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Foreword 
The ACS Symposium Series was first published in 1974 to pro

vide a mechanism for publishing symposia quickly in book form. The 
purpose of the series is to publish timely, comprehensive books de
veloped from ACS sponsored symposia based on current scientific 
research. Occasionally, books are developed from symposia sponsored 
by other organizations when the topic is of keen interest to the chem
istry audience. 

Before agreeing to publish a book, the proposed table of con
tents is reviewed for appropriate and comprehensive coverage and for 
interest to the audience. Some papers may be excluded to better focus 
the book; others may be added to provide comprehensiveness. When 
appropriate, overview or introductory chapters are added. Drafts of 
chapters are peer-reviewed prior to final acceptance or rejection, and 
manuscripts are prepared in camera-ready format. 

As a rule, only original research papers and original review 
papers are included in the volumes. Verbatim reproductions of previ
ously published papers are not accepted. 

A C S Books Department 
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Preface 

This volume contains, with a few exceptions, the text of presen
tations from the symposium "Electrified Polymer/Solution Interfaces" 
held at the San Francisco, California, American Chemical Society (ACS) 
National Meeting, March 25-31, 2000. In addition, two additional manu
scripts from Christine Schmidt and Peter Pickup round out the coverage. 
Contributions span a number of fields of interest that are concerned with 
charged polymer-solution interfaces. Topics include not only synthesis 
and characterization but also applications in such diverse areas as elec-
trochemiluminescence, electrocatalysis, sensor design, biomaterals, fuel 
cell design, and corrosion prevention. This symposium provided a unique 
opportunity for interaction and exchange of ideas, as it involved con
tributions from an international array of investigators, working in 
seemingly disparate areas, but all having their bases in the field of con
ducting polymers. 

Acknowledgment is made to the Donors of The Petroleum Re
search Fund, administered by the ACS, for partial support of this sym
posium. In addition, we acknowledge the support of Solartron, Inc., the 
Five Oaks Research Institute, the ACS Division of Colloid and Surface 
Chemistry, and a private donor, who wished to remain anonymous. 

Our thanks also go out to the authors for their insightful con
tributions, as well as those in the greater scientific community for their 
contributions to the symposium and their invaluable assistance in the 
critical evaluation of the manuscripts. Finally, we express our appreci
ation to Professor Andrzej Wieckowski for inviting us to arrange the 
symposium and for encouraging us to prepare this symposium volume. 

Judith F. Rubinson 
Department of Chemistry 
Georgetown University 
37th and Ο Streets, NW 
Washington, DC 20057-1227 

Harry B. Mark, Jr. 
Department of Chemistry 
University of Cincinnati 
Cincinnati, OH 45221-0172 
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Chapter 1 

From Biology to Engineering: The Present Status 
of Conducting Polymers 

Judith F. Rubinson 

Department of Chemistry, Georgetown University, 
Washington, DC 20057-1227 

Although the papers in this volume indicate the variety of areas 
in which conducting polymers have been utilized, the growth of 
the field in the period since has benefitted from a growing 
interest in their application, especially for sensing, anticorrosion 
and investigation of biologically important processes.This 
interest has, in turn, spurred improvements in synthesis and 
processing, the introduction of heteropolymer systems, and 
modification of the polymer to include functional groups tailored 
for specific applications. A summary of recent trends with 
references to specific examples is provided here. 

2 © 2003 American Chemical Society 
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Over the past twenty five years, conducting polymers have gone from being 
regarded as a curiosity to serving as the basis for a number of different new 
technologies (7,2). As evidenced by the work described in this volume scientists 
working in areas ranging from photovoltaic design to electrocatalysis to sensors to 
biomaterials have begun to make use of their unique advantages. Even in the period 
since the presentations in this volume were made, the field has ground by leaps and 
bounds, especially in the areas of corrosion protection, sensor design and 
applications in biology and medicine. 

Synthesis and Characterization 

One of the considerations which has driven the search for new synthetic 
parameters for the production of conducting polymer films is the need for a 
medium that will dissolve both the monomer to be used and polar molecules or 
ionic species to be incorporated into the polymer. In the case of protein 
incorporation, it is also important that the conditions for polymer production not 
denature the protein. 

A number of approaches have been proven effective. In some cases, a 
judicious choice of electrolyte or current density is sufficient. For example, within 
a limited current density window, it is possible to electropolymerize aniline in 
neutral aqueous solution. (5). Poly-3-methylthiophene can be deposited from highly 
acidic aqueous solution if a stable suspension is achieved before 
electropolymerization (4), or as described in chapter 3 of this volume, from sodium 
dodecyl sulfate micelles in a less harsh medium. Micelles have also proven useful 
where addition of non-ionic surfactants to the monomer solution have been 
employed in the preparation of poly(3,4-ethylene dioxythiophene) (PEDOT) from 
aqueous perchlorate solutions (5). 

When the oxidation of monomer takes place at potentials not compatible with 
trapping of biomolecules, these are often incorporated after the fact. These can be 
"wired" to the electrode through covalent attachment to pendant groups on the 
polymer or through hydrogen bonding between polar groups on the polymer and 
the molecule to be immobilized (6). Electropolymerization of N-alkylated 
(ethylene)- or (propylene) dioxypyrroles result in a PEDOT analog which contains 
pendant groups for further functionalization for ion or molecule recognition (7) 

The morphology of the polymer has, at times, a profound effect on its 
conductivity or electron-transfer characteristics. When a uniform layer with a small 
grain size is desired, pretreatment of the electrode surface with acid before 
electropolymerization has been proven to be effective in the deposition of 
polypyrrole(p-toluene sulfonate) on mild steel (#), while the aqueous method for 
production of poly-3-methylthiophene from acidic aqueous solution mentioned 
above also has the benefit of producing very uniform (3-4 jim) particles (4). 
Uniformity in grain size is also a function of the deposition method. For both 3-
methyl thiophene and for ppolypyrrole, use of a brief potential step in the presence 
of small anionic species for production of the polymer has resulted in a production 
of a dense, uniform film (9, 10). A very thin uniform layer of polymer with an poly 
(N-phenylpyrrole) surface has been obtained by electropolymerization of 4-
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aminothiophenol on gold (11). On the other hand, a porous polymer with a large 
surface area is ideal for some applications. For example, recent interest in the use 
of conducting polymers in supercapacitor applications has led to production of 
polypyrrole in the network of a PEDOT-polystyrene sulfonate hydrogei (12). 

Adhesion of the polymer to a substrate is often enhanced by first 
electrodepositing a layer of some other polymer. This "priming" of the surface can 
be carried out to obtain a conductive layer with better adhesion properties - as is 
the case in electropolymerization of a mixture of 1,5- diaminonaphthalene (1,5-
DAN) and polyaniline (13). In this case the 1,5-DAN preferentially deposits first, 
then this layer is followed by codeposition of of the two polymers. A thin 
nonconductive layer can also serve to produce better adhesion (14). 

Finally, the conductivity of the polymer can also be altered. This can be 
accomplished by post-polymerization processing. For example, commercial 
polyaniline, doped with p-toluenesulfonic acid, when dispersed using a solvent 
free, melt processing in polymethyl methacrylate, has been found to much more 
conductive (15). Higher conductivities for PEDOT doped with polystyrene 
sulfonate (PSS) have been achieved crosslinking PEDOT (PSS) using multivalent 
cations. Such a crosslinking to form a porous network can be used in polymer 
blends with an insulating polymer to achieve high conductivity with low density 
(16) 

A multitude of techniques continue to be used to characterize conducting 
polymers systems, including spectroscopic techniques such as UV-vis (17), Raman 
FT-IR (18, 19) and photelectron spectroscopy (20), scanning probe microscopy 
(10% electrochemical techniques such as cyclic voltammetry (21, Chapter 4 of this 
volume), and hybrid techniques such as spectroelectrochemistry (21), 
electrochemical quartz crystal microbalance studies (19, 22), and photocurrent 
spectroscopy (22). Electrochemical impedance spectroscopy has proven to be an 
extremely useful technique, not only for investigation of the properties of the 
polymers themselves, but in the area of corrosion protection to monitor their utility 
(23-26, Chapters 2 and 5 of this volume). In addition, grazing emission X-ray 
fluorescence has recently been added to the variety of techniques employed (27). 

Applications 

Recent advances in optimization of conductivity, easy of processing and 
functionalization have led to a wide variety of studies exploring the applications 
covered in this volume as well as a number of new ones. 

Electrocatalysis 

These materials have been shown to exhibit significant advantages in the area 
of electrocatalysis (28). In particular, these materials have an advantage over the 
usual bare metal or carbon electrodes in that the surface is often resistant to fouling 
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or poisoning by reaction products. Polythiophene and its derivatives have been 
shown to catalyze oxidation reactions, such as the conversion of formic acid to 
carbon dioxide (29, Chapter 6 of this volume), as well as reduction reactions such 
as the conversion of oxygen to water (4), of acetylene to ethylene (30), and carbon 
dioxide to formic acid (Chapter J J of this volume). Electrocatalysis of redox 
processes important for fiiel cell design and fabrication of sensors are covered in 
those sections below. 

Electronics and photovoltaics 

Photovoltaic devices involving conducting polymers have, for the most part, 
been designed based on polymerization of substituted thiophenes or 
poly(phenylenevinylene) (PPV). Fabrication of a porphyrin-substituted 
polythiophene photelectrochemical cell has resulted in an open circuit voltage of 
139 mV and short circuit current of 123.4 fiA cm"1. This corresponds to an energy 
conversion efficiency of 0.02%. A Schottky device based on polyterthiophene 
resulted in an open circuit voltage of 0.5 V and of 0.98 \LA cm"1. (17) 
Thiophenes substituted with alkenyl groups have constituted a major advance in the 
field due to their enhanced processibility, stability in air, and low bandgap 
energies. (20, 3 J, 32\ Chapters 8 and 9 of this volume). Short circuit conversion 
efficiencies up to 50% have been reported, with the highest efficiency involving 
a PPV-Qo interpenetrating network (32). 

Light-emitting diodes based on polyphenylvinylene conducting polymers have 
benefitted from layer-by-layer production of charge-injection layers. This allows a 
variety of gradients or steps to be tested for efficiency (33). Finally, a polymer of 
nitrosylterthiophene has been found to yield a significant enhancement of charge 
separation, an important variable in the optimization of these devices(J )̂. 

A polyaniline nanojunction switch has been fabricated by creating a bridge 
across gaps between nanometer scale polyaniline electrodes. When briging is 
indicated by a short circuit, the junction can be characterized as a function of 
applied potential. Abrupt switching from insulator to conductor is seen at about 
0.15 V vs Ag/AgCl that is explained on the bases of fast changes in domains of 
strands (35). 

Capacitors based on polyaniline, during 20000 cycle trials, have been shown 
to experience about a 33% loss in charge/discharge capacity even in the absense of 
a deterioration in electroactivity. This can be explained as a result of compaction 
of the polymer over the life of the capacitor (36). 

Anticorrosion 

Elimination of chromate treatment of metal surfaces has spurred the 
investigation of conducting polymer surface protection. Electrochemical 
polymerization as well as chemical polymerization (37) and a solvent free process 

In Conducting Polymers and Polymer Electrolytes; Rubinson, J., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2002. 



6 

(38) have all been used for preparation of anticorrosion coatings. Polyaniline has 
been extensively investigated for treatment of metal surfaces to prevent corrosion 
(23-26J7~40,Chapter 10 of this volume), both alone and in combination with 
polypyrrole (39). In the case of its combination with polypyrrole for protection of 
mild steel, the polyaniline layer behaves much like it does on platinum, showing 
that the polyaniline does not go through to the steel (39). For protection of 
aluminum alloys, which often contain copper which accelerates corrosion, the 
action is proposed to be based on extraction of the aluminum by the polyaniline 
(40). The polymer in this case is fairly porous, but in most cases it is advantageous 
to produce smooth, nonporous polymer layers. 

Fuel cell design 

A thorough review of the use of polymeric conductors as supports for fuel cell 
catalysts is provided along with recent results in Chapter 13 of this volume. 
However, there have been a few other recent developments that are of interest For 
example, a novel polyvinylidene fluoride gel electrolyte membrane has been studied 
for use in lithium batteries. Its breakdown voltage has been found to approach 5 V 
and it exhibits a condcutivity on the order of 0.1 mS cm -1 (41). 

In terms of catalysts to be used in the fuel cell, a novel metal complex between 
cobalt and dibenzotetraaza[14]annulene, polymerized on a carbon electrode, has 
recently been shown to produce less peroxide than the carbon electrode itself under 
the same conditions. The polymer is very promising due to its stability in acid; 
however, efforts are underway to produce a complex of the same type that 
incorporates two cobalt atoms and thus might function in a four-electron process 
to take the reaction all the way to water (42). 

Conducting polymers with pendant carboxyl groups for attachment active 
groups are promising as catalysts for biofuel cells, since they provide a site for 
hydride transfer and facile derealization of charge. Substituted polyaniline doped 
with polyacrylate, polystyrene sulfonate or polyvinylsulfonate show particularly 
good properties since NADH can be incorporated in the film in near neutral 
solutions. NADH redox chemistry is the first step in a number of biological 
processes (43). 

Sensors and detection 

Conducting polymer electrodes provide a multitude of advantages in the design 
of sensors, especially for biological molecules (44). In addition to the feet that they 
provide a surface that is more resistant to fouling and less likely to denature 
biomolecules, there is often a significant reduction in the overpotential for 
oxidation or reduction. The possibility of preparation of these polymers with 
pendant groups to improve selectivity also makes them ideal candidates for sensor 
design both for biomolecules and for ion selective electrodes or gas sensing 
electrodes. 
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Nitric oxide has been found to be an important species in signalling between 
cells, and thus monitoring of NO concentrations in the presence of other molecules 
such as ascorbate and dopamine is important in medical applications. A sensor 
based on polycarbazole has been found to discriminates against both of these 
possible interferents (45). 

Monitoring of C0 2 and humidity levels at a conducting-insulating polymer 
composite, important in the area of greenhouse gases, is reported in Chapter 7 of 
this volume. 

Detection in flowing streams continues to be an area of interest. A universal 
detector based on low potential amperometric detectin at a polypyrrole electrode 
has been employed for detection of polynucleotides. This detector relies on 
adsorptive-desorptive processes involving the polymer and the polynucleotide, not 
on its electroactivity, so detection is not restricted to sequences containing purines 
{46) 

It is also desirable to be able to measure the content of various compounds in 
vivo for assessment of brain function. These include glucose, lactate, pyruvate, and 
glutamate as well as a number of other neurotransmitters. A number of conducting 
polymer electrode materials show promise in this area (2, 47\ Chapter 6 of this 
volume). 

A calcium-selective sensor has been fabricated based on a functionlized 
polyaniline which exhibits a Nemstian response and selectivity coefficients on the 
order of 10"4 (48). These electrodes show little or no effect from redox or pH, 
problems which have limited the utility of a number of conducting polymers in ion 
sensors. 

Immobilization of enzymes, polynucleotide, and antibodies for sensing or 
catalysis 

The most widely investigated systems in terms of sensor design are the 
detection of glucose, molecular recognition based on polynucleotides, and 
antigen/antibody interactions. Table I provides a summary of the type of 
immobilization, the conducting polymer used, and the parameter measured for a 
number of the analytical tools that have been developed over the last few years. 

Perhaps the most important points with regard to the glucose oxidase- based 
sensors that investigation of the "wired enzyme" electrodes has shown in some 

instances that there are no significant changes in the K^P values for the 

immobilized enzyme although the overall activity might be seen to decrease (49). 
With regard to the oligonucleotide and immunosensors it is worth mentioning 

that although some of the sensors do not rely on an electrochemical measurement 
for quantitation, the ability to define the response of each element of an array by 
constructing each element or group of elements electrochemically still provides for 
very complex multivariable assays to be carried out in a minimum of time. It is also 
worth noting that the majority of these sensors depend on the electropolymerization 
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of pyrroles. This is due to the low electrochemical potenital required for oxidative 
electropolymerization. 

Although early on it was feared that incorporation of enzymes or attachment 
to a conducting polymer might result in inactive enzyme or poor contact between 
the enzyme, the electrode, and the substrate, the number of instances for glucose 
oxidase or horseradish peroxidase immobilization where minimal effects have 
been found are encouraging for the use of conducting polymer electrodes in other 
instances. Enhanced electron transfer rates have been found for entrapped 
quinohemo-protein alcohol dehydrogenase (50). This is explained on the basis of 
the heme acitive site always being in close proximity to the polyypyrrole strands. 

Amphophilic pyrroles modified with biotin have been used to attach a number 
of biotinylated oxidases and flavins to electrode surfaces by means of an 
avidin/biotin interaction. This approach not only avoids use of large amounts of 
enzyme but also results in a polymer with excellent swelling properties and thus 
improved mass transport in the polymer film (51). 

Biomedical applications 

Entrapment and Release ofBioactive Substances 

Dopamine has been successfully entrapped in polyaminonaphthoquinone. from 
dopamine-HCl solution. Under the conditions tested, release took place over a 
period of approximately 30 minutes (52). 

Polypyrrole can be used to used to trap ATP for later release by either 
electrochemical or chemical (hydrazine or hydroxide trigger). Data suggests that 
the release rate and profile can be manipulated by means of film thickness and 
compactness, concentration of chemical release reagent or electrochemical 
potential (depending on trigger chosen), or through use of an outer polymer 
membrane of a given thickness or porosity (53). 

Uptake and release of oligonucleotides has also been accomplished using 
PEDOT as the polymer matrix. Enhanced uptake was noted upon inclusion of 
water soluble neutral polymers to the polymerization mixture (54). 

Neuroscience and cell culture applications 

There has also been a great deal of interest in the use of conducting polymers, 
in conjunction with substances known to enhance growth of neurons. A number of 
groups, including that of Christine Schmidt (Chapter 12 of this volume) have 
demonstrated enhanced length of neural processes and less branching when cells 
are cultured on polypyrrole at low current and voltage levels (55-57). 

The enhanced cell growth for neurons has also sparked interest in the use of 
these electrodes for culture of endothelial tissue and bone growth as well as 
increases in angiogenesis (55-59). Endothelial cells have been grown in the past 
on fabric supports. The enhanced growth on a polypyrrole-coated polyester fabric 
has shown that there is an optimal range in conductivity of the fabric for growth on 
such media (59). 
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In vivo applications 

Electrodes based on polypyrrole doped with polystyrene sulfonate have been 
seen to produce acceptable signal/ noise ratios when used for short term in vivo 
measurement of neural signals (60). Both the low impedance of this polymer and 
the surface roughness promise to result in an enhanced signal/noise ratio on 
optimization. (47, 60). 

Environmental monitoring and remediation 

Chromate reduction at polypyrrole takes place at a significantly less negative 
potentials than at bare metal electrodes. This observation has implications for both 
environmental monitorin gand for remediation. Conversion of chromate to the 
chromium (Μ) form not only renders it less toxic, but also allows for precipitation 
with hydroxide to obtain decreased volume of waste. A repetitive cycling approach 
has been shown to be almost 100% effective in removal of chromate from solutions 
containing 10 ppm chromate (61). The lower reduction potential also has 
implications for chromate analysis in the presence of species that would normally 
interfere with it detection (62). 

Arsenic analysis at polymer electrodes has also been the subject of 
investigation. Uptake into a polypyrrole film can be used for preconcentration of 
arsenic species and subsequent analysis by HPLC/ICP/MS (63). 

Solid-state reference electrodes 

Although all solid state reference electrodes based on conducting polymers 
have been tested, they are still in the testing phase. The most promising systems 
appear to be bilayers with different ion-exchanger properties such as glassy 
carbon/polypyrrole in conjunction with a polypyrrole(polystyrene sulfonate) layer 
(64,65). 
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Chapter 2 

Electrochemistry of Ion-Selective Conducting Poly(3-
methylthiophene): The Polymer, the Charge, and the 

Interface 

Ahmed Galal 

Department of Chemistry, College of Science, University of Cairo, 
Giza, Egypt 

Conducting poly(3-methylthiophene) films were electro-
chemically deposited onto a platinum substrate. The resulting 
polymer film electrode was tested in different electrolytes and 
solvents using electrochemical impedance spectroscopy (EIS). 
The effect of exposure of the polymer film to iodine was also 
studied. From the impedance measurements, the values of 
parameters such as double layer capacitance, charge transfer 
resistance and diffusion coefficients were obtained. For the 
capacitance associated with the polymer, relatively large 
values have been found which vary as a function of the film 
potential and the electrolyte/solvent used. The capacitive 
component of the current was separated from the faradaic one 
during the charging/discharging process for films exposed to 
iodine. The results were used to interpret the selective nature 
of the polymer film towards ion recognition. 

Until the mid-seventies electrical conduction had been observed only in 
inorganic polymers and molecular crystals. In 1977, however, a group of 
scientists led by Heeger, Shirakawa and MacDiarmid (2) reported that an 
organic polymer, polyacetylene, could be made conducting by the addition of 
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appropriate "dopant" Since then, conducting polymers have attracted the 
interest of many scientists because of their many technological applications 
such as electronic and optical devices (3), electrochromic displays (4), drain-
source junctions in MOSFET-like devices (5% rechargeable batteries (6) and 
double layer capacitors (7). Conducting polymer films offer a wide variety of 
prospects for analyte recognition with specific as well as nonspecific interactions 
that translate into transducible responses. A recent review by S wager et al. (8) 
described conducting polymers in sensory applications in a comprehensive 
fashion. On the other hand, studies of the electrochemical behavior of electrodes 
modified with polymeric materials have been one of the most rapidly growing 
and advancing areas of modern electrochemistry for the last three decades. 
Thus, the behavior of electrodes made of poly(3-methylthiophene) films have 
also been of great interest (9). Poly(thiophene) films showed remarkably high 
electrochemical stability and exhibited selective response towards dissolved 
ions. The later property resulted from the "unique" advantage of the 
electrochemical synthesis of the polymer films that leads to a direct film 
deposition onto the metal substrate and a "self-doped" film that incorporates 
supporting electrolyte ions into the polymeric film (10). The selective 
potentiometric response for chloride (11a) and perchlorate (lib) ions using 
poly(pyrrole), and for iodide ion based on poly(N,N-dimethylaniline/poly(o-
chloroaniline) (11c) and poly(3-methylthiophene) (lid) are among the several 
studies in the literature on the application of conducting polymers in 
potentiometry. 

Electrochemical impedance spectroscopy (EIS) is a valuable technique for 
determining important characteristics of electrochemically active polymeric 
materials (12). For example, Komura and his co-workers (13) studied the charge 
transport at poly(-ophenylenediamine) electrodes. The authors showed there 
existed a relationship between the capacitance, the Warburg coefficient and the 
formal potential of the polymer electrode. Moreover, the analysis of the 
impedance data suggested that electron transport was via interchain electron 
hopping. On the other hand, the degradation processes of poly(-o-toluidine) and 
poly(-oaminophenol) were followed by EIS measurements (14). The results 
revealed a noticeable change in the Nyquist plot that was illustrated by the 
appearance of a semicircle and increase in the polymer film resistance after 
degradation. The effect of electrolyte concentration on the charge transport at 
poly(pyrrole) film electrode was studied (15). The polymer electrode studied in 
aqueous electrolyte, in this case, showed apparent swelling that, resulted in 
migration of background electrolyte into the bulk of the film. EIS data revealed 
a resultant increase in the activity of polarons that brought about a small 
Warburg coefficient and a small limiting diffusion resistance. 

