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Preface

Preface to First Edition

Conducting polymers have conquered a very wide field of electrochemical re-
search. Like metals and alloys, inorganic semiconductors, molecular and electrolyte
solutions, and inorganic electroactive solids, they form a group of compounds and
materials with very specific properties. In electrochemistry, the study of conducting
polymers is now a research field of its own. The electrochemistry of conducting
polymers possesses similarities with all the above-mentioned compounds and
materials, and this makes it a very fascinating research topic and led to numerous
new applications spanning from corrosion protection to analysis. The number of
electrochemical papers on conducting polymers is extremely high, and a good
number of books on this topic are also available. However, the editor of the present
series of Monographs in Electrochemistry has seen that there is no modern mono-
graph on the market in which the electrochemistry of conducting polymers is
treated with the right balance of completeness and selectivity. To write such a
monograph it needs an active electrochemist who is experienced with conducting
polymers and who possesses a solid knowledge of the theoretical foundations of
electrochemistry. I am very happy that Gyorgy Inzelt from the Eotvos Lornd
University in Budapest, Hungary, has agreed to write this monograph. I hope that
graduate students in electrochemistry, chemistry and physics of materials, industrial
chemists, and researchers at universities and industry alike will find the study of
this monograph enjoyable, stimulating, and helpful for their work.

Editor of the Series Monographs in Electrochemistry



vi Preface

Preface to Second Edition

This monograph has been received by the scientific community with greatest
interest and enthusiasm. Therefore, it will be highly appreciated by the users that
Professor Gyorgy Inzelt presents now a thoroughly revised and updated edition.

Editor of the Series Monographs in Electrochemistry

Greifswald, Germany Fritz Scholz
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Chapter 1
Introduction

Polymers have long been thought of and applied as insulators. Indeed, not so long
ago, any electrical conduction in polymers—mostly due to loosely bound ions—was
generally regarded as an undesirable phenomenon. Although the ionic conductivity of
polymer electrolytes (macromolecular solvents containing low-molar-mass ions) and
polyelectrolytes (macromolecules containing ionizable groups) have been widely
utilized in electrochemical systems over the last few decades (e.g., in power sources,
sensors, and the development of all-solid-state electrochemical devices), the emer-
gence of electronically conducting polymers has resulted in a paradigmatic change in
our thinking and has opened up new vistas in chemistry and physics [1].

This story began in the 1970s, when, somewhat surprisingly, a new class of
polymers possessing high electronic conductivity (electronically conducting
polymers) in the partially oxidized (or, less frequently, in the reduced) state was
discovered. Three collaborating scientists, Alan J. Heeger, Alan G. MacDiarmid,
and Hideki Shirakawa, played major roles in this breakthrough, and they received
the Nobel Prize in Chemistry in 2000 “for the discovery and development of
electronically conductive polymers” [2-8].

As in many other cases in the history of science, there were several precursors
to this discovery, including theoretical predictions made by physicists and quantum
chemists, and different conducting polymers that had already been prepared. For
instance, as early as 1862, Henry Letheby prepared polyaniline by the anodic oxida-
tion of aniline, which was conductive and showed electrochromic behavior [9].

Nevertheless, the preparation of this polyacetylene by Shirakawa and coworkers
and the discovery of the large increase in its conductivity after “doping” by the
group led by MacDiarmid and Heeger actually launched this new field of research.

Electrochemistry has played a significant role in the preparation and characteri-
zation of these novel materials. Electrochemical techniques are especially well
suited to the controlled synthesis of these compounds and for the tuning of
a well-defined oxidation state.

The preparation, characterization, and application of electrochemically active,
electronically conducting polymeric systems are still at the foreground of research
activity in electrochemistry. There are at least two major reasons for this intense

G. Inzelt, Conducting Polymers, Monographs in Electrochemistry, 1
DOI 10.1007/978-3-642-27621-7_1, © Springer-Verlag Berlin Heidelberg 2012



2 1 Introduction

interest. First is the intellectual curiosity of scientists, which focuses on understand-
ing the behavior of these systems, in particular on the mechanism of charge transfer
and on charge transport processes that occur during redox reactions of conducting
polymeric materials. Second is the wide range of promising applications of
these compounds in the fields of energy storage, electrocatalysis, organic electro-
chemistry, bioelectrochemistry, photoelectrochemistry, electroanalysis, sensors,
electrochromic displays, microsystem technologies, electronic devices, microwave
screening and corrosion protection, etc.

Many excellent monographs on and reviews of the knowledge accumulated
regarding the development of conducting polymers, polymer film electrodes, and
their applications have been published, e.g., [1, 10-38]. Beside these comprehensive
works, surveys of specific groups of polymers [39-43], methods of characterization
[44-49], or areas of application [50-58] have also appeared. These novel materials
with interesting and unanticipated properties have attracted workers across the
scientific community, including polymer and synthetic chemists [14, 15, 25, 26],
material scientists [15, 22, 35, 36], organic chemists [18], analytical chemists [17, 23,
50, 51], as well as theoretical and experimental physicists [8, 35, 36].

After 30 years of research in the field, the fundamental nature of charge
propagation is now in general understood; i.e., the transport of electrons can be
assumed to occur via an electron exchange reaction (electron hopping) between
neighboring redox sites in redox polymers, and by the movement of delocalized
electrons through conjugated systems in the case of so-called intrinsically
conducting polymers (e.g., polyaniline, polypyrrole). (In fact, several conduction
mechanisms, such as variable-range electron hopping and fluctuation-induced
tunneling, have been considered.) In almost every case, the charge is also carried
by the movement of electroinactive ions during electrolysis; in other words, these
materials constitute mixed conductors. Owing to the diversity and complexity of
these systems—just consider the chemical changes (dimerization, cross-linking,
ion-pair formation, etc.) and polymeric properties (chain and segmental motions,
changes in the morphology, slow relaxation) associated with them—the discovery
of each new system brings new problems to solve, and much more research is
still needed to achieve a detailed understanding of all of the processes related to
the dynamic and static properties of various interacting molecules confined in
a polymer network.

Although the conductivity of these polymers is an interesting and an utilizable
property in itself, their most important feature is the variability of their conductiv-
ity, i.e., the ease with which the materials can be reversibly switched between their
insulating and conducting forms. We can utilize the variation of the conductivity
in electronic devices including thin film transistors and insulated gate field effect
transistors or in gas sensors, the color change in electrochromic display devices or
in smart windows, the electroluminescence in light-emitting devices, the swelling—
deswelling accompanying the charging—discharging processes in artificial muscles,
and the charge storage capacity in energy technologies (batteries, supercapacitors).
There are properties which are useful in a certain application, e.g., volume change;
however, those may cause problem in other utilization. In fact, during the redox
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transformations, generally, we create a polyelectrolyte from an uncharged polymer,
which alter many physical and chemical properties. For instance, the charged, salt
form is insoluble, while the neutral form is soluble in certain organic solvents. The
overcharging (overoxidation) may lead to the hydrolytic degradation of the polymer.
In some cases, the mechanical properties including adhesion is of importance, e.g., in
corrosion protection or in membranes where gas evolution occurs, which are less
crucial in batteries. In the early period, such effects were utilized than the change of
morphology, swelling by using different counterions, or derivatization of the mono-
mer which results in a more flexible polymer.

In the last decade, the researchers have started to apply novel approaches. The
new trend is the fabrication of composites including nanocomposites of polymers
and other materials such as carbon nanotubes, graphene, or inorganic compounds
having special structure and properties. In sensors and biosensors of different kinds
(conductometric, impedimetric, potentiometric, amperometric, and voltammetric),
conducting polymers are used as active, sensing, or catalytic layers; however, in
the majority of application, those serve as matrices entrapping enzymes or other
biologically active compounds. The biocompatibility of several conducting polymers
provides opportunity for the application in medicine as artificial muscles and limbs, as
well as artificial nerves. The biomimetic (bionic) applications certainly will continue
in the future.

The key word of the future is the improvement. The use of the derivatives of the
monomers or copolymerization of different monomers may be an option to obtain
conducting polymers, which are more flexible or rigid or even crystalline for, e.g.,
heterojunction solar cells, as well as which are mechanically and chemically more
stable, have a more advantageous processability, etc. The functionalization of
conducting polymers which lead to smart materials interacting and responding to
their environment is also a great opportunity. The preparation of self-doped
polymers is also a good way to overcome the problems of the ionic charge transport
during redox switching and other limitations of the use of the polymer. The other
possibility is a combination of the arsenal of materials science with chemistry
(electrochemistry) to improve the properties for special purposes. Nanocomposites,
hybrid materials based on conducting polymers, certainly will be important
materials in the future. There is a high expectation concerning electroconducting
nanomaterials such as nanofibers, nanorods, and other nanostructures based on the
supramolecular self-assembly of conducting polymers, e.g., in the enhancement of
the photoluminescence efficiency by utilization of the energy and charge transfer
effect in surface resonance coupling. Manipulation of the microstructures of
polymers may improve the performances of both the polymer-based transistors
and electrochemical cells. There will be tasks for the chemists and electrochemists
in the production and characterization of new materials, theoreticians to explain
the phenomena observed or will be observed and to predict new opportunities, and
also engineers to give a final form of the devices. The conducting polymers are
relatively cheap materials; however, the specially improved properties can give
a further boost concerning the mass production, which makes the products much
less expensive. For instance, making ink from conducting polymers opens up new
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horizons for printing sensors, electronic circuits, solar cells, light-emitting displays,
etc. The new trends can nicely be followed by studying the literature including
papers and the topics of conferences.

We may expect a continuously improving performance of the new devices due
to the new scientific and technological advances, among others the introduction
of new materials, improved materials engineering, and more sophisticated device
structures.

In this work, the topics that are presently of greatest interest in this field, along
with those that may be of much interest in the future, are discussed. Some of
the most important experiences, existing models, and theories are outlined, and
the monograph also draws attention to unsolved problems. Some chapters are also
devoted to the most typical representatives of this group of materials and the most
important techniques used for the characterization of these systems. Last but not
least, abundant instances of the applications of conducting polymers are described.

In the second edition of this book especially the chapters devoted to the novel
composite materials and applications have been extended.

The examples presented and the references recommended herein have been
selected from more than 50,000 research papers including the works, which have
appeared in the last 4 years, which amounts over 10,000 papers. It is hoped that this
monograph will be helpful to colleagues—electrochemists and nonelectrochemists
alike—who are interested in this swiftly developing field of science.

Considering the rapidly increasing number of applications of polymers in elec-
trochemical cells, it can be declared that electrochemistry is currently moving out
of the Bronze Age (i.e., typically using metals) and into the era of polymers.

Lectori salutem!
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Chapter 2
Classification of Electrochemically Active
Polymers

Electrochemically active polymers can be classified into several categories based
on the mode of charge propagation (note that insulating polymers are not consid-
ered here except for those with variable conductivity). The mode of charge propa-
gation is linked to the chemical structure of the polymer. The two main categories
are electron-conducting polymers and proton (ion)-conducting polymers. We will
focus on electron-conducting polymers here.

We can also distinguish between two main classes of electron-conducting
polymers based on the mode of electron transport: redox polymers and electroni-
cally conducting polymers.

In this chapter, we provide examples of each type of electron-conducting
polymers, listing some of the most typical and widely studied of these polymers,
as well as several new and interesting representatives of this class of materials.
Some sections are also devoted to combinations, such as electronically conducting
polymers containing redox functionalities and copolymers. Composites, which has
been developed extensively during the recent years, are discussed too.

2.1 Redox Polymers

Redox polymers contain electrostatically and spatially localized redox sites which
can be oxidized or reduced, and the electrons are transported by an electron
exchange reaction (electron hopping) between neighboring redox sites if the seg-
mental motions enable this. Redox polymers can be divided into several subclasses:

¢ Polymers that contain covalently attached redox sites, either built into the chain,
or as pendant groups; the redox centers are mostly organic or organometallic
molecules

» Ion exchange polymeric systems (polyelectrolytes) where the redox active ions
(mostly complex compounds) are held by electrostatic binding

G. Inzelt, Conducting Polymers, Monographs in Electrochemistry, 7
DOI 10.1007/978-3-642-27621-7_2, © Springer-Verlag Berlin Heidelberg 2012
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2.1.1 Redox Polymers Where the Redox Group Is Incorporated
into the Chain (Condensation Redox Polymers, Organic
Redox Polymers)

2.1.1.1 Poly(Tetracyanoquinodimethane) (PTCNQ) [1-22]

NC CN
N/
o o) (”3
I I
C — (CH,), — CO(CH,),0
O(CH,)0
i
/C\
NC CN

n

Synthesis: 2,5-bis(2-hydroxyethoxy)-7,7',8,8'-tetracyanoquinodimethane+ adipoyl
chloride [2, 11, 14].
Redox reaction:

[TCNQ]polym +e + [K+]sol = [TCNQTK+]p01ym7 (21)
(orange) (blue)
[TCNQTK+]polym + e + [K+]sol ‘j [TCNQ27K2+]p01ym' (22)

(colorless)

The subscripts “polym” and “sol” denote the polymer and solution phases,
respectively.

These reaction formulae indicate that the electron transfer taking place at the
metal-polymer interface is accompanied by ionic charge transfer at the polymer—
solution interface, in order to maintain the electroneutrality within the polymer
phase. Counterions usually enter the polymer phase, as shown above. However, less
frequently the electroneutrality is established by the movement of co-ions present in
the polymer phase, e.g., in so-called self-doped polymers. Oxidation reactions are
often accompanied by deprotonation reactions, and H"* ions leave the film, removing
the excess positive charge from the surface layer. It should also be mentioned that
simultaneous electron and ion transfer is also typical of electrochemical insertion
reactions; however, this case is somewhat different since the ions do not have lattice
places in the conducting polymers, and both cations and anions may be present in
the polymer phase without any electrode reaction occurring. The establishment of
equilibria and the different reaction and transport mechanisms involved will be
discussed in Chaps. 5 and 6, respectively. For the sake of simplicity, only the electron
transfer (redox transformation) will be indicated in some cases below.

In the case of the formation of TCNQ dimers, TCNQ, K* and (TCNQ)?K;r
(green) and the protonated species TCNQH K" and TCNQH, may also occur inside
the polymer film [11, 12].


http://dx.doi.org/10.1007/978-3-642-27621-7_5
http://dx.doi.org/10.1007/978-3-642-27621-7_6
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A postfunctionalization by treatment with electron-rich molecules may convert
PTCNQ into a strongly colored polymer with low-energy charge transfer bands [22].

2.1.1.2 Poly(Viologens) [23-27]

[Poly(N,N'-alkylated bipyridines]

H,C —@—CH.Z—NI\ / \ /N'
Poly(xylylviologen)

Synthesis: o,0-dibromoxylene + 4,4'-bipyridine [26].
Redox reaction

bipm>*+e~ = bipm+:;  bipm+ +e = bipm (bipyridine) (2.3)

(colorless) (intense color: green) (weak color)

(CT complex: scarlet)

MVt e = MV™* ; MVT +e~ 2= MV(methylviologen) (2.4)

(colorless) (intense color: blue, dimer: red) (colorless)

2.1.2 Redox Polymers with Pendant Redox Groups

2.1.2.1 Poly(Tetrathiafulvalene) (PTTF) [28-32]

o} foug
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Synthesis: poly(vinylbenzylchloride) + potassium salt of p-hydroxyphenyl-
tetrathiafulvalene or other derivatives [31, 32].
Redox reaction:

[TTE] oy + [X ], 2[TTFX ] gy + €~ 2.5)

polym

[TTE4+X ] o + X 2 [T X, 7] e (2.6)

polym polym

Also formation of dimers: TTF;, TTF§+.

2.1.2.2 Quinone Polymers [33-39]

(|3H3 O
j( CH — CH2} j(c - CH2HC— CH2~}
|
O n | = ¥y
7z C=0

= COCH
O¢ / |
HN— (CH,), OH
OH
Poly(vinyl-p-benzoquinone) Poly(acryloyldopamine)

Synthesis: radical polymerization of vinylbis(1-ethoxyethyl) hydroquinone [35]
or by reaction of acryloyl chloride with dopamine [34].
Redox reactions (in nonaqueous solutions) [33]:

+e 2
PN o

(in aqueous solutions) [34]:
hydroquinone form — quinone form + 2¢~ + 2H"

O‘k 2.8)
0= —0

Synthesis: electropolymerization of 5-hydroxy-1,4-naphthoquinone [39].
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Redox reaction:

PNQP + 2¢~ + 2H"=PNQPH, (2.9)

CH CH}*ECHNH—CH}
2 2 2 2
%\N/ 40 60
0}
| |
“ Z

(0]
Poly(anthraquinone) (PQ)

Synthesis: poly(ethyleneimine) + 2-anthraquinone carbonyl chloride [37, 38].
Redox reaction:

PQ + 2e~ + 2H" =PQH, (2.10)

2.1.2.3 Poly(Vinylferrocene) (PVF or PVFc) (Organometallic Redox

Polymer) [40-81]
1[ CH,— CH }

Fe

@

Synthesis: polymerization of vinylferrocene [77].
Redox reaction:

[ferrocene] ., + X |22 [ferrocenium* X~ +e” (2.11)

polym
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2.1.2.4 [Ru or Os (2,2'-Bipyridyl),(4-Vinylpyridine), C1]CI [82-90]

[Ru(bpy)»(PVP),CIICL n = 5

Also copolymers with styrene or methylmethacrylate; PVP was also replaced by

poly(N-vinylimidazole) [83-85, 89, 90].
Redox reaction [82-90]:
[Ru*"X;"]

+ X = [Ru’TX57] +e” (2.12)

polym polym

0" X,7] A+ [X | g=[0s77X57] e (2.13)

polym polym

2.1.3 Ion Exchange Polymers Containing Electrostatically
Bound Redox Centers

Usually the electrode surface is coated with the ion exchange polymer, and
then the redox active ions enter the film as counterions. In the case of a cation
exchanger, cations (in anion exchangers, negatively charged species) can be
incorporated, which are held by electrostatic binding. The counterions are more
or less mobile within the layer. A portion of the low molar mass ions (albeit usually
slowly) leave the film and an equilibrium is established between the film and
solution phases. Polymeric (polyelectrolyte) counterions are practically fixed in
the surface layer.
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2.1.3.1 Perfluorinated Sulfonic Acids (Nafion®) [68, 91-110]

+ «rpy— cF—cr, |

| n
O

CF,

FC— CF — O— (CE)~ SO;H"

Synthesis: copolymerization of perfluorinated ethylene monomer with SO,F
containing perfluorinated ether monomer [93, 96]; m = 6—12. Nafion® 120 (DuPont)
means 1,200 g polymer per mole of H*, there are Nafion® 117, 115, 105, etc.

Dow ionomer membranes [94]:

+ Fpy—~ (|:F —cr,+

n

0= CE),~ SO;H*

Redox active ions that have been extensively investigated by using Nafion-coated
electrodes: Co(bpy):™/*™/ " (bpy = 2.2/-bipyridine) [92, 99], Co(NH5)}™/*" [92]
Ru(NH;)?"/*" [92] Ru(bpy)s/*" [68, 93, 97, 99, 100, 103, 104, 107-110],
Os(bpy)3™ [91, 97, 105, 106], Eu®* [99], ferrocenes™ [104, 106], methylviologen
(MV2+/ + 0) [95, 98, 103], methylene blue [102], phenosafranin and thionine [101].

2.1.3.2 Poly(Styrene Sulfonate) (PSS) [111-119]

f-n

S

‘ Z
SO;H*
Redox ions investigated are as follows: Ru(bpy)%” 2+, Os(bpy)?/ 2 [111-119],
Eu*?* [114].
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2.1.3.3 Poly(4-Vinylpyridine) (PVP, QPVP) [120-132]
{ CH — CHf}

M M:H.CHE

In this cationic, anion-exchanger polymer, the following redox anions have
typically been 1nc0rp0rated and investigated:

Fe(CN)3 [121-123, 125-128, 130 132], IrCl2 /3= [121 124, 127, 131
132], Mo(CN)g_ ©[131], W(CN)?;_ - [131], Ru(CN)6 , Co (CN)6 ,
Fe(edta)! >~, Ru(edta)! >~ [129].

2.2 Electronically Conducting Polymers (Intrinsically
Conducting Polymers—ICPs)

In the case of conducting polymers, the motion of delocalized electrons occurs
through conjugated systems; however, the electron hopping mechanism is likely
to be operative, especially between chains (interchain conduction) and defects.
Electrochemical transformation usually leads to a reorganization of the bonds of
the polymers prepared by oxidative or less frequently reductive polymerization of
benzoid or nonbenzoid (mostly amines) and heterocyclic compounds.

2.2.1 Polymers from Aromatic Amines

2.2.1.1 Polyaniline (PANI) and PANI Derivatives [133—413]

Idealized formulae of polyaniline at different oxidation and protonation states:
L = leucoemeraldine (closed valence; shell reduced form; benzenoid structure);
E = emeraldine (radical cation intermediate form; combination of quinoid and
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benzenoid structures); P = pernigraniline form (quinoid structure); LHgy, Estl,
EHj,” are the respective protonated forms:

L _@__@__@__@__

- OO Omm Ok

- —2X

- O OO D

H H H H
LHgy ™ N; N N; N=—
H H

A A “2x

2X

1 H H H H
EHgy, = N N +N N=—
A A

—2X
, H H H
EH, — N- N N N=——
H A
- A “ox

Illustration of delocalization (polaron lattice) of the emeraldine state:

Synthesis: oxidative electropolymerization of aniline in acidic media [133, 149,
152,169, 177, 180, 196, 198, 202, 213, 216, 219, 230, 234, 241, 245, 280, 288, 291,
295, 301, 314, 327, 348, 349, 351, 353, 369, 386] or chemical oxidation by
Fe(ClOy)s, K5S,0g, etc. [165, 179, 271, 363, 364].
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Redox reactions [150, 151, 154, 182, 216, 236, 249, 267, 310]:

—4xH", -4 x e -4xH", -4 xe
—— ——

+4x A", —4x e
-4 x HA
+4x HA N ¥ -
—8xH",—4x A", —4xe

—4xH"Y, —4xe”
—_

LH,, =———— EH,,

8x

The color change during the redox transformations is as follows: yellow = green
= blue (violet).

It should be mentioned that polymers that behave in a similar way to PANI can
also be prepared from compounds other than aniline (e.g., from azobenzene [213]).
Substituted anilines—especially the formation and redox behavior of poly(o-tolui-
dine) (POT)—have been studied in detail [388—404].

—0-+-0-+q

Poly(o-toluidine)

CH,

=l

Polymers such as poly(o-methoxyaniline) [409—-411], poly(o-ethoxyaniline)
[402], poly(1-pyreneamine) [405], poly(4-aminobenzoic acid) [412], poly
(1-aminoanthracene) [406], poly(N-methylaniline) [407], and poly(N-phenyl-
2-naphtylamine) [408] have also been synthesized by electropolymerization
from the respective monomers. Even monomers of more complicated structure
have been polymerized, e.g., N-(N',N'-diethyldithiocarbamoylethylamidoethyl)

aniline [243].
O O
O
\ / & \ / 5%

Paly(1-amincanthracene)



2.2 Electronically Conducting Polymers (Intrinsically Conducting Polymers—ICPs) 17

Interestingly, the oxidative electropolymerization of 1,8-diaminonaphthelene
leads to a polyaniline-like polymer; however, the second amine group of the
monomer does not participate in the polymerization reaction [342]:

The redox transformations of poly(1,8-diaminonaphthalene) (PDAN) can be
described by the following scheme:

O - (ey) Hy0

III

The oxidative polymerizations of other aryl amines yield polymers with ladder
structures. We will discuss these polymers later (Sects. 2.2.1.3, 2.2.1.4, 2.2.1.5).

In the case of the electropolymerization of 2-methoxyaniline [162, 410, 411] at
high monomer concentrations, a PANI-like conducting polymer was obtained,
while at low concentrations a polymer with phenazine rings was formed [411]:

n
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Different “self-doped” polyanilines have been prepared using aniline derivatives
containing carboxylate or sulfonate groups, or the acid functionalities were
incorporated during a postmodification step using the appropriate chemical or
electrochemical reactions [170, 241, 283, 361, 362].

O~
f“@\

- -In

Poly(aniline-co-N-propanesulfonic acid-aniline)

-08

\

N—t—

Copolymers from aniline and another monomer have also been electrosynthe-
sized and characterized (see later).

2.2.1.2 Poly(Diphenylamine) (PDPA) [414-425]

[Specifically, poly(diphenylbenzidine).]

OO
H H

Synthesis: oxidative electropolymerization of diphenylamine in acid media
[414-418, 420, 421, 423-425].

n



2.2 Electronically Conducting Polymers (Intrinsically Conducting Polymers—ICPs)

Redox reactions:

+

'e:'H - e +
DPAH == DPA®' == DPA

+H+ﬂ\e- +H*H /: H*

.|.

DPAH =I=!'-' DPAH* i‘=‘= DPAH™

2 DPA' irrev, DPB H,'

2 DPAHY itrev. o DPBH — DPBH,+2H"

DPA- + DPA* Afrev. o, DPBH — DPBH,+H*

+ T

-e.-H -e.-H
DPBH, ==—= DPBH* == DPBB

N

+-6-H + -€-H
DPBH;, =—*= DPBH, +=—= DPBBH"

+H"H +H*ﬂ +H"H

+ e -H*

2+ - €;-H 24 -€-H 2
DPBH, === DPBH3' === DPBBH,

DPEIHf+ + DPBB — colored complex
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where

<: :>—N—<: :> DPAH
H
H@
N™=— DPAH;
H
O+ =00~ 010> =
H H
— y +
N \ N - DPAH’
H H H
H H
H
O- =000 oo
H H
H H
O—=0=0=—0 =
C} +
O—=C=Cmi-0 o=
H
@
Q== oo
H H

Color change is colorless (reduced form) = bright blue (violet) (oxidized form)
at pH 0.

A polymer with a similar structure and properties can also be obtained by the
oxidative electropolymerization of 4-aminobiphenyl [419] or benzidine [416].

The polymeric films including diphenylamine or triphenylamine units and five-
member heterocyclic ring moieties have also been synthesized from the respective
monomers, whose formulae are seen below [422].
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R1\©\ /@/R1 R1:
N

|

R

2

= =
) »
X X

N\ 7/

Ry Ry
S
N

R1 R2: C4Hg

=
A

C

Monomers containing diphenylamine or triphenylamine units and five-member
heterocyclic rings.

2.2.1.3 Poly(2-Aminodiphenylamine) (P2ADPA) [426]

P2ADPA contains phenazine and open-ring (PANI-like) units.

00o Peaet

Y T
P ” e
NH,

Synthesis: oxidative electropolymerization of 2-aminodiphenylamine in acid media.
Redox reaction: similar to that of polyphenazine and neutral red (see later).

2.2.1.4 Poly(o-Phenylenediamine) (PPD) [427-460]

(In fact, PPD is a ladder polymer that contains pyrazine and phenazine rings.)

H H
N.

N N
H H n
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Preparation: oxidative electropolymerization of o-phenylenediamine [427-460],
less frequently by chemical oxidation. A similar polymer can be prepared by the
electropolymerization of 2,3-diaminophenazine [453].

Redox reaction:

)SEsEC o

(2.14)

H
N‘\ N. N\\ N\
| | — ‘ + 2e+2H'
N \N N/ 7
H (2.15)

Color change: colorless (reduced form) = red (oxidized form).

2.2.1.5 Poly(o-Aminophenol) (POAP) [461-474]

H
N o
| (POAP)
(o) N
K n

POAP contains phenoxazine and oxazine rings.

Synthesis: oxidative electropolymerization of o-aminophenol in acid media
[461, 463, 464, 471].

Redox reaction [461-465, 468, 474]:

POAP +nA POAP* &, +ne”
POAP'A, b m i +2ne” + nA + 2nH* (2.17)

Both the reduced and oxidized forms can be protonated, and then H" exchange
can also occur.
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2.2.1.6 Polyluminol (PL) [475, 476]

N=—N

N=N
- =n

Synthesis: oxidative electropolymerization of luminol (3-aminophthalhydrazide)
in acid media [477].

Redox reaction: PANI-like benzenoid — quinoid, pH-dependent transformations
[477-479].

PL shows similar electrochemiluminescence to the parent compounds in alkaline
media.

2.2.2 Polymers from Aromatic Heterocyclic Compounds

2.2.2.1 Polypyrrole (PP) and PP Derivatives [480-634]

H H H g

PP (usual simple abbreviated formula)

(more realistic structure)

Synthesis: oxidative electropolymerization of pyrrole [482, 490-492, 494, 505,
507, 516, 552, 564, 575, 582, 585, 595, 596, 624, 631] in aqueous and nonaqueous
media or chemical oxidation by Fe(ClO4)s3, K,S,0g, etc. [622].
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Redox reaction [484-493, 501, 503,517, 518, 522, 536, 537, 565, 587, 607, 613,
615, 618, 626, 627]:

PP + nA =

Polaron (radical cation associated with a lattice distortion) (PP*).  (2.18)

PP'A"+ nA" &=

Bipolaron (dication associated with a strong localized lattice distortion).

The color change is yellow = black.

A wide variety of substituted pyrrole and pyrrole comonomers has also
been prepared and electropolymerized, e.g., poly(1-pyrrolyl-10-decanephosphonic
acid) [625], poly(3.4-ethylenedioxypyrrole), poly(3,4-propylenedioxypyrrole),
poly(N-sulfonatopropoxy-dioxypyrrole), etc. [497]. The formulae of dioxypyrrole
polymers are shown below.

/_/

! H SOj; Na*

poly(3,4-ethylenedioxypyrrole) poly(3,4-propylenedioxypyrrole) poly(N-sulfonatopropoxy-dioxypyrrole)

2.2.2.2 Polyindole and Derivatives [618, 635-658], Polymelatonin (PM) [659],
and Polyindoline [326]

Polyindole (PI)
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Synthesis: oxidative electropolymerization in aqueous acidic [653] or in non-
aqueous media [642, 643, 656]. Most likely sites of coupling are 1 and 3; however,
2 and 3, and 3 and 3 linkages are also proposed [653, 658]. The positive potential
limit is crucial because the overoxidation produces a nonelectroactive polymer.

Redox reaction [641]:

i\

PIn+nA™

+ne +2nH+nA"

(2.19)

Dimethylindole [642]

The 3 and 6 linkage has been proposed based on the investigation of a series of
substituted indoles [642].

Poly(5-Carboxyindole) (PCI) [639, 648] and Poly(5-Fluorindole) (PFI) [649]

R = —COOH (PCI) and —F (PFI), respectively.
This formula was suggested in [639], while in [648] —C—C— bond was assumed.
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Synthesis: oxidative electropolymerization of 5-carboxyindole at 1.4 V vs. SCE
in TEABF,—acetonitrile solution [639], and that of 5-fluorindole by potential
cycling between 0 and 1.2 V vs. SCE in diethyl etherate or between 0.6 and
1.4 V vs. SCE in TBAF—acetonitrile [649].

Redox reaction: two redox processes: indole — cation radical — quinoid struc-
ture or dication [639].

Color change: gray—green (reduced) = dark green (oxidized) [649].

The formation of redox active cyclic indole trimer has also been suggested as
a result of the electrochemical oxidation of 5-substituted indole monomers, except
in the cases of 5-aminoindole and 5-hydroxyindole. This effect was attributed to the
strong adsorption of the monomer, which inhibits this reaction. If the platinum had
been covered by a layer of predeposited film of 5-cyanoindole or 5-nitroindole, the
electropolymerization became possible [644]. Polyindoline has also been prepared
by electropolymerization [326].

Polymelatonin (PM) [659]

HyC—O

Synthesis: oxidative electropolymerization of melatonin (N-acetyl-5-methoxy-
tryptamine) in an aqueous solution of LiClO, (pH 1.5) [659].
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Redox reaction:
H,c—O0

PM +2nA° & + 2nH'+ dne”

2.21)

|
~CH—CH,)-

Poly(N-vinylcarbazole) (PVCz)

Synthesis: anodic polymerization of carbazole [660, 662, 672, 676] or chemical
or electrochemical polymerization of N-vinylcarbazole [662, 664, 666, 670]. Other
carbazole derivatives have been electropolymerized such as 9-tosyl-9H-carbazole
[663], N-hydroxyethylcarbazole [679], 1,8-diaminocarbazole [686], and 3,6-bis
(2-thienyl)-N-ethyl carbazole [683].
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Redox reaction [669, 672, 676]:

PCz+2nk = | [+ 2ne

" 2.22)
Protonation may also occur.

Color change: colorless (reduced) = dark green (oxidized) [677].

2.2.2.4 Polythiophene (PT) and PT Derivatives [477-479, 688-825]

000)

PT

(see PP)

Synthesis: oxidative electropolymerization from thiophene or chemical reduc-
tion of halogen-substituted thiophene [781].

Usually substituted thiophenes (e.g., 3-methylthiophene) or bithiophene are used
in electropolymerization since the oxidation process leading to the formation of
cation radicals and polymerization occurs at less positive potentials [693, 694, 696,
701, 704, 706, 708, 712, 718, 741, 746, 771, 774] (Figs. 2.1 and 2.2).

Redox reactions [600, 689, 694, 695, 698, 705-709, 731, 744, 751, 770, 771]:

PT + nA =
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Fig. 2.1 Anodic peak potential of thiophene and thiophene derivatives as a function of their Hammett
substituent constants [774] (Reproduced with the permission of The Electrochemical Society.)

Cation radical (polaron), PT".
PTTA™ +nA ZPT?"A,~ +ne” (2.24)

Dication (bipolaron) state (see PP).

During the redox reaction there is a color change; e.g., in the case of poly
(3-methylthiophene), red = blue.

Many thiophene derivatives have been polymerized in order to obtain new materials
tailored for different purposes, e.g., to obtain different electrochromatic behavior.
Roncali [746] reviewed the enormous amount of literature regarding the synthesis,
functionalization, and applications of polythiophenes in 1992. Besides the
polymerizations of thiophene and bithiophene, polymers from several thiophene
oligomers, substituted thiophenes, thiophenes with fused rings—among others
3-substituted thiophenes with alkyl chains (e.g., methyl-, ethyl-, butyl-, octyl-),
fluoralkyl chains, aryl groups, oxyalkyl groups, sulfonate groups, thiophene—methanol,
thiophene—acetic acid, alkyl-linked oligothiophenes [739], poly(4-hydroxyphenyl
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54 l— CH,CN

22— o ~°* N

monomer / V
|
—
i
L
wy]
—
[45]
N\
|

20— /\

18—~ /™

I I N T N
06 08 10 12 14

Epa polymer /V

Epa
o)

Fig. 2.2 Anodic peak potentials of thiophene monomers vs. their respective polymers in TEABF,/
acetonitrile [774] (Reproduced with the permission of The Electrochemical Society.)

thiophene-3-carboxylate) [769], thiophenes containing redox functionalities, a series
of poly(bis-terthienyl-B) polymers, where B = ethane, ethylene, acetylene,
diacetylene, disulfide [788], etc.—have been prepared and characterized.

Poly(3,4-ethylenedioxythiophene) (PEDOT) and its derivatives [603, 726,
789-825] have become a very important group of conducting polymers due to
their advantageous properties.

/N

o] o}

BNl
L M

O O

/

Synthesis: electropolymerization of 3,4-ethylenedioxythiophene (EDOT) monomer.
Deposition has also been performed by oxidative chemical vapor deposition [726]
Redox processes: similar to PT.
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The color change is deep blue = transparent blue.
Examples for the functionalized thiophenes [478, 479, 691, 698, 703, 713, 714,
719, 726, 732, 740, 746, 748, 749, 755-759, 762,776, 777, 788, 797, 811, 818] are

shown below:
CH,0H  CH,OH
N\

S S

poly{thiophene - 3 - methanol)

n

S,

SYEa

poly(dithieno[3,2 - b,2' 3'thiophene])

CH,)+(CF5)5-CF5

S n

polythiophene with fluoralkyl chain

poly{(tetraethyldisilanylene) quinque (2,5 - thienylene)]

£

/\ 0 /\sﬁ\ AN

poly(3 - thienyimethoxy acrylates), k =1-11

poly(3 - thienyimethylacrylate)

/ \
/\

poly(iso - thianaphtene)

(LT

H
poly(thieno[3,2 - b]pyrrole)

OCH,

\ 7/

S n

polythiophene with aryl group

poly(3 - m - 4 pyridylalkyl) thiophene

L
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A

poly(5 - vinyl - 2,2": 5', 2" - terthiophene) poly(4.4' - di - cyclopenta [2,1 - b; 3'4' - b] dithiophene)

poly{thionaphtene-indole)

poly(styryl dialkoxyterthiophene)

/ 0

5 n J{\
S” “n

poly(3,3-dimettwl-3 4-dihydro-2 H -thieno-[3 4-b]dioxepine) poly(thieno[3 4- b Jthiophene)
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o

poly-(bis-EDOT-pyridine)

57 “n

poly-(bis-EDOT-pyridopyrazine) Poly-{benzo ¢ Jthiophene- N-2-ethylhexy-4 5-dicarboxylic imide)

Ry
I/\o o]
O \\ S\\ Il
g
o Bid
hz

poly(2,2'-[10-methyi-3, 7-phenothiazylene]-6 6'-bis[4-phenyiquinoline]) poly(bis-EDOTdialkoxybenzene)

VAN VAN
/ \ s s / \
(—Zj_& I /Z—Zsﬁ_}”

PEDOT bithiazole

N, N’-bis(2-pyrrolylmethylene)-3,4-dicyano-2,5-diamino-thiophene (Py, ThAz)

poly(biotin - functionalised terthiophene)
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Polymers containing different redox active groups, e.g., thiophene or PEDOT
and carbazole [497, 759] or pyrrole [691, 783] or furan [711] have been prepared
by using comonomers (monomers containing two or more different rings) or by
copolymerization, exhibit several distinct redox transformations and conse-
quently, e.g., multicolor electrochromism. Copolymers are versatile systems in
this respect, even a change of the relative concentrations of the monomers
influences the variation of the specific properties, e.g., the color changes (see
Chaps. 2.4, and 7).

2.2.2.5 Polyazines [826-875]

Polyphenazine (PPh) and Poly(1-Hydroxyphenazine) (PPhOH)

Polyphenazine (PPh) [781, 826].

H [ 1
H
~ N N
H
N |-
N
H i H
N
N
] ) - :O
N

Synthesis: oxidative electropolymerization of phenazine in acid media in the
dark [826]. (The photoreduction of phenazine produces 1-hydroxyphenazine,
and then poly(1-hydroxyphenazine) is formed.) Dehalogenation polymerization
of 2,7-dibromophenazine [781].

Redox reactions: the polymer exhibits the redox transformations of phenazine
(Ph), which take place in two one-electron steps:

+
PhH"A™ +e” + H'=PhH; A~ pH <0 (2.25)
+
PhH; A~ + e =PhH, + A~ (2.26)
+
Ph+e +2H" + A"=PhH; A~ pH<1-2 (2.27)
Ph+e +H '=PhH pH<2-4 (2.28)

Ph+e” + K"=Ph-K* pH>5 (2.29)


http://dx.doi.org/10.1007/978-3-642-27621-7_2
http://dx.doi.org/10.1007/978-3-642-27621-7_4
http://dx.doi.org/10.1007/978-3-642-27621-7_7
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PhH' +e” + K" =PhH K' (2.30)
PhH-K* +e” + K" =PhH K" (2.31)
Ph-K" +e +K'zZPh* (K'), (2.32)

where
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Poly(1-Hydroxyphenazine) (PPhOH) [827-830].
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Synthesis: oxidative electropolymerization of 1-hydroxyphenazine in acid
media [829, 830].
Redox reaction: see polyphenazine.

Poly(Acridine Red) (PAR) [831]

| A el
e
(HaC)N N Z N(CHy),

(The exact position of the linkage has not yet been determined.)

Synthesis: oxidative electropolymerization of acridine red in aqueous solution
at pH 7.4 [831].

The redox transformations of PAR have not been studied thus far. However,
it has been demonstrated that the carmine polymer film has catalytic activity and
can be used in the determination of dopamine [831].

Poly(Neutral Red) (PNR) [832-846]

HL, _cH

Ll |
N - N(CHy),
H4C. CH3
| \N/
\ / n
H N ECH:.)?
@ HN N — N B 4
/
HyC N, R N HyC N
' " 2
n
HaC NH;

Synthesis: oxidative electropolymerization of neutral red [838—840, 845, 846].
Redox reaction [833—-846]:
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H 3C\ 7. _CH,
" Iy

H ZC\N. ACH3

PNR +2nA~ — +4ne +2nH*

HiC Hy

HsC NH,
This is a pH-dependent process.

Poly(Phenosafranin) (PPhS) [847-850]

PPhSA™

37

(2.33)

Synthesis: oxidative electropolymerization of phenosafranin in acid media [847].

Redox reaction [847]:

H
N
PPhS*A + 2ne +2nH* = /C[D\N
o
n Ly

Poly(Methylene Blue) (PMB) and Other Polythiazines [832, 841, 851-872]

(2.34)

H n
N
HC /(Ii:\j\
TN N(CH),

N N n
{\/COQ(} jee st
(CHg) N N*(CH3), (CHa),N N*(CH,),

-

(The exact position of the linkage has not yet been determined.)



38 2 Classification of Electrochemically Active Polymers

Synthesis: oxidative electropolymerization of methylene blue at pH 8.2 [841,
859, 860, 863, 868] or in ionic liquid [872].

Redox reaction: PMB shows similar electrochemistry to the parent compound
[841, 860-864, 868].

At low pH values:

H
N
/@;L\j\ /@;:Q\ e
(CHy,N NH(CH;), (CH),N N (CH3}
&

(2.35)
At higher pH values:
“\ \
v = + 207+ H
2.36
7 NH(CH,), X N*(CHy), & (236)

In a similar way, other phenothiazines such as methylene green [871] azure A
[851, 852, 856], toluidine blue [870], and thionine [854, 855, 858, 860, 868]
have also been electropolymerized and characterized.

M
/@ih‘\ /O[:D\‘
(H;ON ‘(CHy),  HN "(CHy),

NO,
Methylene Green Azure A
H N
HA CH),  HN s "H,
Toluidine Blue Thionine

poly(2.2'- [10 methyl-3,7-phenothiazyle]-6.6'- bIS[4 phenylquinoline])
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Polyflavin (PFI) [873]

HN i ‘ R
N
o N T A CH,
THE NH,
H—C—OH P
H—(II—OH i ‘ |N
H—C—0oH © o K )
| I I N N
CH,0—~P—0—P —0CH, o] ‘
[ | . : :
ONa | ONa
riboflavin
HO' “OH

flavin mononucleotide

flavin adenine dinucleotide

Synthesis: oxidative electropolymerization of riboflavin, flavin mononucleotide,
and flavin adenine dinucleotide (FAD) in acid media [873].

Redox reactions: monomer-type, pH-dependent redox activity. This indicates that
polymerization occurs without the destruction of the corresponding monomer. The
structure of the electronically conducting, redox active polymer is similar to that of
polyazines, with the monomers bound to each other via ring-to-ring coupling [873].

Poly(New Fuchsin) (PnF) [874, 875]

A

NH

CHy
H,C C N, i 3
@ ;41: ) :
H
\ n
HAN N c
H
3

NH
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Synthesis: oxidative electropolymerization of new fuchsin [874, 875].
Redox reaction:

CH, y CHy
€ N\, f ) _CH r'q)@\
+4e +3H =— + N
?\J C/ \@ CH/
H H |
’ 3 (2.37)

2.2.3 Polymers from Nonheterocyclic Aromatic Compounds

2.2.3.1 Polyfluorene (PF), Poly(9-Fluorenone) (PFO) [876-881], and Poly
(9,10-Dihydrophenanthrene) [882]

Q =M, R =bromohexyl,
suolliowo! i
; g Ly . Q =R = bromohexyl
PF

PF derivatives

Poly(9,10-dihydrophenanthrene)

Synthesis: oxidative electropolymerization in boron trifluoride diethyl etherate
(BFEE) or BFEE + CHCI; solvents [880, 882] as well as in dichloromethane and
acetonitrile [878].

Redox reaction: the polymer films show good redox behavior. The mechanism
has not yet been clarified.
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Color change is blue = deep brown (PF) and dark brown = red (doped state)
(PFO). The polymer, like the monomer, exhibits photoluminescence.

2.2.3.2 Poly(p-Phenylene) (PPP) and Poly(Phenylenevinylene) (PPPV)
[883-891]

Poly(p-Phenylene) (PPP) [883—-887]

"p

Synthesis: reductive coupling of dihalogenophenyl compounds in the presence
of Ni° complexes [883—885] or oxidative coupling of cation radicals originating
from either benzene or biphenyl species in weakly nucleophilic media [887].
Highly crystalline PPP films have been prepared by electrochemical oxidation
from benzene/96% H,SO, solution [885, 886].

Redox reaction:

PP

+ Ze”

PPP + zLi* +z60 =

Poly(Phenylenevinylene) (PPPV) [888—891]

=



42 2 Classification of Electrochemically Active Polymers

Synthesis: electrochemical reduction of a,a,0 o' -tetrabromo-p-xylene TEABF,/
DMF + 0.2% H,O at —2.3 V [888]. Poly(1-methoxy-4-(2-ethyl-hexyloxy)-p-
phenylenevinylene) (MEH-PPV) was prepared by chemical synthesis [890].

2.2.3.3 Polytriphenylamine (PTPA) and Poly(4-Vinyl-Triphenylamine)
(PVTPA) [892, 893]

~cH,— CH2%E

@N@n ©/N,@

£ cH,— CHzarT

Synthesis: PVTPA was produced by free radical polymerization of 4-vinyltri-
phenylamine; the electrode was then coated with this polymer using an evapora-
tion technique, and finally the electrooxidation results in the dimer form shown
above [892]. PTPA was synthesized by the electrooxidative polymerization of
triphenylamine in acetonitrile/TBAPF, [892].

Redox reaction:

@" @‘;f@af &

(2.40)
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2.2.4 Other Polymers

Several other molecules, which cannot be fitted to the categories discussed above,
have been electropolymerized. Two of those are mentioned below for illustration.

2.2.4.1 Polyrhodanine (PRh) [894]

=

- -n

Synthesis: oxidative electropolymerization of rthodanine in ammonium oxalate
solution [894].
Redox reaction:

PRh = —@{\/N{/N%_\/f—— +4ne +4nH"
VAN

= -'n (2.41)
Color change: colorless = transparent yellow = dark purple.

2.2.4.2 Poly (Eriochrome Black T) [895]

NO,

SN o
| O\\S/d‘Naﬁ

Y
OH
O OH

Synthesis: oxidative electropolymerization of Eriochrome black T in alkaline
solution [895].
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Redox reaction [895]:

NO,
@ \ ¢ H'2e
A A—N=N 50; —— =N —N s0;
OH +2H +2e
HO

(2.42)

2.3 Electronically Conducting Polymers with Built-In or
Pendant Redox Functionalities

2.3.1 Poly(5-Amino-1,4-Naphthoquinone) (PANQ) [896]

(Polyaniline-type polymer involving one quinone group per ANQ moiety.)

/ \ ——NH

o]
o]

n

Synthesis: electrooxidation of 5-amino-1,4-naphthoquinone resulting in
electropolymerization via head-to-tail coupling [896].
Redox reactions: the polymer shows both quinone and PANI electrochemistry [896]:

oH o]
<I = q& + 20 + 2HY (2.43)
OH o]

H + kA —

n
N N
=N N* N
p—1 IS A +4ne +3nH"
n

(2.44)

=T
=X
Z"

=T
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2.3.2 Poly(5-Amino-1-Naphthol) [897, 898]

Synthesis: oxidative electropolymerization from 5-amino-1-naphthol in acid
media. In basic media, the polymerization proceeds through the oxidation of the
—OH group and yields the poly(naphthalene oxide) structure [897].

Redox reaction: polyaniline-like behavior in acid media.

n

2.3.3 Poly(4-Ferrocenylmethylidene-4H-Cyclopenta-
[2,1-b;3,4-b']-Dithiophene) [899]

S S S
W\/Z%\/)‘n N/ N\ /"
Fe Fe
Synthesis: oxidative electropolymerization of the respective cyclopenta-
dithiophene monomers via the coupling of the thiophene units [899].

Redox reactions: this polymer exhibits the redox transitions of both the ferrocene
unit and the polythiophene backbone.
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2.3.4 Fullerene-Functionalized Poly(Terthiophenes)
(PTTh-BB) [900]

Synthesis: electropolymerization of N-methyl-2-(2-[2,2";5',2"-terthiophene-
3/-yl]ethenyl)fullero-[3,4]-pyrrolidine [900].

Redox reaction: the polymer shows the redox reactions of fullerene and
polythiophene.

2.3.5 Poly[Iron(4-(2-Pyrrol-1-Ylethyl)-4'-Methyl-
2,2'-Bipyridine);**] [901, 902]

O
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Synthesis: electrochemical polymerization of the parent compound [901].
Redox reactions: it exhibits the redox behaviors of both the complex and the
polypyrrole [902].

2.3.6 Polypyrrole Functionalized by Ru(bpy)(CO), [903]

/ \
o

AN/ \/_
Rv — RY
N//\ AN

| oC co OC CO

Synthesis: two-electron reduction of [Ru(bpy)(CO),(CH;CN)J3", resulting in
redox polymeric Ru—Ru bonded films [Ru(bpy)(CO),],,, and the anodic oxidation of
the complexes leads to the formation of functionalized polypyrrole films [903].

2.3.7 Poly(Tetra-Substituted Porphyrins) [904] and Poly(Tetra-
Substituted Phtalocyanines) [905-907]

A

Ar Ar

\_+/ \1_1
H,TSBFP MTSBFP
H,TFP MTFP

H,TPP MTPP
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Synthesis: oxidative electropolymerization of the respective free or metallated
tetraphenyl—or fluorenyl or spirobifluorenyl—porphyrin [904].

Redox reactions: four redox waves in the potential region between 0.1 and 2 V vs.
Fc/Fc* in CH,Cl,/TBAPF (p-doping) and two pairs of waves between —1 and —2 V
(n-doping).

Iron tetra (0-aminophenyl) porphyrin was also electropolymerized; in this case,
the oxidation of amino groups is the key step; therefore, the mechanism of electro-
polymerization is similar to that of polyaniline and its analogs [905].

Metal-phtalocyanines have also been electropolymerized starting from the res-
pective tetraamino and other derivatives [905-907].

R R:
— NH, — SO3Na*
N7
|
|
I
R —M— N>;:©— @ ij
!
|
N
o —(CHy), — SO;Na*

R | —0—(CH,), @ —CH2—NC>

Tetra-substituted phthalocanines

2.3.8 Poly[4,4'(5')-Bis(3,4-Ethylenedioxy)Thien-2-Y1]
Tetrathiafulvalene (PEDOT-TTF) and
Poly {3-[7-Oxa-8-(4-Tetrathiafulvalenyl)
Octyl]-2,2'-Bithiophene} (PT-TTF) [908]

PEDOT-TTF
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Synthesis: oxidative electropolymerization of the respective monomers [908].
Redox reaction:

O/_\o
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Both polymers show the characteristic redox responses of tetrathiafulvalene;
however, the behavior of PEDOT-TTF, where TTF is incorporated into the poly-
mer chain, differs from that of the other polymer, where TTF moieties are pendant
groups. In the latter polymer, the oxidation of polythiophene occurs more quickly
due to a mediated mechanism between TTF moieties and the polymer chains.

Many other conducting polymers containing redox groups have been synthe-
sized; e.g., polyflourenylidene containing ferrocene units was prepared by means of
anodic oxidation of the monomer in dichloromethane and acetonitrile [909]. Poly-
pyrrole functionalized with titanocene dichloride [910], 1,3,5 triazine core with
flourene arms [911] have also been investigated.

2.4 Copolymers [356, 865, 912-945]

The polymers described in Sects. 2.2.2.4 and 2.3 can be considered to be copolymers,
and in many cases they are actually called copolymers. However, those polymers
have been synthesized from monomers with polymerizable groups (e.g., thiophene),
and the monomer already contains the redox functionality. For instance, poly
[bis(3,4-ethylenedioxythiophene)-(4,4’-dinonyl-2,2’-bithiazole)] (PENBTE) [919]
synthesized by oxidative electropolymerization of bis(3,4-ethylenedioxythiophene)-
4.4’-dinonyl-2,2’-bithiazole) in dichloromethane/TBAPFs or TEABF, [919] is a
typical representative of this class of copolymers.
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It shows two reversible redox processes in which the thiazole units participate
during oxidation (p-doping), and one reversible redox process involving both the
thiazole and EDOT units at high negative potentials (n-doping), while the respec-
tive color change is blue (reduced) = red (oxidized).

The copolymers that will now be discussed have been prepared from two or
more different monomers, which can also be electropolymerized separately, and the
usual strategy is to mix the monomers and execute the electropolymerization of this
mixed system. It should be mentioned that the structures of the copolymers have not
been clarified unambiguously in many cases. Usually the cyclic voltammetric
responses detected show the characteristics of both polymers, and so it is difficult
to establish whether the surface layer consists of a copolymer or whether it is
a composite material of the two polymers. However, several copolymers exhibit
electrochemical behaviors that differ from the polymers prepared from the respec-
tive monomers. The properties of the copolymer depends on the molar ratio of the
monomers (feed rate) and can be altered by other experimental conditions such as
scan rate and pH, since generally the electrooxidation of one of the comonomers is
much faster than that of the other one (a typical example is the comonomer aniline,
whose rate of electropolymerization is high even at relatively low positive poten-
tials). In many cases, the new materials have new and advantageous properties, and
it is the aim of these studies to discover and explore these properties. We present
a few examples below.

2.4.1 Poly(Aniline-co-Diaminodiphenyl Sulfone) [929, 930]

{-oto-f-o+o0-of
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Synthesis: chemical oxidation of aniline and 4,4’-diaminodiphenyl sulfone mix-
ture by K,S,0g in acid media [929] or by electropolymerization [930].

Redox reactions: two oxidation waves, formation of cation radical (polaronic
form), and bipolarons.

Color change: yellow (reduced) = green (half-oxidized) = blue (fully
oxidized).

2.4.2 Poly(Aniline-co-2/3-Amino or 2,5-Diamino
Benzenesulfonic Acid) [920, 935, 937]

Synthesis: electropolymerization of a mixture of aniline and 2-amino- or 3-amino
or 2,5-diamino benzenesulfonic acid [920, 935, 937].
Redox reaction: see polyaniline.

(Soluble in alkaline media and the copolymer is still electrochemically active
at pH 7.2.)

2.4.3 Poly(Aniline-co-o-Aminophenol) [925, 938]

loses

Synthesis: co-electropolymerization of aniline and o-aminophenol [938].
Redox reaction: benzoid = quinoid, PANI-type transformations [925].

2.4.4 Poly(m-Toluidine-co-o-Phenylenediamine) [916, 927]

The copolymer contains m-toluidine and o-phenylenediamine units in the polymer
backbone. The exact structure has not been clarified thus far.

Synthesis: co-electropolymerization of m-toluidine and o-phenylenediamine
[916]. Similar copolymerization has been carried out by using o-toluidine and
o-phenylenediamine [917, 918].

Redox reaction: superposition of the constituents.
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2.4.5 Poly (Luminol-Aniline) [923]
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Synthesis: co-electropolymerization of aniline and luminol [923].

Redox reaction: benzoid = quinoid, PANI-type transformations.

Copolymers prepared from acid solutions with different monomer concentration
ratios display electroactivity even at pH 8 due to the self-doping role assured by
luminol moiety in the copolymer.
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2.4.6 Other Copolymers

Finally, we mention some other attempts that have been directed toward the prepara-
tion of copolymers: poly(aniline-co-o/m-toluidine) [939, 941], poly(aniline-co-thio-
phene) [933], poly(aniline-co-aniline with sulfonate, alkylsulfonate, sulfopropyl,
carboxylate, methoxy, chloro and fluoro groups) [912, 928, 936], poly(aniline-co-o-
phenylenediamine [945], poly(aniline-co-p-phenylene diamine) [356], poly(aniline-
co-m-phenylenediamine) [922, 926], poly(aniline-co-diphenylamine) [921, 943], poly
(aniline-co-dithioaniline  [942], poly[(o-chloroaniline)-co-(4,4’-diaminodiphenyl-
sulfone) [932] as well as copolymers of diphenylamine and anthranilic acid [944] or
benzidine [915], carbazole and N-p-tolylsulfonyl pyrrole [913, 914], and aniline
with pyrrole [934] or aminonaphthalenesulfonates [931]. Random copolymer of
3,4-propylenedioxythiophene and N-phenylsulfonyl pyrrole was synthesized electro-
chemically [924]. The copolymer of 3.4-ethylenedioxythiophene and N-phenyl-
sulfonyl pyrrole was also prepared and characterized [940]. Copolymerization
of phenothiazine with thiophene or furan has been reported [865]. Several other
works that describe the preparation and properties of both the homopolymers and
copolymers can be found among the references given for the parent compounds.

