the lack of in-situ techniques. The increasing use of electrochemistry to
control the properties of the polymers both during and after synthesis
means that in-situ methods of characterisation need to be developed.
While ex-situ characterisation methods are useful, in-situ methods provide
more valid information in the environment in which the polymer is being
prepared or used. A n increasing number of workers are using in-situ
spectroelectrochemistry,

in-situ electrogravimetry

and

in-situ
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ellipsometric techniques. However, there have been few reports on the
use of in-situ conductivity measurements and, in particular, no reports on
the use of in-situ conductivity during

transient electrochemical

experiments (such as cyclic voltammetry etc). With conductivity being
such an important fundamental property of conducting polymers, in-situ
measurements during electrochemical experiments would be of great
value.
The continued development of both ex-situ and in-situ
characterisation techniques would be invaluable in the m a n y aspects of
conducting polymers that are still not fully understood. These aspects
include: a better understanding of the polymer structure and its
relationship to the electrical, chemical and mechanical properties of the
polymer; a better understanding of polymer synthesis, in particular
electrochemical synthesis; and a better understanding of the chemical and
electrochemical processes of these systems - in particular the
doping/dedoping process. The latter two points m a k e up the bulk of the
work in this study.

1.4 AIMS
This thesis addresses two major aspects of heterocyclic conducting
polymer electrochemistry that have received considerable attention over
the last decade but which are still not well understood. These areas are:
(i) Electrochemical synthesis/deposition of heterocyclic conducting
polymers (Chapters 3-4), and
(ii) The doping/dedoping processes of heterocyclic conducting
polymers (Chapters 5-8).
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In addition a novel technique for the in-situ monitoring of polymer
conductivity is introduced (Chapter 7).
The major system chosen for study was polypyrrole although
poly-3-methylthiophene was also considered.

CHAPTER 2

CHAPTER 2
EXPERIMENTAL
This chapter gives a brief description of each of the major
electrochemical methods employed in this study. Included in this are
detailed explanations of the practical and theoretical aspects of
resistometry and microelectrode electrochemistry.

Features of the

electrochemical cell design will also be considered.
Although general experimental methods will also be discussed here,
details of particular procedures used throughout this work are given at
the beginning of each chapter.

2.1 ELECTROCHEMICAL METHODS
2.1.1 CYCLIC VOLTAMMETRY

Cyclic voltammetry (CV) was the most common electrochemical
technique used in this study and will therefore be treated in greatest
detail. In a general sense C V involves the measurement of current at the
working electrode as a function of the applied potential. The resulting
current-potential curve, or voltammogram, is in essence, the
electrochemical equivalent of an absorption spectrum obtained by
conventional spectroscopic techniques. In both cases the curves provide
qualitative and quantitative information of an analytical, thermodynamic
or kinetic nature. C V is the most effective and versatile electrochemical
technique available for the study of redox systems. It provides a rapid
determination of the potentials at which chemical/electrochemical
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transitions occur and the rate at which they do so. In this respect C V is
usually the first experiment performed in an electrochemical study.
CV is a simple extension of the linear sweep voltammetric (LSV)
experiment. In L S V the excitation signal involves a linear variation of
the working electrode potential with respect to time (see Figure 2.1 (a)).
C V uses exactly the same waveform except that at some pre-determined
potential the direction of the potential sweep is reversed, resulting in a
triangular waveform (Figure 2.1 (b)). Such waveforms are often
referred to as potentiodynamic waveforms.

a) b)
rr

upper

•y -^/v
lower

Time Time

Figure 2.1 Potential waveforms for (a) linear sweep voltammetry and
(b) cyclic voltammetry.

The important controllable parameters of CV include:
(i) v - scan rate. The scan rate is the slope of the (E-t) potential
waveform and is usually expressed in units of m V s"1. Variation of
the scan rate can give important diagnostic information particularly
with respect to the kinetics of redox systems.
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(ii) Ei - the initial potential. This is usually chosen to be in a potential
region where no faradaic reactions occur. Ei often corresponds to
Eupper or Eiower but this is not a requirement.
(iii) Eupper - the upper potential limit.

(iv) Eiower - the lower potential limit. The potential is continually cycle
between the upper and lower limits until the experiment is
completed. E U p per and EiOWer are usually chosen to he either side of
the redox potential of the species of interest.

(v) Ef - the final potential. Ef often corresponds to Ei but, again, this i
not a requirement.
A typical CV for a reversible electrochemical reaction under
diffusion control *, where both the oxidised (O) and reduced (R) forms
are solution soluble, is shown in Figure 2.2. Important diagnostic
parameters obtained from the C V include:
(i) Ipa - peak height for the anodic (oxidative) process.
Ipc - peak height for the cathodic (reductive) process.
(ii) Epa - peak potential for the anodic process.
Epc - peak potential for the cathodic process.

For the purpose of this study electrochemical reversibility refers to a fast rate of electron transfer
with respect to the time scale of the experiment. For C V the time scale of the experiment is
determined by the scan rate. Under reversible conditions the process is said to be diffusion
controlled. This means that the rate of the electrochemical reaction is limited by h o w fast the
species in question can diffuse to the electrode surface.
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Figure 2.2
Cyclic voltammogram for a diffusion limited reversible redox
couple where both the oxidised and reduced species are solution soluble.

For a reversible system at 25 °C the peak currents I pa and I pc are defined
by the Randles-Sevcik equation:

Ip = (2.69 x 105)n3/2 A D 1 / 2 C

vm

• •(2.1)

where n is the n u m b e r of electrons transferred, A is the electrode
area ( c m 2 ) , D is the diffusion coefficient ( c m 2 s"1) of the species being
oxidised/reduced, C is bulk concentration (mol cm" 3 ) of the same species
and D is the scan rate ( m V s"1). T h e important relationship here is that I p
is directly proportional to the square root of the scan rate, ie

Ip a vm

•(2.2)
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for a diffusion limited process. Thus a plot of I pa or Ipc vs vm should be
linear and pass through the origin. Another important relationship that
holds true for reversible systems is:

ZAJUp _ iip a - lipc

—

0.059
n

•(2.3)

where A E p represents the peak separation, in volts, of the anodic and
cathodic peaks.

This means that for a l e "

transfer reaction

(eg F e 2 + <-» F e 3 + + e") the peak separation should be approximately
59 m V .
N o w consider the case where the electroactive species is attached to
the surface of the electrode by some means, for example, by adsorption,
covalent bonding or by a polymeric layer deposited onto the electrode.
The C V for such a species displaying reversible kinetics is shown in
Figure 2.3.

-200

Figure 2.3
couple.

200

Cyclic voltammogram for a reversible surface bound redox
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In this case Ip is given by:

n2 F 2 v A
IP =

-(2.4)

4 R T

Note that the peak current is directly proportional to scan rate, in contrast
to the i) 1/2 dependence observed for the solution response. The scan rate
dependence therefore, can be very important in determining whether a
process is confined to the electrode surface or whether the process is
dependent on the diffusion of species from solution.
Another feature of reversible surface bound electrochemistry is that
there is no peak separation between anodic and cathodic peaks. In
addition the width of the peaks at half peak height (AEp1/2) is given by:
906
AE p 1 / 2 = ^ m V
n

Therefore

the

width

at half height

...(2.5)

for

a

1 e"

transfer

(eg Fe 2 + <-> F e 3 + + e") should be approximately 90 m V .
The discussions above have centred on ideal electrode processes in
which there are no kinetic complications and uncompensated resistance is
ignored. In general for processes that have non-reversible kinetics and/or
significant iR problems the following trends are usually observed. These
trends apply for both surface bound and soluble species.
(i) The anodic peaks are shifted in the positive direction and cathodic
peaks shifted in the negative direction relative to the ideal case.
Therefore, peak separation (AEp) is no longer ideal.
(ii) The peaks appear broader and asymmetric.
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(iii) I pa and Ipc are not necessarily equal.

(iv) The anodic peaks shifts in the positive direction with an increase i
scan rate, while the cathodic peak shifts in the negative direction.

2.1.2 CHRONOAMPEROMETRY

The potential waveform applied in chronoamperometric experiments
is shown in Figure 2.4 (a). The potential of the working electrode is
instantaneously switched from one value, Ei, to another Ef, and the
resulting current change is monitored with respect to time
(Figure 2.4 (b)). The potential can either be maintained at Ei until the
end of the experiment or stepped to some other final value. The latter
experiment is called double-step chronoamperometry. Typically, Ei has a
value where there is no faradaic reaction occurring, while Ef is typically
in the diffusion controlled potential region of the redox species of
interest. The result is that upon stepping from Ei to Ef a large current
flows that slowly decays with time to reach a limiting value. This decay
is characteristic of the depletion of the electroactive species near the
electrode surface after the potential step.

For a reversible

electrochemical reaction under diffusion control at a planar electrode the
current decays according to the Cottrell equation:
./N n F A C D1/2 , m ,„^
i(0 =

%m

ti/2—

= kt" 1/2

...(2.6)

where n, F, A, C, D have their usual meaning (as described in the
previous section) and t represents time (in seconds). Note that the current
decay is characterised by an inverse t1/2 function. This means that a plot
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of i vs t"1/2 should give a straight line with a slope that can be used to
determine the electrode area, n, or the diffusion coefficient.

a) b)

UJ

t

t

Figure 2.4 (a) Potential waveform and (b) current response for a chronoamperometric experiment. The dashed line represents the decay of the
double layer capacitive charging current.

It should be noted that after a potential step a non-faradaic capacitive
charging current will also flow. This current decays exponentially with a
time constant R u Cd, where R u is the uncompensated resistance and Cd is
the double-layer capacitance (thus, chronoamperometry can be used to
determine the R C time constant of electrochemical cells providing the
potential step occurs in a region where no faradaic currents are
observed). In conventional electrochemical systems the decay of charging
currents occurs significantly quicker than the decay of faradaic current.
This is represented by the dashed line in Figure 2.4 (b).
In this work, chronoamperometry was used to characterise
conducting polymer systems both during and after electrochemical
synthesis.
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2.1.3

2

CHRONOPOTENTIOMETRY

Chronopotentiometry involves monitoring the potential of the
working electrode with respect to time during the application of a
constant current pulse (see Figure 2.5). The constant current imposed at
the working electrode causes the electroactive species to be oxidised or
reduced at a constant rate. The electrochemical potential of the system
changes accordingly to maintain the constant current. A major advantage
of constant current techniques is that the amount of charge passed in an
electrolysis reaction can be easily controlled by monitoring the length of
time the pulse is applied. Since the magnitude of the current is always
constant, Q is readily obtained from the relationship Q = it.

a) b)

UJ

J
t

t

Figure 2.5 (a) Current waveform and (b) potential response for a chr
potentiometric experiment.

In this work constant current pulses were used to electrochemically
deposit polymer films. The chronopotentiograms were recorded to
characterise this process.
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2.1.4

M/C7?0ELECTRODES

A major part of this study involved the use of m/croelectrodes to
electrochemically characterise conducting polymer systems. Since details
about the properties of mrcroelectrodes are not yet available in c o m m o n
electrochemical texts the subject will be dealt with in detail here.
Although the use of microelectrodes in electrochemistry dates back
to the early 1800's with the exploits of William Wollaston 109, their use
has only become widespread in the last ten years. This is largely due to
the fact that a "suitable combination of technology, instrumentation and
theory" 110 has only recently been developed to enable the convenient use
of m/croelectrodes in any practical way.

A s a result of these

developments, the use of microelectrodes has become one of the most
actively pursued fields in electrochemistry.
In a strict sense a mzcroelectrode can be defined as an electrode that
has a characteristic surface dimension smaller than the thickness of the
diffusion layer on the time scale of the electrochemical experiment m .
However, for the purpose of this discussion an electrode with a
characteristic dimension smaller than about 50 urn can be considered a
mzcroelectrode.
M/croelectrodes have been constructed in a variety of geometries
including disk, line, cylinder and ring electrodes, plus arrays of each
type. The most widely used geometry is the disk type of electrode,
largely because they are relatively simple to fabricate, easy to maintain
and they conform closely to theory no .
M/croelectrodes offer the electrochemist several advantages not
afforded by electrodes of conventional size. O n e obvious advantage is
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that the small size facilitates their use in very small sample volumes. For
example electrochemical experiments have been carried out on droplets as
small as a few uJL in volume

112 113

'

. M o r e importantly however, the

small size of m/croelectrodes opens up the possibility of in-vivo
electrochemistry.

This has been a major driving force in the

development of m/croelectrodes and has been an area that m a n y workers
have focussed on.

Early studies in this area involved the in-vivo

determination of oxygen, while more recent developments have involved
measurements of neurotransmitters and associated compounds in the
mammalian brain 114"116. The small size of m/croelectrodes also results
in small currents, which means that these electrodes are virtually nondestructive of the solution and species being electrolysed. This is very
important in biological samples and for in-vivo measurements where such
destruction should be kept to a minimum.
Apart from these physical advantages, mzcroelectrodes offer certain
electrochemical advantages over conventionally sized electrodes. T w o of
these properties will be considered in detail; (i) mass transport properties
and (ii) reduced iR (ohmic drop) effects.

2.1.4.1

MASS TRANSPORT PROPERTIES

The rates of mass transport both to and from the electrode surface
are significantly enhanced at m/croelectrodes compared to conventionally
sized electrodes. Furthermore, steady state (time independent) rates of
mass transport are readily and rapidly established. T o examine this in
more detail consider the reversible electrochemical reaction at a disk
electrode described by Equation 2.7:

0 + ne" <-> R ...(2.7)
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W h e n electrolysis occurs, 0 is consumed at the electrode surface resulting
in the formation of a concentration gradient between the electrode and the
bulk solution. A s a result O molecules diffuse toward the electrode to
replace those being consumed by the electrochemical reaction.

The

region perturbed by the electrolysis reaction is called the diffusion layer.
The equations for both planar and spherical diffusion to electrode
surfaces predict that, after the application of a potential step of sufficient
size to bring the concentration of electroactive species of the electrode
surface to zero, the diffusion layer will keep growing into the solution as
a function of time 117. It turns out that at small electrodes the growth of
the diffusion layer is initially similar to that observed at larger electrodes,
but at longer times the growth slows considerably

117

. Thus the size of

the diffusion layer at t > O is smaller at small electrodes. This means
that the concentration gradient and therefore the rate of (diffusional)
mass transport are considerably greater at m/crcelectrodes.
The reason for this behaviour is as follows. At short times the size
of the diffusion layer is smaller than that of the electrode and therefore
planar diffusion dominates - even at m/crcelectrodes. Therefore, at very
short time scale experiments (eg fast scan C V ) a m/croelectrode will
exhibit macroelectrode (planar diffusion) behaviour. However, at longer
times the dimensions of the diffusion layer exceed that of the
m/crcelectrode and the diffusion becomes spherical in nature. In this case
the population of molecules "feeding" the electrode surface comes from
an ever increasing (hemi-spherical) volume - this is not the case at
microelectrodes where planar diffusion dominates (see Figure 2.6).
Thus the relative number of electroactive species that have access to a
m/croelectrode exceed that of a macroelectrode and the diffusion layer
need not, therefore, extend nearly as far into solution to maintain the rate
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of reaction. A t microelectrodes, the diffusion layer extends m u c h
further into solution because of the planar nature of the transport. A s a
result, the concentration gradient is m u c h smaller and therefore mass
transport is also slower.

V \J/ / \^ >J> 4^ V V V V V j/

f

i

Mcroelectrode

'
Afacroelectrode

Figure 2.6 Diffusion profiles at micro and macroelectrodes. Note how the
extension of the diffusion layer into solution results in an ever increasing
hemispherical volume at the m/croelectrode.

As mentioned, the increased rates of mass transport facilitate steady state
electrochemistry at mzcroelectrodes.

For a chronoamperometric

experiment at a disk electrode the current is described by the following
modified Cottrell Equation:
n F A D1'2 C
i =
+ 4nrFDC
B ia t ifl

...(2.8)

This equation differs from Equation 2.6 with the addition of the second,
steady state, term. It can be seen from Equation 2.8 that for small values
of A (ie mrcroelectrodes) the time dependent term disappears relatively
quickly leaving the steady state term only. This steady state terms
represents the diffusion limiting current in the chronoamperometric
experiment.

On

the other hand, for larger values

of

A
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(ie microelectrodes) the time dependent term only disappears at very
long times and therefore steady state conditions take a long time to reach
at microelectrodes *.
Steady state behaviour is also observed in CV experiments at
microelectrodes.

Figure 2.7 shows the C V

electrochemical reaction at a m Zero electrode.

for a reversible
T h e shape of this

voltammogram is very different to the response at conventionally sized
electrodes shown in Figure 2.2. The peak shaped waves in Figure 2.2
occur because the initial rate of electrolysis exceeds the rate at which
fresh analyte can diffuse to the electrode surface. Hence on the forward
scan the current decreases after the initialrisebecause it is limited by the
rate of mass transport. O n the reverse sweep, the electrolysis products,
which are still within the vicinity of the electrode surface, can be
reduced, resulting in current flow in the opposite direction.

300

200

200

300

Figure 2.7 Cyclic voltammogram recorded at a m/croelectrode for a
reversible redox couple where both the oxidised and reduced species are
solution soluble.

In fact they are never reached because convective mass transport becomes significant at long times.
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A very different C V results at a m/croelectrode. The shape of the
curve is sigmoidal (which is indicative of steady state behaviour) rather
than peak shaped. In addition, no current flow in the cathodic direction is
observed. T h e steady state current arises because the rate of mass
transport is able to keep pace with the rate of electron transfer while no
cathodic currents are observed on the reverse sweep because the products
of the oxidation reaction diffuse away from the electrode surface very
quickly. Since the dimensions of these electrodes are very small, this can
easily occur.
The increased rates of mass transport, both to and from the electrode
surface, and the ability to readily generate steady currents at
m/croelectrodes have been used to advantage in this study, particularly in
the areas of electrosynthesis and electrochemical doping and dedoping.

2.1.4.2 iR EFFECTS
Ohmic (iR) drops can severely distort the data obtained in
electrochemical experiments. IR drop arises as the current that flows
through solution generates a potential that opposes the applied potential.
Equation 2.9 shows that the product, iR, will always be included in the
applied potential (E a p p ), and that the true potential (E) of the working
electrode can only be determined by subtracting this product from Ea P P .

E = Eapp - iR ...(2.9)

In a three electrode system R is the resistance of solution between the
surface of the working electrode and the tip of the luggin capillary
(ie the uncompensated resistance). Highly resistive solutions such as
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organic solvents or aqueous systems with no added electrolyte cause fairly
severe iR distortions at conventional electrodes, particularly in view of
the fact that the value of i is relatively large due to the large surface area.
As a result, electrochemistry in such systems has not been possible in the
past.
The use of m/croelectrodes circumvents these problems in two ways.
Firstly, m/croelectrodes performing at or near steady state show minimal
iR problems compared to electrodes operating under planar diffusion. In
fact, it has been shown that the iR drop is insignificant and independent of
both the size and geometry of the electrode under conditions where true
steady state currents are observed

118

. Secondly, when not operating

under steady state the currents at microelectrodes still tend to be small
and therefore the effects of iR drop are considerably less than electrodes
of conventional size 114. More important than the size of the current,
however, is its distribution through solution in the vicinity of the
electrode surface. For example, a m/croline electrode which produces
microampere currents will not be distorted by iR effects to the same
extent as a microdisk electrode passing the same magnitude of current.
This is because the favourable current distribution at the mzcroelectrode
results in very small values of solution resistance immediately adjacent to
the electrode surface 119, thus making iR distortion very small. As a
result, electrochemistry can be carried out in a range of resistive media
that were previously off limits to electrochemists.

2.1.5 RESISTOMETRY

Resistometry is a technique invented by Fletcher and co-workers
that enables in-situ measurements of ohmic cell resistance during the
course of conventional electrochemical experiments. The technique
65

120

CHAPTER 2

involves interrupting the potentiostat circuit for intervals of 150 jis,
33 times per second. During each interruption a square wave galvanic
pulse of fixed amplitude, Ai, is applied across the electrochemical cell.
This induces a change in the potential difference across the cell resistance
(RQ).

B y monitoring this change with sample-and-hold circuitry, a

measurement of R Q , updated every 30 ms, is obtained. The inventors
claim 120 that because double layer charging and faradaic reactions "are
too sluggish to respond on this time scale, R Q is effectively constant, and
Ohm's law can be used to convert the observed change in potential to a
value of R Q " .
The galvanic waveform applied during the interruptions is shown in
Figure 2.8.

60 u.s

100 m A
i

Time
>

Figure 2.8

Galvanic pulse waveform used for resistometry.

There are three points worth noting about the galvanic pulse waveform:
(i) the pulse durations are as short as possible (60 JIS) to ensure that
only the potential difference across R Q respond to them;
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(ii) a large amplitude (100 m A ) is used to ensure that accurately
measurable changes in potential occur and
(iii) a second pulse in the opposite direction is applied to ensure
there is no nett leakage of charge into the system.

A detailed theoretical treatment of this method is given in referenc
120. The practical considerations of resistometry are dealt with in
Chapter 7. Resistometry was used in this study to monitor resistance
changes of conducting polymers during doping/dedoping.

2.2 GENERAL EXPERIMENTAL METHODS
2.2.1 REAGENTS

All reagents used were AR grade purity unless otherwise stated.
Pyrrole was obtained from Sigma and was distilled prior to use.
3-Methylthiophene was obtained from Aldrich and was used as received.
All solutions were prepared using fresh A R
(Malinckrodt) or deionised Milli-Q water.

grade acetonitrile

Tetrabutylammonium

perchlorate (TBAP) (Fluka), tetrabutylammonium hexafluorophosphate
(TBAPF6) (Aldrich), tetrabutylammonium tetrafluoroborate (TBABF4),
lithium chloride (BDH), sodium chloride (BDH), potassium chloride
(BDH), caesium chloride (BDH), magnesium chloride (BDH), barium
chloride ( B D H ) , sodium nitrate (BDH), sodium perchlorate (BDH),
sodium sulfate ( B D H ) and sodium carbonate ( B D H ) were all used as
received.
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2.2.2

2

INSTRUMENTATION

All voltammetric and chronoamperometric data were obtained using
a PAR

174 Polarographic Analyser with a P A R

Programmer unless otherwise stated.

175 Universal

Constant current work was

performed with home-made galvanostats which had the ability to monitor
and output the potential between working and reference electrodes with
respect to time. A specially designed galvanostat was also made for
mz'croelectrode work which required the use of very small (nA) currents.
All results were recorded using either a Houston Instruments
Omnigraphic 2000 X - Y recorder or a M a c L a b with Chart 4 software - an
integrated data acquisition/data manipulation package available from A.D.
Instruments Pty Ltd. Data manipulation was also carried out using the
Igor software package available from Wavemetrics.
T w o different sized platinum mflcroelectrode disks were used. The
first was approximately 2 m m

in diameter (BAS), the second

approximately 6 m m in diameter (Metrohm). The surface area of each
electrode was determined by chronoamperometry and were found to be
3.07 x 10" 2 cm 2 and 0.283 c m 2 respectively. Platinum mzcroelectrode
disks were constructed by heat sealing 10 urn platinum wire
(Goodfellow) into glass. This was followed by grinding and polishing to
a flat mirror surface. Electrical connections were made with Wood's
Metal (Ajax) - a low melting point solder which melts in hot water - and
silver coated copper wire. A gold pin was soldered to the end of the
copper wire. T w o of these electrodes were used and were found to have
surface areas (determined by chronoamperometry and C V ) of
7.31 x 10" 7 cm 2 and 7.85 x 10"7 c m 2 respectively. All electrodes were
pretreated by polishing using a 0.05 }xm alumina (Leco) slurry on a
flocked-twill polishing cloth (Leco). After polishing, the electrodes were
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rinsed with copious amounts of water. For work in acetonitrile this step
was followed by thorough rinsing with acetonitrile. After rinsing, the
electrodes were placed in a beaker containing the appropriate solvent
(ie water or acetonitrile) and placed in an ultrasonic bath for 30 s.

The experimental set-up used for m/croelectrode work is shown in
Figure 2.9. It differs from conventional electrochemical set-ups in two
major ways:
(i) the use of a home-made pre-amplifier to amplify the signal at
the mrcroelectrode before reaching the potentiostat and
(ii) the use of a Faraday cage to block any electromagnetic
interference that m a y cause noise. All electrical leads were
shielded for the same reason.

W = Working electrode
A = Auxiliary electrode
R = Reference electrode

Figure 2.9

Experimental set-up for m/croelectrode work.
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Although m/croelectrodes allow the use of two electrode systems,
only three electrode systems were considered in this work. The reason
for this was so that valid comparisons under identical cell conditions
could be m a d e between the results at micro and microelectrodes.

2.2.3 CELL DESIGN

Two types of cell design were used, one for synthesis and another
for electrochemical characterisation after synthesis. Both involved a
three electrode arrangement. Figure 2.10 shows the cell design used for
polymer synthesis. In this set-up the working electrode (usually a
platinum disk electrode) was situated in the middle of an annular platinum
gauze auxiliary electrode. The size and shape of the auxiliary electrode
ensure that the surface area was considerably greater than that of the
working electrode and that the current density was distributed over the
surface of the working electrode as evenly as possible during polymer
synthesis. The reference half cell was placed in a salt bridge, the tip of
which was designed to be as close as possible to the working electrode. In
aqueous solutions a A g / A g C l reference half cell was used while in
acetronitrile a A g / A g + half cell was used. Importantly, the positioning of
all three electrodes was reproducible.
The solution contains the monomer and supporting electrolyte of
choice in an appropriate solvent. Deoxygenation of the solution was
achieved via a nitrogen gas line which also had the facility to provide a
headspace of nitrogen above the solution after deoxygenation.
The cell used for electrochemical characterisation of the polymers
after synthesis is shown in Figure 2.11. The important feature of this cell
design was the use of a luggin capillary to minimise any uncompensated
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W = Working electrode
A = Platinum gauze auxiliary
electrode (anular)
R = Reference electrode
(Ag/AgCl or A g / A g + )
S = Salt bridge

Figure 2.10 Cell design 1. Used for polymer synthesis.

W = Working electrode
A = Carbon rod auxilary electrode
R = S.C.E. reference electrode

Figure 2.11 Cell design 2. Used for polymer characterisation after
synthesis.

71

CHAPTER 2

resistance. In general a saturated calomel electrode (SCE) was used as the
reference electrode in aqueous solutions although Ag/AgCl was also used
for some work. In acetonitrile the A g / A g + electrode was used. A nonporous glassy carbon rod, 4 m m in diameter, was used as the auxiliary
electrode, while the working electrode was typically the platinum disk on
which the polymer had been deposited. Once again, the placement of
electrodes was reproducible.
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CHAPTER 3
HETEROCYCLIC MONOMER OXIDATION
3.1

INTRODUCTION

In this chapter the electrochemical oxidation/polymerisation of two
heterocyclic monomers, pyrrole and 3-methylthiophene, was considered.
Three techniques were used to initiate this process: (i) potentiodynamic
oxidation, (ii) potentiostatic oxidation and (iii) galvanostatic oxidation.
Cyclic voltammetry, chronoamperometry and chronopotentiometry
respectively, were used to characterise the oxidation process by the above
techniques.
The advantage of cyclic voltammetry and chronoamperometry is that
the electrochemical potential of the system can be carefully controlled,
thus avoiding potential regions where interfering reactions m a y occur
eg overoxidation. The advantage of the galvanostatic method lies in the
fact that the rate of the oxidation reaction is kept constant and can be
carefully controlled by the use of appropriate current densities. In
addition, the extent to which the reaction is. allowed to proceed can be
easily controlled by monitoring the time duration of the galvanic pulse.
Thus the amount of polymer deposited can be accurately determined.
As outlined in Section 1.2.1. many factors can influence the
electrochemical oxidation of heterocyclics such as pyrrole and
3-methylthiophene. While some of these factors were considered in this
section, the main aim of the study was to gain an effective comparison of
each of the three electrochemical methods chosen to initiate the
polymerisation process. In addition, the characteristics of heterocyclic
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m o n o m e r oxidation at microelectrodes was also an important
consideration since such a study has to date not been attempted.

3.2 EXPERIMENTAL
As per General Experimental Methods, Section 2.2. The
mflcroelectrode used was the 0.0307 c m 2 platinum disk, while the
m/croelectrode used was the 7.31 x 10"7 c m 2 platinum disk.
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RESULTS AND DISCUSSION
3.3 ELECTROCHEMICAL OXIDATION OF
3-METHYLTHIOPHENE
Poly-3-methylthiophene was chosen to represent the thiophene
family of polymers because of the relatively low oxidation potential of the
3-methylthiophene m o n o m e r

87(b)

. This avoided problems associated

with solvent/electrolyte oxidation which can occur at the potentials
required to initiate polymerisation of some thiophenes (ie > 2.0V in some
cases).
3-methylthiophene is not soluble in water and therefore only
oxidation in acetonitrile was considered.

3.3.1 CYCLIC VOLTAMMETRY

The cyclic voltammetry of a 0.10 mol L"1 3-methylthiop
solution at a platinum macroelectrode was recorded (Figure 3.1). The
current on the first positive scan remained quite fiat until about 1.28 V
where it rose sharply, indicating the onset of oxidation/polymerisation.
The current continued to rise sharply until the switching potential at
which point it fell again. The feature to be noted here, however, is that
the current on the reverse scan was higher than that on the forward scan.
This is often referred to as a "nucleation loop" and is a c o m m o n
observation for the deposition of a conducting phase by a
nucleation/growth mechanism 121'122. Subsequent scans showed that the
magnitude of the current increased with each scan and that
oxidation/polymerisation occurred at lower potentials (~ 1.05 V ) . These
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observations
phenomena

were

also

consistent

with

nucleation/growth

121 122

'

.

I
+0.50
E (V vs Ag/Ag
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+

1
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)

FIGURE 3.1 Cyclic voltammogram of a 0.10 mol L"1 3-methylthiophene
solution in 0.10 mol L"1 TBABF4 at a platinum disk macroelectrode.
Scan rate = 50 m V s_1.

The CV behaviour at m/croelectrodes (Figure 3.2) was qualitatively
similar to that at the macroelectrode but two important differences were
noted. The most noticeable difference was the marked increase in the rate
of polymerisation at the mzcroelectrode compared to the m^croelectrode.
The current densities in Figure 3.2 are approximately 10 000 times
greater that those in Figure 3.1. The rate of polymer growth was so fast
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that after 4 cycles the polymer was clearly visible as a black deposit,
approximately 1 m m in diameter. This was astonishing considering the
electrode was, originally, only 10 urn in diameter. This represents a
10 000 fold increase in surface area and thus explained the abnormally
high current densities.

i
+0.50

r—
+1.00

1
+1.50

E (V vs A g / A g + )
FIGURE 3.2 Cyclic voltammogram of a 0.10 mol L*1 3-methylthiophene
solution in 0.10 mol L"1 T B A B F 4 at a platinum disk m/croelectrode.
Scan rate = 50 m V s_1.
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The vast difference between the behaviour at the m/croelectrode and
the m/croelectrode was probably due to increased rates of transport of
the m o n o m e r and/or the dopant anion to the m/croelectrode surface. This
was supported by the fact that the increase in the rate of polymer growth
slowed d o w n as the polymer on the m/croelectrode reached

macro

proportions.
The differences in the relative amounts of polymer deposited at each
electrode m a k e a valid comparison of the electrochemical properties of
the polymers impossible.
The other major difference between the voltammograms in Figures
3.1 and 3.2 was that the oxidation/polymerisation appeared to be initiated
at a higher potential at the m/croelectrode ie 1.42 V compared with
1.28 V at the m/croelectrode. This a c o m m o n occurrence for nucleation
processes at m/croelectrodes and is the result of a probabilistic effect in
which the probability of a nucleating phase depositing onto an electrode is
significantly greater at a large electrode because it has a greater chance of
having high surface energy points where nucleation can take place. This
potential (or time) lag is often referred to as the induction time.
The induction effect noted here was looked at more closely by
increasing the sensitivity at the m/croelectrode and by scanning at a
slower scan rate. Figure 3.3 shows the linear sweep voltammograms of
0.10 mol L"1 3-Methylthiophene in 0.10 mol L'1 T B A P at both micro and
macroelectrodes with comparable current density scales. It can be seen
that at the macroelectrode m o n o m e r oxidation/polymer deposition was
initiated at approximately 1.25 V. At the m/croelectrode however,
oxidation of the m o n o m e r appeared to begin at about 1.25 V also, but
polymer deposition did not occur until 1.35 V, as indicated by the sharp
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increase in current brought about by the increasing surface area of
expanding nuclei. It appears, therefore, that while monomer oxidation
and polymer deposition occurred simultaneously at the macroelectrode,
there was a distinct delay between these processes at the m/croelectrode.
This phenomenon was considered in more detail in Chapter 4.