In this work, we have used the EIS technique to examine different factors 
that affect the ion-selective response of conducting polymer electrodes. In 
previous studies (UdJ6) we investigated the application of poly(3-
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methylthiophene) electrodes in the selective determination of iodide in aqueous 
solutions. The effect of various pre- and post-conditioning parameters on the 
electrode performance and lifetime were examined and compared in the study 
(16). The nature of the response of the conducting polymer ion selective 
electrode was attributed to the oxidation of iodide at the polymer film surface 
that resulted in the incorporation of various iodine species within the film 
matrix. Other studies suggested similar rationalization^ 7)]. In spite of the 
extensive studies published to date on conducting polymer-based ion selective 
electrodes, and to the best knowledge of the author, the relation between the 
polymer electrode performance and the various electrochemical/electrical 
characteristics of the film is not yet investigated. 

Experimental 

Sample preparation 
The polymer films were grown by electrochemical polymerization (18) of 3-

methylthiophene on platinum electrodes of 3 mm diameter by application of 
constant potential of 1.65 V - 1.75 V (vs. Ag/AgCl), as indicated. The synthesis 
background electrolyte consisted of 0.05 M 3-methylthiophene and 0.10 M 
tetrabutyl ammonium hexafiuorophosphate (TBAHFP) dissolved in dry 
acetonitrile. The thickness of the film was controlled by the control of the 
charge passing through the electrolyte according to the relation (19): 

d * 2Qg (1) 

where, d is the thickness in nm and Qg is the charge passing during the 
electropolymerization in mC cm*2. 

Impedance measurements were carried out using a PC3/750 Potentiostat 
/Galvanostat/ZRA equipped with an A/D converter from Gamry Instruments, 
Inc. (PA, USA). The Gamry's CMS300 Electrochemical Impedance 
Spectroscopy System/Framework was used to run the EIS experiments and, 
with the help of a personal computer connected to the cell (20), to analyze the 
data. A series of complex impedance measurements was carried out over a large 
frequency range (1 χ 10"2 - 5 χ 103 Hz). Experiments were performed at a fixed 
applied potential and a small sinusoidal perturbation of 10 mV generated by the 
PC. The linearity of the system was verified automatically using internal 
standards. All measurements were normalized to an electrode area of 1.0 cm2. 

A one-compartment electrochemical cell was used for electrosynthesis and 
EIS measurements. A large area, Pt gauze counter electrode (2.5 χ 3.0 cm2, 
AESAR) and a saturated Ag/AgCl reference electrode were used. 
TBAHFP(Aldrich) was used without further purification and dried in vacuum at 
100 °C for ca. 24 h prior to use. 3-Methylthiophene (Aldrich) was distilled in an 
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inert atmosphere and stored over argon. Acetonitrile (HPCL grade, Aldrich) was 
used as received and kept over molecular sieves. Solutions were purged with 
argon prior to electrochemical measurements. 

Results and Discussion 

The first set of results is represented in the form of a Nyquist diagram, 
plotting the imaginary component (Z") as a function of the real component (Ζ') 
of the impedance, cf. Figure 1. The data illustrate the results obtained for a 
polymer film formed under constant applied potential of 1.7 V for 25 s with an 
estimated thickness of 100 nm according to equation 1. Curves a - e depict the 
data obtained for the polymer film taken at +1.2 V, +0.5 V, 0.0 V, -0.2 V, and 
-0.5 V, respectively. In this case, the applied potential at the polymer film was 
increased gradually from the reduced state to the oxidation state. It could be 
seen that in the oxidized state a vertical line is obtained, as shown in curve (a). 
This could be explained in terms of the capacitive effect that is predominant for 
polymeric films in the oxidized state (21). The linearity decreased gradually as 
the reduction potential increases, as shown in curves (b-e). Moreover, the non
linear part of the curves was amplified at lower frequencies. At relatively low 
applied potential (for example -0.5 V) an almost straight line is observed that 
does not correspond to 45°. Similar complex behavior due to the 
superimposition of the low frequency transport phenomenon was also observed 
earlier in a similar study (21). The internal capacitance, Q, of the polymer film 
could be estimated from the vertical part of the curve of the Nyquist plot. The 
internal capacitance of the film is associated with an internal resistance, Rf. The 
later can be deduced from the relation: 

Rt=Rs + Rf + Rf (2) 

Where Rt is the total resistance, Rs is the solution resistance, and R{ is the 
intrinsic polymer resistance due to charge transfer (or 

The Bode-|z| diagrams obtained at different applied potentials for 100 
nm-thick poly(3-methylthiophene) films in 0.1 M TBAHFP/AcN are given in 
Figure 2. As is evident in Figure 2, at a given potential the impedance, Z, values 
gradually decrease as the applied potential increases. This trend was observed 
for all films with different thicknesses tested. Thus, running the same 
experiment at constant potential, a progressive decrease in Ζ was noticed when 
the film thickness increases. Faradaic type impedance represented several types 
of conducting polymers including poly(aniline), poly(pyrrole), poly(3-
methylthiophene), and poly(acetylene) (21-24). In this study several equivalent 
circuits were tested in an attempt to fit the experimental data obtained for the 
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Figure 2. EIS curves for 100 nm-thick poly(3-methylthiophene) film in 0.1 M 
TBAHFP/AcN at different applied potentials, -0.5 V(a), 0.0 V(b), +1.2 V(c). 
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oxidized and reduced forms of the polymer film, respectively. We came to the 
conclusion that the circuits depicted in Figure 3 best describe the behavior of the 
polymer films in the doped and undoped states. Although the Bode-1ΖI plots 
shown in Figure 2 appear to be relatively simple, significant differences were 
found in the corresponding Bode/phase angle data when exposing the polymer 
film formed under similar preparative conditions to an aqueous solution of 0.2 M 
LiC104, (Figures 4 and 5). The phase angle-frequency diagram (Figure 5) 
exhibited phase angle values over 60° in the low frequency region and much 
lower values in the relatively high frequency region. At intermediate and 
relatively low frequencies and at a given frequency value, the region of the 
highest phase angle values shifted to a lower value when the polymer is 
oxidized. We observed similar trend when the thickness of the film was 
increased. It is worth mentioning that the Nyquist diagrams shown in Figure 1 
exhibited a semicircular shape for all potentials applied in the relatively high 
frequency of the region studied. Moreover, the relatively low frequency region 
showed a second semicircular shape for low applied potential when the polymer 
is in the undoped/reduced state. The second semicircular region becomes ill 
defined as the applied potential to the polymer film increases, bringing it 
gradually towards die oxidized state. This is an indication of the existence of 
different processes in the polymer film related to more than one complex 
element in the equivalent circuit. 

In summary, two processes should be considered as indicated above when 
the polymer is reduced and can be represented by the equivalent circuit of Figure 
3a. In this diagram, RS represents the solution resistance, C& refers to the 
double layer capacitance, RL is the intrinsic resistance due to charge transfer of 
the redox process within the polymer film, W is the equivalent to the ionic 
diffusion at the film/electrolyte interphase, C f is the film capacitance, and R{ is 
the film resistance. In all cases, an electronic resistance component of the 
polymer film is considered to be connected in series with the solution resistance. 
Similar equivalent circuits were described in the literature for poly(2,5-di-(-2-
thienyl)-thiophene) films earlier in the literature (25). The value of the electrical 
resistance of the polymer film varies considerably according to the applied 
potential to the polymer film, the film thickness and the electrolytic medium in 
which the measurement is taking place (26). Polymer film parameters are 
summarized in Table 1 for both oxidized and reduced states, respectively. 

A second major goal of this study is to compare the AC impedance 
characteristics of the polymer film in aqueous to non-aqueous media and to 
investigate the effect of iodine doping of the polymer that led to the possible 
application of the polymer film for iodide ion selective determination (lldJS). 
In this work, one of the major setbacks for the selective nature of the polymer 
electrode towards iodide was the necessary pretreatment step in an iodine 
containing-environment and the short lifetime of the probe. However, controlled 

In Conducting Polymers and Polymer Electrolytes; Rubinson, J., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2002. 



F
ig

ur
e 

3
. 

E
qu

iv
al

en
t c

ir
cu

it
 fo

r p
ol

y(
3-

m
et

h
yl

th
io

ph
en

e)
 i

n
 d

op
ed

 (
a

) 
an

d 
u

n
do

pe
d 

(b
) 

st
a
te

s.
 

^ 

In Conducting Polymers and Polymer Electrolytes; Rubinson, J., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2002. 



26 

Figure 4. EIS curves for 100 nm-thick poly(3-methylthiophene) film in 0.1 M 
LiClQ4 at diffèrent applied potentials, -0.5 V(a)t 0.0 V(b), +1.2 V(c). 
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Figure 5. EIS curves showing phase angle change with frequency for 100 nm-
thickpoly(3-methylthiophene) film in 0.1 MLiCl04 at different applied 

potentials, -0.5 V(a)t 0.0 V(b), +1.2 V(c). 
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Table L Values of parameters derived from the fits of the impedance data 
for 100 nm-thick poly(3-methylthiophene) film in 0.1 M TBAHFP. 

Polymer C,(MF) Ca(mF) CL (mF) D (em's1) 

P3-MT 
Oxidized 

14.1 2.8 4.7 72 2.7 xlO"12 

P3-MT 
Reduced 

8.9 1.1 2.3 102 1.3 χ 101 2 

Note: CL is the limiting capacitance 

exposure of the polymer film to iodine extended the performance of the probe to 
several months (16). At this stage no clarification was available to the reason 
why the performance of the electrode differed considerably upon exposure to 
iodine. The effect of exposure of the polymer film to iodine for 10 minutes 
followed by testing the electrode in 0.1 M TBAHFP and 0.1 M LiC104 is 
depicted in Figures 6A and 6B, respectively. Thus, exposing the polymer film to 
iodine resulted in a relative increase in the impedance as the applied potential 
increases as depicted in the Bode-1Ζ | plot in 0.1 M TBAHFP/AcN of Figure 
6A However, at an applied potential value of 0.0 V, around the neutral undoped 
state of the polymer, the impedance value exhibited the lowest value when 
compared to the other potential values. On the other hand, the Bode-1ΖI plot in 
0.1 M LiC104 showed a complicated behavior once again as the impedance 
value showed the lowest value at the polymer oxidation potential value of +1.2 
V, cf. Figure 6B. The conductivity of the polymer film is expected to increase 
as the iodine adsorbed within the polymer film reduces, resulting in free ionic 
iodide within the polymer matrix and a relative decrease in the impedance value. 
The opposite trend is obviously taking place when the polymer film is tested in 
0.1 M TBAHFP/ACN, thus explaining a poorer response of the polymer film in 
non-aqueous medium toward the detection of iodide. Figure 7 shows the effect 
of exposing a 100 nm-thick polymer film to iodine for 10 minutes as a Bode-
IΖI plot. This experiment showed that the polymer film doped with iodine 
exhibited better conductance when compared to that unexposed to iodine. The 
explanation given in previous publications (lid, 16) for the specific response of 
the polymer was attributed to the doping of the film with iodide/iodine/tri-iodide 
species to the film. This could be also confirmed by the fact proven in this study 
from the apparent decrease in the impedance of the polymer film upon its 
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Figure 6Λ. MS curves for 100 run-thick poly(3-methylthiophene) film in 0.1 M 
TBAHFP/AcN at different applied potentials, -0.5 V(a), 0.0 V(b), +1.2 V(c) 

after exposure to iodine for 10 minutes. 
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Figure 6B. EIS curves for 100 nm-thick poly(3-methylthiophene) film in OA M 
LiCl04 at different applied potentials, -0J V(a), 0.0 V(b)t +1.2 V(c) after 

exposure to iodine for 10 minutes. 

In Conducting Polymers and Polymer Electrolytes; Rubinson, J., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2002. 



31 

7 

- 2 - 1 0 1 2 3 4 
Log Frequency / Hz 

Figure 7. EIS curves for 100 nm-thick poly(3-methylthiophene) film in 0.1 M 
TBAHFP/AcN at different applied potentials, not exposed to iodine (a), and after 

exposure to iodine for 10 minutes (b). 
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exposure to iodine. However, this was not satisfactory for reasonable 
explanation of the noticed deterioration of the response of the polymer film to 
iodide when leaving the electrode exposed to air for extend periods of time. 
Moreover, the change in the selective response of the sensor was not interpreted 
in terms of the electrical properties of the film. In this respect, it was necessary 
to cany out some experiments in order to reveal the relation between the change 
in the electrical properties and the sensor behavior of the polymer. Thus, 
experiments were conducted on a 100 nm-thick polymer film in 0.1 M TBAHFP 
and in 0.1 M LiC104 between -0.5 V and +1.2 V as depicted in Figures 8A and 
8B, respectively. The following conclusions could be withdrawn from the data: 

1. In both cases, the impedance of the film decreases with increase in the 
applied frequency. 

2. The film passes through a transition from high impedance to lower values as 
the applied potential shifts towards the oxidation of the film. 

3. For all potential values, the impedance values of the film in aqueous 
solution are relatively lower than those exhibited by the film in AcN. 

4. The effect of time on the impedance values of the polymer film is given in 
Figure 8C. As can be noticed, the impedance value shows no change in the 
impedance values in the potential range of -0.2 V to 1.2 V in day two after 
synthesis. It could be concluded that the switching ability of the polymer 
film between the doped and undoped states cannot be realized in this case. 
The retain of the film to this property is apparently affecting its response 
with time as selective sensor for iodide ion. 

In conclusion, we investigated the AC electrochemical behavior of polymer 
films in aqueous and non-aqueous media and compared their behavior upon 
doping with iodine. The polymer film exhibited normal behavior in non
aqueous media as mentioned previously in the literature. More complex 
behavior was found in aqueous electrolytes, which was attributed to the physical 
nature of the polymer. Doping of the polymer film with iodine affected its 
behavior differently when tested in aqueous and non-aqueous electrolytes. The 
time of exposure of the film affected its electrical properties considerably and 
consequently was given as an explanation for the poor response of the electrode 
when used as a selective sensor. The change in film thickness proved to 
decrease the impedance and change the interfacial response of the film towards 
charge transfer. Film impedance shows two distinct regions, the first of 
relatively high impedance for the fully reduced (doped) form of the polymer and 
the second showed gradual decrease in the impedance value as the polymer is 
oxidized (doped). The physical nature of the polymer film, namely the 
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Figure SA. Phase angle /frequency plots for 100 nm-thick polyfô-
methylthiophene) film in 0.1 M TBAHFP/AcN at different applied frequencies, 

5000 Hz (a), 100 Hz (b) and 0.2 Hz (c). 
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hydrophobicity, is a possible reason for the distinct difference in the impedance 
values in aqueous and non-aqueous electrolytes. 
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Chapter 3 

Thin Polyheteroaromatic Films Synthesized 
in Organized Media: Structures and Properties 

S. Aeiyach, J. J. Aaron, M . Jouini, Κ. I. Chane-Ching, J. C. Lacroix, 
J. Tanguy, and P. C. Lacaze 

Institut de Topologie et de Dynamique des Systèmes de l’Université Paris 7-
Denis Diderot, Associé au CNRS (UPRES-A 7086), 1 rue Guy de la Brosse, 

75005 Paris, France 

Two novel approaches have been developed for the 
electrochemical polymerization of thiophene derivatives in 
aqueous solution. The first one is based on the host (thiophene 
derivatives)-guest (cyclodextrins-CDs) inclusion complexes. 
Polymer films obtained from electrochemical oxidation of 
bithiophene-βCD complex have long conjugated chains 
partially encapsulated by the CDs. Electropoly-merization of 
the terthiophene-βCD complex leads to polymer films with 
short conjugated chains and high structural order 
(sexithiophene). The second approach is based on the 
electropolymerization of thiophene derivatives in micelles. In 
aqueous sodium dodecylsulfate (SDS) solutions, polymer 
films prepared from EDOT and MOT have well-defined 
structures, good chain organization on the electrode surface 
and interesting physical and chemical properties. 

38 © 2003 American Chemical Society 
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Introduction 

Of all the conducting polymers polyheteroaromatics, particularly 
polythiophene (PT) and its derivatives, have attracted a great deal of attention 
for both fundamental and applied standpoints (i-2). The electrochemical 
oxidation of thiophene or its derivatives in anhydrous organic (3) or highly acidic 
(pH < 0) media (4) leads generally to the formation of polymer film with good 
physicochemical properties. On the other hand, the electropolymerization of 
these monomers in moist organic or neutral aqueous media (1-4) did not yield 
any polymer film. The main factors which hinder this polymerization process are 
(i) die very low water-solubility of thiophene monomers; (ii) the potential of 
polymer film electrosynthesis being higher than that of water decomposition md 
(iii) the relatively high reactivity of water molecules with thienyl radical-cations 
formed from the oxidation of thienyl monomers. 

Polymerization in organized systems in water such as micelles, 
microemulsions, vesicles and host-guest inclusion complexes has recently 
become an important research field (5). Using these systems to synthesize 
polymer films makes it possible to control their architecture and 
physicochemical properties. It has been shown that the electropolymerization of 
benzene in emulsions using anionic surfactants enhances the structural 
organization and improves the crystalline structure of the resulting 
polyparaphenylene films (6). Moreover, the electropolymerization of pyrrole (7) 
or thiophene derivatives in anionic micelles in water leads to the formation of 
polymer films having a columnar structure (8). The electropolymerization of [2]-
pseudorotaxanes based on the inclusion of thiophene derivative guests inside 
cyclodextrins (CD) hosts leads to the formation of polymer films exhibiting well-
ordered structures (9-10). 

The aim of this paper was to study the electropolymerization of thiophene 
derivatives such as bithiophene (BT), terthiophene (3T), 3,4-ethylenedioxy-
thiophene (EDOT) and 3-methoxythiophene (MOT) in aqueous solution. Two 
different strategies have been used. In the first one, polymer films are 
synthesized in constrained aqueous media based on host-guest inclusion 
complexes between CDs and thiophene derivatives. The second strategy consists 
in electrosynthesizing polythiophene films in micellar solutions, using anionic 
surfactants. 

Experimental 

EDOT (Bayer), BT and 3T (purity > 99%, Acros), MOT (purity > 98%, 
Aldrich), β-cyclodextrin (CD) and hydroxypropyt-p-cyclodextnn (HPpCD) 
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(Aldrich) SDS (purity > 99%, Fluka or Sigma) and LiCI04 (purity > 99%, Fiuka 
or Acros) were used without further purification. All aqueous solutions were 
prepared with distilled water further purified with a Millipore purification 
system. Electrochemical experiments and spectroscopic techniques such as 
Raman, FTIR, XPS, UWVis, MALDI-TOF and AFM have been described 
elsewhere (8-10) 

Results and Discussion 

Electropolymerization of Host-Guest Complexes (Thiophene derivatives -
Cyclodextrins) in Aqueous Solutions 

The self-assembly of supramolecular structures such as host-guest inclusion 
complexes has recently been the focus of a number of research efforts. This 
approach allows the design and building of nanoscale molecular devices. It 
constitutes a convenient route to realizing the polymerization of hydrophobic 
molecules (guests) such as thiophene derivatives in aqueous solution by using 
CDs (hosts) and to customizing the polymer architectures (9-11). 

CDs are macrocyclic oligosaccharides made up of 6-12 glucopyranose units 
linked by glycosidic a-1,4 bonds. Among these oligosaccharides, only α, β and 
γ-CD, which consist of six, seven and eight glucose units, respectively, have 
been widely used. Their cylindrical structures (toroid shape) with hydrophobic 
cavities, about 0.7 nm deep and 0.5 - 0.8 nm inside diameter, and hydrophilic 
outer side yield various unique properties. In particular, CDs have the ability to 
form stable host-guest inclusion complexes through non-covalent interactions 
with guest molecules that fit into the cavity in aqueous solutions (12-13). 
Because of these particular properties, CDs are some of the most widely studied 
water-soluble molecular receptors (hosts) and are used in a variety of fields, 
particularly in electrochemistry (13). CDs are not electroactive and can be used 
to form inclusion complexes with suitable redox-active guests. Much work has 
been devoted to studying the electrochemical behavior of the CDs with many 
different redox-active molecules (13). However, until now little attention has 
been paid to the electropolymerization of host-guest (CD-redox-active molecule) 
inclusion complexes and to the effect of CDs on the structure of polymer films. 
In this studŷ  electrochemical polymerization of two thiophene derivatives, BT 
and 3T, with β-CD is performed in aqueous solution. It is hoped that the use of 
CDs will induce self-assembly properties allowing to electrosynthesize PT films 
with a well-ordered polypseudorotaxane - like structure (molecular wires 
encapsulated by CDs). 
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Host-Guest Inclusion Complexes Formation. 

The formation of inclusion complexes between PCD or its derivatives 
(HPPCD) and BT or 3T was carried out in aqueous solutions. PCD should be 
able to encapsulate these monomers since the size of its cavity fits well the size 
of BT and 3T molecules. BT and 3T are highly hydrophobic organic molecules 
with solubilities in water of about 2.10"5 and 10 M, respectively. These 
solubilities are markedly increased when pCD or its derivatives are added to 
aqueous solutions. For example, the solubility of BT in water reaches 5.10*3 and 
5.10"2 M in the presence of PCD and HPPCD, respectively, while that of 3T in 
water with HPPCD is 10'3 and 5.10"3 M at 25°C and 40°C, respectively. This 
large increase in solubility suggests that inclusion complexes are formed 
between CDs and BT or 3T (guest) due to hydrophobic forces, which are able to 
drive a guest into the CD cavity (Schema 1). 

Bithiophene ( BT) or Terthiophene (3T ) 

Scheme 1. Inclusion complexes formed by fiCD or HPfiCD with bithiophene 
and terthiophene in aqueous solution. 

Host-guest inclusion complexes can be precipitated from aqueous solutions 
of PCD and BT or 3T (Scheme 1). Elementary analysis shows that stable 
complexes with 1:1 stoichiometry are obtained. In order to confirm the complex 
formation, fluorescence spectroscopy was used. The inclusion of a guest inside a 
cyclodextrin cavity produces a change in the electronic environment of the guest. 
As a result, differences in the fluorescence spectra of free and CD-complexed 
monomer are expected. Fluorescence spectroscopy provides generally important 
information on the stoichiometry and equilibrium constants of inclusion 

In Conducting Polymers and Polymer Electrolytes; Rubinson, J., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2002. 



42 

complexes. Fluorescence studies of BT (5.10"5 M) and 3T (3.10"6 M) were 
performed in aqueous solutions containing increasing HPpCD concentrations at 
25°C and 40°C, respectively. The fluorescence intensities of BT- HPpCD 
(Figure 1) are decreased, while those of 3T- HPpCD solutions are enhanced, 
upon increasing the HPpCD concentrations. This behavior is characteristic of 
inclusion phenomena. Fluorescence data have been employed to determine the 
complex binding constant by using a non linear regression approach. 

a 

Τ 1 1 1 1 1 1 · 1 
300 350 400 450 500 

A/nm 

Figure 1. Fluorescence spectra of BT (5.10s M) with increasing HPβ-CD 
concentration: a) 0M, b) 510'3M, c) 1.5.10~4M, d) 2.5 W4Me) 5.1Q4 M. 
Inset: plot offully corrected emission of BTat 365 nm at various HP β-CD 

concentrations (·) experimental data (—) fit based on eqn. (2). (Reproduced 
from reference 10 by permission of The Royal Society of Chemistry). 