2.5 Composite Materials [156, 157, 270, 330, 340, 367, 381, 498,
578, 602, 786, 790, 806, 946-1061]

In the last decade, the researchers have started to apply novel approaches. The new
trend is the fabrication and utilization of composites including nanocomposites of
conducting polymers and other materials such as carbon nanotubes, graphene or
inorganic compounds having special structure and properties.

In the literature various, rather different, systems are called composites. In some
cases the word “composite” or “hybrid” is used to describe systems where the
monomer is polymerized in the presence of polymeric counterions (e.g., poly-
anions), and the resulting material contains practically equal amounts of the
polymers (by mass). Even in these cases, it has been found that special interactions
exist between the components, so the composite film cannot be viewed as simple
mixtures of the two components, as has been demonstrated for the composite of
PEDOT with partially polymerized 4-(pyrrole-1-yl) benzoic acid [999]. The depo-
sition of conducting polymers by chemical or electrochemical polymerization onto
high-surface-area inorganic materials (e.g., carbon including carbon nanotubes,
metal hexacyanoferrates, silica, and metal oxides) also leads to composites. Nano-
composites are also formed when a small polymerizable molecule can be incor-
porated into the layered structure of an inorganic crystal, and the host material acts
as an oxidizer that induces the polymerization.

The incorporation of different components (e.g., catalytically active metals,
enzymes, photochemically active compounds, silicomolybdate, Keggin-type
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heteropolyanions, nucleotides, etc.) also results in composite materials with new
and advantageous properties. In many cases the enhanced catalytic activity, higher
capacity, etc., are due to the increased surface area, while in other cases the
interaction between the conducting polymer and the other constituents results in
a novel material that can be used for specific applications. Several other
composites, which are used in sensors, in supercapacitors, or for electrocatalytic
purposes will be mentioned in Chap. 7.

2.5.1 Composites of Polymers with Carbon Nanotubes
and Other Carbon Systems

A composite of poly(methylene blue) and multiwalled carbon nanotubes showed
a good stability, high reproducibility, and catalytic activity on different biochemical
compounds [1060]. Polypyrrole—carbon nanotubes composites were prepared,
which are of interest for supercapacitor applications [1037]. Poly(diphenylamine)—
single-walled carbon nanotube (PDPA/SWNT) composites were synthesized elec-
trochemically and tested as active electrode materials for rechargeable lithium
batteries [951]. Poly(diphenylamine)-multiwalled carbon nanotube (MWCNT)
showed enhanced electrocatalytic properties toward the reduction of hydrogen
peroxide [1030]. Polyaniline—porous carbon composite was fabricated for
superapacitor application [965]. Platinum nanoparticles were deposited onto the
composite supports from platinum salts by formaldehyde reduction. Mesoporous
carbon (MC)—poly (3,4-ethylenedioxythiophene) composites were synthesized
using structure-directing agents and explored as catalyst supports for polymer
electrolyte fuel cell (PEFC) electrodes. The durability of MC-PEDOT-supported
catalysts in PEFCs was attributed to enhanced corrosion resistance of MC [1048].
The polymerization of 3,4-ethylenedioxythiophene with sol-gel-derived meso-
porous carbon leading to a new composite and its subsequent impregnation with
Pt nanoparticles for application in PEFCs was reported. The composite exhibited
good dispersion and utilization of platinum nanoparticles akin to other commonly
used microporous carbon materials, such as carbon black. This composite exhibited
promising electrocatalytic activity toward oxygen reduction reaction, which is
central to PEFCs [1047]. Polyaniline deposited on carbonic substrates [1026] and
carbon nanotubes [1014] were applied as hydrogen mediator and catalyst in fuel
cells [1026] as well as for supercapacitor application [1014]. Poly(m-toluidine)
[1022] and poly(o-toluidine) [1023] were prepared in the presence of nonionic
surfactant at the surface of MWCNTSs, and this substrate served as a porous matrix
for dispersion of platinum particles [1022] and nickel ions [1023], respectively.
Both systems enhanced the oxidation of methanol [1022, 1023]. MWCNTs—poly
(neutral red) composites were prepared, and it was found that the type of the
nanotubes strongly influenced the efficiency of the electrocatalytic effect [962].
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2.5.2 Composites of Polymers with Metal Hexacyanoferrates

Poly(N-acetylaniline) and Prussian blue composite film was prepared electrochem-
ically and showed high electrocatalytic activity toward the reduction of H,O, [367].
Controlled fabrication of multilayered 4-(pyrrole-1-yl) benzoate supported poly
(3,4-ethylenedioxythiophene)-linked hybrid films of nickel hexacyanoferrate
(NiHCF) was executed. The ability of 4-(pyrrole-1-yl) benzoic acid (PBA) to
form monolayer-type carboxylate-derivatized ultrathin organic films on solid elec-
trode surfaces was explored to attract and immobilize Ni** ions. In the next step, the
system was exposed to Fe(CN);~ or Fe(CN)g’ solution to form a robust NiHCF
layer. By repeated and alternate treatments in solutions of PBA, Ni** cations, and
hexacyanoferrate anions, the amount of the material could be increased syste-
matically in a controlled fashion to form three-dimensional multilayered NiHCF-
based assemblies. The layer-by-layer method was also extended to the growth of
hybrid-conducting polymer-stabilized NiHCF films in which the initial PBA-
anchored NiHCF layer was subsequently exposed through alternate immersions
to 3,4-ethylenedioxythiophene, Ni**, and hexacyanoferrate solutions. During
electropolymerization PEDOT-linked NiHCF-based multilayered films were pro-
duced. They showed good stability and high dynamics of charge transport [1011].
PEDOT-NiHCF composite was used for the detection of ascorbic acid [1051].
Hybrid composed of poly(2-(4-aminophenyl)-6-methylbenzothiazole) and NiHCF
was investigated; a good electrocatalytic activity was found toward the oxidation of
methanol and oxalic acid [811]. Composite materials based on poly(2-[(E)-
2-azulene-1-yl)vinyl] thiophene) (PAVT) and Prussian blue were prepared for
phenol detection [1003].

2.5.3 Conducting Polymer Composites with Metals

Several nanocomposites have been prepared by using conducting polymers and
metals. For instance, gold—polyaniline core/shell nanocomposite particles with
controlled size were fabricated on the highly oriented pyrolytic graphite (HOPG).
The HOPG surface was modified by covalent bonding of a two-dimensional
4-aminophenyl monolayer employing diazonium chemistry. AuCl, ions were
attached to the Ar-NH, termination and reduced electrochemically. This results
in the formation of Au nuclei that could be further grown into gold nanoparticles.
The formation of polyaniline as the shell wrap of Au nanoparticle was established
by localized electropolymerization. The AFM results showed that the gold—
polyaniline core—shell composites had a mean particle size of 100 nm in diameter
and the polyaniline shell thickness is about 15 nm [1005]. Au nanoparticle—
polyaniline nanocomposite layers obtained through layer-by-layer adsorption
were applied for the simultaneous determination of dopamine and uric acid
[1040]. PANI-Ag nanocomposite was prepared in water-in-ionic liquid and ionic
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liquid-in-water microemulsions, respectively [381]. Poly(3,4-ethylenedioxy-
thiophene) was used to immobilize metal particles and borohydride reagent, and
the composite was applied for hydrogenation of nitrophenol as well as for electro-
oxidation of methanol, formic acid, and borohydride [1036]. Metal nanoparticles
have been deposited on polyaniline nanofibers and used in memory devices and
for electrocatalysis [270]. The advantages of incorporation of metallic particles
into porous matrixes of conducting polymers for fuel cell applications have been
emphasized, recently [948]. PtRu particles were deposited in PANI—polysulfone
composite films, and the catalytic activity has been studied [976]. A photopoly-
merization process has been elaborated that simultaneously deposits conducting
polymer, e.g., polypyrrole films and incorporates nanophase silver grains within the
films [981, 982]. Poly(3,4-ethylenedioxypyrrole) (PEDOP)-Ag and PEDOP-Au
nanocomposites were synthesized by electropolymerization in a waterproof ionic
liquid, 1-butyl-1-methylpyrrolidinium bis(trifluoromethylsulfonyl) imide, followed
by Ag/Au nanoparticle incorporation, for the utilization in electrochromic devices
[993]. The current state and prospects of the use of electrodes modified with noble
metals, polymer films, and their composites in organic voltammetry have been
surveyed [1033].

2.5.4 Conducting Polymer and Metal Oxides Composites

Polyaniline and vanadium pentoxide composite films were prepared for their applica-
tion in lithium batteries. The cell exhibited excellent cycle stability with a high charge
storage capacity [1019]. A set of two-component guest—host hybrid nanocomposites
composed of conducting polymers and vanadium oxide was prepared via a single-step,
solvent-free, mechanochemical synthesis. The nanocomposites have a guest—host
structure, with the conducting polymer located in the interlayer space of the inorganic
nanoparticles. The nanocomposites are capable of reversible cycling as the positive
electrode in a lithium ion cell, and retain their capacity over 100 full charge—discharge
cycles [1021]. Bulk iridium metal and thin films of Ir nanoparticles, subsequently
converted to Ir oxide, were used as a template for PANI formation within the porous
structure. These hybrid films exhibit an enhanced internal porosity, high charge
densities, unusual electrochromic behavior, and very rapid charge transfer kinetics.
The formation of this composite also resulted in a widening of the potential
window over which pseudocapacitive and electrochromic responses are seen [973].
Polyaniline-RuO, composite electrodes were prepared by spontaneous oxidative
polymerization of aniline and were tested for supercapacitor application [1039].
Hydrous RuO, on PANI-Nafion matrix was deposited, which also showed high
capacitance [1038]. Fine particles of RuO, were successfully deposited on polypyrrole
nanorods, and the system showed good capacitor characteristics [1002]. Composite
electroactive films consisting of poly(3,4-ethylenedioxythiophene) and amorphous
tungsten oxide, WOs/H(,, WO3, were fabricated on carbon electrodes through elec-
trodeposition by voltammetric potential cycling in acid solution containing EDOT
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monomer and sodium tungstate. Electrostatic interactions between the negatively
charged tungstic units and the oxidized positively charged conductive polymer sites
create a robust hybrid structure which cannot be considered as a simple mixture of the
organic and inorganic components. The hybrid films exhibit good mediating
capabilities toward electron transfers and accumulate effectively charge, which may
be of importance to electrocatalysis and supercapacitors [1041]. PEDOT—polyoxo-
metallate hybrid layers were also characterized [790]. Polythiophene—magnetite com-
posite layers have been prepared by the electropolymerization of 3-thiophene-acetic-
acid in the presence of Fe;O4 nanoparticles in nitrobenzene. Stabilization of magnetite
in this organic medium could be achieved by the reaction between surface —OH groups
of the nanoparticles and the —-COOH function of the monomers. This new modified
electrode, incorporating a large amount of Fe;O4, may be used in magnetic
electrocatalysis [988]. A facile and scalable approach for the fabrication of vertically
aligned arrays of Fe,O;/polypyrrole core—shell nanostructures and polypyrrole
nanotubes has been reported. It was based on the fabrication of a-Fe,O3; nanowire
arrays by the simple heat treatment of commodity low carbon steel substrates,
followed by electropolymerization of conformal polypyrrole sheaths around the
nanowires. Subsequently, electrochemical etching of the nanowires yields large-area
vertically aligned polypyrrole nanotube arrays on the steel substrate. The developed
methodology is generalizable to functionalized pyrrole monomers and represents
a significant practical advance of relevance to the technological implementation of
conjugated polymer nanostructures in electrochromics, electrochemical energy stor-
age, and sensing [1054]. Polycarbazole was prepared by electropolymerization in
TiO, by using layer-by-layer and surface sol—gel techniques. TiO, acted as dielectric
spacer, which limited electron transfer rate and attenuated energy transfer in floures-
cence. These hybrid ultrathin films were applied in photovoltaic devices [977].
Polyaniline-TiO, [946] and poly(3-methylthiophene)—composite TiO, [786] were
also tested [946]. Poly(o-toluidine)-CdO nanoparticle composite was prepared for
the corrosion protection of mild steel [963].

2.5.5 Conducting Polymer-Inorganic Compounds Composites

Nanocomposites are also formed when small polymerizable molecules can be
incorporated into the layered structure of an inorganic crystal, and the host material
acts as an oxidizer that induces the polymerization; e.g., the intercalation of aniline
[986] and pyrrole [987] into RuCl; crystals. A positively charged ruthenium metal
complex ([Ru(bpy)s]**) was immobilized by ion paring with a sulfonated conducting
polymer poly(2-methoxyaniline-5-sulfonic acid) (PMAS). The electron transport
between the ruthenium metal centers was greatly enhanced due to the interaction
with the conducting polymer. Electron transport appears to be mediated through the
PMAS-conjugated structure, contrasting with the electron hopping process typically
observed in nonconducting metallopolymers. This increased regeneration rate causes
the ruthenium-based electrochemiluminescence (ECL) efficiency to be increased,
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which is of importance concerning the ECL detection of low concentrations of disease
biomarkers [788]. The incorporation of [Os(bpy)s]** in polyaniline and polypyrrole
results in a faster electron transport rate between metal centers and enhanced ECL
efficiency [968]. Polypyrrole with embedded semiconductor (CdS) quantum dots was
obtained by electropolymerization of pyrrole in the presence of CdS nanoparticles
dispersed in the electrolytic aqueous solution. The illumination effects were also
observed in the reduced form of the polymer. The presence of CdS nanoparticles
in the polypyrrole film improves the optical properties of PP, and these films can be
used in photovoltaic cells [1010]. Titanocene dichloride centers were immobilized
inside a polypyrrole matrix, and the redox transformation of polypyrrole matrix and
titanocene centers immobilized in the film were investigated [602]. Composite films
of polypyrrole with a sulfonated organically modified silica (ormosil) have been
prepared on electrodes by the electrochemical oxidation of pyrrole in a liquid sol—gel
electrolyte. The ormosil is incorporated into the polypyrrole matrix as an immobile
polymeric counterion in addition to mobile CI™ counterions from the sol—gel electro-
Iyte [950]. Perovskite (La;_,SrMnO;) was embedded into a polypyrrole layer,
sandwiched between two pure PP films, electrodeposited on a graphite support, and
the composite was investigated for electrocatalysis of the oxygen reduction reaction
[1035]. Polypyrrole (PP) with incorporated CoFe,O,4 nanoparticles was investigated
for the same purpose [1034]. Polypyrrole—iron oxalate system exhibited photoelec-
trochemical activity. In the same paper, the catalytic properties of PP-vitamin B12
composite have also been highlighted [956]. Poly(3-octyl-thiophene) and polypyrrole
iron oxalate composites were synthesized through a postpolymerization oxidative
treatment [1055]. Polyaniline was encapsulated in interconnected pore channels of
mesoporous silica, and the resistance of the composite linearly changed with the
relative humidity of the environment [971]. Polyaniline was synthesized within
the pores of sol—gel silica. The template synthesis resulted in more ordered PANI
structure with improved charge transport rate and capacity [1015]. Co-condensation
of (ferrocenylmethyl)dimethyl(w-trimethoxysilyl) alkylammonium hexaflourophos-
phate with tetramethylsilane resulted in a hybrid film, and the catalysis the oxida-
tion of catechol and catechol violet [1056].

2.5.6 Polymer-Polymer Composites

Several efforts have been made in order to utilize the different properties (color
change, catalytic activity, etc.) of two different conducting polymers. Polyaniline—
poly(o-phenylenediamine) [972] or polyaniline—poly(methylene blue) composites
[1006] can be mentioned in this respect. Composites of a conducting polymer with
a nonconducting one also have been tested, e.g., poly(aniline) and poly(styrene
sulfonate) composite was found to affect the morphology of the polymer film [970,
1004], and the pH dependence of the redox transformations and the conductivity
[156, 157], as well as to improve the permeability of the resulting membrane
[1020]. The temperature dependence of the doping process has been measured
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[984]. This composite was also applied in a microelectrochemical enzyme switch
responsive to glucose [156]. Polyaniline and poly(methylmetacrylate-co-acrylic
acid) offer a better corrosion protection to the aluminum alloy than the epoxy
resin films [1017]. The incorporation of B-cyclodextrin in the polyaniline layer
results in “comb-like formations” within the layer while the incorporation of
sulfated B-cyclodextrin in the polyaniline layer leads to more irregular morpho-
logies and to the layers with the increased ohmic resistance [330]. Polyaniline—
Nafion or other perfluorinated sulfocationic composite membranes were prepared
for different possible applications such as electrocatalysis or to improve the elec-
tron transport [954, 957, 958, 974]. Poly(3,4-ethylenedioxythiophene)—poly(sty-
rene sulfonate) composite in combination with graphite—poly(dimethylsiloxane)
was fabricated and applied as flexible microelectrode arrays for the capture of
cardiac and neuronal signals in vivo [960]. Li* ion transport in the same composite
has been studied [806]. Polyaniline was synthesized within the pores of poly
(vinylidene flouride). The template synthesis resulted in more ordered PANI struc-
ture with improved charge transport rate and capacity [1015]. Nanostructured films
of hollow polyaniline and PANI-polystyrene core shells were prepared by template
synthesis [990]. Poly(2-acrylamido-2-methyl-1-propanesulfonate)-doped thin
polyaniline layers have been also prepared and characterized [1008]. Polypyrrole—
poly(styrene sulfonate) electrodeposited on porous carbon was prepared for water
softening by removal of Ca®* ions [1029]. The charge transport in this composite
has also been investigated [997]. Composites of polypyrrole and Cladophora
cellulose have been investigated in order to use those for desalting, for extraction
of proteins and DNA from biological samples [978], as well as for battery applica-
tion [578]. Polypyrrole—flavin composite film was prepared where flavin molecules
act as dopant anions with strong interactions with the PP matrix [498].

A polyaniline-based, electron-conducting, glucose-permeable, redox hydrogel
was formed in one step at pH 7.2 by cross-linking polymer acid-templated
polyaniline with a water-soluble diepoxide, poly(ethyleneglycol diglycidyl ether).
Coimmobilization of glucose oxidase in the hydrogel, by co-cross-linking in
the same step, led to the electrical wiring of the enzyme and to the formation of
a glucose electrooxidation catalyst [1013].

The synthesis and electrochemical characterization of ferrocene (Fc) functional
polymethacrylate (MA) brushes on indium tin oxide electrodes using surface-
initiated atom transfer radical polymerization have also been reported. The prepa-
ration of block copolymer brushes with varying sequences of FCMA segments was
conducted and the effects of spacing from the ITO electrode surface were
investigated [994]. Composite fabricated from poly(brilliant cresyl blue) and poly
(5-amino-2-naphtalenesulfonic acid) showed pH-dependent catalytic activity [952].

Another class of polymer—polymer composites is that when multilayers are
formed by layer-by-layer technique. A detailed experimental work and theoretical
analysis can be found in the papers of Calvo and coworkers. They studied a cationic
osmium pyridine—bipyridine derivatized poly(allylamine) and poly(vinylsulfonate)
polyanion model system in different electrolytes [1042, 1043].
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Chapter 3
Methods of Investigation

Conducting polymers have been studied using the whole arsenal of methods avail-
able to chemists and physicists. Electrochemical techniques, mostly transient
methods such as cyclic voltammetry (CV), chronoamperometry (CA), and chrono-
coulometry (CC), are the primary tools used to follow the formation and deposition
of polymers, as well as the kinetics of their charge transport processes. Electrochem-
ical impedance spectroscopy (EIS) has become the most powerful technique used to
obtain kinetic parameters such as the rate of charge transfer, diffusion coefficients
(and their dependence on potential), the double-layer capacity, the pseudoca-
pacitance of the polymer film, and the resistance of the film.

The application of combinations of electrochemical methods with nonelectro-
chemical techniques, especially spectroelectrochemistry (UV-VIS, FTIR, ESR), the
electrochemical quartz crystal nanobalance (EQCN), radiotracer methods, probe
beam deflection (PBD), various microscopies (STM, AFM, SECM), ellipsometry,
and in situ conductivity measurements, has enhanced our understanding of the
nature of charge transport and charge transfer processes, structure—property
relationships, and the mechanisms of chemical transformations that occur during
charging/discharging processes.

It is not necessary to deal with these techniques in detail here, since there are
several books, monographs, and papers on the subject [1-21]. The fundamental
theory and practice of electrochemical and spectroelectrochemical methods can be
foundin [3, 11, 18] and also in [9, 12, 14, 16, 17], where investigations of polymeric
surface layers are emphasized. Excellent monographs on EQCN [4-6, 21] and PBD
[1] are also recommended for further studies. Infrared, Mossbauer spectroscopy,
ellipsometry, etc., are described in [20], while electron spin resonance (ESR) is
discussed in [15], radiotracer in [7, 8], scanning tunneling microscopy (STM)
in [19], and scanning electrochemical microscopy (SECM) in [2]. The fundamentals
of electrochemical impedance spectroscopy are treated in [3, 12, 13, 18]; however,
the different models elaborated for electrochemically active films and membranes
can be found in various papers (see later), while the most important methods for
analyzing impedance spectra, as reported before 1994, are well summarized in [12].
Nevertheless, the essential elements of these techniques are briefly discussed here,

G. Inzelt, Conducting Polymers, Monographs in Electrochemistry, 83
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in order to help the reader to understand the experimental material presented in
this book.

3.1 Electrochemical Methods

Transient electrochemical techniques are most commonly used in studies of
electrochemical transformations of electroactive polymers, since surface layers
contain rather small amounts of material (usually less than 1077 mol cm ).
Galvanostatic or potentiostatic methods are often applied during electropoly-
merization, and potentiostatic techniques are also used in combination with other
techniques, e.g., spectroelectrochemistry or EQCN, when the goal is to obtain results
at equilibrium. EIS measurements are usually carried out at a series of constant
potentials.

3.1.1 Cyclic Voltammetry [3, 11, 16, 18, 22]

Cyclic voltammetry [3, 11, 16, 18, 22] provides basic information on the oxidation
potential of the monomers, on film growth, on the redox behavior of the polymer,
and on the surface concentration (charge consumed by the polymer). Conclusions
can also be drawn from the cyclic voltammograms regarding the rate of charge
transfer, charge transport processes, and the interactions that occur within the
polymer segments, at specific sites and between the polymer and the ions and
solvent molecules.

For very thin films and/or at low scan rates, when the charge transfer at the
interfaces and charge transport processes within the film are fast, i.e., electrochem-
ically reversible (equilibrium) behavior prevails, and if no specific interactions
(attractive or repulsive) occur between the redox species in the polymer film,
a surface voltammogram like that shown in Fig. 3.1 can be obtained.

The most important features of surface (thin-layer) voltammograms are related
as follows:

_ W’F> VAL (bol'o/brI'R) exp [(nF/RT)(E — EZ")]
RT {1+(bol'o/brIr) exp [(nF/RT)(E — E&")]}*

3.1)

where [ is the current, v is the scan rate, while I', I, and I are the total surface
concentration and the surface concentrations of the oxidized and reduced forms
(I" = Io + IR), respectively. A is the electrode area, E is the electrode potential,
E?/ is the formal electrode potential, bo and bg are the adsorption coefficients
related to the adsorption Gibbs energy of the respective species, n is the charge
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Fig. 3.1 Representation of . N
an ideal reversible surface I/mA
voltammogram

=] 01"

EIV

number of the electrode reaction, F is the Faraday constant, R is the gas constant,
and T is the temperature.
The peak current is

n’F?
I, =—=AT 32
PR :2)
and the peak potential
+ RT _ bol
E,=E% -~ In-29 (3.3)

as well as Iy, = I, Epy = Epe, and AE; j, = 3.53RT /nF = 90.6/n mV at 25°C.
(Note that [, is proportional to v, and I, decreases while AE,p /2 increases with
temperature.) The surface concentration, i.e., the quantity of electroactive material,
can be obtained from the area under the surface wave, which is the total charge

consumed (Qr)
Or = nFAT, (3.4)
noting that I = dQ/dr and v = dE/dt, where ¢ is the time.

If there are interactions between the surface species, the shapes of the
voltammograms change, as shown in Fig. 3.2. The broadening and narrowing of the
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Fig. 3.2 Surface
voltammograms observed
when interactions exist in the
surface layer between the
adsorbed entities (From [11],
reproduced with the
permission of Elsevier Ltd.)

surface redox waves are linked to repulsive and attractive interactions. The numbers
indicated for each curve are related to the interaction parameter of the Frumkin
adsorption isotherm (g); g = O for the absence of interaction (Langmuir isotherm),
g < 0and g > O for the repulsive and attractive interactions, respectively.

If the charge transport [electron exchange reaction (hopping), percolation, and
counterion diffusion] within the film and/or the charge transfer at the interfaces are
slow, the equilibrium condition does not prevail, and the voltammograms become
diffusional [I, = v'?, E,, — Epe = 57/n (mV), I, = I,,c] or quasi-reversible [3, 18].

The effect of slow charge transport for multilayer (thick) films is illustrated in
Fig. 3.3, while that of slow charge transfer for a monolayer film is shown in Fig. 3.4.
It should be noted that in all cases the relative ratio of the rate parameter (k) to the
scan rate determines the actual behavior; this can be expressed by the parameter m:

- ()0)

Cyclic voltammograms obtained for various m values are displayed in Figs. 3.3
and 3.4. In Fig. 3.3, k = k, where £ is the rate coefficient of charge transfer, while
in Fig. 3.4, k = D/d*, where D is the charge transport diffusion coefficient and d is
the layer thickness.

The characteristic feature of the voltammograms, when the diffusion becomes
rate determining, is the diffusional tailing. Surface waves appear at both high and
low m values; however, at low m the redox reaction is restricted to the first layer
(see decreased QO in Fig. 3.3).

It should be mentioned that the ohmic drop may also cause an increase in
AE = E,, — E,, and a decrease in I, values. In many cases, the reaction mecha-
nism is more complicated, e.g., follow-up chemical reactions, protonation/
deprotonation, dimerization, etc., may occur. We will show specific examples in
the following sections.



3.1 Electrochemical Methods

Fig. 3.3 The effect of slow
charge transport on the cyclic
voltammogram (From [11],
reproduced with the
permission of Elsevier Ltd.)

Fig. 3.4 The effect of slow
charge transfer on the cyclic
voltammogram for a
monolayer film (From [11],
reproduced with the
permission of Elsevier Ltd.)
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3.1.2 Chronoamperometry and Chronocoulometry [3, 10, 18]

Chronoamperometry [3, 18] is used to determine the charge transport diffusion
coefficient and also to study phase formation, phase transitions, and relaxation.
Chronocoulometry is applied to determine the total charge consumed as well as to

determine Q vs. E functions.

Due to the finite layer thickness, the chronoamperometric response function can

be given as follows:

k=00
I= nFADl/zc(m)*l/2 1+2 Z (=1) exp

3 o

—k*d?

(3.6)
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Fig. 3.5 TheIvs.t ' 1/A P
function at different [7D'"?¢ W
ratios. At given D and ¢

values, dy > dr, > dj

r'lﬂfs-lfl

For “infinitely” thick films (Dz‘/d2 — 0), the Cottrell equation [3, 18] is obtained.
If the film thickness is small, i.e., the total amount of the electrochemically active
material on the surface is low (d = I't/c), no linear section can be obtained when
using the 7 vs. £~/ plot, as illustrated in Fig. 3.5.

For thick films at not too high D values from the linear section of the Cottrell
plot, D'?¢ can be determined; however, in the case of thin films this section might
be too short to allow us to derive reliable D values. If the rate of charge transfer is
low (and/or the resistance is high) a maximum curve is obtained, making the
determination of D even more problematic. It should be mentioned that only the
product D"?c can be derived, and the value of ¢ is often not known accurately. The
chronocoulometric equation is

S =53 () o2 on
(=1

where T = d*/D and Q1 = 4FAT.

By using only the first member of the series (k = 1), Q/Qr can be determined to
an accuracy of 2%.

In several cases during film formation, or even during oxidation and reduction
potential steps, chronoamperometric responses typical of nucleation and growth
kinetics can be obtained. The results for a PANI film are shown in Fig. 3.6.

Kalaji et al. [10] emphasized the role of the effect of uncompensated ohmic drop
and analyzed the current transients within the framework of the two-dimensional
electrocrystallization model, taking into account instantaneous and progressive
nucleations. Three-dimensional expansion of growth centers was also considered.
It was found that the reduction is only rapid as long as the film remains in its
conducting state (A more detailed analysis of this problem is provided in Sect. 6.6).
It was also suggested that the electroneutrality is maintained by fast proton transport
at short times.


http://dx.doi.org/10.1007/978-3-642-27621-7_6#sec17_6
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Fig. 3.6 Potentiostatic
transients for the oxidation of
a PANI film (thickness:

36 nm) on a Pt
microelectrode. The potential
was stepped from —0.2 V vs.
SCE to the following values:
(1)0.375 V; (2) 0.35 V; (3)
0.325V; (4) 0.3 V (a); and (/)
0.7 V;(2)0.65V; (3) 0.6 V;
(4)0.55 V; (5) 0.5 V; and (6)
0.45 V (b) (From [10],
reproduced with the
permission of Elsevier Ltd.)
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3.1.3 Electrochemical Impedance Spectroscopy
[9, 12, 18, 22-196]

EIS represents a powerful tool for investigating the rate of charge transfer and
charge transport processes occurring in conducting polymer films and membranes
[9, 12, 22-196]. Owing to the marginal perturbation from equilibrium (steady-state)
by low-amplitude (<5 mV) sinusoidal voltage associated with this technique, it has
an advantage over other techniques involving large perturbations (e.g., chronoam-
perometry). For instance, even the potential dependence of the charge transport
diffusion coefficient can be determined, which can indicate the nature of the charge
carriers and interactions within the film.
Although there are several variations, usually an alternating voltage

U(t) = Uy, sin(wt), (3.8)
is applied to an electrode and the resulting current response
I(t) = Ipsin(wt + 99), 3.9

is measured, where w(w = 2nf, where f is the frequency) is the angular frequency
of the sinusoidal potential perturbation, ¥ is the phase difference (phase angle,
phase shift) between the potential and the current, and U,,, and I,,, are the amplitudes
of the sinusoidal voltage and the current, respectively. The impedance (2) is
defined as:

Z=—L=|Z|exp(i¥) =Z'+iZ", (3.10)

where Z' and Z” are the real and imaginary parts of Z, respectively, and i = (—1)".

(The Zg and Z; symbols, respectively, are also used for the real and imaginary parts.)
The impedance and admittance (Y) are related as follows:

1 ! v/
Y=_=Y+ir' @3.11)

For an RC circuit with components Ry, C; (series), and R, C,, (parallel), the
following relations are valid: Z' = R, Z"" = —1/wC, Y = 1/R,, and Y = wC,,.

Usually the impedance is measured as a function of the frequency, and its
variation is characteristic of the electrical circuit (where the circuit consists of
passive and active circuit elements). An electrochemical cell can be described by an
equivalent circuit. Under appropriate conditions, i.e., at well-selected cell geome-
try, working and auxiliary electrodes, etc., the impedance response will be related
to the properties of the working electrode and the solution (ohmic) resistance.
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The Randles equivalent circuit is used to describe a simple electrode reaction,
where the solution resistance (Rq) is in series with the charge transfer resistance
(R.) and the Warburg impedance (Z,) expressing the diffusion of the
electroactive species, and the double-layer capacitance (Cyy) is in parallel with
R and Z, (Zg = R + Z,, is called the Faraday impedance).

Semi-infinite linear diffusion is considered in the Randles model, and the
capacitive current is separated from the faradaic current, which is justified only
when different ions take part in the double-layer charging and the charge transfer
processes (i.e., a supporting electrolyte is present at high concentrations). Finite
diffusion conditions should be considered for well-stirred solutions when the
diffusion takes place only within the diffusion layer, and also in the case of surface
films that have a finite thickness. However, the two cases are different, since in the
previous case one has a practically infinite source of electroactive species (the
transmissive boundary condition), while in the case of surface films both transmis-
sive boundary conditions and reflective boundary conditions may prevail. The latter
means that complete blocking of the diffusion occurs at the interfaces. This is the
case when a polymer-modified electrode is investigated and no electrochemically
active species are dissolved in the contacting electrolyte or no charge leakage, i.e., a
reaction between the conducting polymer and one of the components of the
solution, can take place. This means that redox sites remain in the surface layer,
the charge propagates through the layer by electron hopping or electric conduction
as well as by the diffusion and/or migration of freely moving ions (usually
counterions), and electrons can cross the metal-polymer, while ions can cross the
polymer—electrolyte solution interfaces.

The theory of the impedance method for an electrode with diffusion restricted to a
thin layer is well established [3, 9, 12, 13, 18, 24-26, 49-51, 61-64, 74, 75, 81, 83,
96-98, 116, 119, 128, 137, 138, 143, 152, 168, 169, 175, 183, 185, 186]; however, the
“ideal” response—separate Randles circuit behavior at high frequencies, a Warburg
section at intermediate frequencies, and purely capacitive behavior due to the redox
capacitance at low frequencies (see Fig. 3.7)—seldom appears in real systems.

The film thickness is very often nonuniform. The effect of the thickness distri-
bution is shown in Fig. 3.8. If the surface is very rough, i.e., the film consists of very
thin and thick regions, no Warburg section appears [97]. It should be mentioned that
a similar problem arises when two parallel diffusion paths exist in the film, as has
been assumed, e.g., for the Ru(bpy)s>*"**/Nafion system [168].

It is evident that the shape of the impedance spectra varies with the potential
since the values of the charge transfer resistance (R.), the low-frequency (redox)
capacitance (Cp), and the Warburg coefficient change with the potential; more
exactly, they depend on the redox state of the polymer. In many cases, D is also
potential dependent. The double-layer capacitance (Cy;) usually shows only slight
changes with potential. The ohmic resistance (Rg) is the sum of the solution
resistance and the film resistance, and the latter may also be a function of potential
due to the potential-dependent electron conductivity, the sorption of ions, and the
swelling of the film. In Fig. 3.9, three spectra are displayed, which were constructed
using the data obtained for a PTCNQ electrode at three different potentials near its
equilibrium potential [116].
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Fig. 3.7 The complex plane impedance plot representation (also called the Argand diagram or
Nyquist diagram) of the “ideal” impedance spectra in the case of reflective boundary conditions.
Effect of the ratio of the film thickness (L) and the diffusion coefficient (D). L/D"”: (1) 0.005;
2)0.1;3)0.2; 4)0.5and 5) 152 Ro = 2Q, R, = 5Q,0 = 50cm> Qs ", Cyy = 20 pF cm?.
The smaller numbers refer to frequency values in Hz

In the case of “ideal” reflective spectra (surface response), the following
relationships are valid and can be used to derive the quantities that characterize
the electrode and electrode processes:

Z =Ry + (1 —i)ow~Pcoth(sL), (3.12)

where ¢ is the Warburg coefficient, L is the film thickness, and

i\'"? (1+i)e"”
=|—= = 3.13
' <D> (2p)"” 19

The Warburg coefficient depends on the diffusion coefficient (D), the concen-
tration (c¢) of redox sites, and the temperature (7):

RT 1 n 1
o =
V222 \coDY*  cxDY?

(3.14)

)

or when ¢g = cg and Do = Dy (indices O and R for the oxidized and reduced
forms, respectively)
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Fig. 3.8 Impedance spectra demonstrating the effect of film thickness and thickness distribution
at constant ohmic resistance (Rq = 2.35 Q), charge transfer resistance (R, = 0.9 Q), double-layer
capacitance (Cq = 24 pF), and diffusion coefficient (D = 9.04 x 1072 cm?s™1). The thicknesses
are: (1) 0.006; (2) 0.06; (3) 0.6; (4) 1.6; (5) 2.6; (6) 3.6; (7) 4.6; (8) 5.6, and (9) 6.6 x 107> cm.
The resulting curve (R) was constructed using thicknesses (3—9) with the following frequency
factors: (3) and (9): 1; (4) and (8): 3; (5) and (7): 6; and (6): 10. The smaller numbers refer to
frequency values in Hz. The average thickness is L = 3.6 x 10> cm (From [97], reproduced with

the permission of Elsevier Ltd.)

RT
o=——",
\/inzeDl/Zc

o 2 (Ruw'? + oF))

Z =Rgo + 3
1 + 6Cqw'/?F, + oC% (Rqw'/? + oF))

_Cdl(RctCl)l/z + O'F1)2 + 0F2((A)71/2 + F2Cdla)
—1

1 + 6Cqw'/2Fy + 0C% (Ryw'/? + O'F1)2

where

~ cothK(1 + cot?K) + cot K (1 — coth®K)
coth’K + cot?K

1

b

_ cothK (1 + cot?’K) — cot K(1 — coth’K)
B coth’K + cot?K

2

)

K = 2—‘/2L(9)1/2.
D

Y

(3.15)

(3.16)

(3.17)

(3.18)

(3.19)
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Fig. 3.9 The effect of the potential on the impedance spectra. The data used for the simulation of
the spectra. (/) E=0V:Rq =235Q;R; =096 =76Q em?s™! Cgq = 24 uwF; Cr. = 35
mF;D =9.04 x 1072 cm?s ™ (2)E =0.1V:Ro = 2.6 Q; R, = 3.85Q; 0 = 30.7Q cm?s™};
Ca =258 pF; C;. = 8.88 mF; D =872 x 10 cm?>s™'; 3) E = —0.1 V: Ro = 2.3 Q; Ry
=178 Q; 6 =5035 Qem?® s7'; Cqy =34 pF; CL =9 mF; D =32 x 107° cm® s™'. The
smaller numbers refer to frequency values in Hz (From [116], reproduced with the permission
of Elsevier Ltd.)

From (3.16), it follows that

Re + (L*/3DCyq;)

(3.20)
(1+Ca/CL)

lim Zl = RQ
w—0

where Cp is the redox capacitance (low-frequency capacitance) that in principle can
be obtained from the Z” vs. ™' plot, since

lim 2" = (CL 4 Cq) ‘07" (3.21)

w—0

The diffusion coefficient can be derived either from the Z vs. @' plots or from
the low-frequency impedance or resistance, Ry = (L*/3DCy). However, if the
Warburg section is small or nonexistent, which is the case when the film is thin,
this procedure is not applicable.

The low-frequency capacity is equal to

n?F2L  cocr
CL = _—, 3.22
L RT co+cr ( )
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!
or at EZ

n?F?L¢

CL="RT

(3.23)

It follows that while the Cy (E) function has its maximum at E?/, o has its lowest
value at this potential; that is, when co = cg. (Cy. can also be estimated from the
cyclic voltammograms: C, = I/v.) While C; is independent of the film swelling
(because as L increases c¢ decreases), ¢ and D usually vary with the swelling.

The temperature dependence of ¢ is determined by the exponential temperature
dependence of D. Rqg decreases with increasing concentration of the supporting
electrolyte and with increasing temperature. R decreases with temperature and has
a minimum value at E?/. It follows that carrying out measurements for a range of
potentials, temperatures and electrolyte concentrations helps to achieve an adequate
analysis of the EIS results by resolving some ambiguities.

A theoretical approach which assumes the model structure a priori would be
preferable; however, due to the high complexity of the polymer film electrodes,
none of the current theories can be regarded as satisfactory in all respects. Conse-
quently, the selection or construction of an adequate equivalent circuit is rather
problematic. Therefore, the so-called structural approach is also employed. The
structural approach means that the model structure is derived from experimental
data, and procedures for parametrical identification are then applied. Complex
nonlinear least squares (CNLS) fitting of the data to a theoretical model and/or
equivalent electrical circuit is the best method of quantitative analysis. Such fitting
provides estimates of the parameters and their standard deviations. Unfortunately,
in the majority of papers no standard deviations of the parameters are given, and
the goodness of fit is merely illustrated in the figures. Usually, the Argand diagram
is used for this purpose; however, the deviation between the measured and calculated
data is more striking in the transformed plots, e.g., in the Bode diagrams (loglZl vs.
log fand O vs. log f plots) or in the changes in pseudocapacitance as a function of
frequency (log Y”w ™" vs. log fplots). It should also be checked whether the derived
parameters depend on the number of elements or not, or on the method of weighting.
The correlation matrix of the parameters should also be investigated. The validation
of the impedance spectra can be executed by using Kramers—Kronig (K-K)
transformations, as described in [118].

The deviations of the impedance responses [46, 72, 78, 84, 85, 88,99, 113, 116,
119, 128, 136, 140, 168, 180, 185] predicted by the theories have been explained by
taking into account different effects, such as interactions between redox sites
[96, 128], ionic relaxation processes [175], distributions of diffusion coefficients
[168], migration [51, 117, 137, 185], film swelling [113, 176], slow reactions with
solution species [62, 115], nonuniform film thickness [116], inhomogeneous oxida-
tion/reduction processes [88], etc.

The constant phase element (CPE) has been used to describe both the double-
layer capacitance and the low-frequency pseudocapacitance as well as the diffusion
impedance [40, 4244, 78, 98, 115, 128, 180]:
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Zepg = Aio) 7, (3.24)

where 0 < o < 1 is the CPE exponent, which is a dimensionless parameter, and A
is the CPE coefficient. It follows that the exponent is less than 1, which is expected
for an ideal capacitor (¥ < 90°), and it differs from 0.5, which is expected for the
ideal diffusion impedance.

The dispersion of the high-frequency capacitance has been attributed to the micro-
scopic roughness of the electrode surface [43, 98, 176, 187] and an adsorption
pseudocapacitance connected with the charging/discharging process within the first
layer of the film at the metal interface [115]. The frequency-dependent nature of the
low-frequency capacitance has been explained by considering the irregular geometry
of the surface of the polymer network and the counterions’ binding to sites of different
energies [40, 115, 189], by the roughness of the blocking metal electrode [42], and by a
distributed charge transfer resistance in the internal polymer/solution interface [180].

One of the crucial points is in connection with the structure and morphology of the
surface polymer layer. Essentially, two different approaches exist, which are called
“homogeneous” or “uniform” [26, 49-51, 63, 79, 81, 82,98, 117, 121, 137, 183, 185,
186] and “porous medium” or “heterogeneous” or “distributed” models [25, 45, 71,
74, 142, 152, 156, 160, 165, 169], respectively, based on two different perceptions
regarding the structure of the surface polymer layers or membranes (Fig. 3.10).

The homogeneous models assume three phases, i.e., metal, polymer film, and an
electrolyte solution. Electronic, mixed electronic (electron or polaron), and ionic
charge transport processes are considered in the metal, within the polymer film, and
in the solution, respectively. The polymer phase itself consists of a polymer matrix
with incorporated ions and solvent molecules. A one-dimensional model is used,
i.e., the spatial changes of all quantities (concentrations, potential) within the film
are described as a function of a single coordinate x, which is a good approach when
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Fig. 3.10 Schematics of the two models for polymer-modified electrodes. (a) “Homogeneous
model”: Zis s, Zisgss: interfacial impedances (s—f: solution—film; f—s: film—substrate), Z,: imped-
ance of the bulk phase, R,: solution resistance; (b) “porous (heterogeneous) model”: Z;: the
impedance per unit length of the transport channel in the polymer phase, Z,: the impedance per
unit length of the transport channel in the pores, Zs: the specific impedance at the inner interface,
which corresponds to charge transfer and charging processes, R,: solution resistance (From [121],
reproduced with the permission of Elsevier Ltd.)
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an electrode of usual size is used. The metal-polymer and the polymer—solution
interfacial boundaries are taken as planes. Two interfacial potential differences are
considered at the two interfaces and a potential drop inside the film when current
flows. The thicknesses of the electric double layers at the interfaces are small in
comparison with the film thickness and are therefore neglected. In the asymmetrical
(polymer film) arrangement, electron transfer at the metal-film interface is com-
bined with a charge transport process in the film and ion transfer at the film—solution
interface. The first theoretically well-established models of uniform films consid-
ered a pure diffusional transport of a single charge carrier across the film under
finite diffusion conditions [62, 81, 83]. It is also assumed that the electrolyte
concentration is high enough, so the diffusion of ions in the bathing electrolyte is
not rate determining and the contribution of migration to the flux can be neglected.
It follows that the branches of the double layer capacitance and the Faraday
impedance can also be separated.

The advanced homogeneous models [49, 79, 117, 137, 184, 185] consider
diffusion—migration transport of electrons and ions as mobile charge carriers in a
uniform medium, coupled with a possible nonequilibrium charge transfer across the
corresponding interfaces at the boundaries of the film. The contributions of the
capacitive charging of the metal-polymer and polymer—electrolyte interfaces have
been taken into account a posteriori by inserting one or two capacitive elements in
parallel with the charge transfer resistance in the equivalent circuit. The uniform
film model has also been elaborated by introducing an adsorption pseudoca-
pacitance and a resistance connected with the charging/discharging processes
within the first layer of the film at the metal interface, as well as a CPE in order
to describe the capacitor at the film—electrolyte interface, considering the irregular
geometry of the surface of the polymer network and the counterions’ binding sites
at different energies [46, 115].

This may be considered an inhomogeneous homogeneous model inasmuch
as the properties of the first layer differ from those of the bulk film. The CPE
elements have been used to describe both the double-layer capacitance and the low-
frequency pseudocapacitance, their frequency-dependent nature being attributed to
the nonuniformity of the electric field at rough electrode surfaces [43, 98, 176, 187].

Within the alternative approach, the film is considered a porous medium [25, 71,
74,75, 147, 152, 156, 166, 169, 175]. Physically, it represents a porous membrane
that includes a matrix formed by the conducting polymer and pores filled with an
electrolyte. Mathematically, in this approach, the film is modeled as a macroscop-
ically homogeneous two-phase system consisting of an electronically conducting
solid phase and an ionically conducting electrolyte phase. Considering a planar
geometry, each layer perpendicular to the electrode surface contains these two
phases, and it can therefore be described at any point by two potentials that depend
on the time and the spatial coordinates.

Each of the phases has a specific electric resistivity, and the two phases, i.e., their
resistivities, are interconnected continuously by the double-layer capacitance (or a
more complicated element) at the surface between the solid phase and the pores.
A further interconnection results from the charge transfer at the surface of pores.
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There is also electron exchange between the regions in the polymer with different
degrees of oxidation [71, 147, 152, 166]. Charge transfer within the material is
determined by a diffusion process. In the advanced porous membrane model,
inhomogeneous resistivities are considered. Using this model, the low-frequency
constant phase element can be interpreted [147], and two sublayers with different
resistivities are assumed.

Much effort has been expended on elaborating the model of faradaic impedance,
and the task of obtaining an adequate description of double-layer charging effects
has mostly been neglected. The essential problem is that the Randles—Ershler
approach, i.e., where the interfacial charging is described by a double-layer capaci-
tance in parallel with the faradaic branch, is justified in the presence of an excess of
supporting electrolyte, which strongly diminishes the electric field inside the
system so that the transport of each electroactive component corresponds to pure
diffusion, and the interfacial charging is realized mostly by the supporting electro-
lyte due to its higher concentration. As a result, the movement of current across the
transport zone (which includes the diffusion and interphasial layers) takes place as
the sum of two noninteracting partial currents: those of the electroactive species and
the background electrolyte. Therefore, the impedance of this region (which is equal
to the overall impedance without ohmic resistances) can be represented by a
parallel combination of the impedances of these two branches. Evidently, this
reasoning does not hold for more complicated systems without a background
electrolyte, in particular for those containing two mobile charge carriers.

If the same charged species take part in both the electrode reaction and the
double-layer charging, the interfacial processes are coupled to the same flux of the
electroactive component. Moreover, the distributions of the charged species inside
the film are interrelated due to the electroneutrality condition and the self-consistent
electric field, so that their transport cannot be considered to be pure diffusion. This
is the case where at least one of the ions of a binary electrolyte participates in the
charge transfer process or crosses the interface, and a similar situation also arises
when the charging of an electrochemically active polymer via electron transport is
accompanied by the movement of the charge-compensating ions (i.e., mixed
electronic—ionic conductivity prevails). A detailed analysis of the effects of the
interfacial charging of surface films with two mobile charge carriers on the imped-
ance spectra has been discussed by Vorotyntsev et al. in detail by using the
homogeneous model and taking into account the corresponding interfacial thermo-
dynamics [183]. This problem has also been analyzed within the framework of the
porous membrane model [71].

It should be mentioned that a theoretical model involving diffusion and a
migration charge transport mechanism with three charge carriers has also been
developed by Lang et al. [117]. The essential feature of this model is the assumption
of a coupling of the oscillation amplitude of the concentration of the charge carriers.
The derivation of the impedance function was possible; a good fit was achieved
over a wide potential range by using the general functional form of the impedance
containing 12 parameters, and the data obtained for a poly(o-phenylenediamine)
electrode was used as a test system. However, it became clear that only the
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uncompensated ohmic resistance and the L/D? ratio could be determined unambig-
uously. It was found that several parameters were strongly correlated. The simplifi-
cation of the general formula resulted in similar equations to those derived by
Vorotyntsev et al. [185] and Mathias and Haas [137, 138] when two mobile charge
carriers and diffusion—migration transport were considered. The case of three
charge carriers is rather general in conducting polymer systems because, aside
from the transport of the electrons and counterions, very often hydrogen ions also
participate in the charge transport and charge transfer processes during the redox
transformation of the polymers.

Based on the observation that in many cases electrochemically active con-
stituents of the electrolyte can react at the metal surface, e.g., oxide formation
and reduction at Au and Pt, and also hydrogen adsorption can take place at Pt, it was
concluded that the polymer chains are attached to the metal by only a few points or
at small islands, like on a brush. Experimental evidence is presented in Fig. 3.11
which shows the cyclic voltammogram obtained for a thick (L = 2,900 nm) poly
(o-phenylenediamine) film deposited on gold. Cyclic voltammetric waves typical of
gold oxide formation and reduction, respectively, appear at high positive potentials
besides the PPD redox transformations that occur between —0.2 and +0.2 V.
It should be mentioned that no decomposition of the polymer film was observed
[119]. Tt follows that the metal surface is not fully covered by the polymer, as
assumed in the majority of the models, and the solvent molecules filling the
micropores and nanopores are in contact with the substrate surface. (It is assumed
that macropores do not reach the metal surface in the case of such a thick film.)
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Fig. 3.11 Cyclic voltammogram obtained for an Au—PPD electrode in contact with 1 mol dm™

HCIO,. Film thickness: 2,900 nm. Roughness factor: 1.71. Scan rate: 50 mV s7! (From [119],
reproduced with the permission of Elsevier Ltd.)
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According to the “brush model” developed by Lang et al. [119-121], the
polymer chains are linked to bundles containing nanopores and micropores.
Between the bundles there are macropores with considerably greater cross sections
than those of the micropores. A distribution of short and long chains is also
considered. The ratio of short and long chains may depend on the surface roughness
of the substrate.

Schematics of the structures of polymer films grown on smooth and rough
surfaces are shown in Fig. 3.12.
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Fig. 3.12 Schematics of the structures of polymer films grown on smooth (a) and rough
(b) surfaces, the proposed equivalent circuit (c), and a boundless section with micropores
(d). R, is the uncompensated ohmic resistance, Z, is the impedance which is attributed to the
conductivity path along the long chains and long micropores, Z represents the impedance of
the short chains with short micropores connected to the long pores (From [119], reproduced with
the permission of Elsevier Ltd.)
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Based on these ideas, the following theoretical models were derived and applied
to the analysis of impedance spectra obtained for Au—PPD electrodes [119]. The
Z impedance corresponding to the double-channel transmission line model can be
obtained using the expression

122 2f 23+ 22 G)
— L+— T coth( =), 3.25
71+ 22 [ smh(L/f)} le + 12 ( )

where the element z; is the impedance per unit length of the transport channel in the
polymer phase, z, is the impedance per unit length of the transport channel in the
pores, L is the thickness of the film, and f = [z3/(z; + 22)]1/2, where z3 represents
the specific impedance at the inner interface, which corresponds to charge transfer
and charging processes [45]. Equation (3.25) can be transformed into the following
form:

. an (z1 +22)2 L (21 )2 L
‘" LZ] T2 +f2(21 + ZZ) (Zf) +f (Zl +23) nh<2f> (3.26)

The impedance corresponding to the homogeneous model [117, 185] can be

obtained from
Pg L Pc L
Z =Rp +—coth| — ] +—tanh( — |, (3.27)
s 2s s 2s

where R,, Py, and Pc are frequency-independent elements in the model of
Vorotyntsev et al. [185], while they may be frequency dependent in the model of
Lang and Inzelt [117].

In the simplest cases, s can be expressed as

iw
== 3.28
s=1\/p (3.28)

with a frequency-independent D*, representing the effective diffusion coefficient of
the moving species.

It is apparent that (3.26) and (3.27) have similar mathematical structures if it is
assumed that z; and z, are resistances per unit length and z; is a pure capacitance.
For this special case,

_ RitRoT (R1T+R2T)2 (iw)_l/z
Rir +Ror  2(Ri1 + Ror)*/? C%z

(Rit — Rar)® (iw)_l/z
2(Ryr +R2T)3/2 Cééz

1 .
X coth [5 (RiT + RZT)C3T(10))1/2:| +

X tanh[ (Rit + Rot)Car(iw)'/? } (3.29)
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where R and R, are the total resistances distributed in the polymer channel and in
the ionic channel, respectively, and Csr is the total capacitance of the pore walls.
In order to simplify the notation, (3.29) can be rewritten in the following form:

P P
Z=Ro+ W coth [ (i) ] + (iw)zl 5 tanh[F(i0) [ (330)

Equation (3.30) can be modified heuristically by introducing an exponent f in
order to describe the anomalous behavior:

_ P . \B P N
Z =R+ WoF coth [F(la)) } n L tanh [F(lw) } , 3.31)

where parameters R, Py, P,, f§, and F are frequency independent and real.

The introduction of the CPE element is justified since the distributed
polymer—solution interface does not respond as an ideal capacitor. The impedance
of the electrode can be represented by an equivalent circuit with parallel
combinations of two impedances. The two impedances belong to the individual
branches of long chains and long micropores, as well as short chains with short
micropores connected to long pores, i.e., (3.31) can be used for both impedances,
and the impedance expression is completed with an ohmic resistance that
corresponds to the solution resistance but may also involve the ohmic resistance
of the long pores. At a given potential, the total impedance can be described by the
following function:

1
[1/Zi() + 1/Zy(w)]

Zr(w) = Ry + (3.32)

The complete expression of the impedance contains 11 parameters. Based on
the mathematical structure of (3.32), the parameters are expected to be strongly
correlated. It was indeed found, therefore, that the number of parameters has been
decreased on the basis reasonable assumptions. However, this was achieved in
such a way that the contributions of the individual branches to the total capacity of
the film could be determined. Figure 3.13 illustrates the goodness-of-fit. It was
concluded that the low-frequency distortion effect (CPE behavior) is most likely
connected with the film’s nonuniformity; however, the surface roughness of the
underlying metal substrate influences the ratio of the long to the short polymer
chains. At low frequencies, the characteristics of the impedance spectra are
mainly determined by the long polymer chains. With the help of these models,
reasonable values for the different parameters that characterize the polymer film
electrodes can be derived.
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Fig. 3.13 Impedance spectra obtained for an Au—PPD electrode in contact with 1 mol dm™
HCIO, at different potentials: —0.075 V (asterisks and squares); 0.025 V (triangles); 0.05 V
(circles) and 0.1 V (diamonds). The roughness factor of Au is f, = 2.41. Simulated curves are
indicated by continuous lines and open symbols. (a) Complex plane; (b) loglZl vs. log f. (From
[117], reproduced with the permission of Elsevier Ltd.). (¢) ¥ vs. log f: (d) log Y@~ ' vs. log f
plots (From [117], reproduced with the permission of Elsevier Ltd.)