2 mA.cm -2

+ve
-ve
I

+0.50

+0.95

+ 1.40

E (V vs Ag/Ag + )

FIGURE 3.3 (a) Linear sweep voltammogram of a 0.10 mol L"1 3-methylthiophene solution in 0.10 mol L"1 TBAP at a platinum disk macroelectrode.
Scan rate = 2 0 m V s"1.
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FIGURE 3.3 (b) Linear sweep voltammogram of a 0.10 mol L"1
3-methylthiophene solution in 0.10 mol L"1 TBAP at a platinum disk
macroelectrode. Scan rate = 20 m V s"1.

The final point worth noting about cyclic voltammetry in
3-methylthiophene solutions was that the oxidation/polymerisation/
deposition potential showed a slight dependence on the nature of the
electrolyte anion.

The trend was the same at both micro

and

microelectrodes. Comparisons of Figures 3.1 and 3.2 with Figure 3.3
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show that polymer deposition was 60-80 m V more negative when CIO4"
was the anion compared with BF4".

3-Methylthiophene solutions

containing the PF6" anion showed similar behaviour to the BF4" case.

3.3.2 CHRONOAMPEROMETRY

In this section the oxidation/polymerisation of 3-methylthiophene
was considered in more detail using single potential steps. The influence
of various experimental parameters were investigated and compared at
both micro and m/croelectrodes. Rates of reaction were also considered
and, in this respect, the charge consumed in the first 250 m s after the
application of the potential step was monitored. This approach was taken
to avoid complications associated with the large changes in the
electroactive surface area observed at the m/croelectrode during
3-methylthiophene oxidation (see previous section).
Throughout the course of this w o r k it w a s found that the
chronoamperometric response to a potential step at a m/croelectrode in
3-methylthiophene solution had the characteristic shape shown in
Figure 3.4. A sharp drop in the current shortly after the application of
the potential step was followed by arisingtransient which levelled off to
an almost steady state current. The sharp drop in current was due to
charging and faradaic current decay prior to polymer deposition, while
the rising part of the curve was the result of the increase in electroactive
surface area caused by the deposition and expansion of polymeric nuclei.
The overall shape of the curve results from the superposition of these two
effects and is indicative of a nucleation/growth event.
The relative magnitude of the currents and the time scale of the
curves were found to be extremely dependent on the experimental
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FIGURE 3.4 Chronoamperometric response for the oxidation of a
0.10 mol L"1 3-methylthiophene solution in 0.10 mol L"1 TBAP at a platinum
disk macroelectrode. Ej = +0.50 V, Ef = +1.35 V (vs Ag/Ag+).

parameters. For example it was found that an increase in the anodic
potential beyond 1.25 V resulted in an increase in the overall rate of the
electrochemical oxidation. This was indicated by an increase in the
charge consumed (area under the i-t curve) as the potential steps were
made more positive (see Figure 3.5). In addition, the time required for
the current to rise decreased and the slope of the rise increased as the
potential increased.
The effect of the concentration of 3-methylthiophene on the
oxidation/polymerisation process was considered. This was done by
keeping the concentration of the supporting electrolyte constant while
varying the concentration of the monomer. As expected the rate of the
electrochemical reaction increased with an increase in 3-methylthiophene
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F I G U R E 3.5 Chronoamperometric responses at different potentials for the
oxidation of a 0.10 mol L"1 3-methylthiophene solution in 0.10 mol L"1 T B A P at
a platinum disk macroelectrode. Ej = +0.50V, Ef = shown (versus Ag/Ag + ).

concentration, however, beyond about 0.40 mol L"1 the effect was m u c h
less noticeable (Figure 3.6). This trend w a s observed at different
potentials and using different types and concentrations of electrolyte. The
results indicated that w h e n the concentration of 3-methylthiophene was
low compared with the electrolyte concentration the reaction approached
first order kinetics with respect to 3-methylthiophene concentration. At
higher m o n o m e r concentrations however the reaction was close to zero
order with respect to 3-methylthiophene concentration. It should be
remembered that the rate at which the overall reaction can proceed is not
only limited by the rate of transport of the monomer, but also the rate of
transport of the counterion which also takes part in the polymerisation
process. It was therefore postulated that at the higher 3-methylthiophene
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concentrations the rate Hrniting step was the transport of counterion to the
electrode surface.
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FIGURE 3.6 Plot of charge density vs 3-methylthiophene concentration for
the oxidation of 3-methylthiophene at +1.40 V (vs Ag/Ag + ) at a platinum
macroelectrode. The concentration of T B A P F 6 was held constant at
0.10 mol L"1. (Note the charge was monitored over the initial 250 m s only).

Similar results were obtained w h e n the effect of electrolyte
concentration was considered (Figure 3.7). In this case the concentration
of 3-methylthiophene

w a s kept constant while the electrolyte

concentration w a s varied.

T h e result w a s that the rate of reaction

generally increased with increasing electrolyte concentration but levelled
out at the higher electrolyte concentrations. Here, the rate limiting factor
was considered to be the transport of m o n o m e r to the electrode surface.
Again, the trend observed in Figure 3.7 was also observed when
different electrolytes were used at different potentials.
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FIGURE 3.7 Plot of charge density vs TBAPF6 concentration for the
oxidation of 0.10 mol L"1 3-methylthiophene at +1.40 V (vs Ag/Ag + ) at a
platinum macroelectrode. (Note that charge was monitored over the initial
250 m s only).

The effect of the chemical nature of the counterion on the oxidation
of 3-methylthiophene was found to be potential dependent. At low anodic
potentials (+1.25 V -> +1.35 V ) the initial rate of reaction was found to
be quickest with the CIO4" ion. Next quickest was the BF4" ion, closely
followed by PF6~. This was a similar trend to the oxidation potentials
measured by C V in the previous section. At higher anodic potentials
(+1.40 V -> +1.50 V ) the CIO4" ion showed the slowest reaction rate. At
even higher potentials (> +1.50 V ) the reaction involving CIO4" was
severely inhibited with currents dropping to low values. The perchlorate
ion is k n o w n to undergo oxidation at these potentials to form C104* 123.
This species m a y well have reacted with the intermediate m o n o m e r
radicals to inhibit the polymerisation process.
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M a n y of the trends observed above for the potentiostatic oxidation of
3-methylthiophene at conventionally sized electrodes were found to hold
true at m/croelectrodes. For example, increasing the anodic potential
resulted in increased rates of polymerisation as would be expected and as
was noted for the m/croelectrodes example (see Figure 3.8). There were
however, several significant differences in the chronoamperometric
responses obtained. A s shown in Figure 3.8, it was found that under all
conditions investigated the i-t curves for 3-methylthiophene oxidation at
m/croelectrodes show rising current transients only. There was no initial
current spike related to faradaic and, in particular, charging current
decay. The small surface area of the m/croelectrode meant that charging
current effects associated with the potential step became insignificant
when compared to the large currents that accompany the polymerisation
reaction.
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F I G U R E 3.8 Chronoamperometric responses for the oxidation of
0.10 mol L"1 3-methylthiophene solution in 0.10 mol L"1 T B A P at a platinum
m/croelectrode. Ej = +0.50V, Ef = shown (vs Ag/Ag + ).
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Another unique feature of the chronoamperometric responses
observed at m/croelectrodes was that they were largely linear with time
and, unlike the m/croelectrode case, the currents did not level off to
steady state values - at least not within the time scale of these experiments.
The large increase in the observed current/charge densities noted in
the previous section w a s

also evident in these experiments.

Current/charge densities 500-1000 times that of conventional electrodes
were c o m m o n on the time scale of these experiments. In general, these
experiments indicated that not only did the initial stages of
3-methylthiophene oxidation occur more quickly at m/croelectrodes, but
the expansion of polymeric nuclei also occurred more quickly and to a
much greater extent. This actually caused reproducibility problems at
times greater than 2 seconds. However, the reproducibility at shorter
times was adequate.
The reason for the large increase in the relative rates of reaction at
the two electrodes can again be attributed to the enhanced mass transport
characteristics of m/croelectrodes. This implies that the oxidation of
3-methylthiophene is largely diffusion controlled and that the rate of
electron transfer for this process approaches that expected for
electrochemical reversibility.
In support of this were the trends observed w h e n the m o n o m e r and
electrolyte concentrations were varied at m/croelectrodes. Figure 3.9
shows h o w the rate of oxidation varied with 3-methylthiophene
concentration. W h e n the concentration of T B A P F 6 was held constant at
0.10 mol L"1 (Figure 3.9 (a)) the rate dependence was almost linear over
the concentration range tested. Only at the higher concentrations did the
curve deviate slightly from linearity. W h e n the T B A P F 6 concentration
was held at 0.20 mol L"1 (Figure 3.9 (b)), there was a linear dependence
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FIGURE 3.9 (a) Plot of charge density vs 3-methylthiophene concentration
for the oxidation of 3-methylthiophene at +1.40 V (vs Ag/Ag + ) at a platinum
m/croelectrode. The concentration of TBAPF6 was held constant at
0.10 mol L"1. (b) Plot of charge density vs 3-methylthiophene concentration
for the oxidation of 3-methylthiophene at +1.40 V (vs Ag/Ag + ) at a platinum
m/croelectrode. The concentration of TBAPF6 was held constant at
0.20 mol L"1. (Note that charge was monitored over the first 250 m s only).

over the whole concentration range. This straight line behaviour
indicates that at m/croelectrodes the rate of reaction was not limited by
the rate at which the counterion could get to the electrode surface but was
only limited by the rate of transport of the electroactive species (ie the
monomer). This w a s particularly the case in Figure 3.9 (b) w h e n the
counterion concentration was 0.20 mol L"1. This view was also supported
by the results in Figure 3.10 which show that for a 0.10 m o l L" 1
3-methylthiophene solution, addition of electrolyte at concentrations
higher that 0.20 mol L"1 had little effect on the rate of reaction.
Another distinctive feature of the experiments at m/croelectrodes
was that little or no polymer deposition occurred at the lower oxidation
potentials (ie +1.20 V -> +1.30 V ) . This w a s despite the fact that
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F I G U R E 3.11
Background corrected chronoamperometric response for
the oxidation of 1 mmol L"1 3-methylthiophene in 0.1 mol L"1 TBAP at a
platinum m/croelectrode. Ej = +0.50V, Ef = +1.60V.
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3-methylthiophene

was

oxidised

(as

was

confirmed

by

chronoamperograms with and without 3-methylthiophene in the
electrolyte solution).

The chronoamperograms in this case were

characterised by low current/charge densities and no rising currents.
Further to this, there was no evidence of polymer deposition at
m/croelectrodes w h e n the concentration of m o n o m e r and/or supporting
electrolyte was low (ie < 10 m M ) , again, despite the fact that the
3-methylthiophene appeared to be oxidised (Figure 3.11).

At

m/croelectrodes the polymer deposited as expected at the lower potentials
and concentrations leading torisingcurrents in the chronoamperograms.

3.3.3 CHRONOPOTENTIOMETRY
Unfortunately, the high oxidation potential of 3-methylthiophene
compared to that of impurities in the acetonitrile solvent caused problems
with the galvanostatic deposition of poly-3-methylthiophene. Unless
relatively high current densities (> 5 m A cm" 2 ) were used, the potential of
the

system

did

not

rise

sufficiently

to

initiate

the

oxidation/polymerisation process. This was particularly a problem at
m/croelectrodes. Presumably, this was due to the oxidation of other
species in solution, namely trace levels of water and other impurities in
the solvent and/or electrolyte. The situation improved slightly with
rigorous drying of the solvent but this was considered impractical.
Only at relatively high current densities (> 5 mA cm"2, at
m/croelectrodes, even higher at m/croelectrodes) did continuous adherent
polymers form. This was unfortunate since one of the major advantages
of the galvanostatic method is the ability to control and slow d o w n the
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rate of polymer deposition, which w a s particularly required at
m/croelectrodes in this case.

3.4 ELECTROCHEMICAL OXIDATION OF PYRROLE
In general, the current/charge densities and overall rates of reaction
of pyrrole oxidation at both micro and m/croelectrodes were found to be
significantly less than those observed for 3-methylthiophene. This was
thought to be largely due to a slower rate of electron transfer for the
pyrrole oxidation.
Because of problems associated with polymerisation in aqueous
media (Section 1.2.1.1) m u c h of the following work concentrates on
pyrrole oxidation in acetonitrile.

3.4.1 CYCLIC VOLTAMMETRY
The voltammetric behaviour of pyrrole solutions was found to be
quite complex and dependent upon many variables. In particular, changes
in the solvent, m o n o m e r concentration, electrolyte concentration and
electrolyte type had significant effects on the nature of the C V . Lack of
reproducibility, particularly at low pyrrole concentrations and in aqueous
solutions, was also a problem.
Figure 3.12 shows the CV for pyrrole oxidation in acetonitrile in the
presence

of T B A B F 4

(a) and T B A P F 6 (b) at both micro

and

m/croelectrodes. In both cases the currents were considerably smaller
than for similar concentrations of 3-methylthiophene, particularly for the
m/croelectrodes.
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FIGURE 3.12 (a) Cyclic voltammogram of 0.10 mol L"1 pyrrole solution in
0.10 mol L"1 T B A B F 4 at both micro and macroelectrodes.
Scan rate = 20 m V s"1.
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FIGURE 3.12 (b) Cyclic voltammogram of 0.10 mol L"1 pyrrole solution in
0.10 mol L"1 TBAPF6 at both micro and macroelectrodes.
Scan rate = 20 m V s"1.

In general, a pre-wave was observed on the first scan before the
large increase in current. The size, shape and position of this pre-wave
depended very much on the experimental conditions used. After the prewave the current generally rose sharply, indicative of polymer deposition
and growth. O n the reverse scan "nucleation loops" were observed where
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the current remained greater than that of the forward scan
(Figure 3.12 (a)). In some cases, usually at m/croelectrodes and/or low
pyrrole concentrations, the pre-wave was the only response observed
(Figure 3.12 (b)).

This tended to produce polymers with poor

electrochemical characteristics. Other problems included overoxidation
of the polymer w h e n the potential was taken positive of about +0.80 V,
particularly in aqueous solutions. This was characterised by very small
currents

on

subsequent

conductivity/electroactivity.

scans

indicating

loss

of

polymer

T h e complex voltammetry of pyrrole

solutions was considered in more detail in Chapter 4, where the
mechanism of polymer deposition was studied. In conclusion, it should be
stated that the use of potentiodynamic techniques to synthesise
reproducible polypyrrole films of high quality should be avoided.

3.4.2 CHRONOAMPEROMETRY

Potential step experiments in pyrrole solutions were considerably
more tractable than the voltammetric experiments. So long as care was
taken with the electrode pretreatment the reproducibility of results was
satisfactory, particularly at short times.
Like the voltammetric experiments the charge/current densities
observed for potentiostatic pyrrole oxidation at the m/croelectrode were
typically 4-5 times less than those observed for 3-methylthiophene under
similar reactant and electrochemical conditions. At the m/croelectrode
the difference was m u c h more significant where charge/current densities
for pyrrole were between 200-500 times less than rates observed with
3-methylthiophene.

Such a large difference indicates a significantly

slower rate of electron transfer for pyrrole compared

with

3-methylthiophene. However, the fact that the current density at the
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m/croelectrode was still typically an order of magnitude higher than at
the m/croelectrode showed that the reaction was to some extent diffusion
controlled.
The characteristics of the chronoamperometric curves for the
oxidation of pyrrole at the m/croelectrode were similar to those
described for 3-methylthiophene. However, the time required to initiate
the rising part of the current response w a s considerably longer for
pyrrole and also the slope of the rising i-t curve was significantly
decreased compared with 3-methylthiophene. This is obvious from a
comparison of Figure 3.4 with Figure 3.13.
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FIGURE 3.13 Chronoamperometric responses at different potentials for
the oxidation of 0.10 mol L"1 pyrrole in 0.10 mol L"1 TBABF4 at a platinum disk
macroelectrode. Ej = 0.00V, Ef = shown (vs Ag/Ag+).

At the m/croelectrode the characteristics of the chronoamperograms
resembled those at the m/croelectrode (Figure 3.14). That is, an initial
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current decay w a s followed by a rising current transient. T h e major
differences were: (i) the time required for the current to begin rising was
considerably less than at conventional electrodes; and (ii) the slope of the
rising portion was also m u c h greater. In addition, longer times were
required before the current reached a steady plateau. This behaviour was
in constrast to the i-t curves observed at m/croelectrodes

for

3-methylthiophene oxidation. (Compare Figure 3.14 with Figure 3.8).
The dependence of the rate of pyrrole oxidation on applied potential
showed that, as with 3-methylthiophene the rate increased as the anodic
potential increased (Figure 3.14). However, the extent to which the rate
increased with potential was not as significant with pyrrole as with
3-methylthiophene.

This was the case at both the micro

and

m/croelectrode and again reflected the slower rate of the electron
transfer for pyrrole oxidation.
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F I G U R E 3.14 Chronoamperometric responses at different potentials for
the oxidation of 0.10 mol L"1 pyrrole in 0.10 mol L"1 T B A B F 4 at a platinum disk
m/croelectrode. Ej = 0.00V, Ef = +0.80V (vs Ag/Ag + ).
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A n increase in the concentration of pyrrole resulted in a slight
increase in the rate of reaction (Figure 3.15). However, the extent to
which the rate increased with m o n o m e r concentration was again, m u c h
less with pyrrole compared to 3-methylthiophene. In addition, the data
showed the trend was similar for both micro and m/croelectrodes. This
was not the case for 3-methylthiophene where there was a distinct
difference in effects of m o n o m e r concentration at the two electrodes.
Once again, these results hinted at a slower rate of electron transfer for
polypyrrole.
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F I G U R E 3.15 Plots of charge density vs pyrrole concentration for the
oxidation of pyrrole at +0.70 V (vs Ag/Ag + ) at a platinum disk macroelectrode (a) and platinum disk m/croelectrode (b). The concentration of
T B A B F 4 was held constant at 0.10 mol L"1. (Note that charge was monitored
over the first 250 m s only).

The effect of supporting electrolyte concentration on the rate of
oxidation was very similar to the effect of m o n o m e r concentration. That
is, only slight increases in the rate were observed with increased
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electrolyte concentration. Again, the trend was similar at both micro and
m/croelectrodes.
As with 3-methylthiophene, the nature of the counterion was found
to have a considerable effect on the overall oxidation process. In
acetonitrile, current/charge densities were generally low when the PF 6 "
anion was used. This was particularly the case at m/croelectrodes where
only relatively high pyrrole concentrations (> 0.20 mol L"1) and/or high
potentials (> +0.80 V ) would result in polymer deposition in the presence
of PF6". This was not the case for CIO4" or BF4-. In aqueous solution the
deposition problems at m/croelectrodes were even greater. Irrespective
of the nature of the counterion the pyrrole concentration and applied
potential both had to be high for polymer deposition in aqueous media at
microelectrodes. Even then, the quality of the films (as determined by
C V ) was not good. At the m/croelectrode these problems, while present,
were far less significant.

3.4.3 CHRONOPOTENTIOMETRY
The relatively low oxidation potential of pyrrole allowed the use of
constant current techniques to initiate the polymerisation reaction. This
process was monitored using chronopotentiometry.

In general, the

chronopotentiograms showed a relatively sharp rise in potential initially,
before settling d o w n to an almost constant potential plateau.
Figure 3.16 shows the chronopotentiograms recorded at different
current densities in a 0.10 mol L"1 pyrrole solution, in acetonitrile at both
micro and m/croelectrodes. At the m/croelectrode (Figure 3.16 (a)) the
potential levelled out to a constant potential of about +0.60 V (vs Ag/Ag + )
at all current densities except 0.5 m A cm" 2 , where the potential only rose
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F I G U R E 3.16 Chronopotentiometric responses for the galvanostatic
oxidation of 0.10 mol L"1 pyrrole in 0.10 mol L"1 TBAPF6 at a platinum
m/croelectrode (a) and platinum macroelectrode (b). Current densities as
shown.
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to about +0.40 V. C V s after synthesis showed that no polymer had
deposited in this latter case. Corresponding chronopotentiograms at the
m/croelectrodes (Figure 3.16 (b)) showed that, at the lower current
densities (0.5 and 1.0 m A cm" 2 ), the potential levelled out at around
+0.60 V, while at the higher current densities the potential levelled out at
considerably higher potentials.

This was presumably due to a

combination of iR effects and slower mass transport properties at the
m/croelectrode as these problems would become more significant at the
higher current densities. At very high current densities (ie 20 m A cm" 2
and 50 m A

cm" 2 ), the m/croelectrode still gave well defined

chronopotentiograms while the potentials recorded at the m/croelectrode
rose to high values (> 2.0V) very quickly. This indicated that in order to
keep up with such a fast rate of reaction the electrode potential had to
increase to quite high values where overoxidation of the growing
polymer became a problem.
These problems were alleviated to some extent when the
concentration of pyrrole in acetonitrile was increased to 0.5 mol L"1.
This had the effect of decreasing the potential required for both the
initiation and continuation of the polymerisation process at both micro
and m/croelectrodes (Figure 3.17). At the m/croelectrode the potential
levelled out at about + 0.55 V for all current densities investigated. This
was also the case at the m/croelectrode for the lower current densities,
but again the potential increased significantly at the higher current
densities.
In aqueous systems it was found that the m/croelectrode gave
irreproducible potential-time curves at all current densities w h e n the
pyrrole concentration was 0.10 molL" 1 . In addition, C V s after growth
showed that a conducting polymer had not been deposited and the
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F I G U R E 3.17 Chronopotentiometric responses for the galvanostatic
oxidation of 0.50 mol L"1 pyrrole in 0.10 mol L"1 TBAP at a platinum
m/croelectrode (a) and platinum macroelectrode (b). Current densities as
shown.
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shown.
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electrode had become fouled in some way, possibly by the adsorption of
monomeric/oligomeric intermediates. N o such problems occurred at the
m/croelectrode under identical conditions where high quality polymer
films were deposited.

T h e situation improved markedly at the

m/croelectrode w h e n the concentration of pyrrole was increased to
0.5 m o l L " 1

(Figure 3.18).

This resulted in well defined

chronopotentiograms with potential plateaus between + 0.70 V and
+ 0.80 V (vs Ag/AgCl). This was at least 100 m V higher than the
potentials observed at the m/croelectrode (for the lower current densities)
and represented a reversal of the trend observed in acetonitrile
(Figure 3.18 (b)). It was only w h e n the polymer was deposited at
10 m A cm" 2 that the potential recorded at the m/croelectrode became
greater than that observed at the m/croelectrode.
The above results confirm previous observations that suggested there
was a problem with polymer growth at m/croelectrodes at low m o n o m e r
concentrations and in aqueous solutions.

3.5 PYRROLE OXIDATION IN SURFACTANT MEDIA
The results in Sections 3.3 and 3.4 have indicated that the chemical
nature of the anion in the supporting electrolyte has a bearing on the
electrochemical oxidation of pyrrole and 3-methylthiophene. This section
describes the unusual case where the anion is a surfactant molecule. It has
been included in this section because of the rather bizarre nature of the
electrochemical responses obtained at the m/croelectrodes.
The electrolyte used was the sodium salt of the anionic surfactant
dodecyl sulfate (SDS). Aqueous pyrrole solutions containing S D S and

103

CHAPTER 3

a)
65 CM

•

E

4 -

10 MSDS

•§2""" 1 0 I
0.0

"I
0.2

1

1

I

1

0.4

0.6

0.8

1.0

E (V vs Ag/AgCI)
b)
65 CM

•

E

4 -

°- 3-

£2'" 1 _
0 -

1 0 M NaNO,

1

1

1

1

1

0.0

0.2

0.4

0.6

0.8

1
1.0

E(VvsAg/Ag/CI)
c)
65CM

'E4
10M NaNO,

§2-l
1H
o

1

1

0.0

0.2

1

1

1

0.4

0.6

0.8

1
1.0

E(Vvs Ag/AgCI)
FIGURE 3.19 (a) Linear sweep voltammograms recorded at a platinum
m/croelectrode for a 0.50 mol L"1 aqueous pyrrole solution containing SDS.
Scan rate = 50 m V s"1. (b) Linear sweep voltammograms recorded at a
platinum m/croelectrode for a 0.50 mol L"1 aqueous pyrrole solution
containing NaN03. Scan rate = 50 m V s"1. (c) Linear sweep voltammograms
recorded at a platinum m/croelectrode for a 0.50 mol L"1 aqueous pyrrole
solution containing S D S and NaN03. Scan rate = 50 m V s"1.
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N a N 0 3 were prepared - the latter being used for comparison to the S D S
system.

Voltammetric and chronoamperometric experiments were

performed at both micro and m/croelectrodes.

The electrochemical

behaviour above and below the critical micelle concentration ( C M C ) was
of particular interest. The C M C for S D S solutions is approximately
8 x 10"3 mol L"1 at 25 °C 124.
Figure 3.19 (a) shows the voltammetric response at a m/croelectrode
for 0.5 mol L*1 pyrrole in S D S well above (0.10 mol L"1) and well below
(10"4 mol L"1) the C M C . In 10"4 mol L"1 S D S solution there was a distinct
response associated with pyrrole oxidation at approximately +0.55 V
prior to polymer deposition at more positive potentials (~ +0.75 V). The
shape of this response suggests an irreversible process. W h e n the S D S
concentration was increased this response disappeared as the polymer
deposition potential shifted in the negative direction until it coincided with
the initial m o n o m e r oxidation response. In the same concentration
NaNC>3 solutions (Figure 3.19 (b)) higher potentials were required to
initiate polymerisation, indicating the presence of the surfactant made the
oxidation/polymerisation process more facile in some way. This trend
was the same at the m/croelectrode (Figure 3.19 (c)) but the difference
was not as significant. Attempts to oxidise pyrrole in 10

mol L'1

electrolyte solutions at the m/croelectrode resulted in broad, poorly
defined voltammograms, presumably due to the high solution resistance.
This was not found to be a significant problem at the m/croelectrode.
The facile nature of pyrrole oxidation in SDS solution, particularly
above the C M C , was also reflected in the large currents observed at the
m/croelectrode. W h e n the voltammetric curve continued to +1.0 V
(Figure 3.20) the current densities measured at the m/croelectrode in the
0.10 mol L"1 S D S solution were huge and approached the levels for
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3-methylthiophene oxidation described in Section 3.3.

Like the

3-methylthiophene example the deposited polymer was easily visible as
black disk approximately 0.5 m m in diameter. This behaviour has never
before been observed for any other pyrrole solutions in any solvent with
any (non-surfactant) anion.

12-

Mi'croelectrode

10CM

<

£

0.10MSDS,

6-

co

o
*

4

"
2 0 -"i

I
0.0

n
0.2

1

r

0.4
0.6
E (V vs Ag/AgCI)

1—
0.8

1.0

FIGURE 3.20 Linear sweep voltammogram recorded at a platinum
m/croelectrode for a 0.50 mol L"1 aqueous pyrrole solution in 0.10 mol L"1
SDS. Scan rate = 50 m V s"1.

The remarkable behaviour of pyrrole oxidation in S D S solutions is
best appreciated by chronoamperometry.

Figure 3.21 shows the

chronoamperograms recorded at the m/croelectrode for pyrrole oxidation
in different concentration S D S solutions. Below the C M C (Figure
3.21 (a)) relatively small current densities were observed, similar in
magnitude the those described in Section 3.4 for pyrrole oxidation.
Above the C M C however, (Figure 3.21 (b)), chronoamperograms took
the shape and size described for 3-methylthiophene oxidation in Section
3.3. The corresponding chronoamperograms in NaNC>3 solutions are
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a)
25-i

Time (s)

b)

Time (s)

F I G U R E 3.21 Chronoamperometric responses recorded at a platinum
m/croelectrode for the oxidation of 0.50 mol L*1 aqueous pyrrole solutions
containing S D S below the C M C (a) and above the C M C (b). Ej = 0.00 V,
Ef = +0.75 V (vs SCE). Note the difference in current scales.
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shown in Figure 3.22. In this case the currents were considerably less
and only at the 0.1 mol L"1 concentration was a rising transient observed
(within the time scale shown). Clearly the presence of the surfactant had
an enormous effect on the polymerisation process.
Chronoamperograms at the m/croelectrode showed that while the
initial stages of oxidation/polymerisation were faster in the 0.1 mol L"1
S D S solution, the rate of reaction in 0.1 mol L"1 N a N 0 3 soon caught up
(Figure 3.23). The relative currents in both cases however, were 2-3
orders of magnitude smaller than at the m/croelectrode.
The exact role of the surfactant during the electropolymerisation
process is unknown, but several factors m a y have been involved. For
example, even before potential was applied it is likely the surfactant was
adsorbed onto the electrode surface, thus modifying the chemical nature
of the electrode and surrounding solution. This build up of surfactant
molecules m a y have provided a super-concentrated source of counterion
at the electrode surface.

Consequently, in the initial stages of

polymerisation the reaction would not be limited in any w a y by the
transport of the anion. This m a y explain w h y the initial rate of reaction
at m/croelectrodes (Figure 3.23) was faster in the S D S solution but
evened out later on. The adsorption of surfactant molecules to form
hemimicelles would also have resulted in the expulsion of water from the
immediate vicinity of the electrode. This would have provided better
polymerisation conditions, particularly with respect to the increased
stability of radical intermediates.

Such stabilisation of radicals in

surfactant media has been reported previously 125.

108

CHAPTER 3

a)

Time (s)

b)
10-|

F I G U R E 3.22 Chronoamperometric responses recorded at a platinum
m/'croelectrode for the oxidation of 0.50 mol L"1 aqueous pyrrole solutions
containing 10"4 mol L'1 N a N 0 3 (a) and 10"2 mol L"1 and 10'1 mol L"1 NaN03
(b). Ej = 0.00 V, Ef = +0.75 V (vs SCE).
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F I G U R E 3.23 Chronoamperometric responses recorded at a platinum
macroelectrode for the oxidation of 0.50 mol L"1 aqueous pyrrole solutions
containing S D S and NaNQ3. Ej = 0.00 V, Ef = +0.75V (vs SCE).

