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Conducting Polymers



Elements consisted at first of certain small
and primary Coalitions of minute Particles of
matter into Corpuscles very numerous and
very like each other. It will not be absurd to
conceive, that such primary Clusters may be
of far more sorts than three or five; and
consequenly, that we need not suppose, that
each of the compound Bodies we are treating
of, there should be found just three sorts of
such primitive Coalitions.

—Robert Boyle: The Sceptical Chymist,
Oxford, 1680.



Preface

Conducting polymers have permeated many fields of electrochemical research. Like
metals and alloys, inorganic semiconductors, molecular and electrolyte solutions,
and inorganic electroactive solids, they comprise a group of compounds and ma-
terials with very specific properties; indeed, there is now a research field focusing
on the electrochemistry of conducting polymers. Conducting polymers possess sim-
ilarities from an electrochemical point of view to all of the other compounds and
materials mentioned above, making them a highly fascinating research topic. Fur-
thermore, such research has led to numerous new applications, ranging from corro-
sion protection to analysis. There are a huge number of electrochemical papers on
conducting polymers, and a good number of books on this topic too. However, the
editor of the present series of Monographs in Electrochemistry noted that there was
no modern monograph on the market in which the electrochemistry of conducting
polymers is treated with the appropriate balance of completeness and selectivity.
Such a monograph should be written by an active electrochemist who is experi-
enced in the field of conducting polymers, and who possesses a solid knowledge
of the theoretical foundations of electrochemistry. Therefore, I am very happy that
Gyorgy Inzelt from the Eétvos Lordnd University in Budapest, Hungary, agreed to
write this monograph. I hope that graduate students in electrochemistry, the chem-
istry and physics of materials, industrial chemists, and researchers at universities
and industry alike will find this monograph enjoyable and stimulating, as well as
helpful for their work.

March 2008 Fritz Scholz
Editor of the series Monographs in Electrochemistry

vii



Contents

L INtrodMCION «isu o sms s miamsmsemsmasmsesssmsme @ ams msmsmsssn: s 1

References. . ...... ... . i i 5

2 Classification of Electrochemically Active Polymers ................ 7

2.1 RedoxPolymers ......... ... i 7
2.1.1 Redox Polymers Where the Redox Group Is Incorporated

2.2

into the Chain (Condensation Redox Polymers, Organic

Redox POLYMErS) = swsssmssmamsmssmsmsmsms sesmsssmins 8
2.1.2 Redox Polymers with Pendant Redox Groups............. 10
2.1.3 Ion-Exchange Polymers Containing Electrostatically

Bound Redox Centers ........................uan. 13
Electronically Conducting Polymers
(Intrinsically Conducting Polymers—ICPs)..................... 14
2.2.1 Polyaniline (PANI) and PANI Derivatives................ 15
2.2.2 Poly(Diphenylamine) (PDPA)....................coo... 18
2.2.3 Poly(o-Phenylenediamine) (PPD)....................... 21
2.2.4 Poly(2-Aminodiphenylamine) (P2ADPA) ...... e 21
2.2.5 Polypyrrole (PP) and PP Derivatives .................... 22
2.2.6 Polythiophene (PT) and PT Derivatives .. ................ 23
2.2.77 Poly(3,4-Ethylenedioxythiophene) (PEDOT)

And-Its DERVAIVES s w:vsmimemsmsmsnmmsms s smswsss s 26
2.2.8 Polyphenazine (PPh) and Poly(1-Hydroxyphenazine)

(PPhOH) .05 msimamsnsmams msms e s 5s b 5 5605 05 105 0 8 ol & 27
2.2.9 Poly(AcridineRed) (PAR)......... ... ity 29
2.2.10 Poly(NeutralRed) (PNR) ........ ... ... .o .. 30
2.2.11 Poly(Phenosafranin) (PPhS) ........................... 30
2.2.12 Polycarbazoles(PCz) ..........ccviiiiiiiiiiinneennnn. 31
2.2.13 Poly(Methylene Blue) (PMB)

and Other Polythiazines . ................ ... ... ....... 32

ix



X Contents

2.2.14 Poly(o-Aminophenol) (POAP) ........ ... ... ... oint. 33
2.2.15 Polyfluorene (PF) and Poly(9-Fluorenone) (PFO) ......... 34
2.2:16 Polyluminol (PL) . csxinsscssensnsmensmssasmwsmsnsssms 34
2.2.17 Polyrhodanine (PRh) ....... ... .. ... ... ... .. 35
2.2.18 Polyflavins (PFI) . ...... ... i 35
2.2.19 Poly(5-Carboxyindole), Poly(5-Fluorindole)

and Polymelatonin ...... ... ... ... . . i .. 36
2.2.20 Poly(New Fuchsin) (PnF) ............................. 37
2.2.21 Poly(p-Phenylene) (PPP) and Poly(Phenylenevinylene)