3.2 In Situ Combinations of Electrochemistry with Other
Techniques

The elucidation of the complex reaction mechanism usually requires more informa-
tion than can be obtained solely by electrochemical experiments. Consequently, the
use of combinations of electrochemical techniques with nonelectrochemical methods
is necessary. In particular, in situ combinations are powerful tools that can be used to
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gain a deeper understanding of the complex events that occur during electrode
processes. This means that the different techniques are applied in such a way that
the potential control still prevails (current may flow or not), i.e., the chemical changes
and transport processes can be investigated under both electrolysis and equilibrium
conditions. The presence of the electrolyte solution may complicate the application of
different methods; however, in the last three decades appropriate versions of the
techniques have been elaborated. The different vacuum spectrometric, diffraction,
etc., methods are still used and provide valuable information; however, the utilization
of in situ techniques is preferable for obvious reasons. We will give a short description
of the most important in situ techniques used, to aid the orientation of the reader, and to
facilitate comprehension of the experimental results presented in this book. The
applied in situ techniques involve quantitative methods such as piezoelectric
nanogravimetry using an EQCN, radiotracer, spectroscopic techniques [UV-VIS,
ESR, Raman, Fourier-transformed infrared (FTIR), luminescence, Mossbauer],
which provide mostly quantitative results necessary for the identification of the
species formed, as well as various microscopies [STM, atomic force (AFM),
SECM] which provide information on the structure and morphology of the material
formed on the electrode surface. There are other optical techniques that do not fall into
these categories. Using the probe beam deflection (PBD) [also called optical beam
deflection (OPD) or mirage] technique the species formed or consumed at the elec-
trode can be followed, while ellipsometry provides information on the thickness of the
surface layer and its optical properties. The bending beam technique supplies infor-
mation regarding the changes of the surface stress. Last but not least we should
mention in situ conductivity measurements, which have played an essential role in
enhancing our understanding of the behavior of conducting polymers.

3.2.1 Electrochemical Quartz Crystal Nanobalance [4-6, 18,
21, 34, 36, 58, 66, 67, 70, 80, 82, 100, 146, 197-327]

The “electrochemical quartz crystal microbalance” (EQCM) is the traditional name of
this technique; however, the term “electrochemical quartz crystal nanobalance”
(EQCN) is also used and is more accurate, since nanogram changes are usually
measured by it, and even 1 ng variations in the surface mass (Am/A) can be detected.

The theory and basic principles of EQCN can be found in several monographs
that include descriptions of investigations of polymer film electrodes [5, 6, 21].
This method is based on the converse piezoelectric effect which is experienced
when alternating voltage is applied to electron-conducting metal films (called
“electrodes,” although not electrodes in an electrochemical sense) that partly
cover both sides of a thin slab or rod of a piezoelectric material (usually quartz).
Then, mechanical oscillations occur within the crystal lattices, which are stable
only at the natural resonant frequency of the quartz crystal. At that frequency,
the impedance of the crystal to the exciting voltage is low. If the crystal is
incorporated into the feedback loop of an oscillator circuit, it becomes the
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frequency-determining element of the circuit, as its quality factor is very high. The
quality factor is inversely proportional to the resonance bandwidth, which makes
the precise determination of the resonance frequency possible.

The crystal cut determines the mode of oscillations. AT-cut quartz crystals,
vibrating in a thickness shear mode, are almost exclusively used in EQCN devices;
however, it should be mentioned that attempts have been made to exploit other
modes of oscillation.

The essential point is that the resonant frequency decreases when the crystal is
loaded with mass, and this change can be determined very accurately. Changes of
1 Hz, or even 0.1 Hz, can be measured when a crystal with a resonance frequency of
10 MHz is used. The relationship between mass change (Am) and frequency change
(Af) was derived by Sauerbrey [295] and is called the Sauerbrey equation:

o —CfAm

Af =27, (3.33)

where Cy is the integral sensitivity and A is the piezoelectrically active area, which is
determined by the size of the smaller “electrode” applied to the opposite side of the
quartz crystal. In EQCN, the larger one is usually in contact with the electrolyte
solution and also serves as the working electrode in the electrochemical cell. (The task
of separating the dc and ac signals is trivial.) The integral sensitivity depends on the
frequency of the quartz crystal before the mass change (fy), the density (pq = 2.648
g cm ), and the shear modulus (ug = 2.947 x 10" g em™" s72) of the quartz:

212

Cr = .
(pyity) "

(3.34)

It follows that the measurement is more sensitive when f; is higher (note the
quadratic relationship); however, the fundamental frequency of vibrations is
inversely proportional to the quartz wafer thickness. Usually crystals with funda-
mental frequencies of 5 and 10 MHz are used, although 20 MHz crystals have also
been applied on rare occasions, e.g., in [257]. The thickness of the quartz plate is
0.13 mm at 10 MHz, meaning that crystals working at substantially higher funda-
mental frequencies are too thin to be handled safely.

It is advisable to determine the Cy of the crystal by calibration, e.g., by the
deposition of Ag (or other metal), which can be executed with 100% current
(charge) efficiency, and Cy can easily be calculated from the respective charge
(Q) and frequency changes using the Faraday law and the Sauerbrey equation:

nFAAf
Cf - QM ’

(3.35)

where M is the molar mass of the deposited metal. For a 10 MHz crystal Cy =
2.264 x 10®Hzcm® g~', while for a 5 MHz crystal Cy = 5.66 x 10’ Hzcm® g~ .
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If C; is known, (3.35) can be used to calculate M, which is usually the most
important quantity to derive, since the nature of the adsorbed, sorbed, deposited
species can be assigned in this way. There are certain preconditions for using the
Sauerbrey equation, and determining accurate, reliable data:

1. The added mass should be evenly distributed over the electrode. The integral
sensitivity determined can only be used for the calculation if this is the case
because the maximum sensitivity at the center of the crystal decreases to zero at
the edges of the electrode. The differential sensitivity (¢, = Af/Am) is propor-
tional to the square of the vibration amplitude, and the amplitude distribution can
be described by Gaussian-type or Bessel-type functions. The integral mass
sensitivity can be computed from the differential sensitivity function:

R
C = 277:J ree(r)dr, (3.36)
0

where R is the radius of the active area of vibration.

Expressions for nonuniform mass distributions have been derived for different
cases and can be found in [204]. It should also be mentioned that if the surface
film is uneven but the distribution of the mass is uniformly nonuniform, i.e., the
thinner and thicker regions of the film are distributed more or less regularly, the
application of the integral sensitivity does not usually cause substantial error.

2. The thickness of the deposited layer (deposited mass) should not be higher than
ca. 2% of the quartz plate (quartz crystal mass); at higher mass loadings the
simple linear Am — Af relationship becomes invalid, and at very high loadings
the crystal stops functioning.

3. Care must be taken over the proper mounting of the crystal in the holder, the
electrical contacts, and the temperature control. One of the advantages of AT-cut
crystals is that they have a very small temperature coefficient at or near to room
temperature. It has also been proven that EQCN experiments can even be carried
out at low and high temperatures [258].

When electrochemical experiments are executed, the electrode is in contact with
a solution. When the QCN crystal is transferred from air into the solution a
frequency change occurs, which can be described by the following equation:

Af = —f32(ny /po/mugpy) ', (3.37)

where 7 and py are the viscosity and density of the contacting liquid, respectively.

Interestingly, while the goodness factor decreases, this viscous coupling does not
affect the EQCN measurements, and the Sauerbrey equation remains applicable.
Furthermore, this equation can even be used to check the proper functioning of the
crystal before coating, because the expected frequency change can easily be
calculated. For electrodes coated with a polymer film, a Af value that is different
to that expected may be observed because, for example, solvent molecules may be
sorbed in the dry surface polymer film without any electrochemical treatment.
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Based on (3.37), the viscosity or density change of a solution can also be deter-
mined. The large change in the viscosity of a polyacid solution can be followed
during its titration with a base.

The case of a solid-liquid interface is more complicated than that of a solid—gas
system. Non-mass-related frequency changes should also be considered, such as the
changes in the density and viscosity near the electrode surface during electrolysis,
interfacial slippage (coupling between the oscillator surface and the adjacent
solution), and surface stress effects. Two effects may cause problems for polymer
films: the surface roughness and the viscoelastic effect. In the former case, the
solution trapped within the surface structure may influence the frequency response.
The viscoelastic effect arises mostly for highly swollen thick films. The deviation
from purely elastic behavior usually causes a nonlinear A/~Am relationship. One
solution to this difficulty is to use an impedance analyzer to record the admittance
characteristics near the resonance rather than just a frequency shift. The change in
the film rigidity can be detected by measuring the resonant resistance, the dissipa-
tion factor, or the peak near the resonant frequency. The intrinsic resonant fre-
quency is then identifiable as the frequency at which the real part of the admittance,
i.e., the conductance, is at maximum [4-06, 9, 21, 207, 208, 212, 213, 220, 221, 230,
263, 266, 272, 275, 279, 284, 302, 306].

In Fig. 3.14 crystal impedance spectra recorded during the electropolymerization
of 1,8-diaminonaphthalene are shown [302]. The maxima of successive admittance
spectra shift toward lower frequencies during the deposition of the polymer, which

Au/ deposition bath in CH,CN

admittance /mS

T T T T T ¥ T T T T
10005 10010 10.015 10020 10.025 10.030 10035 10.040 10.045 10.050
frequency / MHz

Fig. 3.14 The changes in crystal admittance spectra recorded during the cyclic voltammetric
electropolymerization of 1,8-diaminonaphthalene. For the sake of comparison, the spectrum
obtained for the bare gold electrode immersed in the electrolyte is also displayed (From [302],
reproduced with the permission of The Royal Society of Chemistry)
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Fig. 3.15 Frequency change 10 - 1
(Af) vs. charge consumed (Q)
plot constructed from the 8 - L4

data obtained during the
formation of a poly
(1,8-diaminonaphthalene)
film on gold (From [302],
reproduced with the
permission of The Royal
Society of Chemistry)
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was prepared by oxidative electropolymerization. The spectra presented in
Fig. 3.14 were taken at the cathodic end of each potentiodynamic cycle.

As seen in Fig. 3.14, in this case there is no significant decrease in peak
admittance or increase in peak width. The film formed on the gold surface therefore
behaves as a rigid layer.

In accordance with the results of the admittance measurements, the dependence
of the change in the resonant frequency corresponding to the reduced state of the
polymer on the charge injected during the electropolymerization is linear, except
for very thick films (Fig. 3.15). Usually such a deviation indicates a transformation
from elastic to viscoelastic behavior; however, in this case it was assigned to the
poor adherence of the deposited polymer, since the energy loss measured was small
even for thick films [302].

The changes in the film elasticity over the course of the redox transformations of
a poly(o-aminophenol) film are illustrated in Fig. 3.16.

As seen in Fig. 3.16, all curves related to the oxidized form of the polymer
exhibit sharp bands centered at 9.9989 MHz (a), while curves belonging to the
reduced form (b) show broader and less intense bands at 9.9911 MHz. The latter
indicates that a swelling occurs during the reduction of POAP films as anions and
water molecules enter the surface layer; however, the film still shows rigid layer
behavior.

It was assumed that the polymer is protonated at the nitrogen atoms, and between
—0.25 V and 0 V the polymer is in its half-reduced states, i.e., polarons are present
in the polymer [286]. It is also worth mentioning that a sharp peak can be observed
for the admittance of the crystal in the dry state; loading with a polymer layer causes
a decrease in the resonance frequency (fo).

However, in the dry state there is only a slight decrease in the maximum value of
the admittance. When the uncoated or the coated crystal is immersed in water or
electrolyte solution, a further decrease in the value of f; occurs according to (3.37),
broad spectra appear, and the maximum value of the admittance becomes a tenth of
the original value [286].
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Fig. 3.16 Admittance
spectra of a poly
(0-aminophenol) film in
contact with NaClO,4
solutions of different
concentrations at pH 0.9; (a)

oxidized film at open-circuit,

and (b) reduced film at
—0.2 V vs. SCE. Film
thickness is 40 nm (From
[286], reproduced with the
permission of Elsevier Ltd.)
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3 Methods of Investigation

It should also be mentioned that plastic deformation may also occur during the

break-in period of virgin polymer films.
The most important practical advice is as follows:

1. Check the linearity of the Af vs. Am plot by systematically varying the film

thickness, and also that of the Af vs. Q plot.

2. Check the proper functioning of the apparatus by immersing the electrode in

liquid before coating.

3. If dip-coating or evaporation techniques are applied for film deposition, it is

useful to measure the frequency changes related to the dry film. It is also
advisable to determine the frequency change for the dry film when the surface
layer is prepared by electropolymerization after completing the experiment,
removing, washing, and drying the electrode. A comparison with the mass
change observed during the electrochemical transformations and the mass
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change for the total, dry material on the surface provides information on the
electrochemical activity of the polymer. Using this procedure, the effect of
nonuniformity can be (at least partially) eliminated.

Piezoelectric nanogravimetry in conjunction with electrochemical measure-
ments is a very powerful but relatively simple and cheap technique, and so within
the last 20 years it has become one of the most popular hyphenated techniques for
studying the formation of conducting polymer films and ion and solvent exchange
processes that occur during their redox reactions, which provide valuable informa-
tion about the reaction mechanism [4-6, 38, 48, 82, 144, 179, 190, 197-327].

EQCN has also been combined with other techniques, such as probe beam
deflection [242], scanning tunneling microscopy [322], scanning electrochemical
microscopy [225, 244], and UV-VIS spectroelectrochemistry [278, 301]. EQCN
was also used under an alternative regime, ac electrogravimetry, which allows the
fluxes of different ions taking part in the charge compensation process to be
separated [22, 37-39, 82, 197, 209, 235-242, 282, 324, 325].

In fact, ac electrogravimetry is the combination of electrochemical impedance
spectroscopy with a fast quartz crystal microbalance. The fluxes of all mobile
species are considered, and the usual conditions and treatments of EIS are applied.
Besides the electrochemical impedance, an electrogravimetric transfer function,
Am/AE(®), can be derived which contains the dependences of the fluxes of anions,
cations and solvent molecules, respectively, on the small potential perturbation.
The complex plane plot representations of electrogravimetric transfer functions for
PANI are shown in Figs. 3.17 and 3.18.

25 T T T ¥ T T T T
20 g
"2 15F .
_U
E’i r 10
= | u = i
=10 gt g ClO;
< J
-‘g )
E st /]
' L ’1 100 i ? J
0 AF' - m
O-,
_5 L 1 n 1 i 1 i 1 L 1 i
0 5 10 15 20 25 30
Re(Am/AE)/ugV'em”

Fig. 3.17 Electrogravimetric transfer function for a PANI electrode at 0.2 V vs. SCE. Electrolyte:
1 mol dm > HCIO, (From [239], reproduced with the permission of Elsevier Ltd.)
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Fig. 3.18 Partial 5 " T
electrogravimetric transfer
function for cations and B
solvent molecules for a PANI i
electrode in 1 mol dm~>
HCIO4 at 0.2 V vs. SCE
(From [239], reproduced with
the permission of Elsevier
Ltd.)
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The two loops that appear in both partial electrogravimetric transfer functions
indicate the simultaneous transport of anions, cations, and solvent molecules.
A conclusion has been drawn that when anions are inserted, cations and solvent
molecules are expelled; i.e., the positive charges created during the oxidation of the
polymer are compensated for in a rather complex way (See also Sect. 6.2).

A method of simultaneous acquisition of three impedance functions (EIS, ac
EQCN and ac color impedance) has been introduced, which is even a more powerful
tool to establish a physical model of the electron and ion transport processes
occurring during the redox transformations of a polymer film [23, 198, 320].

3.2.2 Radiotracer Techniques [7, 8, 328-345]

The radiation intensities measured furnish direct information on the amount of
labeled species, and no special models are required to draw quantitative
conclusions. Despite its advantages—easy detection, independent of pressure and
temperature, chemical and physical states, nondestructive nature—the radiotracer
technique is certainly not used as often as it should be. Nevertheless, both the
electropolymerization and the ion exchange processes accompanying the redox
transformations [7, 8, 328-345] have been followed using this method.
A comparison of the data obtained by radiotracer and piezoelectric nanogravimetric
techniques is especially useful, because the latter supplies information on the total
surface mass change due to the deposition or sorption of different species, while the
contributions originating from the different species can be unambiguously
separated by labeling the respective molecules or ions.
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The use of nuclides emitting soft B-radiation is advisable in order to increase the
signal-to-noise ratio; i.e., to decrease the background radiation. Luckily, the most
important ions used in electrochemistry as well as organic molecules can be labeled
with nuclides emitting B-radiation (3 H, 4 C,3%p, 3 s, 3¢y, 45Ca).

When a surface film is present, one should consider the background radiation
(I), the radiation coming from species adsorbed at the metal—film [/(/}) = aAl}]
and film—solution (I(I'z) = 0AI'; exp[—ufp¢L¢]) interfaces, respectively, and—
usually the most interesting characteristic when studying conducting polymer
films—the radiation originating from the labeled atoms of the polymer or the ion
sorbed in the film. However, the absorption of radiation in the solution layer
characterized by thickness L and in the film (L¢) should be taken into account.

The total equation is as follows:

¢
I= ch{Fl + Iy exp[—u' prLe] + ey (exp[—ug poLs]

S N
cr
—exploipi)+ ot (1 = explsPorl]) . (3.38)
f Mf

The background radiation, Iy, is given by:

L
I, = ocAJ cexp[—ul'px]dx = «A
0 HsPs

c

(1 — exp[—uspsl]). (3.39)

If the thickness of the absorptive layer is high in the case of soft B-radiation, I},
becomes a constant value at a given concentration of the applied isotope in the
solution (c), i.e.,

0Ac
I, = —.
Hg Py

(3.40)

In (3.38) I is the radiation intensity, ug' and uf' are the mass absorption
coefficients of the radiation of the solution and film, respectively, ps and py are
the densities of the solution and film, respectively, o is a proportionality factor
depending on the specific activity of the labeled species as well as the geometry of
the apparatus, I} and I, are the respective surface concentrations (see above), and
cr is the concentration of the labeled species inside the film.

AtL; < 1075 cm, and taking into account the usual values of the mass absorption
coefficients (10-1,000 cm? gfl) and densities (ps ~ pr=1¢g cm73), (3.38) can be
simplified by applying the approximation e™ = 1 — x, i.e., exp [f ,u?lprf] ~1;
exp[—uspsL] ~ 0, such that

c

m
Mg Ps

I =0A

oLy + Ty + Il (3.41)
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In the case of polymer film electrodes, it holds that cfls > I} + I, and
consequently

I=oaA [mL + chf} . (3.42)

s IS

It follows that, provided the concentration of labeled isotopes in solution is not
too high (¢ < 102 mol dm73), the amount of ions sorbed in the film can easily be
determined. Note that only ¢ is potential dependent.

Figure 3.19 shows the periodical sorption/desorption of CI™~ ions during four
consecutive potential cycles in the case of a polypyrrole electrode in contact with
solution of 2 x 10~* mol dm* **Cl-labeled HCI [333].

Using the radiotracer method, the strength of the ion—polymer interactions can
also be studied, which is certainly a special advantage of this technique. When
unlabeled species are added to the solution phase in great excess, the sorbed species
are exchanged provided that there are no strong interactions (chemical bonds)
between the ions or molecules and the polymer.

Such ionic exchanges are illustrated in Figs. 3.20 and 3.21.
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T

Fig. 3.19 The change in the
amount of Cl™ ions in a
polypyrrole electrode during
four consecutive
oxidation—reduction cycles.
Solution:

2 x 107* mol dm ™2 **Cl-
labeled HCI. Scan rate:

0.4 mV s~! (From [332],
reproduced with the X \
permission of Elsevier Ltd.) 100 200 timin

10°T/ mol cni2

wn

Fig. 3.20 The exchange of
labeled SO42_ ions sorbed in
PP film with unlabeled SO,*~
ions added to a solution phase
containing 10~> mol dm >

35 S-labeled H,SO,4 and

1072 mol dm™? HCIO, at the
moment indicated by the
arrow. E = 0 V. Final H,SO,
concentration:

2 x 1072 mol dm~2 (From
[332], reproduced with the . "

permission of Elsevier Ltd.) 50 100 t/min

1097/ mol cm™
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Fig. 3.21 Amount of sorbed ions in polypyrrole film as a function of potential, from steady-state
measurements. Concentrations: (/) 10~* mol dm~> 3 S-labeled H,S04; (2) 10™* mol dm™>
labeled H,SO4 + 1072 mol dm > HCIOy; and (3) 2 x 10~* mol dm~> *°Cl-labeled HCI (From
[332], reproduced with the permission of Elsevier Ltd.)

The results presented in Fig. 3.20 attest that SO,>~ ions embedded in PP film are
mobile, despite the fact that the interactions between PP and SO,*~ are much
stronger than those between PP and ClO,4 " ions, since ClO4 ions are present at a
concentration that is three orders of magnitude greater. The latter effect is also
clearly apparent in Fig. 3.21, albeit when ClO4 ions are present in great excess in
the solution; some of the SO,>~ ions are replaced by ClO, ™ ions in the film, and
that effect is potential dependent. A comparison of I vs. E plots reveals (curves 1
and 2 in Fig. 3.21) that the interaction is even stronger between PP and SO,>~ when
PP is in its oxidized form (PP™).

Figure 3.21 also shows the sorption of Cl™ ions. It can be seen that, when no
supporting electrolyte is used, only Cl™ ions enter the PP film during oxidation and
leave it during reduction. The hysteresis is related to the slow completion of the
reduction process; lasting cathodic polarization is required to attain the initial value.
The difference between the behavior of SO,>~ and CI~ ions is the lack of any
significant embedding of the latter ions.

It should be mentioned that other nuclear techniques, such as Rutherford back-
scattering spectrometry (RBS), have also been used. Using the RBS technique, film
thicknesses, roughnesses and compositions [344], as well as ion diffusions [345]
have been studied.

3.2.3 Probe Beam Deflection Technique [1, 292, 346-366]

The probe beam deflection (PBD) technique (optical beam deflection or the mirage
technique) is based on the measurement of refractive index gradients in front of the
electrode—electrolyte interface [1, 292, 346-366].
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The deflection of a laser beam aligned parallel to the electrode surface is
measured. The beam deflection (V) for a single flux, considering the concentration
dependence of the refractive index, can be described by the following expression:

L an\ deilx,
V() = 3 (5?)[%, (3.43)

i

where L is the electrode length (interaction path length), n is the refractive index of
the electrolyte, (On/0c); is the derivative of the refractive index—concentration
function related to the species #, and (Jc;/Ox) is the concentration gradient perpen-
dicular to the electrode surface.

For a single flux

_ L 9n dc(x,1)
T nde Ox

W(x, 1) (3.44)

that is, only the concentration of one component varies, and it determines ¥'. In this
case, the solution of the equation is relatively simple.

The probe laser beam is deflected toward the higher refraction index region. The
direction of the deflection depends on the sign of the product (On/9c)(0c/0x). The
sign of (On/0dc) is positive for most of the species (e.g., HY, M), and negative only
for gases (e.g., Hy, Oy, CO,). In the former case, the beam deflects toward the
electrode (¥ < 0), for example, if H" is produced in the electrode reaction, and
deflection occurs in the opposite direction when H" ions are consumed, i.e., their
concentration decreases in the vicinity of the electrode.

The mass transport equations can be solved by taking into account the boundary
conditions characteristic of the electrochemical technique applied. Furthermore, the
flux should be calculated at a distance x because the center of the beam is at certain
distance (typically 30-180 um) from the electrode surface, so the PBD signal is
delayed in time with respect to the current signal due to the diffusion of ions.

The respective equations for combined techniques are as follows. For PBD-
chronoamperometry (potential step chronodeflectometry),

L on c X —x?

The ¥(x, t) function has a maximum as a function of time which depends on the
beam—electrode distance (x — xp), and the diffusion coefficient can easily be
estimated from the value of #,,,:

A : (3.46)
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Fig. 3.22 Cyclic voltammogram (a) and voltadeflectogram (b) of PVF film in 0.1 mol dm™
HBF,—H,O0. Scan rate: 50 mV s~!. Forward scan (full arrow) and backward (dotted arrow) (From
[348], reproduced with the permission of the American Chemical Society)
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No analytical closed form has been derived for combined PBD and cyclic
voltammetry (cyclic voltadeflectometry). Either numerical simulation or convolu-
tion of the experimental signal is applied [1, 355, 364].

PBD is a very useful tool for identifying the ions that participate in the ion
exchange processes that occur during the redox reactions of polymer film
electrodes. For instance, the proton expulsion that occurs before anion insertion
during the electrooxidation of PANI is clearly seen in the cyclic voltadeflectogram,
which is almost silent in EQCN experiments due to the low molar mass of H ions.
(See later in Chap. 6, Fig. 6.15)

As an illustration, the voltammogram and the simultaneously detected voltade-
flectogram are presented in Fig. 3.22. Although the ion exchange mechanism that
occurs during the redox reactions of poly(vinylferrocene) strongly depends upon
the nature of the supporting electrolyte (e.g., in HCIO4 solution both the expulsion


http://dx.doi.org/10.1007/978-3-642-27621-7_6
http://dx.doi.org/10.1007/978-3-642-27621-7_3#fig22_3
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of H" ions and the insertion of ClO,4 ™~ ions occur), in HBF, only negative deflection
(ion expulsion) is observed during oxidation, as seen in Fig. 3.22.

The combination of PBD and EQCM is an especially powerful approach for
clarifying this complex situation [242, 243, 355, 366].

3.2.4 Ellipsometry [367-378]

Ellipsometry, which is the measurement of the change in the reflected light intensity
and the polarization state of the elliptically polarized light, provides useful infor-
mation on nucleation and growth processes, as well as the film thickness [20, 190,
367-378]. Two parameters are determined: the relative amplitude parameter ()
and the relative phase parameter (4):

(3.47)

A=5,— 0, (3.48)

where 7, and 7 are relative amplitudes of the parallel and normal components of the
electric vector, respectively, while 0, and Js are the phase angles of the two
components. The relative amplitude is the ratio of the amplitudes of the incident
and reflected waves. The basic equation of ellipsometry is as follows:

p = tanWexp(id), (3.49)

where parameter p, characterizing the polarization state, connects ¥ and 4.

The wavelength of the incident light is usually also varied (spectroscopic
ellipsometry) in order to determine the three quantities characterizing the surface
film (refractive index, absorption coefficient, and thickness), because only two
parameters can be obtained in a single measurement.

3.2.5 Bending Beam Technique [379, 380]

CEINNT3

The “bending beam” (“bending cantilever”, “wafer curvature”, etc.) method can
be effectively used in electrochemical experiments, since the changes of the stress
(g¢) in a thin film or other conducting layer on one side of an insulator (e.g., glass)
strip in contact with an electrolyte solution can be estimated from the changes of
the radius of curvature of the strip [379]. The change in the film stress, e.g., as an
effect of electrochemical transformation, induces a bending moment and the strip
bends. In case of a thin metal film on a substrate if the thickness of the film (¢;) is



3.2 In Situ Combinations of Electrochemistry with Other Techniques 119

sufficiently smaller than the thickness of the plate (), i.e., £, > f¢, the change of g¢
can be obtained by an expression based on a generalized form of Stoney’s equation

1
Agr = kiA (1‘3) : (3.50)
where k; depends on the design of the electrode. In most cases

Ei?

ki = )
6[f(1 — VS)

(3.51)

where E, v, and R are Young’s modulus, Poisson’s ratio, and radius of curvature of
the plate, respectively. According to (3.50), for the calculation of Ag¢ the changes
of the reciprocal radius A(1/R) of curvature of the plate must be known. The values
of A1/R can be calculated, if the changes of the deflection angle A6 of a laser beam
mirrored by the metal layer on the plate are measured using an appropriate experi-
mental setup as shown in Fig. 3.23, or the deflection of the plate is determined
directly, e.g., with a scanning tunneling microscope.

w

position sensitive
. ) ) photodetector
S R’ - owal window (PSD)
N1 - laser

electrolyte solution

Fig. 3.23 Scheme of the electrochemical (optical) bending beam setup. Ab displacement of the
light spot on the position-sensitive detector if the radius of curvature changes from R to R, w is the
distance between the electrode and the position-sensitive photodetector, s is the distance between
the solution level and the reflection point (Courtesy of G. Lang)
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For the geometry shown in Fig. 3.23, the following approximate equation can be
derived for large R and s, and small 6 [379, 380]:

1 A A
A(—)% 0 . _Ab (3.52)

R 2ngis  2ngisw’

where ng; is the refractive index of the solution. Consequently, from (3.51) and
(3.52) at small deflections, one obtains with good approximation the relation

kiAb

Ag = .
g 2ng isw

(3.53)

If the actual values of k; (or 5 ,Eg, v, fp), w, s, and ng; are known, for the
calculation of Ag only the experimental determination of Ab is necessary.

Results of the deflection (stress change) measurements for a gold—poly
(o-phenylenediamine) 0.1 M sulfuric acid (aq) electrode (thickness of the polymer
t; ~ 0.8 pum) are presented in Fig. 3.24. The shapes of the AR™' vs. E curves in
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Fig. 3.24 Changes of the reciprocal radius of curvature, A(1/R), of the glass strip on side of it
covered by a thin gold layer without (/) and with (2) a poly(o-phenylenediamine) layer on it.
Insert: the simultaneously detected cyclic voltammograms at the sweep rate: 50 mV s~ for gold
(1) and gold covered by a PPD film (2). Electrolyte: 0.1 mol dm™3 H,SO, solution (Courtesy of
G. Lang)



3.2 In Situ Combinations of Electrochemistry with Other Techniques 121

Fig. 3.24 are very similar, i.e., the surface stress changes for the two electrodes are
almost identical. Consequently, in this case the stress change in the polymer films
does not influence significantly the response of the beam.

On the other hand, the shapes of A(1/R) vs. E curves for PEDOT films (Fig. 3.25)
are completely different from the shapes of the curves for uncovered gold or PPD
covered gold.

In addition, the change in R~ in the same potential range is greater, the hysteresis
in the curves is pronounced and depends markedly on the sweep rate. All these
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Fig. 3.25 (a) Cyclic voltammograms and (b) A(1/R) vs. E curves of poly(3,4-ethylenedioxy-
thiophene) thin films electrodeposited on gold-on-glass strips, recorded in ¢ = 0.1 mol dm™
Na,SO, solution at different sweep rates (/) v = 100 mV s @2)v =50mV s7h @B)v=20mVs !
and (4) v = 10mV s™' (Courtesy of G. Lang)
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observations suggest that stress changes in the polymer film may significantly
contribute to the changes in R, at least in the potential range —0.4 to 0.8 V vs.
SCE [380].

3.2.6 Spectroelectrochemistry

3.2.6.1 UV/VIS/NIR Spectrometry [23, 34, 46, 100, 133, 146, 177, 193, 198,
234, 287, 299, 300, 311, 320, 327, 358, 381-447]

Several spectroscopic techniques have been combined with electrochemical
methods. UV/VIS/NIR spectrometries have become routine methods in investi-
gations of conducting polymer films, where they are used to monitor the chemical
changes occurring in the surface film [23, 34, 46, 100, 133, 146, 177, 193, 198, 234,
287, 299, 300, 311, 320, 327, 358, 381-447]. Besides identifying the chemical
species formed, evidence of the electronic conductivity of the polymer can also be
deduced from the spectra, since a region of continuous absorbance appears at longer
wavelengths (see Fig. 4.7). In most experiments, the transmission mode has been
applied. Optically transparent electrodes (OTEs) are usually employed, which are
either indium—tin oxide (ITO) or a very thin (less than 100 nm) layer of gold or
platinum on a glass or quartz substrate.

Another type of electrode used is a partially transparent metal grid or mesh.
In some cases, the simple grid electrode is replaced by a LIGA structure (LIGA, or
lithographic galvanic up-forming, is a technique based on a synchrotron radiation
patterned template); however, these systems can be used for the detection of soluble
species. The reflection mode is seldom used in UV/VIS spectroelectrochemistry.

Spectroelectrochemistry is an excellent method to use to obtain both qualitative
and quantitative information. In the latter case, however, the nonuniform film
thickness may cause problems. This difficulty can be overcome by measuring the
thickness distribution with a surface profiler, because the thickness variations can
be taken into account by using the following form of the Beer—Lambert equation:

Abs = —log Y " f:107", (3.54)

where c is the concentration of the absorbing species with molar absorptivity ¢, and
l; is the optical pathlength of a film thickness element that is found in the film at a
given oxidation state with frequency f;. (Note that > _.f; = 1.)

(Experimental examples are provided in Sect. 7.2.2.)

The method of simultaneous acquisition of three impedance functions (EIS,
ac EQCN and ac color impedance) has already be mentioned above [22, 198,
320, 381].


http://dx.doi.org/10.1007/978-3-642-27621-7_4#fig7_4
http://dx.doi.org/10.1007/978-3-642-27621-7_7#sec4_7
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3.2.6.2 Electron Spin Resonance Spectroscopy [15, 24, 327, 393, 403, 404,
425, 428, 429, 431, 448-461]

Unpaired electrons can be detected by microwave spectroscopy in the presence of a
magnetic field, i.e., by electron spin resonance spectroscopy. Radicals, radical
cations or anions are very frequent intermediates in electrochemical reactions; for
example, most transformations of organic compounds in the first, one-electron step
result in such species. Cation radicals are produced by electrooxidation during the
course of electropolymerization, and their coupling eventually leads to the forma-
tion of the polymer. Furthermore, radicals are formed during the oxidation or
reduction of redox or electronically conducting polymers, and in many cases the
partially oxidized (or reduced) form of the polymer containing radical groups, or
similar types of charge carriers (e.g., a polaron, which is a radical cation that is
usually delocalized over a polymer chain fragment involving 4—-6 monomer units
and leads to deformation of the polymer structure and polarization of the environ-
ment), are stable. Since it can provide information on these species in situ, ESR is a
very important tool for elucidating the reaction mechanism and also for understand-
ing other phenomena, such as the conduction mechanism [15, 24, 327, 393, 403,
404, 425, 428,429,431, 448-461]. (See Fig. 6.4, and there is also more information
in Chap. 6.)

3.2.6.3 Fourier Transform Infrared Spectrometry [23, 28, 31, 32, 41, 90,
155, 177, 311, 327, 396, 421, 431, 446, 462-493]

FTIR gives important molecular information on the species formed on the electrode
surface [23, 28, 31, 32, 41, 90, 155, 177, 311, 327, 396, 421, 431, 446, 462-493].
IR radiation is strongly absorbed by most organic solvents and particularly by
water, which distinguishes it from the UV/VIS radiation used in these
spectroscopies and also in ellipsometry. This leads inevitably to the use of a thin-
layer cell in transmittance mode; however, the severe attenuation of the IR beam
still remains a serious problem. Therefore, in the majority of cases, internal or
external reflection techniques have been applied.

Electrochemically modulated infrared spectroscopy (EMIRS), polarization modu-
lation infrared reflection—absorption spectroscopy (PM—-IRRAS), and attenuated total
reflectance (ATR) have also been used. (FTIR-ATR spectra are shown in Chap. 6,
Fig. 6.11).

3.2.6.4 Other Spectroscopies [95, 494-511]

UV/VIS and ESR spectroscopies are commonly applied in situ because it
minimizes technical difficulties. Besides these spectroscopies and FTIR, other
techniques have also been used in investigations of conducting polymer electrodes.


http://dx.doi.org/10.1007/978-3-642-27621-7_6#fig4_6
http://dx.doi.org/10.1007/978-3-642-27621-7_6
http://dx.doi.org/10.1007/978-3-642-27621-7_6
http://dx.doi.org/10.1007/978-3-642-27621-7_6#fig11_6
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Among these, we should mention Raman spectroscopy [385, 387, 463, 467, 482,
494, 496-499], fluorescence spectroscopy [95, 234, 479, 500-511], photothermal
spectroscopy [495], and Mossbauer spectroscopy [182].

Resonant Raman spectroscopy (with the excitation laser frequency coincident
with the absorption maximum of the material) is an efficient tool for characterizing
radical cations and dications or dianions in conductive polymers. Information
about the amount and nature of these chromophore groups makes it possible to
determine the structural disorder of the polymers. The vibrational frequency will
depend on the degree of conjugation of each group, leading to a broadening of the
Raman band that is connected to the degree of disorder.

This technique has been successfully used to study the electropolymerization of
5-amino-1-naphthol and changes occurring during the redox reaction of the poly-
mer formed (Fig. 3.26).
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Fig. 3.26 In situ resonant Raman spectra (4 = 632.8 nm) of a poly(5-amino-1-naphthol) elec-
trode prepared and cycled in 1 mol dm > HCl at different potentials (From [391], reproduced with
the permission of Elsevier Ltd.)
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It was concluded that two structures exist in this polymer, a polyaniline-like
structure coexisting with a ladder structure resulting from “ortho coupling” [391].
Kinetic reactions in thin polyaniline films were studied through Raman impedance
dynamic coupling, recently [499].

3.2.6.5 Surface Plasmon Resonance [311, 512, 513]

The surface plasmon resonance (SPR) technique is based on a trapped surface
mode, a surface plasmon wave (SPW) localized at the interface of two media. SPW
is an electromagnetic charge density wave that may exist along the interface
between two media with dielectric permittivities of opposite signs, such as a
metal and a dielectric. In principle, SPW can receive energy from incident
light at the interface due to a resonant energy transfer. The relation between the
surface plasmon angle and the refractive index has been applied to electrochemical
research due to the effects of the potential on the optical properties at the
electrode—electrolyte interface [3].

Electrochemical SPR (ESPR) has been applied to investigate the electrochemi-
cal growth and properties of poly(methylene blue) films [512]. It was demonstrated
that diffusion, adsorption, polymerization, and sorption/desorption of counterions
can be monitored by the ESPR technique and information can be obtained on
changes in film thickness.

3.2.7 Scanning Probe Techniques [195, 299, 327, 413, 464, 472,
483, 512-537]

3.2.7.1 Scanning Tunneling Microscopy [19, 413, 483, 514-526]

Three-dimensional, atomic-scale images of conducting surfaces can be obtained
using a scanning tunneling microscope [19, 413, 483, 514-526]. It is based on the
quantum mechanical tunneling of electrons. The electron clouds of the outermost
atoms form a structured surface which is a representation of the atomic structure at
the surface. When a very sharp electronically conducting tip is brought sufficiently
close to an electronically conducting surface, a strong interaction arises between the
electron clouds of the surface atoms of the substrate and the tip. A tunneling current
may flow, which increases with decreasing distance between the tip and the
substrate, and with the potential difference applied between the tip and the sub-
strate. The sample or the tip holder is driven by a piezoelectric crystal that enables it
to move these in the x-, y- and z-directions with submicrometer resolution. Either
the tunneling current is measured, and its changes are translated to distance data,
or the tunneling current is kept constant by applying a feedback loop, and the
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corresponding tip distance is followed. Atoms, molecules, and defects on the
surface can be detected, and information on the surface roughness can be obtained.

STM can be applied even under electrochemical conditions, i.e., when both the
tip and the sample are immersed in the electrolyte of the cell, and the sample is the
working electrode, the surface of which is to be investigated.

3.2.7.2 Atomic Force Microscopy [195, 299, 327, 464, 472, 512, 513, 527-536]

Atomic Force Microscopy (AFM) is very similar to STM in terms of its directional
translation system and its arrangement, and it also has the ability to produce atomic-
scale images of the surface [195, 299, 327, 464,472, 512,513, 527-536]. However,
in this case, the electronic conductivity of the sample is not important because
interatomic forces between the tip and the sample are measured.

Using AFM, van der Waals forces, electrostatic interactions between ions,
friction, elasticity, and plasticity can all be measured.

A nice example of the usefulness of AFM has recently been presented by [529].
During the growth of polythionine films, a nonlinear relation was found between
the deposited mass and the electroactivity, suggesting that structural changes occur
to the polymer layer as the electropolymerization proceeds. The AFM images
validated this interpretation. Figure 3.27 shows topographic images of polythionine
films.

Initially a compact polymeric matrix of small globular features with diameters
of ~20 nm and nodules spread throughout the surface were observed, with typical sizes
ranging from ca. 30 to 70 nm, which may indicate the formation of a second layer with
a different structure (Fig. 3.27a). During further electropolymerization, some of the
globular deposits aggregate (Fig. 3.27b), and then domains with irregular sizes and
shapes are formed (Fig. 3.27¢). After 80 cycles the surface layer is still compact but
rougher, and plateaus isolated by pronounced cliffs can be observed. A very detailed
study of the formation of polybithiophene (PBT) films on a Pt surface was carried out
by Seeber et al. [532]. During potentiostatic growth AFM images were recorded. In
LiClO4—acetonitrile electrolyte, the polymerization proceeds through the preferential
growth of the initially formed nuclei, resulting in globular features (grains and
nodules). The PBT clusters fuse into one another. When TBAPF is used as supporting
electrolyte the polymerization starts at more positive potentials, and in this case many
small nucleation centers on the substrate surface are formed. As the polymer deposi-
tion proceeds, the sizes of these nucleation centers increase in a nonhomogeneous
way, and eventually nonuniform grains are grown. Deposition using cyclic
voltammetry results in bigger grains with a nonuniform distribution, which may be
related to the periodical reduction of the polymer formed.

The polymer film thickness and the solvent swelling of the polymer can be
estimated by AFM, as has been demonstrated by Wu and Chang [535] in the case of
poly(o-phenylenediamine).
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Fig. 3.27 3D-processed topographic AFM-tapping mode images and profiles of polythionine films
on Pt surface. The film was prepared using potential cycling between 0 V and 1.15 V vs. SCE.
Solution: 50 pmol dm ™~ thionine in 0.05 mol dm~> H,SO,. Scan rate: 20 mV s~ . (a) 20 cycles,
(b) 40 cycles, and (c) 80 cycles (From [529], reproduced with the permission of Elsevier Ltd.)

3.2.7.3 Scanning Electrochemical Microscopy [537-544]

SECM is based on the measurement of the current through an ultramicroelectrode
tip (an electrode with a radius on the order of 1-25 pm) held constant or moved
through an electrolyte usually containing a redox couple in the vicinity of the
sample surface under investigation [2, 538, 539]. The surface topography can be
mapped by scanning the tip in the x—y directions. Because the current depends not
only on the surface heterogeneity but also on other effects (conductivity, catalytic
activity), information can also be obtained on the latter properties of the surface.
SECM is also useful for imaging and studying the uptake and release of ions or
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Fig. 3.28 Basic principles of a
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molecules from the surface layer [537, 541, 543, 544]. An illustration of the basic
principles of SECM is presented in Fig. 3.28.

Besides classical microscopic applications, when the goal of the experiment is to
obtain a three-dimensional image of the surface with high spatial resolution, other
studies of importance can be carried out on polymer film electrodes. When the tip is
moved in the direction normal to the film, the incorporation and ejection of ions
during redox transformations can be monitored [2, 537-539]. Figure 3.29 shows the
scheme of an experiment carried out by Bard et al., where the Pt microtip was not
just placed near the solution—Nafion containing Os(bpy)s>* interface, but it was also
immersed in the film [2, 539].

The variation of the tip current with distance during the experiment described in
Fig. 3.29 is shown in Fig. 3.30.
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Fig. 3.29 A scheme representing five stages of the SECM current—distance experiment. (a) The
tip is positioned in the solution close to the Nafion coating on ITO. (b) The tip has penetrated
partially into the film, and the oxidation of Os(bpy)32+ starts at the Pt tip, which was held at 0.8 V
vs. SCE, where the electrode reaction is diffusion controlled. The effective electrode (tip) surface
grows with penetration. (¢) The entire tip electrode is immersed in the film, but is still far from the
ITO substrate that is biased at 0.2 V vs. SCE, where the reduction of the generated (Os(bpy)33+)
can take place. (d) The tip is sufficiently close to the substrate to observe positive SECM feedback.
(e) The tip reaches the surface of ITO (the tunneling region) [2, 539] (Reproduced with the
permission of the American Association for the Advancement of Science)

Initially (section a) the current is small, since the electrolyte contains no
electroactive species. When the tip starts to penetrate into the Nafion layer, the
anodic current increases due to the oxidation of Os(bpy)32+ to Os(bpy)32+ at the Pt
tip, which is biased at 0.8 V vs. SCE (section b). When the whole tip is immersed in
the polymer phase but it is still far from the ITO substrate, the tip current remains
constant (section ¢). When the tip gets close to the ITO substrate, which is held at
0.2 V vs. SCE, the SECM positive feedback effect starts to dominate, i.e., the
generated Os(bpy);”* species are reduced at the ITO and oxidized back at the Pt,
as seen in Fig. 3.29d, and so the current increases again (section d). Finally, the tip
reaches the tunneling distance, which causes a large increase in the current observed
(section e).

3.2.8 Conductivity Measurements [71, 101, 102, 161, 177, 257,
312, 387, 414, 428, 458—460, 475, 545-577]

Among the various interesting and useful properties of the new class of polymers,
their switchable electrical conductivity has proven the most attractive to the com-
munity of chemists and physicists, and so it is understandable that these polymers
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Fig. 3.30 The dependence of the tip current on distance. The /letters (a) to (e) correspond to the
five stages (a—e) in Fig. 3.26. The displacement values are given with respect to an arbitrary zero
point. Curve I: tunneling current (stage e), which is much larger than the current observed during
stages (a—d) (left-hand current scale). Curve 2: the current vs. distance curve corresponding to
stages (a—d) (the right-hand current scale). The conical tip (30 nm radius, 30 nm height) was
moved at a rate of 30 s~ '. The thickness of the Nafion film was ~220 nm; the concentration of
Os(bpy)s>* in the Nafion film was 5.7 x 10~* mol cm > [2, 539] (Reproduced with the permission
of the American Association for the Advancement of Science)

are called “conducting polymers.” Much effort has been spent on measurements of
their electrical conductivity and on determinations of the factors that affect its value
[71, 101, 102, 161, 177,257, 312, 387, 414, 428, 458-460, 475, 545-577]. The use
of the conventional ex situ dc four-point method [101, 551, 557, 563] or the ac
impedance technique in a metal-polymer—metal sandwich arrangement [119, 124,
549] for measurements of the conductivity of dry polymer samples is straightfor-
ward. However, the conductivities of dry polymers are affected by humidity and
any gas present. Indeed, this is the property that is utilized in gas sensors. Conduc-
tivity can also be measured in situ, i.e., under controlled electrochemical and
chemical conditions [257, 548, 551, 552, 555, 559, 561, 562, 569, 571, 577].

Of course, the situation is somewhat more complicated due to the potential- and
time-dependent exchange of ions and solvent molecules. However, the kinetics of
the charging and chemical processes as well as the relaxation phenomena can be
followed in this way. The conductivity of the polymer films is usually measured by
using a two-band or a multiband microelectrode arrangement in a typical electrolytic
cell. The polymer is usually deposited on two adjacent or on all bands by electropo-
lymerization in such a way that the polymer connects the two neighboring metal
(usually gold) stripes through a narrow gap (usually 1-5 um). The potential of the
working electrodes (i.e., the metal stripes) can be controlled by a bipotentiostat or by
a similar electrical circuit. Usually a relatively low potential difference (5-30 mV) is
maintained between the electrodes. The film resistance can be calculated from the
ohmic potential drop between the two microelectrodes. (See experimental examples
in Chaps. 6 and 7.)


http://dx.doi.org/10.1007/978-3-642-27621-7_6
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3.3 Other Techniques Used in the Field of Conducting Polymers

3.3.1 Scanning Electron Microscopy [28-32, 90, 95, 133, 146, 207,
229, 300, 326, 396, 462, 464, 487, 492, 528, 578-591]

High-resolution images of an electrode surface can be produced in high vacuum by
a scanning electron microscope. A scanning electron beam with an energy of up to
50 keV is focused to a spot with a diameter of a few nm. Electrons penetrate the
sample and interact with the atoms up to a depth of a few um. Secondary electrons
originating from a few nm from the surface are detected, and a two-dimensional
image of the surface with a lateral resolution of down to 1 nm can be obtained [583].
Although this is an ex situ technique, it is mentioned here because it is frequently
used to present micrographs on the surface morphology of polymer film electrodes
[28-32, 90, 95, 133, 146, 207, 229, 300, 326, 396, 462, 464, 487, 492, 528,
578-591].

For example, an SEM micrograph (Fig. 3.31) of poly(neutral red) film deposited
on Pt foil shows that a microstructured network of mass-interwoven fibers with
diameters of 2—4 um are formed. The longest fiber is more than 0.4 mm [421].

See also other SEM pictures presented later (Fig. 4.4). A transmission scanning
electron microscope (TEM) is used to study thin layers (L < 200 nm); see Fig. 4.5
and [431, 470].

Scanning electron microscopy-energy dispersive X-ray analysis (SEM-EDAX)
has also been applied [32].

Fig. 3.31 SEM micrograph of poly(neutral red) on Pt deposited from 0.5 mol dm 2 H,S0,
solution by using repeated cycling between —0.2 V and 1.2 V vs. SCE (Reproduced from [421]
with the permission of Elsevier Ltd.)


http://dx.doi.org/10.1007/978-3-642-27621-7_4#fig4_4
http://dx.doi.org/10.1007/978-3-642-27621-7_4#fig4_4
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3.3.2 X-Ray Photoelectron Spectroscopy [401, 473, 496, 592-594]

Irradiating a sample with monochromatic X-rays causes it to eject electrons into
the surrounding vacuum. If the atoms are close to the surface, the electrons that
were removed from deep core levels of atoms can escape without scattering and
energy loss. The photoelectron spectrum is the distribution of unscattered electrons vs.
their kinetic energy in vacuo. From this spectrum it is possible to determine the
binding energy of the electrons, which is characteristic of the atoms on the surface.
The binding energy of an electron is slightly affected by its electronic environment, so
information can also be obtained about the oxidation state of the atom. The XPS
investigation does not seriously damage the sample studied. XPS is frequently also
used when studying conducting polymers in order to obtain atomic information on the
composition of the surface layers formed on the electrode [3, 20, 592-594]. Energy
dispersive X-ray spectroscopy (EDS or EDX) has also been used [95, 100, 582, 587].

3.3.3 X-Ray Diffraction and Absorption [146, 207, 470, 486,
595, 596]

XRD techniques are used to obtain information on the crystal structure [20, 146,
207, 470, 486, 595, 596]. The in situ study of an electrode is also possible, i.e.,
following the changes as a function of potential. The X-ray absorption near edge
structure (XANES) and extended X-ray absorption fine structure (EXAFS)
techniques as well as are also applied to study noncrystalline materials.

X-ray diffraction (XRD) studies provide information on the crystallinity of the
polymer. For example, it was found by Manisankar et al. [419] that the copolymer
of aniline and 4,4’ -diaminodiphenyl sulfone contains nanosized crystalline regions,
especially in oxidized (doped) form. In Fig. 3.32, the relatively sharp peaks are
related to the crystalline region (crystallite size 83 nm), while the amorphous
regions are represented by the broad low-intensity peaks.

3.3.4 Electrospray Ionization Mass Spectrometry [597—606]

Mass spectrometry (MS) has been used for the ex situ identification of volatile
electrolysis products. Another approach is to introduce the solution from the cell
into the mass spectrometer using thermospray or electrospray techniques
[400, 597-606].

Especially the latter method and its most recent version [597, 599, 601-603,
606], desorption electrospray ionization mass spectrometry (DESI-MS), have been
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applied successfully to the study of surface layers, including conducting polymers.
Pyrolysis-gas chromatography/mass spectrometry has also been used for studying

polymer film electrodes [607].
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Chapter 4
Chemical and Electrochemical Syntheses
of Conducting Polymers

Polymers can be prepared using chemical and/or electrochemical methods of
polymerization (see Chap. 2), although most redox polymers have been synthesized
by chemical polymerization. Electrochemically active groups are either incorpora-
ted into the polymer structure inside the chain or included as a pendant group
(prefunctionalized polymers), added to the polymer phase during polymerization,
or fixed into the polymer network in an additional step after the coating procedure
(postcoating functionalization) in the case of polymer film electrodes. The latter
approach is typical of ion-exchange polymers. Several other synthetic approaches
exist; in fact, virtually the whole arsenal of synthetic polymer chemistry methods
has been exploited. Polyacetylene—now commonly known as the prototype
conducting polymer—was prepared from acetylene using a Ziegler—Natta catalyst
[1-7]. Despite its historical role and theoretical importance, polyacetylene
has not been commercialized because it is easily oxidized by the oxygen in air
and is also sensitive to humidity. From the point of view of applications, the
oxidative electrochemical polymerization of cheap, simple, aromatic (mostly
amines) benzoid (e.g., aniline [8—64], diphenylamine [65], o-phenylenediamine)
or nonbenzoid (e.g., 1,8-diaminonaphthalene, 1-aminoanthracene, see Chap. 2) and
heterocyclic compounds (e.g., pyrroles [13, 66-85], thiophenes [86—103], indoles,
azines [104—110]) is of the utmost interest. Chemical oxidation can also be applied
(e.g., the oxidation of aniline [111-117] or pyrrole [118] by Fe(ClO4); or
peroxydisulfate in acid media leads to the respective conducting polymers), or
less frequently reductive polymerization is also possible [119, 120]. The electro-
chemical polymerization is preferable, especially if the polymeric product is
intended for use as a polymer film electrode, thin-layer sensor, in microtechnology,
etc., because potential control is a prerequisite for the production of good-quality
material and the formation of the polymer film at the desired spot in order to serve
as an anode during synthesis. A chemical route is recommended if large amounts of
polymer are needed. The morphology of the polymer strongly depends on the
conditions of electropolymerization. For instance, the effects of pH on the oxidative
electropolymerization of aniline and on the morphology and other properties of the
resulting polymer have been reviewed recently [53]. It has been demonstrated that
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the formation of supramolecular structures such as nanoglobules, nanofibers,
nanotubes, and microspheres strongly depends on the conditions of polymerization
[53]. The polymers are obtained in an oxidized, high conductivity state containing
counterions incorporated from the solution used in the preparation procedure.
However, it is easy to change the oxidation state of the polymer electrochemically,
e.g., by potential cycling between the oxidized conducting state and the neutral
insulating state, or by using suitable redox compounds. The structure and conduc-
tivity can be altered through further chemical reactions [29].

The mechanism and the kinetics of the electropolymerization—especially in the
cases of polyaniline [8—64] (see Fig. 4.1) and polypyrrole [13, 66—85]—have been
investigated by many researchers. Two points have been addressed: the chemical
reaction mechanism and kinetics of the growth on a conducting surface. Owing to
the chemical diversity of the compounds studied, a general scheme cannot be
provided. However, it has been shown that the first step is the formation of cation
radicals. The subsequent fate of this highly reactive species depends on the experi-
mental conditions (composition of the solution, temperature, potential or the rate of
the potential change, galvanostatic current density, material of the electrode, state
of the electrode surface, etc.). In favorable cases, the next step is a dimerization
reaction, and then stepwise chain growth proceeds via the association of radical
ions (RR route) or the association of a cation radical with a neutral monomer (RS
route) [8—124]. There may even be parallel dimerization reactions leading to
different products or to a polymer with a disordered structure.

The inactive ions present in the solution may play a pivotal role in the stabiliza-
tion of the radical ions. Potential cycling is usually more efficient than the
potentiostatic method, i.e., at least a partial reduction of the oligomer helps the
polymerization reaction. This might be the case if the RS route is preferred and
the monomer carries a charge, e.g., a protonated aniline molecule (PANI can only
be prepared in acidic media; at higher pH values, other compounds such as
p-aminophenol, azobenzene, and 4-aminodiphenylamine are formed.). A relatively
high concentration of cation radicals should be maintained in the vicinity of the
electrode. The radical cation and the dimers can diffuse away from the electrode.
Intensive stirring of the solution usually decreases the yield of the polymer pro-
duced. The radical cations can react with the electrode or take part in side reactions
with the nucleophilic reactants (e.g., solvent molecules) present in the solution.
Usually, the oxidation of the monomer is an irreversible process and takes place at
higher positive potentials than that of the reversible redox reaction of the polymer.
However, in the case of azines (e.g., 1-hydroxy-phenazine [125-127], methylene
blue [104, 107, 109], neutral red [105, 107, 108]), reversible redox reactions of the
monomers occur at less positive potentials, and this redox activity can be retained in
the polymer, i.e., the polymerization reaction that takes place at higher potentials
does not substantially alter the redox behavior of the monomer. For instance, the
catalytic activity of methylene blue towards the oxidation of biological molecules
(e.g., hemoglobin) is preserved in the polymer [104].

A knowledge of the kinetics of the electrodeposition process is also of the utmost
importance. It depends on the same factors mentioned above, although the role of
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Fig. 4.1 The reaction scheme for the electropolymerization of aniline (Reproduced from [61]
with the permission of Elsevier Ltd.)

the material and the actual properties of the electrode surface are evidently more
pronounced. For example, the oxidation of aniline at Pt is an autocatalytic process.
The specific interactions and the wetting may determine the nucleation and the
dimensionality of the growth process. Two or more stages of the polymerization
process can be distinguished. In the case of PANI, it has been found that initially,
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a compact layer (L ~ 200 nm) is formed on the electrode surface via potential-
independent nucleation and the two-dimensional (2-D, lateral) growth of PANI
islands. At the advanced stage, 1-D growth of the polymer chains takes place with
continuous branching, leading to an open structure [11, 15]. It is established that—
in accordance with theory [128]—the density of the polymer layer decreases with
film thickness, i.e., from the metal surface to the polymer—solution interface.