The decrease in the oxidation potential of pyrrole observed in S D S
solutions suggests the surfactant had a catalytic effect on the
electrochemical process. This is a plausible interpretation given that there
are several examples where surfactant and/or micellar solutions have been
shown to exhibit pseudo electrocatalytic behaviour

126

. It could be that

the surfactant has a direct influence on the rate of electron transfer or it
m a y be that the surfactant affects it indirectly, by speeding up the
chemical coupling process remembering that the polymerisation is an
E ( C E ) n process. Whatever the case, an increase in the rate of electron
transfer would explain m a n y of the differences observed for pyrrole
oxidation/polymerisation in the S D S and N a N 0 3 solutions. It would also
explain the differences observed between micro and m/croelectrodes since
the differences in mass transport properties would b e c o m e more
significant w h e n the rate of electron transfer increased.
110

CHAPTER 3

A final consideration is that in micellar solution migration effects
m a y become important. In aqueous solutions a micelle would effectively
behave as a large multi-charged ball. Given that the platinum electrodes
would have a nett positive charge at the potentials required for pyrrole
oxidation this could lead to significant migration effects. A s a result, the
mass transport of the counterion would no longer be diffusion controlled
and could be considerably enhanced. This would particularly apply to the
m/croelectrode.

3.6 CONCLUSION
The results in this chapter have shown that there were distinct
differences between the electrochemical oxidation of 3-methylthiophene
and pyrrole. In both cases it was shown that the applied potential,
monomer concentration, electrolyte concentration and the chemical nature
of the counterion all had an effect on the oxidation process. The use of
surfactant anions, in particular, highlighted this latter effect. In addition,
the electrochemical method used to initiate the polymerisation reaction
also had an effect on the resulting polymer. Perhaps the most striking
effect however, involved the use of m/croelectrodes. The stark contrast
in responses obtained at m/croelectrodes, compared with those obtained at
conventional m/croelectrodes, had major implications on our
understanding of the heterocyclic oxidation process.
The experiments at the m/croelectrodes suggested that the rate of
electron transfer for 3-methylthiophene oxidation w a s considerably
greater than that for pyrrole oxidation. The rate constants for these
processes have not to our knowledge been reported in the literature. In
fact very little work has been done in this respect and, at best, a few
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workers have referred to the kinetics of heterocyclic oxidation with broad
comments suggesting the irreversibility of these processes

121

. The

reason for this dearth of information on the kinetics of heterocyclic
oxidation is presumably due to the complex nature of this process: ie it
involves and E ( C E ) n reaction where the product is itself partially oxidised
and codeposits onto the electrode surface with a counterion. Nevertheless,
the huge differences observed in rates of 3-methylthiophene oxidation at
micro and m/croelectrodes suggested that this process approached
electrochemical reversibility at the m/croelectrode. This behaviour was
not observed at m/croelectrodes because the transport of counterion to the
electrode surface limited the overall rate of the process.

At the

m/croelectrode however, the enhanced mass transport combined with the
fact that the polymer grows outward "through" the diffusion layer meant
that the process was not limited by the availability of counterions. This
being the case, the polymer grew to comparatively enormous proportions
very quickly and only slowed w h e n its size approached

macro

proportions.
The differences between micro and m/croelectrode behaviour were
far less apparent with the oxidation of pyrrole. This suggested that the
rate of electron transfer for pyrrole oxidation was considerably slower
than that for 3-methylthiophene. Furthermore, the sluggishness of this
process was probably the major factor limiting the rate of the overall
oxidation/polymerisation process.

Such non-reversible kinetics for

pyrrole is in agreement with Pletcher et al 121 > 122 .
M/croelectrodes were not only found to have an effect on the rate of
oxidation of heterocyclic m o n o m e r s but were also found to be
particularly sensitive to parameters influencing polymer deposition. It
was shown in both cases, that, comparatively higher concentrations of
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m o n o m e r and/or supporting electrolyte, as well as higher anodic
potentials, were required to induce polymer deposition at the
m/croelectrode. This was despite the fact that no problems were observed
at the m/croelectrode under identical conditions, and regardless of the
fact that the m o n o m e r was being oxidised.
suggested

the presence

This latter observation

of soluble intermediates

during

the

polymerisation/deposition process. This was investigated in detail in the
next chapter.
Apart from the problems outlined above, this study has shown that
m/croelectrodes can be used to synthesize heterocyclic conducting
polymers.

Moreover, once the polymer is deposited onto a

m/croelectrode it can be characterised using conventional electrochemical
techniques, thus taking advantage of the inherent properties of
microelectrodes. (See Chapters 5 and 6).
It has also been shown that galvanostatic deposition was the most
suitable electrochemical method used for polymer

growth at

m/croelectrodes. The inability to control the rate of reaction using
potentiostatic or potentiodynamic techniques was highlighted at
m/croelectrodes where m u c h larger current densities were observed.
This was particularly the case with poly-3-methylthiophene deposition
where the rate of growth was uncontrollable and consequently
irreproducible. Another feature of galvanostatic deposition was that it
afforded valid comparisons of polymers deposited at micro

and

m/croelectrodes, since it was possible to deposit proportionally similar
amounts of polymer at both electrodes under certain conditions. This was
not the case for the potential controlled techniques.
An unfortunate aspect of galvanostatic deposition was that it could
not be readily used to deposit poly-3-methylthiophene, particularly at
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m/croelectrodes. This effectively precluded the use of this polymer in
any of the studies in Chapters 5 and 6 where comparisons of the
electrochemical properties of heterocyclic polymers were made at micro
and m/croelectrodes. Consequently, m u c h of the work that follows is
centered on polypyrrole.
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CHAPTER 4
DEPOSITION PROCESSES INVOLVED IN THE
ELECTROCHEMICAL SYNTHESIS OF
POLYPYRROLE
4.1

INTRODUCTION

The unusual voltammetric and chronoamperometric responses
obtained at m/croelectrodes in the previous chapter were investigated
further in this section, with a view to determining the nature of the
deposition of heterocyclic conducting polymers during synthesis. This
work was primarily concerned with the electropolymerisation of pyrrole,
however, the results in Chapter 3 indicate that similar behaviour was
apparent for the deposition of poly-3-methylthiophene.
The mechanism for the electropolymerisation of heterocyclic
monomers was outlined in Section 1.2.1.2. Figure 1.8 (redrawn below)
showed that the polymerisation process could be described by an E(CE) n
mechanism which involves electrochemical oxidation of the monomer,
followed by a chemical coupling step, followed by another
electrochemical oxidation step, and so on. While this scheme is generally
accepted at the molecular level there have been at least two major points
of contention in the literature: one involves determining exactly where
these chemical/electrochemical steps take place with respect to the
electrode(polymer)/solution interface, while another asks h o w this scheme
can account for three dimensional growth indicative of a nucleation
growth process.
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1. Monomer oxidation
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3. Radical - radical coupling
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4. Chain propagation
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With respect to the first point above, early reports

43

'

121

»122

suggested that the neutral m o n o m e r w a s adsorbed onto the electrode
surface prior to electrochemical oxidation and polymerisation.
Subsequent growth occurred via the attachment of incoming monomer
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units to the ends of growing polymer chains via radical-radical coupling,
after having first been oxidised at the electrode/polymer surface. More
recent reports

39 127 128

'

'

however, have supported an earlier

hypothesis 129 that suggested the first step in polymer deposition involved
polymerisation in solution followed by precipitation of oligomeric chains
onto the electrode surface.
Lang et al 127 have shown, using ellipsometric techniques, that
significant delays existed between the current signal, indicating oxidation
of the monomer, and the optical signal, indicating polymer deposition for
the polymerisation of 3-methylthiophene.

They also showed that a

polymer was only deposited onto a rotating disk electrode when a rotation
rate of less than 2900 rpm was employed, despite the fact that charge was
passed due to oxidation of the monomer. Furthermore, w h e n polymer
was deposited at the lower rotation rates it deposited preferentially at the
centre of the electrode, which is the least perturbed zone with respect to
convective movement of solution. The authors claimed that these results
confirmed the existence of chemical reactions in the solution prior to
polymer deposition - these reactions being the formation of soluble
oligomeric intermediates, which can be swept away by convective
diffusion caused by the electrode rotation.
Tanaka et al128 and Beck 39 have also presented data confirming the
existence of soluble, oxidised, oligomeric intermediates during the
electropolymerisation of pyrrole. These intermediates were detected, via
electrochemical reduction, at the outer ring of a rotating ring disk
electrode. Tanaka et al also claimed that the oligomers grew until a
critical length was reached and then precipitated onto the electrode
together with the counterion of the supporting electrolyte. The formation
of soluble intermediates during electropolymerisation has also been
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supported by workers w h o have studied the coulombic efficiency of this
process 50'53. T h e transport of soluble oligomeric intermediates away
from the electrode surface has been given as the reason for less than
1 0 0 % coulombic efficiency during electropolymerisation.
The other major point of contention in the literature concerns the
final stage in Figure 1.8 ie. the chain propagation step. The deposition of
conducting polymers is considered b y most

121

»

122

»

13(M32

to be a

nucleation/growth process which involves the expansion of polymeric
nuclei - this is analogous to the electrochemical deposition of metals. The
"nucleation loops" observed during cyclic voltammetry and therisingi-t
curves recorded during potentiostatic experiments (Chapter 3) support
this idea. The problem with the mechanism, as represented in Figure 1.8
is that such electrochemical phenomena (particularly rising i-t curves)
imply an increase in the electroactive surface area of the electrode. A s
has been noted previously 121'132'133, the addition of a m o n o m e r unit to
the end of a polymer chain will not increase the electroactive surface area
available for electron transfer, since this would essentially be one
dimensional growth. Furthermore, this type of one dimensional growth
would result in dendritic growth along the potential field toward the
auxiliary electrode, contrary to experimental results 121.
The purpose of this part of the work was to combine the observations
of others with studies at m/croelectrodes in an effort to further elucidate
the mechanism of electrodeposition.

T h e unique mass transport

properties of m/croelectrodes have been used to probe certain aspects of
the electropolymerisation process, particularly with respect to the
formation of soluble intermediates. A s outlined in Section 2.1.5.1
m/croelectrodes exhibit greatly enhanced rates of mass transport of both
products to the electrode surface and of reactants away from the electrode
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surface. Consequently, Wightman and co-workers

m

have shown that

for conventional electrode processes that involved an E C E mechanism, the
chemical reaction had to occur extremely rapidly if the second
electrochemical step was to be detected; otherwise the products diffused
away from the electrode.

4.2 EXPERIMENTAL
As per General Experimental Methods, Section 2.2. The
m/croelectrode used was the 0.0307 c m 2 platinum disk, while the
m/croelectrode used was the 7.31 x 10"7 c m 2 platinum disk.

CHAPTER 4

RESULTS AND DISCUSSION
4.3 MECHANISM OF DEPOSITION "CONTINUAL PRECIPITATION"
In this section the mechanism of the electrodeposition of polypyrrole
is investigated using cyclic voltammetry and chronoamperometry at both
micro and m/croelectrodes.

4.3.1 CYCLIC VOLTAMMETRY

Cyclic voltammograms were recorded using both micro and
m/croelectrodes in acetonitrile (0.10 mol L"1 TBAP) containing
50 m m o l L"1 pyrrole (Figure 4.1). Both cyclic voltammograms showed
an increase in the oxidation current due to m o n o m e r oxidation at
approximately +0.35 V — > +0.40 V . This was followed by another
sharper increase in current at more anodic potentials. The latter response
corresponded to polymer deposition which, in turn, caused an increase in
the electroactive surface area. This resulted in greatly increased currents
during the forward (positive) scan as well as on the reverse scan where
"nucleation loops" were observed. A s noted in Chapter 3 the sharp rise in
current corresponding to polymer deposition, occurred at lower potentials
at the m/croelectrode (+0.50 V ) , compared to the m/croelectrode
(+0.65 V ) . W e are n o w in a position to give two likely explanations for
this:
(i) the probabilistic effect explained in Chapter 3; and/or
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(ii) the transport of soluble oligomeric intermediates away from the
m/croelectrode surface before the critical chain length required for
precipitation was reached.
At higher potentials (+0.65 V ) the concentration of intermediates formed
at the m/croelectrode was greater and sufficiently high for precipitation to
occur before the oligomeric species diffused away.

a) _ b) _
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FIGURE 4.1 Cyclic voltammograms of 50 mmol L"1 pyrrole in 0.10 mol L"1
TBAP (in acetonitrile) at a platinum macroelectrode (a) and m/croelectrode (b).
Scan rate = 5 m V s"1.

Cyclic voltammograms using both micro and m/croelectrodes were
then recorded in the same solution as above but using a lower
concentration, 5 m m o l L" 1 , of pyrrole (Figure 4.2). T h e cyclic
voltammogram at the m/croelectrode (Figure 4.2 (a)) indicated the
deposition of a conducting polymer. This was confirmed by the presence
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of a black film on the electrode surface and was also evidenced by the
higher current on the reverse scan compared to the forward scan. It
should be noted that the potential at which the current rose sharply, due to
the polymer deposition, was more positive than when the 50 m m o l L"1
solution was employed (+0.65 V compared with +0.50 V ) . This implied
that a higher potential was required to generate a high enough
concentration of radicals to enable precipitation to occur.

b)

a)

0.2 nA

I*
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1.00
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FIGURE 4.2 Cyclic voltammograms of 5 mmol L"1 pyrrole in 0.10 mol L"1
TBAP (in acetonitrile) at a platinum macroelectrode (a) and m/croelectrode (b).
Scan rate = 5 m V s"1.

The cyclic voltammogram obtained using the m/croelectrode in the
5 m m o l L"1 pyrrole solution was quite different (Figure 4.2 (b)). The
m o n o m e r oxidation again started at approximately +0.40 V (as in the
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50 m m o l L" 1 case), however, this was followed by a second oxidation
wave after which the current fell sharply, rather than rising.

The

sigmoidal shape of the first oxidation wave, along with the fact that this
response was independent of scan rate in the range 5 -> 200 m V s"1, was
indicative of a solution response at a m/croelectrode. The drawn-out
nature of the wave with respect to potential indicated that the process was
not electrochemically reversible. The symmetrical shape of the second
oxidation response, along with the fact that the size of this response
increased linearly with scan rate, was indicative of a surface phenomenon.
It appears that the response m a y well have been associated with the
formation of a non-conducting film on the electrode surface. This was
suggested by the fact that the currents on the second anodic scan were
severely inhibited.
The chemical nature of this non-conducting film could not be readily
determined by conventional (chemical) characterisation techniques due to
the small size of the m/croelectrode.

However, electrochemical

characterisation using cyclic voltammetry in 0.10 molL" 1 aqueous K C 1
solution showed that the film was not electroactive between -1.0V and
+1.0V and that the reduction of water to form Ffyg) was inhibited
compared to a freshly polished m/croelectrode.

A s mentioned in

Chapter 3 it is possible that the film was the result of the adsorption of
insoluble

by-products

of

the

over-oxidation

of

pyrrole

monomers/oligomers, since it is well known that irreversible damage is
caused to growing polymer chains if the potential exceeds about
+0.80V 121.
Formation of the electroinactive polymer was not observed at the
m/croelectrode; presumably, since conditions were such that sufficient
conducting polymer is co-deposited with any electroinactive film.
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Similarly, at high enough concentrations (50 m m o l L"1) of monomer,
sufficient conducting polymer would be co-deposited with any
electroinactive film at the m/croelectrode.
Irrespective of the nature of this film it was clear that a conducting
polymer had grown on the m/croelectrode but not on the m/croelectrode
under identical conditions. The probable reason for this was that the
transport of oligomeric intermediates away from the m/croelectrode
surface occurred before the critical chain length required for
precipitation had been reached. At higher m o n o m e r concentrations
(ie 50 m m o l L"1; Figure 4.1) transport of intermediates away from the
m/croelectrode did not have such a marked effect due to the fact that the
rate of the chemical coupling steps would have occurred m u c h more
quickly because of the higher concentration of monomer.
T o avoid complications associated with the formation of the
electroinactive film, the anodic potential limit during the recording of
cyclic voltammograms was restricted to +0.65 V using the 5 m m o l L"1
pyrrole solution (Figure 4.3). The presence of the "nucleation loop" in
the curve for the m/croelectrode (Figure 4.3 (a)) indicates that polymer
was deposited onto the electrode during the voltammetric scan. The curve
for the m/croelectrode on the other hand (Figure 4.3 (b)) was indicative
of the oxidation of the m o n o m e r in solution. There was no evidence of
film formation in this case despite the fact that the m o n o m e r was clearly
oxidised. Once again this implied the oxidation/polymerisation reaction
involved soluble intermediates.
The irreversible nature of pyrrole oxidation alluded to in Chapter 3
was confirmed in this work. A plot of E vs log ( — ) for the curve
shown in Figure 4.3 (b) gave a slope of -114 m V .

The slope for a
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reversible 1 e" transfer should have been about -60 m V while for a 2 e"
transfer the slope should have been about -30 m V .

a)
0.5 pA

b)
0.2 nA

0.00

0.80

0.40

EO/vsAg/Ag4)
FIGURE 4.3 Cyclic voltammograms of 5 mmol L"1 pyrrole in 0.10 mol L"1
TBAP (in acetonitrile) at a platinum macroelectrode (a) and m/croelectrode (b).
Scan rate = 5 m V s"1.

4.3.2

CHRONOAMPEROMETRY

Potentiostatic experiments using the 5 m m o l L"1 pyrrole solution
indicated that polypyrrole could be deposited onto a m/croelectrode at
potentials at or above +0.60 V.

The chronoamperograms for these

experiments (Figure 4.4) showedrisingi-t transients characteristic of the
nucleation/growth of a new conducting phase - the concommitant increase
in electroactive surface area being responsible for the rising current.
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o.o

F I G U R E 4.4 Chronoamperometric response recorded at a platinum
macroelectrode for the oxidation of 5 mmol L"1 pyrrole in 0.10 mol L"1 T B A P
(in acetonitrile). Ej = 0.00 V, Ef = +0.625 V.

Conversely, i-t curves obtained using the m/croelectrode at these
potentials showed falling currents only (Figure 4.5), which indicated that
the deposition of a n e w

conducting phase had not occurred.

Electrochemical characterisation of the m/croelectrode surface after
potentiostatic experiments indicated that no film was deposited w h e n the
potential was held below +0.65 V. At potentials greater than +0.65 V
falling transients were also obtained, and cyclic voltammetry after growth
indicated that an electroinactive film was deposited.
Although no polymer was deposited below +0.65 V the current
density was significantly higher than that obtained in acetonitrile
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containing only 0.10 mol L"1 T B A P solution (Figure 4.5). This indicated
that the pyrrole m o n o m e r was oxidised at this potential but no polymer
was deposited. Again it seems that monomeric/oligomeric intermediates
were transported away from the electrode surface before precipitation
occurred. This would not be expected to be as significant for the
m/croelectrode because of the differences in the mass transport
properties of micro and m/croelectrodes - consequently the polymer
precipitated onto the m/croelectrode and not onto the m/croelectrode.

0.4 r

<

0.2

0.0

0.0

15

30

Time (s)
FIGURE 4.5 Chronoamperometric responses recorded at a platinum
m/croelectrode in 5 mmol L"1 pyrrole in 0.10 mol L"1 T B A P (—) and
0.10 mol L"1 T B A P only (—). Ej = 0.00 V, Ef = +0.625 V.

Chronoamperograms were recorded using a m/croelectrode in the
50 m m o l L"1 pyrrole, solution (Figure 4.6 (a)). In this case consecutive
pulses of 0.00 V -> +0.70 V were applied for 20 seconds. In the first
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positive pulse the initial current spike was followed by a rising transient
indicating the deposition and subsequent growth of the polymer film. The
second positive pulse resulted in a m u c h larger current spike which
decayed more slowly - this large current was due to the polymer that was
deposited onto the surface during the first pulse. After the initial spike
the current continued to rise indicating further growth (and a subsequent
increase in surface area) on the polymer already deposited during the first
pulse.
The same experiment was then repeated except that the second
potential step was performed in a 5 m m o l L"1 pyrrole solution. In other
words, polymer coated m/croelectrodes were grown from a 50 m m o l L " 1
pyrrole solution and then placed in a 5 m m o l L"1 pyrrole solution (in
0.10 mol L"1 T B A P ) where potential steps in the range between +0.60 V
and +1.00 V were applied. The chronoamperograms (Figure 4.6 (b))
showed that despite oxidation of the monomer, as indicated by a slower
current decay and higher current level compared to the blank, only falling
transients were observed. The absence of rising transients indicated that
there was no increase in the electroactive surface area of the polymer film
and therefore little or no polymer growth had occurred.

If further

polymer growth was due to the addition of m o n o m e r radicals to the end
of polymer chains in the polymer film then one would have expected
evidence of further growth in the 5 m m o l L"1 solution. If, however,
further growth was due to the precipitation of oligomeric chains from
solution, then it was possible that these species diffused/migrated away
from the polymer m/croelectrode prior to precipitation. Evidence of
further growth on top of a polymer coated m/croelectrode was observed
in the 50 m m o l L"1 pyrrole solution, but not in the 5 m m o l L"1 pyrrole
solution.

When

the same

experiment

was

performed

at a
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F I G U R E 4.6 (a) Chronoamperometric responses to consecutive potential
steps (0.00 V -> +0.70 V -> 0.00 V -»+0.70 V) at a platinum m/croelectrode in
0.10 mol L"1 TBAP. The negative pulse is not shown here.
(b) Chronoamperometric responses recorded at a polymer coated
m/croelectrode in 5 mmol L"1 pyrrole in 0.10 mol L"1 T B A P (—) and
0.10 mol L"1 T B A P only (--). Ej = 0.00 V, E f = +0.70 V.
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m/croelectrode, a rising transient, indicative of further growth, was
observed with the 5 m m o l L"1 pyrrole solution.
The only difference between the experiments at the polymer coated
m/croelectrode and polymer coated m/croelectrode would have been the
different mass transport characteristics. This suggested that further
polymer growth at a polymer electrode was still initiated in solution via
soluble intermediates in a similar w a y to the initial precipitation at a bare
platinum electrode. That is, the overall deposition process was the result
of continual precipitation of oligomeric species from solution. Once
polymer was deposited onto the surface it was possible that monomelic
species were added to the ends of polymer chains, however, the bulk of
the growth leading to an increase in the electroactive surface area (thus
leading to rising current transients) was due to the continual precipitation
of oligomeric species from solution.

4.3.3 AQUEOUS SOLUTIONS
Similar experiments on micro and m/croelectrodes were performed
in aqueous pyrrole solutions using 0.10 mol L"1 N a C l and 0.10 mol L"1
N a N 0 3 . The results were qualitatively the same as the results for the
above experiments in acetonitrile. The major difference between the two
solvents, however, was that conducting polymer growth did not occur at
m/croelectrodes unless aqueous pyrrole concentrations exceeded
0.10 m o l L"1; whereas polymer growth in acetonitrile was readily
achieved at concentrations above 0.010 mol L"1 at m/croelectrodes. This
could be due to one or more of the following:
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(i) the rate of mass transport of oligomeric species was greater in water
than in acetonitrile - thus, these species were transported away from
the electrode more rapidly;

(ii) the solubility of the oligomeric species was greater in water than in
acetonitrile - thus a longer chain length (and therefore more time)
was required before precipitation occurred, which allowed the
oligomers to be transported away from the electrode surface;
(iii) the nucleophilic nature of the aqueous solvent interferes with the
polymerisation process by reacting with the radical intermediates
formed in solution. Because of the transport properties this was
more likely to be a greater problem at m/croelectrodes compared to
m/croelectrodes.

4.3.4 STIRRED SOLUTIONS

The dependence of the electrodeposition process on monomer and
oligomer transport was confirmed w h e n electropolymerisation was
carried out using m/croelectrodes in 10 m m o l L"1 pyrrole solutions, with
and without stirring. It was observed that stirring the solution greatly
inhibited polymer deposition on both bare platinum and polymer coated
electrodes.

This was

intermediates

away

presumably due to enhanced transport of
from

the

electrode

surface.

Using

chronoamperometry, oxidation of the m o n o m e r was confirmed at
platinum and polymer electrodes, however, no deposition occurred. Such
behaviour has previously been reported when electropolymerisation was
carried out in stirred solutions 134. If the deposition mechanism was due
to electrochemical oxidation with concomitant deposition at the electrode
surface then stirring the solution should have, if anything, increased the
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rate of polymerisation - this is what happens with metal deposition. The
fact that stirring the solution or rotating the electrode inhibits the
electropolymerisation process at both Pt and polymer coated electrodes
implies the presence of "soluble" intermediates.

4.3.5 DISCUSSION
The deposition of heterocyclic conducting polymers at electrodes
surfaces depends primarily on the electrochemical production of a
sufficiently high concentration of m o n o m e r radicals at the electrode
surface. The two major factors that determine the concentration of
radicals at an electrode surface are the initial m o n o m e r concentration and
the electrode potential. It was found in this work (and in Chapter 3) that
higher m o n o m e r concentrations and higher anodic potentials were
required at m/croelectrodes compared with m/croelectrodes, to cause the
deposition of polymers - despite the fact that the m o n o m e r was still
oxidised at the m/croelectrodes. The only difference between the micro
and m/croelectrode situations was the different mass transport
characteristics. It has already been noted by other workers m

that for

E C E reactions, the soluble products of the first electrochemical step can
readily diffuse away from a m/croelectrode surface prior to the second
electrochemical step, if the chemical step does not occur quickly enough.
Similarly in this work it was shown that under conditions that produced a
relatively low concentration of m o n o m e r radicals at the m/croelectrode
surface, the subsequent electrochemical steps, required for polymer
growth, were not apparent. It seems that under these conditions the
chemical steps occurred too slowly, and the intermediates were
transported a w a y from the electrochemical surface not allowing
subsequent electrochemical steps to take place.
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These

and

other

experiments

have

shown

that

the

electropolymerisation process involves the formation of soluble
intermediates. Furthermore, it has been shown that this is the case at both
bare Pt and polymer coated electrodes. Consequently, it was concluded
that "continual electroprecipitation" was the major route by which
heterocyclic conducting polymers deposited onto electrode surfaces. Such
a model explains w h y the oxidation/polymerisation process was dependent
on the nature of the anion (Chapter 3). O n e would expect the growing
oligomeric chains to have different solubility in different electrolyte
solutions.

In general for both pyrrole and 3-methylthiophene in

acetonitrile it was found that the PF6" anion resulted in the greatest
solubility. Hence w h e n the PFe" anion was used at m/croelectrodes, high
m o n o m e r concentrations and high electrode potentials were required to
cause the growing oligomeric chains to reach their critical length before
diffusing away from the electrode surface.
The continual electroprecipitation theory encompasses the idea of an
initial precipitation of oligomeric chains onto the bare electrode,
however, further growth resulting in an expansion of nuclei, occurs not
only by the addition of monomers to a polymer chain end attached to the
electrode surface but more importantly by the precipitation of other
oligomeric moieties on top of the nuclei already formed. Precipitation on
top of polymeric nuclei, rather than at the bare substrate, will be favoured
since the monomers/oligomers in solution are more readily oxidised at the
polymer surface than at the substrate m

- in the same w a y as with metal

deposition. In addition, the chemical nature of the deposited polymer
differs from the underlying substrate. The increased hydrophobicity of
the polymer compared to platinum most likely encourages polymer
precipitation at the polymer nuclei rather than bare platinum. O f course,
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after a short time the nuclei expand and overlap to such an extent that the
entire surface is covered.
Thus, using the idea of continual precipitation, the polymerisation
process can still be explained in terms of the mechanism described in
Figure 1.8, while the deposition process can also be explained in terms of
a nucleation/growth process ie. critical amount of "lattice" are formed
into nuclei and further growth will result in the expansion and
overlapping of such nuclei 121 .
It is important to note that the deposition process depends upon the
following experimental variables.
(i) the monomer employed, in particular the solubility of the
monomeric/ohgomeric radicals,
(ii) the nature of counterion employed and the ability to form an
insoluble polymeric "salt",
(iii) the monomer/counterion concentration ratio,
(iv) the polymerisation solvent,
(v) the substrate (nature and size), and
(vi) the electrochemical conditions employed.
It is possible that, after the initial precipitation, continued growth
occurs both in solution and at the surface. However, these results suggest
that the continual precipitation process will be the dominant mechanism.
The extent to which it dominates depends on the parameters shown above.

134

CHAPTER 4

4.4

POLYMERISATION EFFICIENCY

Polymerisation efficiency relates the amount of polymer deposited at
an electrode with the amount of charge consumed during the
electropolymerisation process. Often the amount of polymer on the
electrode surface is determined by electrogravimetric techniques 53,
however a convenient method involves measuring the charge passed
during a C V of the polymer electrode after synthesis. The relationship ^
Vg

(where Q v is the anodic charge passed during the positive sweep of a C V
and Q g is the charge passed during growth) gives a relative measure of the
polymerisation efficiency. This can be used to m a k e a comparison
between different polymer systems.
Polymerisation efficiency experiments have been performed at micro
and m/croelectrodes. The results support the notion introduced in the
previous section that the electropolymerisation process involved soluble
intermediates. In all cases it was shown that the polymerisation efficiency
was lower at m/croelectrodes than at m/croelectrodes for the same
experimental conditions. This was particularly the case at low pyrrole
concentrations and also at low rates of reaction.
Figure 4.7. shows how the polymerisation efficiency varied with the
rate of polymerisation in a 0.10 mol L"1 pyrrole solution (in acetonitrile)
at both micro and m/croelectrodes. It can be seen that when the rate of
polymerisation was low (< 0.5 m A cm" 2 ) at the m/croelectrode, little or
no polymer deposition resulted. This can be attributed to the fact that the
soluble intermediates diffused away from the electrode surface prior to
reaching the critical chain length required for precipitation. A s the rate
of polymerisation was increased the polymerisation efficiency increased as
well. This was in accordance with the situation where the increased rate
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of production of monomeric/oligomeric radicals allowed the chemical
coupling steps to occur m u c h faster, resulting in the precipitation of
polymer prior to the diffusion of the intermediates away from the
electrode surface.
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F I G U R E 4.7 Polymerisation efficiency data for both micro and
macroelectrodes at different rates of polymerisation in 0.10 mol L"1 pyrrole,
0.10 mol L"1 T B A P F 6 (in acetonitrile).

The transport of soluble species away from the electrode would be
expected to occur to a lesser degree at the m/croelectrode and this was
reflected in the higher values of polymerisation efficiency observed below
5 m A cm' 2 . A b o v e 5 m A cm" 2 the curve for the m/croelectrode fell
below that for the m/croelectrode. This was probably due to the fact that
the potentials required to deposit the polymer at these rates at the
m/croelectrode resulted in overoxidation.

T h e subsequent loss of

electroactivity meant that the charge measured during the C V was less
than it should have been. This was definitely the case at 20 m A cm" 2
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where it was found that a conducting polymers would not form at the
m/croelectrode (see Section 3.4.3).
Similar trends were observed when the pyrrole concentration was
increased to 0.50 m o l L" 1 (Figure 4.8). In this case however, the
polymerisation efficiencies were noticeably higher at both electrodes.
This was expected since the higher pyrrole concentration would have
produced a higher concentration of radicals at the electrode surface
resulting in a faster rate of chemical coupling. This was supported by the
fact that at this concentration a significant amount of polymer w a s
deposited at the m/croelectrode at 0.5 m A cm"2. The polymerisation
efficiency at this current density, however, was still considerably lower
than at the m/croelectrode.
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FIGURE 4.8 Polymerisation efficiency data for both micro and
macroelectrodes at different rates of polymerisation in 0.50 mol L"1 pyrrole,
0.10 mol L"1 T B A P (in acetonitrile).
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W h e n the same experiment was performed in an aqueous solution the
polymerisation efficiencies were substantially lower, particularly at the
m/croelectrode (Figure 4.9). Despite the fact that the polymerisation
efficiencies still increased with an increase in reaction rate, the low values
reflected the problems associated with electropolymerisation from
aqueous solutions. These problems, it seems, were augmented at the
m/croelectrode.
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FIGURE 4.9 Polymerisation efficiency data for both micro a n d
macroelectrodes at different rates of polymerisation in 0.50 mol L"1 pyrrole,
0.10 mol L"1 N a N Q 3 (aqueous).