Assuming the formation of a 1:1 complex (eqn. 1), the binding constant Kj 
was determined from equation 2, where Ιο, I and /«, denote the fluorescence 
intensity of BT or 3T in water without HPpCD, at a given intermediate HPpCD 
concentration and in the fully complexed form, respectively. 

BT or 3T + HPpCD HPpCDBT or HPpCD:3T 0) 

In Conducting Polymers and Polymer Electrolytes; Rubinson, J., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2002. 



43 

IJ0^I9Kl\HPfiCD]F 

\ + KY[HPI3CD)T 

The values of Kx are 3570 ± 90 M"1 at 25°C and 3300 ± 70. M' 1 at 40°C for 
BT and 3T, respectively. These rather large values suggest that HPpCD forms a 
1:1 complex with BT and 3T. These values are in good agreement with those 
reported for the same type of complexe (14). 

Host-Guest Polymerization 

The electropolymerization of 0.02 M BT was performed in aqueous 
solutions containing 0.1 M HPpCD and 0.1 M LiC104 at a Pt or ΓΓΟ electrode, 
using cyclic voltammetry and the galvanostatic technique. In general, the growth 
of polymer films depends on the polarization potential. The anodic 
polymerization of HPPCD-BT solution by cyclic voltammetry using switching 
potentials of - 0.3 and 1.1 V (v = 0.1 V s"1) leads to the formation of thin, 
electroactive, homogenous and adherent polybithiophene (PBT) films at Pt 
electrodes. In addition, anodic and cathodic peaks increase with the number of 
successive cycles; electrochromic behavior was also observed during the growth 
of PBT films, which turn from red in the reduced state to green in the oxidized 
state. This phenomenon indicates that the HPPCD-PBT prepared are 
electroactive whereas acetonitrile-PBT films do not exhibit any electroactivity in 
aqueous solution. These results suggest that PBT films electrosynthesized in 
aqueous solution using the host/guest strategy are structurally different from 
those prepared in organic media. The former may allow the partial penetration 
of water molecules and counter-ions, whereas the latter are highly hydrophobic 
and may inhibit this penetration (9-10). 

PBT films can also be generated in aqueous solution at constant current 
densities of 0.05, 0.1 and 0.2 mA cm'2. For j = 0.1 mA cm"2, we observed two 
steps in the PBT film growth. In the first one, the potential varies from 0.98 to 
0.96 V. In the second step, a deposition regime occurs in which the potential 
starts to rise sharply from IV, indicating that the polymer initially generated is 
conductive and that its conductivity changes during electropolymerization. This 
implies that the structure of the polymer film upper layers is different from that 
of the inner layers (10). 

Thin, homogenous polyterthiophene (P3T) can also be synthesized in an 
aqueous solutions containing 0.005 M 3T 0.1 M HPpCD and 0.1 M LiC104 at a 
Pt or ΓΓΟ electrode, using cyclic voltammetry and the galvanostatic technique. 
The resulting films are soluble in the usual organic solvents (11). 
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PBT and P3T Structures 

The structures of PBT and P3T films prepared in aqueous solutions have 
been investigated by Raman, UV-Vis, FTIR, XPS and MALDI-TOF techniques. 
Analysis of PBT films by Raman spectroscopy (Xex = 514.5 nm) shows that their 
structures are similar to those of PBT films prepared in organic media Raman 
spectra of PBT films exhibit an intense band at 1455 cm"1 and a weaker band at 
1495-1492 cm"1, which are assigned to the symmetric stretching mode and 
antisymmetric stretching vibration (ν ω ) of the aromatic C=C band (vs), 
respectively. The wavenumber and the intensity of the latter band, generally, 
decrease monotonically as the average conjugation length increases (15). The vm 

values for BT, 3T, quaterthiophene and sexithiophene are 1556,1530,1519 and 
1507 cm"1, respectively. However, va s for polythiophene films is below 1500 cm* 
1 (15). Thus, it seems very probable that the PBT chains generated from aqueous 
HPpCD solutions have an average conjugation length longer than sexithiophene 
(10). 

UV-Vis absorption spectra were recorded for fully reduced PBT films 
deposited on ITO electrodes in aqueous HPpCD solutions. The spectra are 
similar to those reported for PBT films prepared in organic media under the 
same electrochemical conditions. They display an absorption maximum around 
X-max = 480 nm, which corresponds to long conjugated polymer chains of about 
16 thiophene units (10). This result is supported by data for long thiophene 
oligomers (16) and by the above Raman spectral data. 

On the other hand, UV-Vis spectra of P3T films electrosynthesized from 
aqueous 3T-HPPCD solutions on ITO electrodes show an absorption band at 
Kmx = 400 nm corresponding to sexithiophene (17) This result indicates that the 
P3T chains consist mainly of dimers (sexithiophene), which is confirmed by 
mass spectrometry analysis. Moreover, UV-Vis spectra exhibit a vibronic 
structure corresponding to vibrational coupling of the electronic states (17). The 
absence of such structure in P3T films generated in organic media suggests that 
HPpCD induces a well-ordered structure in the polymer films. The FTIR spectra 
of PBT prepared in aqueous BT-HPpCD solutions exhibit features similar to 
those obtained in organic media except for the presence of strong HPPCD bands 
at 3400, 2960 and 2930 cm"1. This suggests that PBT film chains may be 
threaded into the HPpCD cavity during the electropolymerization process. 
Furthermore, the FTIR data make it possible to estimate that the degree of 
polymerization (DP) is 24 thiophene units for PBT films, which is very close to 
the value obtained for PBT prepared in acetonitrile. 

In order to elucidate the insertion of PBT in HPpCD during film growth, we 
used the electrochemical quartz crystal microbalance technique (EQCM). 
EQCM is also appropriate to provide possible information about the influence of 
the electrochemical conditions on this phenomenon. EQCM results indicate that 
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no mass excess due to HPpCD is observed during the polymer growth 
(galvonostatic conditions). However, under cyclic voltammetric or double 
potential step protocols a large amount of HPpCD can be inserted in the film 
during the polymer reduction, depending on the experimental conditions. For 
example on the first potential step in Fig. 2 (part a) there is no polymer insertion 
during reduction. But on the second and the third potential steps a large 
frequency change is observed during reduction indicating that a large amount of 
HPpCD is deposited on the electrode. The number of HPpCD molecules is high 
enough to make the polymer surface completely insulating. Since polymerization 
continues and since the oxidation current does not decrase during the successive 
scans it seems likely that HPpCD molecules diffuse quickly into the polymer. 
When the polymer layer is too thick the cell admittance Y falls dramatically (part 
c) indicating that the polymer is no longer rigid and the EQCM measurement is 
not valid. It is probable that the insertion process continues but it cannot 
measured by EQCM. 

0 200 400 t / s 600 800 1000 1200 

Figure 2. FrequencyfF) and admittance (Y) changes observed under 
double potential steps (+0.98 Vand -0.3 V). a) no insertion in thin polymer 

layert b) large insertion in moderately thick polymer, c) no insertion measured. 
(Reprintedfrom J. Electroanal. Chem., 476, Lagrost, Tanguy ,Aeiyach, 

Lacroix, Jouini, Chane-Ching, and Lacaze, (<Polymer chain encapsulation 
followed by a quartz crystal microbalance during electropolymerization of 

bithiophene-β-cyclodextr in hot-guest compounds in aqueous solution, "pp. 1-
14, Copyright 1999 with permission from Elsevier Science). 
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In fact, highly hydrophobic PBT chains have no affinity for the external 
hydrophilic HPpCD surface. On the contrary, because of their affinity for the 
hydrophobic internal HPpCD surface, the reduced PBT chains could be threaded 
into these molecules. The reduction process introduces a conformation change 
that would favor the entrance of HPpCD molecules in the polymer. Obviously, 
in a thin and compact polymer layer, this reorganization is not sufficient to allow 
the insertion of HPpCD molecules. In a thicker polymer layer the chains are less 
compact, allowing a change in conformation in order to become organized more 
or less perpendicularly to the surface, allowing the HPPCD to diffuse along the 
polymer chains. Because of the loss of polymer rigidity during high HPpCD 
inclusion, the EQCM technique (18) does not allow measurement of the 
insertion of more than one HPpCD for ten BT units in the polymer, but the 
insertion level could be much higher. As stated above, from hydrophilic-
hydrophobic considerations we propose that in the polymer layers the CD 
partially encapsulates the PBT chains. 

Electropolymerization of Thiophene Derivatives in Micellar Solutions 

This approach is based on the use of the unique physical properties of 
surfactant molecules in aqueous solutions, which makes it possible to 
electropolymerize thiophene derivatives and to study the influence of micelles on 
the electropolymerization process and on the structures and properties of the 
resulting polymer films. 

Scheme 2. Surfactant monomer (M) - electrode interactions. 

In Conducting Polymers and Polymer Electrolytes; Rubinson, J., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2002. 



47 

The properties of surfactant molecules properties are (i) their ability to form 
different aggregate structures (micelles) above the critical micellar concentration 
(CMC), (ii) their ability to solubilize water-insoluble organic molecules (M) by 
hydrophobic-hydrophobic interactions, and (iii) their adsorption on electrodes 
changes the solution-metal interface, which alters redox reactions and produces 
template effects on the electrode surface (19) (Schem 2). SDS can be used to 
electropolymerize various thiophene derivatives such as EDOT, BT and MOT in 
aqueous solution. 

Electropolymerization of Thiophene Derivatives in SDS Micelles 

The electrochemical behavior of ΙΟ"3 M EDOT, 10"3 M BT and ΙΟ"3 M 
MOT in 0.1 M SDS and 0.1 M LiC104 aqueous solutions cyclic voltammetry 
(CV) has been investigated by cyclic voltammetry (CV). The oxidation potentials 
of these monomers are shifted towards more negative potentials by about 130 to 
200 mV, relative to the organic media (8, 20-21). This potential lowering is 
probably due to a better solvation of the resulting radical-cations with SDS. 

The electropolymerization of these monomers in the above solution by CV 
or at constant current leads to the formation of thin, electroactive and 
homogeneous polymer films at Pt electrodes. For example, the successive CV of 
MOT in SDS micellar aqueous solutions is typical of conducting polymer 
growing on the electrode; each scan is performed between 0 and 1.3 V/SCE 
(Figure 3). The thickness increases regularly with the number of cycles. The 
resulting poly(MOT) films have well-defined redox peaks during the doping and 
undoping processes, indicating that they have a good electroactivity in aqueous 
solution (Figure 3). Similar results have been found for the 
electropolymerization of EDOT and BT in SDS micellar media. 

The electropolymerization of these monomers at constant current under the 
same micellar conditions led to the formation of thin, electroactive polymer 
films. The electropolymerization of 0.05 M EDOT in 0.1 M SDS containing 
0.1 M LiC104 in water at a Pt electrode began at very low current (j = 0.1 
mA/cm2), compared to that found in acetonitrile without SDS (j = 0.5 mA/cm2). 
This phenomenon may be attributed to a specific effect of the SDS surfactant, 
which alters the oxidation potentials of EDOT. Thin, electroactive and 
conductive poly(EDOT) films can be synthesized in the above aqueous micellar 
solution at constant currents ranging from j = 0.1 mA/cm2 to j = 5 mA/cm2 For j 
> 5 mA/cm2, the resulting poly(EDOT) films were non-electroactive and 
extremely degraded owing to the reaction between water molecules and the 
thienyl radical-cations formed (8). 

Polythiophene Derivatives Structures 

All the polymer films resulting from SDS micelles were characterized by 
different spectroscopic techniques. UV-Vis analysis of poly(EDOT), PBT and 
Poly(MOT) films (0.5 μπι thickness) at ITO electrodes showed a strong 
absorption maximum band at = 590, 470 and 480 nm, respectively, 
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Figure 3. Electrosynthesis of Poly (MOT) at Pt electrode in aqueous micellar 
solution ofO. J MSDS, 0.05 M MOT and 0.1 MLiCl04 with butanol (4 vol %). 

V-lOOmVs1 

characteristic of a π - π* electronic transition, which corresponds to highly 
conjugated polymer chains. 

The analysis of these films by FTIR and Raman spectroscopies indicates 
that the polymer chains are formed mainly by α-α' coupling of the corresponding 
monomers. This structure was supported by the presence of (i) two bands at 801 
and 716 cm"1 in poly(MOT) film corresponding to 2,5-disub-stituted and 2-
substituted 3-MOT, respectively, (ii) two bands at 789 and 701 cm"1 in PBT 
films related to 2,5-disubstituted and 2-substituted thiophene, respectively, and 
(iii) two bands at 1220 and 891cm"1in PEDOT films spectra characteristic of 
EDOT with α-α' coupling (8, 20-21). 

Resonance Raman spectra of PEDOT films (λ^ = 514 nm) show that the 
polymer chains present a highly planar structure. The Raman pedes at 1127 and 
1100 cm"1, related to distorted C-C inter-ring bonds, are weak and no bands 
appear at 682 and 655 cm"1 related to defects in the polymer chains (8- 21). 

The structure of PEDOT films was investigated by atomic force microscopy 
(AFM). AFM images of PEDOT films synthesized on graphite electrodes 
(HOPG) in SDS micelles show that the polymer film chains grew 
perpendicularly to the electrode surface, whereas PEDOT prepared in 
acetonitrile at the same electrochemical conditions grows parallel to the 
electrode surface (Figure 4). These observations provided from the 
electropolymerization mechanism of EDOT in SDS micelles; the polymer chains 
would be located parallel to surfactant chains, and thereby would grow 
perpendicularly to die electrode surface, leading to the hypothetical " columnar" 
structure (Figure 4). But this growth mode differs significantly from that 
observed in acetonitrile, in which polymer chains are probably located on the 
electrode surface, leading to a "plate" structure (Figure 4). Moreover, the 
incorporation of about 21% of dodecyl sulfate anions in PEDOT (estimated by 
XPS) supports the structure proposed for film synthesized in SDS micelles (8). 
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The chain length of poly(MOT) films was determined by MALDI-TOF 
spectroscopy, because these polymers are soluble in usual organic solvents. They 
consist mainly of MOT hexamer (Scheme 3). 

OMe MeO MeO 

Scheme 3. Poly (MOT) structures prepared in SDS micelles. 

Conclusions 

This work demonstrates new possibilities for the electropolymerization of 
thiophene derivatives and electrosynthesis of polythiophene derivative films in 
aqueous solution by using either CDs or SDS. 

The interaction between CDs and thiophene derivatives such as BT and 3T 
increases their solubilities in water owing to the formation of inclusion 
complexes. CDs (hosts)-thiophene derivatives (guests) are stable inclusion 
complexes with high binding constants. The electropolymerization of BT-CD 
inclusion complex leads to: (i) the formation of PBT films with a higji degree of 
polymerization and a high chain conjugation length and (ii) the formation of PBT 
molecular wire, which is partially encapsulated with CDs (polypseudorotaxane). 
However 3T-CD electropolymerization gives non-encapsulated polymer films, 
which consist of thiophene hexamer. 

In SDS micelles, we show, that: (i) the solubility of thiophene derivatives in 
water increases, (ii) their oxidation potentials are lower than those found in 
organic media, (iii) the thienyl radical-cations formed are stabilized by 
electrostatic interactions with the dodecyl anions, (iv) the synthesis of thin, 
electroactive and conductive polymers films having well-defined structures 
(practically no defects) with a relatively high conjugation chain length has been 
realized. In addition, the resulting PEDOT films have a "columnar" structure. 
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Chapter 4 

Electrochemical Behavior of Polyaniline and 
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The electrochemical behavior of three conducting 
polymers was investigated in the presence of various 
electrolytes, including an ionic liquid dissolved in acetonitrile, 
and the data indicated no significant difference in the initial 
cyclic voltammograms. The polymers investigated were 
polyaniline (PANI), poly(cyclopenta[2, 1-b; 3,4-b’]dithio-
phene -4-one) (PCDT) and poly-E-α-[(2-thienyl)methylene]-2-
(3-methylthiophene) acetonitrile (PTCNT) electrochemically 
grown on a platinum electrode. The electrolytes were tetra-
ethylammonium tetrafluoroborate (Et4NBF4 ), tetraethyl-
ammonium bis((trifluoromethyl)sulfonyl)imide (Et4NTFSI) 
and 1-ethyl-3-methylimidazolium bis((trifluoromethyl) 
sulfonyl) imide (EMITFSI) dissolved in acetonitrile. 
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Introduction 

Electronically conducting polymers have been extensively investigated due 
principally to their potential applications in energy storage systems such as 
rechargeable batteries and electrochemical supercapacitors, electrochromic 
devices, organic transistors and light-emitting diodes [1]. The performance of 
conducting polymers for these applications is dictated by a combination of a 
number of factors such as polymer morphology, substrate onto which the 
polymer is grown and the supporting electrolyte used for electrodeposition and 
during the galvanostatic cycling or cyclic voltammetry. 

Our laboratory has been interested for the past few years, in application of 
conducting polymers as active electrode materials of electrochemical capacitors 
[2-5]. Most of our efforts so far have been devoted to the evaluation of several 
polymers but little attention has been paid to the electrolytes. In this study, we 
investigated the cyclic voltammetry behavior of three polymers; I) polyaniline 
(PANI); ii) poly(cyclopenta[2,l-b; 3,4-b']dithiophene-4-one) (PCDT) and iii) 
poly-E-a-[(2-thienyl)methyl̂  (PTCNT) in 
the presence of various electrolytes. These electrolytes included 
tetraetiiylammonium tetrafluoroborate (Et4NBF4), tetraethylammonium 
bis((trifluorome%l)sulfonyl)imide (Et̂ NTFSI) and l-ethyl-3-
methylimidazolium bis((trifluoromethyl)sulfonyl)imide (EMITFSI) dissolved in 
acetonitrile. The structures of PCDT and PTCNT are given in Scheme 1. 

PCDT PTCNT 
Scheme 1. Structure of the low bandgap polymers investigated in this study. 

Experimental 

A polyaniline film was deposited by electrochemical oxidation of aniline in 
aqueous acid solution on working electrode under an electric current of 5 
mA/cm2 The electrolyte solution contained 1 M hydrofluoroboric acid and 0.5 
M aniline. This film was immersed in 1 M hydrazine hydrochloride for 24 h and 
then dipped in an aqueous solution containing 30% w/v hydrazine for 48 h. The 
film was washed with acetonitrile and dried under vacuum at 80°C during 24 h 
[6]. PCDT films were grown from a solution containing 20 mM of CDT and 0.5 
M of Et4NBF4/ACN and the electropolymerization was performed 
galvanostatically at a current density of 0.5 mA/cm2 [2], PTCNT films were 
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deposited galvanostatically at a current density of 0.1 mA/cm2 and the 
electrolyte solution contained 20 mM of monomer TCNT and 0.5 M of 
EtiNBF^ACN [4]. 

All measurements were performed in a glove box under a dry nitrogen 
atmosphere, in a closed three-electrode cell. The electrochemistry experiments 
were carried out with a PAR 263A potentiostat-galvanostat coupled to a PC 
with the Corrware Software for Windows (Scribner Associates, version 2.1b). 
The working electrode consisted in a platinum disk (diam. = 1 mm) sealed inside 
a glass tube or epoxy. Prior to any measurements, the platinum disk electrode 
was polished with a diamond polishing paste to the 1 μπι level with aqueous 
alumina slurry (Techmet, Canada). The reference electrode was Ag/Ag+ (10 
mM AgN03, 0.1 M tetrabutylammonium perchlorate in acetonitrile) and the 
counter electrode was a platinum grid (area = 1 cm2). 

Results and Discussion 

The electrochemical behavior of polyaniline (PANI), poly(cyelopenta[2,l-b; 
3,4-b']dithiophene-4-one) (PCDT) and poly-E-a-[(2-Aienyl)mefliylene]-2-(3-
methylthiophene) acetonitrile (PTCNT) was investigated in three different 
supporting electrolytes; tetraethylammonium tetrafluoroborate (Et4NBF4), 
tetraethylammonium bis((trifluoromethyl)sulfonyl)imide (Et4NTFSI) and 1-
e%l-3-me%lirnidazohum bis((trifluorome%l)sulfonyl)imide (EMTTFSI) 
dissolved in acetonitrile. The polymers were grown electrochemically (see 
EXPERIMENTAL) and initially characterized in 0.5 M Et^F^acetonitrile to 
insure the uniformity of the films being investigated. 

Figures 1-3 present the cyclic voltammograms (CV's) of PANI, PCDT and 
PTCNT, respectively, together with the doping levels for the n- and p-doping (x„ 
and Xp) processes in 0.5 M Et4NBF4/acetonitrile, 0.5 M Et4NTFSI/acetonitrile 
and 0.5 M EMTTFSI/acetonitrile at a scan rate of 100 mV/s. The doping level 
for PANI was evaluated from [3]: 

x^iQcvKQ^-Qcv) Ο) 

where Qcv is the voltammetric charge of the CV and Qdep is the charge 
consummed during the electrochemical polymerization. In the case of PCDT 
and PTCNT, which have two thiophene rings in their corresponding monomer, 
the doping level is calculated from [2,4]: 

* =QcvKQdep -Qcv) (2) 
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The CV's for PANI are characterized by at least one set of major waves for the 
three supporting electrolytes, The onset of oxidation is almost independent of 
the nature of the supporting electrolyte but some differences are observed for the 
oxidation waves. Indeed, one anodic peak appears at about - 0.07 V in 
Et4NBF 4 , whereas two anodic peaks can be seen at -0.12 to 0.1 V in Et^TFSI 
and -0.1 to 0.05 V in EMITFSI These peaks correspond to the oxidation of the 
fully reduced to the semiquinone form of PANI. On the other hand, previous 
studies have clearly demonstrated that the shape and the range of electroactivity 
of PANI in organic media can differ significantly [7-11]. Thus CV's like those 
shown in Figure 1 are observed when the positive potential limit is set at a low 
value of about 0.6-0,8 V whereas a second wave followed by a significant 

-0.4 -0.2 0 0.2 0.4 0.6 
E(V)vs .Ag /Ag 

Doping level, 
X 

Ρ 
Et4NBF 4 0.18 

B4NTFSI 0.20 

EMITFSI 0.18 

Figure I. . Cyclic voltammograms of PANI in the three supporting 
electrolytes with acetonitrile as solvent at a scan rate 

ofl00mV/s. The doping levels are also given. 

decrease of current is seen when the potential limit is extended to about 1 V. 
The latter situation is usually avoided in order to limit the oxidative degradation 
of the polymer. The ratio of the anodic, Qox(p) and cathodic voltammetric 
charges for the p-doping process for the polyaniline is close to 1 (> 0.9) 
indicating a good reversibility for the redox process during potential cycling in 
the three supporting electrolytes. Moreover, doping levels of 0.18 to 0.20 are 
evaluated for assuming a polymerization efficiency of 100 %. These doping 
levels values are smaller than that usually found for PANI (« 0.4-0.5). This 
could be due to polymerization efficiency lower than 100% as evidenced by the 
formation of highly colored oligomers and to some loss of electroactivity of 
PANI as a result of the dehydratation treatment of PANI following the 
electropolymerization in aqueous anodic media (see Experimental). 
Presumably, both phenomena contribute to the low doping level but the former 
is probably the most important since higher doping levels were obtained for 
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PANI grown on carbon paper [12]. In this case, a higher local concentration of 
cation radical can be generated within the porous carbon paper electrode, thus 
leading to a higher voltammetric charge and higher apparent doping level. 