The very first stages of the electropolymerization were investigated using in situ
FTIR, attenuated total reflection (ATR), and IR reflection absorption spectroscopy
(IRRAS), which revealed that the mechanism of PANI formation is influenced by
the deposition of oligomers, and the highest growth rate in cyclic electropoly-
merization occurs during the cathodic potential scan [129]. The film morphology
(compactness, swelling) is strongly dependent on the composition of the solution,
notably on the type of counterions present in the solution, and the plasticizing
ability of the solvent molecules [34, 36, 44, 48, 64]. The effect of the counterions
is illustrated in Fig. 4.2. The order of the growth rate depends on the nature
of the anions (at the same positive potential limit and acidity) as follows:
4-toluenesulfonic acid (HTSA) > 5-sulfosalicylic acid (HSSA) > HCIOy4. This
may be assigned to the stabilizing effect of the larger anions, i.e., lesser cationic
oligomers formed at the surface diffuse into the solutions due to the lower solubility
of the salts (ion pairs). It has been established that BF,~, ClO, , and CF;COO™
ions promote the formation of a more compact structure, while the use of Cl™,
HSO,,NOs;~, TSA™, and SSA™ results in a more open structure during electropo-
lymerization [34, 36, 44, 48, 64]. Another finding is that certain anions (CI,
HSO,~, ClO4") also affect the apparent dissociation constant of PANI in its
reduced form [130-132].

The formation of the polymer involves about 2 mol electrons, associated with
1 mol of aniline [18, 26, 122, 123]. The growth rate is proportional—except for
during the early induction period—to the square root of the film volume, and it is
first order with respect to aniline concentration [55, 56]. Due to the autocatalytic
nature of the electropolymerization, the positive potential limit of cycling can
be decreased after 2—-10 cycles, which is a common practice used to avoid the
degradation of the polymer due to the hydrolysis of the oxidized PANI
(pernigraniline form) [26, 35, 48, 55] (see Fig. 4.2). Although it is still debated,
the appearance of the “middle peak” most likely reflects the occurrence of oxida-
tive hydrolysis and degradation, and it can be assigned to the redox reaction
of benzoquinone [61]. As well as the head-to-tail coupling that results in the
formation of p-aminodiphenylamine, tail-to-tail dimerization (benzidine) also
occurs; however, the latter is considered to be a minor dimer intermediate because
the rate constant of dimerization for RR coupling that produces the former product
(k is ca. 108 dm® mol ! sfl) is about 2.5 times higher than that for the tail-to-tail
dimer [61]. The degradation process should be considered for other polymer films,
but it can also be controlled electrochemically [79]. If the conditions are not
carefully optimized, a mixed material containing electrochemically active and
conducting as well as inactive and insulating parts is generally deposited on the
surface [79]. It has been demonstrated that the current density is a crucial
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Fig. 4.2 The cyclic voltammograms and the simultaneously detected EQCN frequency changes
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parameter in the synthesis of polypyrrole (PP) [68, 80, 84]. The structure of PP is
dominated by one-dimensional chains at low current densities, while two-
dimensional microscopic structures of the polymer are formed at high current densities
[68, 80]. The structure substantially affects the conductivity of the polymer phase, the
conductivity of the 2-D form is higher, and its temperature dependence is lower, which
is of importance when this polymer is used for practical purposes. Detailed studies
have shown that the more conductive 2-D islands are interconnected by short 1-D
chain segments which act as tunneling barriers [80]. As described in Sect. 3.2.7.2,
during the electropolymerization of polythionine films, structural changes occur
during film thickening [133]. The results of ellipsometric measurements attest that
during the growth of PEDOT films (up to a thickness about 200 nm), similar phenom-
enon occurs [134]. The factors affecting the morphology of growing thin films such as
surface diffusion, growth, step-edge barrier, etc., have been analyzed by molecular
simulation techniques [135]. Albeit mostly the deposition by electropolymerization
has been studied, the chemical synthesis and deposition of polyaniline on a metal
substrate were also evaluated by using the measurement of the variation of the open-
circuit potential, mass, and impedance [135]. Nucleation and growth mechanism
during cyclic voltammetric and potential step electropolymerization of methylene
blue (MB) in a basic medium were studied in detail. The effect of preparation potential
on structure and morphology of the poly(methylene blue) film formed was
investigated by using scanning tunneling microscopy (STM), atomic force micros-
copy (AFM), and UV-Vis absorption spectroscopy techniques. The results indicate
that the deposition process starts with a progressive layer-by-layer nucleation and
growth besides random adsorption. It is followed by a process involving both progres-
sive layer-by-layer and 3D instantaneous mechanism resulting in highly oriented poly
(methylene blue) nanofibers with increasing film thickness. Films prepared between
the potential values of 900 and 950 mV show a well-ordered, smooth surface, but at the
potential values higher than 1,000 mV, rough polymer surface arises as overoxidation
takes place [106]. The effect of the conditions of electropolymerization and the
properties of the resulting films in the case of polypyrrole [83] including the formation
of nanostructures and nanocomposites [67] were analyzed recently. The growth
mechanism of PP under potentiostatic conditions was studied in detail; the
substrate effect was emphasized [75].

It has also been demonstrated by scanning microscopies that film growth at
submicrometer or micrometer structured substrates is not restricted to conductive
substrate domains. Instead, after the film thickness has risen to the level of the
surrounding insulator, lateral outward growth on the nonconductive part also occurs
[127]. This is a phenomenon that should be taken into account in microtechnical
applications.

Although the region close to the electrode surface exhibits a more or less well-
defined structure, in general the polymer layer can be considered to be an amor-
phous material [11, 15, 16, 82]. However, there are rare reports of crystalline
structures too.

For instance, poly(p-phenylene) films obtained by the electrooxidation of ben-
zene in concentrated H,SO,4 emulsion show a highly crystalline structure [136, 137].
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The conditions for polymerization were also found to be crucial in relation to
polythiophene and polybithiophene films [86—103]. The relatively high potential
required for the oxidation prevents the use of many metallic substrates. The
electrochemical oxidation of substituted thiophenes and thiophene oligomers yields
conducting polymers, and these compounds can be electropolymerized at less
positive potentials, so it is a good strategy to use these derivatives instead of
thiophene (see Sect. 2.2.2.4). Another approach is the deposition of a thin
polypyrrole layer that ensures the deposition of polythiophene on these substrates
(e.g., Ti, Au) [92]. Many other polymers as well as copolymers and composites
(see Chap. 2) can also be synthesized.

Although deaerated solutions are usually used during electropolymerization,
it has been proven that the presence of oxygen increases the amount of poly(neutral
red) deposited on the electrode [138].

The choice of the supporting electrolyte is important not only in relation to the
morphology and properties of the polymer; in several cases, the formation and
deposition of the polymer can only be achieved using special electrolytes.

For instance, poly(9-fluorenone) can be electropolymerized in boron trifluo-
ride diethyl etherate (BFEE) media, while the polymerization takes place in
CH,Cl,-BuyNBF,, albeit with a much smaller rate, and polymer formation cannot
be observed in acetonitrile-BuyNBF,, as seen in Fig. 4.3 [139].

This effect has been explained by the interactions between the BFEE, which is a
midstrength Lewis acid, and the aromatic monomers. The interactions lower the
oxidation potential of the monomers, and the catalytic effect of BFEE facilitates the
formation of high-quality polymer films.

As well as the nature and concentration of the supporting electrolytes (monomer
concentration, temperature, etc.), organic additives also influence the morphology of
the polymer film. Figure 4.4 shows SEM pictures of PANI prepared by the electropo-
lymerization of aniline in the absence and presence of methanol, respectively.

When alcohols were added to the electrolyte used in the electropolymerization,
PANI nanofibers were formed with diameters of approximately 150 nm, which
agglomerate into interconnected networks. This effect has been explained in terms
of interactions between the methanol molecules and the polyaniline chains; i.e., the
PANI chains are wrapped by alcohol molecules due to intermolecular H-bonding,
which is advantageous to the one-dimensional growth of the polymer [63].

Rotation of the electrode during electrochemical polymerization has been shown
to have a strong influence on the rate of formation of electrochemically
polymerized films, and it affects the morphology and conductivity of the polymer.
For instance, it has been demonstrated that A4,4'-di-cyclopenta [2.1-b; 3',4’-b']-
dithiophene grows faster at higher rotation rates, and the morphology changes from
fibrillar to globular structures. Both the electronic and ionic conductivities of the
polymer increased by two orders of magnitude [140]. It is thought that the main
effect of electrode rotation, when high monomer concentrations are used, is the
removal of oligomers from the vicinity of the electrode, minimizing their precipi-
tation. Consequently, only the polymerization of the species grafted on the elec-
trode surface takes place, which results in a better-quality polymer film. It should be
mentioned that in other cases a drop in the deposition rate has been reported [141].
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Fig. 4.3 Cyclic voltammograms of 3 x 1072 mol dm > 9-fluorenone in (a) BFEE, (b) acetoni-
trile + 0.1 mol dm™> BuyNBF,, and (¢) CH,Cl, + 0.1 mol dm™? BuyNBF,, respectively. Scan
rate: 50 mV s~ ! (Reproduced from [139] with the permission of Elsevier Ltd.)

Ultrathin functional films can be prepared with finely adjusted film thickness and
properties by a layer-by-layer (LbL) method. Such multilayers are fabricated by the
alternated adsorption of anionic and cationic polyelectrolytes. These polyelectro-
lyte multilayers are self-compensated in terms of the charge; however, the intro-
duction of redox ions such as Fe(CN)647 or Os(bpy)g,3 * is also possible [142].

Higher electronic conductivity has been achieved by template synthesis using
polycarbonate membranes [40], and this method has also been exploited to obtain
nanostructures [46, 78].
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Fig. 4.4 Scanning electron microscopic pictures showing the effect of alcohols on the morphol-
ogy of PANI films. The films were synthesized under potentiostatic conditions at 0.8 V vs. SCE
from solutions containing 1 mol dm™> HCI and 0.2 mol dm™ aniline without (a) and with (b)
0.5 mol dm > methanol (Reproduced from [63] with the permission of Elsevier Ltd.)

Fig. 4.5 Transmission electron micrograph of PANI nanotubes (Reproduced from [46] with the
permission of Elsevier Ltd.)

Figure 4.5 shows a transmission electron micrograph of PANI nanotubes
obtained by chemical oxidative polymerization and separated from a polycarbonate
membrane. The polycarbonate template was removed by dissolving the samples in
chloroform and then by filtering the green precipitate. The rest of the polycarbonate
was removed by extraction using H,SO4 when the PANI nanotubes precipitate at
the chloroform—acid interface [46].

Spectacular fractal patterns can be obtained by utilizing a needle-to-circle
electrode configuration [74].

It is also possible to modify the deposited conducting polymer in order to change
its electrical, optical, and other properties. For instance, polyaniline film was
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modified by subsequent electrodeposition of diaminomethylbenzoate (Fig. 4.6) [29,
143]. As a comparison of the spectrum of PANI—where the absorbance related to
the delocalized electrons at 4 > 600 nm is clearly apparent—with the spectrum of
the modified PANI shown in Fig. 4.7 reveals, the electronically conductive parent
polymer can be transformed into a redox polymer. However, the electrochemical
behavior, the color [29], and the conductivity [143] of the polymer during the
modification procedure can easily be regulated, and so the required properties can
be finely turned [29, 143].

Electropolymerization can be executed using droplets and particles immobilized
on the surfaces of inert electrodes [144]. Water-insoluble monomers can be used for
this purpose, and the electropolymerization is carried out in aqueous electrolytes.
Microcrystals can be attached to platinum, gold, or paraffin-impregnated graphite
(PIGE) by wiping the electrode with a cotton swab or filter paper containing the
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Fig. 4.6 Cyclic voltammograms (a) and the simultaneously obtained EQCN frequency changes
(b) during the deposition of 3,5-diaminomethylbenzoate onto PANI film on Au. Solution compo-
sition: 0.13 mol dm™> diaminomethylbenzoate and 2 mol dm™3 H,SO,. Scan rate: 100 mV s !
(Reproduced from [29] with the permission of Elsevier Ltd.)
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Fig. 4.7 The subtracted UV-Vis—NIR spectra of PANI (a) and modified PANI (b), respectively,
obtained in situ at different potentials: (/) —0.35 V; (2) —0.25; (3) —0.15; (4) —0.05; (5) 0.05;
(6) 0.15; (7) 0.25; (8) 0.35; (9) 0.45; (10) 0.55; and (11) 0.65 V. Solution: 1 mol dm—> H,SO,.
AA = Abs(E) — Abs(E = —0.35 V) (Reproduced from [29] with the permission of Elsevier Ltd.)

material. Alternatively, the electrodes can be covered with the monomer using an
evaporation technique; i.e., the microcrystals are dissolved in appropriate solvents
(e.g., tetrahydrofuran), and some drops of the solution are placed onto the electrode
surface. After the evaporation of the solvent, a stable monomer layer remains on the
surface. The attachment of microdroplets requires more skill. A 1-2-ul drop of
monomer is placed on the electrode surface using a micropipette or syringe. If this
electrode is carefully immersed into the aqueous solution, the droplet remains on the
electrode. The surface tension of water, which is much higher than that of most organic
liquids, plays an important role, but the difference in densities can also be controlled
by varying the concentration of the electrolyte. A small “spoon” made from Pt plate
can also be fabricated, which can be used to place the organic droplet in this
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small vessel. Figure 4.8 shows the electropolymerization of 3-methylthiophene
droplets attached to a PIGE in the presence of an aqueous solution containing
0.5 mol dm ™ LiClO, [91].

The cyclic voltammograms and the changes that occur to them during repetitive
cycling are similar to those of 3-methylthiophene oxidation in acetonitrile. When
a platinum electrode is used, the color change (red-blue) due to the redox transfor-
mation of poly(3-methylthiophene) is easily visible. A visual inspection also reveals
that the electropolymerization reaction starts at the three-phase junction, as theoreti-
cally expected, since in this region, the electron transfer between the metal and
the monomer, as well as the interfacial transfer of the charge-compensating
counterions between the droplet and the contacting electrolyte solution, can proceed
simultaneously.

Electropolymerization using carbazole [145] and diphenylamine [65, 146]
microcrystals has also been described. Figure 4.9 shows the cyclic voltammograms
and the simultaneously detected EQCN frequency curves obtained during the
electropolymerization of carbazole deposited by an evaporation method on gold.
Due to the small amount of carbazole, the electropolymerization was completed
during a single cycle (curve 2, Fig. 4.9). The amount of counterions and solvent
molecules incorporated during the oxidation process can be calculated from the
mass change since in this case, the polymer deposition does not contribute to the
mass change. The next two cycles (Fig. 4.10) show the redox response of
polycarbazole and the accompanying mass change. The high anodic current peak,
which is due to the formation of cation radicals, dimers, the further oxidation of
dimers, as well as the formation of the oxidized polymer, did not appear.

Consecutive cyclic voltammetric curves obtained for diphenylamine micro-
crystals attached to a platinum electrode in the presence of aqueous solution
containing 1 mol dm* H,SOy are shown in Fig. 4.11 [65].

The high oxidation peak at ca. E = 0.73 V vs. SCE is caused by the formation
of diphenylamine cation radicals (DPAH"), the C—C para-coupled dimerization of
these cation radicals to diphenylbenzidine (DPBH,), and the further oxidation of
DPBH,. The progressively developing waves (Ep,, ~ 0.52 'V, E,. = 0.43 V) belong
to the reversible redox process of the dimer or of the polymer. The redox transfor-
mation of the polymer is accompanied by a color change from colorless (reduced)
to a bright blue (oxidized) form. The reaction starts at the three-phase boundary
since diphenylamine is an insulator; however, the formation of electronically
conducting polymer wires provides an opportunity to enhance electron transport
within the microcrystal bulk [65].

Copolymers are usually prepared by copolymerizing the two monomers. Differ-
ent concentration (feed) ratios of the monomers are used to vary the composition of
the resulting copolymer (See also Sect. 2.4 and the citations therein.) These efforts
have mainly been directed at improving the mechanical properties and processabil-
ity as well as altering the conductivity and optical and other properties of the
polymeric material for special practical purposes.
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Fig. 4.8 Consecutive cyclic
voltammetric curves obtained
for 3-methylthiophene
droplets attached to a
paraffin-impregnated graphite
electrode in the presence of an
aqueous solution containing
0.5 mol dm ™~ LiClO,.
Cycles: (a) 1-4 (curves 2-5);
(b) 5-14; (¢) 15-24 and
25-34. Curve 1 shows the
background current of the
uncoated PIGE. Scan rate:
100 mV s~" (Reproduced
from [91] with the permission
of Elsevier Ltd.)
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Fig. 49 The cyclic voltammetry curves and the simultaneously detected frequency changes
obtained for the gold substrate (/) and the virgin carbazole layer deposited on a gold electrode
(2), respectively. Solution: 9 mol dm™ HCIO,. Scan rate: 50 mV s~ (Reproduced from [65] with
the permission of Elsevier Ltd.)
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Fig. 4.10 The continuation of the experiment shown in Fig. 4.9 (the second and third cycles)
(Reproduced from [65] with the permission of Elsevier Ltd.)

As an illustrative example, the cyclic voltammograms obtained during the
electrochemical copolymerization of aniline (ANI) and o-aminophenol (OAP) are
shown in Fig. 4.12 [147].
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Fig. 4.11 Consecutive cyclic voltammetric curves obtained for diphenylamine microcrystals
attached to a platinum electrode (4 = 1 cm?) in the presence of aqueous solution containing
1 mol dm™3 H,SO, (Reproduced from [146] with the permission of Elsevier Ltd.). Scan rate:
100 mV s~ L. Cycles: (a) 1-5, (b) 11-30 (started after a 3 min delay at —0.2 V), cycles: (c¢) 31-50
and (d) 71-90 (started after a 3 min delay at —0.2 V)

The oxidation of the hydroxyl group of OAP occurs at 0.7 V, while the oxidations
of the amino groups of both monomers occur at ca. 1 V. The cyclic voltammograms
are different from those of PANI and POAP at all concentration ratios.

According to Holze [147], the redox pair (Ep, = 0.32 V and E,. = 0.28 V) that
can be seen in Fig. 4.12a is related to the copolymer, as neither PANI nor POAP
shows such voltammetric peaks. The brownish-blue color of the polymer film
obtained at a concentration ratio of 1:10 also differs from that of the monopolymers.
The color of the films formed at other concentration ratios was yellow. The
synthesized poly(aniline-co-o-aminophenol) was found to be electroactive, even
at pH 10, and its conductivity was decreased by three orders of magnitude com-
pared to PANIL.

Composites have been prepared by rather different methods due to the great
variety of inorganic and organic materials used (See also Sect. 2.5 and Chap. 7).

Lamellar nanocomposites consisting of layered inorganic compounds and
conducting polymers display novel properties which result from the molecular-
level interactions of two dissimilar chemical components. The intercalative
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Fig. 4.12 The cyclic voltammograms obtained during the copolymerization of aniline (ANI) and
o-aminophenol (OAP) at different concentration ratios: (a) | mM OAP + 20 mM ANI; (b) 2 mM
OAP + 20 mM ANIL (¢) 3 mM OAP + 20 mM ANI; and (d) 4 mM OAP + 20 mM ANIL
Supporting electrolyte: 0.5 mol dm~> H,SO,. Scan rate: 50 mV s~! (Reproduced from [147]
with the permission of Springer-Verlag)

polymerization of aniline in an «-RuCl; host has recently been reported. The
insertion of aniline into «-RuCl; has been executed by soaking the «-RuClj; crystals
in aniline or aniline/acetonitrile solution. It has been proven that polyaniline is
formed between the RuCl; layers, which are composed of hexagonal sheets of Ru
atoms sandwiched between two hexagonal sheets of Cl atoms with ABC stacking.

The RuCl; is a strongly oxidizing host which can take up the electrons from the
aniline, leading to the formation of polyaniline (PANI). Simultaneously, a fraction of
the Ru®* atoms are reduced to Ru?*, resulting in a mixed-valence compound. The
host material will have a negative charge, and RuCl;™ sites can act as counterions for
anilinium cations and charged PANI in the nanocomposite (PANI)Z* (RuCl; ); - The
X-ray diffraction patterns of the samples revealed that the structure of the inorganic
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host was preserved; however, the separation of the RuCl; layers increases by
Ad = 0.62 nm.

It has been established that the charge transport—which occurs by electron
hopping between the ruthenium ions in the mixed-valence compound—is substan-
tially enhanced by the presence of the conductive polymer. The results of the
thermopower study indicate a bulk-metal-like conductivity which is controlled by
the conductive polymer. (PANI),(RuCl3), shows a room temperature conductivity
of ca. 1 S cm ™. It was suggested that the combination of the high conductivity of
the polyaniline with the wide-ranging catalytic properties of RuCl; could provide
new materials with valuable electrocatalytic properties [148].

Figure 4.13 shows the cyclic voltammograms obtained for RuCl; and
(PANI),(RuCly), samples attached to a gold electrode and studied in the presence
of 0.5 mol dm73yHC1.

In these experiments, first pure o-RuCl; and then (PAND),(RuCls),, prepared by
1-week-long soaking of o-RuCl; microcrystals in aniline, were immobilized at the
gold surface. The nanocomposite was washed with 0.5 mol dm > HCI before use.
A comparison of the cyclic voltammograms displayed in Fig. 4.13a reveals
that the oxidation of Ru®* to Ru** becomes easier since wave II moves in the
direction of smaller potentials while the reduction process remains unaltered. This
is related to the presence of polyaniline, which conducts in this potential region and
probably enhances the charge transfer processes. The waves belonging to the
leucoemeraldine (LE) = emeraldine (E) transition are clearly seen in Fig. 4.13a
(waves III and IV). Figure 4.13b shows the cyclic voltammograms obtained at a
slow scan rate over the whole potential region and where the redox transformations
of RuClj; play no role (i.e., the response of the PANI can be seen), separately.

The electrochemical activity of PANI decreases with increasing pH, and at
pH > 5 (except in the case of self-doped films), no redox response can be observed.
Figure 4.14 shows the voltammograms of the nanocomposite in the presence of
0.5 M HClI and 0.5 M NaCl.

Although both of the waves belonging to the Ru®* — Ru?** and LE — E
transitions, respectively, move in the direction of higher potential, it is clearly
apparent that the electrochemical activity (see waves III and IV) of PANI was
preserved (The sharp pair of waves at low potentials is a typical response of
o-RuCl3 in neutral salt solutions).

Another strategy is the sol-gel preparation technique. Nanocomposites of V,05
xerogel and polypyrrole were prepared from vanadyl tris(isopropyloxide)
(VCyH,;04) precursor and pyrrole monomer by in situ oxidative polymerization
of the pyrrole in the sol stage by gelation. Unlike other sol-gel nanocomposite
synthetic routes, in this case—due to the stability of the solution—a thin homoge-
neous film could easily be deposited on various substrates. After casting on the
given substrate, the system was heated at 100°C for 2 h. X-ray diffraction revealed
that the PP chains are intercalated within the interlayer region of the V,0s, leading
to an increase in the d-spacing from 1.185 nm for V,Os5 to 1.38 nm for the
nanocomposite [149]. This nanocomposite shows higher specific capacity, faster
Li* ion diffusion, and higher electronic conductivity than the parent oxide.
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Fig. 4.13 Cyclic voltammograms obtained at different scan rates, (a) v =50 mV s~' and

(b)v =5mV s~!, for Au-RuCl; (curve I) and for Au—~(PANI) (RuCly), (curves 2, 3, 4). Electrolyte:
0.5 mol dm™ HCI (Reproduced from [148] with the permission of Springer-Verlag)

A detailed literature survey of V,05 conducting polymer nanocomposites can also
be found in [149].

A sandwich-type composite film consisting of PP and CoFe,O, nanoparticles
has been prepared by a three-stage procedure; i.e., electropolymerization of pyrrole,
then a second layer was deposited on the graphite—PP electrode by electropoly-
merization from a solution containing pyrrole and oxide nanoparticles, and finally,
a top layer of PP was also created using electropolymerization [150]. This com-
posite electrode exhibits electrocatalytic activity (see Chap. 7) towards oxygen
reduction.
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Fig. 4.14 Cyclic voltammetric curves obtained for a Au—(PANI)(RuCly), electrode in the
presence of (/) 0.5 mol dm™ HCI and (2) 0.5 mol dm™ NaCl, respectively. Scan rate:
5mV s~' (Reproduced from [148] with the permission of Springer-Verlag)

The application of combined electrochemical and nonelectrochemical tech-
niques, such as piezoelectric nanogravimetry at EQCN [29, 48, 52, 65, 91, 93,
109, 138, 148, 151-153], radiotracing [26, 27], various spectroscopies [29, 87, 135,
152—157] and microscopies [87, 94, 127, 133], ellipsometry [82, 134, 158], con-
ductivity [100, 143, 151], probe beam deflection [42, 89], and surface plasmon
resonance [159], has allowed us to gain very detailed insights into the nature
of electropolymerization and deposition processes, and so the production of
conducting polymers, polymeric films, and composites with desired properties is
now a well-established area of the electrochemical and material sciences.
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Chapter 5
Thermodynamic Considerations

As already discussed, interest of electrochemists is currently largely focused on
polymer-modified (film) electrodes. Here, the conducting polymer is deposited on
the surface of a substrate (usually a metal) and investigated or used in contact with
an electrolyte solution that does not contain the polymer. Evidently, no equilibrium
(adsorption equilibrium) will exist between the surface phase and the solution with
respect to the polymer. The modified electrode can be used if the polymer is stably
attached to the surface of the substrate. In most cases, no chemical bonds exist
between the substrate and the polymer; the polymer layer remains at the surface due
to the van der Waals forces between the substrate and the polymer, as well as
between the polymer chains in multilayer films. The adsorption model of de Gennes
[1] provides a description of this situation. It is based on the observation that the
polymer sticks to the substrate surface and cannot be desorbed by washing with the
pure solvent. This situation is expected when the surface tension of the pure
polymer melt is lower than that of the pure solvent. Although the individual energy
contribution of a segment of the polymer is small, the overall energy is large since
the small energy contributions add up. An important consequence of this metastable
adsorption is that the density of the polymer layer is usually not uniform. In fact,
the behaviors of several polymer film electrodes [2-9] have been explained by the
assumption of diminishing layer density from the metal surface. There is another
problem with polymeric systems, especially with polyelectrolytes: a true equilib-
rium situation is seldom established within the time scale of the experiments
since the relaxation process of the polymer network (gel) can be extremely long.
This is true not only with respect to polymer morphology (conformation) but also
with respect to membrane equilibria (in which ions and solvent molecules partici-
pate). Nevertheless, it is worth surveying the most important thermodynamic
relationships for an idealized situation. The surface polymer layer will be treated
as an amorphous swollen gel with a uniform structure and density in contact with a
solution containing solvent molecules and ions. In this case, both nonosmotic
and osmotic membrane equilibria, as well as the mechanical work done in swelling
the polymer, must be taken into account. In most cases, the situation is even
more complicated than that usually treated using a membrane equilibrium, since

G. Inzelt, Conducting Polymers, Monographs in Electrochemistry, 173
DOI 10.1007/978-3-642-27621-7_5, © Springer-Verlag Berlin Heidelberg 2012



174 5 Thermodynamic Considerations

the charge of the polymer changes during the redox reaction; in most cases,
a neutral polymer is transformed into a polyelectrolyte, and vice versa.

5.1 Neutral Polymer in Contact with an Electrolyte Solution

We should consider the partitioning equilibria of the solvent molecules, the neutral
salt, and the ions formed by dissociation. For all mobile species, the equilibrium
condition is

=0, w4 znFe =yl + PP (5.1)

where [ and ﬂiB are the electrochemical potentials of the ith species in phase o
(film) and phase B (solution), respectively, z; is the charge number of the species,
and ¢ is the inner electric potential of the phase. For a neutral entity (solvent or salt
molecules), fi; = y;, where y; is the chemical potential.

The solvent (s) content in the polymer phase obviously depends on the differ-
ence between the standard chemical potentials (1) of the solvent molecules in the
two contacting phases, since

1 =P = 1®* + RTIna* = 1i°% + RT Ina? (5.2)
therefore
p
ARE = 1% — 1% = RTIn = = RTInK, (5.3)
s = M : P

N

where aP and a? are the relative activities of the solvent in the respective phases,
and X is the partitioning equilibrium constant.

If 48 > uSP, ab > a2, and taking the activity coefficients y* = yP = 1 (dilute
solutions, quasi ideal system), CE > ¢¢. This is the case when the polymer is
hydrophobic and the solvent is hydrophilic. In other words, the interaction energies
between the polymer segments and between the solvent molecules are higher than
those between the polymer segments and the solvent molecules. In this case, the
polymer segments are not solvated by the solvent molecules, and hence there is no
solvent swelling of the polymer film. If the neutral polymer contains polar groups
(e.g., —OH, —NH,), water molecules will enter the polymer and the polymer phase
will eventually contain substantial amounts of water. Other effects, however, may
also be operative; e.g., the amount of cross-linking within the polymer.

Ions enter the film if their van der Waals and ion—dipole interactions with the
polymer are large. Ions can be solvated (hydrated) by both the polymer and the
solvent. A rough estimation can be achieved using Born’s theory.

According to the Born equation, the Gibbs free energy of solvation is
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2.2 1
AGigyy — — Az (1——), (5.4)

8megr &

and the Gibbs energy change when the ion is transferred from one solvent (phase o)
to another solvent (phase B) is

NpzZe? (1 1
A solv—=— """ _ |\ 5 g/ 5.5
Geo 8megr <8°‘ sﬁ) (5-5)

where N, is the Avogadro constant, &g is the permittivity of the vacuum, ¢, (as well
as ¢* and ¢P) is the relative dielectric permittivity of the solvent (i.e., for phases o
and P, respectively), e is the elementary electric charge, and z and r are the charge
and the radius of the ion.

It follows that if ¢, is small, the Gibbs free energy of ion transfer is small, and if
¢® > &%, AG, becomes positive, and so the sorption of ions in phase « is less likely.
If we assume that this electrostatic interaction dominates, i.e., AGgyy =2 A,ui%n ion,
and taking into account that &P (water) is 78 at 25°C while &* (organic phase) is
usually less than 10, the activity (concentration) ratio should be very small.
Of course, Az ion may also depend on the differences between other interactions
(e.g., van der Waals interactions) in the two phases.

By using (5.1) for a K} Aj- electrolyte that dissociates into v,K" and v_A" ions
(if the interface is permeable for both ions), we may write that

=gk, and o= pb, (5.6)

and therefore the following equations can be obtained for the activities of ions in the
polymer phase:

Aul. 2, FA

g+ :a{;exp (— Ig; >exp <— +RT 90), (5.7)
Aug- _FA

ay- :agexp(— I’?; >exp<—z RT SO), (5.8)

where Ap = ¢*—¢P, i.e., the interfacial potential drop, and A/z% = A/z%“ — A,u{;éB ,

AuS- = 1% — 1SP. The chemical potential of the electrolyte (ux ) should also be
the same in both phases since it is a neutral entity:

in = MRy = Vil v - = vifig. +v iy = vl =, (5.9)

where u is the mean chemical potential of the electrolyte, and v = v, + v_. Since
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Uga = VUL = v,ui—ﬁ—RTvlnai, (5.10)
o op _ o o 0
m“_g:u:anAB :1n°[3ﬁ+1n/—g, (5.11)
ay RT kA Vi

where cka is the concentration of the electrolyte and y, is the mean activity
coefficient.
Taking into account the electroneutrality condition, i.e.,

ZyVye =Z_V_ Of ZiCg+ = Z_Ca-, (5.12)

@, v, aﬁ i v_
aK+ aA7
o 1/z4 o 1/z-
(“‘g) - (“g) . (5.14)
ay. ay-

For an 1-1 electrolyte, and in dilute solutions (y+ = 1),

or

fo B

+ CA—
Ig =2 (5.15)
CK* Ca-

From (5.7) and (5.8), the interfacial electric potential drop can be expressed as
follows:

A:ug-’ - AME-‘F

e E—— (5.16)

Ap =

It follows that the sign of the potential difference depends on the sign of
the difference, A,uﬁ — A,u%, which is determined by the different interactions
between the polymer and the ions of opposite sign. For instance, a hydrophobic,
nonpolar polymer will interact more strongly with a hydrophobic ion. If the latter is
the cation (e.g., TBA"), the surface charge of the polymer will be positive, which is
compensated for by the excess negative charge of the anions in the solution phase.
An illustration of this scenario is shown in Fig. 5.1.

A rough estimation of the formation of ion pairs (salt molecules) can be achieved
using Bjerrum’s theory. The probability of ions with charges of opposite signs
associating increases with increasing ionic charge and with decreasing permittivity of
the phase. For instance, the association of alkali halides is negligible in water at 25°C;
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Fig. 5.1 The standard chemical potentials (z)

177

, the activities (a;), and the inner potentials () in

the case of a neutral, hydrophobic polymer and an aqueous solution containing (KA = K* + A7)

electrolyte

however, it becomes significant upon the addition of dioxan when ¢ < 30. The
relationship between the logarithm of the association constant (log K,ss..) and 1/¢ is
approximately linear. This means that the formation of ion pairs within a polymer phase
of low dielectric permittivity (¢ = 2—10) is expected. However, due to many other
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possible interactions (e.g., complex formation), a rather detailed investigation is needed
to estimate this effect for each system separately.

The situation is different when the interface is not permeable for one of the ions;
i.e., the polymer film behaves like an ion-exchange membrane. This is the case
when the polymer is charged, which is usually achieved by oxidation or reduction;
however, this can also be the result of protonation.

5.2 Charged Polymer in Contact with an Electrolyte Solution

Two cases should be considered (1) nonosmotic membrane equilibrium and
(2) osmotic membrane equilibrium. In the latter case, where solvent molecules
can enter the surface layer or the membrane, the situation is more complicated since
mechanical equilibria are also involved. We will start by considering nonosmotic
equilibrium.

5.2.1 Nonosmotic Membrane Equilibrium

For the sake of simplicity, we will consider a negatively charged polymer film
(negative sites are formed as a result of a reduction process) in contact with a K*A~
electrolyte. The concentration of the negatively charged sites (X ) is cx—, the value
of which depends on the potential according to the Nernst equation. At fixed
potential and a concentration of cky, the partitioning equilibrium (y.. is taken to
be 1) is

CprCa- = clﬁdcif = (CIEA)Z. (5.17)

Because of the electroneutrality condition
Cxr = Ca- + s (5.18)
o= = (5.19)

From (5.17)—(5.19), it follows that

1/2
% =0.5¢% + [(o.scgg)2 + (c{iA)z] ; (5.20)

1/2
- = —0.5¢% + [(o.scg;)2 + (c;;)z] : (5.21)
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When cg A / % <1, CI% ~ %-, and ¢%- = 0; i.e., the membrane behaves as a
cation exchanger. This condition is usually fulfilled, since the concentration of
the negatively charged sites in fully reduced polymer film is 1-5 mol dm >, while
the concentration of the contacting solution is usually 0.1-1 mol dm . However,
in the beginning of the reduction (e.g., in a cyclic voltammetric experiment),

¢%&- might be smaller than CIEA, or when a concentrated electrolyte is applied

(C]E A >5—15mol dm™3), the sorption of co-ions (anions in this case) should also
be considered (see Fig. 5.2). In the very beginning of the redox transformation, (5.3)
may also be operative if the neutral polymer has a low dielectric permittivity and
both Au® and Ay also change during the redox transformation. The Donnan
potential between the polymer membrane and the solution is

B
RT a
Ep = —In-X. (5.22)
F dy+
1
Substrate :
(Metal, M) Charged polymer (o) ! Solution (8)
Cg_ o C§+ :
c§+ = cﬁ = Cka
1
o 1
Ca- = 0 7 Cx-=0 B cﬁA
E 0B A = 0
- Yt & _ B
¢ p ii =X
Mo Y

c
K* 8 _ _
Cg+ = Cp = Cya o < B
oG v- S Cra
. — -
c:. ' Au; = 0
G -
; 7=t
v°‘ : pB
- ¥+ ]
M -4+
i A+ "
1
1
L]
L]
X
e - S

Fig. 5.2 The concentrations of the ions and the inner potentials in the different phases of a
modified electrode arrangement
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The dependence of the Donnan potential on the electrolyte concentration can be
obtained by combining (5.20) and (5.22) and taking the value of the activity
coefficient of K to be 1 or Y+ = ylﬁc. In fact, the terms containing the activity
coefficients [RT In(yg. / y&)} and Ay, are usually treated together, since they are
not accessible separately by any measurements. Additional hypotheses are needed
to assign the deviation from the ideal behavior either to the solvation effect, specific
interactions between the ions and the polymer, or to the interactions between
charged entities.

In the true membrane arrangement, when the conducting ion-exchange polymer
is situated between two solutions (I and II) of different concentrations, a Donnan
potential also arises at the other membrane—solution interface, which can be
expressed similarly; however, no equilibrium exists in this case.

A diffusion potential (Agygisr) arises within the membrane which depends on the
concentrations and mobilities of the ions within the membrane. For a perfectly
selective membrane (e.g., ¢%- =~ 0),

RT = . (I)
Ap e = — In—K 2 5.23
Paitt = I (1) (5.23)
and the Donnan potential
RT +(1
gy = R () (5.24)
F  ag+(I)

If more than one cation is present, due to the specific interactions between the
polymer and ions, a selectivity can be observed. Only electrostatic interactions were
considered above, which, of course, involve the differences between the charges of
the ions, which were not treated in our derivations but can easily be included. The
specific interactions are due to other forces (dipole, van der Waals, hydrogen
bonding, etc.).

If we consider two electrolytes (KA, BA) and the polymer film electrode
arrangement, we can write (5.1) for both K™ and B*, and the different specific
interactions can be expressed by different A,uiQ values according to (5.3).
Introducing the ion-exchange equilibrium constant (Kgg),

RT In K = &% + 2P — (ﬂ‘gﬁ n ,lgﬁ), (5.25)
B oo
ab.a%,
Kyp = K—g (5.26)
a%aB+

It follows that the ag;. /a3 ratio (i.e., the distribution within the polymer phase)
will depend on the difference in Ay values, and Kxg is a selectivity constant.
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When the membrane is in contact with solutions of different concentrations of
KA and BA on both sides, Kxp = (ug+/ug+)Kip, where ux, and up, are the
mobilities of the respective ions.

For the potential difference (Ap = AP o+ A%gp + Awgi)

_ R_T ai{‘f’ + KAB aiﬁ

A L 5.7
PTF Mal Kl -2

is obtained.
The membrane properties of electrochemically active polymer films, including
several examples, have been compiled by Doblhofer and Vorotyntsev [10—-12].

5.2.2 Osmotic Membrane Equilibrium and Electrochemical
and Mechanical Equilibria

During the redox transformations and the incorporation of ions and solvent
molecules into the polymer phase, a swelling of the polymer layer occurs; i.e.,
the state of the polymer phase depends on the potential. A volume change may also
take place when the molar volumes of the reduced and oxidized forms differ. To
obtain a thermodynamic description of the expansion or contraction of the polymer
network, a mechanical work term must be added to the equations used so far. We
may consider a polymer network where the chains are kept together by interchain
cross-links based on chemical bonds or weaker (e.g., van der Waals) forces. When
the interchain forces are weak, the sorption of solvent molecules may lead to
infinite swelling (i.e., to dissolution).

The deformation of the polymer layer may be plastic or elastic. Plastic deforma-
tion occurs during the break-in period when a freshly deposited film (e.g., the
polymer is deposited from an organic solvent solution using an evaporation tech-
nique) is placed in an aqueous electrolyte and the incorporation of ions and solvent
molecules is completed after many potential cycles. The elastic deformation is
usually reversibly coupled to the redox reaction.

5.2.2.1 Osmotic Membrane Equilibrium and Incorporation
of Solvent Molecules

In this case, the osmotic equilibrium is reached when

w = ub, (5.28)

where (i is the chemical potential of the solvent (s).
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The activity of the solvent in the polymer phase differs from that of the
electrolyte

s = 1S+ RT Inag + PV, (5.29)

where P is the pressure relative to the standard pressure p© used to define the
standard chemical potential, and V is the partial molar volume of the solvent.

If we assume that P* is higher than PP (i.e., there is an osmotic pressure drop
across the film/solution interface but the partial molar volume of the solvent
molecules is the same in both phases), then:

a:x
1 — b = Ay = 1&* — 1&P 4 (P* — PPYV, + RT In = (5.30)

S

(P* — PP)V, is the work needed to expand the polymer network, which is still
maintained by cross-links. This means that (5.3) or (5.11) must be extended with
this term.

5.2.2.2 Mechanical-Electrochemical Equilibrium and Incorporation
of Counterions

Of course, if the pressure difference exists, this mechanical work term is operative

for all species, including the freely moving ions and the redox sites. For each
charged species, (5.29) can be written as follows:

[ = 1> + RTIna? + z,Fp* + PV, (5.31)
The equilibrium situation between the surface film and the solution for ions that
enter the film from the solution can be expressed by taking into account the

mechanical free energy associated with the incorporation of counterions. Consider-
ing an anion exchanger (i.e., when the redox sites are positively charged),

o= (5.32)
and so the expression for the potential drop at this interface will be

p_ 1R —uR" RT di  Va(P*—PP)
T F F na§,+ F

o

Y —®

(5.33)

when the charges of both the anion and the redox sites are Izl = 1, and assuming
that V4 is independent of composition and pressure. At the substrate (metal, M) and



5.2 Charged Polymer in Contact with an Electrolyte Solution 183

film interface, where only electron transfer occurs, the equilibrium can be
represented by the equality of the electrochemical potential of the electron:

M= (5.34)
In the polymer phase (o), the following electron exchange reaction takes place:
Red = Oxt +e™. (5.35)
Therefore,
= iy — 5, (5.36)
and consequently the potential drop at this interface

(,OM _ (,00( _ 'ung. — /’tge?i + AueGM + R_T In a(%x PO‘(V%X — Vl%ed)
F F &, F ’

(5.37)

assuming that the partial volumes of the oxidized and reduced forms are different,
and neglecting the activity and volume changes (as usual) in the metal phase.

The addition of (5.33) and (5.37) gives the total potential difference between the
metal and the electrolyte solution.

Using an appropriate reference electrode, the Galvani potential difference
Ap = o™ — ©* can be measured against this reference potential, and the elec-
trode potential (E) can be given as follows:

RT o .0 RT NG S0 _ 9'7[3 P> PB 1%
E:EG—&-—lni);O"CSX—i-—ln/‘g C‘B* o) Sl +( =PV
F YRedCRea  F o 9h-c) F F

+ P (V3 — Viea): (5.38)

where the standard electrode potential (E®) belongs to reaction (5.35), the second
term is the Nernstian activity ratio term where the relative activities are expressed
by the product of the respective activity coefficients and concentrations, the third
term and the fourth term give the potential difference resulting from a Donnan-type
ionic equilibrium at the polymer film—solution interface, and the last two terms
express the mechanical equilibria. The fifth term is of importance when P” differs
from PP and its value increases when the partial molar volume of the counterion
increases. The sixth term should be taken into account if the internal pressure of the
polymer film is significant and the partial molar volumes of the oxidized and
reduced forms of the electrochemically active species differ substantially from
each other.

Equation (5.38) must be extended with (5.30) when solvent sorption plays a
significant role.
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When the activity coefficients are unknown, the formal potential (E7*') is used in
electrochemistry [13]. This approach, in principle, could also be followed in the
case of polymer film electrodes. However, the activity coefficients should be
independent of the potential—a requirement which is not fulfilled for these systems.
It is evident that during charging, both the electrostatic interactions and the chemi-
cal environment will change substantially, which will influence the values of
the activity coefficients to a great extent. In many cases, the concentration of
charged sites is as high as 1-5 mol dm > after complete oxidation or reduction,
and consequently it is expected that the values of 7, Y4, and 73~ (or y§.) will
increase significantly. Because we usually have no information on the function
y*(E), in order to elucidate the nonideal electrochemical behavior (e.g., the shape of
the cyclic voltammogram), an “interaction” parameter is introduced that relates to
the variations in the activity coefficients of the redox sites [second term in (5.38)].

Beside the excess internal pressure originating from osmotic phenomena due to
the transport of solvent molecules, the incorporation of counterions also contributes
to the development of a pressure difference, because the cross-linked polymer
network must expand to accommodate counterions. Evans et al. [14, 15] have
dealt with this problem and proved that for poly(vinylferrocene) (PVF) films the
latter is the important pressure-generating mechanism. Furthermore, in the case of
PVF, the term P*(V3, — VZ.4) can be neglected since Voy ~ 1.02 Vgeq, and the
effect of the incorporation of counterions dominates.

They considered only the elastic deformation of the polymer network, which is
reversibly coupled to the redox reaction. On the basis of this simplified model, the
following relationship for the electrode potential as a function of the fraction of
oxidized sites, f, was derived:

E=E+

RT f nVicKf
F ln1 —f+ R (5.39)

where the mechanical work term contains the modulus of elasticity, K, the molar
volume of the anion, V, the redox site concentration, c, the charge of the counter-
ion, z, and the number of electrons transferred from the film to the electrode
substrate, 7.

Despite the rather simplified nature of the model, the deviation of the experi-
mental data obtained for different PVF films from the ideal Nernstian response
without a mechanical contribution was nicely described (see Fig. 5.3).

The nonideality of the electrochemically active polymer film has also been
explained by the interactions of the redox sites [16] and the heterogeneity [17] of
the polymer layer.

Brown and Anson [16] assumed that the degree of interaction between the redox
sites depends on the concentrations of the reduced (c,) and oxidized (cp) sites, and
so the activity coefficients can be expressed as follows:

7a = exp[—(raaca + rascs)l, (5.40)
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Fig. 5.3 Comparison of 0.55 I T I T
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where a4, I'aB, I'eB, and g are the respective interaction parameters. Repulsive
interactions have r < 0, while attractive ones have r > 0. This approach has been
used in several papers [18, 19]. Albery et al. assumed a Gaussian distribution of the
standard potentials of the redox sites [17].

The concept of distributed formal redox potentials was introduced by Posadas
et al. [20] for the thermodynamic description of conducting polymers. The distri-
bution of the formal redox potentials was derived from the experimental data
obtained for PANI, POT, POAP, PBD, and polybenzidine polymers. In all cases,
a sigmoidal distribution function was found. The shape of the distribution function
was explained by a mechanical stress effect generated by the contraction and
expansion of the polymer film during the redox transformations.

The most comprehensive thermodynamic model that describes the redox
switching of electroactive polymers has appeared recently. Posadas and Florit
[21] considered the following phenomena: conformational changes; swelling due
to the sorption/desorption of solvent molecules; injection/ejection of ions that
specifically bind to the polymer; and ion ingress/egress in order to maintain
electroneutrality inside the polymer. Both the oxidized and reduced forms of the
polymer are considered to be polyelectrolytes; however, they have different chem-
ical natures. The polymer was treated as a separate phase in contact with an
electrolyte solution on one side (where the ionic exchange processes occur), and
with a metallic conductor on the other side (where the electron exchange takes
place). The apparent formal potential was calculated by taking into account the
different contributions to the free energy. The model was applied to the redox
transformation of polyaniline (PANI).
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The free energy of mixing the polymer with the solvent (AA,,) was calculated
based on the theory of Flory [22].

An = kT(Nilng, + Nolng,) + yMid, b, (5.42)

where ¢, and ¢, are the volume fractions of the solvent and the polymer, respec-
tively; N; is the number of solvent molecules inside the polymer phase; N, is the
number of chains; M, = N| + N, M (M is the average number of monomer units);
and y is the interaction parameter. The phase behavior of the polymer is governed
by yx (x < 0 for a good solvent, i.e., when interactions between the polymer
segments and the solvent molecules are larger than the segment-segment
interactions, and y > 0.5 for bad solvents, i.e., when the interactions between the
segments are stronger than the solvent—segment interactions).

The swelling equilibrium is established when the deformation of the polymer
network equals the osmotic pressure of the solvent. The corresponding free energy
change (AAy) is purely entropic [23-25].

AAg = —TASq = vMKT [lnq’)2 + 3( 72 1)} (5.43)

where vM is the number of monomer units that are participating in the deformation
process.

The change in the binding free energy (A,) was described by a Langmuir
isotherm:

AAp = kTB{ln(l —f) +fIn [ﬁ} } (5.44)

where B is the total number of binding sites (for PANI there are two types of
binding site: amine and imine groups), fis the fraction of the bound sites, and g is
the partition function of occupied sites.

The free energy change due to the incorporation of counterions into the polymer
phase to maintain the electroneutrality (A.) is:

Z2 Mf2¢2
Ag =2~ 5.45
1 0. (5.45)

The total free energy change of the polymer is
AAP(,] = AA, + AAg + AAy + AAg. (5.46)
The chemical potentials corresponding to the different free energy contributions

of the polymer are the corresponding derivatives with respect to M, which are
dependent only on ¢,:
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)

My F‘—} (1 = ¢5) + (1 — $3). (5.47)
2

(N, = 1 for a polymer network)

My = kT {m by + 3(¢*2/9 _ 1)} , (5.48)

Mb:ng{ln(l -f) +fln[(§>(1 —f)}}7 (5.49)

(g is the fraction of monomer units that are capable of binding protons, B = gM)
My = kT( dd‘;jfzf 2) (5.50)

The sum of all these contributions will be the chemical potential of each type of
polymer (i.e., Mpo, and M, for the reduced and oxidized forms, respectively).
When both types of polymers are present, a further conformational contribution
should be considered, except in the case of the complete independence of the two
types of polymers.

The description of the osmotic equilibrium is based on (5.2), and Ay, can be
determined from (0AApo1/ON1)y v, 7 = 0

The electrode potential (F) can be derived from the potential of the cell reaction
using an appropriate reference electrode:

FE = (MA) , (5.51)
ON. N.Nox,T

where F is the Faraday constant, N, is the number of electrons, N, and N4 are the
number of redox centers (N = Ngx + Ni.q), and

dA = [15xdNox + [lreqdNrea + fedNe + :upol,odepoLox =+ .Upol,reddeol,reda (5.52)
where [i,,, [l.q. and fi, are the electrochemical potentials of the respective redox
centers and the electrons.

The degree of advancement of the redox reaction (d&)

dé = dNox = _dNred = dNez (553)

and the number of redox centers are related to the number of units (M, = aN,, and
M, = oN,oq), thus

1
E = (f) [.uox — Hred + He + O((,upol,ox - Hpol,red)]v (554)

where Lox, Ured, and pl are the respective chemical potentials.
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Fig. 5.4 Calculated change
in the number of solvent
molecules (AN;) as a function
of the potential [21]
(Reproduced with the
permission of the American
Chemical Society.)

Fig. 5.5 Calculated change
in (open circles) the number
of expelled protons (Any) and
(solid circles) the number of
injected anions (Any) in the
polymer as a function of the
potential [21] (Reproduced
with the permission of the
American Chemical Society.)
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where 0 = Ny,/N,.

The interactions between the oxidized and reduced sites have also been treated.
On the basis of this model, and by using the values of the different quantities
determined experimentally (the protonation constants of the oxidized and reduced
forms determined by titration, volume changes during the redox transformation,
and the number of redox centers calculated from the charge consumed), the
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calculations led to reasonable results which are in accordance with earlier findings.
Figures 5.4 and 5.5 show the results of the calculation for the solvent and ion
populations.

5.3 Dimerization, Disproportionation, and Ion Association
Equilibria Within the Polymer Phase

On the basis of the results of simultaneous measurements of electron spin resonance
and ultraviolet—visible spectroscopy, it was suggested by Dunsch et al. [26] that the
electrochemical transformations of PANI take place via an EE mechanism that
includes a disproportionation equilibrium:

A=Pr+e EY, (5.57)
P*2B* +e EY, (5.58)
2PY 2 A+ B*" Kaigp, (5.59)

where EY and ES are the respective standard potentials and EY > ES; Ky, is the
disproportionation equilibrium constant, which can be expressed as

Kisp = exp { (,j;) (ES - E?)] ; (5.60)

and A, P*, and B>* are the symbols of the reduced state, the polaronic state, and the
bipolaronic state, respectively. The single voltammetric wave that appears in the
cyclic voltammograms may indicate that E®>ES; however, the theoretical
calculations do not support this assumption. This apparent contradiction can be
resolved by considering a reversible dimerization reaction; i.e.,

A=Pr+e EY, (5.61)
2Pt 2 dimer K. (5.62)

The dimerization reaction yields doubly charged segments on the polymer chain
that are twice as big as a polaronic segment. For a bipolaronic state of this size,
however, interchain bipolarons with a ©t- or G-bond between the polymer chains can
also be envisaged. This model can be extended by protonation equilibria [26]. There
are several other hypotheses relating to the formation and interactions of polarons
and bipolarons which also take into account the interactions between the charged
sites in the polymer chains and counterions (C™). Counterions may decrease the
Coulomb repulsion between two polarons during the formation of a bipolaron.
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Different complexes such as P*C~, B**C~, and B**C,™ have been assumed by
Paasch [27]. It was concluded that two processes are slow: the formation of
bipolarons and the formation of B>*C,~ complexes. The hysteresis effects were
also explained by the bipolaron mechanism; i.e., due to the high formation energy
of bipolarons, their decay into polarons is a slow process.

The effect of ion association has also been considered by Vorotyntsev et al. [28].
In order to explain the splitting of the voltammetric waves, it was assumed that ions
inside the polymer film exist in two different forms: “free” and “bound”. The
“bound” ions may be associated with neutral sites of the polymer matrix, resulting
from the formation of a bond or ion binding by microcavities; or they may be due to
the formation of P*C~, B**C, -type complexes. However, the results from cyclic
voltammetric and EQCN experiments on PP and PANI cannot be explained by the
hypothesis based on complex formation, while the “bound” ion theory is appropri-
ate for interpreting the unusual behavior observed [28].
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Chapter 6
Redox Transformations and Transport Processes

The elucidation of the nature of charge transfer and charge transport processes in
electrochemically active polymer films may be the most interesting theoretical
problem of this field. It is also a question of great practical importance, because
in most of their applications fast charge propagation through the film is needed. It
has become clear that the elucidation of their electrochemical behavior is a very
difficult task, due to the complex nature of these systems [1-8].

In the case of traditional electrodes, the electrode reaction involves mass trans-
port of the electroactive species from the bulk solution to the electrode surface and
an electron transfer step at the electrode surface. A polymer film electrode can be
defined as an electrochemical system in which at least three phases are contacted
successively in such a way that between a first-order conductor (usually a metal)
and a second-order conductor (usually an electrolyte solution) is an electrochemi-
cally active polymer layer. The polymer layer is more or less stably attached to the
metal, mainly by adsorption (adhesion).

The fundamental observation that should be explained is that even rather thick
polymer films, in which most of the redox sites are as far from the metal surface as
100-10,000 nm (this corresponds to surface concentrations of the redox sites
I' = 103-10"% mol cm ), may be electrochemically oxidized or reduced.

According to the classical theory of simple electron transfer reactions, the
reactants get very close to the electrode surface, and then electrons can tunnel
over the short distance (tenths of a nanometer) between the metal and the activated
species in the solution phase.

In the case of polymer-modified electrodes, the active parts of the polymer
cannot approach the metal surface because polymer chains are trapped in a tangled
network, and chain diffusion is usually much slower than the time scale of
the transient electrochemical experiment (e.g., cyclic voltammetry). Although we
should not exclude the possibility that polymer diffusion may play a role in carrying
charges, even the redox sites may get close enough to the metal surface when the
film is held together by physical forces. It may also be assumed that in ion exchange
polymeric systems, where the redox-active ions are held by electrostatic binding
[e.g., Ru(bpy)f”2+ in Nafion], some of these ions can reach the metal surface.

G. Inzelt, Conducting Polymers, Monographs in Electrochemistry, 191
DOI 10.1007/978-3-642-27621-7_6, © Springer-Verlag Berlin Heidelberg 2012
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However, when the redox sites are covalently bound to the polymer chain (i.e., no
free diffusion of the sites occurs), and especially when the polymer chains are
connected by chemical cross-linkages (i.e., only segmental motions are possible),
an explanation of how the electrons traverse the film should be provided.

Therefore, the transport of electrons can be assumed to occur either via an
electron exchange reaction (electron hopping) between neighboring redox sites, if
the segmental motions make it possible, or via the movement of delocalized
electrons through the conjugated systems (electronic conduction). The former
mechanism is characteristic of redox polymers that contain covalently attached
redox sites, either built into the chain or included as pendant groups, or redox-active
ions held by electrostatic binding.

Polymers that possess electronic conduction are called conducting polymers,
electronically conducting polymers, or intrinsically conducting polymers—ICPs
(see Chap. 2). Electrochemical transformation—usually oxidation—of the noncon-
ducting forms of these polymers usually leads to a reorganization of the bonds of
the macromolecule and the development of an extensively conjugated system. An
electron hopping mechanism is likely to be operative between the chains (interchain
conduction) and defects, even in the case of conducting polymers.