The curves in Figures 4.7, 4.8 and 4.9 illustrate that the best
conditions to grow polypyrrole, to allow that reasonable comparisons
made between micro and m/croelectrodes, was at 1-2 m A cm" 2 from a
0.50 mol L"1 pyrrole solution in acetonitrile (see Figure 4.8). Below this
range of current density the polymerisation efficiency at the
m/croelectrode dropped off markedly, while above this range there were
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problems at the m/croelectrode associated with overoxidation and the
ability of these electrodes to keep up with the reaction rate. At lower
pyrrole concentrations the polymerisation efficiency at m/croelectrodes
was not good (Figure 4.7), while in aqueous solutions the differences
between micro and m/croelectrodes were far too great (Figure 4.9). As a
result m u c h of the work in the following chapters involves galvanostatic
polypyrrole deposition at 1-2 m A cm" 2 from a 0.50 mol L"1 pyrrole in
0.10 mol L"1 T B A P in acetonitrile *

4.5 CONCLUSION
The results obtained in this chapter confirmed the views of other
studies that indicated the electropolymerisation of 5-membered
heterocycles involved the formation of soluble intermediates. The use of
m/croelectrodes was the key in this case since the unique mass transport
properties of these electrodes meant that soluble intermediates formed
during the polymerisation process, readily diffused away from the
electrode surface resulting in low polymer yields. This was shown to
occur at both bare platinum m/croelectrodes and at polymer coated
m/croelectrodes. Using these and other findings, it was postulated that the
deposition of heterocyclic polymers onto electrode surfaces was the result
of continual precipitation of oligomeric species from solution.
The work described in Chapters 3 and 4 constituted the first studies
of any kind that used m/croelectrodes

to

investigate

the

It was found that increasing the T B A P concentration had little effect on the polymers produced
using this method and so for practical purposes (not the least of which was the expense of these
salts) the T B A P concentration was left at 0.1 mol L"1.
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electropolymerisation process of conducting polymers.

T h e added

information that m/croelectrodes provided was shown to be useful in both
kinetic

and

mechanistic

studies

of

polypyrrole

and

poly-3-methylthiophene synthesis. A s a result, this work has introduced a
new technique to the study of electropolymerisation reactions that allows
the electrochemist to acquire information in a way not otherwise possible.
In the following chapters the unique properties of m/croelectrodes
were again used to great effect; this time in the study of polymers after
synthesis.
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CHAPTER 5
QUALITATIVE ASPECTS OF THE DOPING
AND DEDOPING OF POLYPYRROLE
5.1

INTRODUCTION

Once a polymer has been electrochemically deposited onto an
electrode surface, it can then be characterised using conventional
electrochemical techniques. O f particular interest in this work was the
characterisation of the doping and dedoping processes of polypyrrole.
Cyclic voltammetry

and chronoamperometry

were the major

electrochemical techniques used, while both micro and m/croelectrodes
were employed.

T h e use of m/croelectrodes in this respect w a s

significant, since such studies had not been carrried out previously.
As outlined in Section 1.2.2.1 the nature of the electrochemical
processes involved during the oxidation and reduction of heterocyclic
polymers are not fully understood. The major aim of this chapter, and
the chapter that follows, was to address this problem. In this respect, the
results and conclusions from Chapters 5 and 6 should be regarded
concurrently. They have been presented as separate chapters largely to
make the discussion of results more manageable. Conveniently, they have
been divided into "qualitative aspects" (Chapter 5) and "quantitative
aspects" (Chapter 6), although there is some overlap.
This chapter shows the types of electrochemical responses that are
obtained and the information that can be extracted, w h e n polypyrrole
undergoes electrochemical oxidation and reduction. The experimental
factors that influence these reactions were also considered, with particular
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emphasis on the behaviour of polymer coated m/croelectrodes vs polymer
coated m/croelectrodes. These results were then used to generate a
clearer understanding of the processes involved during the doping and
dedoping of heterocyclic conducting polymers.
This study has concentrated on the above effects in aqueous solutions
only. This is because, the majority of electrochemical applications of
conducting polymers involve their use in aqueous systems.

5.2 EXPERIMENTAL
As per General Experimental Methods, Section 2.2. The
m/croelectrode used was the 0.0307 c m 2 platinum disk, while the
m/croelectrode used was the 7.85 x 10"7 c m 2 platinum disk.
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RESULTS AND DISCUSSION
5.3 CYCLIC VOLTAMMETRY
The cyclic voltammograms of polypyrrole films grown under
identical conditions from acetonitrile and water at both micro a n d
m/croelectrodes were compared (Figure 5.1). At both electrodes it was
evident that the currents produced by the polymer grown in acetonitrile
(Figure 5.1 (a)) were greater that those of the polymer grown in water
(Figure 5.1 (b)). In addition, the current densities at the m/croelectrodes
were found to be greater than those at the m/croelectrode, particularly for
the film grown form water.

These observations reflect the

polymerisation efficiency results reported in Section 4.5 where it was
found that polymers grown at m/croelectrodes and/or from water gave a
decreased polymer yield compared with polymers deposited at
m/croelectrodes and/or from acetonitrile.
Each of the voltammograms in Figure 5.1. showed reasonably well
defined redox responses associated with the doping/dedoping process. In
all cases, the small currents observed close to -1.0 V were indicative of
the non-conducting nature of the polymers at these potentials. W h e n the
potential was swept in the positive direction a moderately sharp oxidation
peak was observed at the m/croelectrode for both polymers. At the
m/croelectrode however, the oxidation waves were comparatively smaller
and broader than those at the m/croelectrode. O n the reverse sweep, two
distinct reduction responses were observed at the m/croelectrode; the
first was very broad and centred at about -0.20 V -» -0.30 V (depending
on which solvent the polymer w a s grown from), while the second
response was sharper and centred at around -0.70 V —> -0.80 V. At the
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FIGURE 5.1 (a) Cyclic voltammograms of polypyrrole at micro and
macroelectrodes in 1.0 mol L"1 KCI. Scan rate = 20 m V s"1. Polymer
deposited for 5 minutes at 2 mA cm"2 from 0.50 mol L"1 pyrrole, 0.10 mol L"1
TBAP in acetonitrile. (b) Cyclic voltammograms of polypyrrole at micro and
macroelectrodes in 1.0 mol L"1 KCI. Scan rate = 20 m V s"1. Polymer
deposited for 5 minutes at 2 mA cm"2 from 0.50 mol L"1 pyrrole, 0.10 mol L"1
NaN03 in water.
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m/croelectrode the initial broad reduction wave centred at -0.20 V, was
observed but the second distinct response at -0.70 V -> -0.80 V was not
apparent.

It can be seen however that the reduction w a v e at the

m/croelectrode continued to about -0.80 V in Figure 5.1 (a) - ie about the
same potential that the second reduction wave was completed at the
m/croelectrode. It appears, therefore, that if there were two separate
reduction processes at the m/croelectrode, then the second process has
converged with the first at around -0.60 V.
The presence of a second distinct wave for polypyrrole reduction
turned out to be a very interesting phenomena and was examined in detail.
In particular, the nature of the processes associated with this response
were considered. These results are presented in the following sections.
For now, however, the notion that polymer dedoping m a y involve two
distinct reduction processes agrees with the model of Tanguy and
coworkers 69"71 outlined in Section 1.2.2.1. In this model the polymer
contains deeply trapped and shallowly trapped dopant ions, the latter
being the result of "overdoping".

The shallowly trapped ions are

relatively easily expelled at low reductive potentials while the deeply
trapped ions require higher reductive potentials. If the difference in
energy between these processes is great enough, the resulting
voltammogram would resemble those at the m/croelectrode shown in
Figure 5.1 where two separate reduction processes were observed.
Presumably, this difference in energy depends on a number of factors.
Indeed, in this work it was found that the presence or absence of a second
distinct reduction response was determined by the experimental conditions
used. For example, comparison of the C V s in Figure 5.1, showed the
response was more noticeable at the m/croelectrode compared with the
m/croelectrode and also at the polymer grown from acetonitrile compared

145

CHAPTER 5

to the polymer grown from water. These trends were found to be
consistent throughout the course of this work. Other factors that were
found to influence the relative size and position of the second reduction
response included the polymer thickness and the concentration and type of
supporting electrolyte (ie dopant ions) used. These and other factors were
considered in the sections that follow.

5.4 CHRONOAMPEROMETRY
Potential step experiments between +0.20 V and -0.80 V were
performed at polypyrrole films on both micro and m/croelectrodes. The
chronoamperometric responses obtained in 1.0 mol L"1 K C I are shown in
Figure 5.2. The responses at the m/croelectrode are worth noting since
there appeared to be two processes involved. This was particularly
noticeable on the negative potential step (Figure 5.2 (a)) where the
current decay was initially fast but slowed considerably after about
250 ms, resulting in a "hump" on the i-t curve.

A similar effect,

although not as noticeable, was also apparent for the positive potential step
(Figure 5.2 (b)). It is likely that this behaviour was related to the second
reduction response observed during the C V at the m/croelectrode (Figure
5.1) since the lower limit of the potential step (ie. -0.80V) lies just on the
negative side of this response. N o such behaviour was observed at the
m/croelectrode where conventional current decay profiles were observed
(Figure 5.2 (c) and 5.2 (d)).
The most noticeable differences between the responses at the
m/croelectrode and those at the m/croelectrode were the size of the
currents and the time required for current decay. Current densities 5-6
times those observed at the m/croelectrode were observed for the
m/croelectrode, while the time required for the current to decay to
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F I G U R E 5.2 Chronoamperometric responses for polypyrrole in 1.0 mol L"1
KCI. Polymers were grown for 10 minutes at 2 m A cm" 2 from 0.50 mol L"1
pyrrole, 0.1 mol L'1 T B A P in acetonitrile. a) Macroelectrode: Ej = +0.20 V,
Ef = -0.80 V; b) Macroelectrode: Ej = -0.80 V, Ef = +0.20 V; c) M/croelectrode:
Ej = +0.20 V, Ef = -0.80 V; d) M/croelectrode: Ej = -0.80 V, E f = +0.20 V.
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negligible values at these electrodes took less than 100 m s compared with
2-3 seconds for the larger electrode. These observations suggested that
the rate of doping/dedoping w a s considerably quicker at the
m/croelectrode compared to the m/croelectrode. From a qualitative point
of view, this also means that the movement of ions in and out of the
polymer occurred more readily at the m/croelectrode, since the rate of
oxidation/reduction is largely governed by ionic transport (Section
1.2.2.2). This was not surprising, given the enhanced mass transport
properties of m/croelectrodes compared to conventionally sized
electrodes. Decreased iR effects at the m/croelectrode would also increase
the relative rate of reaction/ionic transport. However, another reason the
movement of ions in and out of the polymer would have been more facile
at the m/croelectrode was because the m/croelectrode geometry gives an
increased surface area to bulk polymer volume ratio. If follows, that if
proportionally more polymer is exposed to the solution, then the ion
exchange process will be more efficient.
A final point worth noting about the chronoamperometric responses
in Figure

5.2

was

that, after the positive

potential

step

(-0.80 V -> +0.20 V ) , a significant time delay occurred before the
current reached a m a x i m u m .

This was in contrast to the almost

instantaneous current spike observed
( + 0 . 2 0 V -> -0.80V).

after the negative step

This difference, which was clear at the

m/croelectrode although less noticeable at the m/croelectrode, can be
attributed to the fact that, prior to the positive potential step, the polymer
was held at -0.80 V and was therefore in its non-conducting state. After
the potential step, appreciable currents could only flow when the polymer
had been converted to its conducting state, hence the relatively slow
current rise initially. The difference between the positive and negative
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steps is best appreciated by the chronocoulometric plots for these
processes. Figure 5.3 shows that, although the charge passed due to the
negative step was initially greater, the charge passed due to the positive
step soon caught up reaching its m a x i m u m value after about 2 seconds.
The relatively slow increase in charge from 1 to 5 seconds after the
negative step, reflected the fact that the polymer had become resistive.
Consequently, the rate of charge transfer decreased dramatically in this
time period.

^ 10 °
CM

g
O
£
O
©
Z

80

-0.80V -* +0.20V
+0.20V -* -0.80V

60
40
20

0
0.0

0.5

1.0

1.5

2.0

2.5

Time (s)

FIGURE 5.3 Chronocoulometric responses for polypyrrole at a
macroelectrode in 1.0 mol L"1 KCI. Polymer prepared as per Figure 5.2.

5.5 POLYMER THICKNESS
The effect of polymer thickness on the doping/dedoping process was
considered using both cyclic voltammetry and chronoamperometry.
Different polymer thicknesses were obtained by depositing the polymer at
2 m A cm" 2 for times varying from 0.5 to 50 minutes. Figures 5.4 and
5.5 show the C V s of polypyrrole films of different thickness at macro
and m/croelectrodes respectively. In these voltammograms the current
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values have been scaled d o w n to represent a polymer grown for 1 minute.
Therefore, polymers grown for 5 minutes actually have current values
5 times the values shown; similarly polymers grown for 20 minutes have
actual current values 20 times those shown, and so on. This was done to
facilitate comparisons of the voltammetric responses of polymers of
different thicknesses.
The cyclic voltammograms at the m/croelectrode (Figure 5.4)
showed that the oxidation peak potential of polypyrrole shifted in the
positive direction with an increase in polymer thickness. In addition, the
oxidation waves became broader and less well defined. These effects
were probably due to an increase in the resistance of the polymer in the
reduced state, as the thickness increased. The iR problems associated with
converting the polymer from an insulating to conducting film were
augmented with the thicker polymer resulting in the observed potential
shift and a broadening of the oxidation peak.
Increases in polymer thickness also resulted in a loss of definition at
the positive end of the C V . The "capacitive like" current decay observed
at the upper potential limit occurred on a significantly longer time scale,
as the polymer thickness increased, implying a longer response time and
an increased R C time constant.
The most important feature of the C V s in Figure 5.4 however, was
the trend observed for the reduction of the polymer. For the polymer
grown for 1 minute, only one very broad reduction wave, centred at
about -0.40 V, was observed. For the thicker polymers, the reduction
was separated into two distinct processes; the first at about
-0.20 V -» -0.30 V, while the second shifted more negative with
increaseed thickness (ie -0.75 V for 5 minute polymer, -0.80 V for the 10
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minute polymer (not shown) and -0.90 V for the 2 0 minute polymer).
This trend was consistently noted throughout this work.

v

T
-0.4

-0.2

Macroelectrode

1
0.0

0.2

0.4

E (V vs S.C.E.)
FIGURE 5.4 "Normalised" voltammograms for different polypyrrole film
thicknesses at a macroelectrode in 1.0 mol L"1 KCI. Polymers grown at
2 m A cm" 2 from 0.50 mol L"1 pyrrole, 0.10 mol L"1 T B A P in acetonitrile.
* See text.

The cyclic voltammetric behaviour at the m/croelectrode also showed
this trend, but to a m u c h lesser extent. Figure 5.5 shows a second,
distinct, reduction response was only observed w h e n the polymer was
deposited for 50 minutes. The m/croelectrode results also showed that
significant shifts in the oxidation peak potential only occurred for the
polymer grown for 50 minutes. This implied that problems associated
with polymer resistance were less severe at m/croelectrodes, as would be
expected. The results in Figure 5.5 also showed that, in general, the
overall integrity and definition of the C V s at the m/croelectrodes were
considerably improved relative to those at the m/croelectrode,
particularly for the thicker polymers. Even for the polymer grown for
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50 minutes, the C V was still well defined at the m/croelectrode. The
corresponding C V at the m/croelectrode was unrecognisable. Further to
this, there was no sluggishness of response at the m/croelectrode when the
scan direction was reversed at the positive end of the C V . All of these
observations led to two major conclusions:
(i) the resistance of the polymer in the reduced state was less of a
problem at m/croelectrodes; and
(ii) complete polymer reduction occurred at less negative potentials at
the m/croelectrode and only at very thick polymers was a second
reduction response distinguishable.

1 min. growth
5 min. growth
20 min growth

Microelectrode
^—ir"**-C^.

X

N

E (V vs S.C.E.)
FIGURE 5.5 "Normalised" * voltammograms for different polypyrrole film
thicknesses at a m/croelectrode in 1.0 mol L"1 KCI. Polymers deposited as per
Figure 5.4.
* See text.

Another conclusion that can be drawn from these results was that the
movement of dopant ions in and out of the polymer occurred more
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readily at the m/croelectrode compared with the m/croelectrode. T h e
effect of ion m o v e m e n t on the electrochemistry of conducting polymers
was alluded to in Section 1.2.2.2. It was noted that sluggish ionic
transport can severely distort electrochemical data. The distorted C V s of
thick polymers at m/croelectrodes suggest this was the case (Figure 5.4).
The corresponding C V s at the m/croelectrode show little or no distortion
(Figure 5.5) suggesting enhanced ionic transport.
Similar conclusions can be drawn from the chronoamperometric
responses of thick polypyrrole films at both electrodes. Figure 5.6 shows
the i-t curves resulting from a potential step of -0.80 V —> +0.20 V for
polypyrrole films grown for 20 minutes at micro and m/croelectrodes.

2000-1
Microelectrode

Macroelectrode

0.0

T

1

1

1

1

0.2

0.4

0.6

0.8

1.0

Time (s)
FIGURE 5.6 Chronoamperometric responses for polypyrrole at both micro
and macroelectrodes in 0.10 mol L"1 TBAP. Ej = -0.80 V, Ef = +0.20 V.
Polymers deposited for 20 minutes at 2 m A cm" 2 from 0.50 mol L"1 pyrrole and
0.10 mol L"1 T B A P in acetonitrile. Note the different time scales.

The results showed that current densities at the m/croelectrode were
up to 60 times those observed at the m/croelectrode. Furthermore, the
currents had diminished to insignificant amounts after about 1 second at
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the m/croelectrode while an appreciable amount of current still flowed
after 20 seconds at the m/croelectrode. These results are more fully
appreciated in the chronocoulometric plots of Figure 5.7 which show that
while similar amounts of charge per-unit-area were passed at both
electrodes, the micro electrode reached it m a x i m u m value in about
1 second, while the curve for the m/croelectrode w a s still increasing
after 20 seconds. The data in these figures confirm the sluggish nature of
the doping process at m/croelectrodes and support the view presented
above (and in Section 5.4) that ionic transport in and out of polymers is
far less inhibited at m/croelectrodes.
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FIGURE 5.7 Chronocoulometric plots for the responses in Figure 5.6. Note
the different time scales.

5.6

ANION D E P E N D E N C E

As outlined in Section 1.2.2. the electrochemical doping and
dedoping of polypyrrole involves the transport of electrolyte anions into
and out of the polymer matrix. In this section, the effect of the chemical
nature of the anions on the doping/dedoping process was considered with
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a view to determining the nature of electrochemical processes involved.
This was done by keeping the cation of the electrolyte constant (ie Na + )
while varying the anion. The anions tested were CI", NO3", SO42', CO3 2 "
and the surfactant anion dodecyl sulfate (DS"). In all cases the anion
concentrations were kept constant at 1.0 mol L"1 except for sodium
dodecyl sulfate where solubility constraints only allowed a concentration
of 0.10 mol L"1.
The cyclic voltammograms for a polypyrrole film on a platinum
m/croelectrode in CI", NO3", SO4 2 " and CO3 2 " media are shown in Figure
5.8. The C V s for the univalent anions (CT and NO3"), were very similar
and gave similar responses to those observed in Figure 5.1. That is,
moderately sharp oxidation peaks at approximately -0.20 V followed by
almost identical "capacitive like" behaviour at the positive potentials. O n
the reverse sweep, the polymer reduction was shown to consist of two
distinct processes, similar to those described previously; the first at
around -0.20 V, while the second was at approximately -0.90 V

.

The C V s for the divalent anions, on the other hand, were quite
different. The response in the SO4 2 " solution was indicative of an
irreversible redox couple with E o x ~ -0.38 V and E r e d ~ -0.60 V.
Negative of this couple, small currents were observed, which was not
unexpected since the polymer was reduced at these potentials. However,
positive of the couple, where large currents are normally observed, the
currents were also small. Similar results were also found for the C V in
CO3 2 - solution, although the redox peaks were slightly larger and broader.

This latter response was approximately 100 m V less negative than the corresponding response in
1.0 mol L'1 K C I described in the previous section - the only difference being the nature of the
cation. This will be considered in the following section.
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They were also shifted to more positive potentials with E o x ~ -0.20 V and
Ered ~ -0.40 V. Again, instead of the relatively large capacitive like
currents at the positive potentials, the forward and reverse scans
converged to small values.
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FIGURE 5.8 Cyclic voltammograms of polypyrrole at a macroelectrode in
different anionic solutions. Scan rate = 20 m V s"1. Polymer prepared as per
Figure 5.2.

The reponses at m/croelectrodes in the different anion containing
solutions (Figure 5.9) were qualitatively similar to those at the
m/croelectrodes. The C V s in the univalent anion solutions gave well
defined "conventional" type voltammograms as described in Section 5.3
while in the divalent solutions, the C V s were characterised by
irreversible redox couples with relatively small currents on either side.
For the S0 4 2 " solution E o x ~ -0.38 V and Ered ~ -0.50 V, while in the C 0 3 2 "
solution E o x ~ -0.35 V and Ered -0.55 V .
At both the micro and m/croelectrodes it w a s found that the
electrochemical behaviour of the polypyrrole films returned to normal
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when cycled in 1.0 mol L"1 NaCl or 1.0 mol L"1 N a N 0 3 after having been
cycled in either the SO4 2 " or CO3 2 " solution. This implies that the divalent
anion solutions were not chemically degrading the polypyrrole film in any
way.
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FIGURE 5.9 Cyclic voltammograms of polypyrrole at a m/croelectrode in
different anionic solutions. Scan rate = 20 m V s"1. Polymer prepared as per
Figure 5.2.

The contrasting behaviour of polypyrrole in the univalent and
divalent anion solutions was further highlighted w h e n the C V s were
restricted to potentials within the "capacitive" region. Figure 5.10 shows
the C V s of polypyrrole between +0.30 V and +0.40 V in the different
anion solutions. The responses in the CI" and N 0 3 " solution were almost
identical and gave capacitive like currents similar to those expected at a
porous metal electrode 56. The responses in the SO4 2 " and CO3 2 " solutions
however were small and poorly defined. Once again, it was found that
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when the electrode was put back into the univalent anion solutions, the
responses returned to "normal".

2 -

1 .OM NaCI
1.0MNaNO3
1 .OM Na2S04
1.0MNa2OO3

1 CM
i

E
u

0 -

<

E

-1 -

20.25

I
0.30

I
0.35

T—
0.40

0.45

E (V vs S.C.E.)
F I G U R E 5.10 Cyclic voltammograms of polypyrrole within the capacitive
region at a macroelectrode in different anionic solutions.
Scan rate = 20 m V s"1. Polymer prepared as per Figure 5.2.

The electrochemistry of polypyrrole in SO4 2 ' and CO3 2 " solutions was
interesting from the point of view of the electrochemical processes
involved in doping/dedoping. T h e most notable feature of the C V s in
these solutions was the lack of "capacitive type" behaviour at positive
potentials. If indeed, this "capacitive" behaviour was due to true double
layer capacitance, it would seem unlikely that the divalent anion solutions
would cause such a drastic change in the observed currents. If however,
the "capacitive like" behaviour was actually associated with the doping
process (or "overdoping" as suggested by Tanguy et al 69 - 71 ) then the
chemical nature of the anion could have a significant influence over the
electrochemical responses obtained. It is quite possible that the divalent
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nature of these ions do not facilitate the doping process as readily as
univalent ions. For example, consider the early stages of doping, where
single cationic charges (polarons) are delocalised over four m o n o m e r
units. This means that one divalent anion would have to stabilise the
charge over eight m o n o m e r units, whereas two univalent ions could do
the same job. Similarly, in the fully doped state the divalent ions would
be responsible for stabilising charge over 2-4 m o n o m e r units whereas the
univalent ions only stabilise charge over 1-2 units. It could well be that
due to lattice constraints, stabilising charges over the larger distances is
not energetically feasible.
Other possibilities also exist. For example, it m a y not be the
electronic (divalent) nature of these anions, but their chemical nature, that
causes the observed changes

135

. Figure 5.11 shows the C V for

polypyrrole in the univalent D S " solution. The voltammetric responses
obtained were not unlike the responses obtained in the SO4 2 " and CO3 2 "
solutions * . In this case it was not the electronic charge on the D S " ion
that inibited the doping process but its physical and/or chemical
properties.

It is possible that the D S " anion was too large to be

incorporated into the polymer matrix thus giving small currents in the
overdoping region. It has also been suggested 135 the hydrophobic tail of
the D S " anion attaches itself to the hydrophobic polypyrrole surface. This
m a y m a k e the anionic head of the molecule unavailable for polymer
doping or at least inhibit the insertion of the anion between the polymer
chains.

The charge imbalance in this C V was probably the result of dissolved O 2 in the solution, since it
was very difficult to remove all of the O 2 from a concentrated surfactant solution by N 2 purging.
The important feature here is the lack of capacitive like currents at the positive potentials.
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F I G U R E 5.11 Cyclic voltammogram of polypyrrole at a macroelectrode in
0.10 mol L"1 SDS. Scan rate = 20 m V s"1. Polymer prepared as per Figure
5.2.

Whatever the reasons for the observed changes, it was clear that the
SO4 2 ", C O 3 2 " and D S " anions had a drastic effect on the voltammetric
behaviour of polypyrrole, particularly with respect to the lack of
capacitive like currents at the positive potentials. A s mentioned, it is hard
to envisage changes being due to double layer capacitance effects only,
since C V s at bare Pt electrodes do not show this contrasting behaviour in
these solutions (see Section 6.3).
The chronoamperometric behaviour of the polymer films in the
different anion solutions also support this view. Figure 5.12 shows the i-t
curves for potential steps within the capacitive region at a polypyrrole
coated platinum m/croelectrode. It can be seen that the current responses
in the CI" and N O 3 " solutions showed relatively large currents initially,
which decayed to small values very quickly (ie 2-3 seconds). In the
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divalent solutions the initial currents were small by comparison and the
current decay took significantly longer (ie. up to 1 minute for the C O 3 2 solution). This type of behaviour is not indicative of double layer
capacitance effects and, as with the C V experiments, these trends were not
observed for potential step experiments at bare platinum electrodes in
these solutions (see Section 6.3).
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FIGURE 5.12 Chronoamperometric responses within the capacitive
region for polypyrrole at a macroelectrode in different anionic solutions.
Ej = +0.30 V, Ef = +0.40 V. Polymer prepared as per Figure 5.2.

It seems therefore, that the currents in the "capacitive region" of the
C V were not due to double layer capacitance but were more likely a
manifestation of the doping process. This notion will be shown more
conclusively in Chapter 6, but for now, the capacitive like currents will
be treated as being associated with the doping process or, as Tanguy et al
proposed, "overdoping".

161

CHAPTER 5

5.7

CATION DEPENDENCE

While the importance of the anion in the doping/dedoping process
has been well established, the effect of the electrolyte cation has received
little attention. In Section 1.2.2.3 it w a s revealed that under certain
conditions, electrostatic neutrality can be maintained during dedoping by
the insertion of electrolyte cations, rather than the expulsion of dopant
anions. This cation insertion effect will be considered in more detail in
this section. The type and concentration of the electrolyte anion was kept
constant (ie 1.0 mol L"1 CI" solutions), while the nature of the cation was
varied. T h e cations used were Na + , K + , B a 2 + and M g 2 + .
Figure 5.13 shows the CVs for a polypyrrole film deposited on a
platinum m/croelectrode in the different cation solutions. The most
striking feature of these voltammograms was the fact that the second
reduction wave was present in the univalent cation solutions but absent in
the divalent cation solutions. Despite this there was still a significant
cathodic current passed at the negative potentials in the B a 2 + and M g 2 +
solutions, indicating that polymer reduction was still occurring. (Even on
the forward scan, the current remained cathodic until about -0.60 V,
which was 200 m V more positive than the N a + and K + examples). The
absence of the second reduction response in the divalent cation solutions
suggests that the polymer was not reduced to the extent that it was in the
univalent cation solutions. This was confirmed by the fact that the
subsequent oxidation peaks were smaller in these solutions compared with
the univalent solutions. Despite this, the currents that followed the peak
(ie in the "overdoped" region - 0.00 V -> +0.40 V ) were shown to be
totally independent of the type of cation used.
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FIGURE 5.13 Cyclic voltammograms of polypyrrole at a macroelectrode in
different cationic solutions. Scan rate = 20 m V s'1. Polymer prepared as per
Figure 5.2.

The effect of the cation on the C V behaviour w a s further
demonstrated by the results shown in Figure 5.14 where it can be seen
that the potential of the second reduction response moved positive with an
increase in the cation size d o w n the Group I metal ions. This response
moved from -0.90 V for the N a + solution, to -0.70 V for the K + solution
and to -0.60 V for the C s + solution. The latter response (ie in Cs + ) was so
positive that it w a s only just distinguishable from the rest of the
voltammetric curve. Another feature about the C V s in Figure 5.14 was
that the presence of a distinct second, reduction wave seemed to influence
the shape of the subsequent oxidation peak. In the N a + and K + examples,
where the reduction waves were well separated, the oxidation peaks were
quite sharp. In C s + solution, however, the reduction waves were not well
separated resulting in a m u c h broader oxidation wave. Like Figure 5.13,
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Figure 5.14 also showed that the currents in the "overdoped" region were
independent of the type of cation.
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FIGURE 5.14 Cyclic voltammograms of polypyrrole at a glassy carbon
macroelectrode in Group I metal chloride solutions. Scan rate = 20 m V s"1.
Polymer prepared as per Figure 5.1 (a).

Potential step experiments in different potential regions showed
similar dependencies.

Figure 5.15 shows the chronoamperometric

responses at a m/cro-polypyrrole electrode for potential steps between
-0.80 V and +0.20 V.

T h e i-t curves for the positive step (Figure

5.15 (a)) show similar behaviour for each of the two types of cation. The
responses in the univalent cation solutions were larger and decayed more
quickly than those in the divalent solutions. It was interesting to note that
the rising section of the curves occurred on a quicker time scale for the
M g 2 + and B a 2 + examples. This implied a quicker change in polymer
conductivity in these solutions. The curves for the negative step (Figure
5.15 (b)) showed that the current decay was initially quicker for the
divalent cation solutions however, this decay slowed considerably after
164

CHAPTER 5

about 0.5 seconds. O f the univalent cation examples only the K + case
showed evidence of the two step reduction indicated by the C V s . T h e
N a + curve showed a continuous although, relatively slow decay. T h e
reason for this discrepancy was probably the fact that the potential step
(ie. at -0.80V) was sufficiently negative of the second reduction response
in K C I but was on the positive side of the response in N a C l (see Figures
5.13 and 5.14) - hence the slow current decay.
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F I G U R E 5.15 Chronoamperometric responses for polypyrrole at a
macroelectrode in different cationic solutions. Polymer prepared as per
Figure 5.2. a) Ej = -0.80 V, Ef = +0.20 V; b) Ej = +0.20 V, Ef = -0.80 V.