The cyclic voltammograms for a PCDT-coated platinum electrode in the same 
electrolytes are shown in Figure 2 and are characterized by two sets of redox 

waves. The redox waves between 0 and 1.1 V are associated with the p-doping 
process and the η-doping redox waves are centered at -1.4 V. The p- and n-
doping redox waves are almost identical for the three supporting electrolytes. 

The shape of these CV's is similar to that reported by Lambert and Ferraris [13, 
14] and Fusalba et al [2]. The voltammetric charges for the anodic, QOX(p) and 
cathodic Qred(p), branches of the p-doping wave and the cathodic Qred(n) and for 

anodic Qoxfo), branches of the η-doping process for PCDT 

-1.6 Λ2 -0.6 -0.4 0 0.4 0.8 

E(V)vs.Ag/Ag+ 

Doping level, χ 

Ρ η 

Et4NBF4 0.18 0.06 

B4NTFSI 0.20 0.06 

EMITFSI 0.16 0.05 

Figure 2. Cyclic voltammograms of PCDT in the three supporting 
electrolytes with acetonitrile as solvent at a scan rate of 100 mV/s. 

The p- and η-doping levels are also given. 

were evaluated and we found that the ratio of doping-dedoping charge 
(Qoxtp/Qredcp) and Qred<n/Q<K(n)) is always less than unity and average values of 
about 0.94 and 0.83 can be calculated for the p- and η-doping, respectively. The 
η-doping level (0.05 to 0.06) is clearly smaller than the p-doping level (0.16 to 
0.20). This difference is attributed to a slower ionic transport in the n-doped 
polymer resulting from a stronger interaction of negative polarons of the 
polymer with the cations (Et4N+ and EMf) in comparison with that of anions 
(BF4 and (CF3S02)2N") in the p-doped polymer. It is interesting to note that a 
higher η-doping level can be achieved for PCDT grown on carbon paper [2]. 

The cyclic voltammograms of PTCNT-coated platinum electrode, in the three 
supporting electrolytes, shown in Figure 3 are characterized by two sets of redox 
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waves centered at 0.75 and -1.5V and in agreement with a previous report [4]. 
The first is associated with the p-doping process and the second corresponds to 
the η-doping process. The p-doping redox process is well defined in comparison 
to the irreversible η-doping process. In addition, the doping/dedoping charge 
ratios are much smaller (< 0.5) than for PANI and PCDT. The doping levels for 
PTCNT are fairly low in comparison to those usually found for polythiophene 
[15,16]. Similarly to PCDT, the η-doping level is significantly lower than the p-
doping level. In addition, both doping levels are smaller than these reported for 
PTCNT grown on carbon paper electrode [4]. The reasons invoked for PCDT 
can be used for PTCNT as well to explain these differences. It is also worth 
noting that in a recent study, doping levels of 0.28 (instead of about 0.10) were 
found for chemically grown PTCNT electrodes, and these were unambiguously 
evaluated by weighing the mass of polymer used for the fabrication of the 
electrodes [17]. Finally, Figure 3 also demonstrates that PTCNT can be cycled 
over a potential window of about 2.8 V. 

-1.5 
ι ι ι l . 
-1 -0.5 0 0.5 

Ε (V) vs. Agfeg* 

ι I 

Doping level, χ 

Ρ η 

B4NBF4 0.08 0.05 

B4NTFSI 0.09 0.06 

EMITFSI 0.11 0.05 

Figure 3. Cyclic voltammograms of PTCNT in the three supporting 
electrolytes with acetonitrile as solvent at a scan rate of 100 mV/s, 

The p~ and η-doping levels are also given. 

Conclusion 

The preliminary results presented here demonstrated that the electrochemical 
behavior of PANI, PCDT and PTCNT is not significantly influenced by the 
nature of the canonic and anionic species of the electrolyte. This might appear 
surprising at first sight since the size of these species differ considerably [18]. 
Typically, larger ions should hinder somehow the redox processes. On the other 
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hand, we have shown elsewhere that these polymers lost their charge capacity at 
a much faster rate in the presence of EMITFSI/acetonitrile than with the two 
other electrolytes [12]. Obviously, more work is needed in order to fully 
understand the behavior of conducting polymers in ionic liquid/acetonitrile 
media. 
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Chapter 5 

Electrochemical Quartz Crystal Microbalance 
Studies of the Growth of Perylene-Containing Films 

V . Cammarata, N . Hao, J. Metz, and J. Liang 

Department of Chemistry, Auburn University, Auburn, A L 36849-5312 

Materials containing 3,4,9,10-perylene tetracarboxylic dian-
hydride and diimide have important photophysical properties 
such as high photoconductivity. These materials, in general, 
are insoluble and very difficult to process by conventional 
solution methods. We report the electrochemical synthesis 
and properties of poly(aromatic amine-imide) polymers 
containing the 3,4,9,10-perylene tetracarboxylic diimide group 
in the main chain. Using electrochemical quartz crystal 
microbalance (EQCM) measurements, we correlate the 
electrochemical growth of polymer films on surfaces with 
various solution parameters. Specifically we address the 
relative rates of precipitation versus dimerization in film 
formation and the efficiencies of these processes. We also 
show the effect of electrolytes and solvent on film processes. 

There are few reports of polymers synthesized with perylene tetracarboxylic 
diimide groups. Monomer materials containing this group have been used as 
photoconductors in xerographic materials (i), fluorescent solar collectors (2,5), 
and laser dyes (4-6), These applications are made possible by the photophysical 
properties of perylene tetracarboxylic diimide moiety, most importantly the high 
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quantum yield of the fluorescence, the fast electron transfer quenching and fast 
charge conduction in solutions and thin films made from these small molecules 
(7-9). Thin films have been synthesized primarily via vapor phase evaporation 
(10,11). Polymers containing the perylene tetracarboxylic diimide moiety have 
suffered from poor solubility. The intractability of these materials is a result of 
their strong intermolecular interactions. The formation of Η-aggregates limite 
the maximum solubility of many of the monomelic materials to sub micromolar 
concentrations. In sublimed thin films of perylenetetracarboxylic dianhydride, 
the aromatic carbons are 3.21 A apart (12). This aggregation promotes the 
derealization of the molecular orbitals and significantly changes the electronic 
structure of the material (13). One strategy to increase solubility has been to 
form polymers with a rather diluted perylene component separated by a large 
aliphatic chain (14). Another strategy is to add bulky groups directly to the 
aromatic ring using steric bulk to prevent aggregation. Mullen and others 
successfully replaced the chlorines on 1,6,7,12-tetrachloroperylene tetracarb
oxylic dianhydride with aromatic ether groups effectively holding the two ring 
systems apart (15,16). Other substitutions to the perylene ring system afford 
more soluble materials. 

Electrodeposition of polymers has been successfully used in many 
materials. However, the elucidation of the mechanism for many of these 
processes has been hampered by the lack of direct tools for measuring in situ the 
solid material produced at the electrode surface. A direct in situ tool for 
measuring the mass of the electrodeposit is the electrochemical quartz crystal 
microbalance (EQCM). This technique was originally described by Sauerbrey 
(17). Several good reviews exist on EQCM (18,19). For example, Inzelt has 
determined the complex ion transport properties during the doping and undoping 
of poly(pyrrole)(20). In another study, the difference between polymerizing 
poly(pyrrole) at a surface modified electrode as compared to a bare Au electrode 
was elucidated using EQCM (21). Our goal is to more throughly understand the 
growth mechanism of films that cannot be analyzed with conventional methods. 

In previous work, we synthesized diimide and diamide monomers with 
diphenylamine endgroups (22-24). We showed, upon oxidation, these 
endgroups would dimerize to form diphenylbenzidine linkages. The materials 
formed were alternating copolymers of the diphenylbenzidine and either a 
diimide or diamide group. Diimides in particular can be reduced in two le" 
steps (25-28). Mazur and others found that when the two imides are attached to 
the same benzene ring the second e" is transferred at a more negative potential, 
then if the imides are separated by a naphthalene ring (25). Depending on the 
intervening ring system, the first diimide reduction can be water stable and form 
extended π-π η-mers of the radical anion (28). Diimide containing monomers, 
upon oxidation, can have both electron and hole transport properties resulting 
from the two different comonomer units (22-24). Here, we explored the 
electrosynthesis of materials where the monomers are insoluble in common 
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electrochemical solvents which necessitated the use of uncommon solvent 
systems. We have synthesized, characterized and electropolymerized monomers 
1-4. The different monomers were soluble in different solvent systems so we 

Ri Ri 

Ο R 2 

Ri RX 

1- Ri = R 2 = H, 2- Ri = CI, R2 = H, 3- Rx = tBuPhO, R 2 = H, 
4-R 1=H,R2 = -C02Me 

employed EQCM to determine the initial deposition species in different 
electrolytes. By comparing die mass changes in films during various redox 
processes, we explored the relative contributions of counterions and solvent to 
these processes. We also show the relative kinetics of ion and solvent 
incorporation and expulsion in these materials. 

Experimental 

Reagents, materials and apparatus 

CH2CI2 and aniline were obtained from Fischer Scientific Co. and distilled 
from CaH2 (Aldrich Chemical Co.). 3,4,9,10-perylenetetracarboxylie dianhy-
dride, 2-chloro-5-nitrobenzoic acid, sodium borohydride, copper (II) acetyl-
acetonate, trifluoroacetic acid (TFA), tetrabutylammonium hexafluorophosphate 
(TBAPF6), dimethylacetamide (DMA), and N-phenyl-1,4-phenylenediamine 
were purchased from Aldrich Chemical Co. and used as received. Quinoline 
and triethylamine (TEA) (Aldrich Chemical Co.) were distilled in vacuo. IR 
spectra were obtained on a Bruker Equinox 55 Spectrometer. lH NMR spectra 
were obtained on a Bruker 250 multiprobe spectrometer. Elemental analyses 
were performed by Atlantic Microlabs. Mass spectrometry data were provided 
by the Auburn Mass Spectrometry Laboratory. 

Synthesis ofl (29) 

To 100 mL of quinoline were added 2.08 mmol (0.814 g) of 
perylenetetracarboxylic dianhydride, 4.67 mmol (0.859 g) of N-phenyl-1,4-
phenylenediamine, and 0.635 mmol (0.139 g) of zinc acetate dihydrate. The 
solution was degassed with N 2 , fitted with a reflux condensor and heated on an 
oil bath held at 230 °C for 22 hrs. The product was filtered and washed with 4 X 
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50 mL diethylether. It was then washed with 4 X 50 mL water and 4 X 50 mL 
diethylether. The product after drying in vacuo was dark red. Yield = 0,92 g 
(61%). Mass Spec. (EI) M+= 725. ^-NMR (TFA): 8.00 (m, 18H), 9.14 (s, 
8H). IR (KBr, cm-1): 3374, 1701, 1663, 1594, 1577, 1516, 1496, 1432, 1403, 
1359, 1320, 1255, 1177, 1123, 810, 746, 695. Elemental analysis: calculated 
(found) for C ^ N ^ : C, 79.55(77.58); H, 3.89(4.05); N, 7.73(7.47). 

Synthesis of 2 

To 20 mL DMA were added 276 mg (1.5 mmol) N-phenyl-1,4-
phenylenediamine and 265 mg (0.5 mmol) 1,6,7,12-tetrachloro-354,9,10-
perylenedianhydride (30). The mixture was reacted at 130°C for 18 h under 
nitrogen with stirring. After cooling to room temperature, 60 mL diethyl ether 
was added to reaction mixture. The precipitate was filtered and was washed with 
diethyl ether (4 X 20 mL). After drying at 100°C in vacuo overnight, 248 mg 
black brown product was obtained. Yield = 59%. m.p> 300°C. IR (KBr, cm"1): 
3371, 1705, 1670 1591, 1525, 1384, 1325, 1300, 1242, 1173, 1116, 1025, 833, 
789,749,687,550,524. *H-NMR (TFA): 8 = 8.81 (s, 4H), 7.60 (m, 18H). 

Synthesis of 3 

166 mg (0.9 mmol) N-phenyl-1,4-phmylenediamine, 296 mg (0.3 mmol) 
l,6,7,12-tetrakis(4-t-butylphenoxy)-3,4,9,10-perylene dianhydride (15) and 29.6 
mg zinc acetate were added to a 200 mL 3-neck flask. The mixture was reacted 
at 205 °C for 22 h under stirring and N 2 . The workup was similar to that of 1, 
After drying at 70°C in vacuo overnight, 252 mg product was obtained. Yield = 
63%. m.p. > 300°C. IR (KBr, cm"1): 3378, 2960, 1704,1671,1593,1506, 1405, 
1339, 1313, 1281, 1208, 1173, 1111, 1014, 878, 832, 749, 693, 557. !H-NMR 
(TFA): δ = 8.57 (s, 4H), 7.30 (m, 34H), 1.60(s, 36H). Elemental analysis: 
calculated (found) for C g ^ N ^ : C, 79.52(77.84); H, 5.46(5.69); N, 
4.22(4.49). 

Methyl 2-anilino-5-aminobenzoate 

This material was synthesized using a similar procedure to Hanaya (31). 1 
mmol (37.8 mg) sodium borohydride in 2 mL ethanol was added to a suspension 
of 0.2 mmol (52.4 mg) copper (Π) acetylacetonate in 2 mL 2-propanol under N 2 

with stirring. To this solution were added 1.0 mmol (272 mg) methyl 2-anilino-
5-nitrobenzoate (32) in 20 mL 2-propanol and then 2.0 mmol (75.7 mg) NaBHU 
in 4 mL ethanol. The mixture was stirred under N 2 for 4 h at 30°C. The reaction 
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was quenched with 25 mL water. 2-propanol and ethanol were removed with 
reduced pressure. The residue was extracted with chloroform (3 X 20 mL) and 
the collected chloroform solution was dried with anhydrous Na2S04. After 
removing the solvent, 225 mg oil-like brown product was obtained and was used 
in the next step without further purification. 

Synthesis of 4 

To 20 ml quinoline were added 221 mg (0.91 mmole) methyl 2-anilino-5-
aminobenzoate, 119 mg (0.303 mmol) 3,4,9,10-perylenetetracarboxylic dian
hydride and 27.7 mg zinc acetate. The mixture reacted at 220°C for 22 h under 
stirring and N 2 . After cooling to room temperature, 60 mL diethyl ether was 
added to precipitate the product. The product was filtered and washed with 
diethyl ether (4 X15 mL), water (4 X 15 mL) and diethyl ether (4 X15 mL). 
After dried in vacuo at 100°C overnight. 231 mg product was obtained. 
Yield=91%. m.p> 300°C. IR(KBr, cm"1); 3364, 1700,1664, 1593,1514,1355, 
1319,1253,1076, 808, 748 589. *H-NMR (TFA): δ = 8.85 (s, 8H), 7.65 (m, 
16H). Elemental analysis: calculated (found) for C52H32N408: C, 74.35(75.05); 
H, 3.84(3.88); N, 6.67(7.16). 

Instrumentation 

Cyclic voltammetric experiments were performed on a modified AFRDE4 
potentiostat (Pine Instrument Co.) with an EG&G PARC 175 programmer as an 
external analog signal, and a National Instrumente Lab PC+ DAQ board was 
used to trigger the programmer and simultaneously collect and digitize the data 
A series of Lab VIEW programs were written for data acquisition, and storage. 
EQCM experiments were carried out with ELCHEMA EQCN-601 nanobalance 
instrument, EQCN-603 remote probe unit and EQCN-602 Faraday cage. 

Electrodes and Cells 

A new 9.995 MHz polished quartz crystal electrode (QCE) (International 
Crystal Mfg. Co.) with 100 Â Cr and 1000 Â Au was mounted to a homemade 
20 mL-volume cell with silicone glue and cured for at least 24 h. Before use, 
the new mounted cell was rinsed with fresh CH2CI2. The keyhole shaped 
electrode had an area of 0.22 an2. The solution was degassed with 99.999% Ar 
for 15 rnin in a Faraday cage which was purged with CH2C12 saturated N 2. The 
reference electrode was Ag/AgCl saturated with KC1 and all potentials are 
quoted vs. Ag/AgCl. The counter electrode was Pt gauze. Triethylammonium 
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trifluoroacetate, was synthesized by mixing TEA and TFA in a 1:1 mol:mol, 
then drying at 70 °C in vacuo for 24 h (Caution: this neutralization is very 
exothermic and can sputter hot material). All EQCM data are presented in 
Amass (change of mass from the beginning of the voltammetry) and are 
calculated from the frequency changes using the Sauerbrey equation (i 7). 

Results and Discussion 

Synthesis of Monomers 

Monomers 1-4 were synthesized via the condensation of 3,4,9,10-perylene-
tetracarboxylic dianhydride or a similar derivative and an appropriate 
aminodiphenylamine using Zn(OAc)2 as a Lewis acid catalyst. Each of the final 
monomer products was characterized using NMR, IR, Mass Spectrometry and 
elemental analysis. Yields were generally in the 60-90% range. The monomers 
varied from insoluble to moderately soluble (1 mM maximum solubility) in 
CH2C12,1,2-dichloroethane and THF. In more typical electrochemical solvents 
such as CH3CN, DMSO and DMF, all the compounds were insoluble. 

Electrooxidative polymerization oj1-4 

Monomer 3 was moderately soluble in CH2C12, 1,2 dichloroethane and 
THF. Substitution on the perylene ring is expected to provide steric hindrance 
preventing strong π-π interactions in the solid state. Also, 3 with the sterically 
more bulky t-butylphenoxy- groups is more soluble (1 mM vs. <0.05 mM) than 
2 with chlorines attached to the ring. Figure 1A shows the cyclic 
voltammogram of a 0.4 mM 3 in a 0.1 M TBAPF6 solution of CH2C12. The 
initial scan shows a peak at 1.15 V, very similar to analogous compounds based 
on naphthalene diimide (22). The voltammetry of 3 also shows a reversible peak 
at 1.45 V which has not been observed for other perylene diimides. We attribute 
this to the oxidation of the diarylether moiety of the main ring. Upon reversal, 
two reduction peaks at 0.7 and 0.95 V are observed and further potential cycling 
shows the growth of two oxidative peaks consistent with poly-3 having an 
electroactive diphenylbenzidine (DPB) linkage (Scheme 1). The original peak 

Scheme J. Radical dimerization mechanism ofarylamines 
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100 Γ - ι τ 

0 0.4 0.8 1.2 1.6 

Potential (Volts vs. Ag/AgCI) 
Figure 1. (A) Solution cyclic voltammogram of 0.4 mM S in 0.1 M TBAPF6 

solution of CH2Cl2. Scan rate = 100 mV/s. Au electrode area - 0.24 cm2. (B) 
Simultaneous mass changes as recorded by the QCE. 
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at 1.15 V decreased with increased number of scans. The DPB unit is formed by 
oxidative dimerization of the terminal diphenylamine groups (33). 

Monomers 1, 2, and 4 are very insoluble in almost all organic solvents. 
Thus we had to explore non-traditional solvent systems to effect our 
electropolymerization. 1, 2, and 4 were found to be soluble in CH2C12 and 1,2 
dichloroethane with small amounts (<5% v:v) of TFA. Trifluoroacetic acid and 
TFA in CH2C12 have been shown to stabilize radical cations formed during 
oxidation (34). Since the conductivity of this solution was low, we added 0.1 M 
TBAPF6, and subsequent excursions to oxidative potentials showed no clear 
oxidation peaks nor any products precipitating onto die electrodes. We reasoned 
that PF6" maybe acid labile, so we synthesized triethylammonium 
trifluoroacetate as a supporting electrolyte and added TFA to solubilize the 
monomer. This solvent electrolyte system provided an excellent media for the 
electrooxidative polymerization of 19 2, and 4. 

The first voltammogram of a 0.35 mM solution of 1 (Figure 2A) in the 
above electrolyte solution shows a single irreversible oxidation peak at 1.05 V. 
Two reductive peaks at 0.75 V and 0.48 V are observed that correspond to the 
DPB 2 + / + and the DPB + / 0 reduction, respectively. The second and subsequent 
scans show an oxidation peak at -0.7 V corresponding to the DPB 0 / + linkage. 
The electropolymerization voltammograms of 4 are generally similar to the 
other monomers except the two DPB oxidations are merged into one. The initial 
oxidative scan differs since it shows a symmetric wave at 0.65 V that does not 
appear in subsequent scans. This process is a rearrangement of a chemisorbed 
species, or electrosorption or electrodesorption of a species from the 
Au/electrolyte interface. 

We monitored die frequency changes of the QCE during the 
electropolymerization of each of die monomers. For analysis, we assigned the 
frequency of die QCE to zero in the monomer solution before any potential 
excursions. The frequencies were converted to mass changes for convenience 
(see Experimental). For the initial scans of 1-4 the mass at the electrode remains 
constant until the foot of the monomer oxidation wave (-1.0 V for 
CH2C12/TBAPF6 and -0.9 V for CH2C12/TEATFA, see Figures IB and 2B). At 
that point the mass at the electrode increases until the electrode potential 
becomes more negative of the oxidation potential. At that point, the mass does 
not change. The net mass change for the first cycle is typically die largest and 
net mass changes for subsequent scans are constant As more material is 
deposited on the electrode subtie changes in the electrode mass between 0.0 V 
and 0.8 V become apparent. These mass changes correspond to the oxidation 
and reduction of the electroactive deposits and are discussed below. For the 
electrooxidation of 4, expansion of the initial oxidative sweep shows a slight 
decrease in mass at 0.65 V. This is consistent with the electrodesorption of 
some species, most likely chemisorbed 4. 
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Figure 2. (A) Solution cyclic voltammogram ofO. 35 mM 1 in 0.1 M TEATFA 
solution of CH2Cl2. Scan rate = 100 mV/s. Au electrode area = 0.24 cm2. (B) 

Simultaneous mass changes as recorded by the QCE. 
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By integrating the cathodic current due to the reduction of the DPB linkage 
and taking 2e7DPB unit, we can calculate the electroactive surface coverage 
added per scan. The frequency changes measure the amount of mass added to 
the electrode per scan. The ratio of these quantities is the average molecular 
weight of the depositing species. These results are summarized in Table I. 

Table 1» EQCM Electroosidative Deposition Data 
Supporting 
Electrolyte 

MW° fobs) 
fg/mol) 

Molecular Species MW° (theory) 
(g/mol) 

1 TEAJrTTFA* 1860 Dimer4H+4CF3C02* 1906 

2 TEAïfTFA* 2446 Dimer6HT 6CF3CO2* 
2412 

3 TBA+PF<f 2654 Dimer 2634 
4 TEAïfTFA" 2021 Dimer3ir3CF3C02~ 2017 
β We estimate the errors in mass and charge ±5%. 

For the precipitation of 1, the observed molecular weight of 1860 is very close 
to the C-C bond dimer with four trifluoroaeetic acid groups protonating it (see 
Scheme 2). These data indicate that the dimer is the predominant species that 
initially precipitates onto the electrode. In the acidic solutions, the dimers are 
multiply protonated and deposit with multiple counter anions. Although the 
sites of protonation are unknown, most likely the aromatic nitrogens or carbonyl 
oxygens are good candidates. The molecular weight of the depositing species 
increases with increasing scans. 