However, it is important to pay attention to more than just the “electronic
charging” of the polymer film (i.e., to electron exchange at the metal-polymer
interface and electron transport through the surface layer), since ions will cross the
film—solution interface in order to preserve electroneutrality within the film. The
movement of counterions (or less frequently that of co-ions) may also be the rate-
determining step.

At this point, it is worth noting that “electronic charging (or simply charging) the
polymer” is a frequently used expression in the literature of conducting polymers.
It means that either the polymer backbone or the localized redox sites attached to
the polymeric chains will have positive or negative charges as a consequence of a
redox reaction (electrochemical or chemical oxidation or reduction) or less often
protonation (e.g., “proton doping” in the case of polyaniline). This excess charge is
compensated for by the counterions; i.e., the polymer phase is always electrically
neutral. A small imbalance of the charge related to the electrochemical double
layers may exist only at the interfacial regions. “Discharging the polymer” refers to
the opposite process where the electrochemical or chemical reduction or oxidation
(or deprotonation) results in an uncharged (neutral) polymer, and, because the
counterions leave the polymer film, in a neutral polymer phase.

The thermodynamic equilibrium between the polymer phase and the contacting
solutions requires ji;(film) = j; (solution) for all mobile species, as discussed in
Chap. 5. In fact, we may regard the film as a membrane or a swollen polyelectrolyte
gel (i.e., the charged film contains solvent molecules and, depending on the
conditions, co-ions in addition to the counterions).

A simple model of the charge transfer and transport processes in a polymer film
electrode is shown in Fig. 6.1.

As a consequence of the incorporation of ions and solvent molecules into the
film, swelling or shrinkage of the polymer matrix takes place. Depending on the
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Fig. 6.1 A schematic picture of a polymer film electrode. In an electrochemical experiment, the
electron transfer occurs at the metal-polymer interface that initiates the electron propagation
through the film via an electron exchange reaction between redox couples A and B or electronic
conduction through the polymer backbone. (When the polymer reacts with an oxidant or reductant
added to the solution, the electron transfer starts at the polymer—solution interface.) Ion exchange
processes take place at the polymer—solution interface; in the simplest case counterions enter the
film and compensate for the excess charge of the polymer. Neutral (solvent) molecules (O) may
also be incorporated into the film (resulting in swelling) or may leave the polymer layer

nature and the number of cross-links, reversible elastic deformation or irreversible
changes (e.g., dissolution) may occur. Other effects, such as dimerization, ion-pair
formation, and cross-linking, should also be considered.

We have already mentioned several effects that are connected with the poly-
meric nature of the layer. It is evident that all the charge transport processes listed
are affected by the physicochemical properties of the polymer. Therefore, we also
must deal with the properties of the polymer layer if we wish to understand the
electrochemical behavior of these systems. The elucidation of the structure and
properties of polymer (polyelectrolyte) layers as well as the changes in their
morphology caused by the potential and potential-induced processes and other
parameters (e.g., temperature, electrolyte composition) set an entirely new task
for electrochemists. Owing to the long relaxation times that are characteristic of
polymeric systems, the equilibrium or steady-state situation is often not reached
within the time allowed for the experiment.

However, the application of combined electrochemical and nonelectrochemical
techniques has allowed very detailed insights into the nature of ionic and electronic
charge transfer and charge transport processes.

In this chapter, we intend to outline some relevant experiences, to discuss
existing models and theories, and to summarize and systematize the knowledge
accumulated on charge transport processes occurring in redox and conducting
polymer films.
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6.1 Electron Transport

As has already been mentioned, electron transport occurs in redox polymers—
which are localized state conductors—via a process of sequential electron self-
exchange between neighboring redox groups. In the case of electronically
conducting polymers—where the polymer backbone is extensively conjugated,
making considerable charge delocalization possible—the transport of the charge
carriers along a conjugated strand can be described by the band model characteristic
of metals and semiconductors. Besides this intrachain conduction, which provides
very high intrinsic conductivity, various hopping and tunneling processes are
considered for nonintrinsic (interstrand and interfiber) conduction processes.

6.1.1 Electron Exchange Reaction

The elementary process is the transfer of an electron from an electron donor orbital
on the reductant (e.g., Fez+) to the acceptor orbital of the oxidant (e.g., Fe3+). The
rate of electron transfer is very high, taking place within 10~'® s; however, bond
reorganization may require from 107" to 107'* s, reorientation of the solvent
dipoles (e.g., water molecules in the hydration sphere) needs 10~ "' to 107'% s,
and the duration of the rearrangement of the ionic atmosphere is ca. 10~® s. The rate
coefficients are much higher for electron exchange reactions occurring practically
without structural changes (outer sphere reactions) than for reactions that require
high energies of activation due to bond reorganization (inner sphere mechanism).
However, the probability of electron transfer (tunneling) depends critically
on the distance between the species participating in the electron exchange reaction.
A reaction can take place between two molecules when they meet each other.
It follows that the rate-determining step can be either the mass transport (mostly
diffusion is considered, but effect of migration cannot be excluded) or the reaction
(the actual rate of electron transfer in our case). For an electron exchange process
coupled to isothermal diffusion, the following kinetic scheme may be considered:

—

A+B 2 [AB )R oA +B, ©6.1)
ka

where ]aj, %d, and k. are the rate coefficients for diffusive approach, for separation,
and for the forward reaction, respectively. Note that kq is a second-order rate
coefficient, while laj and k. are first-order rate coefficients. The overall second-
order rate coefficient can be given by

—

dke
ka

k:

+ ke. 6.2)
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Figure 6.2 schematically illustrates the microscopic events that occur during an
electron exchange reaction. -

If the reaction has a small energy of activation, so k. is high (k. > kq), the rate-
determining step is the approach of the reactants. Under these conditions, it holds
that k = ky. The kinetics are activation controlled for reactions with large activation
energies (AG1>20 kJ mol ! for reactions in aqueous solutions), and then

6.3)

Since ky / %d is the equilibrium constant, K for the formation of the precursor
complex k can be expressed as

k=kK. (6.4)
The rate of the collision, k4, can be estimated using Smoluchowski’s equation:
kd = 1, 000 x 47'CNAI”ABDAB, (65)

where N, is the Avogadro constant, ¢ is the mean distance between the centers of
the species involved in the electron exchange (§ ~ 2r for identical species where
ra 1s the radius of the reactant molecule), and D g is the relative diffusion coeffi-
cient of the reacting molecules. The diffusion coefficients of ions in aqueous
solutions at 298 K are typically 1-2 x 10° m* s™', except Dy* = 9.1 x 10~°
m?s " and Doy— = 5.2 x 1072 m*s~'. For a small ion 6 = 0.5 nm. By inserting

these values into (6.5), we obtain kg4 = 8 X 10° dm® mol™' s, Consequently,

kq ® ®)

d

Fig. 6.2 A microscopic-level schematic of the electron exchange process coupled to isothermal
diffusion. The upper part shows that species A and B~ start to diffuse toward each other from their
average equilibrium distance (d) with diffusion rate coefficient, k4. The next stage is the “forward”
electron transfer step after the formation of a precursor complex, characterized by rate coefficient
k., and the mean distance of the redox centers 0 = ra + rg or for similar radii é = 2r4. The lower
part depicts the separation of the products, A~ and B
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if k. > 10° dm® mol™'s™' the reaction is diffusion controlled. In aqueous
solutions, fast electron transfer and acid—base reactions fall within this category.
On the other hand, if the viscosity (1) of the solvent is high, due to the inverse
relationship between D and 7, kq may be smaller by orders of magnitude. Similarly,
the diffusion of macromolecules is also slow, D = 10~ 19_107'° m? s~". In the case
of polymer film electrodes where the polymer chains are trapped in a tangled
network, rather small values for the diffusion coefficient of the chain and segmental
motions can be expected. If the latter motions are frozen-in (e.g., at low
temperatures or without the solvent swelling, which has a plasticizing effect on
the polymer film), the electron transport may be entirely restricted.

It follows that diffusion control is more frequently operative in polymeric
systems than that in ordinary solution reactions, because k4 and k. are more likely
to be comparable due to the low D values [9-16]. If the electron exchange reaction
occurs between ionic species (charged polymer sites), the coulombic forces may
reduce or enhance both the probability of the ions encountering each other and the
rate of electron transfer. For the activation-controlled case, k. can be obtained as
follows [17]:

2

ZaZge

Ink, = Inko — AZBE
e =M e = kT’

(6.6)
where z, and zg are the charges of the ions and ¢ is the dielectric permittivity of the
medium. If z, and zg have the same sign k. decreases; in the opposite case k.
increases. The effect can be modified by using a solvent with high or low ¢ values or
by adding a large amount of inert electrolyte to the solution. In the latter case, the
effect of ionic strength (/) is approximately given by

Ink = Ink® + zazgAVI, (6.7)

where A is the constant of the Debye—Hiickel equation, and k° is the rate coefficient
in the absence of electrostatic interactions.

The electron exchange reaction (electron hopping) continuously occurs between
the molecules of a redox couple in a random way. Macroscopic charge transport
takes place, however, only when a concentration or potential gradient exists
in the phase for at least one of the components of the redox couple. In this case,
the hydrodynamic displacement is shortened for the diffusive species by 0 ~ 2ra,
because the electron exchange (electron diffusion) contributes to the flux.
The contribution of the electron diffusion to the overall diffusion flux depends on
the relative magnitude of k. and k4 or D, and D 3 (i.e., the diffusion coefficients of
the electron and ions, respectively).

According to the Dahms—Ruff theory of electron diffusion [9-12]

k0%

D =Dpg +D. = Dpg + 6

(6.8)
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for three-dimensional diffusion where D is the measured diffusion coefficient, ¢ is
the concentration of redox centers, and k. is the bimolecular electron transfer rate
coefficient. The factors 1/4 and 1/2 can be used instead of 1/6 for two- and one-
dimensional diffusion, respectively.

This approach has been used in order to describe the electron propagation through
surface polymer films [2, 6, 18-26]. In these models, it was assumed that transport
occurs as a sequence of successive steps between adjacent redox centers of different
oxidation states. The electron hopping has been described as a bimolecular process in
the direction of the concentration gradient. The kinetics of the electron transfer at the
electrode—polymer film interface, which initiates electron transport in the surface
layer, is generally considered to be a fast process which is not rate limiting. It was
also presumed that the direct electron transfer between the metal substrate and the
polymer involves only those redox sites situated in the layer immediately adjacent to
the metal surface. As follows from the theory (6.8), the measured charge transport
diffusion coefficient should increase linearly with ¢ whenever the contribution from
the electron exchange reaction is important, and so the concentration dependence of D
may be used to test theories based on the electron exchange reaction mechanism.
Despite the fact that considerable efforts have been made to find the predicted linear
concentration dependence of D, it has been observed in only a few cases and for a
limited concentration range.

There may be several reasons why this model has not fulfilled expectations
although the mechanism of electron transport as described might be correct.

6.1.1.1 Problems with the Verification of the Model

The uncertainty in the determination of D by potential step, impedance, or other
techniques is substantial due to problems such as the extraction of D from the
product D'?¢ (this combination appears in all of the methods), the difficulty arising
from the in situ thickness estimation, nonuniform thickness [27-29], film inhomo-
geneity [30-32], incomplete electroactivity [19, 23, 33], and the ohmic drop effect
[34]. It may be forecast, for example, that the film thickness increases, and thus ¢
decreases, due to the solvent swelling the film; however, D simultaneously
increases, making the physical diffusion of ions and segmental motions less hin-
dered. In addition, the solvent swelling changes with the potential, and it is sensitive
to the composition of the supporting electrolyte. Because of the interactions
between the redox centers or between the redox species and the film functional
groups, the morphology of the film will also change with the concentration of the
redox groups. We will deal with these problems in Sects. 6.4-6.7. It is reasonable to
assume that in many cases Dag > D, (i.e., the electron hopping makes no contri-
bution to the diffusion), or the most hindered process is the counterion diffusion,
coupled to electron transport.
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6.1.1.2 Advanced Theories Predicting a Nonlinear D(c) Function

According to the theory of extended electron transfer elaborated by Feldberg, o
may be larger than 2r4, and this theory predicts an exponential dependence on the
average site—site distance (d) (i.e., on the site concentration) [26]:

ke = ko exp@, 6.9)

where s is a characteristic distance (ca. 1071 m).

An alternative approach proposed by He and Chen to describe the relationship
between the diffusion coefficient and redox site concentration is based on the
assumption that at a sufficiently high concentration of redox centers several elec-
tron hops may become possible because more than two sites are immediately
adjacent. This means that the charge donated to a given redox ion via a diffusional
encounter may propagate over more than one site in the direction of the concentra-
tion gradient. This is the case in systems where the electron exchange rate is high,
and therefore the rate of the electron transport is determined by the physical
diffusion of redox species incorporated into the ion exchange membrane or those
of the chain and segmental motions. This enhances the total electron flux. Formally,
this is equivalent to an increase in the electron hopping distance by a certain factor,
£, so D can be expressed as follows [35]:

kec(Sf)°

D =Dy +=5 (6.10)

Assuming a Poisson distribution of the electroactive species, the enhancement
factor can be expressed as a power series of a probability function which is related
to the concentration. At low concentrations, the probability of finding more than
one molecule in a hemisphere with a radius of the molecular collision distance is
nearly zero and f = 1. The factor f, and therefore D,, increases noticeably at higher
concentrations.

Another model introduced by Fritsch-Faules and Faulkner suggests that &, or D,
should first have an exponential rise with increasing ¢ and then flatten at high
concentrations. The exponential rise occurs because d becomes smaller as the
concentration increases, which promotes intersite electron transfer. As the mini-
mum center-to-center separation is approached, when each redox center has a
nearest neighbor that is practically in contact, k. or D, asymptotically approaches
its theoretical maximum value. A similar result has been obtained by a microscopic
model which describes electron (or hole) diffusion in a rigid three-dimensional
network. This concept is based on simple probability distribution arguments and on
a random walk [36].
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6.1.1.3 Transition Between Percolation and Diffusion Behaviors

Blauch and Savéant systematically investigated the interdependence between physical
displacement and electron hopping in propagating charge through supramolecular
redox systems [37]. It was concluded that when physical motion is either nonexistent
or much slower than electron hopping, charge propagation is fundamentally a perco-
lation process, because the microscopic distribution of redox centers plays a critical
role in determining the rate of charge transport [37, 38]. Any self-similarity of the
molecular clusters between successive electron hops imparts a memory effect, making
the exact adjacent-site connectivity between the molecules important. The redox
species can move about their equilibrium positions at which they are irreversibly
attached to the polymer (in the three-dimensional network, the redox species are either
covalently or electrostatically bound); this is referred to as “bounded diffusion.” In the
opposite extreme (free diffusion), rapid molecular motion thoroughly rearranges the
molecular distribution between successive electron hops, thus leading a mean-field
behavior. The mean-field approximation presupposes that ky > k. and leads to
Dahms—Ruff-type behavior for freely diffusing redox centers, but the following
corrected equation should be applied [37]:

D = Dpg(1 — x)fs + Dex, (6.11)

where x is the fractional loading, which is the ratio of the total number of molecules
to the total number of lattice sites. The factor (1 — x) in the first term accounts
for the blocking of physical diffusion and f, is a correlation factor which depends
on x. When D g becomes less than D., percolation effects appear. If D, > Dag, a
characteristic static percolation behavior (D = 0 below the percolation threshold
and an abrupt onset of conduction at the critical fractional loading) should be
observed. The mechanistic aspects of the charge transport can be understood
from D versus x plots. When D 4p is low, that is in the case of bounded diffusion
[26, 38],

k652 2
D :Dex:%. (6.12)
Thus, D varies with x*> when the rate of physical diffusion is slow.
In the case of free diffusion, the apparent diffusion coefficient becomes
D = Dagf(1 —x). (6.13)

Accordingly D will decrease with x. This situation originates in the decreased
availability of vacant sites (free volume) within the polymer film. When both
electron hopping and physical diffusion processes occur at the same rate (Dpag =
D.), D becomes invariant with x.
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6.1.1.4 Potential Dependence of the Diffusion Coefficient

In the simple models, D, is independent of the potential because the effects of both
the counterion activity and interactions of charged sites (electron—electron
interactions) are neglected. However, in real systems, the electrochemical potential
of counterions is changed as the redox state of the film is varied, the counterion
population is limited, and interactions between electrons arise. According to
Chidsey and Murray, the potential dependence of the electron diffusion coefficient
can be expressed as follows [39]:

De = ke {1+ [z (xe — z) " + g/ksT]xe(1 — x.) 1, (6.14)

where x. is the fraction of sites occupied by electrons, z; and z; are the charges of the
sites and the counterions, respectively, and g is the occupied site interaction energy
(The g parameter is similar to that of the Frumkin isotherm.) In the case of
noninteracting sites (g = 0), and in the presence of a large excess of supporting
electrolyte (z; = o0), D. = keé2 and this is a diffusion coefficient. In general, D,
does not remain constant as the potential (that is, the film redox composition) is
changed. D, does not vary substantially with potential within the reasonable ranges
of g and z (e.g., if g = 4, D, will only be double compared to its value at g = 0),
and a maximum (if g > 0) or a minimum (if g < 0) will appear at the standard
redox potential of the system.

The details of other theoretical models, including electric field effects [13, 14,
40-46], can be found in [3, 7, 18].

6.1.2 Electronic Conductivity

Electronically conducting polymers consist of polyconjugated, polyaromatic, or
polyheterocyclic macromolecules, and these differ from redox polymers in that
the polymer backbone is itself electronically conducting in its “doped” state. The
term “doping,” as it is often applied to the charging process of the polymer, is
somewhat misleading. In semiconductor physics, doping describes a process where
dopant species present in small quantities occupy positions within the lattice of
the host material, resulting in a large-scale change in the conductivity of the doped
material compared to the undoped one. The “doping” process in conjugated
polymers is, however, essentially a charge transfer reaction, resulting in the partial
oxidation (or less frequently reduction) of the polymer. Although conjugated
polymers may be charged positively or negatively, studies of the charging mecha-
nism have mostly been devoted to the case of p-doping. The electronic conductivity
shows a drastic change (up to 10-12 orders of magnitude) from its low value for the
initial (uncharged) state of the polymer, corresponding to a semiconductor or even
an insulator, to values of 1-1,000 S cm ™' (even up to 10° S cm™' comparable
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to metals) [47-66]. The range of conductivities of conducting polymers in charged
and uncharged states in comparison with different materials (insulators, semi-
conductors, and metallic conductors) is displayed in Fig. 6.3.

In general, the mobility of initial portions of the incorporated electronic charge
is rather low. At higher charging levels, the conductivity increases much more
rapidly than the charge and then levels out, or even decreases. This onset of
conductivity has been interpreted as an insulator—metal transition due to various
electron—electron interactions [67]. The temperature dependence of the conduc-
tivity in the highly charged state does not correspond in most cases to the metallic
type [68]. In agreement with quantum-chemical expectations, electron spin reso-
nance (ESR) measurements have demonstrated the presence of unpaired spins
inside the polymer film. However, the spin concentration passes through a
maximum at a relatively low charging level, usually before the high conductivity
increase, and then vanishes [52, 69—77]. The variation of the ESR signal intensity
(in arbitrary units) during a potential cycle and the corresponding cyclic
voltammogram are shown in Fig. 6.4.

As observed in ESR measurements, the generation of polarons (see below) at an
early stage of oxidation is widely accepted. However, at higher oxidation levels, the
decrease in spin density with increasing conductivity is found to be a challenging
feature. The following conclusions were drawn based on the correlation between the
mobilities and the ESR signal. The variation in mobility as a function of oxidation
level (Figs. 6.5 and 6.6) can be explained by the polaron lattice model [78].

The mobilities were calculated from the relation u = o/p..F, where ¢ is the
conductivity and p.. is the density of charge carriers. The charge-carrier density
was estimated from the charge measured by coulometry (Q), the density of the
polymer (p, which was assumed to be 1 g cm ™), the molar mass of the aniline
monomer unit (M), and the weight of the polymer film (W): p.. = pQ/FW.

The sharp rise in the mobility suggests the evolution of metallic conduction, and
this is attributed to the formation of Pauli spins. The decrease in ESR intensity at

conducting polymers

+ L

«—— uncharged (undoped) charged (doped) ——

+«—— mostly uncolored colored —»

insulators semiconductors metallic conductors

T T T T T T T

10" 10™  10® 10 10°  10*  10° G/Sm”

quartz diamond glass silicon mercury silver

copper

germanium graphite iron

Fig. 6.3 Illustration of the range of electronic conductivities of conducting polymers in compari-
son with those of other materials
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Fig. 6.4 Simultaneous measurements of ESR absorption and current (/) for a 100-nm PANI film
on Pt in 0.5 mol dm > H,SO,. The potential was scanned from —0.1 V to +0.8 V and back. Scan
rate: 10 mV s™! [69] (Reproduced with the permission of The Electrochemical Society)
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Fig. 6.5 Oxidation levels of the PANI film on Pt as a function of electrode potential. Electrolyte:
0.1 M tetraethylammonium perchlorate (TEAP) in acetonitrile (Reproduced from [78] with the
permission of Elsevier Ltd.)
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Fig. 6.6 Mobilities of positive charge carriers in the PANI film at different oxidation levels.
Electrolyte: 0.1 M tetraethylammonium perchlorate (TEAP) in acetonitrile (Reproduced from [78]
with the permission of Elsevier Ltd.)

higher charging levels is due to the transformation between Curie spins (unpaired
electrons are localized or poorly delocalized) and Pauli spins (unpaired electrons
are delocalized in a conduction band). (As well as the number of spins, the
linewidth, and the g-factor as a function of the oxidation level have also been
analyzed.) The optical spectra indicate that the small mobility decrease during the
early phase of oxidation can be ascribed to a change in the polymer conformation
from a simple coil to an expanded coil [78].

Various models have been developed to explain the mechanism of charge transport
in conducting polymer film electrodes. Two extreme approaches exist. According to
the delocalized band model, the charges and unpaired electrons are delocalized over a
large number of monomer units [57, 69, 79, 80], while in the chemical model the
charge is localized in the polymer chain [75], or at most only some monomer units are
involved. The approach assuming localized charges does not differ essentially from
that applied for redox polymers. Therefore, we will deal with the semiconductor or
one-dimensional metal models [48, 51, 81] herein. Although the precise nature of
charge carriers in conjugated systems varies from material to material, in general the
following delocalized defects are considered: solitons (neutral defect state), polarons
(aneutral and a charged soliton in the same chain, which are essentially singly charged
cation radicals at the polymer chain coupled with local deformations), and bipolarons
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(two charged defects form a pair; these doubly oxidized, spinless dications usually
exist at higher charging levels) [48, 68, 82—89].

The macroscopic charge transport in a conducting polymer matrix represents a
superposition of the local transport mechanism. The intrinsic conductivity, which
refers to the conduction process along a conjugated chain, can be described in terms
of band theory, which is well established for solid materials. Metallic conductors
are characterized by either a partially filled valence band or an overlap between the
valence and conduction bands. Semiconductors and insulators possess a band gap
between the top of the valence band and the bottom of the conduction band. The
band gap energy is relatively small for a semiconductor but rather large for an
insulator. The neutral (reduced, undoped) polymer has a full valence and empty
conduction band separated by a band gap (insulator).

Chemical or electrochemical doping (oxidation and incorporation of counterions)
results in the generation of a polaron level at midgap. Further oxidation leads to the
formation of bipolaron energy bands in the band gap. Electronic conductivity is
rationalized in terms of bipolaron hopping. Because the overall size of the polymer is
limited, interchain electron transfer must also be considered. The intrachain con-
ductivity of the polymer is usually very high if the polymer chain is long and
contains no defects; therefore, the interchain conductivity is rate determining in a
good-quality polymer [83]. (If the polymer morphology is fibrillar, the fiber-to-fiber
electron transport may also be the most hindered process.) The essential aim is to
synthesize conducting polymers where the mean free path is limited by intrinsic
scattering events from the thermal vibrations of the lattice (phonons). One of the
problems is that quasi-one-dimensional electronic systems are prone to localization
of electronic states due to disorder. In the case of electronic localization, the carrier
transport is limited by phonon-assisted hopping, according to the Mott model [90].
The Mott model of variable range hopping gives the following equation for the

conductivity (o):
To\’
0 = 0y exp {— <70> ] , (6.15)

where o and T, are constants and 7 is a number related to the dimensionality (d) of
the hopping process (y = (d + 1)~ 1.

The 6o value depends on the electron—phonon coupling constant, while Ty is
connected to the localized density of states near the Fermi level and the decay
length of the wavefunction. It can be seen that conductivity increases with temper-
ature, in contrast to the situation for metals. This type of conductive behavior has
been verified for many conjugated polymer systems. The problem of localization is
less important if the molar mass of the polymer is high and only a few defects are
present, and a relatively intense interchain coupling prevails. In this case, the mean
free path becomes quite large and is determined by phonon scattering, as in true
metals. Under such conditions, the conductivity is high, and its value increases with
the molar mass of the polymer and decreases with the temperature.
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The mechanism of fluctuation-induced tunneling is expected for the electrical
conductivity if large regions of a highly conductive (“metallic”’) phase in an
inhomogeneous material are separated from each other by an insulating phase.
The latter acts as a potential barrier. Due to the exponential dependence of the
tunneling probability, tunneling will effectively occur only in the regions of closest
approach of the metallic segments.

The parabolic barrier approximation for the fluctuation-induced tunneling gives
the following relationship in terms of the temperature dependence of conductivity
[85,91]:

T
0=y exp {— 7 ‘TJ , (6.16)

where the parameters T and T are associated with the parameters of the tunnel
junction (its effective area, width, the height of the potential barrier, its effective
mass and dielectric permittivity). For instance, the temperature dependence of the
conductivity of polypyrrole has been analyzed using this theory. On the basis of
this analysis, an interesting conclusion has been drawn about the structure of
the polymer, namely that the polymer consists of islands with two-dimensional
(macrocyclic) structure which are connected (cross-linked) by one-dimensional
polypyrrole chains [92].

The conductivity may depend on other factors; for instance on the pH of the
contacting solution (proton doping in the case of polyaniline) (Fig. 6.7) or on the
presence of electron donor molecules in the gas phase.

Decreasing the pH of the solution increases the conductivity of polyaniline [54,
79, 93], while the resistance of dry polyaniline (Fig. 6.8) and polypyrrole increases
in an ammonia atmosphere [94, 95].

Electron-conducting polymers can easily be switched between conducting and
insulating states just by changing the potential, by electrochemical (or chemical)
oxidation and reduction, respectively, or by varying the composition of the
contacting fluid media (H* ion activity of the solution, or the NH; [96, 97], NO,
etc., concentration in the gas phase). The variation in the resistance of polyaniline
as a function of potential nicely demonstrates the conversion from the insulating to
the conducting state and vice versa (Fig. 6.9).

This is a unique property in comparison with the majority of electron-conducting
materials (e.g., metals). When the oxidation state of the polymers is varied, not just
their conductivity but other properties change too (e.g., color). It is this feature that
can be exploited in many practical applications [1, 98] (see Chap. 7).

Figure 6.10 shows the spectra of a PANI film measured in situ at different
potentials [99]. The absorption maximum at 310-320 nm is characteristic of the
reduced diamagnetic initial state (leucoemeraldine structure), and this band
decreases during the oxidation of PANI. The band at 420-440 nm can be assigned
to the paramagnetic polaronic/radical cation state. This band appears in the first
phase of oxidation simultaneously with the increasing absorbance in the region
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Fig. 6.7 The conductivity of PANI in emeraldine state (PANI-E) with and without poly
(vinylsulfonate) (PVS) incorporated into the polymer matrix, as a function of the composition of
the electrolyte with which the polymer was equilibrated. PANI-E + buffer: 0.05 M CcH4(COO ™),
plus appropriate amounts of HCI or NaOH [The concentration of the exchanging anionic species,
CgH4(COO™),, is about ten times higher in the film than in the solution.]. PANI-E/PVS + buffer:
0.05 M phosphoric or boric acid plus appropriate amounts of NaOH [53]
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Fig. 6.8 The response of a PANI ammonia sensor (log relative resistance—gas concentration plot)
for different gases and vapors: (/) ammonia; (2) methanol; (3) ethanol; (4) CO; and (5) NO, at
room temperature [96]
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Fig. 6.9 The change in the resistance of a polyaniline film in contact with 1 M H,SO, as a
function of the potential (Reproduced from [97] with the permission of Elsevier Ltd.)
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Fig. 6.10 In situ UV-VIS-NIR spectra of a PANI film obtained at different potentials: (/) —0.35;
(2) —0.25; (3) —0.15; (4) —0.05; (5) 0.05; (6) 0.15; (7) 0.25; (8) 0.35; (9) 0.45; (10) 0.55; and (/1)
0.65 V vs. SCE. Solution: 1 mol dm™> H,SO,4 (Reproduced from [99] with the permission of
Elsevier Ltd.)

A > 600 nm. The latter absorption is a characteristic feature of all electronically
conducting polymers, and it is connected with the conversion of localized redox
centers into delocalized free electron states (electron transfer from the valence
band to the polaron—bipolaron levels). At higher potentials, the absorption
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band at ca. 430 nm (which reaches its highest value at the beginning of the anodic
voltammetric wave) decreases, and a blue shift can also be observed, attesting a
further transformation in the form of the radical and an interplay between the
benzenoid (leucoemeraldine) and quinoid structures with better m-conjugation
(emeraldine form).

A conformational change and intermolecular stabilization [71] as well as dimer-
ization and disproportion of polaronic segments [100] have also been proposed in
order to explain the behavior in this potential region. The absorbance related to
the delocalized electrons increases also in the so-called capacitive region; then, as
the polymer becomes fully oxidized (the pernigraniline structure is formed) in the
region of the second voltammetric wave, the free electron band gradually disappears
and a new band appears at ca. 610 nm. The vibrational spectra also change during the
redox transformations of conducting polymers. The results from in situ FTIR-ATR
measurements [101] are presented in Fig. 6.11. At pH 1 the absorption intensities
detected for a PANI electrode at 1,564, 1,481, 1,304, 1,250, 1,144 (semiquinoid ring
vibrations), 889, 822, and 802 cm ! increase, while absorption at 1,502 cm™!
(assigned to a benzoid ring mode) and 1,203 cm ' decreases with increasing
potential. At pH 4, a band shift is detectable (1,564 — 1,576, 1,481 — 1,487,
1,144 — 1,136, and 822 — 831 cmfl) and some additional bands appear at
1,375, 1,184, and 864 cm™! [101]. The occurrence of the CH (out-of-plane) vibra-
tional band at 831-822 cm ™' can be attributed to a semiquinoid polaron lattice
structure. The bands appearing at 1,375 and 864 cm ™' at pH 4 can be assigned to a
ring-N-ring vibration in the quinoid form and to a C—H (out-of-plane) mode,
respectively, and those indicate the transition from the polaron to a bipolaron lattice
structure with completely quinoid rings. At low pH values, the background absorp-
tion increases due to the high electrical conduction. The 889 cm ™' band is due to the
inserted ReO,4 anions [101].

Charging/discharging (or redox switching) processes are usually fast, but are
rather complex in nature. The steady-state cyclic voltammograms exhibit in most
cases a combination of broad anodic and cathodic peaks with a plateau in the
current at higher potentials. This is illustrated in Fig. 6.12.

The current is proportional to the scan rate, i.e., from an electrical point of view
the film behaves like a capacitor [102—108]. However, this simple result is the
consequence of a complicated phenomenon which includes a faradaic process
(the generation of charged electronic entities at the polymer chains near the
electrode surface by electron transfer to the metal), the transport of those species
throughout the film, as well as the ion exchange at the film—solution interface (see
mass changes during charging/discharging cycles in Fig. 6.12).

Despite the above-mentioned quasi-equilibrium character of the cyclic voltam-
metric curves, a pronounced hysteresis (i.e., a considerable difference between the
anodic and cathodic peak potentials) appears. Slow heterogeneous electron transfer,
effects of local rearrangements of polymer chains, slow mutual transformations of
various electronic species, a first-order phase transition due to an S-shaped energy
diagram (e.g., due to attractive interactions between the electronic and ionic
charges), dimerization, and insufficient conductivity of the film at the beginning
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Fig. 6.11 Changes in the FTIR-ATR spectra of PANI obtained during a potential sweep (v = 1
mV s~ ') in HReO,~NaReO, electrolyte; potential range: —200 to 400 mV. Reference state: fully
reduced form (—200 mV). Each spectrum covers 40 mV. (a) pH 1; (b) pH 4. The arrow indicates
the direction of increasing potential (Reproduced from [101] with the permission of The Royal
Society of Chemistry)

of the anodic process have been proposed as possible explanations for the hysteresis
[71, 100, 109-114] (See also Sect. 6.6).

In polymers which have an electron-conducting backbone with pendant or built-
in redox groups (e.g., conjugated metallopolymers), three electron transfer
pathways may be operative [115] (see Fig. 6.13).
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Fig. 6.12 Cyclic voltammograms (two cycles; a) and (b) the simultaneously detected EQCN
frequency changes for a polyaniline film (L = 2.9 um) in contact with 1 M H,SO,4. Sweep rate:
100 mV s~! (Reproduced from [97] with the permission of Elsevier Ltd.)

There is electron hopping between the redox centers (process 1), as in conven-
tional redox polymers. Electron transfer may also occur through the polymer
backbone via a metal-metal electronic interaction (process 2, superexchange path-
way) or via polymer-based charge carriers (process 3, polymer mediation). The
electronic interactions between the m-system of the polymer and the d-orbitals of
the metal centers usually enhance the rate of the electron transfer process. Electron
transfer via polymer-based charge carriers requires the polymer to be electronically
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Fig. 6.13 Illustration of the
three electron transfer
pathways between metal
centers in which the electron-
conducting polymer
backbone participates:

(1) electron transfer reaction
(outer sphere electron
transfer; (2) superexchange
pathway; (3) polymer-
mediated pathway

conductive at potentials close to the formal potential of the redox groups. An
increased electron transport, mediated through the conducting polymer backbone,
significantly enhanced the electrochemiluminescence efficiency in polyaniline or
polypyrrole/Os(bpy)s>™** system [116].

6.2 TIon Transport

During electrochemical oxidation or reduction of the surface polymer films or
membranes, the overall electroneutrality of the polymer phase is retained due to
ion exchange processes between the polymer film and the bulk electrolyte solution
[2, 117-119]. Beside solvent and other neutral molecules may enter or leave the
film during the charging/discharging processes [2—4, 6, 23, 120—124]. In order to
maintain electroneutrality in the simplest case, either counterions must enter the
film or co-ions must leave it. (Co-ions are ions of the electrolyte present in the film
which have the same charge as the redox sites created by the electron transfer
reaction.) The relative contributions of ions carrying different charges to the overall
charge transport may depend on their physical properties (e.g., size) and/or on their
chemical nature (e.g., specific interactions with the polymer), as well as on other
parameters (e.g., potential) [2—4, 6, 19, 22, 23, 120-177].

There are a wide range of reaction schemes; however, most of the redox
transformations that include the participation of mobile ions of the contacting
electrolyte can be represented as follows:

Reduction. _
P+e +MT=P"MT, (6.17)

P'M' +e” +M'2P? Mj. (6.18)
Dimerization and protonation may also occur:

P+P M'=P,M*, (6.19)



212 6 Redox Transformations and Transport Processes

2P°M* P2 M}, (6.20)
P'M' +e +H"=PH M", 6.21)
P +2e” + 2H"=PH,, (6.22)

where P is a polymer with reducible groups and M* is the counterion (cation). A typical
example of such a polymer is poly(tetracyanoquinodimethane) [2, 126-128, 135];
however, the behaviors of electronically conducting polymers [e.g., the cyclic
voltammetric responses of poly(p-phenylene)] have also been elucidated by a dimer-
ization scheme [114]. For organic redox or conducting polymers, the nine-member
square scheme elaborated for the electrochemical transformation of quinones can be
applied partially or wholly, because electron transfer is always coupled with proton-
ation depending on the pH of the contacting solutions.

Oxidation.
P+X 2P™X +e, (6.23)

where X is a counterion (anion) (Examples: polyvinylferrocene [128, 136, 150] or
poly[Os™(bpy)x(vpy)a] X; [138].)

P+ X =PiX +te, (6.24)
PiX + X =PYX +e. (6.25)

(Examples: poly(tetrathiafulvalene); dimeric species are also formed [129,
138].)

In reactions (6.17)—(6.25), cations (M" or H") and anions (X ™) enter the film
during reduction and oxidation, respectively. In some cases, cations (i.e., the
co-ions) leave the polymer film during oxidation:

M; [AQDB(IDLe]>” =M* [AQDB(IILg) ™ + M*, (6.26)
PP — SO; M*—PP*SO; + M* +¢". 6.27)

(Examples: K3 [Ni(II)Fe(II)(CN)4] [134] or self-doped polypyrrole [140-143]
or polyaniline, see the scheme in Sect. 2.2.1.1, or poly(diphenylamine), see Sect.
22.1.2)

The oxidation of organic polymers is often coupled with deprotonation instead
of or as well as anion incorporation [2, 109]; see for example the schemes for PANI,
poly(diphenylamine), poly(o-phenylenediamine), polyphenazine, etc., in Sect. 2.2.

Figure 6.14 shows the cyclic voltammograms and simultaneously detected
EQCN responses for PANI electrodes in contact with three different electrolytes
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Fig. 6.14 Cyclic voltammograms and simultaneously obtained EQCN frequency changes as a
function of scan rate for PANI electrodes in contact with 1 mol dm™> electrolyte containing
(a) C104, (b) TSA™, and (c) SSA™ ions, at pH 2. Scan rates are (/) 6, (2) 10, (3) 20, (4) 50, and
(5) 100 mV s7! (TSA™ = 4-toluenesulfonate, SSA™ = 5-sulfosalicylate anions). (Reproduced
from [122] with the permission of Elsevier Ltd.)
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as a function of the scan rate. Both leucoemeraldine (L) — emeraldine (E or EHg,)
and emeraldine — pernigraniline (P) transitions can be seen in the voltam-
mograms. The respective frequency (mass) changes reveal that at pH 2 the domi-
nant reaction path is L — EHg, — P (see the scheme given in Sect. 2.2.1.1).
(At pH 2 the rate of the hydrolysis of pernigraniline is slow, and consequently the
E (or EHg,) — P transition can also be studied without any deterioration of the
polymer. It may also help that at pH 2 the voltammetric wave appears at a less
positive potential, since the pH dependence of these peaks is —120 mV/pH). These
curves show several very interesting features. First, it is evident that the relative
contribution of protons (hydronium ions) to charge transport is still substantial
during the early phase of oxidation; i.e., some of the leucoemeraldine is still
protonated (LHg,) and/or unprotonated emeraldine (E) also forms. It is under-
standable that this effect is more pronounced at lower pH values, which is clearly
apparent in Fig. 6.12. At pH 0, the mass change is minor, although a substantial
amount of charge has already been injected. The low mass change is due to the low
molar mass of H* ion, which is the species that leaves the surface layer. The
incorporation of the anions, which have a much higher molar mass, clearly
manifests itself in the observed EQCN frequency decrease [122, 144]. Simulta-
neous proton—anion exchange can also be detected by a probe beam deflection
technique. Figure 6.15 shows the cyclic voltammogram and the simultaneously
obtained voltadeflectogram for a PANI film in 1 mol dm~3 HCI10, [130, 145].

The small negative deflection pre-peak is due to the dehydrogenation and
expulsion of protons in the region of the first voltammetric oxidation peak. This
is followed by a large positive deflection peak which indicates anion insertion.
During the second oxidation process, where emeraldine — pernigraniline trans-
formations occur, both proton and anion expulsions take place (see the scheme in
Sect. 2.2.1.1), which are indicated by the negative deflection. In the reduction scan,
the opposite behavior is exhibited.

Theoretical calculation based on a polaronic model [147] elaborated by Daikhin
and Levi may give an explanation for the separation of the proton and anion
transports. In this model, Coulomb interactions between species with opposite
signs have been taken into account. Owing to the very high repulsion forces between
the nearest neighbor sites in the polymer chain, it is unfavorable that protons on the
nitrogen atom and the benzenoid ring filled with a hole (polaron) should exist next to
each other simultaneously. Consequently, deprotonation is a necessary process
when positive charges are injected into the polymer. This provides an explanation
for the deprotonation reaction that occurs at low potentials and also resolves the
apparent contradiction between experimental results and the consequences of apply-
ing the classical square scheme for coupled electron and proton transfer steps,
because the latter predicts that unprotonated leucoemeraldine can be oxidized at
less positive potentials than the protonated one. Second, the sweep rate dependence
of the EQCN response indicates that, in both redox steps, completion of the sorption/
desorption processes depends on the time scale of the experiment in a similar
manner. Third, the ratio of peak currents for the first and second waves
increases in the order C10,~ < SSA™ < TSA™ (SSA™ = 5-sulfosalicylate anions,
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TSA™ = 4-toluenesulfonate anions), and a similar proportionality holds for the

mass change that occurs simultaneously. A detailed discussion of the results
presented in Fig. 6.14, including solvent sorption and hysteretic behavior, can be
found in [122].

The thin-layer STM technique enables a sensitive semiquantitative local study of
the H" exchange processes associated with the redox transformations of PANI
[148]. It was found that at pH 2 significant H" exchange only occurs during the
emeraldine = pernigraniline transition.

The proton concentration at the PANI-electrolyte interface was monitored by
scanning electrochemical microscopy during the redox reactions of the polymer.
These experiments provided direct evidence of the increased protonation of the
leucoemeraldine form as the concentration of added NaCl is increased [149].

The results obtained by different techniques (radiotracer [123, 128], quartz
crystal nanobalance [22, 120-122, 124-126, 132-134, 150-164], probe beam
deflection [130, 133, 145, 166], STM [148], SECM [149], etc.) have revealed that
the situation may be even more complicated than this. It has been found that the
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relative contributions of anions and cations to the overall ionic charge transport
process depend upon several factors, such as the oxidation state of the polymer
(potential), the composition of the supporting electrolyte, and the film thickness [2,
19, 22, 23, 120-134, 150, 152, 164, 168]. The latter effect is shown in Fig. 6.16.

These phenomena can be understood in terms of morphological changes, ion
mobilities, interactions between the polymer and the mobile species (ions and
solvent molecules), size exclusion, and so forth [19, 22, 23, 61, 78, 120134, 150,
153-175].

For instance, if large counterions are used during film deposition (electropoly-
merization), co-ion exchange is largely observed. In this case, the large, sometimes
polymeric counterions are trapped in the polymeric layer due to strong van der
Waals and electrostatic forces.

The charge transport diffusion coefficient, which can be determined by transient
techniques, is characteristic of the rate-limiting step (either the electron or the ionic
charge transport). However, it is possible to decouple the electron and ion transport
using appropriate experimental techniques, and so the rates of the fundamental
charge transport processes can be determined separately.

The transport of ionic species can be described using the Nernst—Planck equa-
tion. In the absence of a mediated reaction, the convection term can be omitted,
because any stirring of the solution has no effect inside the film. At high
concentrations, the fluxes have a more complicated form due to the upper limits
on concentrations and/or short-range interactions between the species. Because of
the nonlinear character of the resulting equations, the solutions are usually obtained
using various approximations. The Poisson equation is usually replaced by the local
electroneutrality condition; this is justified for a sufficiently large ratio of the film
thickness to its Debye screening length and for a slow variation in potential. In the
presence of excess supporting electrolyte, the contribution to the flux from migra-
tion may also be neglected. Diffusion—migration transport equations have mostly
been solved for one-dimensional transport [2—4, 176, 177].

6.3 Coupling of Electron and Ionic Charge Transport

The electronic and ionic charge transport processes are coupled by the electro-
neutrality condition. This statement is valid for systems with different structures
(e.g., uniform and porous films) as well as for different mechanisms of electronic
charge transport (e.g., electron hopping between redox centers, migration—diffusion
transport of an incorporated electroactive component across the film, or long-
distance movement of charged sites in the matrix); however, each case needs
somewhat different theoretical treatments and the experimental manifestation
(e.g., in the steady-state or transient current) of this effect depends on other factors
(e.g., on the concentration of background electrolyte and the charge of the polymer)
[13-16, 4144, 178—195]. Typically, two mobile species are considered, assuming
that a Donnan exclusion exists (i.e., that co-ions do not participate in the charge
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Fig. 6.16 Effect of the thickness on the cyclic voltammetric (a) and EQCN (b) responses of
polypyrrole films. The thicknesses are (/) 0.14, (2) 0.48, and (3) 0.96 pm, respectively. Solution:
1 MNaCl; v = 10 mV s™' [124] (Reproduced with the permission of Springer-Verlag)

transport). However, a theoretical model involving a diffusion and migration charge
transport mechanism with three charge carriers has also been developed [179]. It is
a fundamental feature of all these analyses that electron transport is not only driven
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by a concentration gradient, but that migration plays also a role. It was recognized
that the electron hopping process cannot be described by the usual combination of
the classical Fick and Nernst—Planck laws, where the effect of the electric field is
considered, but rather a second-order law should be derived from the bimolecular
character of electron hopping, as opposed to the unimolecular character of ion
displacement [13—16, 41-44]. For systems in which the ratio of the oxidized and
reduced forms is fixed and kept constant (i.e., the total charge of the redox species
and hence the concentration of counterions are fixed), the theory predicts a maxi-
mum in the steady-state current (redox conductivity) near the formal potential of
the redox couple. The current due to the electron hopping is higher than that which
occurs in the absence of migration.

A detailed analysis of the modified Nernst—Planck equation derived from the
diffusion—migration model for coupled transport of the electronic and ionic charge
carriers indicates that under both steady-state and transient conditions, migration
always leads to an enhancement of intersite electron hopping, and somewhat
surprisingly the enhancement increases as the mobility of the counterions decreases.
Migration diminishes in all cases as the relative concentration of electroactive fixed
counterions is increased (i.e., the fixed counterions play a role similar to that of the
supporting electrolyte in solution studies). This is especially true when the diffusion
coefficient of the mobile counterions is small compared to the diffusion coefficient
for electron hopping. Another important result of this theory is that the charge
transport diffusion coefficient, which can be determined by chronoamperometry,
increases with the concentration of the redox species more rapidly than predicted by
the Dahms—Ruff equation [11, 26, 46]. (D varies as ¢ or even ¢’ )

The data obtained for Ru(bpy)33+/ >* jllustrates such a situation. Based on the
results from potential step chronoamperospectrometry, Kaneko et al. concluded
that the oxidation of Ru(bpy)32 to Ru(bpy)33+ in Nafion films takes place via
electron hopping, but physical diffusion plays a key role in the reduction [196],
which is in accordance with earlier findings [2].

The electron transfer distance, which includes the physical vibration of the redox
species around its anchoring position (called bounded motion [26]) and the distance
of the electron exchange reaction, increases as a function of potential due to the
increase in the center-to-center distance, which is 1.13 nm at 1.1 V and 1.47 nm at
1.5 V vs. SCE. The bounded motion distance, which is estimated as 0.25-0.31 nm,
remains unchanged.

The bimolecular rate coefficient of the electron transfer reaction (k.) also
increases with increasing potential. The apparent diffusion coefficient (D) for
the reduction is higher than that measured for the oxidation. The relationship
between k. and D, is

kec (8% 4 ni%)

Dapp = 6

, (6.28)

where, as well as the electron hopping distance (J), the bounded motion distance (4)
is taken into account, and 7 is the dimension of the charge transfer, which equals 3

in this case. Equation (6.28) predicts a linear D, vs. ¢ function; however, as seen
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in Fig. 6.17, a faster rise in D,p, can be observed at higher concentrations. This was
explained by the increasing participation of the redox sites in the oxidation process;
i.e., at low concentrations many isolated clusters exist, and electrons are not
transported to these by hopping.

An exponential decrease in the rate coefficient of the electron transfer (k.) as a
function of the distance was assumed. As can be seen in Fig. 6.18, the rate
coefficient corresponding to the redox complexes in close contact (k,) increases
strongly with the potential, so increasing the electric field enhances both the
electron hopping distance and the electron propagation rate [42, 43].

The increase in the rate of electron transfer was assigned to the enhancement of
the counterion migration rate [196]. The rate of the reduction increased linearly
with the redox center concentration, while D,,, was independent of ¢, which
indicates that a diffusion mechanism prevails.

It was concluded that the strength of the electrostatic interactions between
Ru(bpy);>* and Ru(bpy);** and the sulfonic anions in Nafion plays a key role.
Since the electrostatic interaction is weaker in the case of Ru(bpy);>*, the motions
of these ions are less hindered, and so their physical diffusion can contribute to
charge propagation during reduction. In contrast with reduction, the products of
oxidation, i.e., Ru(bpy)s;”* ions, form strong cross-links with the anionic groups of
Nafion, and the charge transfer takes place by electron hopping.

The charge propagation in layer by layer (LbL) electrostatically self-assembled
redox polyelectrolyte multilayers has been studied experimentally and theoretically
by Calvo et al. by using cationic osmium pyridine—bipyridine derivatized
poly(allylamine) and poly(vinyl sulfonate) polyanion model system in different
electrolytes [197, 198]. The dramatic effects of outmost layer were emphasized. A
diffusion model was developed to account for the experimentally observed depen-
dence of the average peak potential with the scan rate. This model was able to
describe both the redox peak potential and the current, providing information on the



220 6 Redox Transformations and Transport Processes
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electron transfer rate constants and the diffusion coefficient for the electron hopping
mechanism. The important consequences for electrochemical devices built by
layer-by-layer self-assembly, such as amperometric biosensors or electrochromic
devices, were also discussed [197, 198]. Besides electric field effects, ion associa-
tion within the polymer films plays an important role in the dynamics of electron
hopping within the films. (Extensive ion association might be expected due to the
high ion content and the low dielectric permittivity that prevails in the interiors of
many redox polymers.) According to the model that includes ion association, the
sharp rise in the apparent diffusion coefficient as the concentration of the redox
couple in the film approaches saturation is an expected consequence of the shift in
the ionic association equilibrium to produce larger concentrations of the oxidized
form of the redox couple, which is related to rapid electron acceptance from the
reduced form of the couple [178].

Ion association effects have also been considered in the case of conducting
polymers. It is assumed that ions exist inside the polymer films in two different forms.

The bound or immobile ions are associated with either neutral or charged sites in
the polymer matrix. Assuming the formation of bonds between the neutral sites and
ions, the splitting of the cyclic voltammetric curves and the minimum in the mass
versus charge relationship can be explained [186].

The advanced models elaborated for the low-amplitude potential perturbation of
metal/conducting polymer film/solution systems also take into account the different
mobilities of electronic (polarons) and ionic species within the uniform film. An
important feature of this approach is that the difference in the electric and ionic
mobilities (D, # D;) leads to nonuniformity of the electric field inside the bulk
film, which increases as the ratio D./D; increases, and the electric field will vanish
when D, = D; [190, 194, 195].

A model was developed, which considers the coupling among electron transfer,
deformation, screening, and binding. The model is based on the assumption that
macromolecules are composed of segments of different lengths that may bind species
present in the contacting solution, which also may contain redox species [199].
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6.4 Other Transport Processes

Beside the counterions’ sorption/desorption, the exchange of solvent and in some
cases that of the salt (acid) molecules between the polymer film and background
electrolyte is expected theoretically and has indeed been found experimentally.

6.4.1 Solvent Transport

The equilibrium distribution of neutral molecules depends on the difference
between their standard chemical potentials in the polymer and solution phases.
The free energy of transfer is higher (i.e., the sorption of neutral molecules in the
polymer phase is greater) if the neutral species and the polymer are similar in
character [2, 117-119]. For instance, more water will be incorporated into hydro-
philic polymers containing polar groups. Because in many cases a neutral polymer
is converted into a polyelectrolyte as a function of potential, the partitioning of
water between the polymer film and the electrolyte solution will change during the
charging/discharging processes. This may cause a swelling or shrinking of the
layer. The extent of swelling is strongly affected by the electrolyte composition
(both the nature and concentration of the electrolyte) and temperature [2, 19, 120,
124, 126, 200].

The expansion and contraction of the polymer network in conjunction with the
sorption/desorption of solvent molecules and ions can be described in terms of
mechanical work. This mechanical contribution should be considered in the calcu-
lation of the equilibrium electrode potential (see Chap. 5). The deformation coupled
to the redox reaction is elastic in nature. A plastic deformation occurs when a
neutral, dry film is immersed in electrolyte solution and electrolyzed. It has been
observed for a range of neutral polymer films freshly deposited on metal substrates
by solvent evaporation techniques that several potential sweeps are required for the
films to become fully electroactive [2, 19, 128, 200, 201]. This phenomenon has
been referred as the break-in effect (Fig. 6.19).

A secondary break-in effect may be observed when the film is in its neutral form
for a long period of time before a repeated charging process. Both break-in effects
are attributed to the incorporation of solvent molecules and ions into the film phase
during electrolysis, as well as to potential-dependent morphological changes.
The rate of the diffusive transport of solvent molecules depends on the structure
of the polymer and the motion of polymer segments. In crystalline and cross-linked
polymers, or below the glass transition temperature, the movement of the incor-
porating species may be rather slow. On the other hand, solvent molecules act as
plasticizers, and therefore increase the rate of diffusion for both neutral and ionic
species inside the film.


http://dx.doi.org/10.1007/978-3-642-27621-7_5

222 6 Redox Transformations and Transport Processes
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6.4.2 Dynamics of Polymeric Motion

The rate of chain and segmental motions is of the utmost importance, since these
processes may determine the rate of the diffusional encounters and consequently
the rate of the electron transport process within the polymer film. Below the glass
transition temperature (7,), the polymeric motion is practically frozen-in. Above
T, the frequency of the chain and segmental motions strongly increases with
temperature [2, 202]. The plasticizing effect of the solvent enhances the rates of
all kinds of motions in the polymer phase. At high electrolyte concentrations, the
ionic shielding of the charged sites of the polymer increases, and the polymer film
will adopt a more compact structure. In this case, the activity of the solvent is also
low, and so the film swelling is less [2, 23, 200]. In the more compact structure, the
molecular motions become more hindered. Covalent or electrostatic cross-linking
diminishes the rates of all of the physical diffusion processes.
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6.5 Effect of Film Structure and Morphology

In a general sense, the swollen polymer films can be considered to be polymer—
polyelectrolyte gels. Various microscopic techniques have revealed a pronounced
heterogeneity of the surface layer [2, 203—209]. In this respect, one must distinguish
between macropores (the diameters of which considerably exceed 10 nm) and
nanopores (which represent solvent molecules and ions between the polymer
chains). Inside the macropores, the thermodynamic and transport properties of
ions and solvent molecules are practically the same as those of the contacting
bulk solution.

Space-charge regions (electric double layers) are formed at the interface
between the polymer and solution phases, the thickness of which is much smaller
than the characteristic sizes of macroelements (fibrils, grains, and pores). The
polymer phase itself consists of a polymer matrix with incorporated ions and
solvent molecules which do not form a separate continuous phase. Strong coulom-
bic attractions between the electronic and ionic charges prevent them from being
separated by a distance significantly exceeding the Debye screening length of the
medium (ca. 0.1-0.3 nm in the charged state). There are three principal approaches
to modeling the structure of the polymer phase [1, 193]. One may consider a
uniform, homogeneous film [118, 190, 192-194], or a porous medium [31, 34,
86, 210-213], or an inhomogeneous homogeneous phase, where the properties of
the first layer differ from those of the bulk film (see also Sect. 3.1.3). For uniform
films, the polymer phase contains macromolecules, ions, and solvent molecules. In
equilibrium its state is determined by the equality of the electrochemical potentials
for all mobile species in all adjacent phases. Both electronic and ionic species
participate in the formation of the space charges at the interfaces with the
surrounding media, metal, and solution. The electroneutrality condition prevails
inside the film; only a small imbalance from the charge related to the electric
double layer species inside the metal or the solution parts of the interfaces is
assumed. The overall electrode potential represents the sum of two inter-
facial contributions corresponding to the metal-polymer and polymer—solution
interfaces. The potential distributions across the metal—film—solution depend
on the electrolyte concentration and the partitioning equilibrium. At sufficiently
high concentrations of co-ions inside the film, the potential drop at the
polymer—solution interface is almost constant. In the opposite limiting case, the
potential profile shows a gradual transformation as a function of charging level
and the potential drops vary at both interfaces [118]. This model considers
diffusion—migration transport of electronic and ionic charge carriers in a uniform
medium, coupled with possibly nonequilibrium charge transfer across the
corresponding interfaces at the boundaries of the film.