165

CHAPTER 5

W h e n the potential steps were confined to the "overdoped" region the
i-t curves were shown to be near identical in the different solutions. This
again indicated that the electrochemical responses in this potential region
were independent of the nature of the cation.
The results in this section clearly indicated that the cation had an
effect on the latter stages of polymer reduction, and on the early stages of
polymer oxidation - that is, in general, the negative potentials of the
potential region considered. However, at the positive potentials, where
so-called "overdoping" occurs the C V s were totally dependent on the
nature of the anion - this was also shown to be the case in the previous
section. While it is clear that the cation had significant effects on the
doping/dedoping process it was not clear whether this was due to the
insertion and subsequent expulsion of cations, or some other effect. The
experiments in the next section confirmed the cation insertion concept.

5.8 CATION INSERTION
In this section it is shown that the second reduction wave observed in
the polypyrrole C V s throughout this work was actually associated with
cation insertion during the dedoping process. This was shown largely by
the use of reaction order experiments and was supported by experiments
in which the dopant anion used during synthesis was large and not very
mobile within the polymer.

5.8.1 REACTION ORDER EXPERIMENTS

T o fully characterise the nature of a chemical reaction, it is often
useful to vary the concentration of one or more of the reactants. For
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redox reactions the effect of varying the reactant concentration can be
determined by the Nernst equation. For example, for the redox reaction:

R <-> 0 + + e"

the Nernst equation at room temperature can be written as:

E = E° + 0.059 log C - ^

...(5.1)

For polypyrrole, the conventional redox reaction, where only anion
insertion/expulsion is considered, can be written as follows:

P°(elec) + A"(Soi) <-> P+A"(eiec) + e"

where P° represents the polymer in its reduced form, P+ represents the
polymer in its oxidised form and A " is the anion of the supporting
electrolyte. For this reaction the appropriate Nernst equation is:

(Ep)app = 4

+

°059 l0S [^HA-] -(5-2)

where (Ep)appis the apparent formal potential of the polymer redox
couple and E is the formal potential of the redox couple . Equation 5.2
shows that the redox reaction is dependent on the reactant concentration

Defining the Nernst equation in terms of formal potentials allows the use of reactant and product
concentration terms, rather than the corresponding activity terms.
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and predicts that a plot of (E^) ap p vs log [A"] will give a straight line with
a slope of -59 m V w h e n A" is univalent. In other words, the potential of
the redox couple shifts in the negative direction by 59 m V with a decade
increase in A " concentration.
Now consider the polypyrrole redox reaction where only cation
insertion/expulsion occurs. This reaction can be written as follows:

^A-C^iec) <-> P+A^iec) + C+(sol) + e"

where C+ is the cation of the supporting electrolyte. The Nernst equation
for this reaction is:

(Ep)aPP = Ep + 0.059 log ^2-^ -<5-3>

This equation predicts that a plot of (Ep)app vs log [C+] results in a straight
line with a slope of +59 m V w h e n C + is univalent. This is the opposite to
the relationship above and means that an increase in C + concentration will
result in a positive shift in the redox potential.
Figure 5.16 shows the cyclic voltammetric responses for polypyrrole
in different K C I concentrations at a platinum m^crcelectrode. The two
most noticeable features were the negative shift in the oxidation peak
potential and the positive shift in the second reduction response with an
increase in K C I concentration. T h e negative shift in the oxidation
potential was expected (Equation 5.2) and indicated that this response was
associated with anion insertion. The positive shift in the second reduction
wave however, follows the trend predicted by Equation 5.3 and is best
explained in terms of cation insertion. Plots of E vs log [KCI] showed
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that neither response followed Nernstian behaviour with the shift in the
oxidation response having a slope of approximately -170 m V while the
shift in the second reduction response had a slope of about +190 m V .
Unfortunately, well defined voltammograms were only possible at
the macroelectrode w h e n the electrolyte concentration was 0.10 molL" 1 or
above. At the mzcroelectrode however, well defined C V s were readily
obtained in concentrations as low as 10"4 molL" 1 in some electrolytes
and/or with thin polymers. A s a result it was possible to get concentration
dependent information over 4 or 5 orders of magnitude at the
m/croelectrode.
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FIGURE 5.16 Cyclic voltammograms of polypyrrole at a macroelectrode in
different concentrations of KCI. Scan rate = 20 m V s"1. Polymer prepared as
per Figure 5.2.

Figure 5.17 (a) shows the cyclic voltammograms of polypyrrole at a
platinum m/crc-electrode in varying concentrations of KCI. The trends
observed at the macroelectrode (Figure 5.16) were even more noticeable
here. It can be seen that the oxidation peak shifted negative with an
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F I G U R E 5.17 a) Cyclic voltammograms of polypyrrole at a m/croelectrode
in different concentrations of KCI. Scan rate = 20 m V s"1. Polymer prepared
as per Figure 5.2. b) Cyclic voltammogram of polypyrrole at a m/croelectrode
in 10*3 mol L"1 KCI. Conditions as per a).
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increase in K C I concentration; the first reduction wave (~ -0.20 V ) also
showed a negative shift. These observations indicate that these responses
involved anion insertion and expulsion respectively.

The second

reduction wave, however, showed a positive shift with increasing K C I
concentration. This indicated that this response was associated with cation
insertion rather than anion expulsion. The corresponding oxidation wave
for this process (ie the one associated with cation expulsion during
doping) is not obvious in conventional voltammograms. However, close
examination of the C V s at low electrolyte concentrations (Figure
5.17 (b)) revealed two distinct pairs of redox couples. The first (denoted
A ) at around -0.80 V

to -0.70 V

was associated with cation

insertion/expulsion, while the second (denoted B ) at about 0.00 V to
+0.10 V was associated with anion insertion/expulsion. The shape and
asymmetry of both couples suggested irreversible kinetics, as did the
slopes of the E vs log [KCI] plots, which gave a slope of +80 m V for
couple A and -70 m V for couple B.
While the separate couples were obvious at low electrolyte
concentrations, at the higher concentrations the redox potentials of both
couples converged to similar values. This gave the impression that the
C V consisted of a single pair of broad redox waves. This is indeed the
impression one also gets from the literature concerning the voltammetric
behaviour of polypyrrole. For example, (i) "A cyclic voltammogram of
polypyrrole approximates the behaviour of a quasi-reversible redox
couple"

56

or (ii) "The voltammogram shows broad peaks...for both

redox reactions of the electroactive film" 1 0 °.

Comments such as these

are c o m m o n in the literature and pre-suppose the existence of a single
redox process. These results, however, show that the observed cyclic
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voltammetric behaviour of polypyrrole was clearly the result of two
distinct, overlapping processes.
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FIGURE 5.18 E vs log (concentration) plots for redox couple A (a) and
redox couple B (b) in various electrolyte solutions.

Reaction order measurements in a range of other electrolyte
solutions were also carried out. The E vs log (concentration) plots for the
separate redox couples are shown for some of these solutions in Figure
5.18. In each case, the reduction response was used to determine the E
value for couple A, while the oxidation response was used to determine
the E value for couple B. The reason for this was because these were the
more well defined responses for the respective couples (see 5.17 (b)).
The results in Figure 5.18 show that a positive slope was evident for
couple A and a negative slope was evident for couple B in all the
electrolyte solutions shown. This was consistent with the fact that couple
A was associated with cation insertion/expulsion while couple B was
associated with anion insertion/expulsion. Only a few of the curves were
found to be linear over the whole concentration range and all were shown
to have slopes larger than expected for a Nernstian response. Despite this,
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to have slopes larger than expected for a Nernstian response. Despite this,
it was noted that the slope for couple A in the M g C b solution was about
one-half that of the other electrolytes. This is exactly what was predicted
by the Nernst equation (Equations 5.2 and 5.3) for divalent ions *.
Unfortunately, while this trend was confirmed for the divalent cation
case, it could not be confirmed in the divalent anion cases because of the
unusual C V behaviour observed in these solutions (see Section 5.5). In
fact, a plot of E vs log [ N a 2 S 0 4 ] , showed a positive slope for the only
redox couple present (Figure 5.19). This suggested that cation exchange
was the major form of ionic transport during the cyclic voltammetry of
polypyrrole in the Na2SC>4 solution. A similar trend was observed for
the E vs log [SDS] plot (Figure 5.19) suggesting that cationic transport

-4

-3

-2

-1

0

log (cone.)
FIGURE 5.19 E vs log (concentration) plots for the polypyrrole redox
couple in 1.0 molL"1 Na2S04 and 0.10 molL"1 S D S solutions.

The slopes for divalent ions should be half as large as for univalent ions because the logarithmic
term in Equations 5.2 and 5.3 should be multiplied by the reciprocal of the charge carried by the
ions.
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was also the major form of ion exchange in this solution. These results
support the notion put forward in Section 5.6 that the small currents noted
in the capacitive region of the C V s in SO4 2 " and D S - solutions were the
result of the inability of these ions to readily m o v e in and out of the
polymer.
The factors that inhibit the transport of divalent anions in and out of
the polymer appear not to have the same effect on divalent cations, such as
M g 2 + and Ba 2 + . C V s in these solutions showed cation insertion peaks that
shifted positive in a similar manner to univalent cation solutions, although
the size of the peaks were noticeably smaller. Surprisingly, however, the
position of the peaks were more positive than their univalent counterparts
(Figure 5.18 (a)) suggesting a stronger driving force existed for the
insertion of the divalent cations compared with the univalent ions. This
was also the probable reason w h y the cation insertion responses were not
apparent in Figure 5.13 for the M g 2 + and B a 2 + solutions.
From the data presented thus far it is possible to redefine the cyclic
voltammetric behaviour of polypyrrole in terms of the types of processes
occurring. Figure 5.20 shows a typical C V of polypyrrole which has
been split into four sections representing anion insertion (1), anion
expulsion (2), cation insertion (3) and cation expulsion (4). Using such a
model it can be seen that polymer oxidation not only involves the uptake
of anions but also the expulsion of cations. Similarly, polymer reduction
involves both the expulsion of anions and the uptake of cations. A s
indicated in Figure 5.17 (a) the individual processes in regions 1 and 4,
and also in regions 2 and 3 overlap with respect to potential. The extent
of overlap and the extent to which each of these processes dominate is
difficult to determine and will depend greatly on the experimental
conditions used. Nevertheless, these factors can be estimated using cyclic
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FIGURE 5.20 Typical cyclic voltammogram of polypyrrole showing the
different processes associated with doping/dedoping. (1) anion insertion,
(2) anion expulsion, (3) cation insertion, (4) cation expulsion.

voltammetric techniques where the direction of the potential sweep is
reversed at different points along the potential axis. Figure 5.21 (a)
shows a polypyrrole C V w h e n the sweep direction has been reversed
several times during the forward scan. It can be seen that the "cation
insertion peak" (~ -0.60 V ) only approached its m a x i m u m size w h e n the
sweep was reversed well into the polymer oxidation peak. This indicates
that a significant portion of the oxidation peak was associated with cation
expulsion. This view was supported by the voltammogram shown in
Figure 5.21 (b) where the sweep direction was reversed on the backward
scan. Here it can be seen that the oxidation peak did not reach its
m a x i m u m value until the sweep had passed beyond the cation insertion
peak. Again, this was indicative of the fact that a significant portion of

175

CHAPTER

5

a)

4 -

CM

E

2

o
<•

E
w

0

- 2-

i

1

1

1.0

-0.8

-0.6

I
-0.8

1

1

1

r0.2

0.4

1

1

1

-0.4 -0.2
0.0
E (V VS S.C.E.)

0.2

-0.4 -0.2 0.0
E (V VS S.C.E.)

b)

E

2 -

u
<

E

0-

2I
-1.0

-0.6

1

1

0.4

FIGURE 5.21 a) Cyclic voltammogram of polypyrrole at a m/croelectrode
in 10"2 mol L"1 KCI where the sweep direction has been reversed at different
potentials during the positive sweeps. Scan rate = 20 m V s"1. b) Cyclic
voltammogram of polypyrrole at a m/crcelectrode in 10"2 mol L"1 KCI where
the sweep direction has been reversed at different potentials during the
negative sweeps. Scan rate = 20 mVs"1. Polymer prepared as per Figure
5.2.
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the redox activity in the oxidation peak m a y have been associated with
cation movement.
The conclusions drawn from the voltammograms in Figure 5.21
reflect the situation in one specific case. In general, however, the extent
of cation transport vs anion transport depends on the experimental
conditions and, in particular, those conditions that determine the relative
accessibility and mobility of the anion and cation. If the cation is readily
amenable to incorporation and relatively mobile within the polymer
structure compared to the anion, then cation insertion/expulsion will
constitute a large part of the total ionic transport. The opposite is also
true. The experimental conditions that have been shown to determine the
relative importance of these processes include: the solvent used for
synthesis as well as the solvent used for doping/dedoping; the nature of the
dopant ion originally incorporated into the polymer; the nature and
concentration of the electrolyte; the polymer thickness; the morphology;
the electrochemical conditions under which the polymer was synthesised;
and the history of the polymer.

5.8.2 POLYPYRROLE-DODECYL SULFATE
The few reports that acknowledge the dual nature of ionic transport
during doping and dedoping of polypyrrole have mostly dealt with large
immobile

dopant

ions such

as polyelectrolytes

136

» 137 and

surfactants 138,139. A s mentioned in Section 1.2.2.3 w h e n polymers are
synthesised in the presence of these types of anions, it is very difficult to
expel them from the polymer during dedoping. Consequently, cations
enter the polymer matrix to maintain electrostatic neutrality during the
reduction process. In this section, the cyclic voltammetric responses
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obtained at a surfactant containing polypyrrole film are compared with
the responses obtained from "conventional" polypyrrole films.
Figure 5.22 shows the C V s for these two films in a 1.0 mol L'1 K C I
solution. The C V for PP/NO3 was similar to those described in Figure
5.1 with a broadish oxidation peak on the forward sweep centred at about
-0.10 V followed the capacitive like currents. O n the reverse sweep two
distinct reduction waves were observed with the second one (~ 0.70 V )
being associated with cation insertion. The C V for PP/DS on the other
hand, was markedly different. The peak associated with cation insertion
was considerably larger and shifted negative by about l O O m V compared
with PP/NO3. This has been attributed to the lack of mobility of the
surfactant anion

138

> 13 9.

In addition, there was a relatively sharp

oxidation peak at about -0.55 V, that was 450 m V more negative than the

E
u
<

E

FIGURE 5.22 Cyclic voltammograms of PP/NO3 and PP/DS at a
macroelectrode in 1.0 mol L'1 KCI. PP/NO3 was deposited for 10 minutes at
2 m A cm'2 from 0.50 mol L"1 pyrrole, 0.10 mol L"1 N a N 0 3 . PP/DS deposited
for 10 minutes at 2 m A cm"2 from 0.50 mol L"1 pyrrole, 0.10 mol L"1 SDS.
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oxidation peak for PP/NO3. It was apparent that this oxidation peak was
associated with cation expulsion upon reoxidation of the polypyrrole film.
This was confirmed by C V s in different electrolyte concentrations which
showed that this response m o v e d negative with a decrease in K C I
concentration. The conspicuous nature of the cation expulsion peak in this
example w a s the result of the inordinately large amount of cation
insertion that had taken place on the previous negative sweep, plus the fact
that this process occurred at more negative potentials.

With

"conventional" polypyrrole films (ie P P / N O 3 ) the amount of cation
insertion appeared to be considerably less and occurred at more positive
potentials. A s a result, the currents associated with cation expulsion
(during oxidation of PP/NO3) were smaller and tended to merge with the
anion insertion process.
Another interesting feature of the C V s in Figure 5.22 was the fact
that the cathodic currents between +0.40 V and -0.50 V were considerably
smaller for P P / D S compared with PP/NO3. This region is usually
associated with anion expulsion (Figure 5.20) and indicates that
significantly less anion expulsion occurred in the PP/DS film. Since
similar amounts of charge were consumed in both C V s , this again implies
the fact that cation movement was more dominant in PP/DS compared
with PP/NO3.

5.9 SEMICONDUCTOR MODEL FOR IONIC
TRANSPORT
In this section, a semiconductor model of polypyrrole at negative
potentials is used to show w h y cation insertion occurs and w h y it is
energetically more favourable than anion expulsion in m a n y cases.
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Polypyrrole is k n o w n to resemble an intrinsic p-type semiconductor
in its reduced

(insulating) form

140

. This w a s

confirmed

by

photoelectrochemical experiments on polypyrrole which showed cathodic
photocurrents below approximately -0.70 V

141

.

The application of a potential difference across a semiconductor
electrode is different to that of a metal electrode * . In metals, the
abundance of mobile charge carriers (electrons) means that it is difficult
to set up an electric field within the electrode itself. Consequently, the
potential drop occurs at the electrode/solution interface (Figure 5 23 (a)).
With semiconductors the situation is different. T h e shortage of charge
carriers means that an electric field can be set up within the electrode.
Thus, w h e n a potential is applied across a semiconductor electrode, some
of the potential drop occurs inside the semiconductor material. This
manifests itself in the bending of the energy levels of the electronic bands
(Figure 5.23 (b)). The region where the energy bands are perturbed is
called the "space charge region" and depending on the material and the
magnitude of the applied potential, it m a y vary in size up to several tenths
of microns 142. If one considers a l u m thick polypyrrole film on a metal
electrode, the space charge region could conceivably extend through a
large portion of the polymer (Figure 5.23 (c)).
The situation represented in Figure 5.23 (c) shows that w h e n the
polypyrrole film has been reduced sufficiently to give it semiconductor
properties, ion transport in and out of the polymer becomes field
driven. The ions within the polymer and in solution will feel the effect

See references 142,143 for a detailed explanation of semiconductor electrochemistry.

180

CHAPTER 5
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F I G U R E 5.23 Electric fields generated within the electrode material by the
application of an electrochemical potential difference for metals (a), intrinsic
semiconductors (b), and polypyrrole (c).
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of the electric field set up in the polymer and will m o v e accordingly. In
the oxidised (conducting) state this would not be the case since it is
considerably more difficult to induce an electric field inside the polymer
when the conductivity increases and there is an abundance of charge
carriers.
The schematics in Figure 5.24 show the effect that increasing the
positive potential has on the field driven ionic transport. At negative
potentials (Figure 5.24 (a)), w h e n the polymer is in its insulating form,
the electric field within the polymer drives anions out of the polymer and
cations will be forced into the polymer to maintain the electrostatic
neutrality upon reduction. It makes no difference to the electrostatic
equilibrium whether an anion is forced out or whether a cation is
inserted.

Presumably the process requiring the least energy will

dominate. It is not difficult to envisage a situation where a dopant anion
m a y be partially trapped within the polymer "lattice" by physical,
chemical or electrical constraints. In this situation the freely mobile
cation in solution would be energetically favoured to enter the polymer.
As the potential increases the strength of the field driving the above
processes decreases until at a certain potential, called the flatband potential
(Figure 5.24 (b)), there is no field within the polymer. At this potential
there is no field driven ion movement. W h e n the potential is increased
further the energy bands bend in the opposite direction (Figure 5.24 (c)).
In this situation, cations are expelled from the polymer and anions are
inserted. A s the potential becomes more positive the polymer becomes
conducting and the field can no longer exist. In this situation ionic
transport is only driven by the need to maintain electrostatic neutrality
upon oxidation.
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FIGURE 5.24 The effect of increasing the positive potential on the field
driven transport of ions in and out of polypyrrole.

The flatband potential of semiconductors can be determined by
photoelectrochemistry. For p-type semiconductors, the potential at which
cathodic photocurrrents first appear is the flatband potential. It turns out,
that for polypyrrole the flatband potential coincides with start of the
cation insertion process observed in the C V s

141

. For C V s of

polypyrrole under conditions that show the two reduction processes as
distinct waves, the flatband potential lies in the trough between these
waves

143

It seems therefore, that if the polymer has not undergone

complete dedoping by the time the flatband potential is reached, then the
reduction process is facilitated by the field driven insertion of cations.
Incomplete dedoping m a y be the result of the deeply trapped dopant
anions referred to by Tanguy et al 69-71. It is feasible that the insertion of
small mobile cations to complete the reduction requires significantly less
energy than expulsion of deeply trapped anions (remembering that
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polymer oxidation/reduction can not take place without the transport of
charge compensating ions).

5.10 CONCLUSION
Comparison of the electrochemical properties of polypyrrole films at
micro and macroelectrodes was originally of interest since such work had
yet to be carried out. The significance of this work was however, quickly
appreciated w h e n it was found that the inherent characteristics of
m/croelectrodes were carried over to the polypyrrole coated case. For
example, it was shown that ion movement in and out of polypyrrole films
occurred quicker and more readily at m/croelectrodes compared to
similar films at a macroelectrode. This was due partly to the enhanced
mass transport properties of m/croelectrodes and decreased iR effects, but
also because of the favourable geometry, which provided for a higher
surface area to polymer volume ratio. It was also found that resistance
effects were less of a problem at polypyrrole coated m/croelectrodes.
This, combined with the enhanced ionic transport, meant that considerably
thicker polymers could be studied before slow (ionic) kinetics distorted
the electrochemical responses.
The use of m/croelectrodes also allowed a comprehensive qualitative
analysis of the electrochemical processes involved in the oxidation and
reduction of polypyrrole. The conclusions drawn from this chapter
support and extend the model proposed by Tanguy et al 69-71, For
example, it was shown that the "capacitive like" current commonly
observed in the cyclic voltammograms of polypyrrole were not the result
of double layer capacitance, but more likely associated with polymer
doping/dedoping. Tanguy et al. referred to this as "overdoping" since,
although fundamentally the same type of process, it does not contribute to
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the large change in polymer resistance observed during oxidation and
reduction.

Tanguy et al also proposed the concept of deeply and

shallowly trapped dopant ions, and gave this as a reason for the observed
hysteresis in the cyclic voltammetric responses. However, the importance
of cation transport in this respect was not appreciated by these workers.
In this work it was shown that the nature of the cation had a significant
effect on the electrochemical responses obtained. In particular, the
doping/dedoping process was found to involve two separate processes; one
involving cation insertion and expulsion, the other involving anion
insertion and expulsion. This had particular significance to the concept of
deeply trapped dopant ions in that, instead of the energetically
unfavourable expulsion of deeply trapped dopant anions during
electrochemical reduction, the insertion of cations could occur to maintain
electrostatic balance. This process was shown to be especially assisted at
negative potentials by the electric field that is set up within the polymer.
The qualitative aspects of polypyrrole doping/dedoping considered in
this chapter were expanded in the next chapter to include a detailed
quantitative assessment of these processes.
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CHAPTER 6
QUANTITATIVE ASPECTS OF THE DOPING
AND DEDOPING OF POLYPYRROLE
6.1

INTRODUCTION

This chapter provides a quantitative analysis of the electrochemical
doping and dedoping of polypyrrole. The kinetics of the charge transfer
reactions that occur during oxidation and reduction of polypyrrole were
considered at both micro and macroelectrodes. Specifically, scan rate
dependence measurements, capacitance measurements and R C time
constant measurements were m a d e to determine the nature of the
electrochemical processes that contribute to the capacitive behaviour of
polypyrrole. The results obtained supported the findings of the previous
chapter that indicated the capacitive like behaviour of polypyrrole was
due to the faradaic processes that accompany movement of ions in and out
of the polymer.
In addition, to the above experiments, rates of oxidation/reduction
and diffusion coefficient measurements were made.

These results

confirmed the findings of the previous chapter which showed that the
nature of the cation had a marked effect on the doping and dedoping of
polypyrrole.

6.2 EXPERIMENTAL
As per General Experimental Methods, Section 2.2. The
macroelectrode used w a s the 0.0307 c m 2 platinum disk, while the
m/croelectrode used was the 7.85 x 10"7 c m 2 platinum disk.
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RESULTS AND DISCUSSION
6.3 SCAN RATE DEPENDENCE
In voltammetric experiments the relationship between the scan rate
and the measured current can provide information on both the nature and
kinetics of redox processes. A s mentioned in Section 2.1.1, a surface
bound redox couple where the rate of reaction is limited by the interfacial
kinetics will show a linear relationship between current and scan rate.
Similarly, the currents measured for non-faradaic processes (ie double
layer capacitance currents) also show a linear dependence on scan rate.
O n the other hand, a redox process that is limited by the diffusion of a
species from the bulk of solution to the electrode surface will show a
linear relationship between current and the square root of scan rate.
The effect of scan rate on the cyclic voltammetric responses of
heterocyclic conducting polymers has not been extensively investigated.
Of the few reports that exist, conflicting results are apparent. For
example, Beck et al 65 and Diaz 10 ° have shown that the currents in
polypyrrole C V s vary linearly with scan rate, while Heinze 64 has shown
a square root dependence. Bull et al57 have shown that the currents were
linear with scan rate at low sweep rates, but linear with the square root of
scan rate at higher sweep rates. Importantly, however, was the fact that
the ratio between the (oxidative) peak current and the current in the
"capacitive" region was always shown to be constant, irrespective of film
thickness, scan rate or other experimental conditions 64.
In this work, the scan rate dependence for CVs of polypyrrole films
were considered under a variety of conditions at both micro a n d
macroelectrodes. The oxidative peak current values (Ip) were plotted
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against the scan rate Co) and the square root of scan rate

(D1/2).

The Ip

values were used for convenience, but the current value at any point in the
C V (positive of about -0.20 V ) could have been used. Figure 6.1 (a)
shows h o w I p varied with scan rate in 0.10 mol L"1 K C I for a 2.8 jam
thick polypyrrole film at a macroelectrode. The results indicate that the
current was linear with v up to about 30 m V s"1 but varied linearly with
i)1'2 above this value (Figure 6.1 (b)). The linear dependence on t)!/2at
the higher scan rates implied that the oxidation response was dependent on
the diffusion of dopant ions to, and possibly through, the polymer film.
As mentioned already, this dependence not only held for the current in the
peak region of the voltammogram, but also for the currents in the
"capacitive" region. This being the case, it was unlikely that the currents
in the "capacitive" region were due to double layer capacitance (which
would show a linear dependence with x>) but were more likely the result
of a diffusion limited faradaic process. Presumably, this faradaic process
was associated with the incorporation of dopant ions from solution. This
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FIGURE 6.1 Plots of (a) Ip vs u and (b) Ip vs x>V2 for a 2.8 urn thick
polypyrrole film at a platinum macroelectrode in 0.10 mol L"1 KCI. Polymer
deposited at 2 m A cm" 2 for 10 minutes from 0.50 mol L"1 pyrrole, 0.10 mol L"1
TBAP in acetonitrile.
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again undermined the Feldberg model 56 and supported the "overdoping"
model of Tanguy and co-workers 69"71.
Figure 6.2 (a) shows the dependence of Ip with t> in 0.10 mol L'1 KCI
for a 0.28 p m polypyrrole film at the macroelectrode. It can be seen that
the linear region for this plot was extended up to about 100 m V s-l. In
this case the I p vs vm

curve (Figure 6.2 (b)) was only linear at much

higher scan rates. These results indicated that the thinner polymer
showed significantly less dependence on the diffusion of dopant ions to
(and through) the polymer film compared to the 2.8 urn film. Only at
high scan rates was the diffusion limiting nature of the process apparent
for the thinner film.
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FIGURE 6.2 Plots of (a) Ip vs u and (b) Ip vs x>V2 for a 0.28 urn thick
polypyrrole film at a platinum macroelectrode in 0.10 mol L"1 KCI. Polymer
deposited at 2 m A cm"2 for 1 minute from 0.50 mol L"1 pyrrole, 0.10 mol L"1
TBAP in acetonitrile.

The scan rate at which the process switched from a linear dependence
on \) to a linear dependence on vm was shown not only to be dependent
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on polymer thickness, but also on the concentration of supporting
electrolyte. Figure 6.3 shows the data for the same experiments shown in
Figure 6.1 except than 1.0 mol L"1 K C I was used instead of 0.10 mol L"1
KCI. It was found that Ip was linear with M up to about 75 m V s"1 for the
2.8 urn thick polymer in the 1.0 mol L"1 solution (Figure 6.3 (a))
compared to 30 m V s"1 for the 0.10 mol L"1 K C I solution. In addition,
the deviation from linearity was not as severe in the 1.0 mol L"1 solution.
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FIGURE 6.3 Plots of (a) Ip vs x> and (b) Ip vs D 1 / 2 for a 2.8 urn thick
polypyrrole film at a platinum macroelectrode in 1.0 mol L"1 KCI. Polymer
deposited at 2 m A cm"2 for 10 minutes from 0.50 mol L"1 pyrrole, 0.10 mol L"1
TBAP in acetonitrile.

Similarly, for the 0.28 \am thick film (Figure 6.4 (a)) the linearity
between Ip and x> extends to about 200 m V s"1 in 1.0 mol L"1 (compared to
100 m V s'1 in 1.0 mol L' 1 ), with only a minor deviation from linearity
above this value.
Another experimental parameter that was shown to influence the scan
rate dependence of polypyrrole oxidation was the size of the electrode.
Under all conditions investigated, it was found that the currents at the
190

CHAPTER 6

a)

b)
0.4-

0.4

0.3-

1

0.3-

<

<

§. 0.2-

•E
E 0.2H
a.

Q.

0.1-

0.1 -

0.0-

0.0-

— I — '

"T"

200

400

T

10
15
"0•1/2

1

\) (mVs )

20

F I G U R E 6.4 Plots of (a) Ip vs x> and (b) Ip vs t) 1/2 for a 0.28 urn thick
polypyrrole film at a platinum macroelectrode in 1.0 mol L"1 KCI. Polymer
deposited at 2 m A cm' 2 for 1 minute from 0.50 mol L"1 pyrrole, 0.10 mol L"1
T B A P in acetonitrile.

m/croelectrode w e r e linear with x> u p to 5 0 0 m V s_l (Figure 6.5). This
indicated that the diffusion of dopant ions from solution w a s not the rate
limiting factor in these experiments. T h e enhanced ionic transport at
polypyrrole coated m/croelectrode (Chapter 5), brought about b y the
unique m a s s transport characteristics of these electrodes, w a s presumably
responsible for this effect.
The results presented in this section indicated that the voltammetric
responses of polypyrrole films at macroelectrodes w e r e diffusion
dependent across a w i d e range of scan rates depending o n polymer
thickness and electrolyte concentration. This w a s found to be the case
both in the "faradaic" (peak) region and in the "capacitive" region of the
voltammogram. S u c h behaviour is considered unusual for double layer
capacitance effects and suggests that the currents in the latter region were
actually

the result o f faradaic

processes

associated

with the
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doping/dedoping process, ie "pseudo-capacitive". This supports similar
conclusions m a d e in Chapter 5.
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FIGURE 6.5 Plot of Ip vs t> for a 2.8 urn thick polypyrrole film at
m/croelectrode in 0.10 mol L"1 KCI. Polymer prepared as per Figure 6.1.

6.4 CAPACITANCE AND RC TIME CONSTANT
MEASUREMENTS
The nature of the electrochemical responses obtained in the
"capacitive" (or overdoped) region of the polypyrrole C V were
investigated further in this section by measuring the capacitance and R C
time constant of polymer films in different electrolytes.