(PPPV) ;i ccmsmemsmesemsnmsms@smamsaamss et nsninsmsns 38
2.2.22 Polytriphenylamine (PTPA)

and Poly(4-Vinyl-Triphenylamine) (PVTPA) ............. 39

2.3 Electronically Conducting Polymers with Built-In or Pendant

Redox Functionalities ................ . ... . i, 40
2.3.1 Poly(5-Amino-1,4-Naphthoquinone) (PANQ) ............ 40
2.3.2 Poly(5-Amino-1-Naphthol) ............................ 41
2.3.3 Poly(4-Ferrocenylmethylidene-4H-Cyclopenta-

[2,1-b;3,4-b/]-Dithiophene) ............................ 41

2.3.4 Fullerene-Functionalized Poly(Terthiophenes) (PTTh-BB) . 42
2.3.5 Poly[Iron(4-(2-Pyrrol-1-Ylethyl)-4'-Methyl-2,2’-

Bipyridine)3™] ... ... 43
2.3.6 Polypyrrole Functionalized by Ru(bpy)(CO); ............ 43
2.3.7 Poly[Bis(3,4-Ethylene-Dioxythiophene)-(4,4’-Dinonyl-

2,2'-Bithiazole)] (PENBTE) ..................ccooo.... 44
2.3.8 Poly(Tetraphenylporphyrins)........................... 44

2.3.9 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) . ..o 45
24 COPOLYINETS 55550 s mams s s a6 w s 55 ss s 550655 80 5 505 o mmae e e 0 oo 46
2.4.1 Poly(Aniline-co-Diaminodiphenyl Sulfone) .............. 46

2.4.2 Poly(Aniline-co-2/3-amino or 2,5-Diamino
Benzenesulfonic Acid)............ ... ... ... ... .. ..., 47
2.4.3 Poly(Aniline-co-o-Aminophenol)....................... 47
2.4.4 Poly(m-Toluidine-co-o-Phenylenediamine)............... 47
2.4.5 Other COpolymers ..............oouiiiiiiiinnnnnn.n. 47
2.5 Composite Materials ...............ooiiiiiiiiii ... 48
References............ ... 49
3 Methods of Investigation . .................... .. ... ... ......... 67
3.1 Electrochemical Methods .. .................................. 68
3.1.1 Cyclic Voltammetry .................ccoiuiiuneeenn... 68

3.1.2 Chronoamperometry and Chronocoulometry ............. 71



Contents xi
3.1.3  Electrochemical Impedance Spectroscopy (EIS) .......... 72

3.2 In Situ Combinations of Electrochemistry with Other Techniques .. 88
3.2.1 Electrochemical Quartz Crystal Microbalance (EQCM) .... 88

3.2.2  Radiotracer Techniques ............................... 96

3.2.3  Probe Beam Deflection Technique (PBD) ................ 99

3.24 EIpsometry ................iii i 101

3.2.5 Spectroelectrochemistry ..................... .. ..... .. 101

3.2.6  Scanning Probe Techniques.......................... .. 104

3.2.7 Conductivity Measurements ........................... 109

3.3 Other Techniques Used in the Field of Conducting Polymers . . .... 110
3.3.1 Scanning Electron Microscopy (SEM)................... 110

3.3.2  X-Ray Photoelectron Spectroscopy (XPS) ............... 111

3.3.3  X-Ray Diffraction (XRD) and Absorption ............... 111

3.3.4 Electrospray Ionization Mass Spectrometry (ES-MS) . . .... 111
References........ ... ... .. ... .. . . . ... . 113

4  Chemical and Electrochemical Syntheses of Conducting Polymers . . . 123

References....... ... .. .. .. .. . . . . . ... .. 145
5 Thermodynamic Considerations . ................... ... .. ... . 149
5.1 Neutral Polymer in Contact with an Electrolyte Solution ... .. ... ... 150
5.2 Charged Polymer in Contact with an Electrolyte Solution . ... ...... 154
5.2.1 Nonosmotic Membrane Equilibrium .................... 154
5.2.2  Osmotic Membrane Equilibrium and Electrochemical

and Mechanical Equilibria.................... ... .. .. .. 156

5.3 Dimerization, Disproportionation and Ion Association Equilibria
Within the Polymer Phase ................ ... ... ... ... .. .. 164
Ly 167
6  Redox Transformations and Transport Processes .................. 169
6.1 Electron Transport..................... ... .. ... .. ... 172
6.1.1 Electron Exchange Reaction ...................... ... .. 172
6.1.2  Electronic Conductivity .................. ... ... .. ... 178
6.2 TonTransport ................ ... i 188
6.3 Coupling of Electron and Ionic Charge Transport ................ 195
6.4 Other Transport Processes ................................... 198
6.4.1 Solvent Transport .............................. ... ... 199
6.4.2  Dynamics of Polymeric Motion ....................... . 199
6.5 Effect of Film Structure and Morphology ....................... 201