One extension of the uniform model is the inhomogeneous homogeneous model
[136, 214], where due to the strong interactions between the adsorbed polymer
molecules and the metal substrate (the nature of the metal and its surface geometry
may play an important role), the properties of this layer are different from the rest
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of the film. It can be described formally by introducing an adsorption pseudoca-
pacitance and a resistance connected with the charging/discharging process within
the first layer of the film at the metal interface.

The alternative approach, the porous medium model [31, 34, 107, 210-213, 215]
separates polymer chains from ions and solvent molecules, placing them into two
different phases. Physically, it represents a porous membrane which includes a
matrix formed by the polymer and pores filled with electrolyte. Therefore, this
macroscopically homogeneous two-phase system consists of an electronically
conducting solid phase and an ionically conducting electrolyte phase. The transport
properties of ions and solvent molecules in this phase may significantly differ
from those in bulk electrolyte solutions. Each of these phases has specific electric
resistivities (they may be inhomogeneous), and the two phases (i.e., their
resistivities) are interconnected continuously by the double-layer capacitance at
the surface between the solid phase and the pores. A further interconnection results
from the charge transfer at the surface of the pores. There is also an electron
exchange between the regions in the polymer with different degrees of oxidation.
Despite seemingly opposite ways of describing the polymer phase in these
approaches, the results concerning the responses to dc and ac perturbations often
turned out to be similar or even identical.

Porosity effects during the charging process have long been considered in
discussions of the faradaic and capacitive contributions to the current, especially
in the case of electronically conducting polymers. For instance, the peaks of cyclic
voltammograms were attributed to the faradaic process, while the plateaus of the
current were considered to be an indication of the capacitive term [100, 106, 107,
216-220]. However, this straightforward analogy to the metal—solution interface
does not work in reality; the obviously faradaic process of the redox transformation
of the redox species in the surface layer does not lead to a direct current, unlike
similar reactions for solute species.

6.5.1 Thickness

According to the theory of metastable adsorption of de Gennes [221], when an
adsorbed polymer layer is in contact with a pure solvent, the layer density
diminishes with increasing distance to the substrate (e.g., metal) surface. The
behaviors of several polymer film electrodes, such as poly(tetracyanoquino-
dimethane) [135], poly(vinylferrocene) [150, 222], polypyrrole [223], and
polyaniline [69, 224], have been explained by assuming that the local film
density decreases with film thickness; that is, from the metal surface to the
polymer—solution interface.
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6.5.2 Synthesis Conditions and Nature of the Electrolyte

The film morphology (compactness, swelling) is strongly dependent on the compo-
sition of the solution, most notably on the type of counterions present in the solution
used during electrodeposition and the plasticizing ability of the solvent molecules
(see also Sect. 6.4). For instance, in the case of polyaniline BF,~, ClO,  and
F;CCOO™ promote the formation of a more compact structure, while the use of
HSO4~, NO3™, or CI™ results in a more open structure [109, 122, 204, 225]. Poly
(vinylferrocene) is more swollen in the presence of SO, ions than in NO3~ or
CIO, -containing electrolytes. This means that the different anions enter the film
together with their hydration spheres, since the magnitude of the mass change is as
follows: sulfate > nitrate > perchlorate. This corresponds to the order of degree of
hydration of these anions. On the other hand, the ion-pair formation constant for the
oxidized sites and the ClO, " ions is greater than that for NO;~ or SO427 ions,
which is reflected in the more positive formal potential of the ferrocene/ferricenium
redox couple in Na,SO,4 or NaNOj solutions compared with NaClO, electrolyte, as
seen in Fig. 6.20.

The more pronounced swelling also reflects the more extensive interaction
between water and the charged ferricenium sites in the presence of SO,* - or
NO; -compared to ClO, -containing electrolytes [121, 150]. Although in many
papers it has been claimed that, once formed, the structure would be preserved even
when the electrolyte used during electropolymerization is replaced by another one.
However, this is not true. During cycling—albeit usually slowly—the morphology
of the polymer layer changes, and eventually a structure characteristic of the
polymer in that electrolyte develops. Figure 6.21 shows the results of such an
experiment, when PANI film prepared in the presence of HCIO, (see Fig. 4.2)
was investigated in 5-sulfosalicylic acid (HSSA). In the presence of perchlorate
ions, PANI adopts a more compact structure than in the solution of sulfosalicylic
anions (SSA ™) (compare the respective Af values in Fig. 4.2). However, slow ion
exchange occurs during cycling as HCIO, is replaced by HSSA. The original
electroactivity is gradually regained, and the compact structure is simultaneously
transformed into a less compact, more swollen one.

6.5.3 Effect of Electrolyte Concentration and Temperature

The swelling and shrinking of a polyelectrolyte gel are strongly affected by the
concentration of the contacting electrolyte solution and the temperature [2, 19, 120,
121, 127]. Thermodynamic theory, which considers three contributions to the free
energy of the gel (i.e., mixing of constituents, network deformation, and electro-
static interactions), predicts gel shrinkage as the salt concentration is increased or
the temperature is decreased [226]. The shrinking process usually occurs smoothly,
but under certain conditions the process becomes discontinuous, and the addition of


http://dx.doi.org/10.1007/978-3-642-27621-7_4#fig2_4
http://dx.doi.org/10.1007/978-3-642-27621-7_4#fig2_4

226 6 Redox Transformations and Transport Processes
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a tiny amount of salt will lead to the collapse of the gel; i.e., a drastic decrease in the
volume to a fraction of its original value.

The onset of shrinking and swelling substantially depends on temperature.

This phenomenon is akin to thermodynamic phase transitions in other branches
of physical chemistry. The abrupt deterioration of the charge transport rate in poly
(tetracyanoquinodimethane); Fig. 6.22 or poly(vinylferrocene) films [23] at high
electrolyte concentrations (10 mol dm 3 LiCl or 5 mol dm® CaCly) and its
temperature dependence (Fig. 6.23) can be interpreted based on thermodynamic
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Fig. 6.21 Cyclic voltammograms and the simultaneously obtained EQCN frequency curves
recorded for a PANI electrode (a) in 1 mol dm™? HCIO4 (b) and (¢) in 1 mol dm~? 5-sulfosalicylic
acid (HSSA) after exchanging HCIO, for HSSA. The curves shown in (b) were taken during the
first five cycles after the solution had been replaced, while those in (c¢) display the current and
frequency responses from the 135th to the 175th cycles. Scan rate: 100 mV s~' (Reproduced from
[122] with the permission of Elsevier Ltd.)
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theory [20, 23, 227]. In a more compact structure, the rate of electron hopping may
increase since the concentration of redox (c) sites is high; however, a deterioration
in the film’s permeability to the counterions due to the decrease in the free volume
is expected at the same time. The maximum observed in the peak current versus salt
concentration curve is the result of the balanced effects of the enhanced electron
exchange process and the hindered counterion motion. The abrupt change in the
free volume of solvent-filled cavities causes a sharp decrease in the charge transport
diffusion coefficient [2, 20, 23, 227, 228]. A rigorous theoretical treatment which
takes into account the extension and contraction of the polymer chain as it is
electrochemically converted into a polyelectrolyte is very difficult if not impossible
due to the complexity of the polyelectrolyte systems and the lack of an appropriate
set of data. Inzelt et al. [2, 20] modeled these effects in an empirical approach by
scaling the concentration of electroactive sites in the polymer film and the effective
charge transport diffusion coefficient (D) with csl/ 2,
By employing the empirical equations

c=2Z(1+Bcl/?), (6.29)

and
D =D°(1 —H'c). (6.30)
A semiquantitative description of the effect of concentration on peak currents
and peak potentials has been obtained. D¢, is the effective diffusion coefficient of
charge transport through the polymer film in the absence of the addition of
supporting electrolyte; Z, B, and H' are empirical parameters characteristic of the
system under study. The values of these parameters depend on the nature of the
solvent, the counterions (their size and charge), and the polymer forming the film.

Combining (6.29) and (6.30) with the Randles—Sevéik equation, as well as the
appropriate Nernst equation, gives the relationship

I, = Ki[l — H(1 4+ Be!/»)]"*(1 + Bcl?), (6.31)
and

E, :Kﬁ+g In{c,[1 — H(1 + Bcl/?)]2}, (6.32)
where

Ki = 2.69 x 10°D.)?Av'/*Z and H = ZH'

3

. RT
Kg =E] —— InK £0.0285.
zF
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The constant in the equation of the peak current (K;) includes the quantities in the
Randles—Sev&ik equation; i.e., A is the electrode area, v is the scan rate, and the
charge number of the electrode reaction is assumed to be 1. The constant in the
equation of the peak potential (Ky) contains the formal potential (Efj/) and the
formation constant of the salt, ion pair, or complex (K). +0.0285 V and —0.0285 V,
respectively, have to be used for the anodic and cathodic peak potentials. The + or a—
sign that appears before the term of (RT/zF) In K depends on the type of ions
exchanged. When counterions enter the polymer film, the sign is + for reduction
and — for oxidation, respectively. For instance, for the reduction of TCNQ [see (2.1)],
the sign is positive. However, when co-ions leave the film, the opposite sign applies, i.
e., during oxidation [see (6.26) and (6.27)] the sign is positive. The most remarkable
conclusion of these calculations is the fact that the variation in the I, and E,, values
with ¢, can be described with the same set of parameters for a given system.
In addition, the variation in Z, which is characteristic of the chemical structure of
the film, B, which in turn is linked to the swelling (solvent—polymer and ion—polymer
interactions) and H, which expresses how the permeability of the film depends on the
sizes of the penetrating ions and the solvent-filled cavities (the free volume in the
film), exhibited rather reasonable, systematic changes as the solvent was replaced
with a better one or univalent ions were substituted for bivalent ones.

6.6 Relaxation and Hysteresis Phenomena

Owing to the long relaxation times characteristic of polymeric systems, the equi-
librium or steady-state situation is often not reached within the time scale of the
experiment. Figure 6.24 shows the change in the resistance of polyaniline after
potential steps.

It can be seen that the achievement of a constant resistance value takes a rather
long time, especially during the conducting-to-insulating transition. Consequently,
even slow sweep rate cyclic voltammetry does not supply reliable thermodynamic
quantities that can otherwise be derived by analyzing the changes in the peak
potentials. The polymeric nature of these systems is most strikingly manifested in
the relaxation phenomena linked to changes in the conditions (potential, tempera-
ture, etc.) which appear in different effects such as the hysteresis, “first cycle,” and
memory effects [19, 54, 89, 109, 111, 147, 219, 228-239].

The first cycle or waiting time effects (where the shapes of the cyclic
voltammograms and the peak potentials depend on the delay time at potentials at
which the polymer is in its neutral/discharged state: see also “secondary break-in")
have been interpreted in terms of slow morphological changes and/or the difficulty
removing the remaining charges from insulating surroundings [228, 230, 231].
It should be mentioned that this problem also arises in the case of redox polymers
[19,23, 130-132]. The results of fast scan rate voltammetry, chronoamperometry, and
chronopotentiometry have also been explained by a model assuming instantaneous
two-dimensional nucleation and growth of conducting zones, and it was concluded
that oxidation and reduction must proceed by different pathways and involve different
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Fig. 6.24 The current transients and the respective resistance—time curves obtained after
performing potential steps (a) from 0.2 to 0.15 V and (b) from 0.15 to 0.2 V for a PANI electrode
in contact with 2 mol dm™> H,SO, (Reproduced from [54] with the permission of Elsevier Ltd.)

degrees of disorder [109, 240]. The slow change in the local pH has also been
accounted for [229]. For the conducting-to-insulating conversion, the slow relaxation
effect has been interpreted within the framework of percolation theory [236, 241] and
by the electrochemically stimulated conformational relaxation (ESCR) model [111,
174, 242, 243]. Both of these theories predict a logarithmic time dependence. The
percolation theory assumes that the slow relaxation after rapid conducting—insulating
conversion is composed of three interrelated processes: statistical structure formation,
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random fluctuations, and electron transfer. Accordingly, the rate-determining step is
either the electrochemical reaction that occurs in electrode-percolated conducting
clusters or the random rearrangement of conducting clusters by electron exchange
reactions between the conducting and insulating species and/or the diffusion of
polymer chains. The rate of the conducting—insulating conversion suddenly slows
down at the percolation threshold.

In the percolation models elaborated by Aoki and coworkers [234-236, 241,
244-246], it is assumed that the C (“conducting”) species produced by the electro-
chemical oxidation act as a metal-like electrode in converting the I (“insulating”)
species into the C species. The C domain generates itself, growing toward the
solution phase with a well-defined boundary between the C and the I zones. The rate
of oxidation is controlled by the rate of electron transfer from the C zone to the
I zone; in a first approach the influence of the ionic charge transport is neglected.
Electric double layers may form not only at the boundary between the two zones but
also at the microscopic interfaces between C species and the solution penetrating
into the C domain. Since the double layer is distributed over the film in the C state,
the reduction is allowed to occur at any position or preferentially at the most active
sites in the C domain. During reduction, a random conversion takes place in the
C microdomains, which have electric connections with the metal substrate. The
conversion proceeds until the molar fraction of the C species decreases to a
threshold of percolation. As a result, some of the C species is left behind in the
film, forming a fractal geometry [234]. The C species remaining in the film can be
transported to the electrode by diffusion, or their reduction may occur via electron
hopping. Since only a small proportion of the C zones are connected electrically to
the metal below the percolation threshold, the conversion rate becomes very slow.
This manifests itself in the slow relaxation, which is characterized by the variations
in the polymer film over times of as long as a few hours. This is the main cause of
the phenomena known as the memory effect, the first cycle effect, and hysteresis.
The key parameter of slow relaxation is the electrolysis time in the I state, often
called a waiting time, f,,. The anodic peak potential, peak current, and the spin
concentration depend logarithmically on #,,. Aoki investigated the dependence of
the faradaic charge associated with the switching of PANI films [244].

A distribution of C clusters was assumed. Some clusters are in contact with the
metal, while others are surrounded by other C species and I species. The rate-
determining step is the charge transfer rate at the C-I interface or the formation of
C clusters. For the time (#) dependence of the charge consumed (g), the following
equation was derived:

aks,
q=qr(l —p) =qT+Z—Tln[<q—>t+eXp(—apc)}, (6.33)
T

where gt is the total charge associated with the redox reaction; p is related to the
ratio of the concentrations of the oxidized (¢,) and reduced (cg) species [i.e.,p = ¢/
(co + cRr); a is the probability of creating C clusters for small variations in p]; k is the
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rate coefficient per volume of the reduction (¢grdp/dt = —ks), a potential-dependent
quantity; s is the volume of all percolated clusters; s, is the volume of the percolation
threshold (p.). Since 0 < p < 1or0 < ¢ < ¢r, (6.29) has a maximum of .

It was derived [244] that p. = 0.23, and so the term exp(—ap,.) is negligibly
small. Therefore, the equation for the logarithmic dependence of ¢ on the waiting

time t,, is
1 1 kso
q=gr [() Inty + () In (“ s > + 1} (6.34)
a a qr

The value of @ was determined from the ¢ vs. In ¢, plots; and it was found that a
is not constant but is instead proportional to g . Consequently, the volume
increase as a function of p can be obtained from the following equation:

s = peexpldgr ¥ (p — p)]. (6.35)

where @’ is a constant. The relaxation behavior of PANI has been analyzed in
several papers using percolation theory [234-236, 241, 244-246].

The ESCR model assumes that two main processes are operative concerning the
kinetics of the redox switching of conducting polymers. First is the charging—-
discharging process, which includes electronic and ionic charge transport. Second
is the induced conformational change in the polymer that affects the rate of the
electrochemical transformation, and due to the slowness of the relaxation of the
polymer this process may last much longer than the actual oxidation or reduction
process. The latter model was used to describe the redox switching of polypyrrole,
where an extensive volume increase occurs during oxidation. It should be taken into
account that extramechanical energy is needed to open the originally compact
structure. The hysteresis effect has been explained by the difference in the oxidation
and reduction sequences.

According to the ESCR model, the following steps should be considered. Upon
applying an anodic overpotential to a neutral conjugated polymer, an expansion of
the closed polymeric structure occurs initially. In this way, partial oxidation takes
place and under the influence of an electrical field counterions from the solution
enter the solid polymer at those points in the polymer/electrolyte interface where
the structure is less compact. This is called the nucleation process. Then the
oxidized sphere expands from these points toward the polymer/metal interface
and grows parallel to the metal surface. The rate of this part of the overall reaction
is controlled by a structural relaxation involving conformational changes of poly-
mer segments and a swelling of the polymer due to electrostatic repulsions between
the chains and incorporations of counterions (see Fig. 6.25). The oxidation process
is completed by the diffusion of counterions through the previously opened struc-
ture of the polymer. Opposite processes occur during reduction. The positive
charges on the polymers are neutralized and counterions are expelled. Reverse
conformational changes lead to a shrinking of the polymer. Diffusion of the
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Fig. 6.25 Illustration of the ESCR model (Reproduced from [174] with the permission of Elsevier Ltd.)

counterions becomes more and more difficult. The structure is closing. The degree
of compaction that takes place during this closing step depends on the cathodic
potential applied to the polymer and will be more efficient at more negative
potentials. The compact structure hinders counterion exchange with the solution.
A quantitative expression for the relaxation time 7t needed to open the closed
polymer structure is as follows:

T =1, eXp[AH" + z.(Es — E.) — z:(E — E, )], (6.36)

where AH* is the conformational energy consumed per mole of polymeric
segments in the absence of any external electrical field; the second term z.(Es — E.)
is the energy required to reduce, close, and compact one mole of polymeric
segments, with Eg = experimental potential of closure and E. = compaction
potential, and finally z,(E — E,) represents the energy required to open the closed
structure. (z, = charge consumed to relax one mol of polymeric segments; 7, =
relaxation time in the absence of any polarization effects.)

The hysteresis effect and the non-Nernstian behavior for polyaniline have also
been elucidated with the help of polaron models by considering that the formation
energies of both polarons and bipolarons increase as the degree of oxidation
increases [86, 212]. A first-order phase transition due to an S-shaped energy
diagram that is in connection with attractive interactions between electronic and
ionic charges has also been proposed [239]. The hysteresis phenomenon has also
been explained by the stabilization of the oxidized polymer molecules by
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considering that the originally twisted, benzoid conformation is transformed into a
more planar, quinoid-like structure with better m-conjugation, which can therefore
be reduced at lower potentials (with lower energy). The planarization of the twisted
segments within a chain takes place during the first stage of the charging process,
and due to the interactions between the m-electron clouds of the neighboring
charged segments intermolecular stabilization can also occur. Intermolecular
interactions are favorable in the crystalline domains of the polymer. It is assumed
that the stabilization process is fast [100]. Even an intermolecular coupling of the
two m-radical centers forming a g-bond and the dimerization and disproportion of
polaronic segments have also recently been proposed [71, 113, 114]. Vorotyntsev
and Heinze [114] elaborated a concept based on two coexisting subsystems in the
polymer matrix, i.e., the usual neutral, cation radical (polaron), and dication
(bipolaron) sites, and entities representing a couple of sites where intermolecular
bonds between neighboring molecules are formed. These bonds may be either
n-bonds or ¢-bonds, and the dimers may also exist in neutral, charged, and doubly
charged states. The idea was based on the results obtained when charging and
discharging PPP films, which indicated that there are reversible or quasi-reversible
and irreversible processes depending on the potential intervals investigated for the
oxidation and reduction processes, respectively. In this work, the distribution
of redox potentials (energetic inhomogeneity) was also considered. The concentra-
tion distributions of the various species were calculated by using reasonable
assumptions for the values of different equilibrium and kinetic quantities. One of
the results of these calculations, where the dispersion of the redox potentials of the
undimerized forms has also been taken into account, is shown in Fig. 6.26.

During the anodic scan, the neutral form (D) initially transformed into a singly
charged form (Dy;). This was then gradually replaced by the G-bond state (D). The
concentrations of D; and D, are also noticeable within this potential interval.

During reduction, the concentration profiles are quite different; the radical form
(D,) appears in substantial amounts as an intermediate. Because the potential range
in which the given species exists is shifted, a hysteresis can be observed in the
potential variations in the principal concentrations of species Dyy and Ds. The
corresponding theoretical cyclic voltammograms are presented in Fig. 6.27. Paasch
analyzed the hysteresis in terms of dissociation of bipolarons [89].

It is worth mentioning that the considerable difference between the anodic and
cathodic peak potentials of the cyclic voltammograms for the poly(tetracyanoqui-
nodimethane) redox electrode (Fig. 6.22) has been explained by the formation of
dimeric species; i.e., the slow formation of mixed-valence dimers during reduction
(charging) and the fast reoxidation of dimer dianions resulting in mixed-valence
dimers during the discharging process [19, 127].

The concentrations of the anion radicals and the dimer dianions were derived
from UV-VIS spectroelectrochemical data. The concentration of the mixed-
valence dimer was calculated from the variation in the ESR intensity and the
concentration of the other paramagnetic species, TCNQ- [127] (see Fig. 6.28).

The shielding effects of the counterions may also contribute to the overall
stabilization energy.
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Fig. 6.26 Variations in the concentrations of various dimerized forms during cyclic voltammetry.
A broad energy distribution was considered for the undimerized sites, whereas each dimerized
state (D) was characterized by a single redox potential. Doy, Do, Doy, D115 Dr, D, and D,
symbolize the different dimers, where the indices 0, 1, and 2 indicate neutral, singly, and doubly
charged species, respectively; e.g., Dg; is a dimer of a neutral and a singly charge entity. D is a
m-bond complex between the neighboring molecules, and D is a corresponding c-bond complex,
while D, is a partially discharged G-bond complex (Reproduced from [114] with the permission of
Elsevier Ltd.)

The hysteresis phenomenon was analyzed in terms of two classes: dynamic
hysteresis containing a kinetic and an ohmic component, and stationary or thermo-
dynamic hysteresis. It was concluded that the hysteresis in cyclic voltammograms
observed for poly(3-methylthiophene) is mainly kinetic in nature, while for PANI
the hysteresis (which is independent of scan rate and current) has a thermodynamic
origin [230].

While the effect of potential-induced relaxation phenomena has been studied
extensively, less effort has been expended in exploring the effect of temperature.
One notable exception is a temperature shock experiment on a poly(tetracyanoqui-
nodimethane) electrode. It was found that when the electrode returned from ele-
vated temperature to room temperature, a relatively long time (>30 min) was
needed to restore the original room temperature voltammetric response, as seen in
Fig. 6.29.

Apparently, the polymer adopts an extended, perhaps solvent-swollen confor-
mation at elevated temperatures that requires a long time to revert back to the room
temperature structure [19, 227]. Such behavior is observed in studies of polymer
gels, where varying the temperature results in the hysteresis of macroscopic poly-
mer properties such as swelling, elasticity, and turbidity.
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Fig. 6.27 The cyclic a
voltammograms predicted

by the dimerization model

with energetic inhomogeneity 0.50 -
of undimerized sites. Curves
(a)—(c) were simulated by
using different fractions of
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Fig. 6.28 Distribution T T T T T
diagram for the species 36
formed during the

electroreduction of poly
(tetracyanoquinodimethane).

A = TCNQ,A- = TCNQ-, 2.0
Aj = TCNQ;,

A} = TCNQ3} ™, and

S 5 +CTCNQZ: [127]
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Fig. 6.29 Cyclic voltammograms obtained for a poly(tetracyanoquinodimethane) electrode in
contact with 10 M LiCl at (/) 69°C and (2-6) after rapid cooling at 22°C, recorded after delays of
2)4,(3)9, (4) 13.5, (5) 22.5, and (6) 38.5 min (Reproduced from [227] with the permission of
Elsevier Ltd.)
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6.7 Measurements of the Rate of Charge Transport

The rate of charge transport within an electrochemically active polymer film has
been successfully studied by transient electrochemical techniques. One may distin-
guish between methods using large and small potentials or current perturbations.
Cyclic voltammetry and potential (less often current) step and pulse techniques
have been applied for basic characterization. Average values for the charge trans-
port diffusion coefficient can be obtained using these techniques, since the
properties of the polymer change continuously and large amounts of ions and/or
solvent molecules are exchanged between the polymer phase and the bulk solution
during the experiments. Owing to the marginal perturbations from equilibrium
(steady state) caused by low-amplitude (<5 mV) sinusoidal voltage, electrochemi-
cal impedance spectroscopy (EIS) is evidently advantageous compared to other
techniques involving large perturbations. The actual reaction mechanism may be
elucidated and the rate-determining step assigned using combined techniques.
Information on these techniques and references associated with them can be
found in Chap. 3.
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Chapter 7
Applications of Conducting Polymers

7.1 Material Properties of Conducting Polymers

For practical reasons, electronically conducting polymers that can be prepared from
cheap compounds such as aniline, pyrrole, thiophene, and their derivatives by
relatively simple chemical or electrochemical polymerization processes attract the
most interest [1-26]. However, redox polymers are also applied in special cases,
such as in biosensors or electrochromic display devices. Nevertheless, in this
chapter, we focus our attention on the applications of electronically (intrinsically)
conducting polymers, which we will refer to as “conducting polymers,” or by the
abbreviations “ECPs” and “ICPs.” The most interesting property of conducting
polymers is their high (almost metallic) conductivity, which can be changed by
simple oxidation or reduction, and also by bringing the material into contact with
different compounds. Conducting polymers usually have good corrosion stabilities
when in contact with solution or/and in the dry state. For instance, polyaniline is
stable in its leucoemeraldine and emeraldine states, even in 10 mol dm— acid
solutions. Furthermore, ICPs can be deposited from a liquid phase, even in complex
topographies. Redox processes combined with the intercalation of anions or
cations can therefore be used to switch the chemical, optical, electrical, magnetic,
mechanic, and ionic properties of such polymers. These properties can be modified
by varying the anion size and preparation techniques, by including other chemical
species, for example. A qualitative summary of the relationship between the
properties of a conducting polymer and its charge state is given in Table 7.1.

Typical areas in which conducting polymers are applied can be described using a
double logarithmic plot of ionic resistance vs. electronic resistance, as shown in
Fig. 7.1. The positions of ideal metals, semiconductors, and insulators in the
diagram are shown at the top. Constant properties exist at high ionic resistances,
i.e., toward the top of the diagram. Here, ICPs can be applied in the dry state in an
inert atmosphere. Contact with an electrolyte leads to a much wider field of
applications, depending on the specific ionic and electronic resistances associated
with the charge state, such as in batteries, displays, sensors, etc.

G. Inzelt, Conducting Polymers, Monographs in Electrochemistry, 245
DOI 10.1007/978-3-642-27621-7_7, © Springer-Verlag Berlin Heidelberg 2012
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Table 7.1 Qualitative properties of conducting polymers that conduct in their oxidized state, as a
function of their charge state

Properties/charging state  Reduced Oxidized
Stoichiometry Without anions (or with cations) ~ With anions (or without cations)
Content of solvent Smaller Higher
Volume Smaller Higher
Color Transparent or bright Dark
Electronic conductivity Insulating, semiconducting Semiconducting, metallic
Ionic conductivity Smaller High
Diffusion of molecules Dependent on structure
Surface tension Hydrophobic Hydrophilic
metals semiconductors insulators
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Fig. 7.1 Double logarithmic plot of ionic resistance vs. electronic resistance for conducting
polymers, showing areas of application (Reproduced from [10] with the permission of Elsevier
Ltd.)

Special properties, such as wettability, optical, or membrane properties, can be
utilized in special systems (e.g., displays) or processes (e.g., metallization of holes).
Conducting polymers can therefore be grouped according to their technological
field of application (e.g., energy technology, sensors, and others). For more on this
topic, see the reviews in [1-26].
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7.2 Applications of Conducting Polymers in Various Fields
of Technologies

7.2.1 Thin-Film Deposition and Microstructuring of Conducting
Materials (Antistatic Coatings, Microwave Absorption,
Microelectronics) [27-38]

Before polymers can be applied in advanced systems, their mechanical and topo-
graphic properties must first be checked. The filling of molds, holes, and gaps often
is a problem, depending on the preparation process. However, ICPs have an
advantage in this context. For instance, electrochemical polymerization can be
carried out in a hole or mold. Sometimes, the growth preferentially takes place at
the edges, which can be an advantage when depositing chemicals [27]. The
minimum size of the holes to be filled is given by the molecular size of the polymer
and the hydrophilicity of the holes. Even nanosized channels of porous silicon or
AlL,O5 can be filled [33, 34]. Chemical polymerization by soluble (Fe**) or solid
oxidants (MnO,, RuClj; [32]) can also be used.

A detailed review of the use of conducting polymers for microsystem
technologies and silicon planar technology was given in [36]. Local deposition of
polybithiophene is possible on n-type silicon using laser-assisted deposition. The
production of negative and positive microstructures with high aspect ratios and
precisions is possible. Various concepts such as direct laser writing, prestructuring
of the silicon substrates by mask techniques, or poststructuring of predeposited
polymer films have also been realized [36].

For micro- and nanostructures with negative aspect ratios, successful filling can
only be realized if the reaction starts at the bottom of the pore (see Fig. 7.2b). This
can be achieved if the bottom of the negative microstructure is conducting while the
wall is insulating. A homogeneous reaction may also take place all over the pore
wall when an inhibiting layer (e.g., a high-field oxide) is formed at the wall.

Potential approaches to microstructuring are illustrated in Fig. 7.3.

a C
ideal nucleation nucleation
case at the at the pore
bottom of walls
the pores near to the
surface

Fig. 7.2 Scheme for
polymerization in pores.

(a) Ideal case, (b) nucleation
at the bottoms of the pores,
(¢) nucleation at the walls of
the pores (Reproduced from
[36] with the permission of
Elsevier Ltd.)
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Fig. 7.3 Schemes for pre- and poststructuring conducting polymers (Reproduced from [36] with
the permission of Elsevier Ltd.)

Prestructuring can be achieved through the usual photoresist technique (Fig. 7.3a)
or by ion implantation through a mask (Fig. 7.3b). The prestructuring yields an
insulating region of the semiconductor’s surface, and so polymerization only occurs
over the rest of the surface. In the case of poststructuring, a polymer film is prepared
at the surface and then microstructuring is carried out using a chemical reaction, such
as by oxidation (Fig. 7.3c), using a photoreaction (laser ablation; Fig. 7.3d) or by
mechanical removal of the polymer film. Positive microstructures are usually
obtained by poststructuring.

In thin-film technologies, ICPs can be used as conducting layers. Two applica-
tion fields of great technical importance are antistatic protection [28, 30] and
electromagnetic interference shielding by conducting polymers [29, 37]. For
instance, a 0.54-mm-thick polypyrrole—textile composite absorbs ca. 50% of the
incident 30-35 W microwave radiation [29]. PANI, PP, and PT derivatives are
predominant in these fields. They are incorporated as fillers into common polymeric
materials such as poly(vinylchloride) or poly(vinylacetate) in order to substitute
carbon-black-filled materials. Poly(3,4-ethylenedioxythiophene) (PEDOT) is used
as a protective layer for photographic films [30].
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A large-scale technological process was realized with the through-hole plating
of printed circuit boards [31, 35]. The insulating epoxy board is oxidized by
KMnOQy. The resulting thin film of MnO,_, is used as an oxidizer for the oxidative
polymerization of EDT. The thin film of PEDOT is conductive even at low
potentials in acidic solution. Therefore, the hole covered with conducting polymer
can be directly electroplated with copper.

In microelectronics, ICPs can be applied as charge dissipators for electron-beam
lithography. Electron-beam lithography is a direct writing method with a very high
resolution in the submicrometer range. The charging of the insulating electron-
beam resist can lead to the deflection of the electron beam, resulting in image
distortion. Conducting resists or layers must therefore be applied to negate this
problem. Water-soluble PANI was introduced by IBM as a discharge solution [38].

7.2.2 Electroluminescent and Electrochromic Devices
[17, 19, 39-87]

Electrochromic devices have been realized with ICPs [17, 19, 39-87]. Many
conducting polymers exhibit redox states with distinct electronic absorption spec-
tra. When the redox transformations generate new or different visible region bands,
the material is said to be electrochromic [19, 64]. The color changes from either a
transparent (“bleached”) state, where the polymer absorbs in the ultraviolet region,
to a colored state, or from one colored state to another (see Chap. 2). In several
cases, more than two redox transformations can take place, which are accompanied
by more than two color changes. The usual color change is from pale yellow or
colorless (the reduced state) to green or blue (the oxidized state); for example,
PANI absorbs at 4 < 330 nm in its reduced state, the absorbance at ~440 nm
increases during the oxidation, and a broad free carrier electron band appears at
A ~ 800 nm at more positive potentials (oxidation state; see Fig. 4.7). During the
oxidation of PP, the following color changes can be observed: yellow < green
(A = 420 nm), blue < violet (A = 670 nm). However, colorless «<» red (PPD),
orange < black [69], or red (A = 470 nm) < blue (4 = 730 nm) (PT), etc., also
occur. This effect can be used in light-reflecting or light-transmitting devices for
optical information and storage (displays) or for glare-reduction systems and “smart
windows” in cars and buildings. To be applicable in this context, the response time
of the conducting polymer must be fast enough (<100 ms [64]), and it must be
highly reversible upon charging/discharging (for up to 10° cycles or more) [19, 64].
Smart windows based on a sandwich structure of ITO/PEDOT-PSS/ITO between
glass have been developed [51, 73].

Tuning the color states via modification of the polymer structure has become
a basic method in order to achieve multicolor electrochromic displays [40]. The
color (i.e., the color change) can be tuned by using different derivatives of the
same parent monomer. For instance, 3-methylthiophene, 3-hexylthiophene, and


http://dx.doi.org/10.1007/978-3-642-27621-7_2
http://dx.doi.org/10.1007/978-3-642-27621-4#fig7

250 7 Applications of Conducting Polymers

1.4

cbha

1.2

Abs

0.0 P RPN IR SRR N TP T W &
300 400 500 600 700 800 900 1000 1100

Wavelength (nm)

Fig. 7.4 Normalized absorption spectra of poly(3-methylthiophene) (¢ and a'), poly(3-
hexylthiophene) (b and b'), and poly(3-octylthiophene) (¢ and ¢’) in their fully reduced and
oxidized states, respectively (Reproduced from [68] with the permission of Elsevier Ltd.)

3-octylthiophene have been electropolymerized in a room-temperature ionic liquid,
1-butyl-3-methylimidazolium hexafluorophosphate (BMIMPFy), and the resulting
polymers (PMeT, PHexT, and POcT) exhibit slightly different color changes during
reversible redox switching [68]. Figure 7.4 shows the spectra of these polymers in
their oxidized and reduced states, respectively. The respective color changes during
oxidation are bright red — bright blue (PMeT), orange red — blue (PHexT), and
orange yellow — black blue (POct). Thiophene and pyrrole derivatives are good
examples concerning the effect of the structure modification. For instance, the
following color changes can be observed at different compounds: PEDOT and
poly(3,3-dimethyl-3,4-dihydro-2H-thieno-[3,4-b]dioxepine) deep blue < trans-
parent blue [80], poly(3,4-ethylenedioxypyrrole) red « transmissive blue [50,
74], poly(3,4-propylenedioxypyrrole) orange < brown « gray blue [77], poly
(N-sulfonatopropoxy-dioxypyrrole) colorless < gray [77]. Poly(benzo[c]thio-
phene-N-2-ethylhexy-4,5-dicarboxylic imide) and poly(thieno[3,4-b]thiophene)
absorb only in the near-infrared region [63, 76]. Polymers prepared either by
using comonomers (monomers containing two or more different rings) or by
copolymerization exhibit several distinct redox transformations and consequently
multicolor electrochromism. Copolymers are versatile systems in this respect, even
a change of the relative concentrations of the monomers influences the color
changes: poly(bis-EDOT-N-methylcarbazole) yellow < green < blue [78], poly-
(bis-EDOT-pyridine) blue < red « light blue in neutral, radical cation, and
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dication states [49, 56], respectively. Even four colors can be achieved if the materials
are capable of undergoing both p- and n-doping. Poly-(bis-EDOT-pyridopyrazine) has
two n-doped states, a neutral state, and a p-doped state, and the respective color
changes are as follows: black < red « green < light green [49]. Near-infrared
switchable electrochromic polymer has been prepared by the electropolymerization
of 2,5-bis-dithienyl-1H-pyrrole containing carbazole pendant groups. An electro-
chromic device based on this polymer has been constructed [75]. A series of
N-alkylated-2,7-di(2-furyl)carbazoles,  N-butyl-2,7-di(2-thienyl)carbazole, and
N-butyl-2,7-di(2-(3,4-ethylenedioxthienyl))carbazole were synthesized by electropo-
lymerization in order to obtain polymers with more extended conjugation lengths and
lower energy bandgaps than poly(3,6-carbazole)s. They have low oxidation potentials
[<0.57 V vs. ferrocene (Fc/Fc™)], and the corresponding polymers exhibit good redox
properties. The energy bandgaps of the polymers obtained from optical absorption
spectra range from 2.1 to 2.3 eV. Among the polymers, poly[N-butyl-2,7-di(2-(3,4-
ethylenedioxthienyl))carbazole] shows the lowest bandgap energy of 2.1 eV, which is
lower than that of previously reported poly(3,6-carbazole) analogs (2.4 eV). This
polymer exhibits a significant color change from red in the oxidized state to blue in
the reduced state during an electrochemical redox process. The electrochemical
and optical properties of the monomers are dependent on external heteroaromatic
rings attached to the 2 and 7 positions of the carbazole unit [57]. Electrochromic
devices based on poly(3,4-ethylenedioxypyrrole) (PEDOP)-Ag and PEDOP-Au
nanocomposites showed a large coloring efficiency in the visible region, for an
orange/red to blue reversible transition, and also in the near-infrared region [58].

The photoluminescence of polyaniline has been studied as a function of the
polymer redox state. It was stated that each of the three PANI species has fluorescent
emissions with different quantum yields. When conductive domains are present, the
emission from excitons located either inside these domains or near to them is effi-
ciently quenched [39]. Organic electroluminescent devices (LEDs) are a possible
alternative to liquid crystal displays and cathodic tubes, especially for the develop-
ment of large displays. The principal setup for a polymeric LED is ITO/light-emitting
polymer/metal. A thin ITO electrode on a transparent glass or polymeric substrate
serves as the anode, while metals such as Al, Ca, or Mg are used as cathode materials.
After applying an electric field, electrons and holes are injected into the polymer. The
formation of e /h* pairs leads to the emission of photons. One of most important
opportunities to follow from the use of polymeric LEDs is the chemical tuning of the
HOMO-LUMO gap of the light-emitting polymers via tailored synthesis. Typical
materials used in this context are poly(p-phenylenevinylene) (PPPV) [42] and its
derivatives or substituted polythiophenes. Heeger collaborating with Wudl started to
work with polythiophene and derivatives such as poly (iso-p-thionaphthene), with the
objective of probing how to tune electronic properties via the molecular structure.
Heeger’s team had made the first inroads into device applications—making a diode by
casting a polythiophene from solution onto electrodes. Heeger remained a major
player in the field of light-emitting polymer diodes [53].

The use of PANI as a first layer on the ITO electrode is reported to increase the
efficiency of the LED [84, 85] and prevents the degradation of the polymer because
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PANI acts as a hole blocker [62]. Quantum efficiencies of 3%, light densities of up
to some 1,000 cd m~2, and light efficiencies of 5 Im W™ are made possible using
this approach. Polyfluorene is an important blue-light-emitting polymer which has
been studied for applications in the emissive layers in LEDs because of its high
chemical and thermal stability as well as its high fluorescence quantum yield [86].

Poly(alkylbithiazoles) have received considerable attention because of their
n-doping capabilities and applications in LEDs. The nonyl derivative has unusual
optical properties due to its crystallinity and n—n stacking behavior. The combina-
tion of this n-type electron-accepting compound with a p-type electron-donating
monomer (comonomer) was recently attempted [45]. The electropolymerization of
bis 3,4-ethylenedioxythiophene (EDOT)—(4,4’-dinonyl-2,2’-bithiazole) leads to a
homogeneous and high-quality polymer film (PENBTE) which shows fast
electrochromic behavior when switched between its neutral and oxidized states.
Both p-doping and n-doping of the polymer are possible, as shown in Fig. 7.5.

The band gap (E,) was calculated from the difference in the onset potentials. The
p-doping involves the thiazole unit, while both the thiazole and EDOT moieties
participate in the n-doping [45]. The changes in the visible spectra of PENBTE as
function of the potential are displayed in Fig. 7.6.

The color change is illustrated in Fig. 7.7. It is interesting that the oxidized form
is transmissive, while the reduced, neutral state shows intense absorption.

Among the various electroluminescent polymers available, poly(1-methoxy-4-
(2-ethyl-hexyloxy)-p-phenylenevinylene) (MEH—PPPV) seems to be a good mate-
rial to apply in LEDs and also in light-emitting electrochemical cells (LECs).
In LECs, the electronically conductive electroluminescent polymer is blended

Current Density / mA cmi’

S S————
-1.5 -12 -09 -06 -03 0.0 0.3 0.6 0.9

Potential / V vs. Ag|AgCI

Fig. 7.5 Differential-pulse voltammetry of PENBTE in 0.1 mol dm™ Et4,NBF,~CH-Cl,
(Reproduced from [45] with the permission of Elsevier Ltd.)
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Fig. 7.6 The spectra of a PENBTE film measured at different potentials from 0.4 V (@) to 0.8 V (j)
vs. Ag—AgCl. The potential was stepped up by 100 mV each time (Reproduced from [45] with the
permission of Elsevier Ltd.)

Fig. 7.7 The change in the
color of a PENTBE film
deposited onto ITO-coated
glass: (a) reduced state (at
—0.4 V) and (b) oxidized
state (at 0.8 V vs. Ag—AgCl)
(Reproduced from [45] with
the permission of Elsevier
Ltd.)
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with an ionically conductive polymer [e.g., poly(ethylene oxide) complexed with
CF;S0;Li] sandwiched between an anode (typically ITO) and a cathode (e.g., Al).
The quantum yield of LECs is generally higher than those of most LEDs due to the
better balance of both charge carriers upon injection into the active layer, which
takes place when an insulating region is created between n- and p-doped layers
(a p—i—n junction).

MEH-PPPV has an advantage over PPP in that it is soluble in several organic
solvents and so can easily be prepared as a spin-cast film. A detailed characteriza-
tion of MEH-PPPV using spectroelectrochemistry and EQCN has been carried out
by Goncalves et al. [71].

The electrochemical energy gap was calculated from the difference between the
onset potentials of reduction and oxidation (¢, and ¢,), which is the usual procedure
used to calculate this (see also earlier). In this case, £, = 2.35 eV (see Fig. 7.8).

Note that a probably more accurate method is to derive £, values from the respective
redox potentials; however, in many cases, due to the ill-defined peaks involved, thisis a
difficult task to execute, and the difference between the values obtained using the two
approaches is usually not more than 10-20%. MEH—PPPV also exhibits a reversible
color transition, as seen in the UV—-VIS spectra displayed in Fig. 7.9.

The in situ absorption spectra of MEH-PPPV show a well-defined isosbestic
point around 570 nm, which permits the determination of the optical bandgap,
Ey = 2.18 eV (Jeqge)- Using the maximum absorption of the excitonic band,
E, = 2.51 eV can be derived, i.e., the electrochemically determined value is
exactly intermediate between the minimum and maximum values of the optical
bandgaps of MEH-PPPV.
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Fig. 7.8 Multicyclic voltammograms of MEH-PPPV films in 0.01 mol dm > TBAP-acetonitrile
with a scan rate of 50 mV s™'. (a) Negative and (b) positive potential ranges, i.e., n-doping and
p-doping of the polymer (Reproduced from [71] with the permission of Elsevier Ltd.)
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Fig. 7.9 Absorption spectra of MEH-PPPV films in the dry state (a) original sample, (b) after

three voltammetric cycles, (c) oxidized at 1 V vs. Ag-quasireference electrode, and (d) cycled back
to the original form (Reproduced from [71] with the permission of Elsevier Ltd.)
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Fig. 7.10 Mass changes observed during the oxidation of MEH-PPPV using the EQCN tech-
nique. P and N indicate positive and negative regions, respectively (Reproduced from [71] with the
permission of Elsevier Ltd.)

Results from EQCN studies have revealed that C1O,~ counterions and two aceto-
nitrile molecules enter the layer in a reversible process during oxidation (Fig. 7.10).

The mass change increases with the number of cycles due to the gradual swelling
of the film. In the negative potential region (N), irreversible mass and charge
increases occur due to the sorption of solvent molecules [71].

A positively charged ruthenium metal complex ([Ru(bpy)s]**) was immobilized
by ion pairing with a sulfonated conducting polymer poly(2-methoxyaniline-5-
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sulfonic acid) (PMAS). The electron transport between the ruthenium metal centers
was greatly enhanced due to the interaction with the conducting polymer. Electron
transport appears to be mediated through the PMAS conjugated structure, contrasting
with the electron-hopping process typically observed in nonconducting metallo-
polymers. This increased regeneration rate causes the ruthenium-based electrochemi-
luminescence (ECL) efficiency to be increased, which is of importance concerning the
ECL detection of low concentrations of disease biomarkers [47]. The incorporation of
[Os(bpy)s]** in polyaniline and polypyrrole results in a faster electron transport rate
between metal centers and enhanced ECL efficiency [48]. Polymers of carbazole and
its derivatives can also be utilized in light-emitting devices. It was found that the anion
size strongly affects the performance of the device [61]. Peripheral carbazole
substituted ruthenium(II) complexes were prepared and used in organic light-emitting
diodes [87]. Electrogenerated chemiluminescence (ECL) of a series of star-shaped
donor—acceptor molecules consisting of an electron acceptor 1,3,5-triazine core
with three fluorene arms substituted with diarylamino or carbazolyl electron donors
has been studied. These compounds exhibit large solvatochromic effects with
emissions ranging from deep blue to orange red, as well as high quantum yields
[66]. Poly(2,5-di-(thienyl)-furan), which is black in its oxidized state and orange in
neutral state according to the fluorescence measurements, is a good yellowish-green
light emitter [54]. Poly(N-phenyl-2-naphtylamine) exhibited excellent blue-light-
emitting and blue-green-light-emitting properties [60].

Fig. 7.11 Photos of a PANI-based flexible electrochromic display device containing 25 pixels.
The display region and the connections were made by depositing gold on a plastic sheet using an
appropriate mask and an evaporation technique. Each pixel can be driven separately. Left: PANI is
in its oxidized state in all pixels. Right: PANI is reduced in two pixels (the bleached ones)
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Due to its many advantageous properties (low cost, fast color change, good
contrast, stability, etc.), PANI is also a favorite material for use in electrochromic
display devices. Pictures of a PANI-based flexible device are shown in Fig. 7.11.
The display pattern, which consists of 25 pixels and the connections that allow each
pixel to be driven separately, was fabricated by depositing gold onto a plastic sheet.
Another plastic sheet covers the display. The electrochemical switching is executed
using a counterelectrode, which also serves as a reference electrode, and an acidic
gel electrolyte is placed between the two sealed plastic sheets.

7.2.3 Membranes and Ion Exchanger [88-98]

Conducting polymers can be regarded as membranes due to their porosity [§8—98].
They could therefore be used to separate gas or liquids. Free-standing (on
supporting substrates) chemically prepared PANI films are permeated selectively
by gases. In general, the larger the gas molecule, the lower the permeability through
the film.

Several studies have reported a switchable permeability for water and organics
that is dependent on the redox state. For electrochemically formed PANI and PP on
metal or conducting grids, a large increase in water permeability was observed for
doped films compared with undoped (reduced) films. This can be explained
by structural changes and an increase in hydrophilicity during oxidation [94].
Membranes of 3-hexyl-PT show a decrease in permeability for dopamine with
increasing oxidation [95]. Different permselectivities for anions were found and
studied [90]. Polypyrrole—polystyrene sulfonate electrodeposited on porous carbon
was prepared for water softening by removal of Ca®* ions [93]. Composites of
polypyrrole and Cladophora cellulose have been investigated in order to use those
for desalting and extraction of proteins and DNA from biological samples [91].
Despite the ability to switch the selectivity and the excellent separation effects
observed for some systems, technical applications of these effects are relatively
scarce due to low stability and a lack of pinhole-free materials. A method for
coating membranes with polypyrrole (PP) has been developed, recently. Different
membranes, such as microfiltration as well as ion exchanger membranes, have been
coated with PP to yield electrical conductivity of the membranes. PP can be tailored
as cation or anion exchanger, and its porosity can be controlled to avoid any
impairment of the membrane by the polymer layer. These PP-coated membranes
can be applied as electrochemically switchable, functionalized membranes with
controllable and variable separation properties [96].

7.2.4 Corrosion Protection [88, 99-148]

Conducting polymers can be deposited as a corrosion protection layer [3, 24, 25, 88,
99-148]. Work in this area is partly motivated by the desire to replace coatings that
are hazardous to the environment and to human health. Since the equilibrium
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potentials of several electronically conducting polymers are positive relative to
those of iron and aluminum, they should provide anodic protection effects similar to
those provided by chromate(VI) or similar inorganic systems. Either electropoly-
merization or chemical oxidation of the respective monomer can be used to form
the coating. An alternative approach is to use preformed polymers that had
been rendered soluble by applying substituted (e.g., alkylsulfonated) monomers.
Conducting polymer colloids have also been tried. The cheap and effective
polymers PANI, PP, and PT (and their derivatives) have mostly been used
[25, 133, 144, 147]. The favorite substrate used in such investigations is mild
steel, but aluminum, copper, titanium, or even dental materials have also been
discussed [24, 25]. Figure 7.12 shows the Tafel plots obtained for bare steel and
PANI-coated steel, respectively, in contact with a 3% NaCl solution [141].

The conducting materials are applied directly by electrodeposition onto the
active material [3] or by coating with formulated solutions of these polymers.
The efficiency and mechanism of the corrosion protection provided are not yet
fully clarified. Anodic protection on iron has been discussed [24, 99]. Several
authors have proposed that the passivation is achieved because the doped
emeraldine salt form of PANI keeps the potential of the underlying stainless steel
in the passive region [107, 138, 140]. However, other authors claim that the
mechanism by which PANI protects the underlying metal surface from corrosion
is independent of the doping level [114]. Due to the redox processes taking place,
thick layers of iron oxide are formed and are stabilized against dissolution and
reduction. Inhibition is also reasonable due to geometric blocking and reduction of
the active surface. The effects of the different polymer layers on the corrosion
protection may be rather diverse. For instance, EIS and polarization resistance
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Fig. 7.12 Tafel plots (potential vs. log current) for PANI-coated steel and for bare steel in 3%
NaCl (Reproduced from [141] with the permission of Elsevier Ltd.)
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measurements have shown that polypyrrole film reduces the corrosion protection
efficiency of epoxy coating on mild steel in 3.5% NaCl solution when it is used as
the primary film under the epoxy layer. On the other hand, a PANI coating
significantly improved the protection efficiency of the epoxy coating against mild
steel corrosion. It was related to the healing effect of PANI upon surface passivation
along a defect (scratches) [142]. Polyaniline—poly(o-phenylenediamine) copolymer
shows a better performance than polyaniline itself concerning the protective
properties of stainless steel in chloride containing media due to the hindered
anion sorption [148]; however, poly(o-phenylenediamine) alone has also been
recommended [116].

Poly(o-phenylenediamine) coating effectively inhibits the adhesion of biofilm
on aluminum aeronautical alloy due to its biocidal property; therefore, it can be
used for the protection of fuel storage tanks [134]. Polyindole lowered the perme-
ability against the attack of corrosive environment [143]. Poly(o-toluidine)-CdO
nanoparticle composite was prepared for the corrosion protection of mild steel
[104]. Films of polyaniline and poly(methylmethacrylate-co-acrylic acid) offer a
better corrosion protection to the aluminum alloy used in the Brazilian can industry
than the commercial epoxy resin films [131]. Poly(vinylcarbazole) was also pro-
posed as anticorrosion coatings on steel coupons or indium—tin oxide [110]. Poly
(pyrrole-co-phenol) from solutions containing dodecyl benzene sulfonic acid and
oxalic acid was deposited on steel, and the effective barrier of the coating was
investigated [121].

Another strategy for corrosion prevention using conducting polymers is to
incorporate inhibitor anions into the polymer coatings. This approach has been
trialed by coating mild steel and zinc substrates with PP containing anions as such
molybdates or 3-nitrosalicylate [132]. However, as well as the corrosion of metals,
that of semiconductor electrodes can also be decreased by using conducting
polymers that fill holes, thus preventing the oxidation of the semiconductors. For
instance, it has been found that ferrocene polymers enhance the stability of Si [102,
145], GaAs [102], and Ge [142]. Nafion/TTF was used successfully in the case of Si
[129]. Polypyrrole protects n-Si [122, 130], n-CdS, n-CdSe, and n-GaAs [130].
Good results have been obtained by using PANI to protect n-Si, N-CdS, n-CdSe,
and n-GaAs [129] and PT to protect n-CdSe and n-CdS [115], while polycarbazole
diminished the corrosion of InSe [109], and polyindole was effective in the case of
n-MoSe, [106].

7.2.5 Sensors [8, 149-308]

The use of conducting polymers in sensor technologies involves employing the
conducting polymers as an electrode modification in order to improve sensitivity, to
impart selectivity, to suppress interference, and to provide a support matrix for
sensor molecules [1, 5, 8, 9, 12, 18, 21, 149-305]. All electrochemical transducer
principles can also be realized with conducting-polymer-modified electrodes.
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The role of the conducting polymer may be active (for instance, when used as a
catalytic layer, as a redox mediator, as a switch, or as a chemically modulated
resistor, a so-called chemiresistor) or passive (for instance, when used as a matrix)
[5,8, 12, 18, 21, 22, 197, 210, 224, 228, 235, 294].

7.2.5.1 Gas Sensors

Gas sensors made of conducting polymers have high sensitivities and short
response times, and—a great advantage compared with most commercially avail-
able sensors based on metal oxides—work at room temperature [1, 9, 149-190].
Polyaniline [149, 152, 157, 160, 163, 165, 167, 168, 170, 172-175, 177, 181, 184,
185, 188], polypyrrole [150, 151, 154, 156, 161, 166, 169, 180], and polythiophene
[155, 164, 171, 178, 179, 186, 187, 189] have usually been used in gas sensor
devices. The sensing principles employed in gas sensors using conducting polymers
as active sensing materials vary. The principle used depends on the variables
(resistance, current, absorbance, mass, etc.) measured and the type of interaction
between the gas (analyte) and the polymer. Although the interaction mechanism is
not entirely clear for every case, the electron-donating or electron-withdrawing
ability of the gas usually plays the determining role. The oxidation state (the charge
or doping level) of the polymer is altered by the transfer of electrons from the
analyte to the polymer, which causes a change in the properties (resistance, color,
work function, etc.) of the polymer.

Electron-donor gases such as NHj increase the resistance of PANI [149, 153,
159, 160, 163, 165, 167, 168, 172, 177, 188, 273] or PP [150, 151] because the
electrons transferred neutralize the positive sites (polarons), and the polymer
becomes neutral. Interestingly, this is a reversible process; after flushing the
polymer with air, the conductivity of the polymer (sensing layer) is recovered
(Fig. 7.13). Electron acceptor gases or vapors such as NO, and I, usually enhance
the electrical conductivity by removing electrons from the polymer, resulting in the
formation of a p-type conducting polymer.

However, the situation is more complicated; for example, ammonia causes an
increase in the conductivity of polycarbazole [134, 158]. In the case of PANI, it is
most likely that NH; also causes deprotonation and contributes to increasing its
resistance. This mechanism is supported by the observation that gases or vapors that
are able to transfer protons to PANI (e.g., HCL, H,S, or H,O) are able to enhance the
conductivity of this polymer [160, 162, 171, 175, 188].

Chemiresistors consist of one or several pairs of electrodes and a layer of
polymer possessing variable conductivity connecting the -electrodes (see
Figs. 7.14 and 7.15). Interdigitated electrode arrangements are also widely used.
Chemiresistors are the most popular device configuration for gas sensors. In some
cases, ac current is also applied. Diode and transistor arrangements can also be
fabricated. The transistors consist of an active semiconductor layer (e.g., p-Si) in
contact with two electrodes (the “source” and the “drain”) and a third electrode (the
“gate”), which is separated from the semiconductor layer by an insulator. In this
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Fig. 7.13 The response of a PANI gas sensor (relative resistance vs. time curves at 20°C). 10 ppm

ammonia was injected into the air at times indicated by the arrows. The total concentrations were
1) 0, (2) 10, (3) 20, (4) 30, (5) 40, (6) 50 ppm, and (7) after flushing with clean air again [163]
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— Au electrode I AgPtPd thick-film
electrode

Fig. 7.14 Layout designs of thin-film and thick-film polymer gas sensors [163]

device, the conducting polymer acts as a gate that reacts with the gases, causing its
work function to change and therefore modulating the source—drain current.
Another widely used arrangement is the field effect transistor (FET). Such an
arrangement is shown in Fig. 7.15.