In these

measurements, the capacitive like behaviour of polypyrrole at the positive
potentials was treated as a pure double layer capacitance. This was done
to establish whether or not the "capacitive" responses were due to true
double layer effects or were the result of a pseudo-capacitive effect.
Using this assumption, the capacitance was determined by restricting
the cyclic voltammograms to potentials within the capacitive region
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(ie +0.30 V -> +0.40 V ) . The resulting voltammetric currents (ic) are
related to the double layer capacitance by:

ic = Cu ...(6.1)

where C is the double layer capacitance and v is the scan rate.
RC time constant measurements were made by applying potential
steps within the capacitive region (ie +0.30 V -> +0.40 V). In this case,
the resulting chronoamperometric charging current (ic) is related to the
R C time constant by:

ic = |e"kt ...(6.2)

where E is the size of the potential step, R is the solution resistance and
k = ^ p . A plot of In ic vs t will therefore give a straight line with a
slope of -k which can be used to determine R C . Alternatively, the time
constant can be measured as the time required for the double layer
charging to drop to 3 7 % of its original value. Both methods were used in
this study and were found to yield similar results.

6.4.1 CAPACITANCE MEASUREMENTS
Figure 6.6 shows the voltammograms for a bare platinum and a
polypyrrole coated macroelectrode in 1.0 mol L"1 KCI. Both electrodes
gave the characteristic shape expected for C V s in the absence of faradaic
reactions. There were however, two noticeable differences. The first
was the significantly increased slope of the response at the bare electrode
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compared to the relatively flat response at the polymer coated electrode.
This was indicative of the fact that the double layer capacitance was
potential dependent at the bare electrode. In a true R C network, the
capacitance does not change with potential. Potential dependent capacitive
currents are, however, c o m m o n in real systems and m a k e the
measurement of ic a little difficult. In this case ic was measured as the
average of the nett anodic and cathodic currents at the midpoint of the C V
(ie at +0.35 V ) . The C V recorded for the polypyrrole electrode showed
relatively flat currents and as such, ic was easily determined.
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FIGURE 6.6 Cyclic voltammogram of a bare platinum macroelectrode (a)
and a polypyrrole coated macroelectrode (b) in 1.0 mol L"1 KCI.
Scan rate = 20 m V s"1. Note the difference in current scales.

The other noticeable difference in the two CVs in Figure 6.6 was the
size of the currents. The currents observed at the polypyrrole coated
electrode were about 3 orders of magnitude larger than those at the bare
electrode. This accordingly led to capacitance values 3 orders of
magnitude greater at the polymer electrodes compared to the bare
electrode. Table 6.1 shows the capacitance values (calculated from ic and
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using Equation 6.1) in different electrolyte solutions at bare platinum and
polypyrrole coated electrodes.
A notable feature of the values in Table 6.1 was the fact that the
differential capacitance (F cm" 2 ) of the polypyrrole films at the
m/croelectrode were approximately 1 0 % less than those measured at the
polymer coated macroelectrode. This implies that proportionally 1 0 %
less polymer was deposited onto the m/croelectrode during synthesis,
which reflects the polymerisation efficiency experiments discussed in
Section 4.5. M o r e importantly, however, were the capacitance trends
observed in the different electrolyte solutions. T h e data in Table 6.1
suggests that the nature of the cation had little effect on the capacitance of
the polypyrrole films. This in agreement with the findings in Section 5.7
where it was shown that the cation had little effect on the electrochemistry
of polypyrrole at the positive potentials. In Section 5.6, however, the
anion was shown to influence the electrochemical response at these
potentials and this was reflected in the results in Table 6.1. Of particular
interest were the values for the capacitance of the polypyrrole electrodes
in the N a 2 S 0 4 and N a 2 C 0 3 solutions. At the m/croelectrodes these values
were considerably lower than in any other solution tested, while at the
macroelectrode the response time was so slow in these solutions that
accurate measurements of ic (and therefore C ) were not possible on the
time scale of the C V experiments. This was in complete contrast to
capacitance measurements at the bare electrode which gave well defined
capacitive type C V behaviour, and slightly higher C values in the Na2S04
and N a 2 C 0 3 solutions compared to the other solutions. Such contrasting
behaviour provided further evidence for the notion that the "capacitive
like" currents at polypyrrole were not due to double layer charging but
were in fact associated with the doping process. In the univalent anion
solutions the movement of ions in and out of the polymer associated with
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doping/dedoping occurred readily enough to produce the pseudocapacitive currents commonly observed. In the divalent anion solutions
however, the ionic transport was not so facile, resulting in smaller and
considerably more distorted C V responses.

TABLE 6.1 * Capacitive measurements at +0.35 V for bare platinum
electrodes and polypyrrole coated electrodes

Solution

Capacitance
Bare Pt
(macro only *)

Polypyrrole Coated Electrode
Macro

Micro

uF

mF cm"2

mF

mF cm"2

nF

mFcm"

LOMNaCI

2.34

0.076

2.48

80.8

58.3

74.3

1.0 M KCI

2.47

0.081

2.46

80.1

56.4

71.9

0.5 M BaCI2

2.34

0.076

2.46

80.1

56.4

71.9

0.5 M MgCI2

2.34

0.076

2.46

80.1

56.4

71.9

1.0MNa 2 SO 4

2.58

0.084

-

-

10.4

13.2

1.0MNa 2 CO 3

2.86

0.093

-

-

4.2

5.35

A closer examination of the results in Figure 6.6 and Table 6.1
highlight the problems associated with assigning the currents in the

Capacitance and R C time constant values were not detennined at the bare microelectrode because of
the small currents involved (ie picoamps). The preamplifier could have been used but this would
have introduced its o w n time constant, resulting in large relative errors.
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capacitive region to double layer effects. These results indicate that the
charging currents for the polypyrrole films were about 3 orders of
magnitude greater than the bare electrode. Assuming similar values of
differential capacitance for the two materials, the total surface area of the
polypyrrole film would have been in excess of 30 cm 2 . Given that the
polymer was 2.8 x 10"4 c m thick * and the density of polypyrrole is about
1.2 g cm"3, this gives a surface area to volume ratio of about 300 m 2 g 1 .
This is compared to 100 m 2 g"1 for G a s C h r o m 254 which is a
commercially available porous polymer used as a packing material for gas
chromatographic columns *.
In addition to this, the results indicate that the bulk capacitance of the
polypyrrole film was close to 300 F cm"3. Assuming a microporous
stucture based on cylindrical polymer fibrils and using a differential
capacitance of 2 x 1 0 5 F cm" 2 , Feldberg 56 estimated that a 4 n m radius
cylinder would supply a bulk capacitance of 100 F cm'3. If the bulk
capacitance was actually as high as 300 F cm" 3 as these results suggest,
1.5 n m cylinder radii would be required. (1.5 n m represents about 3
pyrrole units) 60. This implies that 5 6 % of all the individual pyrrole
entities must lie within 0.5 n m (about 1 pyrrole site dimension 6 0 ) of the
cylinders polymer/solution interface. The degree of porosity required to
satisfy such a huge bulk capacitance is so extreme that it is unlikely the
capacitance is due to double layer capacitance. A more likely scenario for
the source of the currents in this region is the continued faradaic
oxidation of the polymer to produce pseudo capacitive currents.

*

Calculated from 1 p.m = 428 m C cm"2; Reference 43.

t Information obtained from Alltech Australia.
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R C MEASUREMENTS

Figure 6.7 shows the chronoamperometric responses for a potential
step, +0.30 V -» +0.40 V, in a 1.0 mol L"1 K C I solution at both bare
platinum and polypyrrole coated macroelectrodes. Like the voltammetric
response the currents observed in the i-t curves were in the vicinity of
3 orders of magnitude greater at the polymer coated electrode compared
to the bare electrode. M o r e significant however, was the faster rate of
decay of current at the bare electrode compared with the polypyrrole
film. This was reflected in the results in Table 6.2 which shows that the
R C time constant values for the polypyrrole films were considerably
greater than the bare electrode in all solutions.
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FIGURE 6.7 Chronoamperometric responses in 1.0 mol L"1 KCI of bare
platinum (a) and polypyrrole coated macroelectrodes (b). Ej = +0.30 V,
Ef = +0.40 V. Note the difference in current scale.

The most notable feature of the results in Table 6.2 was the large RC
values for the polymer film in the N a 2 S 0 4 and N a 2 C 0 3 solutions
compared to the univalent anion solutions. This was despite the fact that
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the R C values of the bare electrode in the same solutions were slightly
lower than the other solutions. Once again, these results suggested that
the capacitative nature of the polypyrrole films at the positive potentials
was not due to double layer capacitance but due to a pseudo-capacitive (or
faradaic) effect associated with the insertion and expulsion of dopant
anions. The large R C values of the divalent anion solution imply that the
ionic transport of the SO4 2 " and CO3 2 " ions in and out of the polymer film
was retarded in some way. The values for univalent anion solutions
however, showed that the ionic transport was comparatively easier in
these solutions.

TABLE 6.2 RC time constants for bare platinum and polypyrrole
coated electrodes
Solution

RC Time Constant (s)

Bare Pt Polypyrrole Coated Electrode
(macro only)
Macro Micro
LOMNaCI

0.0325

0.29

0.0168

1.0 M KCI

0.0325

0.27

0.0133

0.5 M BaCI2

0.0328

0.29

0.0133

0.5 M MgCI2

0.0328

0.31

0.0217

1.0MNaNO3

0.0326

0.29

0.0143

1.0MNa2SO4

0.0323

14.1

0.0600

1.0MNa2CO3

0.0300

13.7

0.0431

199

CHAPTER 6

A final point worth noting was the fact that the R C values for the
polypyrrole coated mz'croelectrodes were shown to be 1-2 orders of
magnitude less than the corresponding macroelectrodes. This supports the
results in previous sections where it was shown that the movement of ions
in and out of the polymer occurred more readily and quicker at the
microelectrode compared to the macroelectrode.

6.5 RATES OF OXIDATION/REDUCTION
In Section 1.2.2.2 it was revealed that the rate of oxidation and/or
reduction of conducting polymers was determined by the movement of
ions in and out of the polymer film. In this section, the effect of the
electrolyte on the rates of oxidation and reduction of polypyrrole was
considered at both micro and macroelectrodes using potential step
experiments. T w o potential step regimes were considered:
(i) +0.30 V <-> +0.40 V, ie within the "capacitive" or overdoped
region, and
(ii) -0.80 V +-> +0.20 V, which resulted in a switch from the conducting
to non-conducting states and vice versa.
The rates were measured by making use of the chronocoulometric
responses to the potential steps (Figure 6.8 (a)). Figure 6.S (b) shows that
plots of Q A " 1 vs t1/2 were linear for a large portion of the oxidation
reaction and only w h e n the reaction approached completion was a
deviation from linearity observed. Similar behaviour was also found for
the reduction process. The slope of these plots (ie QA" 1 1" 1/2 ) was taken as
the "rate" of reaction and was measured in a series of solutions at both
micro and macroelectrodes. This method for "rate" measurement has
been used previously by Pickup and Osteryoung 73.
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Table 6.3 shows the "rates" of oxidation and reduction of
polypyrrole for potential steps between +0.30 V and +0.40 V at both
micro and macroelectrodes in a variety of electrolyte solutions. The most
notable feature of these results was the fact that the relative rates of
reaction at the m/croelectrode were 4-5 times greater than those at the
macroelectrode. This supports previous results which suggested the rate
of ionic transport (which determines the overall rate) was quicker at
polypyrrole coated m/croelectrodes compared to the corresponding
macroelectrodes.

T A B L E 6.3 Rate data for the doping and dedoping of a 2.8 urn polypyrrole
film at micro and macroelectrodes. Ej = +0.30 V, Ef = +0.40 V (for oxidation);
Ej = +0.40 V, Ef = +0.30 V (for reduction).

1 1/2
"Rate": QA'•
1 (mC cm'2 s-1/2)

Solution

Microelectrode

Macroelectrode

Reduction

Oxidation

Reduction

Oxidation

LOMNaCI

13.1

12.9

51.4

58.0

1.0 M KCI

12.8

12.3

53.1

62.6

1.0MNa!MO3

12.9

13.2

50.9

58.1

0.5 M BaCI2

12.4

12.4

56.9

58.5

0.5 M MgCI2

12.0

11.8

47.9

50.6

1.0MNa 2 SO 4

1.03

1.03

-

-

1.0MNa 2 CO 3

0.74

1.68

-

-
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The results in Table 6.3 also show that the rates of reaction were
more or less constant in the different univalent anion solutions, but were
considerably slower in the divalent anion solutions. Indeed, the currents
recorded at the m/croelectrode in the latter solutions were so small that
meaningful results were not possible. These results again highlight the
differences in the electrochemical behaviour of polypyrrole in the
univalent and divalent anion solutions. O n c e more, the faradaic nature of
the electrochemical processes within the capacitive region was evident,
where the rates for "overdoping" was shown to be determined by the
nature of the electrolyte anions. The electrolyte cations were again shown
to have little effect in this potential region.

A final point worth noting about the results in Table 6.3 was the fact
that at the macroelectrode the rates of oxidation and reduction were
similar in most cases, as would be expected within the potential limits of
these experiments. At the m/croelectrode however, the rate of the
oxidation process was found to be consistently (and significantly) greater
than the reduction process. This suggests that at the m/croelectrode , the
insertion of anions into the polymer was slightly favoured compared to
the expulsion of anions.
The "rate" values for potential steps between -0.80 V and +0.20 V
are shown in Table 6.4. O n c e more, it can be seen that the rates of
reaction for the polypyrrole film at the m/croelectrode were 4-5 times
those at the macroelectrode. In addition, the rates of reaction in the
divalent anion solutions were, again, considerably less than those in the
univalent anion solutions. Unlike the previous results however, these
results show h o w the nature of the cation had an effect on the redox
kinetics over the increased potential range. It was shown, in a qualitative
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way (Chapter 5), that polymer doping/dedoping using potential steps
between -0.80 V and +0.20 V involved cation transport. These results
show, in a quantitative way, the exact extent to which the cation
influenced the doping/dedoping process. T h e rate of reaction in the
divalent cation solutions ( M g 2 + and Ba 2 + ) were found to be about 30-40%
less than those in the univalent cation solutions (Na + and K + ) , despite the
fact that the concentration and nature of the anion was kept constant
(iel.OmolL^Cr).

TABLE 6.4 Rate data for the doping and dedoping of a 2.8 urn polypyrrole
film at micro and macroelectrodes. Ej = -0.80 V, Ef = +0.20 V (for oxidation);
Ej = +0.20 V, Ef = -0.80 V (for reduction).
Solution "Rate": QA'1 f1/2 (mC cm'2 s'1/2)
Macroelectrode Microelectrode
Reduction

Oxidation

Reduction

Oxidation

LOMNaCI

100

106

520

685

1.0 M KCI

102

107

411

554

1.0MNaNO3

105

109

513

729

0.5 M BaCI2

69.4

83.1

345

419

0.5 M MgCI2

62.2

74.9

328

368

1.0MNa 2 SO 4

57.0

37.5

200

67.8

1.0MNa 2 CO 3

10.1

14.3

162

38.2
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The results in Table 6.4 also show that in all the univalent anion
solutions the rate of oxidation was faster than the rate of reduction. This
was particularly the case for the m/croelectrode results and also for the
divalent cation solutions.

These trends suggest that the processes

associated with cation expulsion and anion insertion (ie doping) occurred
more readily than the processes associated with cation insertion and anion
expulsion (ie dedoping). A possible reason for this could be that during
the dedoping reaction the polymer becomes insulating, thus slowing d o w n
electron transfer reaction. Pickup and Osteryoung

73

noted a similar

trend in the relative rates of oxidation and reduction of polypyrrole.

6.6 DIFFUSION COEFFICIENTS
As mentioned in Section 1.2.2.2 it is generally agreed that the rates
of oxidation and reduction of polypyrrole are limited by counterion
transport in and out of the polymer film. In this respect, electrochemical
data has often been analysed in terms of a diffusional process, as is
commonly done for redox polymers 144. Determination of the resulting
charge transfer diffusion coefficient (Dct), gives a measure of the rates of
the redox process.
In this work, diffusion coefficients for different dopant ions were
determined by assuming that the polypyrrole film was akin to a redox
polymer and that all the current flow in a voltammetric or
chronoamperometric experiment (including the currents within the
"capacitive" region) was due to faradaic processes possessing a range of
E° values. The current response to a potential step for such a system
approximates to Equation 6.3 at short times 145.
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i = nFAD c t 1 / 2 C7t" 1 / 2 t- 1 / 2

...(6.3)

The chronocoulometric response is therefore described by Equation 6.4:

Q = 2n F A Dct1/2 C %m tm ...(6.4)

Assuming conditions of semi-infinite linear diffusion, the slope of the
linear part of the curve for a plot of Q vs t1/2 (Figure 6.8 (b)) is equal to
2n F A D c t 1 / 2 C 7t"1/2. In order to determine D c t , the limiting value of
the charge (q) is employed since it gives L F A C

43

where L is the

thickness of the film. Therefore if

q = L F A C and
m = 2n F A Dct1/2 C n'm (ie the slope of the Q vs t1/2 plot), then
L 2 m27t
D c ct
t=—7~2—
' ~ 4q2

for n = 1

...(6.5)

Charge transfer diffusion coefficients were subsequently determined in
different conditions using this relationship. The polymer thickness was
determined using the relationship that 428 m C cm" 2 of charge passed
during synthesis gives a film 1 u\m thick 43. A s mentioned in Section
1.2.1.1, this relationship only gives an estimate of the thickness and is in
variance with other empirical and theoretical relationships. Nevertheless,
the D c t values obtained, if not absolutely accurate, were at least relative to
one another in the different media.
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Tables 6.5 and 6.6 show the D c t values for the oxidation and
reduction of polypyrrole in different electrolyte solution for the two
potential step regimes. T h e results indicated that the values for the
diffusion coefficients were dependent on the anion, cation and size and
relative position of the potential step.

TABLE 6.5 Dct values for a 2.8 urn polypyrrole film at a platinum
macroelectrode (0.0307 cm 2 ) measured using single potential
steps. Ej = +0.30 V, Ef = +0.40 V (for oxidation); Ej = +0.40 V,
Ef = +0.30 V (for reduction).

Solution

DdX 108 (cm2 s'1)

Reduction Oxidation
LOMNaCI

16.3

1.0 M KCI

15.3

1.0MNaNO3

14.4

0.5 M BaCI2

14.1

0.5 M MgCI2

13.4

1.0 M Na 2 S0 4

1.13

1.0 M Na 2 C0 3

0.905

The most notable feature of the results shown in these two tables was
the fact that the D c t values in Table 6.6 were about 3 times lower than
those in Table 6.5 for the univalent anion solutions. This was presumably
due to sluggishness of ionic transport w h e n the polymer was switched
from conducting to non-conducting states (and vice versa) compared to
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when the polymer remains in its conducting state (ie the results in Table
6.5). T h e departure from this trend in the divalent anion solution was
presumably due to the problems previously stated with polypyrrole
doping and dedoping in these solutions.
It was, however, interesting to note the surprisingly high Dct values
for the N a 2 S 0 4 solution in Table 6.6. The fact that these values were
higher than the corresponding values in Table 6.5 indicated that the
transport of cations in and out of the polymer film occurred considerably
more readily than the transport of anions in and out of the polymer.

T A B L E 6.6 Dct values for a 2.8 urn polypyrrole film at a platinum
macroelectrode (0.0307 cm 2 ) measured using single potential
steps. Ej = -0.80 V, Ef = +0.20 V (for oxidation); Ej = +0.20 V,
Ef = -0.80 V (for reduction).

Solution

8
1
Dot* 10 (crrfs' )

Reduction

Oxidation

1.0M NaCI

5.60

6.31

1.0MKCI

5.81

6.55

1.0 M NaN0 3

5.93

6.79

0.5 M BaCI2

3.30

4.27

0.5 M MgCI2

2.97

3.72

1.0MNa2SO4

4.62

2.23

1.0 M Na 2 C0 3

0.219

0.533
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The D c t values shown in Table 6.5 indicate that the rates of oxidation
and reduction were similar within the "capacitive" or "overdoped" region
(ie +0.30 V <-> +0.40 V ) in the univalent anion solutions. However, when
the potential steps were sufficient to cause significant changes in the
polymer conductivity (ie -0.80 V o

+0.20 V ; Table 6.6) the rates of

oxidation were found to be greater than the rates of reduction. In
addition, the D c t values in the divalent cation solutions dropped to about
6 0 % of the values in the univalent solutions, even though the anion type
and concentration was constant (ie 1.0 mol L"1 CI"). These results agree
with the results in the previous section and show the asymmetry (or
hysterisis) involved in the redox kinetics of polypyrrole w h e n the
polymer was switched from conducting to non-conducting states (and vice
versa).
The results in Table 6.6 also showed how the cation can effect the
redox kinetics w h e n the potential was stepped to sufficiently negative
potentials to allow cation insertion/expulsion.

T h e D c t values for

polypyrrole in the B a 2 + and M g 2 + were notably smaller than the
corresponding values in the univalent cation solutions. This agreed with
the "rate" results of the previous section.
The D c t values obtained in this work were between 1 and 2 orders of
magnitude higher than the D c t values given in the literature for similar
experiments 77. A major difference between the experiments in this work
and other experiments involved the thickness of the polymer. The values
presented thus far were for quite thick films (ie - 2 . 8 urn) while most
workers have studied m u c h thinner films (ie < 1 \im). Table 6.7 shows
the effect of polymer thickness on the D c t values obtained. It can be seen
that for polymer thicknesses below 1 Jim the commonly observed D c t
values of about 10"10 c m 2 s"1 became apparent.
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T A B L E 6.7 Dct values for polypyrrole films of varying
thickness at a platinum macroelectrode (0.283 cm 2 ); potential
steps -0.80 V <-> +0.20 V.

Thickness
(pm)

Dctx 108 (crrfs'1)

Reduction

Oxidation

0.07

0.021

0.018

0.14

0.231

0.372

0.35

1.36

2.12

0.70

3.79

4.57

1.40

7.39

8.13

The increase in D c t values with thickness was unusual and could have
resulted from the fact that the initial layers of a polypyrrole film form
with a more compact structure than the bulk polymer

146

. This would

mean that ionic transport in and out of the thin densely packed film would
be comparatively more difficult than at thicker films with a more porous
structure. This has been confirmed in transport studies of ionic species
across polypyrrole membranes

147

. A plot of D c t values against polymer

thickness (Figure 6.9) shows that the magnitude of D c t started to level off
at about 6 urn. Presumably, the limiting value for this curve would be
representative of the D c t values for "bulk" polypyrrole, while below this
thickness the effect of the densely packed initial layers were still evident.
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Plot of D ct vs polymer thickness

6.1 CONCLUSION
The results outlined in this chapter confirmed, in a quantitative way,
many of the qualitative conclusions drawn from Chapter 5. O f particular
interest in this respect was the nature of the electrochemical processes
occurring in the "capacitive" region and effect of the cation on the
doping/dedoping process.
The scan rate dependence experiments showed that under certain
conditions of polymer thickness and electrolyte concentration there was a
linear dependence of peak current on o) 1/2 across a wide range of scan
rates. This indicated that the doping process was limited by the diffusion
of dopant ions to and possibly through the polymer. In addition, it was
found that the ratio between the peak current and the current in the
"capacitive" tail was independent of scan rate. This was considered
unusual for a mixed m o d e process (ie faradaic and capacitive) and
supported previous evidence that showed there was no fundamental
difference between the currents in the capacitive region and those in the
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faradaic peak region. These conclusions are in accordance with the model
of Tanguy et al w h o proposed that the currents in the capacitive region
were due to an "overdoping" effect.
The capacitive and RC times constant measurements showed that
polypyrrole electrodes behaved very differently to bare metal electrodes
in the presence of divalent anion solutions. This further emphasised the
notion that the capacitive nature of polypyrrole films (between 0.00 V and
+0.40 V ) was not due to double layer effects but due to a pseudocapacitive (faradaic) effect associated with the insertion and expulsion of
dopant anions (ie overdoping).
The unusual behaviour of polypyrrole in the divalent anion solutions
was also reflected in the D c t
measurements.

and rate of oxidation/reduction

Significantly smaller values were obtained in these

solutions compared to the univalent anion solutions. These experiments
also showed, in a quantitative way, the effect of the cation on the
doping/dedoping of polypyrrole. It was found that w h e n the potential
steps were large enough to induce cation insertion/expulsion the nature of
the cation influenced the rates of reaction. In particular, the divalent
cation solutions caused a decrease in the rate of oxidation/reduction by
about 30-40%.
The results and conclusions in both Chapter 5 and 6 have led to an
increased understanding of the nature of the processes involved in the
doping and dedoping of polypyrrole. In the next chapter, these processes
are investigated further from the point of view of the resistance changes
that occur during doping/dedoping.
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CHAPTER 7
RESISTOMETRY
7.1

INTRODUCTION

The conductance/resistance changes that occur upon variation of the
doping level of conducting polymers have been a m o n g the most
extensively studied phenomena related to these materials. A s mentioned
in Section 1.2.2, electrochemical techniques provide the most convenient
way of controlling the doping level. Despite this, the majority of
conductance/ resistance measuring techniques have been ex-situ; ie
although the doping level of the polymer has been fixed by the
application of an appropriate potential, the polymer has been removed
from the cell before conductivity measurements have been made by four
point probe techniques. Clearly, the use of an in-situ technique would
provide a more valid assessment of the effect that doping/dedoping has on
the conductive properties of conducting polymers. The development of
an in-situ resistance measuring technique has been considered only over
the past few years
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-

. T o date, however, there has been no

implementation of an in-situ technique that allows the dynamic
measurement of resistance during conventional electrochemical
experiments such as cyclic voltammetry or chronoamperometry. Such a
technique would allow the real-time characterisation of the doping and
dedoping processes from the point of view of changes in resistance in
both the potential and time domains. Resistometry, invented by Fletcher
and co-workers 120 is a technique that allows such measurements.
This chapter introduces and evaluates the technique of resistometry
for the measurement of resistance changes of conducting polymers. This
213

CHAPTER 7

is followed by further investigations into the doping and dedoping
processes of polypyrrole. In this work, these processes are examined in
terms of the accompanying resistance changes and the results aretiedin
with the ideas developed in Chapters 5 and 6. Finally, the resistometric
responses are used to develop a mechanism of bulk conductivity change
based on percolation theory.

7.2

EXPERIMENTAL

The experimental set-up used for resistometry experiments is shown
in Figure 7.1.

Potentiostat

Chart recorder

Resistometer
Differentiator
(dR/dt)

l©l
Cell

FIGURE 7.1 Experimental set-up used for resistometry experiments

As can be seen from this figure, the resistometer w a s inserted between the
potentiostat and the electrochemical cell. In general, the output from the
resistometer is simply related to the resistance R(t) via Ohm's L a w (see
Section 2.1.5), but the resistometer also has the facility to differentiate the
output to give ~~7T- This was used to convert the conventional sigmoidal
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shaped responses, obtained in voltammetric experiments, into peak shaped
responses.
The resistometer was calibrated by inserting resistors of known
value into the working electrode circuit between the cell and the
resistometer (see Figure 7.1). The m a x i m u m resistance that could be
measured was about 650 Q. Resistance values above this caused the
resistometer to exceed its compliance voltage.
It was possible to monitor the conventional electrochemical
experiment (ie cyclic voltammetry or chronoamperometry) and the
resistometric experiment simultaneously or separately.

Separate

measurements were often required when the currents measured in the
conventional electrochemical experiments were small, since the
resistometer added noise to the system.
The conventional electrochemical experiments used in the present
work

were

cyclic

voltammetry,

chronoamperometry

and

chronocoulometry. The corresponding resistometric experiments have
been termed cyclic resistometry (R vs E), chronoresistometry (R vs t),
and couloresistometry (R vs Q). The latter is considered an unusual plot,
but as will be shown later, provides some interesting information.
The working electrode used in this study was a glassy carbon disk
macroelectrode (A = 0.071 c m 2 ) . A s outlined in Section 2.1.5 the
resistometric technique precludes the use of m/croelectrodes.
Cell design No. 2 was used to minimise the effects of solution
resistance.
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A circuit simulator called Electronics Workbench (available from
Interactive Image Technologies Ltd, Toronto Canada) was used to
calculate the resistance values of the resistor network models.
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RESULTS AND DISCUSSION
7.3 DEVELOPMENT OF RESISTOMETRIC
METHODS
This section outlines the different resistometric techniques that are
available and highlights the type of information that can be obtained from
resistometric studies of conducting polymers.
Preliminary investigations showed that the nature of the working
electrode had an effect on the quality of the responses obtained during
resistometry. For example, it was found that the evolution of H2(g) at the
platinum substrate, at potentials negative of about -0.80 V , caused a sharp
decrease in the measured resistance. While H2(g) evolution was a problem
only with very thin polymer films during voltammetric experiments, it
proved to be a major problem, even with quite thick films, during
resistometry. This problem was overcome by the use of glassy carbon,
which has a higher hydrogen overpotential than platinum. In this case,
H2(g) evolution became severe only at potentials below about -1.5 V. For
these reasons, a glassy carbon disk electrode w a s used for all
resistometric studies.

7.3.1 CYCLIC RESISTOMETRY
Figure 7.2 shows the cyclic voltammogram and corresponding cyclic
resistogram for a polypyrrole film at the glassy carbon electrode. It can
be seen that at the positive potentials where the polymer was in its
oxidised state, the overall resistance of the system was low (ie ~ 20 Q ) .
As the potential was scanned negatively, the resistance increased slowly
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between -0.30 V and -0.60 V. Between -0.60 V and -0.80 V there was a
rapid change in resistance which slowed d o w n again between -0.80 V and
-1.0 V resulting in a sigmoidal shaped response. O n the positive scan the
behaviour was similar (although in reverse) and the sigmoidal response
shifted in the positive direction by about 90 m V .

600-i

r 2
Resistometry (left axis)
Voltammetry (right axis)

- 1
^

400-

(0
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E
y
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1
-0.4
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-0.2

1
-0.0
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0.4

E (V V S S.C.E.)

FIGURE 7.2 Cyclic voltammogram and corresponding cyclic resistogram
recorded in 1.0 mol L"1 KCI for a polypyrrole film deposited at a glassy carbon
electrode. Scan rate = 20 m V s"1. Polymer prepared galvanostatically at
0.5 m A cm"2 for 10 minutes from 0.50 mol L"1 pyrrole, 0.10 mol L"1 N a N 0 3 in
water.

The most interesting feature of Figure 7.2 was the fact that the large
changes in resistance were about 300-400 m V negative of the major
faradaic responses observed in the voltammogram.

Furthermore, the

resistance changes occurred in a region where there was very little
current flow compared to the rest of the voltammogram.

These

observations suggest that only a small fraction of the charge passed in the
voltammogram was responsible for the switch from conducting to non-
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conducting states and vice versa. In fact, from the data in Figure 7.2, it
was calculated that 7 % of the total charge passed was responsible for 9 5 %
of the change in the resistance. This effect is considered in more detail in
Section 7.5.
Another interesting feature of the resistogram in Figure 7.2 is the
background resistance observed at the positive potentials. T h e bulk of
this resistance (ie ~ 20 Q ) was caused by the uncompensated solution
resistance between the electrode and the luggin capillary. Figure 7.3
shows that this resistance was greater for the bare electrode than it was
for the polypyrrole coated electrode. This was perhaps due to the larger
surface area of the polymer coated electrode compared to the bare glassy
carbon surface. T h e resistance values (at +0.40V) for the different
electrodes are shown in Table 7.1.