Polymer films of 1-4 

After film deposition, the electrodes are rinsed with fresh CH2C12 and 
evaluated using cyclic voltammetry. Figure 3A shows the cyclic voltammetry of 
poly-1 in a pure 0.1 M TBAPF^/C^C^ solution. The simultaneous mass 
changes were recorded in Figure 3B. For poly-1, there are two le" oxidations at 
0.65 and 0.9 V. These redox waves are~well-separated and consistent with 
previous work on diphenylamine endgroup polymers (22-24). These waves are 
symmetric and show a peak current proportional to scan rate as would be 
expected for a surface-confined species. For poly-3 those oxidation waves are 
also symmetric, indicative of surface-confined species (Figure 4A). 

Poly-1, -2, and -4 all show two le" redox processes consistent with the 
DPB 0 / + and DPB + / 2 + oxidations (22). For poly-3, two similar le" redox processes 
are observed near those potentials, but an additional 2e* process is observed at 
1.4 V. This redox process clearly is associated with the t-BuPhO- groups on the 
perylene ring since cyclic voltammetry of (t-BuPhO-)4-perylenedianhydride 
shows a 2e" oxidation at that potential. At potentials <0.0 V, all four polymers 
show reversible electroactivity. For example in Figure 3A there is a multiple e" 
reduction with a smaller wave at more positive potentials then a larger 
overlapping wave. Integrating the current associated with these processes 
reveals that for poly-1-4, there exists a total of 3e" transferred reversibly between 
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Potential (Volts vs Ag/AgCI) 
Figure 3. (A) Cyclic voltammogram of poly-1 film in 0.1 M TBAPF6 solution of 

CH2CI2. (B) Simultaneous mass changes as recorded by the QCE. 
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Figure 4. (A) Cyclic voltammogram of poly-3 film in 0.1 M TBAPF6 solution of 
CH2Cl2. (B) Simultaneous mass changes as recorded by the QCE. 
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-0.5 and -1.0 V. Based on previous electrochemical results (22-29), one e' 
reduces each imide ring and a third e" reduces the perylene ring. 

Figure 3B show the mass changes associated with the oxidation, 
rereduction, reduction and reoxidation of poly-1. A mass gain is observed with 
both the first and second e" oxidation. Upon reversal that mass is lost. Scan rate 
dependence of mass gain and loss show kinetic limitations. Pausing at 0.0 V to 
allow the mass changes to decrease to zero and then scanning <0.0 V, shows an 
initial decrease in mass associated with a reductive prewave (or possibly the first 
1 e" reduction) followed by a rapid increase in mass. Upon reoxidation, that 
mass is lost in a kinetically sluggish process. 

As shown in Table Π, poly-1, -2 and -4 show -150 g/mol gain and then loss 

Table Π. Potential-Mass Correlations ΧΜ) V 
MW Gain fobs.) Ion Change MW Gain (theory) 

(g/mol) (g/mol) 
Poly-1 151a -H^+PFe" 144 
Poly-2 160a -H^+PFe" 144 
Poly-3 330a, 370b +2PF6", +2PF<f + solvent 290,290+b 

Poly-4 140̂  -if, +PF6" 144 
a All are two le" processes, we estimate the errors in mass and charge ±5%. 
* Poly-3 has an extra 2e" oxidation process. 

upon oxidation and rereduction. Since this corresponds to a 2 e" oxidation the 
three possible processes that account for charge conservation are: 

1. Two positive charges are lost from the polymer. 
2. Two negative charges are incorporated into the polymer. 
3. There is a loss of one negative and a gain of one positive charge. 

The third possibility is most consistent with these data and is consistent with 
previous observations that this linkage is only electrochemically reversible in 
<pH 3, aqueous solutions (19). For poly-3, the data are more consistent with 
process 2 for the first set of two le" oxidations. For the next 2e' process, the 
mass gain is most consistent with incorporation two PF6" and some solvent. 
Upon rereduction the mass loss is kinetically slow. Not until the reduction at -
0.7 V does the mass return to zero. The more highly charged polymers such as 
[poly-3]4+ might be expected to need solvent to stabilize the concentrated 
charges. 

The redox processes <0.0 V are, generally, more complicated to interpret 
that those >0.0 V since the incorporation and expulsion of TBA + groups is 
slower than that of PF6" (35). Poly-1 and -2 (Table ΠΙ) both showed a loss of 
mass before a large increase of mass. This is most consistent with a loss of PF6" 
and then a gain in TBA+. The incorporation of PF6* must initially occur upon 
addition of this film to the supporting electrolyte. For poly-3 and -4 mass 
increases > 3TBA+ are observed In Figure 4B the reduction of the polymer and 
then reoxidation returns the polymer to the initial mass from the beginning of 
the scan. The mass changes are also very well correlated with the voltammetry. 
For poly-3 the ion/solvent kinetics >0.0 V are slow, while <0.0 V the kinetics 
are fast. Poly-4 (not shown) is kinetically reversible >0.0 V; however scans 
<0.0 V incorporate solvent that is very slow to be expelled upon return to 0.0 V. 
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Table ΠΙ. Potential-Mass Correlations <0.0 V 
MWGain fobs.) 

(g/molf 
Ion change MWGain (theory) 

(g/mol) 
Poly-1 
Poly-2 
Poly-3 
Poly-4 

500 
99 
869 
920 

- PF6", +2TBA+ 

- PF«f, +TBA+ 

+3TBA++solvent 
+3TBA++solvent 

484 
97 

726 + solvent 
726 + solvent 

a We estimate the errors in mass and charge ±5%. 

Conclusions 

We have shown that diphenyiamine endgroup monomers can be 
electropolymerized in acidic, nonaqueous media. The initial process irreversibly 
deposits the dimer onto the electrode. Depending on the acidity of the solvent, 
either the neutral or protonated dimer predominates. The resulting films can be 
reversibly oxidized or reduced with mixed counterion incorporation and 
expulsion. For some films, it is necessary to invoke the incorporation of solvent 
to stabilize highly charged polymers. While cyclic voltammetry does not reveal 
sluggish solvent and ion movement, EQCM experiments can help identify 
mechanisms of film formation and slow kinetics of ion incorporation. 
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Chapter 6 

Preparation and Characterization of Polymeric 
Electrodeposits Modified with Dispersed Metallic 

Particles 
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Optimum conditions to electrodeposit poly(thiophene), 
poly(pyrrole) or poly(aniline) and to modify these electrodes 
by electrodeposition of Pt or Pt+Pb particles on these matrices 
have been established. The response of these electrodes was 
assayed for the oxidation of small molecules, showing that 
metal micro-particles in polymers are a promising route to 
obtain electrodic systems presenting very interesting 
electrocatalytic activity. 

In addition, a study has been undertaken to optimize the 
electro-obtention of poly(o-phenylene diamine) because of the 
wide electrochemical window it shows in different 
electrolytes. Once the optimum conditions had been 
determined for the electrochemical deposit formation, the 
methodology to disperse Cu on the polymeric matrix was 
established. For this purpose, a procedure analogous to that 
employed to disperse Pb was followed. The response of this 
modified electrode was assayed as an amino-acid sensor. 
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Introduction 

The increasing amount of fundamental and applied research into 
conducting polymers is reflected in the number of papers and monographs 
devoted to this subject in the last twenty or thirty years, particularly those related 
to polyaniline (PANI), polythiophene (PTh) or polypyrrole (Ppy), and can be 
explained because of their extensive application in several areas (1-6). To 
prepare these materials, two main routes have been used: chemical and the 
electrochemical synthesis. Our work in the synthesis and characterization of new 
polymeric materials with specific properties has made it clear that 
electrochemical methods have important advantages when the aim is to obtain 
materials to be utilized in areas such as electrocatalysis, photovoltaic cells, 
diodes, analytical sensors, etc., since it is possible to simultaneously obtain 
electrochemical information and characterize the materials (7-16). In this area, 
our work has been focused specially on the preparation of polymer modified 
electrodes with metallic dispersed particles, with a view toward their application 
in electrocatalytic processes or as analytical sensors (13, 14). In this area, the 
first stage is to establish the optimal electrochemical working conditions to 
obtain an adequate polymer modified electrode. Thus, a previous study of the 
effect of the variables which governs the electropolymerizarion process is 
necessary (such as the electrolyte nature, its composition and the electrochemical 
perturbation) because the properties and particularly the electrodeposits' 
morphology are clearly influenced by these variables (15, 16). According to 
these results, it is possible to select the working conditions for the polymer 
electroformation (metal/polymer electrode) with adequate conductivity, 
electrochemical response and open morphology, allowing the metal particles to 
incorporate and easy substrate accessibility. 

Considering the results reported for the electrocatalytic oxidation of some 
molecules by polymer dispersed metal systems and our previous systematic 
study on the electropolymetization of thiophene, in a first stage, we have 
attempted the preparation of polythiophene electrodes modified by 
electrodeposition of Pt and Pt+Pb for small molecule oxidation, such formation 
of formic acid (13). Later, and considering that polythiophene electrosynthesis 
requires very thorough working conditions control, a study of analogous systems 
using polyaniline or polypyrrole as polymeric matrices have been proposed in 
order to take advantage of the easy handling and good conductivity of these 
materials (14). 

In addition, in view of the reports about poiy(o-phenylenediamine), PoPDA, 
electro-obtention (17-23), indicating that this deposit is easily obtained from 
aqueous solutions and shows a wide electrochemical window, we infer that it 
will be adequate for redox reaction studies and we have considered its use in the 
case of metal dispersion for possible analytical sensors. Our first challenge has 
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been the preparation of an aminoacid sensor, particularly the interesting γ-
aminobutyric acid, GAB A, either for investigation of the activity of anesthesic 
and tranquilizer agents or as a characterizing element for wine producing grape 
varieties (24). So, we have undertaken a study to optimize the PoPDA electro-
obtention and once the optimal conditions were determined for the 
electrodeposit formation, the methodology to disperse copper on the polymeric 
matrix was established. For this purpose, an procedure analogous to that 
employed to disperse Pb has been followed. We are currently working on the 
optimization of the response of this modified electrode in order to propose its 
use as aminoacid sensor. 

Experimental 

The experimental conditions to prepare PANI, Ppy or PTh modified 
electrodes with Pt and Pt+Pb dispersed particles have been previously described 
(13,14). Notice that in all these cases the Pt dispersion was based on the doping-
undoping process of the modified electrode. After the support electrode was 
modified it was submerged in a Pt(IV) electrolytic solution and a very slow 
potential scan was run (1 mVs"1) up to the positive limit to assure the anions 
incorporation in the polymeric matrix. A cathodic potential pulse was applied 
afterwards to assure the metal reduction (platinization cycle, PC). The amount of 
Pt included was varied by applying a repetitive PC and was estimated by 
integrating the charge of the j-t responses obtained during the potentiostatic step. 
These values were corrected by substracting the respective polymer dedoping 
charge in a background electrolyte solution. For the studied polymeric deposits 
the PC number was optimized with respect to the formic acid response. To 
improve these electrodes response, lead was also included by submerging the 
platinum modified matrices into a Pb(II) solution. Thence these modified 
electrodes were transferred to another cell (after time t$ and a potentiostatic 
pulse was applied to reduce the metal ion present by diffusion in the polymeric 
matrix. The time tj was optimized for each electrode with respect to its formic 
acid response. 

In the case of PoPDA and copper modified electrodes the procedure was 
the following: platinum electrodes were modified with PoPDA working under 
previously reported conditions (17-23). A large area platinum coil was used as 
the auxiliary electrode and a Ag/AgCl electrode adjusted to 0.00 V vs SCE was 
used as the reference electrode (25). The polymerization on AISI 316 stainless 
steel electrodes with the same geometric area (0.3 cm diameter discs) was 
assayed under the same conditions. The PoPDA modified electrodes 
(M/PoPDA) were prepared either by applying successive potential scans (CV) 
between 0.0 and 1.0 V or by a potentiostatic pulse (PS) at 0.9 V for a time t in a 
0.5 M sodium sulfate solution at pH 1.5 adjusted with sulfuric acid. Then, 
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copper insertion was attempted using an analogous procedure as that used for 
lead insertion in the other matrices. In this case the modified electrodes response 
was checked in a basic GABA solution. The electrodes film width was 
optimized by varying either the number of polymerization cycles, n, or the 
electrolysis time, t, and the copper amount being inserted into the matrix (by 
varying ή). 

Results and discussion 

Pt and Pt+Pb dispersion 

The dispersion of Pt on PTh, PANI or PPy produces an electrocatalytic 
activity higher than that shown by pure Pt. Therefore, this observation confirms 
that platinum can be dispersed into all the three types of prepared polymers, 
exhibiting a lower catalytic site poisoning degree caused by the intermediate 
species fixation produced during formic acid oxidation. In addition to the current 
maxima obtained as result of this lower poisoning degree, a negative oxidation 
potential shift or a significant current increase as a function of potential is also 
observed in some instances. After a certain number of potentiodynamic scans a 
deactivation phenomenon is observed which is due either to platinum site 
poisoning, which cannot be avoided despite die presence of the metallic 
dispersion, or to a progressive decrease in the surface area of Pt caused by the 
electrochemical sintering that takes place during successive potentiodynamic 
cycles. Therefore, to obtain a more stable response with time, the addition of Pb 
represents a good alternative. Thus Pt/Polymer-Pt+Pb electrodes were prepared 
by immersing Pt/Polymer-Pt electrodes in Pb(H) aqueous solution for a period 
varying from 1 to 30 minutes (ti) and then inmediately transferring it to the cell 
containing the electrolyte and applying a potential of -0.2 V for 5 s. The amount 
of Pb included was estimated in a similar way to that described above for Pt (13, 
14). 

In this way, a catalytic effect of Pb on the electro-oxidation of formic acid 
was clearly observed when its response was compared with the response 
obtained with the respective Pt/Polymer-Pt electrode under the same conditions. 
A noticeable increase in the current peaks associated with the direct oxidation of 
the substrate is observed in the three cases along with a clear decrease in the 
charge assigned to the oxidation of strongly adsorbed intermediates near 0.74 V. 
This observation confirms that the presence of lead precludes the fixation of 
poisoning intermediate species on platinum. It is necessary to emphasize that the 
presence of Pb(II) in the electrolyte is not required to obtain the j-t response for 
these modified electrodes. 
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In order to obtain optimum Pt/Polymer-Pt+Pb electrodes behaviour in the 
electro-oxidation of formic acid, its activity was investigated at a constant 
potential and was compared with the activity observed with a Pt/Polymer-Pt and 
a massive Pt electrode under the same conditions. For this purpose two E-t 
perturbation programs were applied to the three electrodes: the first one consists 
in a linear cyclic potential sweep from -0.2 (EAN, anodic potential) to 1.0 V (EC, 
cathodic potential) at 0.1 Vs"\ After W cycles, a pulse sequence from E A „ 
(during a time τ) to EC (during a time τ ) to E O X is applied. The times τ and τ' 
values ranged from 5 to 120 s, and 20 s was the optimum time in both cases. 
Under these conditions the j-t responses show that the electrode's activity 
decreases with time, reaching a quasi-stationary value after about 15 minutes. 
However, the current magnitudes decreased in the order Pt/Polymer-Pt > 
Pt/Polymer-Pt+Pb > bulk Pt electrodes. After 15 min the circuit was opened for 
a time τ" (optimum value 2 min) followed by application of a potential step E O X 

and the electrode initial activity was partially recovered. A sequence of E A N , EC 

and EQX pulses, followed by opening the circuit was performed and the j-t 
transient corresponding to the fourth cycle was recorded. This treatment resulted 
in complete restoration of the initial response of Pt/Polymer-Pt+Pb electrode. 

These experiments showed that the electrode activity can be recovered by 
either opening the circuit or subjecting the electrode to an oxidation program of 
residual species and formic acid electro-adsorption, being the latter more 
effective. When this program is applied, stable electrode activity can be 
maintained for at least 36 h. 

When the electrocatalytic activity decay percentages are plotted against time 
for the three electrodes, it is observed that the best behavior is obtained with the 
Pt/Polymer-Pt+Pb electrodes, which retain their activity near 20 % relative to the 
initial current value after 15 min, which is remarkably higher than that observed 
with the other electrodes. 

The film thickness using a PTh matrix is much smaller than that for the 
other two studied matrices. In addition, only two platinization cycles are 
required to disperse the optimum amount of metal in this matrix. In the case of 
PANI and PPy a much higher number of potentiodynamic sweeps are required 
to obtain the most favourable film thickness and a higher number of platinization 
cycles are necessary to obtain an adequate amount of dispersed platinum. This 
effect can be ascribed to the different degree of porosity for these polymers and, 
particularly, to a hindrance of the ion exchange process responsible for the 
Pt(IV) inclusion in the matrix. The time of immersion of these electrodes in a 
Pb(II) solution has only a slight influence on their behavior, with being all 
efficient catalysts of the HCOOH oxidation. Electrodes formed by the PTh 
polymeric matrix, on the other hand, show higher current densities, and the 
electrocatalytic activity is more stable towards successive potentiodynamic 
cycles. 
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The electrocatalytic activity of the electrodes using PANI or PPy as the 
polymeric matrix decreases very rapidly with time because lead is transferred to 
the solution as the oxidation proceeds. The loss of lead in these systems can be 
explained considering the proposed model for the behavior of a platinum and 
lead polymeric matrix electrode: when the polymeric-Pt electrode system is in 
the reduced state the lead atoms are deposited on the surface of the platinum 
granules and on the polymeric matrix. The electro-adsorption of HCOOH takes 
place on the Pt active sites and the polymer eliminates anions through the 
undoping process. During oxidation the following processes take place: direct 
oxidation of HCOOH and partial polymer oxidation with subsequent anionic 
doping and Pb atoms total. So, in the oxidation process Pb(H) is not fixed when 
the polymer is either PANI or PPy. This effect is not observed when the 
polymeric matrix is PTh because a greater affinity holds between the cation and 
the sulfurs of the thiophene rings. Therefore, this system appears the most 
attractive or the most suitable, despite the fact that the preparation of PTh films 
is far more cumbersome and must be done in totally anhydrous solvent in order 
to obtain good reproducibility. The loss of Pb(II) from PANI or PPy indicates 
that in looking for suitable new materials to prepare these catalysts it is very 
important to consider, other than the morphology, the chemical affinity between 
the metal to be included in the polymer and the groups present as substituents in 
the original monomer. 

Cu dispersion 

The o-PDA electropolymerization on AISI 316 stainless steel was first 
studied and the electrodeposit's response was compared with that of the polymer 
deposited on Pt using analogous conditions. The results indicated that after the 
film formation the modified electrode response is identical for both supporting 
materials. This is indicative that the supporting material affects only the initial 
electropolymerization stage and, once the film is generated, the polymers show 
an analogous response with a wide electrochemical window. Therefore, we have 
continued our study using this electrode. 

The comparison of GABA response on SS/PoPDA, SS/PoPDA-Cu 
modified and bulk copper electrodes having the same geometrical area indicates 
(Figure 1) that GABA is electro-inactive on either SS or SS/PoPDA justifying 
copper insertion in the inert matrix. Moreover, a much higher current density is 
obtained in the case of SS/PoPDA-Cu than in the case of massive copper 
indicating that copper dispersion increases the effective electrode area favouring 
die detection system miniaturization. 

The response was optimized by analyzing the following parameters' effects: 
type of electrochemical applied perturbation during the electropolymerization 
process (CV or PS), polymer film thickness (by either varying the number of 
voltammetric cycles, w, or the electrolysis time, f). Each electrode was inmersed 
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for different times (h) in a Cu(H) solution and then a potential pulse at -0.3 V 
was applied for a time t2 in order to introduce copper. Each electrode response 
was measured in a GABA solution and it was found that the highest current 
(maximum sensitivity) was obtained under the conditions summarized in Table 
1. 

Table 1. Optimal conditions to prepare SS/PoPDA-Cu electrodes 

Electrochem. perturbation Film thickness U t2 

CV (0-1.0 V; 50 mV/s) n: 50 5 min 3 min 
PS (0.90 V) 

a . J η ο _ 
t: 15 min 5 min 3 min 

a : expressed as function of either η or t. 

It must be noticed that in both cases the optimum % and %z values are the same, 
indicating that with either 50 PC cycles or applying a potential for 15 minutes the 
obtained polymeric deposits have similar characteristics. Considering that the PC 
preparation is faster and that this type of deposit presents a better response our 
study continued using the electrode modified under the conditions summarized 
in table 1 for this kind of electrochemical perturbation. 

Figure 2 shows one of these electrodes' response (SS/PoDA(by PS)- Cu) in 
different concentrations GABA solutions. The measurements were made 
successively from (a) to (d) using the same modified electrode and the profiles 
shown are totally reproducible if the modified electrode has just been prepared. 
It can be observed that between 0.65 and 0.70 V the current increases initially, 
showing a linear dependence with GABA concentration. At concentration of 0.8 
mg/L a deviation develops which can be atributed to a copper active site's 
"saturation" in the matrix. Nevertheless, if this electrode is replaced by a new, 
recently prepared identical one the response increases again linearly. This 
observation confirms that this behavior is a consequence of a degradation of the 
electrode after successive measurements. 

Upon use of the same electrode to repeatedly measure a certain GABA 
solution the response remained constant for the first three determinations and it 
decreased after the third measurement This result confirms that copper is lost 
from the polymeric matrix. Therefore, the measurements were repeated 
preparing a new electrode before each determination. Reproducible results were 
obtained which increased linearly with GABA concentration within the assayed 
range. However, the required rigurosity and the considerable waste of time and 
materials makes this system unattractive for its application. 

These results are an indirect confirmation of the possibility of inserting 
copper in a polymeric matrix although it is not strongly retained when used as 
GABA sensor. As in the case of Pt and Pt + Pb the copper problem in the matrix 
might be solved modifying the polymer deposit incorporating a high 
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Figure 2, Potentiodynamic response of GABA on SS/PoPDA-Cu 
electrode: (a)0.2; (b)0.4; (c)0.6 and (d)0.8 mg/L. ν = 100 mVs"1. 
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coordinating capacity group. Two routes are tried to accomplish this 
modification: 

1. Considering the possibility of electrochemical preparation of oPDA-
hydroquinone co-polymer (26), which presents a wide electrochemical 
window, it is possible to attempt the obtention of an adequate 
morphology to insert copper and tiy its application as sensor for GABA 
and other aminoacids, taking advantage of the quinonic group 
coordinating capacity to assure the metal retention. 

2. It is possible to modify the monomer with a copper coordinating group. 
So, we have undertaken a study to electropolymerize 2,3-
diaminophenol, DAP which is analogue to oPDA with an hydroxylic 
group. Ôn this time the optimal electropolymerization conditions has 
been established (27) and in the next future we will try to insert copper 
on this matrix. 

3. 
Even if the second option turns out to be interesting and good results should be 
obtained we plan to study also the first one because DAP, like Th, can be 
polymerized only under totally anhydrous conditions. 

Conclusions 

We have demonstrated that electrochemical methods are not only a very 
useful tool for the synthesis and characterization of polymers, but also to study 
metals dispersion on polymeric matrices. This dispersion confers on them very 
interesting properties for areas of technological interest, although a great deal of 
previous study and fundamental research is required particularly in the new 
catalyst and sensors design based on dispersed metal particles. 