In the case of gas sensing, the charge level of the conducting polymer (e.g.,
polyaniline) layer will change (this can also be varied by changing its potential with
a potentiostat, as shown in Fig. 7.15).

Until the source—drain voltage (Vp) is smaller than the difference between the
gate voltage (V) and the threshold potential (Vy), ie., Vp < Vg — Vi, the
source—drain current (Ip) is linearly dependent on Vp:



262 7 Applications of Conducting Polymers

Potentiostat r Vs Counterelectrode
\\ 1
= SCE
Polyaniline
"Source"—__| "Drain"
Au—" Si0, ~Au
p-Si

e o N N

Fig.7.15 Configuration of a polyaniline-based microelectrode device [273] (Reproduced with the
permission of the American Chemical Society.)
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where u is the mobility of the minority charge carrier, C is the gate capacitance, and
W and L are the width and the length of the channel, respectively. In the saturation
region Vp > Vg — Vr,

CW
I =5 (Vo — Vi), (7.2)

Chemically sensitive FETs are called CHEMFETS. If the coating of the gate of
the FET is gas sensitive, the term GASFET is used instead. When the polymer acts
as an ion exchanger with protons or other ions, it results in a pH-sensitive or ion-
sensitive device called a pH-FET or ISFET. For instance, a potassium-sensitive
device is called a K-ISFET.

In diodes, the conducting polymer (usually a p-type semiconductor) is in contact
with an n-type semiconductor or a metal. In the former case, a heterojunction can
form at the interface, while in the latter case, a Schottky barrier can be created. The
relation between the current density and the voltage is described by Richardson’s

equation [273]:
2 ¥B ev
J=A"T exp( ks )exp (nkBT)’ (7.3)

where A" is the effective Richardson’s constant, g is the effective barrier height,
kg is the Boltzmann constant, # is the ideality factor, e is the elementary charge, and
T is the temperature. The charge level of the polymer will change under the
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influence of the analyte, which causes a variation in @g. Consequently, either the
current (J) or the voltage (V) can be measured.

The conductivity of the polymer layer may also depend on the physical state of
the polymer. For instance, the sorption of organic vapors (e.g., alcohol) [152, 161,
164, 184] or acetone [180] causes a swelling of the polymer that alters the rate of
interchain electron hopping. The mass change caused by the sorption can be
followed by a piezoelectric quartz-crystal nanobalance (QCN) or by surface acous-
tic wave (SAW) sensors. Optical changes can also be detected, although this effect
is less frequently utilized in gas sensors.

Gas sensors based on conducting polymers have high sensitivities but (usually)
low selectivities. They respond to different gases (NH;, CO,, CO, HCI, H,S) and
vapors, for example, alcohols, acetone, or nitroaromatic explosives [186]; water
(humidity) [170, 174] also influences their properties. However, the composition of
gas mixture can be calculated by using an array of several units containing different
polymers possessing different sensitivities for different gases (an artificial nose).
Amperometric sensors have also been used for the detection of gases; however,
proton-conducting membranes like Nafion are usually utilized in these systems.

7.2.5.2 Electroanalysis and Biosensors

Another large field of application for conducting polymers in chemical analysis is
the detection of ions and molecules in the liquid phase [5, 182, 194, 227, 234, 246,
294, 296, 306]. The development of biosensors has been an especially significant
field over the last two decades [5, 8, 18, 21, 192, 194, 196-199, 203, 206, 207, 209,
212,213,218, 219, 225, 226, 228, 229, 234, 238, 249, 250, 258-260, 268, 272, 274,
276, 280, 281, 283, 288, 290, 292, 297, 302, 307]. Conducting polymers show
sensitivities toward anions or cations since Nernstian behavior is expected in
relation to the counterions. However, their selectivities are usually not very good.
Therefore, EDTA [227] or ionophores have been attached to the polymers in order
to detect small cations. Polythiophenes have been modified by acyclic and cyclic
polyethers [22, 264], and similar compounds based on PP have also been tested
[267]. Calixarene with built-in PT and PP has been investigated [206, 213]. Anion
detection using polymers with positively charged groups or polymers functiona-
lized with such groups has been attempted. Determination of chloride in fuel
ethanol using a polyaniline chemically modified electrode in flow injection analysis
has been reported [215].

The use of conducting polymers as amperometric sensors, where the detection
signal is amplified due to the catalytic properties of the polymer and/or built-in
catalytic entities, is straightforward, although the application of these systems as
ion-selective electrodes in potentiometry is problematic because redox state and
acid-base or ionic equilibria need to be controlled simultaneously. Nevertheless,
several attempts have been made to fabricate ion-selective electrodes based on
conducting polymers [244, 257]. Chemiresistors based on conducting polymers
have been reviewed, recently. This review covers the development of measurement
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configurations: beside the usual two- and four-electrode methods, the simultaneous
application of the two- and four-electrode measurement configurations is also
evaluated. An incorporation of two additional electrodes controlling the redox
state of chemosensitive polymers and connecting to the measurement electrodes
through liquid or (quasi)solid electrolyte results in a six-electrode technique: an
electrically driven regeneration of such sensors allows one to perform fast and
completely reversible measurements [254].

Conducting polymers have attracted much interest as suitable matrices for
entrapping enzymes. The conducting polymers used in this context must be com-
patible with biological molecules in aqueous solutions over the physiological pH
range. The conducting polymers can transfer the electric charge produced by the
biochemical reaction to an electronic circuit. Enzymes such as glucose oxidase
(GOD), nicotinamide adenine dinucleotide-dependent dehydrogenases, horseradish
peroxidase (HRP), and urease have been immobilized in conducting polymer films
via electrostatic interactions, complex formation, van der Waals forces (adsorp-
tion), or covalent bonds. The formation of cross-links and covalent binding may
cause a decrease in the enzymatic activity. Enzymes can be incorporated as
counterions into the conducting polymer network during electropolymerization or
into the positively charged film later on, since the surface charges of most enzymes
at physiological pH are negative. A redox mediator (e.g., ferrocene or quinone) is
usually also applied in order to ensure the transfer of electrons from the electrode to
the enzyme [228]. The scheme for such an electroanalytical sensor is shown in
Fig. 7.16.

The detection of biologically active molecules with high selectivity is a very
important task for researchers working in the field of analytical electrochemistry.
Biosensors fabricated from conducting polymers and enzymes can be utilized in
various fields, such as in medical diagnosis and food analysis in order to detect
glucose, fructose, lactate, urea, cholesterol, ascorbic acid, etc.; in immunosensors
and DNA sensors; and also for monitoring hazardous chemicals, for example,

Electrode Solution
Med GODox glucose =%
&
luconolactone Avgwwwis
Moy GODyeqg '
5\ v s
Polymer film

Fig. 7.16 Scheme for an amperometric electrode for glucose determination where GOD is
immobilized in a conducting polymer film which contains a redox mediator (M)
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peroxides, formaldehydes, phenols, etc. We will present typical examples below.
An intense search for effective glucose sensors is underway. Polypyrrole has
usually been used for the immobilization of GOD [199, 212, 225, 249, 258, 260,
292]; however, PANI [196, 260], poly(o-phenylenediamine) [258], and poly(neu-
tral red) [274] have also been applied. PANI is less frequently used in biosensors
because at low pH values, where the formation of polyaniline takes place and
where this polymer is conductive, enzymes are usually less stable. Amperometric
biosensors for glucose have also been prepared by immobilizing GOD onto ferro-
cene containing a siloxane-based copolymer (Fig. 7.17), which acts as an electro-
catalyst for either the oxidation or the reduction of H,O, that arises during the
enzyme-catalyzed reaction [194]. The structure of the siloxane-based copolymer
containing pendant dendritic wedges that possess electrically conducting ferrocene
moieties and electrocatalytic activity toward the oxidation of H,0, is presented
in Fig. 7.17.

Figure 7.18 shows a calibration plot for HO, obtained when a Pt electrode was
covered with a layer of the ferrocene-containing copolymer.

A calibration plot for amperometric glucose determination using a Pt—ferrocene
polymer—GOD electrode is displayed in Fig. 7.19. An efficient electrochemilu-
minescent sensor for H,O, determination was proposed, which was based on poly
(luminol-3,3’,5,5 -tetramethylbenzidine) electrode. It can be used for the determi-
nation of oxidase substrates in single-use biosensors [195].

A polyaniline-based, electron-conducting, glucose-permeable, redox hydrogel
was formed in one step at pH 7.2 by cross-linking polymer acid-templated
polyaniline with a water-soluble diepoxide, poly(ethyleneglycol diglycidyl ether).
Coimmobilization of GOD in the hydrogel, by co-cross-linking in the same step,
led to the electrical wiring of the enzyme and to the formation of a glucose
electrooxidation catalyst, allowing the electrocatalytic oxidation of glucose at a
steady-state current [263].

Fig. 7.17 The structure of the siloxane-based copolymer containing pendant dendritic wedges
that possess ferrocenyl moieties (Reproduced from [194] with the permission of Elsevier Ltd.)
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Fig. 7.18 Calibration plots for hydrogen peroxide oxidation obtained using Pt coated with a
ferrocene-containing siloxane-based copolymer at three different potentials, as indicated in the
figure. The surface concentration of the copolymer was 1.7 x 10~2 mol cm 2. Solution: deaerated
0.1 mol dm ™2 pH 7 phosphate buffer (Reproduced from [194] with the permission of Elsevier Ltd.)
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Fig.7.19 Calibration plots for glucose determination using a ferrocene-containing siloxane-based
copolymer (see Fig. 7.17) and GOD enzyme. Solution: air-saturated 0.1 mol dm ™ pH 7 phosphate
buffer (Reproduced from [194] with the permission of Elsevier Ltd.)
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In contrast to GOD, HRP can undergo direct electron transfer; i.e., no mediator is
required, since this process is very fast [198]. The application of GOD and HRP
together has been proven to be a successful strategy [268, 290]. Bienzymatic
systems such as glutamate oxidase + HRP/PANI and lactate oxidase + HRP/
PANI have also been used to detect glutamic acid and lactate, respectively [268].
Conducting polymer films can also possess advantageous permselective properties
which improve selectivity toward the target molecules.

Urea biosensors containing urease are based on the detection of NH,* and
HCO;™ [8, 229, 272]. Lactate dehydrogenase immobilized in PANI was used
for lactate measurements [8]. Cholesterol sensors have been fabricated using
cholesterol oxidase absorbed in PP, in which ferrocene carboxylate [238] or
hexacyanoferrate (IIT) [250] was applied as mediators. Electroplated conducting
polymers were also used as antibody receptors in immunosensors [276].

DNA recognition has been achieved, for example, by the sorption of DNA in PP
[295] or by PP functionalized with a covalently linked oligonucleotide [259]. Poly
(vinylferrocenium) (PVF")-modified electrode was developed for the improved
electrochemical sensing of DNA based on the oxidation signals of polymer and
guanine. Experimental parameters, such as the polymeric film thickness, the DNA
immobilization time, the concentration of buffer solution, pH, and DNA concentra-
tion, were examined in order to obtain more sensitive and selective electrochemical
signals. DNA hybridization was also investigated [252]. A simple and label-free
electrochemical sensor for recognition of the DNA was prepared by electrochemi-
cal polymerization of 4-hydroxyphenyl thiophene-3-carboxylate. The detection
limit of the sensor was 1.49 nmol, and it had a good selectivity [293]. Polyfluor-
enylidene containing ferrocene units was applied for catechol oxidation [277].
Polymerized eriochrome black T exhibited electrocatalytic activity toward the
oxidation of dopamine and ascorbic acid [222].

The effect of mediator distance from the polymer backbone on the redox
behavior, electron transport, electrochemical stability, and electrical communica-
tion with redox enzymes was studied with novel linear poly(ethylenimine) redox
polymers. Increasing the spacer length to either three or six carbons resulted in a
single peak redox behavior over the entire pH range and also resulted in a sixfold
increase in the electrochemical stability of cross-linked redox polymer films.
Electron transport increased with spacer length, and no correlation between media-
tor spacing and electron transport or electrical communication with the enzyme
GOD was observed. It was found that the complexation between the polymer
and the enzyme was important and concluded that small changes in the redox
polymer structure could substantially affect its properties [265]. Electrocatalytic
activity toward the oxygen reduction of fungal laccase entrapped in poly
(o-phenylenediamine) matrix was tested [271].

Deoxyguanosine-triphosphate and 5'-phosphate-modified deoxyguanosine oligo-
nucleotide (an oligomer containing 20 monomer units) were immobilized in
polythionine [219].

In [218], the use of Nafion-coated electrodes for the in vivo measurement of
neurotransmitters was discussed. These polymers may have electrocatalytic
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properties. It has been reported that PP and PANI catalyze the oxidation of ascorbic
acid [209], dopamine [283], and quinines [236]. Poly(acridine red) can promote the
oxidation of dopamine, and a detection limit of 1 x 10~? mol dm ™ can be reached
using differential-pulse voltammetry, even in the presence of ascorbic acid [307].
The electrocatalytic activity of poly(3-methylthiophene) can be utilized for
detecting catecholamines [246].

Poly(methylene blue), in which methylene blue entities are preserved [203,
241-243, 247, 248, 284, 289], is a very good catalyst for the oxidation of hemoglo-
bin. This property has been utilized in an amperometric sensor [203] (see Figs. 7.20
and 7.21). A good correlation was found between the results of the electrochemical
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Fig.7.20 Chronoamperometric responses for consecutive injections into a flow cell of samples of
whole blood diluted 1:10 in phosphate buffer (pH 6.24) and 0.5 mol dm~> NaCl on a poly
(methylene blue) electrode at £ = 0.4 V vs. SCE. Flow rate: 4 ml min~'. The tall and short
waves are the responses to 6 and 4 cm® dilute solutions, respectively
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Fig. 7.21 Comparison between electrochemical and cyanidation methods for the analysis of
blood samples provided by five donors. Blood samples 2 and 3 were from females, while / and
4 were from male patients. Patients /—4 were healthy, while patient 5 was a potentially ill donor.
Experimental conditions were the same as for Fig. 7.20
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method and those of the spectrophotometric cyanidation analysis method, which is
used in clinical practice as a standardized protocol. Poly(methylene blue) was also
used for the electrocatalytic oxidation of pyridoxine hydrochloride (vitamin B6),
which results in the formation of pyridoxal. A linear dependence was found
between the electrocatalytic current and the concentration of vitamin B6 [289].
A composite of poly(methylene blue) and multiwalled carbon nanotubes
(MWCNTs) has been developed, which showed a good stability, high reproducibil-
ity, and catalytic activity on different biochemical compounds such as vitamin C,
epinephrine, dopamine [305]. Methylene blue electropolymerized on an ionic-
liquid-modified carbon paste electrode showed excellent catalytic response to
3,4-dihydroxybenzoic acid [308]. Au nanoparticle—polyaniline nanocomposite
layers are obtained through layer-by-layer adsorption for the simultaneous determi-
nation of dopamine and uric acid [288]. Poly(1-aminoanthracene) has also been
proposed for the determination of dopamine [291]. Electrodes covered with redox
active polymer derived from Direct Blue 71 azo dye have also been suggested for
the determination of ascorbic acid [251]. Poly(4-aminobenzoic acid) [232] and
poly(methyl red) [232] were successfully employed to determine tryptophan in
pharmaceutical samples. The relationship between the structure of different
polyazines and their ability for NADH oxidation both for sensors and biofuel cell
applications has been investigated in detail [278].

Poly(toluidine blue) electrode was used as a nitrite amperometric sensor [303].
Because this compound also exhibits good electrocatalytic activity toward NO,
such a sensor was also developed [296]. Poly(copper-tetraaminophthalocyanine),
deposited on porous alumina by electropolymerization, was also proposed as
amperometric sensor for NO [223]. The product of the electroreduction of NAD*
was identified as enzymatically active NADH at poly(neutral red) electrodes,
which is a very important recognition regarding the application of PNR electrodes
in the study, and the electrochemical regeneration of nicotinamide adenine dinu-
cleotide [240].

However, conducting polymers that do not have special catalytic groups are
usually not very good catalysts. Therefore, their performances can be improved by
using substituted polymers or, more frequently, catalytic moieties such as metallic
particles [200, 253], oxometalates [245, 282], ferrocene [221], etc., that have
been immobilized in the polymer films. The hybrid of polypyrrole and nickel
hexacyanoferrate was synthesized in order to enhance the reduction of H,O,.
It was also used in an oxalate biosensor after immobilization of oxalate oxidize
enzyme [220]. PEDOT doped with hexacyanoferrate was applied in Cu®*-selective
electrodes [269]. Poly(N-acetylaniline) or Prussian blue composite film was
prepared electrochemically and showed high electrocatalytic activity toward the
reduction of H,O, [300]. Poly(2-[(¢-2-azulene-1-yl)vinyl] thiophene) (PAVT) and
Prussian blue (PB) were combined in order to obtain new composite materials with
peculiar properties in phenol detection. Under the optimal experimental conditions,
the peak currents were proportional to the concentrations of phenol in the range
from 30 to 100 nM [255]. Polyaniline was encapsulated in interconnected pore
channels of mesoporous silica, and the resistance of the composite linearly changed
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with the relative humidity of the environment [216]. Polyaniline doped with poly
(vinylsulfonate), containing in situ deposited tyrosinase enzyme was prepared and
served both as an efficient mediator and biocompatible enzyme immobilization
platform [261]. Two types of biosensors were designed by immobilizing tyrosinase
on polypyrrole and PEDOT with regard to the synthesis of 1-3, 4-dihydroxi phenyl-
alanine (L-dopa) [217]. Poly(3,4-ethylenedioxythiophene)—poly(styrenesulfonate)
composite in combination with graphite—poly(dimethylsiloxane) was fabricated
and applied as flexible microelectrode arrays for the capture of cardiac and neuronal
signals in vivo [201]. Impedimetric immunosensor using a membrane of poly(o-
phenylenediamine) with antibodies was developed for the high-throughput screen-
ing of liver fibrosis [230]. The effects of B and v irradiation on conducting polymers
for sensor application were also studied. It has been concluded that chain scission
and the formation of free radicals as well as chain cross-linking were responsible
for the degradation of conductivity [239]. Molecular imprinting, i.e., a synthetic
approach to mimicking molecular recognition properties of natural systems, has
been developed in the last decades. It is achieved by inducing the substrate-
selective recognition in an artificial matrix by using a template. Conducting
polymers, for example, polypyrrole, are suitable systems for this purpose. The
first step is prearrangement of the functional monomers around the template by
using some kind of interactions between them. It is followed by the formation of
cross-linked polymer, and then the template can be removed. Now, there will
remain an imprinted site, which can rebind the template molecules or species
similar to the template in the spaces vacated by the templating species via combi-
nation of steric exclusion and specific interactions [298].

7.2.6 Materials for Energy Technologies [309-375]

The ability to reversibly switch conducting polymers between two redox states
initiated their application to rechargeable batteries [313, 315, 317, 319, 320, 322,
326, 329-331, 336-338, 340, 341, 343, 344, 346, 348-350, 353, 367, 371, 373].
The first prototypes of commercial batteries with conductive polymers used
Li/polypyrrole [337] (Varta-BASF) or Li/polyaniline [340, 341, 353]. It was
demonstrated that high charge densities can only be achieved in Li-PANI-propylene
carbonate-based batteries when PANI is dried thoroughly. The presence of traces of
sorbed water in PANI results in significant degradation during the first oxidation.
A significant increase in the energy densities of rechargeable, polymer-based
Li batteries to values of >100 Wh kg~ ' and >150 Wh L™' can be expected only if
Li* plays the role of the charge-compensating ion, i.e., by modifying conducting
polymers with negatively charged groups [320]. Currently, development is focused
on new cathode materials for lithium batteries. Even exotic systems such as the
fullerene-functionalized poly(terthiophenes) (see Sect. 2.3.4) have been proposed as
cathode materials for Li batteries [317]. Good results were obtained with substituted
polythiophenes and poly(1,2-di(2-thienyl)ethylene). A flexible fiber battery has been
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constructed consisting of a PP/PFg cathode and a PP/PSS anode [374]. Unresolved
problems include the insufficient cycle stability of the system compared with inor-
ganic systems and its high discharge rate. A detailed review is given in [346].

Conducting polymers have been shown to be highly effective when used as
protective layers on anodes in fuel cells [345, 357, 360]. It was demonstrated that
platinum electrocatalysts covered with PANI [360] or fluorinated polyaniline [345]
are effective anodes in microbial fuel cells, in which living microbial cultures are
used as biocatalysts for the degradation of organic fuels. In particular, 2,3,5,6-
tetrafluoroaniline is well suited for use in these batteries due to its high stability
toward microbial and chemical degradation [345]. For instance, in cultures of
Chlamydomonas reinhardtii, a green algae, photosynthetically produced hydrogen
was oxidized in situ in a fuel cell compartment containing such anodes [357].
A biofuel cell electrode based on poly(vinylferrocene-co-acrylamide)-grafted car-
bon was developed to obtain high current density. This electrode was employed as a
glucose-oxidizing anode, using GOD as an enzyme [367]. All polymer battery
has been developed where styryl-substituted dialkoxyterthiophene polymer cathode
and polypyrrole anode were applied [373]. An ultrafast polypyrrole-based battery
has been developed where the nanostructured high-surface area electrode material
for energy storage applications composed of cellulose fibers of algal origin individ-
ually coated with a 50 nm thin layer of PP. This aqueous batteries can be
charged with currents as high as 0.6 A cm~%; the charge capacity is 25-50 mAh g .
These lightweight energy storage systems are environmentally friendly and
cheap [349].

Another field of application is provided by the excellent ionic conductivities of
conducting polymers, which permit high discharge rates. Their use as electrode
materials in supercapacitors [73, 311, 312, 314, 318, 321, 324, 328, 333, 335, 339,
342, 363, 365, 366, 375] is a good example. Supercapacitors require high capaci-
tance and quick charge/discharge electrode materials. Compared with classical used
carbon materials, conducting polymers show promising characteristics [312]. Fur-
ther, ICPs are now used as electrode materials in capacitors [73, 328]. They show
enlarged stability against breakdown phenomena because of the loss of conductiv-
ity at higher field strength. The preparation of composites, for example, PANI/
porous carbon, further widens their range of applications [165, 333, 335, 351, 362,
365, 366]. Fuzzy nanofibrous network of polyaniline electrode is successfully
electrosynthesized for supercapacitor application. Network of polyaniline is highly
porous with interconnected fuzzy nanofibers having diameter typically between 120
and 125 nm. The highest specific capacitance of 839 F g~ was reported [321].
Polyaniline and self-doped polyaniline nanofibers were also proposed for applica-
tion in electrochemical redox capacitors [324]. Polypyrrole—carbon nanotubes
composites were prepared, which are of interest for supercapacitor applications
[363]. Incorporation of metallic particles into porous polymeric matrixes increases
the specific surface area and thereby improves the catalytic efficiency. The develop-
ment of metal-polymer composite as electrode materials for low-temperature fuel
cells has been reviewed recently [309]. An asymmetric supercapacitor was
fabricated which consists of polyaniline nanofibers and graphene nanosheets [327].
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Lithium ion polymer batteries and laminated solid-state redox supercapacitors
have also been fabricated [310]. In these plastic power sources, a highly conducting
gel-type membrane electrolyte is placed between a PP-PANI electrode combina-
tion. The Li ion manganite prototypes reached densities of up to 120 Wh kg™, and
specific powers of up to 1,000 W kg~' were obtained when PP was used. The
PANI-PP system yielded a specific power of 120 W kg~ and a specific energy of
4 Wh kg~'. Poly(diphenylamine)-single-walled carbon nanotube (PDPA/SWNT)
composites were synthesized electrochemically and tested as active electrode
materials for rechargeable lithium batteries [313]. Polyaniline and vanadium pent-
oxide composite films were prepared for their application in lithium batteries. The
cell exhibited excellent cycle stability with a high charge storage capacity [351].
A set of two-component guest—host hybrid nanocomposites composed of con-
ducting polymers and vanadium oxide was prepared via a single-step, solvent-
free, mechanochemical synthesis. The nanocomposites have a guest—host structure,
with the conducting polymer located in the interlayer space of the inorganic
nanoparticles. The nanocomposites are capable of reversible cycling as the
positive electrode in a lithium ion cell and retain their capacity over 100 full
charge—discharge cycles [352]. Polyaniline—RuO, composite electrodes were
prepared by spontaneous oxidative polymerization of aniline and were tested for
supercapacitor application [365]. Hydrous RuO, on PANI-Nafion matrix was
deposited, which also showed high capacitance [364]. Fine particles of RuO,
were successfully deposited on polypyrrole nanorods, and the system’s maximum
specific capacitance was 419 mF cm 2 or 681 F g~ [333]. Composite electroactive
films consisting of poly(3,4-ethylenedioxythiophene) and amorphous tungsten
oxide, WOs/H,, WO;3 were fabricated on carbon electrodes through electrodepo-
sition by voltammetric potential cycling in acid solution containing EDOT mono-
mer and sodium tungstate. Electrostatic interactions between the negatively
charged tungstic units and the oxidized positively charged conductive polymer
sites create a robust hybrid structure. The hybrid films exhibit good mediating
capabilities toward electron transfers and accumulate effectively charge, which
may be of importance to electrocatalysis and supercapacitors [366].

The use of organic semiconductors is of special interest because of the
possibilities of depositing them over large areas at low cost and synthesizing
materials tailored to special goals. A first device using a bilayer structure of copper
phthalocyanine and a perylene derivative is described in [364].

Conducting polymers have also been utilized in photovoltaic devices [25, 53,
273-271, 325, 332, 336, 356, 359, 370]. Due to their conducting properties,
polythiophenes can only be used in photovoltaic devices in their reduced state.
The reduction must take place electrochemically before vapor deposition of the
top electrode. Different layer structures and combinations of PT with PPPV or Cg
were studied [356, 359]. Al/Cgo-modified PT/ITO devices exhibit a conversion
efficiency of 15% with zero bias and 60% with a bias of 2 V (for A = 500 nm,
1.5 mW cm?).
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A device with an active layer of poly(3-methylthiophene) (PMT) and an inter-
mediate layer of sulfonated polyaniline (SPAN) in the following arrangement was
created:

TO(tin oxide) — SPAN — PMT — Al.

This device gave an incident-photon-to-collected-electron efficiency of 12.1%
and a power conversion efficiency of 0.8% under monochromatic irradiation [332].
Single-polymer-layer photovoltaic devices using polybithiophene (PBT) thin films
and fluorine-doped tin oxide substrate have also been constructed (Fig. 7.22). As
well as the difference in the work functions of the electrodes, the high organization
of the molecular dipoles in PBT yielded an open-circuit potential of 2 V when an
aluminum top contact was used [332].

The PBT-FTO-AI devices were characterized by measuring the current—voltage
characteristics when they were irradiated with the air mass 1.5 (AM 1.5) spectral
distribution, with the devices being illuminated through the glass substrate
(Fig. 7.23) [332].

The power conversion efficiency (1) of such a device can be given as follows:

_ Uoe X Jyc X FF

7.4
Eamis 7.4

where U, is the open-circuit voltage, J. is the short-circuit current density, FF is
the fill factor, and E o\ 5 is the total irradiance at the AM1.5 spectral distribution.
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Fig. 7.22 Schematic structure of the photovoltaic device. PBT polybithiophene, FTO fluorine-
doped tin oxide [332] (Reproduced with the permission of Springer-Verlag.)
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Fig. 7.23 Current—voltage characteristics of an FTO (PBT) (160 nm)—Al device in the dark and
under different irradiances [332] (Reproduced with the permission of Springer-Verlag.)



274 7 Applications of Conducting Polymers
The fill factor is given by

FE= 00 Xh (7.5)

UOC X [SC
where U, and I, represent the maximum-power-rectangle U and [ values,
respectively.

Polycarbazole was prepared by electropolymerization in TiO, by using layer-by-
layer and surface sol-gel techniques. TiO, acted as dielectric spacer, which limited
electron transfer rate and attenuated energy transfer in fluorescence. These hybrid
ultrathin films were applied in photovoltaic devices [323]. Polypyrrole with embed-
ded semiconductor (CdS) quantum dots was obtained by electropolymerization of
pyrrole in the presence of CdS nanoparticles dispersed in the electrolytic aqueous
solution. The illumination effects were also observed in the reduced form of the
polymer. The presence of CdS nanoparticles in the polypyrrole film improves the
optical properties of PP, and these films can be used in photovoltaic cells [336].
Nanoporous layers of poly(3,4-propylenedioxythiophene) were deposited on trans-
parent conductive oxide substrates by electropolymerization employing different
ionic liquids. In this way, catalytically effective, platinum-free, stable, and flexible
counter electrodes can be fabricated for dye-sensitized solar cells [376].

Mesoporous carbon (MC)—poly(3,4-ethylenedioxythiophene) composites were
synthesized using structure-directing agents and explored as catalyst supports for
polymer electrolyte fuel cell (PEFC) electrodes. Platinum nanoparticles were
deposited onto the composite supports from platinum salts by formaldehyde reduc-
tion. The durability of MC-PEDOT-supported catalysts in PEFCs was attributed to
enhanced corrosion resistance of MC [369]. Polyaniline deposited on carbonic
substrates was applied as hydrogen mediator and catalyst in fuel cells [355].
Poly(m-toluidine) was prepared in the presence of nonionic surfactant at the surface
of MWCNTs, and this substrate served as a porous matrix for dispersion of
platinum particles. This system enhanced the oxidation of methanol [354]. Perov-
skite (La;_,SrMnOs3) was embedded into a polypyrrole layer, sandwiched between
two pure PP films, electrodeposited on a graphite support, and the composite were
investigated for electrocatalysis of the oxygen reduction reaction [362]. Polypyrrole
with incorporated CoFe,O4 nanoparticles was investigated for the same purpose
[361]. Failure and stabilization mechanisms in multiply cycled conducting
polymers for energy storage devices have been analyzed [334].

7.2.7 Artificial Muscles [377-396]

Conducting polymers swell with increasing oxidation (doping) [55, 67, 377-396].
The ingress of counteranions into the polymer leads to a structural change in the
polymer backbone and to an increase in volume of up to 30% [383]. These
electromechanical properties are used in actuators, like polymer-based artificial
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(anode)  (cathode) (cathode)  (anode)
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Fig. 7.24 A schematic drawing of an electrochemical triple-layer actuator (polypyrro-
le*ClO, ™ —nonconducting, double-sided plastic-tape polypyrrole) immersed in aqueous LiClO,4
solution, and the macroscopic movement of the actuator produced due to a volume change in the
PP films (Reproduced from [388] with the permission of Elsevier Ltd.)

muscles. Bilayer structures based on PP [67, 392] have been described. Triple-layer
actuators consisting of two layers of conducting polymers separated by a flexible
insulating foil have been developed by Otero and coworkers to avoid the need to use
a separate metallic counter electrode [388] (Fig. 7.24).

The PP film used as the anode is swollen by the entry of hydrated ClO4
counterions, while the other PP layer, which acts as the cathode, shrinks because
of the expulsion of counterions and water molecules. These volume changes and the
constant length of the nonconducting film promote the movement of the triple layer
toward the PP film that is contracted. Upon changing the direction of the current, the
movement takes place in the opposite direction. The effect depends on the concen-
tration of the LiClO,4 and the temperature [388].

The linear actuation of PP was also studied by electrochemical deformation
measurements during cyclic voltammetry and potential step experiments [384]. It
was found that in TBACF;SOs—propylene carbonate electrolyte, the shortest length
of the PP strip investigated presents itself at 0 V vs. Ag wire quasireference
electrode, while 6.6% expansion was achieved at +1 V and ca. 4% at —1 V.
The potential-dependent shrinkage and expansion phenomena show long-term
stability. Polypyrrole—dodecylbenzenesulfonic acid system, which responds to the
surrounding conditions during actuation, was studied in detail. Artificial muscles
can be fabricated by using this material [378]. An in situ electrochemical strain
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gauge method was applied to monitor the mechanical properties of conducting and
redox polymers such as PP, poly(3,4-ethylenedioxypyrrole), and poly(3,6-bis(2-
(3,4-ethylenedioxy)thienyl)-N-carbazole) during their redox transformations [377].
Biological-medical application of microelectromechanical systems including
conducting polymer has been reviewed recently [382]. Chemically induced
actuation of a polypyrrole artificial muscle was controlled by biocatalytic reactions,
resulting in changes in the redox state of the polymer film mediated by soluble
redox species. The biocatalytic process triggered by diaphorase in the presence of
NADH resulted in the reduction of the PP film. Conversely, the biocatalytic process
driven by laccase in the presence of oxygen resulted in the oxidation of the PP film.
Both reactions produced opposite bending of the PP flexible strip, allowing revers-
ible actuation controlled by the biocatalytic processes. The biocatalytic reactions
governing the chemical actuator can be extended to multistep cascades, processing
various patterns of biochemical signals and mimicking logic networks. The present
chemical actuator exemplifies the first mechanochemical device controlled by
biochemical means with the possibility to scale up the complexity of the bio-
chemical signal-processing system [396]. A dynamic electromechanical model
for electrochemically driven conducting polymer actuators has been developed,
recently, which can be effectively used for designing devices based on the actuation
response [393].

7.2.8 Electrocatalysis [397—490]

Electrocatalysis has already been mentioned in Sect. 7.2.5, in connection with
amperometric chemical and biological sensors. Of course, the electrocatalytic
properties of conducting polymers can be utilized not only to sense substances
but also for electrochemical synthesis or in power sources. Indeed, there are endless
ways to design tailor-made electrodes for specific catalytic purposes, which makes
this approach highly attractive. Many conducting polymers act as electrocatalysts
[10, 26, 324, 400, 404, 406, 411, 416, 420, 430, 431, 4364309, 443, 452, 454, 457,
458, 460-467, 470, 474, 482] toward different reactions; however, the polymers
that mediate the electron transfer can also be further modified by catalytic centers
built into the polymer [403, 405, 406, 411, 416, 417, 422, 423, 425, 427, 431, 432,
438, 439, 443-446, 466,473, 474, 477, 482—485]. This can be achieved in different
ways. Derivatives of the monomer are used; i.e., the monomer species are chemi-
cally modified by the appropriate functional groups before polymerization. Another
technique is the incorporation of catalytic centers into the polymer matrix. Metal
nanoparticles or oxide clusters can be produced inside the film by chemical or
electrochemical reduction and oxidation, respectively [423, 427, 443]. Such a
process is exemplified by the deposition of Ag onto poly(1-hydroxyphenazine)
(PPhOH). Due to the narrow potential interval over which PPhOH films are
conductive, silver can be only deposited cathodically into the film or at the film
surface within this narrow interval (from ca. 0.1 to —0.2 V vs. SCE), and the
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implanted Ag cannot be redissolved anodically due to the low conductivity of
the surrounding or underlying PPhOH matrix at positive potentials [423] (see
Figs. 7.25 and 7.26).
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Fig. 7.25 Cyclic voltammogram (/) and the simultaneous EQCM frequency changes (2) during
the cyclic polarization of poly(1-hydroxyphenazine) film in the presence of Ag” ions in 1 mol dm >
HCIO, + 1073 mol dm > AgClO, [423]

Fig. 7.26 In situ STM image of poly(1-hydroxyphenazine) film on HOPG after subsequent Ag
deposition. Electrolyte: 0.1 mol dm > HCIO,. Scan size: 1.2 x 1.2 um, Az: 60 nm. Substrate
potential: —0.4 V vs. MSE. E: 5 mV, [ = 5 nA [423]
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A good scattering of metallic particles on Au—PANI films was achieved by using
a repetitive square-wave potential signal. Codeposition of Ru and Pt from suitable
combinations of H,PtClg and RuCl; onto PANI films produces PANI-Pt—Ru
electrodes, which exhibit catalytic properties toward CO and methanol oxidation
[439].

ITonic species can be immobilized by electrostatic interactions, specifically as
counterions; however, these systems can be sensitive to the redox transformations
of the polymer, i.e., “counterion” desorption is expected when the film becomes
neutral or oppositely charged. Other interactions (e.g., complex formation) can also
be exploited.

It should be mentioned that in some cases, the higher current observed is not due
to the catalytic enhancement of the reaction but is instead a consequence of the
increased surface area. Nevertheless, this effect is also important, especially when
precious metal particles are dispersed in the polymer matrix. Although the
conducting polymers are rather stable chemically, there are often problems with
the long-term physical stability when gas evolution occurs or intense mechanical
stirring is applied.

In order to design effective electrocatalytic systems, the fundamental mecha-
nism of how the deposited polymer layer mediates the oxidation or reduction of the
substrates of interest must be understood. The two main questions to be clarified are
the relationship between the conductivity of the polymer and the electrocatalytic
activity, and the location of the reaction.

It was initially assumed that polymer films in their insulating state should inhibit
the reaction at the polymer—electrolyte interface, such that kinetic measurements
could be used to test the film’s conductivity [383]. In accordance with this concept,
the oxidations of species with formal redox potentials in the insulating potential
range of the polymer are usually shifted to the interval of the onset of film
conductivity, while the reduction reactions are suppressed (at least for polymers
without n-doping).

For example, for several polymers [480], the Fe** oxidation reaction does not
take place at either negative (insulating film) or high positive (fully oxidized
polymer) potentials, while it occurs in the intermediate potential range. Of course,
size exclusion and electrostatic repulsion effects should be considered [458, 459].

There are numerous examples of reaction catalysis by polymer films in their
conductive states rather than the bare electrode; for example, reduction of oxygen
[404, 406, 472] and HNO; [465]; oxidation of Fe** [441, 462, 490], 1", Br ,
Fe(CN)¢~, W(CN)§~, Ru(CN)#~ [340], hydrazine [322], formic acid [434], and
hydroquinone [453, 462, 490] at PANI; as well as oxygen [399] and bromine [453]
reduction at PPP. Nanostructured films of hollow polyaniline and PANI-
polystyrene core shells prepared by template synthesis were applied for the
electrocatalytic reduction of nitrite [436]. Poly(neutral red) can electrocatalyze
the reduction of 105, BrO3 ™, and O,, as well as the oxidation of I™ [413]. It was
found that the rate of hydroquinone oxidation at PANI electrodes increases by two
orders of magnitude; however, this electrocatalytic activity of PANI films
deteriorates somewhat upon aging [409].
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On the other hand, the rates of some other reactions are even diminished by
films in their conducting states; for example, ferrocene oxidation at polythiophene
[44]. Composites of poly(diphenylamine)-MWCNT [476] as well as that of poly
(brilliant cresyl blue) and poly(5-amino-2-naphtalenesulfonic acid) [401] showed
enhanced electrocatalytic properties toward the reduction of hydrogen peroxide.
Hybrid composed of poly(2-(4-aminophenyl)-6-methylbenzothiazole) and nickel
hexacyanoferrate was investigated, a good electrocatalytic activity was found
toward the oxidation of methanol and oxalic acid [426]. PtRu particles were
deposited in PANI—polysulfone composite films, and the catalytic activity toward
methanol oxidation has been studied [421]. Polyaniline—thiol composite [481] and
PEDOT-NiHCF composites [484] were used for the detection of ascorbic acid.
MWCNTs—poly(neutral red) composites were used for the oxidative determination
of ascorbate, and it was found that the type of the nanotubes strongly influences the
efficiency of the electrocatalytic effect [208].

Cocondensation of (ferrocenylmethyl)dimethyl(w-trimethoxysilyl) alkylammonium
hexafluorophosphate with tetramethylsilane resulted in a hybrid film, and it
showed a catalytic effect toward the oxidation of catechol and catechol violet
[489]. Poly (3.4-ethylenedioxythiophene) was used to immobilize metal particles
and borohydride reagent, and the composite was applied for hydrogenation of
nitrophenol as well as for electrooxidation of methanol, formic acid, and
borohydride [478]. Metal nanoparticles have been deposited on polyaniline
nanofibers and used in memory devices and for electrocatalysis [454]. Iron
tetra(o-aminophenyl) porphyrin was electropolymerized and utilized for oxygen
reduction as well as for the determination of organohalides [412].

Polythiophene—magnetite composite layers have been prepared by the electropo-
lymerization of 3-thiophene acetic acid in the presence of Fe;O,4 nanoparticles in
nitrobenzene. Stabilization of magnetite in this organic medium could be achieved
by the reaction between surface —OH groups of the nanoparticles and the -COOH
function of the monomers. This new modified electrode, incorporating a large
amount of Fe;0, may be used in magnetic electrocatalysis [431].

Exceptions to the simple relationship between polymer conductivity and its
effect on the reaction kinetics have been found. Iodine reduction on PT [452] as
well as viologens at PANI [460] take place within the conducting range but
continue at more negative potentials. These observations testify in favor of the
generation of positively charged electronic species at the polymer matrix by those
reagents, similar to dark hole injection at insulator or semiconductor electrodes
[452, 460].

Exceptionally high hydrogen sorption, 6 and 8 wt% at room temperature and
under 9.3 MPa, was observed in polyaniline and polypyrrole treated with HCI. It is
believed that both molecular sieving and a stabilization effect due to the conducting
electronic environment are responsible for this unusual hydrogen sorption [414].

In most cases, the interpretation of these kinetic data assumes (usually without a
detailed analysis) that the reaction is localized at the film—solution interface. For
qualitative considerations, films with sufficiently high electronic conductivities are
identified with the metal electrode, which means that the whole potential drop,
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i.e., its varying part, is attributed to the film—solution interface. Quite the opposite
view (i.e., that the latter interfacial potential is practically constant [89, 419]) means
a close analogy to the case of redox polymer films [462, 467].

Thermodynamic analysis of the charging process, taking into account both
electron exchange with the metal and ion exchange with the solution [486—488]
(see also Chap. 5), provides evidence in favor of an intermediate variant: both
interfaces are markedly polarizable. In this case, the relations for the rate
coefficients or the reaction rate have a more complicated form at high charging
levels, and some features similar to inorganic semiconductor electrodes at lower
potentials. Experimental attempts to verify this hypothesis [450, 488] have not
supplied sufficient information for a definitive conclusion, especially in view of the
currently inadequate description of the charging process.

The establishment of the location (reaction zone) of the electrocatalytic redox
reaction is a rather complex issue. In principle, the reaction can take place at the
polymer—electrolyte interface, within the polymer matrix at the interfaces of the
macropores, nanopores, channels, and pinholes, and/or at the metal-polymer inter-
face when the reacting species can diffuse to the metal surface through the channels
or pinholes. There are some simple observations which may indicate the location of
the reaction. For instance, it was observed that the respective reactions of H, and O,
take place at greater overpotentials when the polymers are in their insulating state,
compared to the bare metal electrode, and the kinetics were strongly dependent on
the nature of the metal substrate [480]. This indicates that these reactions take place
at the metal—-polymer interface or at the bare metal surface that is not covered by the
polymer, due to the porous or the brush-like structure [447—-449] of the deposited
polymer.

The rate of the transport of the reacting species through the polymer layer may
also depend on the charging state of the polymer; positively charged species are
repelled by the positive charges of the polymers, or the sizes of the solvent-filled
cavities in the pores are greater due to the extensive swelling of the charged films.
As discussed in Chap. 6, the film morphology depends on other factors, such as the
electrolyte concentration, the temperature, and the nature of ions used during
the electropolymerization and in the kinetic experiments. Besides electrostatic
interactions, specific interactions (e.g., complex formation) may also affect the
rate of the transport process inside the film, which also influences the rate of
the catalytic current.

The dependence of the reaction rate on the film thickness suggests that the
reaction takes place within the polymer layer; however, the depth of penetration
into the layer depends on several parameters, including (among others) the time
scale of the experiment, the charge state, the morphology, and the relative rate of
consecutive transport and charge transfer steps. It is important to account for the
fact that thick films are usually less dense than thin ones [400, 410, 424, 430, 433,
469, 475] (see also Chaps. 4-6).

The situation is not significantly different when the polymer films are modified
by catalytic centers, such as clusters of transition metals [411, 415, 422, 425, 442,
485], polyoxometallates [406, 432, 457], porphyrins, phthalocyanines and their
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analogs [412, 432, 472], other transition metal complexes [473, 474], biomolecules
[407], arenas and rotaxane [408, 438], etc.; see [7, 15, 397,417, 428, 429, 446, 456,
482] for reviews.

The theoretical description of electrocatalysis that takes into account electron
and ion transfer and the transport process, the permeations of the substrates, and
their combined involvement in the control over the overall kinetics has been
elaborated by Albery and Hillman [397, 428, 429] and by Andrieux and Savéant
[398], and a good summary can be found in [456]. Practically all of the possible
cases have been considered, including Michaelis—Menten kinetics for enzyme
catalysis. Inhibition, saturation, complex mediation, etc., have also been treated.
The different situations have also been represented in diagrams. Based on the
theoretical models, the respective forms of the Koutecky—Levich equation have
been obtained, which make analyzing the results of voltammetry on stationary and
rotating disk electrodes a straightforward task.

From the dependences of the limiting current density (i) on the rotation rate (®),
the concentration of the substrate species (cs), the thickness (d), and the potential, it
is possible to derive not only kinetic parameters but also the location of the catalytic
reaction and the rate-determining step. In a relatively simple case, we can write

—1
Jji' = (nFkeTes)™ + (nFDg"‘PcsaI‘1 + nFDuI" Td_z)

~1
+ (0.620FDY v 100 es) (7.6)

where D‘S’01 and D, are the diffusion coefficients of the substrate and the charge
transport inside the polymer layer, respectively, k. is the rate of electron transfer (or
electron exchange reaction) in the polymer, I" and It are the surface concentration
and the total concentration of redox centers available for the catalytic reaction at a
given potential, and P is the distribution coefficient of the substrate between the
polymer and the electrolyte phases. The first term is related to the electron transfer,
the two terms in the second set of parentheses express the diffusional transport
through the polymer matrix, and the third term stands for the Levich diffusion
current in the solution; i.e., regarding the Koutecky—Levich equation, j ~' =
jk_1 + jD_l, the first two terms are related to the kinetics of the reaction, while
the third term is related to diffusion in the solution phase (stirring has no effect
inside the polymer layer).

When charge transfer is very easy (e.g., at limiting current potentials), the first
term of (7.6) can be neglected. If ji_is independent of the layer thickness, the charge
transport in the polymer layer is not rate determining. If these two conditions
prevail, only the first term in the second set of parentheses and the third term
remain. It follows that ji ~' vs. @~ "/ gives a straight line and, knowing d and D‘S)Ol P
or knowing d and P from separate experiments, DgOI can be calculated from the
intercept. When the catalytic reaction takes place within the polymer layer, d can be
replaced by the penetration depth, u = PD‘;01 /kr where kg is the reaction rate
coefficient at the limiting current potentials [459, 462]. In this case, the plot of
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~!vs. o~ % gives a straight line with an intercept. Upon plotting these intercepts

JL

(k") as a function of ¢, a straight line with an intercept of zero is obtained,
and p/nF. DEOIP can be derived from the slope. This situation has been analyzed by
Mandic and Duic for the electrocatalytic reaction of Fe** and hydroquinone at
PANI electrodes [462]. It was found that the slope of the j, ' vs. cs ™' plot increases
as d decreases, which indicates that there is a change in the film’s morphology
which affects the penetration depth. It was also demonstrated that PANI in its
protonated emeraldine form behaves as a metal electrode, while at more positive
potentials, where polyaniline exists in pernigraniline form, the behavior of PANI
resembles a redox polymer.

References

. Bai H, Shi G (2007) Sensors 7:267
. Bard AJ (1994) Integrated chemical systems. Wiley, New York
. Biallozor S, Kupniewska A (2005) Synth Met 155:443
. Evans GP (1990) The electrochemistry of conducting polymers. In: Gerischer H, Tobias CW
(eds) Advances in electrochemical science and engineering, vol 1. VCH, Weinheim, p 1
5. Fabre B (2001) Conjugated polymer films for molecular and ionic recognition. In: Nalwa HS
(ed) Conducting polymers, vol 8, Handbook of advanced electronic and photonic materials
and devices. Academic, New York, pp 103-129
6. Forster RJ, Vos JG (1992) Theory and analytical applications of modified electrodes. In:
Smyth M, Vos JG (eds) Comprehensive analytical chemistry, vol 27. Elsevier, Amsterdam,
p 465
7. Fujihira M (1986) Modified electrodes. In: Fry AJ, Britton WE (eds) Topics in organic
electrochemistry. Plenum, New York, p 225
8. Gerard M, Chaubey A, Malhotra BD (2002) Applications of conducting polymers to
biosensors. Biosens Bioelectron 17:345
9. Harsanyi G (1995) Polymer films in sensor applications. Technomic, Basel
10. Inzelt G, Pineri M, Schultze JW, Vorotyntsev MA (2000) Electrochim Acta 45:2403
11. Kaneko M, Wohrle D (1988) Polymer-coated electrodes: new materials for science and
industry. In: Henrici-Olivé G, Olivé S (eds) Advances in polymer science, vol 84. Springer,
Berlin, p 143
12. Kutner W, Wang J, L’Her M, Buck RP (1998) Pure Appl Chem 70:1301
13. Linford RG (ed) (1987) Electrochemical science and technology of polymers, vol 1. Elsevier,
London
14. Linford RG (ed) (1990) Electrochemical science and technology of polymers, vol 2. Elsevier,
London
15. Lyons MEG (ed) (1994) Electroactive polymer electrochemistry, vol I. Plenum, New York
16. Lyons MEG (ed) (1996) Electroactive polymer electrochemistry, part II. Plenum, New York
17. MacDiarmid AG (2001) Angew Chem Int Ed 40:2581
18. Malhotra BD, Chaubey A, Singh SP (2006) Anal Chim Acta 578:59
19. Monk PMS, Mortimer RJ, Rosseinsky DR (1995) Electrochromism. VCH, Weinheim,
pp 124-143
20. Podlovchenko BI, Andreev VN (2002) Uspekhi Khimii 71:950
21. Ramanavicius A, Ramanaviciene A, Malinauskas A (2006) Electrochim Acta 51:6025
22. Roncali J (1992) Chem Rev 92:711
23. Skotheim TA (ed) (1998) Handbook of conducting polymers. Dekker, New York
24. Spinks GM, Dominis AJ, Wallace GG, Tallman DE (2002) J Solid State Electrochem 6:85

O R



References 283

25.
26.
217.

28.
29.
30.
31.
32.
. Jung KG, Schultze JW, Thonissen M, Minder H (1995) Thin Solid Films 255:317
. Martin CR, Parthasarathy R, Menon V (1993) Synth Met 55-57:1165

35.
36.
37.
38.

33
34

39

41.
42.

43

45.
46.

47

51.

52.
53.
54.
55.
56.

57

62

68

Tallman D, Spinks G, Dominis A, Wallace G (2002) J Solid State Electrochem 6:73
Waltman RJ, Bargon J (1986) Can J Chem 64:76

Dunsch L, Rapta P, Neudeck A, Reiners RP, Reinecke D, Apfelstedt I (1996) Dechema
Monographien 132:205

Friend RH (ed) (1993) Rapra Rev Rep 6(3):23

Hakanson E, Amiet A, Nahavandi S, Kaynak A (2007) Eur Polym J 43:205

Heywang G, Jonas F (1991) Adv Mater 4:116

Hupe J, Wolf GD, Jonas F (1995) Galvanotechnik 86:3404

Inzelt G, Puskas Z (2006) J Solid State Electrochem 10:125

Meyer H, Nichols RJ, Schroer D, Stamp L (1994) Electrochim Acta 39:1325

Schultze JW, Morgenstern T, Schattka D, Winkels S (1999) Electrochim Acta 44:1847
Taka T (1991) Synth Met 41:1177

Angelopoulos M, Patel N, Shaw JM, Labianca NC, Rishton S (1993) J Vac Sci Technol
B11:2794

. Antonel PS, Molina FV, Andrade EM (2007) J Electroanal Chem 599:52
40.

Argun AA, Aubert PH, Thompson BC, Schwendeman I, Gaupp CL, Hwang J, Pinto NJ,
Tanner DB, MacDiarmid AG, Reynolds JR (2004) Chem Mater 16:4401

Bessiere A, Duhamel C, Badot JC, Lucas V, Certiat MC (2004) Electrochim Acta 49:2051
Burroughes JH, Bradley DDC, Brown AR, Mackey K, Friend RH, Burn PK, Holmes AB
(1990) Nature 347:29

. Byker HJ (2001) Electrochim Acta 46:2015
44,

Casalbore Miceli G, Beggiato G, Daolio S, Di Marco PG, Emmi SS, Giro G (1987) J Appl
Electrochem 17:1111

Cebeci FC, Sezer E, Sarac AS (2007) Electrochim Acta 52:2158

De Paoli MA, Casalbore-Miceli G, Girotto EM, Gazotti WA (1999) Electrochim Acta
44:2983

. Dennany L, O’Reilly EJ, Innis PC, Wallace GG, Forster RJ (2008) Electrochim Acta 53:4599
48.
49.
50.

Dennany L, Wallace GG, Forster RJ (2009) Langmuir 25:14053

DuBois CJ, Reynolds JR (2002) Adv Mater 14:1844

Gaupp CL, Zong K, Schottland P, Thompson BC, Reynolds JR (2000) Macromolecules
33:1132

Gustaffson-Carlberg JC, Inganas O, Anderson MR, Booth C, Azens A, Granqvist G (1995)
Electrochim Acta 40:2233

Haro M, Villares A, Gascon I, Artigas H, Cea P, Lopez MC (2007) Electrochim Acta 52:5086
Heeger AJ (2010) Chem Rev 39:2354

Icli M, Cihaner A, Onal AM (2007) Electrochim Acta 52:8039

Inzelt G, Day RW, Kinstle JF, Chambers JQ (1984) J Electroanal Chem 161:147

Irvin DJ, DuBois CJ Jr, Reynolds JR (1999) Chem Commun: 2121

. Kawabata K, Goto H (2010) Synth Met 160:2290
58.
59.
60.
61.

Kharkwal A, Deepa M, Joshi AG, Srivastava AK (2011) ChemPhysChem 12:1176
Lapkowski M, Golba S, Soloducho J, Idzik K (2009) Synth Met 159:2202

Lei W, Xie XE, Hao QL, Xia MZ, Wang FY (2010) Mater Lett 64:2211

Li M, Tang S, Shen FZ, Liu MR, Li F, Lu P, Lu D, Hanif M, Ma YG (2008) J Electrochem
Soc 155:H287

. Maia DJ, des Neves S, Alves OL, DePaoli MA (1999) Electrochim Acta 44:1945
63.
64.
65.
66.
67.

Meng H, Wudl F (2001) Macromolecules 34:1810

Mortimer RJ (1999) Electrochim Acta 44:2971

Nishikitani Y, Kobayashi M, Uchida S, Kubo T (2001) Electrochim Acta 46:2035
Omer KM, Ku SY, Chen YC, Wong KT, Bard AJ (2010) ] Am Chem Soc 132:10944
Otero TF, Rodriguez J, Angulo E, Santamaria C (1993) Synth Met 55-57:3713

. Pang Y, Li X, Ding H, Shi G, Jin L (2007) Electrochim Acta 52:6172



284

69.

70.
71

72.

73.
74.

75
76.
71.

78.

79

81.
82.
83.
84.
85

87.

88.
89.
90.

91.
92.
93.
94.
95

97.
98.
99.
100.
101
102.
103.

104.
105.
106
107.
108.
109.
110.
111.