600

Polypyrrole coated
Bare glassy carbon

I
0.6

1

r-—i

-0.4
-0.2
0.0
E (V VS S.C.E.)

r~
0.2

0.4

F I G U R E 7.3 Cyclic resistograms for polypyrrole coated glassy carbon and
bare glassy carbon electrodes. Scan rate = 20 m V s"1. Conditions as per
Figure 7.2.
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TABLE 7.1 Resistance values for the different electrodes in 1M KCI
Electrode Resistance at +0.40 V
(Ohms)
Bare glassy carbon (0.076 cm2) 53.0
Polymer coated glassy carbon

7.3.1.1

22.0

Bare platinum (0.283 cm 2 )

8.0

Polymer coated platinum

3.0

DIFFERENTIAL CYCLIC

RESISTOMETRY

As mentioned in the experimental section, it was possible to
differentiate the resistometric response in real time before down-loading
it to the chart recorder. Figure 7.4 * shows the resulting differential
cyclic resistogram for the polypyrrole film used in Figure 7.2.
Differentiation is k n o w n to be a noise-magnifying operation and this was
manifested in the increased background noise in the figure. Despite the
noise, the peak shaped responses obtained using this technique give the
resistogram a well defined appearance, particularly with respect to
determining the degree of hysteresis involved in the resistance changes.
The rate of resistance change during a voltammetric scan (ie the slope of
the R vs t curve) can also be obtained by the peak height in the
differential resistogram. These features are highlighted in Figure 7.5
which shows the effect of scan rate on the resistance changes. It can be
seen that increasing the scan rate resulted in an increase in the hysteresis

Note the plot is - 7 - vs E. The reason for this was so that the respective "reduction" and
"oxidation" responses would appear as they do in conventional voltammograms.
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effect (as evidenced by the increased peak separation) as well as an
increase in the rate of resistance change (as evidenced by the increased
peak height).

1
-1.0

1

1

-0.8

-0.6

1

1

-0.4
-0.2
E (V VS S.C.E.)

1

1

0.0

0.2

1
0.4

FIGURE 7.4 Differential cyclic resistogram recorded in 1.0 mol L"1 NaN03
for a polypyrrole film deposited on glassy carbon. Scan rate = 20 m V s"1.
Conditions as per Figure 7.2.

The use of differential cyclic resistometry proved useful in some
experiments; however, in general, the noise problems (particularly at low
scan rates) precluded its extended use.
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E (V vs S.C.E.)

FIGURE 7.5 Differential cyclic resistograms at different scan rates for
polypyrrole film deposited on glassy carbon. Polymer prepared
galvanostatically at 0.5 m A cm"2 for 5 minutes from 0.5 mol L"1 pyrrole,
1.0 mol L"1 N a N 0 3 in water.

7.3.2 CHRONORESISTOMETRY
The resistance changes accompanying doping and dedoping of
polypyrrole were characterised not only by potentiodynamic techniques
but also by potential step methods.
chronoamperometric

responses

and

Figure 7.6
the

shows

the

corresponding

chronoresistometric responses for a polypyrrole film subjected to
potential steps between +0.20 V and -0.80 V (vs S C E ) . In both cases the
change in potential was sufficient to cause a rapid change in the total
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FIGURE 7.6 Chronoamperograms and corresponding chronoresistograms
recorded in 1.0 mol L"1 KCI for a polypyrrole film deposited on glassy carbon.
a) Ej = +0.20 V, Ef = -0.80 V; b) Ej = -0.80 V, Ef = +0.20 V. Polymer prepared
galvanostatically at 0.5 m A cm"2 for 2 minutes from 0.50 mol L"1 pyrrole,
0.10 mol L"1 NaNQ3 in water.
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resistance corresponding to the switch from conducting to less-conducting
states (and vice versa).
The time required for the resistance to reach its limiting value took
significantly longer after the negative pulse than after the positive pulse.
The slope of the initial portion of the R-t curves was also smaller after
the negative pulse. These trends were found to hold true in all cases, with
the differences being greater for thicker polymers. They were also in
accordance with the rate measurements and D c t determinations of the
previous chapter. A possible explanation for the sluggish response during
reduction could be the fact that the polymer was switched from
conducting to less-conducting states and therefore the problems associated
with resistance (namely, distributed potential drop) slowed d o w n the
reduction process.

7.3.3 "COULORESISTOMETRY" (R VS Q)
Figure 7.7 shows the chronocoulometric plots for the potential step
experiments shown in Figure 7.6. From the results in Figures 7.6 and
7.7 it was possible to construct a plot of R vs Q (Figure 7.8) in which the
resistance of the polypyrrole film was monitored with respect to the
charge passed after application of the potential step. The curve in
Figure 7.8 (a) showed that the passage of up to about 3 m C cm" 2 of
charge caused only a minor increase in the resistance. This indicated that
little of the initial reduction involved a change in resistance. Between
3 m C cm" 2 and 4 m C cm" 2 however, the resistance change was rapid
before slowing d o w n again at higher Q values. The curve in Figure 7.8
(b) showed that appreciable resistance changes occurred from the onset of
the passage of charge, with the major change occurring after about
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F I G U R E 7.7 Chronocoulometric responses in 1.0 mol L"1 KCI for a
polypyrrole film deposited on glassy carbon, a) Ej = +0.20 V, Ef = -0.80 V;
b) Ej = -0.80 V, Ef = +0.20 V. Polymer prepared as per Figure 7.6.

4 m C cm"2. The passage of charge beyond about 5 m C cm" 2 was shown
not to influence the resistance of the system. The above results are
consistent with the model of polypyrrole doping and dedoping proposed
by Tanguy et al69"71 (Section 1.2.2.1). The fact that there was little
change in polymer resistance immediately after the application of the
negative pulse was indicative of the reduction of the "overdoped"
polymer. Similarly, after the positive pulse, no change in resistance was
observed beyond about 5 m C cm" 2 because this charge went into
"overdoping". According to Tanguy et al69'71 the "overdoping" of the
polypyrrole and the reduction of "overdoped" polypyrrole have little
effect on the polymer resistance - the above results reflected this
situation.
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F I G U R E 7.8 "Couloresistograms" (R vs Q) for a polypyrrole film deposited
on glassy carbon, a) Ej = +0.20 V, Ef = -0.80 V; b) Ej = -0.80 V, Ef = +0.20 V.
Polymer prepared as per Figure 7.6.

226

CHAPTER 7

7.3.4 SENSITIVITY OF RESISTOMETRY
During the course of this work it was found that resistometry was
more sensitive to the presence of polypyrrole on the electrode surface
than conventional electrochemical techniques. Figure 7.9 shows the
cyclic voltammogram and corresponding cyclic resistogram for a very
thin polypyrrole film that was deposited onto the electrode surface by
scanning once out to +0.65 V in an aqueous 0.10 mol L"1 pyrrole
solution.
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-0.4
-0.2
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FIGURE 7.9 Cyclic voltammogram and cyclic resistogram recorded in
1.0 mol L'1 KCI for a thin polypyrrole film deposited on glassy carbon.
Scan rate = 20 m V s"1. Polymer prepared by cycling once to +0.65 V from
0.00 V in 0.10 mol L"1 pyrrole, 1.0 mol L"1 KCI in water.

The resistogram showed definite transitions between conducting and
less-conducting states (and vice versa) corresponding to the doping and
dedoping of the polymer film. The C V , on the other hand, was poorly
defined and showed no such transitions. At the negative potentials, where
the currents are normally small, the voltammogram was dominated by the
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charging currents of the glassy carbon substrate. This robbed the
voltammogram of any definition. The resistogram however, was not
affected by this and showed well defined transitions between the doped
and dedoped states. Experiments such as these show h o w resistometry
can be used to complement conventional electrochemical experiments in
the study of conducting polymers.

7.4 RESISTOMETRIC STUDIES OF THE DOPING
AND DEDOPING OF POLYPYRROLE
The results in Chapters 5 and 6 showed that the doping/dedoping
characteristics of polypyrrole were determined by a number of
experimental variables. These included: the thickness of the polymer; the
solvent from which the polymer was grown; and the relative transport
properties of the anion and cation of the supporting electrolyte. In this
section, the effect of each of these variables on the doping/dedoping of
polypyrrole was considered in terms of the accompanying resistance
changes.

7.4.1 POLYMER THICKNESS
The effect of polymer thickness on the changes in resistance during
the doping and dedoping of polypyrrole w a s considered using
chronoresistometry.

Figure 7.10 shows the chronoresistometric

responses to potential steps between +0.20 V and -0.80 V for various
polypyrrole film thicknesses. It can be seen that, in general, the
resistance of the polymer after the negative pulse (Figure 7.10 (a))
increased as the thickness of the polymer increased. This, however,
depended on the length of time after the pulse. In all cases the rate of
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F I G U R E 7.10 Chronoresistograms recorded in 1.0 mol L"1 KCI for
polypyrrole films at different thicknesses deposited at glassy carbon.
Polymers prepared galvanostatically at 0.5 m A cm" 2 for varying times from
0.50 mol L"1 pyrrole, 0.10 mol L"1 T B A P in acetonitrile. a) Ej = +0.20 V,
Ef = -0.80 V; b) Ej = -0.80 V, Ef = +0.20 V. Note the different time axes.
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resistance change after the negative pulse (Figure 7.10 (a)) was
considerably slower than the rate of resistance change after the positive
pulse (Figure 7.10 (b)). The rate of resistance change slowed appreciably
as the thickness increased - for the thickest films it was found that up to
30 minutes was required before the resistance levelled off to a steady
value, after the negative pulse. This was in contrast to the behaviour
observed after the positive pulse where it was found that the transition
from less-conducting to conducting states was complete after about
0.5 seconds for all film thicknesses. These results implied some kind of
kinetic limitation to the rate of change of resistance during the dedoping
of polypyrrole films. This could be due to the fact that as the polymer is
reduced it becomes resistive, thus slowing d o w n the rate of electron
transfer. Also, the less porous nature of the polymer in the dedoped
state 57 means that the transport of ions (cation insertion or anion
expulsion) in and out of the polymer would be inhibited, thus slowing
d o w n the dedoping process. Whatever the cause, it was clear that the rate
and extent of polymer dedoping was inhibited to a m u c h greater degree
than

polymer doping.

This difference was not apparent from

conventional, chronoamperometric responses where the current decayed
to very small values after a short period of time and it was difficult to
establish the exact extent of dedoping.
It m a y be noted that changing the lower limit of the potential step to
more negative values had little effect on the rate of change of resistance
during dedoping.
The trends observed in Figure 7.10 were investigated in more detail
in Section 7.5 where the chronoresistometric responses were modelled.
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7.4.2

SOLVENT DEPENDENCE

In Section 5.3 it was shown that polypyrrole films deposited from
water had different doping/dedoping characteristics to films deposited
from acetonitrile.

This effect w a s investigated further using

chronoresistometry and cyclic resistometry. Figure 7.11 shows the
chronoresistometric responses to potential steps between +0.20 V and
-0.80 V for 0.14 Jim thick polypyrrole films polymerised in water and
acetonitrile. For both polymers, the rates of resistance change after the
negative steps (Figure 7.11 (a)) were slower than after the positive steps
(Figure 7.11 (b)), in agreement with the results of the previous section.
However, the rate of resistance change for the polymer grown from
acetonitrile was significantly less than that for the polymer grown from
water. This indicated that the kinetic limitations to polypyrrole dedoping,
discussed in the previous section, were more of a problem for polymers
grown from acetonitrile.
This effect also manifested in the cyclic resistograms shown in
Figure 7.12. Figure 7.12 (a) shows the cyclic voltammogram and
corresponding resistogram for a polypyrrole film grown from water,
while Figure 7.12 (b) shows the same for a polymer film deposited in
acetonitrile.

O n e of the major differences between the two

voltammograms was the presence of a significant cation insertion
response at about -0.75 V during the reduction of the polymer grown
from acetonitrile. In contrast, the polymer grown from water showed
only a hint of a cation insertion response at around -0.60 V. This
difference, which was noted in Section 5.3, was also reflected in the
resistometric responses. Figure 7.12 (a) shows that during reduction, the
resistance started to increase slowly at about -0.40 V before speeding up
appreciably at about -0.60 V. In Figure 7.12 (b) the two phases of
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F I G U R E 7.11 Chronoresistograms recorded in 1.0 mol L"1 KCI for
0.14 urn polypyrrole films deposited at glassy carbon from water and
acetonitrile. a) Ej = -0.80 V, E f = +0.20 V; b) Ej = +0.20 V, Ef = -0.80 V.
Polymers prepared galvanostatically at 0.5 m A c m 2 for 2 minutes from
0.50 mol L'1 pyrrole and 0.10 mol L"1 N a N 0 3 (water) or 0.10 mol L"1 T B A P
(acetonitrile).
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FIGURE 7.12 Cyclic voltammograms and corresponding cyclic
resistograms recorded in 1.0 mol L"1 KCI for polypyrrole films depo
glassy carbon. Scan rate = 20 mV s"1. Polymers prepared galvanostat
-1L
,-2 for 10 minutes from a) 0.50 mol-1L"1 pyrrole, 0.10 mol
at 0.50 m A cm"^
NaNQ3 in water; b) 0.50 mol L"1 pyrrole, 0.10 mol L"1 TBAP in aceton
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resistance change were more noticeable. In this case, the resistance
started to increase slowly at about -0.40 V but did not rise sharply until
about -0.75 V . This sharp rise in resistance corresponded exactly to the
cation insertion process. The slope of sharp increase was smaller for the
polymer grown from acetonitrile compared to the polymer grown from
water. This, and the fact that the potential had to be scanned a further
150 m V

in the negative direction before the resistance changed

appreciably, meant that the m a x i m u m resistance reached was not as high
as it was for the polymer grown in water. Thus, once again, it appeared
that there were more severe kinetic limitations to polypyrrole dedoping
for the polymer grown from acetonitrile. In this case these limitations
appeared to be associated with the cation insertion process which
coincided with the major change in resistance.

7.4.3 ELECTROLYTE DEPENDENCE
In the previous section it was shown that the change in resistance
during the dedoping of polypyrrole films grown in acetonitrile m a y have
been associated with cation insertion. This was investigated further in
this section by varying the nature of the cation in cyclic resistometric and
chronoresistometric experiments. The effect of the electrolyte anion was
also investigated. The purpose here was to determine the nature of the
processes involved in the resistance changes during doping and dedoping.
Figure 7.13 shows the cyclic resistograms recorded for a
polypyrrole film in different cation solutions. It can be seen that both the
size and charge of the cation greatly influenced the resistometric
response. Figure 7.13 (a) shows that the resistance of the polymer in the
dedoped state increased as the size of the univalent Group I metal ion was
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F I G U R E 7.13 Cyclic resistograms recorded in 1.0 mol L"1 chloride
solutions for a polypyrrole film deposited on glassy carbon.
Scan rate = 20 m V s"1. a) Univalent cations; b) Divalent cations. Polymer
prepared galvanostatically at 0.50 m A cm" 2 for 5 minutes from 0.50 mol L"1
pyrrole, 0.10 mol L"1 T B A P in acetonitrile.
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decreased. This implied that the polymer was dedoped to a greater extent
(in the potential range considered) in the LiCl solution compared to the
other solutions.

This w a s

probably

due

to the increased

accessibility/mobility of the smaller Li + ion in the polymer matrix, as the
polymer was reduced. Figure 7.13 (b) shows that, in the divalent cation
solutions, the resistance of the polymer in the dedoped state rose to m u c h
higher values and even exceeded the upper limit of the resistometer.
Although it was difficult to see here, it appeared that the relationship
between cation size and resistance, observed for the univalent ions
(Figure 7.13 (a)), also held true for the divalent cations. The rate of the
resistance change in the M g 2 + solution compared to the B a 2 + solution,
suggested that the resistance of the polymer would have reached
significantly higher values in the former solution.
The trends observed in the cyclic resistometric responses of Figure
7.13 were also reflected in the chronoresistometric responses of Figure
7.14. Again, it can be seen that the resistance of the dedoped polymer
increased as the charge on the cation increased, and as the size of the
cation decreased (Figure 7.14 (a) and (b)). The interesting feature of
these resistograms, however, was the presence of the two step resistance
transition, noted in the cyclic resistometry experiments. This effect was
obvious in the Li + solution, less obvious in the N a + solution, and not
obvious at all in the K + and divalent cation solutions. This trend reflected
the situation where the potential step value (ie -0.80V) fell on the positive
side of the cation insertion response for Li + and N a + , and on the negative
side of this response in the other solutions *. The other interesting

This was also the trend noted in Chapter 5 for the potential shift of the cation insertion response in
different cation solutions. These C V s are shown in Figure 5.14.
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feature of Figure 7.14 was the similarity of the responses recorded after
the positive step. This was despite the fact that the R-t curves recorded
for the negative step varied considerably with respect to each other. All
the curves in Figure 7.14 (c) indicated that the transition from nonconducting to conducting states was complete within 0.5 seconds. A s
noted previously, this was a considerably shorter time period than for the
responses after the negative pulse.
The effect of cation insertion/expulsion on the resistance changes
during doping and dedoping were investigated further by confining the
voltammetric scans to the cation insertion peak area. Figure 7.15 shows
the cyclic v o l t a m m o g r a m and corresponding resistogram for a
polypyrrole film where the upper and lower limits have been confined to
-0.60V and -1.0V respectively. A s expected at these potentials, very little
oxidation and reduction of the polymer occurred which resulted in small
voltammetric currents. Apart from the fact that the current became
anodic on the forward scan at about -0.80 V, the voltammogram was
nondescript. The corresponding cyclic resistogram on the other hand,
was very interesting. It can be seen that quite large, reversible, changes
in the polymer resistance occurred between -1.0 V and -0.60 V, despite
the fact that comparatively small currents were observed in the
voltammogram. Moreover, the onset of the resistance change during the
forward sweep corresponded exactly to the potential at which the current
changed from being nett cathodic to nett anodic (ie -0.80 V ) .

This

showed that relatively large changes in the polymer resistance resulted
from the passage of only a very small amount of charge. In fact, in this
case, the passage of 18 jxC of charge resulted in a 200 Q. change in
polymer resistance. Such behaviour implied that the non-conducting,
dedoped form of the polymer existed in a state just beyond the conductive
threshold and that only small amounts of oxidation change were required
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F I G U R E 7.14 Chronoresistograms recorded in 1.0 mol L"1 chloride
solutions for a polypyrrole film deposited on glassy carbon, a) Ej = +0.20 V,
Ef = -0.80 V, univalent cation solutions; b) Ej = +0.20 V, Ef = -0.80 V, divalent
cation solutions; c) Ej = -0.80 V, Ef = =0.20 V. Polymer prepared as per Figure
7.13.
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to overcome this threshold - thus making the polymer conducting. The
idea of a conductivity threshold is analogous to a percolative process and
implies that the bulk change in the resistance of polypyrrole resistance
during doping is due to percolation rather that propagation. This concept
was followed up in Section 7.5.

r

0.10

-

0.05

-

0.00 >

300-

m
E 200sz

3
b
3

OC

100-

-1.0

--0.05

I
-0.9

-0.10

1—
-0.8

-0.7

-0.6

E (V VS S.C.E.)

F I G U R E 7.15 Cyclic voltammogram and corresponding cyclic resistogram
recorded in 1.0 mol L"1 KCI for a polypyrrole film deposited on glassy carbon .
Scan rate = 20 m V s_1. Potential range restricted to cation insertion area (ie.
Eupper = -0.60 V, E|OWer = -1 -0 V). Polymer prepared as per Figure 7.12 (b).

T h e effect of the electrolyte anion w a s considered by cyclic
resistometry in different 1.0 mol L"1 N a + ion solutions (Figure 7.16).
Figure 7.16 (a) shows that the cyclic resistometric curves in the univalent
anion solutions were similar. In both cases, the sharp rise in resistance
(ie ~ -0.75 V ) corresponded to the cation insertion response of the cyclic
voltammograms. T h e response in the nitrate solution showed a decreased
hysteresis effect and reached a slightly higher resistance value compared
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to the response in the chloride media. In this respect, it appeared that
changes in resistance during doping and dedoping were more dependent
on cation transport than anion transport.
The effect of divalent anion solutions on the resistometric responses
is shown in Figure 7.16 (b). In Section 5.5 it was found that the cyclic
voltammograms of polypyrrole in these solutions gave a single pair of
redox peaks, associated with cation transport, which indicated that very
little insertion/expulsion of the anion occurred during doping/dedoping.
The cyclic resistograms in Figure 7.16 (b) show well defined transitions
between conducting and non-conducting states. These results therefore
suggest that the changes in resistance during doping and dedoping were
largely the result of cation insertion and expulsion.

7.4.4 DISCUSSION
The results in Figures 7.13 and 7.14 suggest that the driving force
for polypyrrole dedoping (via cation insertion) increased as the charge on
the cation increased and as the size of the cation decreased. This is
exactly what is expected for the field driven insertion of cations into a
semiconductor polymer as described by the model presented in Section
5.9. The field that is set up within the polymer as it becomes resistive
(during reduction), would have a greater effect on the smaller highly
charged cations compared to the larger singly charged cations.
Consequently, the degree of insertion of these ions and therefore the
degree of polymer dedoping, would be greater. This was reflected in
Figures 7.13 and 7.14. These results also explain w h y the "rate"
(Q A" 1 1" 1/2 ) of oxidation and reduction and the D c t values determined in
Chapter 6 were significantly less in the divalent cation solutions compared
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to the univalent solutions - the reason being that the polymer resistance
reached m u c h higher values in the divalent cation solutions, thus slowing
d o w n the charge transfer reactions.
The notion that cation insertion and cation expulsion are the
dominant processes associated with the resistance changes of polypyrrole
is in accordance with the doping/dedoping model presented by Tanguy
et al69"71. A s described previously, this model involves the transport of
two types of ions: (i) deeply trapped anions, whose movement in and out
of the polymer is associated with major changes in polymer conductivity
and (ii) shallowly trapped anions, whose m o v e m e n t is associated with
"overdoping" and is responsible for the capacitive-like C V behaviour. In
Chapter 5 and 6 it was shown that during dedoping cation insertion
occurs instead of the energetically unfavourable expulsion of deeply
trapped anions. This means that under conditions where cation insertion is
prevalent, the major changes in polymer resistance upon oxidation and
reduction are associated with cation transport. T h e cation dependent
nature of the resistance changes of polypyrrole, shown in the above
experiments, support this notion.
It should be noted that, under conditions where cation insertion is
not prevalent (eg thin polymers grown from water at low current
densities), then the resistance changes would be mostly associated with
anionic transport. However, in more general cases the resistance changes
clearly involve a mixture of cationic and anionic transport.
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7.5

PERCOLATION PROCESSES IN CONDUCTING
POLYMERS

This section describes the development of a model used to explain
the macroscopic changes in conductivity observed during the doping and
dedoping of conducting polymers. The model, which is a modification of
conventional propagation models

152 153

»

, uses percolation theory to

explain the observed experimental results.

7.5.1 PROPAGATION THEORY
The propagation of conductive and resistive zones through
polypyrrole films during oxidation and reduction has been studied by
several workers

21 152 153

»

'

. Albery et al 21 noted that if the resistance

of the polymer (R p ) was less than the resistance of the solution (Rs), then
the conductivity change would spread from the polymer/solution interface
toward the electrode. O n the other hand, if R p » Rs, then the transition
would start at the electrode/polymer interface and spread outward. In
this respect, electrochemical doping of neutral polypyrrole involves the
formation of an oxidised conductive polymer zone immediately adjacent
to the electrode surface which can act as the electrode for oxidising more
of the non-conducting region. Consequently, a conductive phase is
propagated more or less evenly, through the polymer from the electrode
to the solution, as depicted in Figure 7.17.
Unfortunately, the model depicted in Figure 7.17 cannot adequately
explain m a n y of the experimental results obtained in this chapter. For
example, the shape of the R-t curves and the relative rates of resistance
change that resulted from potential steps are not easily reconciled with the
conductive zone propagation theory. Most importantly, very little charge
243

CHAPTER 7

is required to cause large changes in resistance. Again, this is not easily
explained using the model in Figure 7.17 in which the entire polymer
would have to be doped before the conducting zone reaches the
polymer/solution interface and the resistance levelled out to a steady
value.

It will be shown below that electronic modelling of the

propagation process described by Figure 7.17 is not sufficient to explain
the experimental observations.
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F I G U R E 7.17 Propagation of conductive and resistive zones through
polypyrrole during oxidation and reduction.

7.5.2

PERCOLATION *

There are two possible ways in which a "fluid" (in the general sense)
can travel through a disordered medium: diffusion and percolation. The
difference between the two is that the "fluid" in a percolative process m a y
be blocked in one or more dimensions at various points in the medium

A full treatment of percolation processes is beyond the scope of this work and the reader is referred
to texts by Stauffer

154

and Deutscher et al155 for further details.
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through which it is travelling, while the diffusing fluid is free to m o v e in
any direction.

This distinction is readily seen in the random one

dimensional walk example: for the diffusive walk, there is at any point in
time, a finite probability that the "fluid particle" will next appear at the
point either left or right of its previous point on the one dimensional
"lattice"; for the percolative walk, there m a y exist points on the lattice
where the particle will be trapped, ie. the probability of transfer to an
adjacent point is zero.
Percolative and diffusive processes are perhaps best described by
w a y of example. For instance, the transport of a coloured dye through
water is diffusive, while the transport of water in a porous m e d i u m (such
as through a sponge or d o w n a chromatography column) is percolative.
Similarly, the dispersion of smoke in a room is diffusive, while the
passage of electricity through a metal impregnated plastic is percolative.
The difference in each case is that the "fluid" in the percolative processes
arrives at "obstacles" that m a y block transport in one or more directions.
Consider the metal impregnated plastic example. This system can be
modelled in two dimensions by a simple resistor network (Figure 7.18) in
which the plastic material is represented by a series of resistors of high
value and the metal particles are represented by resistors of low value. It
can be seen from Figure 7.18 that w h e n the concentration of metal
particles within the plastic is low, the composite material will not conduct
electricity. However, when the concentration of metal particles is high, a
conducting pathway can be found and the electrons can percolate through
the plastic material to produce a conducting composite. A key feature of
this example, and of all percolative transport processes, is the existence of
a density threshold. In crossing this threshold, k n o w n as the percolation
threshold, the medium's transport properties (eg resistivity, porosity etc)
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change sharply in a go/no-go manner. Microscopically, the percolation
threshold is the point at which a continuous macroscopic chain first
appears. In the chromatography column example, there is a critical
packing density such that, if the stationary phase is packed tootightly,the
solvent will never wet more than a thin surface layer. However, below
this threshold density, the solvent readily percolates through the entire
column.

1 1

1

Composite is
non-conducting

1
Composite is
conducting

—— Resistive components (plastic)
Conductive components (metal particles)

FIGURE 7.18 Resistor network model of a metal impregnated plastic
composite.

Percolation theory has been successfully used to describe many
physical, chemical and biological situations. A c o m m o n method of
modelling some of these processes involves the use of a resistor network
as shown in Figure 7.18. Such a network was used in this study to model
the doping and dedoping of polypyrrole. This work is presented in the
following section.
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7.5.3

PERCOLATIVE DOPING AND DEDOPING

In order to model the electrical properties of conducting polymers
using percolation ideas three assumptions were made.
(i) When the polymer is in its oxidised, conducting state it can be
represented in 2-dimensions as a resistor network with small but
finite, resistance values;
(ii) When the polymer is reduced, the resistance values of the
components in the network change to m u c h higher values; and
(iii) T h e polymer is not fully dedoped within the time scale of
conventional electrochemical experiments.
The fact that the polymer is not fully dedoped was evident in the
resistometry results presented earlier. For example, it was found that it
took up to 30 minutes, in some cases, for the resistance to reach a steady
value after the application of a potential step at -0.80 V. In addition, the
fact that different resistance values were reached in different solutions
upon reduction of polypyrrole suggested that the resistance values
measured were not indicative of the intrinsic resistance of fully dedoped
(pristine) polypyrrole. Other factors, mentioned in Section 7.3.1, also
argue against complete dedoping on conventional time scales. For
instance, the more the polymer is reduced the more resistive it becomes
and therefore the slower the rate of electron transfer. Also, the less
porous nature of the polymer in the reduced state 57 means that the
transport of ions in and out of the polymer would be inhibited, once again
slowing d o w n the reduction process.
Using the three assumptions above, the conducting polymer film is
represented by the resistor networks shown in Figure 7.19 depending on
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F I G U R E 7.19 Resistor network model of polypyrrole at different stages in
the dedoping process, p = 0 represents a fully doped polymer; p = 1
represents a fully dedoped polymer. Bold lines represent resistive
components (100 CI), thin lines represent conductive components (1 Q).

248

CHAPTER 7

the extent to which the polymer has been dedoped. The network where
p = 0 represents the polymer in its fully oxidised, conducting state; the
network where p = 3 represents the polymer when it is 3 0 % dedoped; the
network where p = 0.4 represents the polymer when it is 4 0 % dedoped,
and so on.
In order to mimic the real situation encountered when the polymer
undergoes reduction, those components which undergo a change in
resistance (ie the "bold:"components) have been given a distribution
which is biased toward the polymer/solution interface compared with the
electrode/polymer interface. The distribution of "bold components" was
determined the following way: Each component in the network was
given a number from 1-50, as shown in Figure 7.20. Numbers were then
"randomly" chosen in groups of five - the first 5 components were chosen
from the numbers 1-11, the next 5 components were chosen from the
numbers 1-22, the next 5 components were chosen from the numbers
1-33, the next 5 components were chosen from the numbers 1-44 and the
rest of the components were chosen from the numbers 1-50. Therefore,
the first 15 numbers chosen represent the case where p = 0.3
(ie 0 . 3 x 5 0 = 15); the first 20 numbers chosen represents the case
where p = 0.4; the first 25 numbers drawn represent the case where
p = 0.5 and so on. B y doing this, the positions of the components that
undergo a transition early in the dedoping process are biased toward the
polymer solution interface - as it is in the real system.
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Numbered network used to model polypyrrole.

It can be seen from the networks shown in Figure 7.19 that all of the
conducting pathways from the electrode to the solution are blocked when
5 0 % (p = 0.5) of the components are switched to their resistive state.
This value represents the percolation threshold for this system and is the
point at which the polymer rapidly increases in bulk resistance during
reduction. (This can be seen from the R values shown). Suppose n o w
that the reduction of the polymer slows considerably beyond the
percolation threshold, such that only 60 or 70 percent of the polymer is
reduced within the time scale of conventional electrochemical
experiments *. Subsequent oxidation would result in a quick transition
from non-conducting to conducting states since only a small amount of
oxidative charge would be required to take the polymer back to the
percolation threshold. For instance, when p = 0.6 (Figure 7.19) it would
require only that the component at position number 16 (see Figure 7.20)
be switched to its conducting state for a conducting pathway to be

This was the essence of the third assumption made above.
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established.

O n c e this conducting pathway is set up (ie once the

percolation threshold is reached) the conductivity of the bulk polymer
would increase dramatically.
The blockage and creation of conducting pathways within the
polymer during reduction and oxidation forms the basis of this model.
At this stage, only the R-t responses to potential step experiments have
been modelled.