The coordinating capacity of the metal ion toward groups present in the 
polymeric matrix must be considered to assure a stable response in time when 
the modified electrode is to be used in oxidation processes. 
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Chapter 7 

Conducting-Insulating Polymer Composites: 
Selectively Sensing Materials for Humidity and CO2 

K. Ogura and H. Shiigi 

Department of Applied Chemistry, Yamaguchi University, 
Ube 755-8611, Japan 

Conducting/insulating polymer composites which respond 
selectively to humidity and CO 2 at room temperature have 
been prepared, and their sensing schemes disclosed. The 
logarithmic conductivity of a composite of emeraldine 
salt-type polyaniline (ES-PAn) with poly(vinyl alcohol)(PVA) 
is proportional to the humidity in a wide range (10-5 to 10-1 

Scm-1). The movement of protonic acid, that is, the shift of 
the salt-base equilibrium of the conducting polymer, occurring 
in the desiccating and moisturizing processes, causes the 
change in conductivity of the composite. On the other hand, 
the composite consisting of emeraldine base-type ΡAn 
(EB-PAn) and PVA makes no response to water because this 
type of polymer has no dopant anion to be released. In the 
presence of CO2, however, the carbonate ion formed by the 
hydrolysis of CO 2 can be incorporated into EB-PAn to 
generate ES-PAn, resulting in an increase in conductivity of 
the composite film. This is the basis for sensing CO 2 with 
the EB-PAn/PVA composite. 
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Extensive investigations on polyaniline (PAn) and its derivatives have been 
carried out (i) since they possess a moderate conductivity upon doping with 
protonic acid and an excellent stability under ambient conditions (2,5). PAn 
Is simply prepared by the chemical and electrochemical oxidation of aniline or its 
derivatives in aqueous solution. In general, however, the chemical and 
electrochemical polymerization of aniline monomer lead merely to an insoluble 
powder and a thin brittle film, respectively. Hence, it is veiy difficult to 
process PAn for a practical use. In order to deal well with this problem, the 
improvement of processability of PAn has been studied by preparing polymer 
composites (4) and soluble PAn (5,6) and using plasma polymerization (7) and 
postsulfonation of PAn (8,9). Another approach to the preparation of 
processible PAn is to apply a precursor polymer, e.g., PAn can be produced by 
the thermal treatment of poly(anthranilic acid) (PANA) (10). This method is 
particularly useful for the preparation of processible PAn or its composites with 
other insulating polymers since it does not use external dopants that often cause 
an inconvenient situation associated with a practical use of the conducting 
polymer. 

In the present study, PAn derived from PANA was characterized by 
thermogravimetric/mass (TG/MS) and Fourier transform infrared (FUR) 
spectroscopies. The composites of PAn with insulating polymers have been 
found to be selectively sensing to humidity and C0 2 (U-Î4), and the application 
of PAn derived from PANA to humidity and C0 2 sensors is described here in 
detail. 

Experimental 

The preparation of PANA was performed by the following procedure. An 
aqueous solution of 0.2 M (NH4)2S20g was slowly poured with stirring into a 0.1 
M H 2S0 4 solution containing 50 mM anthranilic acid, and the 
polymerization was done at room temperature for 48 h. The precipitate was 
filtered, washed first with methanol and then with a 0.1 M H 2S0 4 solution, and 
dried under vacuum. The powdery PANA obtained was dark brown. The 
conversion of PANA to PAn was achieved by the pyrolytic elimination of CO2 at 
elevated temperature. 

The chemical characterization of PANA and PAn was determined by a Jeol 
220 TG/MS and a Shimadzu FTIR (Type 8100M). The TG/MS analyses were 
carried out under a helium atmosphere, and temperature was changed from 25 
°C to 500 °C at the programmed heating rate of 5 °Cmin \ The sample for this 
experiment was prepared by casting a dimethyl sulfoxide (DMSO) solution of 
the sample on a polyethylene substrate, evaporating the solvent in a vacuum, and 
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peeling the resulting film off from the substrate. FTIR spectra were obtained in 
the transmission mode as KBr tablets. 

The PANA which was thus prepared was found to be in the form of 
emeraldine-salt polyaniline (ES-PAn). The solubility of PANA in DMSO was 
32 gL'1, and the electrical conductivity 3.5*10"2 Son 1. The composite film 
consisting of PANA and poly(vinyl alcohol) (PVA) was very sensitive to 
humidity: the conductivity of this composite changed from conducting level to 
insulating upon the variation of relative humidity. The electrical conductivity 
was measured with a comb-shaped microelectrode that was made by depositing 
a thin platinum film in a comb shape on a glass substrate in a vacuum (11). A 
DMSO solution containing given quantities of PANA and PVA was cast on a 
microelectrode, and the solvent was removed under vacuum. The thickness 
of the applied composite was always 100 nm, which was estimated with a 
scanning electron microscope (SEM, Hitachi S-2300). The film-cast 
microelectrode was set in a measuring cell connected to a vacuum line 
permitting us to introduce a controlled pressure of water vapor at 25 °C. The 
conductivity was monitored by the two-probe direct current technique after the 
pressure was restored to 760 Torr by introducing nitrogen gas. 

On the other hand, the composite consisting of emeraldine-base PAn 
(EB-PAn) and PVA did not respond to relative humidity but to C0 2. The 
EB-PAn was prepared by die pyrolytic eUmination of C0 2 from PANA. The 
pyrolysis was carried out at various elevated temperatures in a helium 
atmosphere. The electrical conductivity of the EB-PAn/PVA composite under 
varied conditions of humidity and CO2 concentration was measured with a 
comb-shaped microelectrode in the same manner as that described above. 

Results and Discussion 

Characterization of PANA and the preparation of EB-PAn 

FTIR spectra of PANA and heat-treated PANAs were measured in the 
transmission mode as KBr tablets. The results are exhibited in Figure 1, 
where the heat-treatment was done at 150,200, 250 and 280 °C for 2k TTie 
absorption bands at 1690 and 1450 cm-1, which are seen in the spectrum of 
PANA without heat-treatment (curve a), are attributable respectively to the C=0 
and C-0 stretching vibration of the carboxyl group (15). The bands at 1570 
and 1380 cm"1 are assignable respectively to the antisymmetric and symmetric 
stretching vibration of the ionized carboxyl group (15). Hence, both -COOH 
and -COO" groups are confirmed as being present in PANA without 
heat-treatment On the other hand, the absorption intensities at 1690 and 
1450 cm"1 are observed to decrease with elevating the treatment temperature, 
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Figure 1. FTIR spectra of the PANA powder treated at different temperatures: 
(a) without heat-treatment, (b) 150, (c) 200, (d) 250, (e) 280 °C. 
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while the bands at 1570 and 1380 cm"1 are almost invariable in magnitude up 
to 200 °C. It is therefore indicated that the carboxyl groups are readily 
detached from the PANA backbone with increasing the temperature while the 
ionized carboxyl group is thermally stable at least until 200 °C. The ionized 
form can be stabilized because this group acts as a self-dopant on PANA, i.e., 
the positive nitrogen atom interacts with the ionized carboxyl group (16). The 
spectrum of the PANA treated at the highest temperature (280 °C) showed the 
disappearance of the bands belonging both to the carboxyl and ionized carboxyl 
groups, but distinct absorption bands are seen around 1600,1510 and 1250 cm"1 

instead. These three bands are attributed to the stretching vibration of the 
benzenoid ring, quinoid ring and CN, respectively. The features of this 
spectrum is in good agreement with those of the spectrum for an emeraldine 
base of PAn prepared by the chemical oxidation of aniline monomer (17). 
TTius, EB-PAn is obtainable by the pyrolysis of PANA. 

The TG curve of PANA and the corresponding MS spectra are shown in 
Figures 2 and 3, respectively. The TG curve demonstrates three major 
stages (I, Π and HI) of weight loss. A comparison between the two figures 
indicates that the weight loss observed at 85 °C (stage I) is due to H 2 0 (m/z==18) 
desorbed from the polymer. The weight loss at stage Π is caused by the 
decarboxylation (m/z=44). Many MS peaks including the peak at m/z=93 
attributable to aniline occur at stage ΠΙ, resulting from the pyrolysis of the 
PANA backbone. 

In Figure 4, the MS chromatogram for C0 2 (m/z=44) and the electrical 
conductivity of PANA are shown as a function of the temperature at which 
PANA was heat-treated. The chromatographic intensity commences to 
increase from 100 °C, and reaches a maximum around 200 °C with a shoulder at 
about 170 °C. It is therefore indicated that the thermal decomposition of the 
carboxyl group to C0 2 occurs via two steps, i.e., one decomposes around 170 
°C, and the other at a temperature higher than 200 °C. This may support the 
existence of both -COOH and -COO" groups intimated from the FTIR results. 
The decrease in MS intensity of heat-treated PANA beyond 200 °C is probably 
caused by the diminution in concentration of the remaining carboxyl groups. 
On the other hand, the electrical conductivity of PANA (1.7* 10~2 Son1) 
heat-treated at 150 °C is comparable to that (3.5* 10"2 Scm"1) without 
heat-treatment (25 °C). The conductivity of PANA became much lower as 
the polymer was treated at a temperature above 150 °C, and it reached 3.8X10"4 

Scm"1 at 250 °C. Hence, it follows that the electrical conductivity of PANA is 
not related to the carboxyl group decomposed around 150 °C but to the ionized 
carboxyl group decomposed at more elevated temeperature. The stabilization 
of the latter carboxyl group is brought about by the interaction with the positive 
nitrogen atom as noted above. 
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Figure 3. MS spectra of PANA taken at different temperatures : (a) 85, (b) 200, 
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From these results, the following scheme (Scheme I) can be given for the 
pyrolysis of PANA in which the decarboxylation occurs in two stages from 
-COOH and -COO' groups around 170 °C and 250 °C, respectively. 

PANA/PVA composites as a humidity sensor 

We have found that a composite film consisting of a conducting polymer 
and an insulating polymer is useful for a humidity sensor (11). The PANA as 
prepared and the PAÏNA doped with surfuric acid (PANA-SA) were both used 
as the conducting polymer in the present study. The PANA-SA was prepared 
as follows. PANA was first heat-treated at 250 °C, and then the PANA was 
externally doped with surfuric acid. The electrical conductivity of PANA-SA 
was 6.2 Scm"1. This value is rather higher than that (5 Scm"1) (18) reported for 
the PAn prepared by the electrochemical and chemical polymerization of aniline 
monomer. In general, PAn is insoluble in DMSO, but PANA-SA is soluble to 
some extent (15 gL'1). The solubility of PANA-SA enables us to make a 
completely mixed composite of PANA-SA and PVA, which is very important 
for die preparation of a good humidity sensor with such a composite. The 
electrical conductivities of the PANA/PVA (a) and PANA-SA/PVA (b) 
composites measured under a constant humidity are shown in Figure 5. In 
both composites, die logarithmic conductivity is linearly related to the relative 
humidity, and there is no hysteresis in the measurements at the moistening and 
desiccating stages. The linearity is valid covering over 5 orders and 4 orders of 
magnitude for the PANA-SA/PVA (b) and PANA/PVA (a) composites, 
respectively. 

The humidity-dependence of the PANA-SA/PVA composite can be 
explained on the basis of a salt-base transition of the conducting polymer (13). 
In the desiccating process, the protonic acid incorporated in the PANA-SA 
during its preparation is expelled and moves into the strongly bound water in 
PVA as shown in Scheme Π. Hence, the conductivity of the composite 
decreases with a decrease of environmental humidity, and finally the composite 
becomes insulating. Conversely, in the moistening process, the external 
moisture is weakly rebound to the composite, and the protonic acid is likely to 
disperse over the composite, resulting in the recovery of the PANA-SA to the 
conducting level. 

EB-PAn/PVA composite as a C0 2 sensor 

As mentioned above, there is a good linear relationship between the log of 
electrical conductivity and the relative humidity for the PANA/PVA composite, 
while the conductivity of the EB-PAn/PVA composite was about 3*10"5 Scm"1 

and was independent of the relative humidity. This signifies that PANA is 
completely converted to the base-type PAn and there is no dopant anion, (i.e., 
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Figure 5. Dependence ofelectrical conductivity of a PANA/PVA (a) and a 
PANA-SA/PVA (b) composite on the relative humidity at 
the moistening (ο, Δ.) and desiccating (· A ) stages. 

Scheme II. 

PANA-SA 

Ν 
+ 
A 

Ν 
+ 
A-

+ PVA 

moistening desiccating 

Η 
EB-PAn 

In Conducting Polymers and Polymer Electrolytes; Rubinson, J., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2002. 



99 

I I I I I I I ι • 1 I I—ι 1 I 
1 0 2 1 0 3 1 0 4 

C 0 2 concentration / ppm 

Figure 6. Dependence of electrical conductivity of a EB-PAn(14 wt%)/PVA 
(86 wt%) composite on the CO2 concentration at the humidity 
of 30 %RH at 25 °C, The measurements were performed by 

increasing (o) and decreasing (·) the C02 concentration. 

absence of self-dopant, -COO') in the polymer. In the presence of CO2 and 
humidity, however, the electrical conductivity of the EB-PAn/PVA composite 
was linearly related with the C0 2 concentration. In Figure 6, the logarithmic 
conductivity of EB-PAn (14 wt%) / PVA (86 wt%) is plotted versus the C0 2 

concentration at the humidity of 30 %RH at 25 °C. The conductivity changes 
from 5*10"5 Scm'1 to 8><10"3 Scm"1 upon the variation of CO2 concentration 
from 50 ppm to 1 %, and no hysteresis is involved in the measurements between 
the increasing and decreasing stages of CO2 concentration. 

In order to study the effect of humidity, the electrical conductivities of a 
EB-PAn/PVA composite upon the variation of C0 2 concentration were 
measured under various humidities, and the results are shown in Figure 7. At 
the humidity of 30 %RH, the logarithmic conductivity is proportional to the C0 2 

concentration ranging from 50 ppm to 1%. At 90 %RH, however, the linear 
portion is rather limited, and the conductivity shows a constant value at 
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Figure 7. Dependence of electrical conductivity of a EB-PAn(14 wt%)/PVA 
(86 wt%) composite on the CO2 concentration at various 

humidities of (a) 30 %, (b) 50 °A and (c) 90%RHat 25 °C. 

concentrations beyond 500 ppm. Interestingly, the slope of each straight line is 
independent of the humidity. These results mean that both CO2 concentration 
and humidity are involved directly in the variation of conductivity of the 
composite, and the CO2 sensing follows an identical scheme irrespective of the 
magnitude of humidity. 

Based on these results, Scheme ΙΠ by which the EB-PAn/PVA composite 
responds to C0 2 molecules is proposed. In the absence of C0 2 , the composite 
is insulating because EB-PAn is in the form of emeraldine base and no ionic 
species is present. In the addition of C0 2 and humidity, however, carbonate 
ions are formed by the hydrolysis of CO2, and the incorporation of these ions 
into EB-PAn leads to the generation of the emeraldine salt-type polyaniline 
(ES-PAn). The concentration of carbonate ions equilibrates with the 
concentration of the atmospheric C0 2 , and the concentration of C0 2 can be 
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Scheme III. 

EB-PAn H 

ES-PAn HCO3- HCO3-

measured by monitoring the electrical conductivity of the composite. The 
EB-PAn/PVA composite does not respond to H 20, but once C0 2 coexists with 
H 20, the conductivity becomes dependent considerably on both concentrations 
of C0 2 and H20. As shown in Figure 7, however, the slope of the log-log plot 
of electrical conductivity against the C0 2 concentration is a constant independent 
of humidity, and the contribution of the humidity to the total conductivity can be 
corrected without difficulty. 
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Polyphenylene vinylene (PPV) and its derivatives 
represent the prototype systems for the realization of 
luminescent layers in electroluminescent LEDs. Recently they 
have been in important in the development of light emitting 
electrochemical cells (LEC). The luminescent properties of 
the conducting polymer layer are determined not only the 
chemical species constituting the conducting polymer, but also 
the solid electrolyte of the electrochemical cell. In the present 
paper is reported a kinetics study of electrochemiluminescence 
(ECL) produced by 4-methoxy(2'ethylhexoxyl)-2,5-
poly(phenylene vinylene), denoted herein as MEH-PPV, thin 
coatings when different electrochemical conditions are 
adopted. To our knowledge this represents one of the few 
critical studies on the features of ECL produced by polymer 
modified electrodes. 

Introduction 

The emission of light induced by the application of an electric field in a 
conjugated molecule was reported for the first time in 1963 by C. Pope, et ai^ 
who observed the electroluminescence (EL) produced by anthracene crystals 
sandwiched between Au and Na electrodes (1) . The formation of light-emitting 
excited states in anthracene crystals was due to the recombination of the charge 

© 2003 American Chemical Society 103 

In Conducting Polymers and Polymer Electrolytes; Rubinson, J., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2002. 



104 

carriers of opposite sign generated at the electrode/anthracene interfaces. The 
verification of EL thus indicated that crystals of conjugated molecules could be 
conducting due to the presence of mobile charge carriers. In 1977, after the 
discovery of conjugated polymers (CP) whose conductivity could be widely 
modulated in a controlled fashion (2), it was expected to be relatively easy 
matter to produce light from a CP through a mechanism of charge carrier 
recombination. As a matter of fact, it was only during 1990 that J.H. Burroughes 
et al. (3) reported on the possibility of producing EL from CPs, namely poly(p-
phenylenevinylene) (PPV) derivatives, with the creation of the first organic light 
emitting diode (LED) based on a CP. A similar history can be traced for the 
progress of electrochemiluminescence (ECL), i.e., the generation of light due to 
the occurrence of an electrochemical process from conjugated species. In fact, 
ECL with conjugated molecules was first reported in 1964 by Hercules (4) who 
showed the possibility of producing light during the electrolysis of rubrene and 
9,10-diphenylanthraeene in aprotic solvents. A gap of thirty years occurred 
before the appearance of the first report on ECL from a CP with the work of 
Richter, et al, in 1994 (5). Once again the first CP that produced ECL was a 
PPV derivative, le., 4-methoxy(2#ethylhexoxyl)-2,5-poly(phenylenevinylene), 
hereafter indicated as MEH-PPV. The existence of such a gap is indicative of the 
difficulty in achieving polymeric materials with specific properties due to the 
problematic control of fundamental parameters such as molecular weight, 
chemical structure and molecular packing (6). PPV and its derivatives represent 
the prototype systems for the realization of luminescent layers in 
electroluminescent LEDs (7). Recently they have been in important in the 
development of light emitting electrochemical cells (LEC) (8,9). In these latter 
devices the luminescent properties of the CP layer are also determined by the 
chemical species constituting the solid electrolyte of the electrochemical cell. 
Such a feature is an interesting one because it can represents the starting point 
for the development of new electrochemical sensors whose response is the ECL 
produced as a consequence of CP interaction with the species dissolved in the 
electrolyte. 

Experimental 

The synthesis of MEH-PPV has been accomplished according to the 
scheme presented in ref. (3). Due to the intrinsic insulating character of MEH-
PPV in the pristine state (conductivity σ < 10"4 S cm"1), MEH-PPV must be 
deposited onto conductive electrodes to realize electrochemical redox 
processes. Thin films of MEH-PPV were deposited on Pt substrates by 
evaporation from a saturated MEH-PPV solution in xylene. The MEH-PPV 
film thickness was less than 10 μπι. The cell configuration was: MEH-PPV 
coated Pt substrate as the working electrode, Pt wires as the counter and quasi 
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reference electrodes. In all electrochemical experiments the electrolyte 
composition was 0.1 M tetraethylammonium tetrafluoroborate (TEA+BF4~) or 
tetraethylammonium hexafluorophosphate (TEA^PFe") as supporting 
electrolytes (SE) in acetonitrile (CH3CN). The electrochemical experiments were 
carried out in an oxygen- and water-free atmosphere. The procedure for the 
purification of the solvent and electrolyte has been reported previously fi 1). 
Electrochemical measurements were accomplished with a homemade 
potentiostat A Tektronix TDS 3014 digital oscilloscope was the data recorder. 
Potential pulses were applied to the cell by a Thandar TG 101 function 
generator via the potentiostat. The measurements of light intensity were 
accomplished by means of an RCA photomultiplier tube (type number 7326) 
polarized at -1200 V with a Keithley 246 high voltage supply. 

Results and discussion 

The presence of an extended electronically conjugated network makes feasible 
the oxidation and/or reduction of a CP in an electrochemical cell by means 
of the application of a proper voltage. In fact, the existence of organic 
electrolytes possessing a sufficiently wide electrochemical stability combined 
with the polar character for the dissolution of SE allows the occurrence of 
electrochemically drivai redox processes in CPs. These can be described as 
follows (e~, C + and A represent, respectively, the elementary negative charge, a 
monovalent cation from SE, a monovalent anion from SE): 

CP + ne" + nC+ ^ (CPn")(C+)n (1) 

in the case of CP reduction and 

CP + m A - ^ (CPm +)(A-)m

 + me- (2) 

in the case of CP oxidation. 
When η = 1, a negative polaron p" is formed in the CP (12). The 

negative polaron can be also identified as a mobile electron, e", if it is not 
necessary to consider the associated CP lattice distortion. When m = 1 a 
positive polaron (p4) is formed and the polaron is a hole (h*). The further 
reduction (oxidation) of a negatively (positively) charged CP will lead to the 
formation of bipolarons bp2" or bp2+ with η (m) = 2 (13). From Equations (1) 
and (2) it is clear that an ionic complex between the reduced or oxidized CP 
and the charge compensating ion is formed. Therefore the reactions in Equations 
[1] and [2] involve the reversible exchange of ionic species between CP and the 
electrolyte as demonstrated by several techniques (14-16). The redox process in 
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a CP is also called ρ doping or η doping, in analogy with the terminology 
adopted for inorganic semiconductors. 

The general mechanism for the production of luminescence in Caps 
involves the following steps: 

1. injection of electronic charge carriers with opposite signs into the polymer; 
2. transport of the different electronic charge carriers within the polymer 

layer; 
3. combination of the différait electronic charge carriers; 
4. formation of excited electronic states as a consequence of the step 3; 
5. radiative decay from the excited electronic states. 

In the present work the emission of ECL from MEH-PPV has been 
produced by stepping of the substrate potential between the values 
corresponding to the polymer oxidation and reduction (see Figure 1). This 
procedure allows the sequential injection of the different electronic charge 
carriers inside the polymeric layer only from the interface polymer/metal 
substrate. The opposite polymer/electrolyte interface will be thus involved 
solely in the insertion/expulsion of the ions compensating the polymeric charge. 
ECL from conjugated polymers is produced according to the following series 
of reactions: 

1. Electrochemical formation of p+ in the conjugated polymer CP at a fixed 
value of anodic potential E + , i.e. 

(ΑΙ) χ CP ^ y [CP-p+] + y e" + (x-y) CP; χ > y 

2. Electrochemical reduction of [CP-pi and the fraction of CP not oxidized in 
the first anodic step at a fixed value of cathodic potential E", i.e. 

(Bl) y [CP-pi + ζ e- ζ CP + <y-z) [CP-pi y > ζ 

and 

(B2) (x-y+z) CP + w e~ ^ w [CP-pl + (x-y+z-w) CP x-y+z > w 

3. Chemical recombination of the species [CP-pi and [CP-p*] produced 
respectively in the steps 1 and 2 with consequent formation of excited 
species [CP*],i.e. 