6.5.1 Thickness ................... ... ... . .. 202



xii Contents

6.5.2 Synthesis Conditions and Nature of the Electrolyte . ....... 202
6.5.3 Effect of Electrolyte Concentration and Temperature . ..... 205
6.6 Relaxation and Hysteresis Phenomena . ........................ 208
6.7 Measurements of the Rate of Charge Transport.................. 217
References. . ... .. ... ... i e 219
7  Applications of Conducting Polymers............................. 225
7.1 Material Properties of Conducting Polymers .................... 225

7.2 Applications of Conducting Polymers in Various Fields
of TechnolOIes : « i s:pcenmsmimsmsnsmsnswams s ems s emansesms s 227

7.2.1 Thin-Film Deposition and Microstructuring
of Conducting Materials (Antistatic Coatings,

Microwave Absorption, Microelectronics) ............... 227

7.2.2 Electroluminescent and Electrochromic Devices .......... 229

7.2.3 Membranes and Ion Exchanger......................... 235

7.2.4 Corrosion Protection . ............ ...t 236

Te2iS SENSOIS :nissmimimesnsonsnsE: B EsEs HnsEF 608 237

7.2.6 Materials for Energy Technologies ..................... 246

7.2.77 Artificial Muscles .. ... ... 248

7.2.8 ElectrocatalysiS. .. ......cuuuuiniiniininnnnennnn.. 250
References . . ... .. ... . i e 255

8 Historical Background (Or: There Is Nothing New Under the Sun) .. 265

References . . ... ... 269
About the Author ............... e e 271
Aboutthe Editor . .. ... ... ... ... . e 273
Name IndexX. . ... e et et 275

SubjectIndex ....................... NSRS BN EI BB R 277



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 conduc-
tivity 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 emergence 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 poly-
mers 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 a major role in this breakthrough, and they received the Nobel
Prize in Chemistry in 2000 “for the discovery and development of electronically
conductive polymers” [2,4-8].

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 oxi-
dation 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 characteriza-
tion 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
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2 1 Introduction

interest. First is the intellectual curiosity of scientists, which focuses on under-
standing the behavior of these systems, in particular on the mechanism of charge
transfer and on charge transport processes that occur during redox reactions of con-
ducting polymeric materials. Second is the wide range of promising applications
of these compounds in the fields of energy storage, electrocatalysis, organic elec-
trochemistry, 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 re-
garding the development of conducting polymers, polymer film electrodes and
their applications have been published, e.g., [1, 10-53]. Beside these comprehen-
sive works, surveys of specific groups of polymers [40, 49], methods of charac-
terization [50-54] or areas of application [18, 21, 34, 36-38,47, 48] have also ap-
peared. These novel materials with interesting and unanticipated properties have
attracted workers across the scientific community, including polymer and synthetic
chemists [13, 14,22, 23], material scientists [14, 20, 31, 32], organic chemists [17],
analytical chemists [16,21,36,45], as well as theoretical and experimental physi-
cists [8,31,32].

After 30 years of research in the field, the fundamental nature of charge propa-
gation is now in general understood; i.e., the transport of electrons can be assumed
to occur via an electron exchange reaction (electron hopping) between neighbor-
ing redox sites in redox polymers, and by the movement of delocalized electrons
through conjugated systems in the case of so-called intrinsically conducting poly-
mers (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 un-
derstanding 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 conductivity,
i.e., the ease with which the materials can be reversibly switched between their
insulating and conducting forms.

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 de-
voted 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.
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The examples presented and the references recommended herein have been selected
from more than ten thousand research papers, with emphasis placed on both classi-
cal and recent works. It is hoped that this monograph will be helpful to colleagues—
electrochemists and non-electrochemists 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.

Lecturi 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 considered
here except for those with variable conductivity). The mode of charge propagation
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 poly-
mers based on the mode of electron transport: redox polymers and electronically
conducting polymers.

In this chapter we provide examples of each type of electron-conducting poly-
mers, 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 sec-
tions are also devoted to combinations, such as electronically conducting polymers
containing redox functionalities and copolymers. Composites are briefly 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 ex-
change reaction (electron hopping) between neighboring redox sites if the segmental
motions enable this. Redox polymers can be divided into several subclasses:

e 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

e lon-exchange polymeric systems (polyelectrolytes) where the redox active ions
(mostly complex compounds) are held by electrostatic binding.

Inzelt, Conducting Polymers 7
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