T h e application of a negative potential step to a

conductive network will cause those components represented by the bold
lines in Figure 7.19, to change from their conductive values (ie 1 Q) to
their resistive values (ie 100 Q ) . A s already mentioned, this process
starts from the polymer/solution and moves toward the electrode with
time. This is represented in the model by initially switching all the
vertical "bold components" in the first row to their resistive values - this
represents one time period. In the second time period, the vertical "bold
components" of the second row, as well as the adjacent horizontal "bold
components" are switched to their resistive values. In the third time
period, the vertical "bold components' in the third row, as well as the
adjacent horizontal "bold components" have been switched to their
resistive values. After each time period, the resistance of the entire
network is measured. In this way, it was possible to construct resistance
vs time plots to mimic the chronoresistograms obtained for a negative
step.
A positive step had the effect of switching the resistive components
back to conductive components. In this situation all resistive components
adjacent to a conductive pathway (starting from the electrode/polymer
interface) were switched to their conducting states - this represented the
first time period. In the second time period, other resistive components
adjacent to the extended conducting pathway (created in the first time

251

CHAPTER 7

period) were switched to their conducting states. This process was
repeated until only the conductive network (p = 0) remained. Once again
the resistance of the entire network was measured after each time period.
Figure 7.21 (b) shows the R-t plots for the "reduction" and
"oxidation" of the network shown in Figure 7.19 which was 7 0 % dedoped
(ie p = 0.7). It can be seen that the shape and relative rates of resistance
change for the two processes were qualitatively similar to m a n y of the
results shown earlier. In addition, the R-t curves in (a) and (c) show that
the trends observed with increases in polymer thickness can also be
mimicked using this model. In these cases, resistor networks of different
lengths were used to represent thick and thin polymers. It can be seen in
Figure 7.21 that the rates of resistance change for the thin polymer are
similar for both positive and negative steps. A s the polymer thickness
increases, however, the rate of resistance change for the negative step
decreases significantly, and to a m u c h greater extent compared to the rate
of change for the positive step. This is exactly the resistometry behaviour
observed in Section 7.4.
Figure 7.22 shows the R-t plots for networks that can be 1 0 0 %
dedoped. This reflects an even propagation of conducting and resistive
zones throughout the polymer, as depicted in Figure 7.17. In this case it
can be seen that the shapes and relative rates of resistance change were
not indicative of the resistometry results presented earlier.

7.5.4 DISCUSSION
The model presented above is very crude when one considers that
only 50 components were used to imitate a complex three dimensional
solid. Moreover, the simple switching mechanism that was used to mimic
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R-t curves for the percolative "oxidation" (—) and
"reduction" (---) of the polypyrrole resistor network (p = 0.70). (a) Thin
polymer, (b) Intermediate polymer, (c) Thick polymer.
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the redox processes did not take into account the effects of solution
resistance, ionic transport and the iR problems associated with changes in
resistance. Despite this, the model gave R-t profiles that were in
accordance with m a n y of the important features of the resistance changes
observed in real systems.
Given the nature of these responses and the fact that the model was
based on percolation concepts, this preliminary study has provided
evidence to suggest that the bulk macroscopic resistance changes that
occur upon oxidation and reduction of conducting polymers are the result
of a percolative charge transport mechanism. F r o m a microscopic point
of view, the percolative charge transport might be considered to be due to
charge hopping between individual polymer chains (see Section 1.2.2.3).
In this way, conductivity through the polymer film would be the result of
the establishment of conducting pathways of adjacent (oxidised) polymer
chains that allow the percolation of electric charge. Percolation theory
has already been used to describe the charge transport characteristics of
conventional semi-conductors in terms of a variable range hopping
mechanism 155.
So far, this model has only been used to mimic chronoresistometric
behaviour.

Future w o r k will involve the modelling of cyclic

resistometric experiments. In addition, m a n y features of the model will
be altered to more fully reflect the real situation. For example, the use of
m u c h larger networks will be considered. This was not possible in the
work because of the limited capabilities of the program used to calculate
the resistance values of the network. Also, more sophisticated switching
techniques will be considered, to take into account iR effects, solution
resistance, and ionic transport.
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7.6

CONCLUSION

This chapter has shown that the technique of resistometry can be
successfully applied to the in-situ study of resistance changes of
conducting polymers during doping and dedoping. The results from
conventional electrochemical experiments, such as cyclic voltammetry
and chronoamperometry could therefore be supplemented with
resistometric data. The information obtained supported m a n y of the
observations m a d e in Chapters 5 and 6. For example, the importance of
the electrolyte cation in the doping/dedoping process was again evident.
It was also shown that the nature of the cation determined both the rate
and extent of resistance change during dedoping. In general, the smaller
and more highly charged cations caused the greatest increase in resistance
during dedoping.

T h e rates of resistance change, as measured by

chronoresistometry, also supported the findings of the two previous
chapters. It was found that the rate of resistance change during oxidation
was quicker than during reduction, particularly with thick polymers. In
some cases it took up to 30 minutes for the polymer resistance to level off
to a steady value, after the application of a negative potential step.
In other experiments, it was found that relatively large changes in
resistance were observed with the passage of small amounts of charge,
particularly during the oxidation of polypyrrole. This led to the idea that
the bulk resistance changes observed during oxidation and reduction were
percolative in nature and could be modelled using percolation theory. It
was shown that the general chronoresistometric behaviour of polypyrrole
could be mimicked by a resistor network if the polymer was considered
to be 7 0 % dedoped during reduction and charge transport occurred via
percolation. This model is currently being further developed.
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Resistometry is a tool which promises to provide n e w insights into
the electrochemical behaviour of conducting polymers.

N o other

technique has the ability to monitor the resistance changes that accompany
doping and dedoping, during the course of conventional electrochemical
experiments. In this respect, resistometry provides an invaluable tool for
electrochemists working in the field. This work clearly demonstrated
m a n y of the types of experiments that can be performed and revealed the
information that can be gained from this technique. The present study
has provided a platform for further work in this area which is continuing
in these and other laboratories.
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CHAPTER 8
PRACTICAL APPLICATION OF THE DOPING
AND DEDOPING OF POLYPYRROLE FLOW INJECTION ANALYSIS OF
ELECTROINACTIVE IONS
8.1

INTRODUCTION

The electrochemical doping and dedoping of polypyrrole was
considered in Chapters 5, 6 and 7. In particular, the ionic transport that
accompanies these processes was examined in detail. These transport
studies were continued in this chapter with a view to using the
doping/dedoping of polypyrrole to detect electroinactive ions.
The transport of ions in and out of a conducting polymer film
during doping and dedoping has been used to advantage by several
workers 156"158 for the electrochemical determination of electroinactive
anions by flow injection analysis. In these studies the polymer electrode
was supposedly reduced and then poised at a potential sufficiently high to
cause the oxidation of the polymer to its positively charged form. If an
appropriate eluent, such as glycine was used, doping of the polymer was
assumed to be difficult. However, the injection of analyte anions
possessing high enough mobility to penetrate the polymer film, facilitated
the oxidation of the polymer and resulted in analytically useful anodic
currents that were proportional to the concentration. The electrode was
then regenerated by dedoping the polymer (at negative potentials) before
the next sample was injected. T h e potential waveform and current
response expected for this procedure are shown in Figure 8.1. The most
novel aspect of these systems is the ability to detect electroinactive ions
258

CHAPTER 8

which are not able to be directly oxidised or reduced (and therefore
detected) at c o m m o n l y accessible potentials the conventional electrodes.

Blank

4-

Time
F I G U R E 8.1 Flow injection analysis of electroinactive anions at a
conducting polymer electrode. The electrode is held at E 2 between injections
to dedope the polymer. The potential is then stepped to E-i prior to the
injection of the sample to detect the anions by electrochemical doping.

Perhaps the most important criteria for the detection systems
described above is that in order to get useful signals the preferred eluent
should contain ions that are not readily incorporated into the polymer
film at potentials where the polymer will be doped. If this were not the
case, the eluent anions would be doped into the polymer as soon as the
potential was switched to the doping potential (ie Ei in Figure 8.1). For
this reason glycine solutions have been most commonly used at the eluent.
Glycine, which is a zwitterion at neutral pH, was shown to be inaccessable
to polypyrrole films at the potentials where doping would normally be
expected 1S6 .
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The aim of this work was to examine and evaluate the above
detection schemes in terms of the doping and dedoping processes,
assumed to occur. In particular, the mechanism of signal generation was
considered. The implications of the low conductivity of glycine solutions
were also taken into account in an attempt to more fully understand this
process.

8.2 EXPERIMENTAL
Preparation of Polypyrrole Electrodes
Polypyrrole was galvanostatically deposited onto platinum electrodes
at 2 m A cm" 2 for 10 minutes from 0.50 mol L"1 pyrrole, 0.10 mol L"1
T B A P in acetonitrile.

A

conventional platinum disk electrode

(A = 0.0307 c m 2 ) was used for stationary cell work, while a Dionex
flow through electrochemical cell, containing a platinum disk working
electrode (A = 0.0079 cm 2 ), was used for FIA. Prior to use in the flow
system the polymer electrodes were cycled at 20 m V s"1 between +0.40 V
and -0.80 V in 1.0 mol L"1 N a N 0 3 until a constant C V was obtained.
Polypyrrole/ferrocyanide films were deposited potentiostatically at
+0.75 V (vs Ag/AgCI) for 20 seconds from a solution 0.10 mol L"1 in
pyrrole and 0.10 mol L"1 ferrocyanide.

Flow Injection Analysis (FIA)
FIA was performed with a Dionex chromatographic system with the
column removed. A 50 u\L sample loop was used for all injections. The
flow rate used in this work was 0.50 m L min" 1 .

The Dionex

electrochemical cell (Figure 8.2) was controlled with a Dionex pulsed
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amperometric detector. The detector was only used on conventional
amperometric m o d e (ie. no pulsed detection). All electrode potentials
reported were versus the Ag/AgCI reference electrode.

Reference electrode

Flow out
=

— >

Auxiliary electrode 2

Auxiliary electrode 1

Gasket
Pt disk

FIGURE 8.2 Flow through electrochemical cell used for FIA.

Conductivity Measurements
Conductivity measurements were m a d e with a Phillips P W 9 5 0 1
conductivity meter.
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RESULTS AND DISCUSSION
8.3 SOLUTION CONDUCTIVITY CONSIDERATIONS P O L Y P Y R R O L E BEHAVIOUR IN GLYCINE SOLUTIONS

Conventional electrochemical experiments are usually carried out in
conductive media. This is to ensure that the potential encountered at the
working electrode (E) is as close as possible to the applied potential
(Eapp). It was shown in section 2.1.4.2 that solution resistance will result
in an iR drop and subsequent loss of electrode potential according to:

E = Eapp-iR ...(8.1)

This means that during a cathodic process the true potential of the
working electrode will be positive of E a p p by an amount iR. The reverse
is true for an anodic process. With this in mind, the conductivities of
glycine solutions were determined and compared with other c o m m o n
electrolytes. These results are shown in Table 8.1.
The low conductivity of the glycine solutions would normally
preclude the use of such solutions in conventional electrochemical
experiments. T h e effect of using a 0.10 m o l L"1 glycine solution,
compared to conventional electrolyte solutions, is demonstrated in the
voltammograms shown in Figure 8.3. The use of 0.10 mol L'1 K C I
(Figure 8.3 (a)) resulted in a typical cyclic voltammogram for
polypyrrole showing well defined redox responses. The polypyrrole
response in the 0.10 mol L"1 glycine solution on the other hand, resulted
in a straight line voltammogram with considerably reduced currents
(Figure 8.3 (b)) Such behaviour is typical of a system which is
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T A B L E 8.1 Specific conductance of glycine and other
electrolyte solutions

Solution

Specific Conductance

Vater

~ 0.75 uS

0"1 M glycine

3.8 uS

.0 M glycine

24.5 uS

0-4 M KCI

15.0 uS

0"3 M KCI

147 uS

0-2 M KCI

1.40 m S

0"1 M KCI

12.9 mS

.0 M KCI

> 100 mS

0"2 M KN0 3

1.30 mS

0"1 M KNO3

12.0 mS

.0 M KNO3

> 100 mS

dominated by the effects of high solution resistance. In such cases the
voltammogram resembles that of a pure resistor and the cell resistance
can be calculated from the inverse of the slope of the i-E curve. In this
case the resistance was found to be 3.2 x 10 5 Q . Similar straight line
voltammetric responses were also observed for pure water, 1.0 mol L"1
glycine and other non-zwitterionic electrolyte solutions of similar
conductivity (eg 10" 4 m o l L"1 KCI). In this latter case the distorted
voltammetric behaviour is unlikely to have been associated with limited
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a)
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Eapp (V vs Ag/AgCI)
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F I G U R E 8.3 Cyclic voltammogram of a polypyrrole coated macroelectrode
-11 KCI (a) and 0.10 mol L"1 glycine (b). Scan rate = 20 m V .-s1
in 0.10 mol L'
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result of poor conductivity. In all cases where straight line voltammetric
behaviour was observed, the ratios of the cell resistance to the solution
resistance were similar. This was the further evidence to suggest the
responses were due solely to the resistive nature of the solutions.
The resistor-like behaviour observed for the voltammetric responses
were also evident in the chronoamperometric responses. Figure 8.4
shows that a series of potential steps applied to a polypyrrole electrode in
0.10 m o l L " 1 glycine resulted in square-wave i-t responses (typical of a
pure resistor) with little evidence of the current decay expected at
conventional electrodes. Similar behaviour was again observed in other
non-zwitterionic solutions of similar conductivity.

2 1 -

^

0 -

I

<

—

-1 -

I

-2-

"3"h 1 1 1 1 1
0

5

10

15

20

25

Time (s)
F I G U R E 8.4 Multistep chronoamperometric response of a polypyrrole
electrode in 0.10 mol L"1 glycine. E upP er = +0.40 V, E|OWer = -0.80 V.

Further experiments revealed that the electrochemical behaviour of
polypyrrole electrodes that had been cycled or pulsed in glycine solutions,
returned to normal w h e n analysed in conventional electrolytes
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(eg 0.10 m o l L" 1 KCI).

In addition, solutions containing both

0.10 m o l L"1 glycine and 0.10 mol L"1 K C I gave voltammetric and
chronoamperometric responses equivalent to those recorded in the
0.10 mol L"1 K C I solution only. These results indicated that the glycine
did not chemically interfere with the doping/dedoping process in any
way.
Other experiments showed that the electrochemical responses and
cell resistance values obtained in the poorly conducting media were
largely independent of polymer thickness for films thicker than about
0.2 urn *. Once again, this indicated that the electrochemical behaviour
of polypyrrole in glycine solutions was dominated by the resistance of the
solution and not by the properties of the polymer.
The implications of the above results can be appreciated by
considering Equation 8.1. This relationship shows that, for a process
involving high solution resistance, the true potential (E) of the working
electrode will not approach the applied potential (E app ). In extreme cases
the iR term m a y dominate to such an extent that E will remain essentially
constant and the changes in E a p p will only be reflected by changes in iR.
That is,

Eapp = constant + iR ...(8.2)

Equation 8.2 defines the behaviour observed for ideally non-polarisable
electrodes, ie electrodes in which there is no change in potential with the
passage of current. The responses shown in Figure 8.3 (b) and 8.4 also

*

For rjolymers less than 0.2 n m , substrate effects were a PP arenL
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reflect a situation that approaches ideal non-polarisability. O f course, in
this case, such behaviour was only apparent in the highly resistive media
and the electrode returned to "normal" in the conductive solutions.
Nevertheless, the behaviour of polypyrrole in glycine solutions begs the
following questions: Does the true potential of the polymer electrode
change appreciably during voltammetric scans in 0.10 mol L'1 glycine?
If not, how does doping/dedoping of the polymer occur, as claimed by
Heineman

et al I56> i 5 7 ?

To investigate this situation, dedoping of a polypyrrole film
containing ferricyanide as the dopant anion was considered. The presence
of ferricyanide in the polymer film was readily determined by the
presence of a redox couple superimposed on the cyclic voltammograms of
polypyrrole. It was found, using 0.10 mol L"1 K C I as the receiving
solution, that all electroactive ferri/ferrocyanide was removed from the
polymer upon slowly scanning (2 m V s"1) to -1.0 V (Figure 8.5 (a)).
However, similar "dedoping" of the polymer in less conductive media,
using either 0.10 mol L"1 glycine (Figure 8.5 (b)) or l O ^ m o l L'1 KCI
(Figure 8.5 (c)) as the receiving solution, did not result in the expulsion
of the ferri/ferrocyanide counterion. This suggested that in these latter
experiments the polymer was not dedoped because the required potential
was not reached. These results, therefore, cast doubts on the assertions of
Heineman and coworkers

156 157

'

w h o claim that polypyrrole can be

doped and dedoped in a flow system using 0.10 mol L"1 glycine as the
eluent. Furthermore, the lack of observable doping and dedoping implies
that the mechanism of signal generation in the FIA experiments was not
the result of polymer doping.
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F I G U R E 8.5 Cyclic voltammograms of polypyrrole containing ferricyanide
dopant ions in 0.10 mol L"1 KCI before and after dedoping in (a) 0.10 mol
KCI, (b) 0.10 mol L"1 glycine and (c) 10"4 mol L"1 KCI.
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8.4

F L O W INJECTION ANALYSIS

Initially, hydrodynamic voltammograms of the background residual
current passed at both bare platinum and polypyrrole coated electrodes
were obtained with 0.10 m o l L"1 glycine as the eluent (Figure 8.6). T h e
current at -1.0 V w a s given the value of zero and the current at other
potentials w a s measured relative to this. T h e linearity of the i-E curves
in both cases w a s indicative of electrode processes under ohmic control.
The slopes of the curves indicated cell resistances of 9.5 x 10 7 Q for the
bare electrode and 5.3 x 10 7 Q for the polymer coated electrode. T h e
larger surface area of the polypyrrole coated electrode resulted in greater
background currents and therefore a smaller cell resistance. T h e 5 0 %
decrease in resistance of the polymer electrode compared to the bare
platinum electrode w a s of a similar magnitude to the change in resistance
observed in Section 7.3.1.

b)
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^20<

S30H

r 1 SH
•D

C 2 o3
O
J* 1 o-

§ 10-1
O
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D)

a
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5

(0

0 -

m
1 .0
•app

o.o
(V v s Ag/AgCI)

o-1 .0

Eapp

1 .0
o.o
(V vs Ag/AgCI)

F I G U R E 8.6 Hydrodynamic voltammograms of the background (residual)
current at a bare platinum electrode (a), and polypyrrole coated electrode (b).
The eluent was 0.10 mol L"1 glycine. Note: The background current at -1.0 V
was given the value of zero. All other current measurements were m a d e
relative to this.
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Background hydrodynamic voltammograms were also recorded at
polypyrrole electrodes in pure water and in 1.0 mol L'1 N a N 0 3 (Figure
8.7). W h e n the eluent was pure water the i-E curve was linear (Figure
8.7 (a)) and gave a slope indicative of a cell resistance of 7.7 x 10 7 Q
resistance. This was a little higher than that measured for 0.10 mol L"1
glycine, which was expected since the glycine solution was slightly more
conducting (Table 8.1). The i-E curve for the 1.0 mol L"1 N a N 0 3 eluent
(Figure 8.7 (b)) was considerably different to any of the i-E curves
described above. The large currents and the sigmoidal shape of this
curve reflected the switch from non-conducting to conducting states as the
potential was shifted positive. This indicated that the conducting nitrate
eluent was able to facilitate the doping and dedoping of the polypyrrole
film. The linear i-E curves and small currents observed previously,
suggested this was not the case in the resistive solutions.
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FIGURE 8.7 Hydrodynamic voltammograms of the background (residual)
current at a polypyrrole electrode. The eluent was (a) water, and
(b) 1.0 mol L"1 N a N 0 3 . Note: The background current at -1.0 V was given the
value of zero. All other current measurements were made relative to this.
(Note the difference in current scale).
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Hydrodynamic voltammograms were also obtained using the
responses from injections of sodium nitrate (5 x 10 -4 mol L _ 1 ) into a
0.10 m o l L"1 glycine eluent. Peaks were obtained at both the bare
platinum and polymer coated electrodes and the linearity of the i-E
curves (Figure 8.8) again indicated that the processes were under ohmic
control. The fact that responses were obtained at the platinum electrode
was significant since they could not have been due to a doping process. It
was also surprising that well defined responses (cathodic in nature) were
obtained at negative potentials at the polypyrrole electrode since the
polymer was supposed to be non-conducting at these potentials. In
addition, it was found that the responses to injections of 10"2 mol L"1
N a N 0 3 were reproducible over a significant number (> 20) of injections
without the need to "dedope" the polymer.
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F I G U R E 8.8 Hydrodynamic voltammograms recorded upon injection of
5 x 10"4 mol L"1 N a N 0 3 at a (a) bare platinum electrode.and
(b) polypyrrole coated electrode. The eluent was 0.10 mol L"1 glycine.
Injection volume = 50 ul_; Flow rate = 0.50 m L min" .
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The above results suggest that the current responses obtained upon
injection of 5 x 10"4 mol L'1 N a N 0 3 were not the result of anions being
doped into the polymer but were primarily due to changes in the solution
conductivity of the electrochemical cell as the analyte plug passed over
the electrode surface. In this respect the polypyrrole electrode behaved
very m u c h like a conventional conductivity detector and it was therefore
not surprising that responses were linear with concentration 156"158. This
notion was supported by the fact that the responses decreased significantly
when the auxiliary electrode was m o v e d downstream (further away from
the polypyrrole working electrode). This would only happen in systems
where significant iR problems exist. In addition, the increased responses
at the polymer coated electrode compared to the bare electrode were
commensurate with the increase in surface area, which is to be expected
for changes in conductivity.

Furthermore, the fact that it was not

possible to dedope the polymer film in the glycine solution (Section 8.2)
meant that it was unlikely the process involved dedoping and subsequent
doping (since the polymer was not dedoped in the first place).
In an effort to introduce "true" doping and dedoping into the
technique the polymer was dedoped in an eluent containing 1.0 mol L"1
N a N 0 3 prior to injection of the sample into a glycine eluent. This was
done by holding the potential of the polymer electrode at -1.0 V for
1 minute in 1.0 mol V1 N a N 0 3 . the eluent was then changed to glycine
solution while still applying -1.0 V. After a 5 minute interval the applied
potential was switched to +0.40 V and the analyte was injected. In
general, this resulted in significantly increased peak currents compared to
when the polymer was exposed only to glycine solution (ie in the above
examples). This m a y have been due to (partial?) doping of the dedoped
polymer as the plug passed the electrode surface or it m a y have been due
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to some other effect. Whatever the case, responses obtained in this way
were found to be irreproducible as the sensitivity of the polymer
electrode changed markedly every time it was exposed to the 1.0 mol L"1
N a N 0 3 solution. These problems prevented further investigation of this
method as part of this study, but work has continued along similar lines as
part of another study 159.

8.5

MICROELECTRODES

Microelectrodes were used in an attempt to overcome the problems
associated with the low conductivity glycine solutions. Unfortunately, the
electrochemical responses obtained at polypyrrole coated m/croelectrodes
in glycine media were also poorly defined (Figure 8.9). In addition, the
small currents at the m/croelectrodes resulted in a poor signal to noise
ratio for responses obtained in the flow system. In general, the use of
m/croelectrodes in this work added little to the information obtained at
conventionally sized electrodes.

4 2 0 -2•4-

-1.0

-0.8

i

1

1

T

-0.6

-0.4

-0.2

0.0

E (V vs Ag/AgCI)
FIGURE 8.9 Cyclic voltammogram of a polypyrrole coated m/croelectrode
in 0.10 mol L"1 glycine. Scan rate = 20 m V s-1
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8.6

CONCLUSION

In this work it was shown that the electrochemical responses of
polypyrrole electrodes in glycine media were dominated by the high
resistance of these solutions. The straight line voltammograms and the
square-wave i-t responses were characteristic of a pure resistor and in no
w a y resembled the normal electrochemical behaviour of polypyrrole.
Similarly, resistor type behaviour was also apparent in conventional
electrolyte solutions of comparable conductivity (eg 10"4 mol L _1 KCI).
In this case the unusual electrochemical behaviour could not be explained
in terms of the lack of accessibility/mobility of the ions in the polymer
film, but could only have been due to the resistance of the solution.
The large iR drop encountered in the glycine solutions meant that the
potentials required for dedoping and subsequent doping were not reached.
This was confirmed by attempts to dedope polypyrrole films containing
ferro/ferricyanide ions. In conventional conducting electrolytes the
polymer was able to be dedoped and ferro/ferricyanide ions expelled
from the polymer. In the glycine solution however, the polymer was not
readily dedoped and the ferricyanide ions remained in the polymer
matrix. This being the case, it was unlikely that the detection of ions by
FIA, using glycine as the eluent, w a s the result of faradaic doping
processes, as was claimed by Heineman et al 156,157 .
Experiments in the flow system using glycine solutions as the eluent
also confirmed the ohmic nature of polypyrrole electrochemistry in this
medium. The straight line hydrodynamic voltammograms and the fact
that responses were obtained at bare platinum electrodes and at negative
potentials at polypyrrole electrodes, indicated that the responses were not
due to doping processes. It was more likely that the responses were due
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to changes in conductivity as the analyte plug passed the electrode surface.
This was supported by the fact that the response decreased significantly
w h e n the auxiliary electrode was m o v e d further downstream.
It appears therefore, that claims

156 158

*

0f

a novel signal generation

mechanism involving the doping of conducting polymers to detect
electroinactive ions, were premature.

Closer examination of the

processes involved has revealed that detection of electroinactive ions in
glycine media is controlled by conductivity changes not unlike the signals
produced from conventional conductometric detectors used in H P L C .
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CHAPTER 9
GENERAL CONCLUSIONS
The novel features of conducting polymers resulted in a surge of
interest that was largely driven by the development of new and exotic
applications in a diversity of areas. Consequently, m u c h of the general
development of conducting polymers has proceeded without a thorough
understanding of s o m e of the fundamental physical, chemical and
electrochemical properties of these materials. This thesis has partially
addressed this situation from an electrochemical point of view,
particularly with respect to the processes involved in electrochemical
synthesis and doping/dedoping of these materials.
In part one of the results and discussion, the factors that influence
the electrochemical polymerisation of pyrrole and 3-methylthiophene
were considered. It was shown that the solvent, the concentration of
monomer, the concentration of supporting electrolyte, the nature of the
anion of the electrolyte and the size of the electrode all had significant
effects on the oxidation process. In addition, the electrochemical method
(potentiodynamic, potentiostatic or galvanostatic) used for synthesis and
the magnitude of the applied potential and/or current density also
influenced polymer growth.
The use of m/croelectrodes in this work highlighted m a n y of the
subtle effects of the electropolymerisation reaction. For example, it was
found that the relative rate of oxidation of 3-methylthiophene at
m/croelectrodes w a s up to 3 orders of magnitude greater than at
conventionally sized electrodes.

This indicated that, at the

macroelectrode, the rate of polymerisation was limited by the transport
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of the anion to the electrode surface. At the m/croelectrode however, the
enhanced mass transport properties meant that the transport of the anion
was not the limiting step. This resulted in an increase in the rate of
oxidation to the extent that the process approached that of a reversible
electron transfer process.
The differences in the relative rates of reaction at micro and
macroelectrodes were not as significant for the oxidation of pyrrole. This
suggested that the rate of electron transfer for this process was
considerably slower that for 3-methylthiophene.
The use of m/croelectrodes to characterise the electropolymerisation
process also highlighted the unusual behaviour observed for pyrrole
oxidation in the presence of surfactant anions. The rate of polypyrrole
growth at a m/croelectrode was shown to increase a thousand fold in the
presence of dodecyl sulfate compared to conventional dopant anions (such
as nitrate). This effect was far less noticeable at the macroelectrode. It
was postulated that the polymerisation reaction was catalysed by the
surfactant ions, possibly by speeding up the chemical coupling steps in the
electropolymerisation process.
M/croelectrodes were also used to probe aspects of the deposition
process during electrochemical synthesis of heterocyclic polymers. It was
found that the electropolymerisation reaction involved the formation of
soluble species which precipitated onto the electrode surface w h e n the
growing oligomeric chains reached sufficient size to exceed their
solubility. This phenomenon was found to be highly dependent on the
solvent and the nature of the anion. The size of the electrode was also
important in this respect since the soluble intermediates tended to diffuse
a w a y from the m/croelectrode surface m o r e readily than at the
conventionally sized electrodes. This was reflected in the polymerisation
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efficiency experiments which showed that proportionally more polymer
was deposited onto a macroelectrode, compared to a m/croelectrode,
under identical conditions.
The combined results of Chapters 3 and 4 indicated that the best
conditions for polypyrrole synthesis, in terms of reproducibility and
polymerisation efficiency involved galvanostatic deposition at 2 m A cm - 2
from a 0.50 mol L"1 pyrrole solution in acetonitrile.
In part two of the results and discussion, the electrochemical
processes involved in the the doping and dedoping of polypyrrole were
considered. The well documented dependence of the electrolyte anion on
these processes was reaffirmed in this work where it was shown that
m u c h of the electrochemical behaviour of polypyrrole was dominated by
the nature of the anion. This was particularly the case at the positive
potentials between 0.00 V and +0.40 V - ie the so-called "capacitive"
region. Voltammetric and chronoamperometric responses in this region
were shown to be totally dependent on the nature of the anion, with
divalent anions and large surfactant anions resulting in significantly
reduced currents. These results, along with capacitance and R C time
constant measurements were not consistent with double layer capacitance
behaviour. It was therefore suggested that the "capacitive like" currents
observed at these potentials were actually associated with the doping
process and involved the incorporation and subsequent expulsion of
electrolyte anions. This view was in agreement with the doping/dedoping
model presented by Tanguy et al 69 " 71 .who suggested that the currents in
this region were due to "overdoping" and were not directly responsible
for the large changes in resistance observed during doping/dedoping.
While the transport of electrolyte anions in and out of the polymer
during doping and dedoping was already appreciated, this work
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established the importance of cation transport during these processes. It
was shown that under certain conditions (eg thick polymers grown from
acetonitrile) the reduction of polypyrrole not only involves expulsion of
dopant anions, but insertion of electrolyte cations. This was confirmed
by reaction order experiments at polymer coated m/croelectrodes.
Further to this, a semiconductor model of ionic transport of polypyrrole
films was presented that suggested the insertion and subsequent expulsion
of cations was field driven at negative potentials. The importance of
cation transport during doping/dedoping was also noted in the quantitative
results of Chapter 6, which showed that the rate of oxidation/reduction
and the D c t values were very m u c h dependent on the nature of cation.
A new technique for monitoring the resistance changes of conducting
polymers during doping/dedoping was introduced in Chapter 7. The use
of resistometry allowed for the first time, the in-situ measurement of
polymer resistance during the course of conventional electrochemical
experiments. T h e resistometry results confirmed the importance of
cation insertion/expulsion during doping/dedoping as it was shown that
the major changes in resistance were more dependent on the nature of the
cation compared to the anion. It was also shown that the extent and rate
of resistance change were very m u c h dependent on both the thickness of
the polymer and the electrolyte. In general, the resistance change was
greater in electrolytes containing small and/or highly charged cations;
while the rate of resistance change was significantly greater for the
doping (oxidative) process compared to the dedoping process. A simple
model, based on percolative charge transport, was also presented to
describe some of the results obtained.
Finally, in Chapter 8, the mechanism of signal generation for the
detection of electroinactive ions at polypyrrole films was investigated.
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The system described by Heineman et al 156'157 was employed. It was
found that the responses obtained were due to changes in solution
conductivity as the analyte plug passed over the electrode surface. This
was in contrast to the conclusions of previous workers

156 158

-

who

claimed the responses were due to polymer doping.

The observations and conclusions made throughout this study have
added greatly to the general understanding of heterocyclic conducting
polymer electrochemistry. This has been particularly the case in the
areas of electrochemical synthesis and electrochemical doping/dedoping.
M u c h of this knowledge has already been put to practical use in these and
other laboratories. Perhaps the two most significant contributions of this
work however involve the introduction of m/croelectrodes and
resistometry to the study of conducting polymer electrochemistry. Prior
to this work, neither technique had been applied to the study of
conducting polymers.

Given that one of the major problems in

conducting polymer development lies in characterisation, the added
information obtained using these techniques was invaluable in this work
and their use in conducting polymer investigations should be continued.
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