7 Applications of Conducting Polymers

Pozo-Gonzalo C, Pomposo JA, Alduncin JA, Salsamedi M, Mikhaleva Al, Krivdin LB,
Trofimov BA (2007) Electrochim Acta 52:4784
Rauh RD, Wang F, Reynolds JR, Mecker DL (2001) Electrochim Acta 46:2023

. Santos LF, Faria RC, Gaffo L, Carvalho LM, Faria RM, Goncalves D (2007) Electrochim

Acta 52:4299

Santos MJL, Rubira AF, Pontes RM, Basso EA, Girotto EM (2006) J Solid State Electrochem
10:117

Schopf G, Kossmehl G (1997) Adv Polym Sci 129:124

Schottland P, Zong K, Gaupp CL, Thompson BC, Thomas CA, Giurgiu I, Hickman R,
Abboud KA, Reynolds JR (2000) Macromolecules 33:7051

. Sefer E, Koyuncu FB, Oguzhan E, Koyuncu S (2010) J Polym Sci A Polym Chem 48:4419

Sonmez G, Meng H, Wudl F (2003) Chem Mater 15:4923

Sonmez G, Schwendeman I, Schottland P, Zong K, Reynolds JR (2003) Macromolecules
36:639

Sotzing GA, Reddinger JL, Katritzky AR, Soloducho J, Musgrave R, Reynolds JR (1997)
Chem Mater 9:1578

. Tagliazucchi M, Calvo EJ (2010) ChemPhysChem 11:2957
. Welsh DM, Kumar A, Meijer EW, Reynolds JR (1999) Adv Mater 11:1379

Winkels S, Lohrengel MM (1997) Electrochim Acta 42:3117
Yamamoto T (2003) Synlett 4:425

Yavaz A, Bezgin B, Onal AM (2009) J Appl Polym Sci 114:2685
Yu G (1996) Synth Met 80:143

. Yuh-Ruey Y, Hsia-Tsai H, Chun-Guey W (2001) Synth Met 121:1651
. Zhang S, Nie G, Han X, Xu J, Li M, Cai T (2006) Electrochim Acta 51:5738

ZhuYY, GuC, Tang S, Fei T, Gu X, Wang HM, Wang ZM, Wang FF, Lu D, Ma YG (2009) J
Mater Chem 19:3941

Arsov LD (1998) J Solid State Electrochem 2:26

Bobacka J, Gao Z, Ivaska A, Lewenstam A (1994) J Electroanal Chem 368:33

Doblhofer K, Vorotyntsev MA (1994) In: Lyons MEG (ed) Electroactive polymer electro-
chemistry, vol 1. Plenum, New York, pp 375437

Ehrenbeck C, Jiittner K (1996) Electrochim Acta 41:1815

Gelin K, Mihranyan A, Razaq A, Nyholm L, Stromme M (2009) Electrochim Acta 54:3394
Saleh MM (2009) Desalination 235:319

Schmidt VM, Tegtmeyer D, Heitbaum J (1995) J Electroanal Chem 385:149

. Staasen I, Sloboda T, Hambitzer G (1995) Synth Met 71:219
. Weidlich CW, Mangold KM, Jiittner K (2005) Electrochim Acta 50:5247

Weidlich CW, Mangold KM (2005) Electrochim Acta 50:3481

Weidlich CW, Mangold KM, Jiittner K (2005) Electrochim Acta 50:1547
Ahmad N, MacDiarmid AG (1996) Synth Met 78:103

Beck F, Hiisler P (1990) J Electroanal Chem 280:159

. Bernard MC, Joiret S, Hugot-Le Goff A, Long PD (2001) J Electrochem Soc 148:B299

Bocarsly AB, Walton EG, Wrighton MS (1980) J] Am Chem Soc 102:3390

Cecchetto L, Ambat R, Davenport AJ, Delabouglise D, Petit JP, Neel O (2007) Corros Sci
49:818

Chaudhari S, Gaikwad AB, Patil PP (2010) J Coat Technol Res 7:119

Chaudhari S, Patil PP (2010) Electrochim Acta 55:6715

. Clement CL, Arvamuthan S, Santhanam KS (1988) J Electroanal Chem 248:233

Deng Z, Smyrl WH, White HS (1989) J Electrochem Soc 136:2152

Fenelon A, Breslin CB (2002) Electrochim Acta 47:4467

Fornarini L, Stirpe F, Scrosati B (1983) J Electrochem Soc 130:2184

Frau AF, Pernites RB, Advincula RC (2010) Ind Eng Chem Res 49:9789

Gabrielli C, Keddam M, Perrot H, Pham MC, Torresi R (1999) Electrochim Acta 44:4217



References 285

112.

113.
. Gasparac R, Martin CR (2002) J Electrochem Soc 149:B409
115.
116.
117.
118.
119.
120.

114

121

124.

125
126

132

133.
134.
135.
136.
. Saidman SB, Quinzani OV (2004) Electrochim Acta 50:127
138.
139.
140.
141.

137

142
143

146.
147.

148

154

156.
157.
158.

Galkowski MA, Malik MA, Kulesza PJ, Bala H, Miecznikowski K, Wlodarczyk R,
Adamczyk L, Chojak M (2003) J Electrochem Soc 150:B249
Gasparac R, Martin CH (2001) J Electrochem Soc 148:B138

Guingue D, Horowitz G, Garnier F (1987) Ber Bunsenges Phys Chem 91:402
Hermas AA (2008) Prog Org Coat 61:95

Hien NTL, Barcia B, Pailleret A, Deslouis C (2005) Electrochim Acta 50:1747
Huerta-Vilca D, de Moraes SR, Motheo AJ (2005) J Solid State Electrochem 9:416
Kraljic M, Mandic Z, Duic Lj (2003) Corros Sci 45:181

Lehr IL, Saidman SB (2006) Electrochim Acta 51:3249

. Mahmoudian MR, Alias Y, Basirun WJ (2010) Mater Chem Phys 124:1022
122.
123.

Malpas RE, Rushby B (1983) J Electroanal Chem 157:387

Meneguzzi A, Pham MC, Lacroix JC, Piro B, Ademier A, Ferreira CA, Lacaze PC (2001) J
Electrochem Soc 148:B121

Mengoli G, Dalio S, Musiani MM (1980) J Appl Electrochem 10:459

. Mengoli G, Munari M, Bianco P, Musiani MM (1981) J Appl Polym Sci 26:4247
. Mengoli G, Musiani MM (1986) Electrochim Acta 31:201

127.
128.
129.
130.
131.
. Paliwoda G, Rohwerder M, Stratmann M, Rammelt U, Duc LM, Plieth W (2006) J Solid State

Mengoli G, Musiani MM, Folari C (1981) J Electroanal Chem 124:237
Mondal SK, Prasad KR, Munichandraiah N (2005) Synth Met 148:275
Noufi R, Nozik AJ, White J, Warren LF (1982) J Electrochem Soc 129:2261
Noufi R, Tench D, Warren LF (1981) J Electrochem Soc 128:2596

Oliveira MAS, Moraes JJ, Faez R (2009) Prog Org Coat 65:348

Electrochem 10:730

Palys B, Celuch P (2006) Electrochim Acta 51:4115
Rajasekar A, Ting YP (2011) Ind Eng Chem Res 50:2040
Rohwerder M (2009) Int J Mater Res 100:1331

Rohwerder M, Michalik A (2007) Electrochim Acta 53:1300

Santos JR, Mattoso LHC, Motheo AJ (1998) Electrochim Acta 43:309
Sazou D, Kourouzidou M, Pavlidou E (2007) Electrochim Acta 52:4385
Shreepathi S, Hoang HV, Holze R (2007) J Electrochem Soc 154:C67
Tallman DE, Pae Y, Bierwagen GP (1999) Corrosion 55:779

. Tansug G, Tuken T, Ozylmaz AT, Erbil M, Yazici B (2007) Curr Appl Phys 7:440
. Tiiken T, Yazici B, Erbil M (2005) Surf Coat Technol 200:2301

144.
145.

Wessling B, Posdorfer J (1999) Electrochim Acta 2139(6):226

Wrighton MS, Bocarsly AB, Bolts JM, Bradley MG, Fisher AB, Lewis NS, Palazzotto MC,
Walton EG (1980) Adv Chem Ser I 184:269

Xu K, Zhu L, Wu Y, Tang H (2006) Electrochim Acta 51:3986

Zhu RL, Li GX, Zheng JH, Jiang JW, Zeng HB (2009) Surf Eng 25:156

. Zic M (2010) J Electroanal Chem 647:43
149.
150.
151.
152.
153.
. Brie M, Turcu R, Neamtu C, Pruneanu S (1996) Sensor Actuator B 37:119
155.

Agbor NE, Petty MC, Monkman AP (1995) Sensor Actuator B 28:173

Ameer Q, Adeloju SB (2005) Sensor Actuator B 106:541

An KH, Jeong SY, Hwang HR, Lee YH (2004) Adv Mater 16:1005

Athawale AA, Kulkarni MV (2000) Sensor Actuator B 67:173

Brady S, Lau KT, Megill W, Wallace GG, Diamond D (2005) Synth Met 154:25

Chang JB, Liu V, Subramanian V, Sivula K, Luscombe C, Murphy A, Liu JS, Frechet JMJ
(2006) J Appl Phys 100:1

Cho JH, Yu JB, Kim JS, Sohn SO, Lee DD, Huh JS (2005) Sensor Actuator B 108:389
English JT, Deore BA, Freund MS (2006) Sensor Actuator B 115:666

Hanawa T, Yoneyama H (1989) Bull Chem Soc Faraday Trans I 84:1710



286

159.

160.
. Hwang BJ, Yang JY, Lin CW (2001) Sensor Actuator B 75:67
162.

161

163.

164.

165.

166.

167
168

174.
175.
176.

177.
. Ram MK, Yavuz O, Lahsangah V, Aldissi M (2005) Sensor Actuator B 106:750
179.

178

180.
181.

182

184.
185.
186.

187

188.
189.
190.
191.

192.
193.
194.

195.

7 Applications of Conducting Polymers

Harsanyi G, Réczey M, Dobay R, Lepsényi I, Illyefalvi-Vitéz Zs, Van den Steen J, Vervaet A,
Reinert W, Urbancik J, Guljajev A, Visy Cs, Inzelt Gy, Barsony I (1999) Sensor Rev 19:128
Hong KH, Oh KW, Kang TJ (2004) J Appl Polym Sci 92:37

Krondak H, Broncova G, Anikin S, Merz A, Mirsky VM (2006) J Solid State Electrochem
10:185

Lepcsényi I, Reichardt A, Inzelt G, Harsanyi G (1999) Highly sensitive and selective polymer
based gas sensor. In: Proceedings of 12th European microelectronics and packaging confer-
ence, Harrogate, UK, 7-9 June 1999, pp 301-305

Li B, Sauve G, Iovu MC, Jeffries-El M, Zhang R, Cooper J, Santhanam S, Schultz L, Revelli
JC, Kusne AG, Kowalewski T, Snyder JL, Weiss LE, Fedder GK, McCullough RD, Lambeth
DN (2006) Nano Lett 6:1598

Li GF, Martinez C, Janata J, Smith JA, Josowicz M, Semancik S (2004) Electrochem Solid
State Lett 7:H44

Maksymiuk K (2006) Electroanalysis 18:1537

. Matsuguchi M, Io J, Sugiyama G, Sakai Y (2002) Synth Met 128:15

. Matsuguchi M, Okamoto A, Sakai Y (2003) Sensor Actuator B 94:46
169.
170.
171.
172.
173.

Mcbrook MF, Pearson C, Petty MC (2006) Sensor Actuator B 115:547

McGovern ST, Spinks GM, Wallace GG (2005) Sensor Actuator B 107:657

Misra SCK, Mathur P, Yadav M, Tiwari MK, Garg SC, Tripathi P (2004) Polymer 45:8623
Nicolas-Debarnot D, Poncin-Epaillard F (2003) Anal Chim Acta 475:1

Nohria R, Khillan RK, Su Y, Dikshit R, Lvov Y, Varahramyan K (2006) Sensor Actuator B
114:21

Ogura K, Saino T, Nakayama M, Shiigi H (1997) J Mater Chem 7:2363

Ogura K, Shiigi H (1999) Electrochem Solid State Lett 2:478

Potje-Kamloth K (2010) Gas sensing with conducting polymers. In: Cosnier S, Karyakin A
(eds) Electropolymerization. Wiley-VCH, Weinheim, p 153

Prasad GK, Radhakrishnan TP, Kumar DS, Krishna MG (2005) Sensor Actuator B 106:626

Rizzo S, Sannicolo F, Benincori T, Schiavon G, Zecchin S, Zotti G (2004) J Mater Chem
14:1804

Ruangchuay L, Sirivat A, Schwank J (2004) Synth Met 140:15

Sadek AZ, Wlodarski W, Shin K, Kaner RB, Kalantar-zadeh KA (2006) Nanotechnology
17:4488

. Sakthivel M, Weppner W (2007) J Solid State Electrochem 11:561
183.

Saxena V, Choudhury S, Gadkari SC, Gupta SK, Yakhmi JV (2005) Sensor Actuator B
107:277

Segal E, Tchoudakov R, Narkis M, Siegmann A, Wei Y (2005) Sensor Actuator B 104:140
Sharma S, Nirkhe C, Pethkar S, Athawale AA (2002) Sensor Actuator B 85:131

Toal SJ, Trogler WC (2006) J Mater Chem 16:2871

. Torsi L, Tanase MC, Cioffi N, Gallazzi MC, Sabbatini L, Zambonin PG (2004) Sensor

Actuator B 98:204

Virji S, Huang JX, Kaner RB, Weiller BH (2004) Nano Lett 4:491

Yang JS, Swager TM (1998) ] Am Chem Soc 120:11864

Zhang T, Nix MB, Yoo BY, Deshuess MA, Myung NV (2006) Electroanalysis 18:1153
Agrisuelas J, Giménez-Romero D, Garcia-Jareno JJ, Vicente F (2006) Electrochem Commun
8:549

Aoki A, Heller A (1993) J Phys Chem 97:11014

Arbizzani C, Mastragostino M, Nevi L, Rambelli L (2007) Electrochim Acta 52:3274
Armada MPG, Losada J, Cuadrado I, Alonso B, Gonzalez B, Ramirez-Oliva E, Casado CM
(2003) Sensor Actuator B 88:190

Ballesta-Claver J, Valencia-Miron MC, Capitan-Vallvey LF (2011) Anal Bioanal Chem
400:3041



References 287

196.
197.
198.
199.
200.
201.

202.

203.
204
205.
206.
207.

208
209.
210.

211.

212
213.
214.
215.

216.
217
218.

219.
220.
221.
222
223.
224.

225.
226.
227

228.
229.
230.
231.
232
233.
234,
235.
236.
237.
238.

Bartlett PN, Birkin PR, Wang JH, Palmisano F, De Benedetto G (1998) Anal Chem 70:3685
Bartlett PN, Cooper J (1993) J Electroanal Chem 362:1

Bartlett PN, Pletcher D, Zeng J (1997) J Electrochem Soc 144:3705

Bartlett PN, Whitaker RG (1987) J Electroanal Chem 224:37

Becerik I, Kadirgan F (1997) J Electroanal Chem 436:189

Blau A, Murr A, Wolff S, Sernagor E, Medini P, Iurilli G, Ziegler C, Benfenati F (2011)
Biomaterials 32:1778

Bobacka J, Ivaska A (2010) Chemical sensors based on conducting polymers. In: Cosnier S,
Karyakin A (eds) Electropolymerization. Wiley-VCH, Weinheim, p 173

Brett CMA, Inzelt G, Kertész V (1999) Anal Chim Acta 385:119

. Bruckenstein S, Hillman AR, Swann MJ (1990) J Electrochem Soc 137:1323

Bruckenstein S, Wilde CP, Shay M, Hillman AR (1990) J Phys Chem 94:787

Buffenoir A, Bidan G, Chalumeau L, Soury-Lavergne I (1998) J Electroanal Chem 451:251
Campbell CN, Heller A, Caruana DJ, Schmidtke DV (2002) Electrodes based on the
electrical “wiring” of enzymes. In: Brajter-Toth A, Chambers JQ (eds) Electroanalytical
methods for biological materials. Dekker, New York, p 439

. Carvalho RC, Gouveia-Caridade C, Brett CMA (2010) Anal Bioanal Chem 398:1675

Casella IG, Guascito MR (1997) Electroanalysis 9:1381

Contractor AQ, Sureshkumar TN, Narayanan R, Sukeerthi S, Lal R, Srinivasan RS (1994)
Electrochim Acta 39:1321

Cosnier S, Holzinger M (2010) Biosensors based on electropolymerized films. In: Cosnier S,
Karyakin A (eds) Electropolymerization. Wiley-VCH, Weinheim, p 189

. Cosnier S, Lepellec A (1999) Electrochim Acta 44:1833

Crawford KB, Goldfinger MB, Swager TM (1998) J] Am Chem Soc 120:5187

Damos FS, Luz RCS, Kubota LT (2005) J Electroanal Chem 581:231

de Paula DT, Yamanaka H, de Oliveira MF, Stradiotto NR (2008) Chem Technol Fuels Oils
44:435

Dou YQ, Zhai YP, Zeng FW, Liu XX, Tu B, Zhao DY (2010) J Colloid Interface Sci 341:353

. Erdogan H, Tuncagil S, Toppare L (2010) J Macromol Sci Pure Appl Chem 47:209

Espenscheid MW, Ghatak-Roy AR, Moore RB III, Penner RM, Szentirmay MN, Martin CR
(1986) J Chem Soc Faraday Trans 82:1051

Ferreira V, Tenreiro A, Abrantes LM (2006) Sensor Actuator B 119:632

Fiorito PA, Cordoba de Torresi SI (2005) J Electroanal Chem 581:31

Galal A (1998) J Solid State Electrochem 2:7

. Gilbert O, Swamy BEK, Chandra U, Sherigara BS (2009) Int J Electrochem Sci 4:582

Gu F, Xu GQ, Ang SG (2009) Nanotechnology 20:305501

Guiseppi-Elie A, Wallace GG, Matsue T (1998) In: Skotheim TA (ed) Handbook of
conducting polymers. Dekker, New York, p 963

Gun J, Lev O (1996) Anal Chim Acta 336:95

Guo LH, Hill HAO (1991) Adv Inorg Chem 36:341

. Heitzmann M, Bucher C, Moutet JC, Pereira E, Rivas BL, Royal G, Saint-Aman E (2007)

Electrochim Acta 52:3082

Heller A (1990) Acc Chem Res 23:128

Hirose S, Hagashi M, Tamura N (1983) Anal Chim Acta 151:377
Huang HH, Zhou J, Huang Y-P, Kong J-L (2008) J Anal Chem 63:492
Huang KJ, Xu CX, Sun JY, Xie WZ, Peng L (2010) Anal Lett 43:176

. Huang KJ, Xu CX, Xie WZ, Wang W (2009) Colloids Surf B Biointerfaces 74:167

Hwang LS, Ko JM, Rhee HW, Kim CY (1993) Synth Met 55-57:3665
Ivanov S, Tsakova V, Mirkin VM (2006) Electrochem Commun 8:643
Ivaska A (1991) Electroanalysis 3:247

Jakobs RCM, Janssen LJJ, Barendrecht E (1985) Electrochim Acta 30:1313
Janda P, Weber J (1991) J Electroanal Chem 300:119

Kajiya Y, Sugai H, Iwakura C, Yoneyama H (1991) Anal Chem 63:49



288

239.
240.
241.
242.

243.

244.

245.
246.
247.
248.
249.
250.
251.
252.
253.
254.
255.
256.
257.
258.
259.
260.
261.
262.
263.
264.

265.

266.
267.
268.
269.
270.
271.
272.
273.
274.
275.
276.
2717.

278.
279.
280.

281.
282.

7 Applications of Conducting Polymers

Kane MC, Lascola RJ, Clark EA (2010) Radiat Phys Chem 79:1189

Karyakin AA, Bobrova OA, Karyakina EE (1995) J Electroanal Chem 399:179

Karyakin AA, Karyakina EE, Schmidt HL (1999) Electroanalysis 11:149

Karyakin AA, Karyakina EE, Schuhmann W, Schmidt HL, Varfolomeyev SD (1994) Elec-
troanalysis 6:821

Karyakin AA, Strakhova AK, Karyakina EE, Varfolomeyev SD, Yatsimirsky AK (1993)
Bioelectrochem Bioenerg 32:35

Karyakin AA, Vuki M, Lukachova LV, Karyakina EE, Orlov AV, Karpachova GP, Wang J
(1999) Anal Chem 71:2534

Keita B, Belhouori A, Nadjo L, Contant R (1995) J Electroanal Chem 381:243

Kelly A, Angolia B, Marawi I (2006) J Solid State Electrochem 10:397

Kertész V, Bacskai J, Inzelt G (1996) Electrochim Acta 41:2877

Kertész V, Van Berkel GJ (2001) Electroanalysis 13:1425

Kojima K, Yamaguchi T, Shimomura M, Miyauchi S (1998) Polymer 39:2079

Kumar A, Chaubey A, Grover SK, Malholtra BD (2001) J Appl Polym Sci 82:3486

Kumar SA, Lo PH, Chen SM (2008) Biosens Bioelectron 24:518

Kuralay F, Erdem A, Abaci S, Ozyérijk H, Y:ldiz A (2008) Electroanalysis 20:2563
Laborde H, Léger JM, Lamy C (1994) J Appl Electrochem 24:1019

Lange U, Mirsky VM (2011) Anal Chim Acta 687:105

Lete C, Marin M, Badea M, Razus AC (2010) Rev Roum Chim 55:995

Lewenstam A, Bobacka J, Ivaska A (1994) J Electroanal Chem 368:23

Li X, Zhong M, Sun C, Luo Y (2005) Mater Lett 59:3913

Li ZF, Kang ET, Neoh KG, Tan KL (1998) Biomaterials 19:45

Livache T, Roget A, Dejean E, Barthet C, Bidan G, Teoule R (1995) Synth Met 71:2143
Losito I, Zambonin CG (1996) J Electroanal Chem 410:181

Mangombo ZA, Baker P, Iwuoha E, Key D (2010) Microchim Acta 170:267

Mano N, Yoo JE, Tarver J, Loo YL, Heller A (2007) J Am Chem Soc 129:7006

Marrec P, Fabre B, Simonet J (1997) J Electroanal Chem 437:245

Mazeikiene R, Balskus K, Eicher-Lorka O, Niaura G, Meskys R, Malinauskas A (2009) Vibr
Spectrosc 51:238

Merchant SA, Meredith MT, Tran TO, Brunski DB, Johnson MB, Glatzhofer DT, Schmidtke
DW (2010) J Phys Chem C 114:11627

Miasik J, Hooper A, Tofield B (1986) J Chem Soc Faraday Trans 82:1117

Moutet JC, Popescu A, Saint-Aman E, Tomaszewski T (1998) Electrochim Acta 43:2257
Mulchandani A, Wang CL (1996) Electroanalysis 8:414

Ocypa M, Michalsko A, Maksymiuk K (2006) Electrochim Acta 51:2298

Ogura K, Shiigi H, Nakayama M (1996) J Electrochem Soc 143:2925

Palys B, Bokun A, Rogalski J (2007) Electrochim Acta 52:7075

Pandey PC, Mishra AP (1988) Analyst 113:329

Paul EW, Ricco AJ, Wrighton MS (1985) J Phys Chem 89:1441

Pauliukaite R, Ghica ME, Barsan M, Brett CMA (2007) J Solid State Electrochem 11:899
Pei Q, Inganas O (1993) Synth Met 55-57:3730

Porter RA (2000) J Immunoassay 21:51

Raoult-Berhelt J, Raoult E, Pilard J-F, Aoun R, Le Floch F (2001) Electrochem Commun
3:91

Rincon RA, Artyushkova K, Mojica M, Germain MN, Minteer SD, Atanassov P (2010)
Electroanalysis 22:799

Robinson KL, Lawrence NS (2006) Electrochem Commun 8:1055

Rosenwald SE, Kuhr WG (2002) Microfabrication of electrode surfaces for biosensors. In:
Brajter-Toth A, Chambers JQ (eds) Electroanalytical methods for biological materials.
Dekker, New York, p 399

Ruzgas T, Csoregi E, Emnéus J, Gorton L, Marko-Varga G (1996) Anal Chim Acta 330:123
Sadakane M, Steckhan E (1998) Chem Rev 98:219



References 289

283.
284.
285.
286.
287.

288.
289.
290.
291.
292.
293.
294.
295.
296.
297.
298.

299.

300.
301.
302.
303.
304.
305.
306.
307.
308.
309.
310.
311.
312.
313.

314.
315.
316.
317.

318.
319.
320.
321.

322.
323.

324.
325.
326.
327.

Saraceno RA, Pack JG, Ewing AG (1986) J Electroanal Chem 197:265

Schlereth DD, Karyakin AA (1995) J Electroanal Chem 395:221

Sljukic B, Banks CE, Salter C, Crossley A, Compton RG (2006) Analyst 131:670

Sonmez S, Divrikli U, Elci L (2010) Talanta 82:939

Suganandanm K, Santhosh P, Sankarasubramanian M, Gopalan A, Vasudevan T, Lee KP
(2005) Sensor Actuator B 105:223

Stoyanova A, Ivanov S, Tsakova V, Bund A (2011) Electrochim Acta 56:3693

Tan L, Xie Q, Yao S (2004) Electroanalysis 16:1592

Tatsuma T, Watanake T (1993) J Electroanal Chem 356:245

Troiani ED, Faria RC (2010) Electroanalysis 22:2284

Umana M, Waller J (1986) Anal Chem 58:2979

Uygun A (2009) Talanta 79:194

Wang J (1991) Electroanalysis 3:255

Wang J, Jiang M, Antonio F, Mukerjee B (1999) Anal Chim Acta 1102:7

Wang Y, Hu S (2005) Biosens Bioelectron 22:10

Wang Y, Xu H, Zhang JM, Li G (2008) Sensors 8:2043

Whitcombe MJ, Lakshmi D (2010) Imprinted polymers. In: Cosnier S, Karyakin A (eds)
Electropolymerization. Wiley-VCH, Weinheim, p 51

Willner I, Katz E, Willner B (2002) Amplified and specific electronic transduction of DNA
sensing processes in monolayer and thin-films assemblies. In: Brajter-Toth A, Chambers JQ
(eds) Electroanalytical methods for biological materials. Dekker, New York, p 43

Wu SG, Wang CQ, Zhang X, Wang TL (2008) Polym Compos 29:1152

Xue H, Mu S (1995) J Electroanal Chem 397:241

Yamamoto H, Ohawa M, Wernet W (1995) Anal Chem 67:2776

Yang C, Xu J, Hu S (2007) J Solid State Electrochem 11:514

Yang R, Ruan C, Deng J (1998) J Appl Electrochem 28:1269

Yogeswaran U, Chen SM (2008) Sensor Actuator B 130:739

Zanganeh AR, Amini MK (2007) Electrochim Acta 52:3822

Zhang Y, Jin G, Wang Y, Yang Z (2003) Sensors 3:443

Zhao RJ, Jiang Q, Sun W, Jiao K (2009) J Chin Chem Soc 56:158

Antolini E, Gonzalez ER (2009) Appl Catal A 365:1

Appetecchi GB, Pamero S, Spila E, Scrosati B (1998) J Appl Electrochem 28:1299
Arbizzani C, Mastragostino M, Meneghello L (1995) Electrochim Acta 40:22

Arbizzani C, Mastragostino M, Meneghello L (1997) Electrochim Acta 41:21

Baibarac M, Baltog I, Lefrant S, Gomez-Romero P (2011) Mater Sci Eng B Adv Solid State
Mater 176:110

Benedetti JE, Canobre SC, Fonseca CP, Neves S (2007) Electrochim Acta 52:4734
Bleda-Martinez MJ, Morallon E, Cazorla-Amoros D (2007) Electrochim Acta 52:4962
Cebeci FC, Sezer E, Sarac AS (2009) Electrochim Acta 54:6354

Chen J, Tsekouras G, Officer DL, Wagner P, Wang CY, Too CO, Wallace GG (2007) J
Electroanal Chem 599:79

Chen WC, Wen TC, Teng H (2003) Electrochim Acta 48:641

de Surville R, Jozefowicz M, Yu LT, Perichon J, Buvet R (1968) Electrochim Acta 13:1451
Desilvestro J, Scheifele W, Haas O (1992) J Electrochem Soc 139:2727

Dhawale DS, Dubal DP, Jamadade VS, Salunkhe RR, Lokhande CD (2010) Synth Met
160:519

Doubova L, Mengoli G, Musiani MM, Valcher S (1989) Electrochim Acta 34:337

Frau AF, Estillore NC, Fulghum TM, Advincula RC (2010) ACS Appl Mater Interfaces
2:3726

Ghenaatian HR, Mousavi MF, Kazemi SH, Shamsipur M (2009) Synth Met 159:1717
Glenis S, Horowitz G, Tourillon G, Garnier F (1984) Thin Solid Films 111:93

Hagemeister MP, White HS (1987) J Phys Chem 91:150

Hung PJ, Chang KH, Lee YF, Hu CC, Lin KM (2010) Electrochim Acta 55:6015



290

328.
329.
330.
331.
332.

333.
334.
33s.

336.
337.
338.
339.
340.

341.
342.
343.
344.
345.
346.
347.
348.
349.
350.
351.
352.

353.
354.
355.
356.
357.
358.
359.
360.
361.
362.
363.
364.

365.
366.

367.
368.
369.
370.

371.

7 Applications of Conducting Polymers

Jonas F, Heywang G (1994) Electrochim Acta 39:1345

Kanamura K, Kawai Y, Yonezawa S, Takehara Z (1995) J Electrochem Soc 142:2894
Kawai T, Iwakura C, Yoneyama H (1989) Electrochim Acta 34:1357

Kitani A, Kaya M, Sasaki K (1986) J Electrochem Soc 133:1069

Laguenza EL, Patyk RL, Mello RMQ, Micaroni L, Koehler M, Hiimmelgen IA (2007) J Solid
State Electrochem 11:577

Lee H, Cho MS, Kim IH, Nam JD, Lee Y (2010) Synthetic Met 160:1055

Levy N, Levi MD, Aurbach D, Demadrille R, Pron A (2010) J Phys Chem C 114:16823
Mikhaylova AA, Tusseeva EK, Mayorova NA, Rychagov AYu, Volfkovich YuM, Krestinin
AV, Khazova OA (2011) Electrochim Acta 56:3656

Madani A, Nessark B, Boukherroub R, Chehimi MM (2011) J Electroanal Chem 650:176
Mengoli G, Musiani MM, Fleischmann M, Pletcher D (1984) J Appl Electrochem 14:285
Mermilliod N, Tanguy J, Petiot F (1983) J Electrochem Soc 133:1073

Mondal SK, Barai K, Munichandraiah N (2007) Electrochim Acta 52:3258

Morita M, Miyazaki S, Ishikawa M, Matsuda Y, Tajima H, Adachi K, Anan F (1995) J Power
Source 54:214

Naegele D, Bithin R (1988) Solid State Ionics 28—30:983

Nagamoto T, Omoto D (1988) J Electrochem Soc 135:2124

Naoi K, Lien M, Smyrl WH (1991) J Electrochem Soc 138:440

Naoi K, Ueyama K, Osaka T, Smyrl WH (1990) J Electrochem Soc 137:494

Niessen J, Schroder U, Rosenbaum M, Scholz F (2004) Electrochem Commun 6:571
Novak P, Miiller K, Santhanam KSV, Haas O (1997) Chem Rev 97:202

Novak P, Rasch B, Vielstich W (1991) J Electrochem Soc 138:3300

Novak P, Vielstich W (1990) J Electrochem Soc 137:1681

Nystrom G, Razaq A, Stromme M, Nyholm L, Mihranyan A (2009) Nano Lett 9:3635
Osaka T, Ogano S, Naoi K, Oyama N (1989) J Electrochem Soc 136:306

Park KI, Song HM, Kim Y, Mho SI, Cho WI, Yeo IH (2010) Electrochim Acta 55:8023
Posudievsky OY, Kozarenko OA, Dyadyun VS, Jorgensen SW, Spearot JA, Koshechko VG,
Pokhodenko VD (2011) J Power Source 196:3331

Qiu W, Zhou R, Yang L, Liu Q (1996) Solid State Ionics 86—88:903

Raoof JB, Ojani R, Hosseini SR (2011) Int J Hydrogen Energ 36:52

Rimbu GA, Iordoc M, Vasilescu-Mirea R, Stamatin I, Zaharescu T (2009) Rev Chim 60:1285
Roman LS, Anderson MR, Yohannes T, Inganids O (1997) Adv Mater 9:1164

Rosenbaum M, Schroder U, Scholz F (2005) Appl Microbiol Biotechnol 68:753

Saraswathi R, Gerard M, Malholtra BD (1999) J Appl Polym Sci 74:145

Sariciftci NS, Heeger AJ (1994) Int J] Mod Phys B 8:237

Schroder U, Niessen J, Scholz F (2003) Angew Chem Int Ed 42:2880

Singh RN, Malviya M (2004) Electrochim Acta 49:4605

Singh RN, Malviya M, Anindita, Sinha ASK, Chartier P (2007) Electrochim Acta 52:4264
Snook GA, Chen GZ, Fray DJ, Hughes M, Shaffer M (2004) J Electroanal Chem 568:135
Song RY, Park JH, Sivakkumar SR, Kim SH, Ko JM, Park D-Y, Jo SM, Kim DY (2007)
J Power Source 166:297

Sopcic S, Rokovic MK, Mandic Z, Inzelt G (2010) J Solid State Electrochem 14:2021
Szymanska D, Rutkowska IA, Adamczyk L, Zoladek S, Kulesza PJ (2010) J Solid State
Electrochem 14:2049

Tanaki T, Yamaguchi T (2006) Ind Eng Chem Res 45:3050

Tang C (1986) Appl Phys Lett 48:183

Tintula KK, Sahu AK, Shahid A, Pitchumani S, Sridhar P, Shukla AK (2011) J Electrochem
Soc 158:B622

Valaski R, Muchenski F, Mello RMQ, Micaroni L, Roman LS, Hiimmelgen IA (2006) J Solid
State Electrochem 10:24

Vivier V, Cachet-Vivier C, Regis A, Sagon G, Nedelec JY, Yu LT (2002) J Solid State
Electrochem 6:522



References 291

372.

373.

374.
375.
376.
3717.
378.

379.
380.
381.
382.
383.
384.

385.
386.
387.

388.
389.
390.
391.
392.
393.
394.
39s.
396.

397.
398.

399.

400.
401.
402.
403.
404.
405.
406.
407.
408.
409.
410.
411.
412.
413.
414.
415.

Wallace GG, Tsekouras G, Wang C (2010) Inherently conducting polymers via electropoly-
merization for energy conversion and storage. In: Cosnier S, Karyakin A (eds) Electropoly-
merization. Wiley-VCH, Weinheim, p 215

Wang CY, Ballantyne AM, Hall SB, Too CO, Officer DL, Wallace GG (2006) J Power
Source 156:610

Wang J, Too CO, Wallace GG (2005) J Power Source 150:223

Zhou H, Chen H, Luo S, Lu G, Wei W, Kuang Y (2005) J Solid State Electrochem 9:574
Ahmad S, Yum J-H, Butt H-J, Nazeeruddin MK, Gratzel M (2010) ChemPhysChem 11:2814
Bohn C, Sadki S, Brennan AB, Reynolds JR (2002) J Electrochem Soc 149:E281

Consuelo LV, Arias-Pardilla J, Cauich-Rodriguez JV, Smit MA, Otero TF (2010) Sensors
10:2638

Grande H, Otero TF (1998) J Phys Chem B 102:7535

Grande H, Otero TF (1999) Electrochim Acta 44:1893

Jafeen MJM, Careem MA, Skaarup S (2010) Ionics 16:1

James T, Mannoor MS, Ivanov DV (2008) Sensors 8:6077

Kaneto K, Kaneko M, Min Y, MacDiarmid AG (1995) Synth Met 71:2211

Kiefer R, Chu SY, Kilmartin PA, Bowmaker GA, Cooney RP, Travas-Sejdic J (2007)
Electrochim Acta 52:2386

Kuttel C, Stemmer A, Wei X (2009) Sensor Actuator B 141:478

Lizarraga L, Andrade EM, Molina FV (2004) J Electroanal Chem 561:127

Otero TF, Arias-Pardilla J (2010) Electromechanical devices: artificial muscles. In: Cosnier
S, Karyakin A (eds) Electropolymerization. Wiley-VCH, Weinheim, p 241

Otero TF, Cortés MT (2003) Sensor Actuator B 96:152

Otero TF, Grande HJ, Rodriguez J (1997) J Phys Chem B 101:3688

Otero TF, Padilla J (2004) J Electroanal Chem 561:167

Otero TF, Rodriguez J (1994) Electrochim Acta 39:245

Pei Q, Inganas O (1993) J Phys Chem 97:6034

Shoa T, Yoo DS, Walus K, Madden JDW (2011) IEEE ASME Trans Mechatron 16:42
Smela E, Lu W, Mattes BR (2005) Synth Met 151:43

Smela E, Lu W, Mattes BR (2005) Synth Met 151:25

Strack G, Bocharova V, Arugula MA, Pita M, Halamek J, Katz E (2010) J Phys Chem Lett
1:839

Albery WJ, Hillman AR (1981) Annu Rev C R Soc Chem London: 377

Andrieux CP, Savéant JM (1992) Catalysis at redox polymer coated electrodes. In: Murray
RW (ed) Molecular design of electrode surfaces. Wiley, New York, pp 207-270

Ashley K, Parry DB, Harris JM, Pons S, Bennion DN, LaFollette R, Jones J, King EJ (1989)
Electrochim Acta 34:599

Bade K, Tsakova V, Schultze JW (1992) Electrochim Acta 37:2255

Balamurugan A, Chen SM (2010) J Solid State Electrochem 14:35

Ballarin B, Lanzi M, Paganin L, Cesari G (2007) Electrochim Acta 52:4087

Ballarin B, Masiero S, Seeber R, Tonelli D (1998) J Electroanal Chem 449:173

Barsukov VZ, Chivikov S (1996) Electrochim Acta 41:1773

Bedioui F, Devynck J, Bied-Charenton C (1996) J Mol Catal A 113:3

Bidan G, Genies EM, Lapkowski M (1988) J Electroanal Chem 251:297

Bonazzola C, Calvo EJ (1998) J Electroanal Chem 449:111

Buffenoir A, Bidan G, Chalumeau L, Soury-Lavergne I (1998) J Electroanal Chem 451:261
Biittner E, Holze R (2001) J Electroanal Chem 508:150

Carlin CM, Kepley LJ, Bard AJ (1986) J Electrochem Soc 132:353

Chen CC, Bose CSS, Rajeshwar K (1993) J Electroanal Chem 350:161

Chen S-M, Chen Y-L, Thangamuthu R (2007) J Solid State Electrochem 11:1441

Chen SM, Lin KC (2001) J Electroanal Chem 511:101

Cho SJ, Choo K, Kim DP, Kim JW (2007) Catal Today 120:336

Croissant MJ, Napporn T, Leger JM, Lamy C (1998) Electrochim Acta 43:2447



292

416.
417.
418.
419.

420.
421.
422,
423.

424,
425.
426.
427.
428.

429.

430.
431.
432.

433.
434.
435.
436.
437.

438.
439.
440.
441.
442,
443.

444,
445.
446.
447.
448.
449.
450.
451.
452.
453.

454,

7 Applications of Conducting Polymers

DeBerry DW (1985) J Electrochem Soc 132:1022

Deronzier A, Moutet JC (1994) Curr Top Electrochem 3:159

Diaz AF, Logan JA (1980) J Electroanal Chem 111:111

Doblhofer K (1994) Thin polymer films on electrodes. In: Lipkowski J, Ross PN (eds)
Electrochemistry of novel materials. VCH, New York, p 141

Duic I, Rokovic MK, Mandic Z (2010) Polym Sci B 52:431

Feng XJ, Shi YL, Hu ZA (2010) Int J Electrochem Sci 5:489

Ficicioglu F, Kadirgan F (1998) J Electroanal Chem 451:95

Forrer P, Inzelt G, Siegenthaler H (1999) In: 195th meeting of the electrochemical society,
Seattle, WA, USA, 2-7 May 1999, Abstr 1106

Glarum SH, Marshall JH (1987) J Electrochem Soc 134:2160

Hable CT, Wrighton MS (1991) Langmuir 7:1305

Hathoot AA, El-Maghrabi S, Abdel-Azzem M (2011) Int J Electrochem Sci 6:637
Hernandez N, Ortega JM, Choy M, Ortiz R (2001) J Electroanal Chem 515:123

Hillman AR (1987) Polymer modified electrodes: preparation and characterisation. In:
Linford RG (ed) Electrochemical science and technology of polymers. Elsevier, Amsterdam,
pp 103-239

Hillman AR (1990) Reactions and applications of polymer modified electrodes. In: Linford
RG (ed) Electrochemical science and technology of polymers, vol 2. Elsevier, England, pp
241-291

Hillman AR, Loveday DC, Bruckenstein S (1991) Langmuir 7:191

Janaky C, Visy C, Berkesi O, Tombaécz E (2009) J Phys Chem C 113:1352

Jones VW, Kalaji M, Walker G, Barbero C, Kotz R (1994) J Chem Soc Faraday Trans
90:2061

Karimi M, Chambers JQ (1987) J Electroanal Chem 217:313

Kazarinov VE, Andreev VN, Spitsyn MA, Mayorov AP (1990) Electrochim Acta 35:1459
Kazarinov VE, Levi MD, Skundin AM, Vorotyntsev MA (1989) J Electroanal Chem 271:193
Kazimierska E, Smyth MR, Killard AJ (2009) Electrochim Acta 54:7260

Kelaidopoulou A, Abelidou E, Papoutsis A, Polychroniadis EK, Kokkinidis G (1998) J Appl
Electrochem 28:1101

Kern JM, Sauvage JP, Bidan G, Billon M, Divisia-Blohorn B (1996) Adv Mater 8:580
Kessler T, Castro Luna AM (2003) J Solid State Electrochem 7:593

Kobel W, Hanack M (1986) Inorg Chem 25:103

Komsiyska L, Tsakova V, Staikov G (2007) Appl Phys A 87:405

Kost K, Bartak D, Kazee B, Kuwana T (1986) Anal Chem 60:2379

Kostecki R, Ulmann M, Augustynski J, Strike DJ, Koudelka-Hep M (1993) J Phys Chem
97:8113

Kowalewska B, Miecznikowski K, Makowski O, Palys B, Adamczyk L, Kulesza PJ (2007) J
Solid State Electrochem 11:1023

Kvarnstrom C, Ivaska A (1997) In: Nalwa HS (ed) Handbook of organic conducting
molecules and polymers, vol 4. Wiley, New York, p 487

Lamy C, Leger JM, Garnier F (1997) In: Nalwa HS (ed) Handbook of organic conducting
molecules and polymers, vol 3. Wiley, New York, p 471

Lang G, Ujvari M, Inzelt G (2001) Electrochim Acta 46:4159

Lang GG, Ujvari M, Inzelt G (2004) J Electroanal Chem 572:283

Lang GG, Ujvari M, Rokob TA, Inzelt G (2006) Electrochim Acta 51:1680

Levi MD, Alpatova NM, Ovsyannikova EV, Vorotyntsev MA (1993) J Electroanal Chem
351:271

Levi MD, Pisarevskaya EYu (1993) Synth Met 55-57:1377

Levi MD, Skundin AM (1989) Sov Electrochem 25:67

Levi MD, Pisarevskaya EYu, Molodkina EB, Danilov AI (1992) J Chem Soc Chem
Commun: 149

Li D, Huang J, Kaner RB (2009) Acc Chem Res 42:135



References 293

455.
456.

457.
458.
459.
460.
461.
462.
463.
464.
465.
466.

467.

468.

469.
470.

471.

472.
473.
474.
475.
476.
477.
478.
479.
480.
481.

482.
483.
484.
485.
486.
487.
488.
489.
490.

Loganathan K, Pickup PG (2007) Electrochim Acta 52:4685

Lyons MEG (1994) Electrocatalysis using electroactive polymer films. In: Lyons MEG (ed)
Electroactive polymer electrochemistry, vol 1. Plenum, New York, pp 237-374

Mahmoud A, Keita B, Nadjo L (1998) J Electroanal Chem 446:211

Maksymiuk K, Doblhofer K (1993) Synth Meth 55-57:1382

Maksymiuk K, Doblhofer K (1994) Electrochim Acta 39:217

Malinauskas A, Holze R (1999) J Electroanal Chem 461:184

Mallick K, Witcomb M, Scurrel M (2007) Platin Met Rev 51:3

Mandic Z, Duic Lj (1996) J Electroanal Chem 403:133

Marque P, Roncali J, Garnier F (1987) J Electroanal Chem 218:107

Mazeikiene R, Niaura G, Malinauskas A (2006) Electrochim Acta 51:1917

Mengoli G, Musiani MM (1989) J Electroanal Chem 269:99

Mourata A, Wong SM, Siegenthaler H, Abrantes LM (2006) J Solid State Electrochem
10:140

Murray RW (1984) Chemically modified electrodes. In: Bard AJ (ed) Electroanalytical
chemistry, vol 13. Dekker, New York, p 191

Ohsaka T, Watanabe T, Kitamura F, Oyama N, Tokuda K (1991) J Chem Soc Chem
Commun: 1072

Peerce PJ, Bard AJ (1980) J Electroanal Chem 114:89

Pereira da Silva JE, Temperini MLA, Cordoba de Torresi SI (1999) Electrochim Acta
44:1887

Ping Z, Nauer GE, Neugebauer H, Thiener J, Neckel A (1997) J Chem Soc Faraday Trans
93:121

Radyushkina KA, Tarasevich MR, Radina MV (1997) Sov Electrochem 33:5

Reddinger JL, Reynolds JR (1997) Macromolecules 30:673

Reddinger JL, Reynolds JR (1997) Synth Met 84:225

Rishpon J, Redondo A, Derouin C, Gottesfeld S (1990) J Electroanal Chem 294:73
Santhosh P, Manesh KM, Lee KP, Gopalan Al (2006) Electroanalysis 18:894

Singh RN, Lal B, Malviya M (2004) Electrochim Acta 49:4605

Sivakumar C, Phani KL (2011) Chem Commun 47:3535

Stilwell DE, Park SM (1988) J Electrochem Soc 135:2491

Stockert D, Lohrengel MM, Schultze JW (1993) Synth Met 55-57:1323

Su ZH, Huang JH, Xie QJ, Fang ZF, Zhou C, Zhou QM, Yao SZ (2009) PhysChemPhys
11:9050

Tour JM (1996) Chem Rev 96:537

Trung T, Trung TH, Ha CS (2005) Electrochim Acta 51:984

Tsai TH, Chen TW, Chen SM (2010) Electroanalysis 22:1655

Ulmann M, Kostecki R, Augustinski J, Strike DJ, Koudelka-Hep M (1992) Chimia 46:138
Vorotyntsev MA, Badiali JP (1994) Electrochim Acta 39:289

Vorotyntsev MA, Daikhin LI, Levi MD (1992) J Electroanal Chem 332:213

Vorotyntsev MA, Rubashkin AA, Badiali JP (1996) Electrochim Acta 41:2313

Wang J, Collinson MM (1998) J Electroanal Chem 455:127

Yano J, Ogura K, Kitani A, Sasaki K (1992) Synth Met 52:21



Chapter 8
Historical Background (Or: There Is Nothing
New Under the Sun)

As we mentioned in Chap. 1, the 2000 Nobel Prize in Chemistry was awarded to
Heeger, MacDiarmid, and Shirakawa “for the discovery and development of elec-
trically conductive polymers”.

However, as is the case for many other scientific discoveries, there were actually
several forerunners of Heeger, MacDiarmid, and Shirakawa. Indeed, in this context,
it is worth considering another example from the field of electrochemistry: the
renaissance of fuel cells, which were discovered independently by W.R. Grove and
Ch.F. Schonbein in 1839.

Our case is also curious because the most important representatives of these
materials, polyaniline and polypyrrole, were already being prepared by chemical or
electrochemical oxidation in the nineteenth century. Of course, for a long time they
were not called polymers, since the existence of macromolecules was not accepted
until the 1920s, and it was decades before H. Staudinger, W. Carothers, P. Flory,
and other eminent scientists could convince the community of chemists that these
unusual molecules were real.

Therefore, it is somewhat interesting to review the story of polyaniline here,
because it provides an insight into the nature of the development of science.

One may recall that aniline was prepared from the coal tar residues of the gas
industry in the first half of the nineteenth century, and later played later a funda-
mental role in the development of organic chemistry and the chemical industry.
First, aniline dyes replaced dyes from natural sources. Then coal tar dyes found use
in medicine (to stain tissues), and P. Erlich discovered the selective toxicity of these
compounds. This initiated the chemical production of medicines, and the establish-
ment of the pharmaceutical industry.

Dr. Henry Letheby, who was a physician and a member of the Board of Health in
London, was interested in aniline because it was poisoning workers. Letheby
observed that a bluish-green precipitate was formed at the anode during electroly-
sis, which became colorless when it was reduced and regained its blue color when it
was oxidized again [1].

It should be mentioned that Runge [2] and Fritzsche [3], who isolated aniline,
also observed the appearance of a blue color during the oxidation of aniline in
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acidic media. Indeed, this was why Runge proposed the name kyanol (after the
Greek word for blue) or Blauol (blue oil in German). Eventually the name aniline,
which was proposed by Fritzsche, came into general use. “Aniline” entered
the English literature through the German word “Anilin,” from the French and
Portuguese-Spanish “aiiil,” from the Arabic “an-nil” (J..1l), and ultimately from the
Sanskrit word “n1lt” (&fY), for indigo.

Several researchers have investigated the oxidation of aniline in order to under-
stand the mechanism of the reaction and also to prepare useful dyes for the textile
industry. Fritzsche analyzed the material called “aniline black™ [3]. Then, after
Letheby’s experiment, Goppelsroeder [4], Szarvasy [5], and others repeated and
verified Letheby’s findings. In the first decade of the twentieth century, a linear
octameric structure was proposed and generally accepted. It was also recognized
that this compound may exist in at least four different oxidation states (emeraldine
series) [6, 7], as well as that “overoxidation” and hydrolysis lead to the formation of
quinone. In 1935 Yasui [8] suggested a reaction scheme for the electrooxidation of
aniline at a carbon electrode. Khomutov and Gorbachev made the next step in 1950
[9]. They discovered the autocatalytic nature of the electrooxidation of aniline. In
1962 Mohilner, Adams, and Argersinger reinvestigated the mechanism of the
electrooxidation of aniline in aqueous sulfuric acid solution at a platinum electrode
[10]. They proposed a free radical mechanism and wrote that “the final product of
this electrode reaction is primarily the octamer emeraldine, or a very similar
compound” [10].

The first real breakthrough came in 1967, when Buvet delivered a lecture at the
18th meeting of CITCE (later ISE), and this presentation appeared a year later in
Electrochimica Acta [11]. Here we cite the first sentence of this paper, which speaks
for itself: “Polyanilines are particularly representative materials in the field of
organic protolytic polyconjugated macromolecular semiconductors, because of
their constitution and chemical properties.” They also established that polyanilines
“also have redox properties,” and that “the conductivity appears to be electronic.” It
was also shown that “polyanilines are also ion-exchangers.” Finally they proposed
that “polyanilines... can be utilized for making accumulators with organic
compounds”.

At the conference there were two questions: “What is the magnitude of the
activation energy of the electronic conduction process in your polymer?” (from
M.Peover), and “Did you observe a relationship between ionic transport and chemi-
cal changes in the composition of the material (oxidation and reduction products)?”
(M. Pourbaix). Although both questions are related to important properties, one may
conclude that the discovery did not give rise to great excitement at the time.

While Josefowicz et al. [11] used chemically prepared PANI pellets as an
electrode and for conductivity measurements, investigations of the mechanism of
electrochemical oxidation also continued [12, 13], and the name polyaniline was
generally accepted [13]. The paper of Diaz and Logan that appeared in 1980 [14]
initiated research into polymer film electrodes based on polyaniline, which
continues even today.

It should be mentioned that the “discovery of conducting polymers” in connection
with polyacetylene is an exaggeration not only because of the example of polyaniline
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described above since polypyrrole was prepared even earlier. Australian researchers
have published a series of papers entitled “Electronic conduction in polymers” in 1963
[15-17]. They prepared iodine-doped polypyrrole by pyrolysis of tetraiodopyrrole,
which showed rather good conductivity. They cited the paper by Szent-Gyorgyi and
Isenberg, who had prepared a charge-transfer complex of pyrrole and iodine even
earlier [18]. Very deep is the well of the past.

We could compile the whole stories of polypyrrole and other conducting
polymers in a similar way, but the polyaniline saga alone provides an excellent
illustration of the development of science. In fact, the discovery in the 1970s of
polyacetylene—which had no practical importance but helped to arouse the interest
of researchers and public alike—was another episode in the history of conducting
polymers. Thus, these materials have a long history and—perhaps without any
exaggeration—a bright future.
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2,2'-bithiophene} (PT-TTF), 48
Polyphenazine (PPh), 21, 34
Poly(phenosafranin) (PPhS), 37
Poly(p-phenylene) (PPP), 41
films, 154
Poly(p-phenylenevinylene) (PPPV), 41, 255
Poly(3,4-propylenedioxypyrrole), 24, 254
Poly(1-pyreneamine), 16
Polypyrrole—carbon nanotubes, 54
Polypyrrole—CoFe,0y, 58
Poly(pyrrole-co-phenol), 263
Polypyrrole—iron oxalate, 58
Polypyrroles (PP), 23, 150, 154, 299
functionalized by Ru(bpy)(CO),, 47
functionalized with titanocene
dichloride, 49
iodine-doped, 301
Poly(1-pyrrolyl-10-decanephosphonic
acid), 24
Polyrhodanine (PRh), 43
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Poly(styrene sulfonate) (PSS), 13

Poly(tetracyanoquinodimethane) (PTCNQ),
8,226

Poly(tetra-substituted phthalocyanines), 47

Poly(tetra-substituted porphyrins), 47

Poly(tetrathiafulvalene) (PTTF), 9

Poly(thieno[3,4-b]thiophene), 254

Poly(thionaphthalene-indole), 32

Poly(thiophene-3-methanol), 31

Polythiazines, 37

Polythionine, 154, 271

films, AFM, 126

Polythiophenes (PT), 28, 46, 154, 255, 264,

267, 276
magnetite, 283

Polytriphenylamine (PTPA), 42

Poly(vinylbenzylchloride), 10

Poly(vinylferrocene), 11, 226

Poly(vinyl-p-benzoquinone), 10

Poly(4-vinylpyridine) (PVP), 14

Poly(4-vinyltriphenylamine) (PVTPA), 42

Poly(viologens), 9

Poly(xylylviologen), 9

Porosity effects, 226

Poststructuring, 252

Potential cycling, 150

Prestructuring, 252

Probe beam deflection (PBD), 105, 115

3,4-Propylenedioxythiophene, 53

Prussian blue (PB), 55, 273

Pyrolysis-gas chromatography/mass
spectrometry, 133

Pyrrole, oxidative electropolymerization, 23

4-(Pyrrole-1-yl) benzoic acid, 53, 55

Q

Quinone polymers, 10

R

Radiotracer techniques, 112

Raman spectroscopy, 124

Randles equivalent circuit, 91

Rechargeable batteries, 54, 274, 276

Redox polymers, 7

Redox transformations, 193

Reduction, 54, 213, 282

Relaxation, 232

Resonant Raman spectroscopy, 124

Rhodanine, oxidative electropolymerization,
43

Riboflavin, 39

Index

[Ru(bpy),(PVP),CI]Cl, 12
[Ru(bpy),(4-vinylpyridine),CI]Cl, 12

S

Scanning electrochemical microscopy
(SECM), 127

Scanning electron microscopy (SEM), 131

Scanning probe techniques, 125

Scanning tunneling microscopy (STM), 125

Segmental motions, 224

Self-assembly, supramolecular, 3

Self-doped polymers, 3, 8

Semiconductors, 58, 196, 202, 206, 249, 263,
276, 300

Sensors, 263

Shrinking/swelling, temperature, 228

Silicomolybdate, 53

Solvent, partitioning equilibria, 174

transport, 223

Spectroelectrochemistry, 122

Spirobifluorenyl-porphyrin, 48

Supercapacitors, 275

Surface plasmon resonance (SPR), 125

Surface resonance coupling, 3

Swelling equilibrium, 186

Switching, 3, 129, 185, 207, 210

Synthesis conditions, 227

T

Temperature shock experiment, 238

Tetrabromo-p-xylene, electrochemical
reduction, 42

Tetracyanoquinodimethane (TCNQ), 8, 232,
237

Tetraiodopyrrole, 301

Tetrathiafulvalene, 49

Thermodynamics, 173

Thin-film deposition, 251

Thionine, 13, 38, 127

Thiophenes, 45, 149, 155, 249, 254

oxidative electropolymerization, 28

Toluidine blue, 38

m-Toluidine, o-phenylenediamine, 51

N-p-Tolylsulfonyl pyrrole, 53

9-Tosyl-9H-carbazole, 27

Triphenylamine, electrooxidative
polymerization, 42

Tyrosinase, 274

U
Urea biosensors, 271
Urease, 268
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\% w

Vanadium oxide, 56 Warburg coefficient, 92
Vanadyl tris(isopropyloxide), 165

Vinyl bis(1-ethoxyethyl)hydroquinone, 10

N-Vinylcarbazole, 27 X

Vinylferrocene, 11 X-ray absorption near edge structure
plasma-polymerized, 185 (XANES), 132

4-Vinyltriphenylamine, free radical X-ray diffraction (XRD), 132

polymerization, 42 X-ray photoelectron spectroscopy, 132
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