(CI) (y-z) [CP-pi + w [CP-p"] -> ν [CP*] + a CP + b [CP-p+] + c [CP-p""] 

v<(y-z+w)/2 and (a+b+c) = (y-z+w-v) 
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4. Decay of [CP ] with consequent emission of cathodic {anodic} ECL, i.e. 

(Dl) ν [CP*] -> u hv + vCP u< ν 

An analogous series of steps can be written for the η-doped polymer: 

(Al)xCP+ye~ ^ y[CP-p~] + (x-y)CP x>y; 

(Bl) y [CP-p~] ^ ζ CP + ζ e~ + (y-z) [CP-p"] y > ζ ; 

(B2) (x-y+z) CP ^ w [CP-p+] + w e" + (x-y+z-w) CP] x-y+z > w; 

(CI) (y-z)[CP-p-]+w[CP-p+] ν [CP*] + a CP+ b [CP-p+] + c [CP-pi 

ν < (y-z+w)/2 and (a+b+c) = (y-z+w-v) 

For sake of simplicity the ionic exchanges associated with the processes of 
charge compensation have not been shown in the Equations (Al), (Bl), (B2) 
and (CI). It will be shown that charge compensation is the primary factor in 
determining the kinetics of ECL emission and, in the first approximation, the 
possible effect of the nature of the charge compensating ion upon the emission 
efficiency of the electroactive polymer is neglected. 

The cyclic voltammetry of MEH-PPV (Figure 1) shows the comcomitant 
reversibility of both electrochemical processes of oxidation and reduction in 
MEH-PPV. Such features represent the first necessary condition for attainment 
of ECL as previously verified in the case of ECL produced by dissolved species 
(17). The electrochemical formation of the excited emitting states in PPV by 
means of the double potential step procedure is presented in Figure 2. The 
kinetics of anodic and cathodic ECL from MEH-PPV are reported in Figure 3 
when SE=0.1 M TEABF4. The kinetics differ in that cathodic ECL onset is 
delayed with respect to the potential switching at t=0 s. Moreover the cathodic 
ECL has a sudden increase followed by a relatively fast decay in 0.5 s, 
whereas the anodic ECL increases gradually with time and reaches a constant 
value which holds for several seconds. The corresponding current transients (not 
shown here) are very similar for both anodic and cathodic ECL profiles, being 
characterized by a decay to zero in less than 0.2 s. The lack of correspondence 
between the time-profile of the injected charge in MEH-PPV and ECL profiles 
is indicative of light emission kinetics which is controlled by the rates of 
transport processes inside the CP (18). The rate of the latter is determined by 
the coupled movement of electronic and ionic carriers and an analysis of the 
experimental data of Figure 3 should account for the combination of electron 
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Figure 1. Cyclic voltammetry of an MEH-PPV coated Pt electrode; the 
electrolyte is 0.1 MTEABF4 in CH£N(scan rate: 100 mVs~'). 
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Figure 2 Potential step generating (a) cathodic and (b) anodic ECL. 
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hopping with the displacement of the charge compensating ion (19-21). The use 
of a different SE confirms the determining role of SE nature upon ECL kinetics 
of MEH-PPV, as verified when SE = 0.1 M TEAPF6 (Figure 4). In the latter 
case anodic and cathodic ECL kinetics are qualitatively similar for the presence 
of a delay before ECL onset thus resembling the ECL kinetics of Figure 3(b). It 
seems that the existence of ECL onset delay can be associated with the 
movement of charge-compensating ionic species, being slower for ions of larger 
sizes, i.e. TEA + [kinetics of Figures 3(b) and 4(b)] and PF6~ [kinetics in Figure 
4(a)]. In fact, only in the case of anodic ECL with TEABF 4 (Figure 4a) in 
which, presumably, the smaller species BF4" should be intercalated inside 
MEH-PPV, the delay of ECL onset is not observed. This consideration leads to 
the conclusion that ionic diffusion inside the CP is a major factor in the control 
of p+ - p~ recombination for the formation of excited polymeric species 
[Equation CI)]. 

The kinetics of ECL depends also on the extent of oxidation or reduction 
which is achieved in the CP at the defined value of applied potential. The 
application of potential values leading to the formation of bipolarons in the CP 
inhibits the generation of excited species (Figure 5). This is because it is less 
probable to generate an excited state from bipolarons than for the bipolarons to 
recombine (22). Another ECL suppressing effect is the application of a 
potential step before the completion of ECL emission. In this latter case the 
occurrence of an electrochemical process involving excited species would lead 
to the elimination of the active emitting entities as observed with the quenching 
ofECLinFigure6. 

Conclusions 

In the present work we have shown that long-lived electrochemically 
generated chemiluminescence from conjugated polymers can be achieved using 
liquid electrolytes. Both anodic and cathodic ECL generated by a CP modified 
electrode, namely MEH-PPV, are reported when appropriate electrochemical 
conditions are adopted and an adequate degree of purity for the active polymer, 
solvent and supporting electrolyte is achieved. The emissive efficiency is 
generally higher during the anodic polarizations of MEH-PPV. The time-
dependence of ECL is a function of the nature of the counter ion 
compensating the polymer charge. Such a finding leads to the conclusion that 
ionic movement is the main factor in controlling the rate o£ production of light 
emitting entities through the recombination of charge carriers with opposite 
signs. 
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Figure S. Electrochemiluminescence for MEH-PPV when potential is stepped 
between E+ = 1.45 Vand ET = -1.75 Vvs Pt (QRE). (a) anodic; φ) cathodic. 

Supporting electrolyte: 0.1 M TEABF4 

t / S 

Figure 4. Electrochemiluminescence for MEH-PPV when potential is stepped 
between E+ = 1.35 Vand Κ = -1.80 Vvs Pt (QRE). (a) anodic; (b) cathodic. 

Supporting electrolyte: 0.1 M TEAPF6 
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Figure 5. Anodic electrochemiluminescence for MEH-PPV when final potential 
is E+ = (a) 1.2 Vand φ) 1.30 Vvs Pt (QRE). (a) anodic; φ) cathodic. 

Supporting electrolyte: 0.1 M TEAPF6 
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Figure 6. Effect of polarization change during anodic ECL (dotted line) when 
potential Ε (solid line) is stepped back to E~. Supporting 

electrolyte: 0.1 M TEABF4 
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Chapter 9 

Photoelectrochemical Behavior of p-ATP/PANI Film 
and Nanoparticulate p-ΑΤΡ/ΡΑΝΙ/ΤiO2 Film 

on Au Electrodes 
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1Department of Chemistry, State University of New York at Potsdam, 
Potsdam, NY 13676 

2State Key Laboratory for Physical Chemistry of the Solid Surface, 
Department of Chemistry, Xiamen University, Xiamen 361005, China 

New multi-layer film electrodes for solar energy conversion 
applications, PANI (polyaniline) films on Au/p-ATP (p-
aminothiophenol) substrates, and nano-particulate Au/p-
ATP/PANI/TiO2 films were prepared by electrochemical 
methods. The behavior and properties of Au/p-ATP, Au/p-
ATP/PANI and Au/p-ATP/PANI/TiO2 films were investigated 
by means of photocurrent spectroscopy and electrochemical 
quartz crystal nanobalance (EQCN) technique. Both cathodic 
and anodic photocurrents, generated in Au/p-ATP/PANI and 
Au/p-ATP/PANI/TiO2 films upon illumination in different 
potential regions, were observed. The photocurrent spectra for 
Au/p-ATP/PANI film electrodes show a sub-bandgap 
excitation and follow the Fowler’s rule. A model based on 
internal photoemission at semiconductor covered metal is 
proposed to describe the observed phenomena The 
photocurrent spectra of nano-particulate Au/p-ATP/PANI/TiO2 

films show photoelectrochemical characteristics of both TiO 2 

and PANIfilms. The wavelength region of the photocurrent 
generation in Au/p-ATP/PANI/TiO2 films covers violet and red 
light regions. 
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Introduction 

Titanium dioxide is an important electrode material in semiconductor 
photoelectrochemistry. Much research has been focused on improving the 
conversion efficiency of solar energy using cells based on Ti0 2 in the anatase or 
rutile form (1-7). Ti0 2 nano-particulate film electrodes exhibit size-dependent 
optical and electronic properties, which differ from compact semiconductor 
electrodes. There are two processing routes for preparing nano-particulate 
semiconductor film electrodes. In the first approach, semiconductor particles are 
applied to a conducting substrate from a suspension and then sintered to form an 
electrical contact between the semiconductor particles and the substrate (8). In 
the second approach, semiconductor nano-particles are formed directly onto the 
substrate by an electrochemical or chemical deposition process (4, 5, 9). The 
nano-particulate semiconductor electrodes distinguish themselves by their 
porosity and high surface-to-volume ratio. The photosensitization of wide 
bandgap semiconductors by adsorbed dyes has been studied since the late 1960s. 
For Ti0 2, the best charge transfer sensitizer investigated so far is RuL2(SCN)2 (L 
= 2, 2' - bipyridyl - 4, 4' - dicarboxylate). It accomplishes close to quantitative 
photon to electron conversion over the whole visible range (10). However, the 
conversion efficiencies in red light region are still lower than that in violet 
region. 

Polyaniline (PANI) is one of the most extensively investigated polymers 
because of its high electrical conductivity in combination with good stability, 
ease of preparation, low cost of the monomer, and potential technological 
applications in batteries, electrochromic devices, and sensors (11-15). The fully 
reduced polyaniline (leucoemeraldine base) is an insulator whose large energy 
gap originates predominantly from extrinsic effects involving the overlap of 
molecular orbitals of neighboring phenyl rings and nitrogens (16). The presence 
of amine ( -NH- ) groups allows chemical flexibility so that other electronic 
states of the polymer can be obtained by removal of protons or hydrogen atoms, 
as well as electrons, from the polymer. These other forms of polyaniline are 
determined by the fraction of imine ( -N= ) nitrogens per four-ring repeat unit, 
which is labeled 1-y. The fully oxidized polyaniline (pernigraniline base, 1-y = 1) 
is also an insulator. The partially-oxidized polyaniline (emeraldine base, 1-y = 
0.5) has a good conductivity when protonated (14, 17). The models explaining 
conductivity of polyaniline involve mainly the "electron hopping assisted by 
proton exchange" model (18) and the granular metal island model (11, 19-21). 
Recent studies (16, 22, 23) have shown that emeraldine base has a broad 
absorption centered at 2 eV (the "exciton" band), an absorption band at ~ 3,6 
eV (the π-π* bandgap), and some absorption bands in the range from 0.9 to 3.0 
eV (0.9 eV, 1.45 eV, 2.95 eV) which can be assigned to the formation of 
polarons within the gap. The bandgap for electrodeposited PANI, 2.85 eV, was 
determined by the Kubelka-Munk function (13). The PANI films prepared under 
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different conditions may have différait band structures. Génies and coworkers 
(24, 25) discovered that PANI has a very fast photoresponse. Both cathodic and 
anodic photocurrent responses caused by the change in potentials have been 
observed for PANI films (26, 27). In comparison to Pt PANI is a superior 
electrocatalyst for the reduction and oxidation of Fe(CN)63_/4" in acidic media 
(28). Recently, some photoelectrochemical studies on polyaniline growth, 
conductive properties, anion insertion and expulsion in polyaniline have been 
reported (12, 14). Maia and coworkers (14) proposed a model for charge 
carriers moving in response to the illumination of the PANI film with energy 
higher than bandgap energy. However, the wavelength distribution of 
photocurrents for PANI films has not been reported. 

It is generally accepted that the electronic conductivity of PANI is limited by 
structural discontinuities and that the electrochemical performance is governed 
by morphological factors. A recent approach to studying electrochemical 
interactions at metal-organic interfaces involves the use of self-assembled 
monolayers (SAMs). An organized monolayer of thiols can be formed on a gold 
substrate by the self-assembly of thiol molecules through the strong coordination 
of mercapto groups to Au. PANI grown on Au/p-aminothiophenol (p-ATP) 
substrates is considerably denser than PANI grown on bare Au electrodes (29). 

In this paper, we have developed new multi-layer film electrodes for solar 
cell application, composed of PANI and PANI/Ti02 firm deposited on Α ι φ -
ATP substrates. Further investigations involved photoelectrochemistry and 
mechanism of photocurrent generation in these electrodes. 

Experimental 

Chemicals 

Reagent-grade p-ATP (p-Aminothiophenol or 4-Aminothiophenol, 90%) 
was obtained from Aldrich Chemical Company and was used without further 
purification. Other reagents used in the experiments were of analytical reagent 
quality. Solutions were prepared using deionized water purified by a Milli-Pore 
Milli-Q purification system. 

Apparatus 

The electrochemical experiments were carried out using a computer 
controlled electrochemical workstation (Model 660, CH Instruments), The 
Electrochemical Quartz Crystal Nanobalance (ELCHEMA EQCN-700) was 
used to measure the effective mass changes of the electrode. 10 MHz optically 
polished gold electrodes were used as substrates for films formation. For 
photocurrent monitoring, a homemade UV-Vis combined spectro-
electrochemical measurement system was used. The light source was a 150 W 
Xe lamp with a hî i-throu îput monochromator (ARC SpectraPro-275). Trie 
incident intensity was calibrated using a Rk-5710 power radiometer (LaserProbe 
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Inc.) with a RkP575 probe and e RkP576a probe. High resolution SEM (model 
S-520, Hitachi) was used to determine the size of Ti0 2 nanoparticles. 

Film Preparation 

p-ATP monolayers were prepared on Au polycrystalline electrodes after the 
appropriate surface treatment (30). Our previous studies (31) have shown that 
the adsorbed p-ATP molecules assume perpendicular orientation on a gold 
surface. A polyaniline film on such an ordered Au//?- ATP substrate was obtained 
by cycling the electrode potential 125 times between -0.2 and 0.7 V in solution 
of 1.0 mM aniline + 1 M HC104 . The oxidized, partially-oxidized, and reduced 
states of PANI films were obtained by applying the electrode potential of 1,00 
V, 0.35 V, and -0.40 V for 10 minutes in 1 M HC104 aqueous solution, 
respectively. The electrode was rinsed with a large volume of deionized water 
and dried with N 2 gas. The resulting PANI film showed good adherence to the 
Αιφ-ΑΤΡ electrode. 

The Ti0 2 films on Au/p-ATP/PANI were obtained by electrodeposition. 
The cleaned Au//?-ATP/PANI electrode (in a partially-oxidized state) was biased 
at 0.1 V for 30 minutes in 0.05 M TiCl3 solution which was adjusted to a pH of 
2.2 with a deaerated solution of NaOH. The obtained Ti(IV) polymer film was 
carefully washed with deaerated 0.01 M HC1 and ethanol and dried at room 
temperature in order to form a Ti0 2 film. 

All the potentials were measured and are quoted with respect to the 
saturated calomel electrode (SCE). The expérimente were performed at room 
temperature (-20 °C). 

Results and Discussion 

Formation of Au/p-ATP Monolayer on Au 

The effective mass-time transient recorded during the p -ATP self-assembly 
on a Au surface is presented in Figure 1. The total mass increase, ΔτηρΑτρ , 
which is due to the adsorption of /?-ATP on Au was 25 ng, which corresponds to 
npATP = ΔτηρΑτρ / M P A T P = 0.200 nmoles ( M P A T P = 125.19). The real surface area 
of the Au electrode in the EQCN cell, A A u , is 0.25 cm2, while the number of 
adsorbed JP-ATP molecules is Γ Ρ Α Τ Ρ = 6.022 χ ΙΟ2 3 χ η Ρ Α Τ Ρ / ΑΑ„ = 4.81 χ ΙΟ 1 4 

molecules/cm2. The cross-sectional area of a ρ-ΑΊΨ molecule (30) is A P A T P = 
(0.43 ran)2 = 1.85 χ 10"15 cm 2. If p-ATP is adsorbed on Au as a monolayer, the 
number of p -ATP molecules is rm 0 B O, P A T P = 1 / A P A T P = 5.41 χ 1014 

molecules/cm2. Γ Ρ Α Τ Ρ is almost in agreement with Tmm0s Ρ Α Γ ρ . It is shown that a 
p-AT? monolayer can be obtained on the Au electrode after 100 seconds. 
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Figure 1. Apparent mass change vs time transient for p-ATP 
adsorption on Au by self-assembly from 1 mM p-ATP ethanol 
solution. 
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Formation and Photoelectrochemical Behavior of PANI Film on Au/p-ATP 
Substrate 

The gradual changes of i-E and m-E characteristics during the formation of 
polyaniline film on the Au//?-ATP substrate in a potential cycling experiment are 
shown in Figure 2. After Aie first cycle, the total mass increase at Ε = -0.2 V, 
ArriLBi, is 48 ng, which corresponds to the mass increase of a reduced PANI 

Current (mA) Mass (ng) 

Potential (mVvs. SCE) 

Figure 2. Variation of the current-potential (solid line) and apparent 
mass-potential (dashed line) characteristics during PANI film formation 

on an orderedAu/p-ATP substrate in 1 mManiline + 1 MHC104 

aqueous solution (1: first cycle; 2: second cycle; 3: third cycle; 4: fourth 
cycle). Sweep rate: 100 mV/s. 

(leucoemeraldine, [ - (C^HboN^ - ] ) (22). It can be estimated that the number 
of deposited leucoemeraldine molecules ( M L B = 364.45) is XLBI = 6.022 χ 1023 

χ AmL Bi / (MLB x AAU) = 3.17 χ 1014 molecules/cm2. Similarly, the number of 
deposited leucoemeraldine molecules is 1.12 χ 1014 molecules/cm2, 0.99 χ 1014 

molecules/cm2, and 0.99 χ 1014 molecules/cm2, in the second, third and fourth 
cycle, respectively. It is seen that the rates of polyaniline formation remain 
approximately constant after the second cycle. There is a difference between the 
mass of PANI in the reduced and oxidized state, which is caused by the water / 
anions insertion. After cycling die electrode potential 125 cycles, the number of 
molecules of the leucoemeraldine base formed is ca. 1.3 χ 1016 molecules/cm2 

The thickness of polyaniline films obtained after 125 cycles was approximately 
0.05 μτη, as estimated from the EQCN and cyclic voltammetric data (cf. Mef 
32), Cyclic voltammetric measurements utilizing the electron transfer probe of 
Fe(CN)6

37 Fe(CN)6

4" show that the conductivity of PANI films is dependent on 
the state of oxidation and the insertion of C104" ions. It has been found that the 
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partially oxidized PANI polymer film on ordered Au/p-ATP substrate has a 
good electron transfer characteristic. 

For all of the three forms (oxidized \ partially-oxidized \ reduced states) of 
PANI films, both cathodic and anodic photocurrents were observed in different 
potential regions in a 0.05M Fe(CN)6

37 FeiCN^4* solution as shown in Figure 3. 
The partially-oxidized PANI film shows a high photoelectrochemical 

activity. Figure 4 presents the photocurrent spectra of the partially-oxidized and 
reduced PANI films on Au//?-ATP in the same 0.05M Fe(CN)6

37 Fe(CN)6

4~ 
solutioa The incidenl-photon-to-current efficiencies (IPCE) are defined by the 
equation: 

EPCE = jhc/ÀPe (1) 

where j is the photocurrent density, h is the Planck constant, c is the velocity of 
light, λ is the wavelength, Ρ is the light power, and e is the elemental charge. 
The photocurrent spectrum of the oxidized PANI film was not obtained because 
of the weak photocurrent signal. As shown in Figure 4, the anodic and cathodic 
photocurrents extend from 450 nm to 760 nm (1.6 eV-2.8 eV). There are tails 
observed at long wavelength regions of the photocurrent peaks. They indicate 
that both partially-oxidized and reduced PANI films show the characteristics of 
sub-bandgap photocurrent spectra. 

1.0 

°- -1.5 - ' 

0 200 400 600 800 
Potential (mVvs. SCE) 

Figure 3. The potential dependence of the photocurrent for (1) reduced 
state, (2) partially-oxidized state and (3) oxidized state of PANIfilm 

on orderedAu/p-ATPsubstrate in 0mMK^e(Œ)6/ KjFefCtye 
aqueous solution under illumination ofaXe lamp 

without filtering. Sweep rate: 5mV/s. 
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Figure 4. Photocurrent spectra of a PANIfilm on an ordered Au/p-ATP 
substrate in 0.05MK^e(CN)6/KJFe(CN)6 aqueous solution. 
(1) reduced PANIfilm at 0.7 V; (2) partially-oxidized PANI film at 0.7 V; 
(3) reduced PANI film at Ù V; (4) partially-oxidized PANI film at 0 V. 
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To explain the conductivity of polyaniline, the granular metal island model 
has been used (19-21). In this model, fully protonated metallic regions are 
isolated by unprotonated (insulating or semiconducting) regions in polyaniline. 
A photoelectrochermcal model of internal photoemission at semiconductor 
covered metal may be invoked to interpret the photocurrent behavior of PANI 
films on Au/p-ATP (33-35). Based on a granular metal island model for 
polyaniline, the Fowler plots (IPCE1/2 ~ hv) are obtained from the photocurrent 
spectra of partially-oxidized Au/p-ATP/PANI film and are displayed in Figure 
5. The functional form appears to be linear and the photocurrent onset 
wavelengths can be obtained by extrapolation. Linear Fowler plots are indicative 

Energy (eV) 

Figure 5. Fowler plots of the photocurrent data for (1) anodic 
photocurrent ami (2) cathodic photocurrent of the PANIfilm on ordered 
Au/p-ATP substrate in 0.05MKjFe(CN)6/K4Fe(CN)6 aqueous solution. 
Extrapolated photocurrent onsets indicate the energy barrier difference 

between the Fermi level of metallic region and the conduction band 
(cathodic photocurrent) or the valence band (anodic photocurrent) of 

semiconducting region in PANI film. 

(Reproduced with permission from reference 10. Copyright 2000.) 

of the internal photoemission of holes or electrons from the metallic region of 
PANI into the appropriate electronic band of the semiconducting region. The 
onset energy indicates a minimum energy required for the promotion of an 
electron (hole) from the Fermi level of metallic region to the conduction band 
(valence band) of semiconducting region. From Figure 5, the onset energies of 
photoelectron emission and photohole emission are 1.40 eV and 1.34 eV, 
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respectively. The sum of the onset minima for anodic and cathodic 
photocurrents should approximate the bandgap energy of the semiconducting 
region of polyaniline, presuming the Fermi level of metallic region does not shift 
with respect to the band edges of semiconducting region as a function of the 
applied bias. This is approximately correct for the PANI films given the 
determination of an indirect bandgap at about 2.74 eV. This bandgap is close to 
the absorption band (3.0eV) of polyaniline (22). Thus, for the PANI on Au/p-
ATP, the Fermi level position of the metallic region would be about 1.34eV 
above the valence band of semiconducting region (Figure 6). The photocurrent 
was not detected when incident light energy was larger than the bandgap (2.74 
eV). This might be due to the existence of powerful recombination sites, such as 
the polaron energy band, in the bandgap. 

Figure 6. Energy band diagram for the metal island model of 
granular polyaniline film. CB: conduction band; VB: valence band; 
F. P. Region: fully protonated (metallic) region; U. P. Region: 
Unprotonated (semiconducting) region. 

Photoelectrochemical Behavior ofPANI/Ti02 Film on Au/p-ATP Substrate 

The SEM images of the nano-particulate Ti0 2 film prepared on the Au/p-
ATP/PANI film and on the bare Au electrode were shown in our previous paper 
(36). They show that the nano-particulate Ti0 2 film formed on Αιφ-ΑΤΡ/ΡΑΝΙ 
is denser than the nano-particulate Ti0 2 film formed on a bare Au. The size of 
the Ti0 2 particles is approximately 200 run. 
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The photocurrent response of a PANI/Ti02 film on Au//?-ATP substrate 
(Figure 7) shows that composite Au/p-ATP/PANI/Ti02 films also generate both 
the anodic and cathodic photocurrents in different potential regions. Comparing 
with the photocurrent of the Au/p-ATP/PANI film, the anodic photocurrent of 
the Au/p-ATP/PANL/TiCb film is higher and the cathodic photocurrent is lower. 
It confirms that the nano-particulate Ti0 2 film is an η-type semiconductor. 

1.5 

-2.0» 1 • 1 • » ' > • 
0 200 400 600 800 

Potential (mVvs. SCE) 

Figure 7. Photocurrent vs potential dependence for (1) the PANI film and 
(2) the PANI/Ti02film on ordered Au/p-ATP substrate in 0.05M 
K^Fe(CN)β /KJFe(CN)6 aqueous solution under illumination ofaXe lamp 
without filtering. 

The photocurrent spectra of a composite Au/p-ATP/PANI/Ti02 film in 
0.05M Fe(CN)6

3" / FeiCN^4" solution are shown in Figure 8. In contrast to the 
Au/p-ATP/PANI films, there are two anodic photocurrent peaks appearing in 
the anodic photocurrent spectrum (Figure Sa). It is obvious that the peak at 
300-400 nm (3.1-4.1 eV) is related to the direct inter-band transition originated 
in Ti0 2 particles and the peaks at 450-760 nm (1.6-2.8 eV) are related to the 
subband-gap transition originated in the PANI species. The photocurrent 
spectrum for the composite Au/p-ATP/PANI/Ti02 film is an overlap of that for 
a pure Ti0 2 film and a PANI film. 
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Figure 8. Photocurrent spectra of the PANI/Ti02film on ordered Au/p-
ATP substrate at (1) 0.7 Vand (2) 0 Vin OMMKJFe(CNhf K^e(CN)6 

aqueous solution. 

The photoelectrochemical behavior of the composite Au/p-ATP/PANI/Ti02 

film can be ascribed to the porosity of the nano-particulate TiQ 2 film. For a 
lightly doped semiconductor particle, an internal electrostatic field is not 
necessary for separation of the photogenerated electron-hole pairs and to 
transport carriers in the partiele toward the particle-solution interface by 
diffusion. In this case, the process of charge separation is controlled by the 
interfacial dynamics at semiconductor particles-solution interface, the applied 
electric field and the carrier concentration gradients. We assume that the solution 
can penetrate through the nano-particulate Ti0 2 film (see also Peter and 
coworkers (9)). Both the Ti0 2 particles and PANI species are thus in contact 
with the solution and can generate electron-hole pairs under iUumination with 
the UV/Vis light. At the potential of 0.7 V, the photogenerated electrons in both 
Ti0 2 particles and PANI species traverse through the interconnected aniline 
chains to the gold substrate, where they are withdrawn as anodic photocurrents 
in wavelength regions of300-400 nm and 450-760 nm. At the potential of 0 V, 
only PANI species can generate electron-hole pairs under iUumination of the 
UV/Vis light. Under influence of the applied electric field, the photogenerated 
electrons in PANI species transport to the PANI-solution interface or traverse 
through the interconnected Ti0 2 particles to the Ti0 2 particles-solution interface 
to reduce oxidized species in the solution, and photogenerated holes in PANI 
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species traverse through the interconnected aniline chains to the gold substrate, 
where they are withdrawn as cathodic photocurrents in wavelength regions of 
450-760 nm. In comparison to the pure Ti0 2 film and the PANI film prepared 
under the same conditions, the Aju//?-ATP/PANI/Ti02 film widens the 
wavelength region for solar energy conversion and has a better adherence to the 
Au substrate. It is, therefore, expected that this kind of film should have a higher 
photoelectrochemical conversion efficiency. 

Conclusion 

The photoelectrochemical behavior of Au/p-ATP/PANI and Α ι φ -
ATP/PANI/Ti02 films was investigated. PANI films were formed on well-
ordered Αιφ-ΑΤΡ substrates. The monolayer coverage of ρ-ΑΤΨ on Au, Γ Ρ Α Τ Ρ 
= 4.81 χ 1014 molecules/cm2, was determined using EQCN technique. This 
experimental value is close to the theoretical rm o no, PATP = 5.41 χ 1014 

molecules/cm2, based on the p-ATP molecule dimensions and perpendicular 
orientation. 

The Au/p-ATP/PANI films generate both cathodic and anodic 
photocurrents in different potential regions. A photoelectrochemical model 
based on internal photoemission in semiconductor covered metal is proposed to 
explain the photocurrent behavior of PANI films on Au/p-ATP substrate. Based 
on this model, an indirect bandgap of 2.74 eV in the PANI films was determined 
and the Fermi level position of the metallic region was estimated to be ca. 1.34 
eV above the valence band of the semiconducting region. 

For the Au/p-ATP/PANI/Ti02 films, both cathodic and anodic 
photocurrents were also observed in different potential regions. The wavelength 
range of generating photocurrent for Au//?-ATP/PANI/Ti02 films covers violet 
light and red light regions. This kind of Au//?-ATP/PANI/Ti02 film widens the 
wavelength region for solar energy conversion and is expected to improve the 
efficient absorption of solar light. 
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Chapter 10 

Conjugated Organic Polymers for Anticorrosion 
Coating 
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BP 70011, 57191 Florange Cedex, France 

Conjugated organic polymers such as polypyrrole (PPy), 
polyaniline (PANI) and their derivatives can be used for 
protection of oxidizable metals against corrosion. Direct 
electrosynthesis of these polymers by oxidation of the 
corresponding monomer on oxidizable metals is particularly 
convenient for industrial applications, but difficulties arising 
from the large potential gap between the oxidation potential of 
the monomer and the dissolution potential of the metal have to 
be solved. We demonstrate that well-chosen experimental 
conditions, including a preliminary surface treatment, allow 
the deposition of adherent polymer films without any 
dissolution of the metal. Moreover, in the case of pyrrole, we 
describe a novel one-step general procedure that leads to the 
deposition of PPy films at ultra-high rates (1 μm/sec) on a 
large variety of oxidizable metals (Fe, Zn, Cu, Al... ). 
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Introduction 

Protection of metals by organic coatings has reached a level of perfection 
that guarantees more than 10 years protection against corrosion. This coating 
quality is due to the presence of chromated pigments incorporated in the coating 
and also to a mixed chromating phosphating treatment of the metallic surface. 
Unfortunately, application of environmental protection rules will prohibit 
chromating in the near future, and this means that replacement techniques must 
soon be found. 

Recently, the use of oxidized PANI has been recognized as an interesting 
means of protecting oxidizable metals. Deberry (i) was the first to show that a 
PANI film coated on stainless steel by electrochemical oxidation of aniline acted 
as a protective primer. This protection has been explained by a redox effect of 
the doped PANI, which maintains the metallic oxide film in its passive state. 
These résulte were confirmed by MacDiarmid et al. (2) and later, Wessling et al. 
(3) showed that chromating could be replaced by the direct deposition of a 
PANI dispersion on the metal. 

At the same time, much work has been done on PPy. Indeed, among the 
various heterocyclics, only pyrrole can be electropolymerized from aqueous 
electrolytes over a pH range between 3 and 9 (4). Moreover, pyrrole has a rather 
good solubility (ca. 1 M) in water, a relatively low oxidation potential, and does 
not lead to carcinogenic degradation products as does PANI, which gives 
benzidine derivatives. Several groups have investigated the possibility of 
depositing PPy films on oxidizable metals with the aim of corrosion protection, 
using the electropolymerization technique well described for noble metals (5). 

This technique, which can be easily automated, constitutes a very attractive 
metal-coating technique for industrial applications. Adherent conducting 
polymer films can be easily obtained on Pt or Au by electrochemical oxidation 
of common monomers such as pyrrole, aniline, thiophene and their derivatives. 
The layer thickness of these polymers can be varied from 10 to 30 urn by 
controlling the current and the medium. 

Unfortunately, the thermodynamic conditions for the electropolymerization 
of monomers such as pyrrole or aniline are very unfavorable with common 
oxidizable metals such as iron and zinc. Indeed, electropolymerization of these 
monomers needs a positive potential (0.7 V/ SCE for pyrrole at pH 5 and 0.8 V/ 
SCE for aniline in 1M H2S04) that is much higher than the metal dissolution 
potential (- 0.7 V/ SCE for iron, - 0.96 V/ SCE for zinc at pH < 8). 
Consequently, it is obvious that attempts to deposit PPy or PANI by 
electrochemical oxidation of pyrrole or aniline on iron or zinc will be 
unsuccessful if we consider only the thermodynamic data related to the pure 
metals and the monomers. 
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Work reported by several groups confirmed these difficulties, in particular 
the occurrence of metal dissolution and the lack of adhesion of the PPy film onto 
the metal. Nevertheless, some expérimente were successful. Beck et al., using 
oxalic acid as an electrolyte and after prepassivation of iron with KMn( \ 
obtained adherent PPy films with negligible metal dissolution (6-8). 

These results show that a preliminary modification of the electrode surface 
changes dramatically its electrochemical behavior, and makes it possible to 
perform electropolymerization in spite of initial unfavourable thermodynamic 
prediction. 

In conclusion, the success of the electrochemical technique relies upon the 
search for suitable pretreatment of the surface or on the choice of a specific 
electrolyte, which in this latter case will provide a slight passivation of the 
electrode without preventing electropolymerization. Two strategies can be 
envisaged: either a two-step process including a preliminary treatment of the 
metallic surface followed by electropolymerization, or a one-step process that is 
more suitable for industrial applicatioa In the latter case, a specific electrolyte is 
required: it must inhibit the metal dissolution by a slight passivation of the 
surface without disturbing the electropofymerizatton process. In this work, we 
show that strongly adhesive PPy coatings can be deposited on iron, or other 
oxidizable metals like zinc, in aqueous media, by a two-step or one-step process. 

Experimental 

All compounds, potassium oxalate, sodium oxalate, sodium sulfide, sodium 
salicylate and salicylic acid, were purchased from Acros, Fluka or Prolabo and 
used without further purification. Pyrrole (Acros) was distilled twice under 
argon. Water was purified by passing through a Millipore purification system. 

All voltammetric and galvanostatic experiments were performed using a 
one-compartment three-electrode cell as described previously (9). 

The working electrodes were iron, mild steel, aluminum, copper, tin or zinc 
(polished in water with 1200-grit paper), or 2 to 3 μπι zinc-electroplated steel. 
The counter-electrode was a stainless steel plate and the reference electrode a 
Tacussel K G saturated calomel (SCE). The rotating disk electrode was an EDI 
Radiometer monitored with a CTV 101 Radiometer speed control unit. 

Photoelectron (XPS) spectra were determined with a VG Escalab MK1 
apparatus (10). 

Two-Step PPy Deposition on Mild Steel 

The first attempts to electrosynthesize PPy on oxidizable metals, reported by 
Stockheim et aL (11), were carried out in organic media. The main difficulties 
encountered were due to marked anodic dissolution of the metals. Many works 
have been devoted to the optimization of the electrolytic medium; organic or 
aqueous, in order to passivate the metal surface toward corrosion without 
stopping electropolymerization. In particular, during our investigations on PPy 
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deposition on iron or steel in aqueous media, we demonstrated the crucial role 
of metal pretreatment by dilute nitric acid (9). 

Effect of the Surface Treatment on theElectrochemical Response of Iron 

Iron passivity and transpassivity were investigated in aqueous solutions of 
either sodium sulfate (Na2S04) or potassium nitrate (KNO3) after different 
pretreatmente. In all cases, the first treatment consisted of an alkaline rinsing in 
order to remove grease from the surface. Then, we compared the effect of 
treatment in various aqueous media: 

• 4mininl0%HNO3 

• 10minin30%HCl 
• lOminin 10%H2SO4 

• 10mininl0%H3PO4 

The electrochemical behavior of iron in aqueous solution in the absence and 
in the presence of pyrrole was studied. In addition, the effect of iron 
pretreatment on the formation of very adherent PPy films was investigated. 

Sodium Sulfate Solution 

The behavior of mild steel substrates was first examined in a 0.1 M solution 
of Na2S04 in water. It appears that substrate pretreatment with nitric acid is the 
only one that allows effective protection. Indeed, the use of HC1, H 2S0 4 or 
H3PO4 as pretreatment reagent leads to substrates that are strongly corroded as 
soon as a potential of - 0.6 V is reached. On the other hand, when HNO3 is used, 
a considerable passivation region is observed up to a polarization potential of+ 
1.25 V, where water oxidation occurs. Such a pretreated mild steel electrode 
acte like a platinum one, when polarized in the same medium. However, an 
important difference appears during the back sweep in the potential region 
bellow + 0.15 V, since an oxidation wave appears when mild steel is used 
whereas none is observed on platinum. The substrate surface was examined by 
XPS spectroscopy, which shows that nitrogenous species are first formed during 
nitric acid action and strongly absorbed on the metal surface. During the back 
sweep, the nitrogenous species are partially desorbed at + 0.15 V and replaced 
by sulfate anions. 

When 0.1 M pyrrole is added to the sodium sulfate solution, no 
electropolymerization occurs with the samples pretreated in HC1, H 2SQ 4 or 
H 3P0 4. As in the absence of pyrrole, the metal is strongly corroded at potentials 
higher than - 0.6 V and the electrolyte solution becomes yellow, indicating 
extensive iron dissolution. On the other hand, when the electrode is pretreated 
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with dilute HNO3, we observe a considerable passivation up to + 0.7 V where 
deposition of PPy occurs, as far in a platinum electrode. During the back sweep, 
a large anodic peak is observed as in the absence of pyrrole. Such deposition can 
be obtained in the galvanostatic mode at a relatively low current density of 2 
mA/cm2 and with a good coulombic yield (about 70%). Thus, the polarization of 
a mild steel electrode under these conditions and for 30 min leads to a film 
thickness of 6.6 μπι, i.e. a growth rate of about 2.2 μπι/min. The resulting 
polymer films are strongly adherent (100%) adherence) according to the 
standard stellotape test. Using higher current densities than 4 mA/cm2 leads to 
partial metal dissolution, and poor quality films were obtained. 

Potassium Nitrate Solution 

The significant effect of nitrate anions is evidenced when a mild steel 
electrode is polarized in a 0.1 M KN0 3 solution. Indeed, whatever the surface 
pretreatment (dilute HN0 3, HC1, H 2S0 4 or H3PO4), the cyclic voltammogram 
indicates a very efficient passivation of the mild steel electrode up to + 1.2 V 
where an oxidation wave arises. The same behavior is observed when a platinum 
electrode is used, indicating once again an effective passivation of the mild steel 
surface in nitrate medium. 

When pyrrole is added to the electrolytic solution, PPy film growth occurs 
in all cases at + 0.7 V. However, when the steel is pretreated in HC1, H 2S0 4 or 
H 3P0 4, the resulting films of PPy are very poorly adherent (0% adhesion), 
whereas the sample pretreated with dilute nitric acid affords very adherent films 
(100% adhesion). Moreover, an optimized coulombic yield of about 95% is 
obtained in the galvanostatic mode. With a current density of 4 mA/cm2, a very 
adherent film of PPy is synthesized with a growth rate of 0.55 μπι/min. 

Anticorrosion Properties of PPy Films 

To test the anticorrosion behavior of polymer films prepared in nitrate 
medium using mild steel pretreated with dilute nitric acid, we synthesized simple 
PPy films (referred to as (PPy)8) and modified PPy films (referred to as (PPy)m). 
(PPy)m is obtained by copolymerization of a 5 : 0.5 : 0.5 mixture of pyrrole, N -
methylpyrrole-2-carboxylic acid and N-methyl-2[ethylamino]pyrrole (total 
concentration: 0.1M). The structures of these monomers are shown in scheme 1 

Scheme 1. Structures of pyrrole and its copolymerized derivatives 
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Both (PPy)8 and (PPyXn films were prepared in the galvanostatic mode (j = 4 
mA/cm2) and had thickness between 3 and 10 μπι. The (PPyXn films heated at 
180°C for 30 min in order to achieve polycondensation of the modified polymer 
chains. Both samples were over-coated with cathaphoretic paints (total thickness 
about 28 μπι) and then compared in salt spray tests with phosphatée steels 
covered with the same thickness of cataphoretic paint. These tests were 
performed for 500 h, after which adherence was checked. It is found that the 
adherence properties are similar for all samples. The main difference is that 
corrosion propagation around the streaks is twice as small for (PPy)m than as for 
(PPy)sy which shows behavior identical with that of the phosphated steel system 
02). 

Two-Step PPy Deposition on Zinc 

From an application point of view, we have chosen to pursue our 
investigations in using zinc as substrate, because this metal is widely used in 
industry. As mentioned in the Introduction, its use is particularly difficult since it 
is more electropositive than iron and no insulating oxide layer like for aluminum 
protects it. Among various attempts to inhibit corrosion in aqueous medium, we 
found that preliminary chemical treatment of its surface by sulfide compounds 
allowed the deposition of PPy without metal dissolution. Two methods were 
investigated, consisting of an immersion process (13,14) and an electrochemical 
pretreatment (15), respectively. Details are given below. 

Surface Pretreatment by Immersion 

The direct polarization of a Zn electrode (only mechanically polished with 
abrasive paper) in a 0.1 M K 2 C 2 0 4 aqueous solution shows a very strong 
oxidation peak at-0.7V(j = 10 mA/cm2). The electrochemical behavior is 
totally different when the electrode is submitted to a preliminary immersion in a 
0.2 M Na2S solution: the anodic peak below 0 V vanishes and we observe only 
the oxidation of oxalate anions at + 0.9 V. The resulting anodically polarized 
electrode is strongly passivated by a mixed layer containing zinc sulfide and zinc 
Oxide, as confirmed by XPS analysis. During the back sweep from + 2 V to -1 
V, a very low current intensity (about 0,5 mA/cm2) is observed. 

When 0.5 M pyrrole is added to the oxalate solution, its polymerization is 
difficult on non-pretreated Zn: the metal surface is too strongly passivated and 
we obtain at best dentritic and inhomogeneous films. Good film qualities are 
obtained only when the Zn has been pretreated with Na2S. These films are 
synthesized in galvanostatic mode under specific experimental conditions. 
Whatever the electrolysis current chosen from 4 to 30 mA/cm2 the electrical 
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yield is about 95% and the corresponding deposition rate ranges from 0.6 to 3.5 
μπι/min, respectively. This procedure, however, requires quite long times of 
substrate immersion before electropolymerization, at least 12 hours being 
necessary to achieve an adequate surface modification. For this reason, we have 
improved the operating mode by replacing the chemical treatment by an 
electrochemical one. 

Electrochemical Zinc Surface Pretreatment 

in order to shorten the time of pretreatment, we have investigated a novel 
procedure consisting of an electrochemical conversion of zinc substrates in 
aqueous Na2S solution. Thus, instead of simple dipping, the anodic electrolysis 
of Zn in a 0.2 M Na2S solution leads to the same important modification. Full 
characterization of pretreated Zn by potentiodynamic polarization, impedance 
measurements and XPS analysis, indicates that the protective layer consists of a 
mixture of ZnS and zinc oxides such as ZnOxHy, where l<x<2and0<y<l. As 
shown in Figure 1, the optimized conditions correspond to a polarization of the 
zinc surface at 0.35 mA/cm2 for 3 min in a 0.2 M Na2S solution, followed by 
PPy electrosynthesis in an aqueous solution containing 0.1 M Na 2C 20 4 and 0,9 
M pyrrole atj = 4 mA/cm2. 

With a long pretreatment time (more than 10 min), the protective layer is 
too thick. The resulting surface resistance is too high and inhibits the synthesis of 
polymer films. On the contrary, when too short a pretreatment time is used (less 
than 2 min), we observe a long induction time corresponding to Zn dissolution 
prior to PPy deposition. The best conditions are obtained with the intermediate 
time of 3 min. 

We obtain PPy films as adherent on Zn electrodes as previously (Zn 
chemically pretreated by immersion) and with equivalent electrical yield. 
However, the total time of deposition remains too long for an industrial 
application that requires: 

• No pretreatment of the metal surface 
• Direct electropolymerizatiofi with vigorous stiffing 
• Veiy high deposition rates: ca. 2 to 3 μπι in 3 sec 
• Strong adherence of PPy to the metal 
• Possibility of coating the PPy layer with other paint layers 

That is why we have developed a new and very promising process involving 
the use of sodium salicylate as the electrolyte salt for PPy deposition on Zn. 

One-Step PPy Deposition on Zinc 

A few years ago we found that zinc or zinc-electroplated steel can be 
covered by adherent PPy coatings by using an aqueous solution of sodium 
salicylate (NaSac) and pyrrole at pH 5, with very high current densities and 
without metal dissolution (16). 
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Figure 1. Galvanostatic curves for pyrrole oxidation (0.9 M) in 0.1 MNa2p204 

solution atj = 4 mA/cm2 with different times of pretreatment. Curves a, b, c and 
d correspond to Zn pretreated in 0.2MNa2Sat j = 0.35 mA/cm2 for 20, 10, 3 

and 1 min, respectively. 
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Voltammetric Study 

The voltammetric response of a Zn electrode in an aqueous solution of 1 M 
NaSac + 0.5 M pyrrole at pH 5 (optimized electrolytic solution) is presented in 
Figure 2. It should be noted that the rotation speed of the working electrode has 
no great effect upon the voltammogram. Four regions denoted A, B, C and D 
appear on the anodic curve. Region A corresponds to a slight dissolution of the 
metal immediately followed by the precipitation of ZnSac which makes up the 
passivating layer (peaks Pi and P2). In region B, a low oxidative current is 
observed. This current is due to a residual dissolution of Zn. In region C, the 
anodic current diminishes markedly. The P3 peak is attributed to a synergic 
effect of pyrrole, NaSac and the Zn surface, since it is not observed on a Pt elec
trode, or in the absence of monomer. The mechanism corresponding to the 
sudden stop of Zn dissolution has been well elucidated with die help of XPS 
analysis. It has been demonstrated that at about + 0.5 V, the pyrrole and the 
salicylate ions absorbed in the passivating layer are oxidized, leading to a 
modified electrode covered mainly by PPy. This polymer layer constitutes a film 
sufficiently dense to inhibit further Zn dissolution. Then, PPy formation takes 
place (onset at + 0.6 V) and gives a very strong wave, as when a Pt electrode is 
used. During the back sweep, no current is noticed in the anodic region, but only 
a cathodic current at around - 0.9 V (peak P4) due to polymer reductioa This 
preliminary study shows that the optimized conditions (aqueous solution of 1 M 
NaSac + 0.5 M pyrrole at pH 5) allow us to form regular and very adherent films 
of PPy. This result encouraged us to investigate the galvanostatic mode, which 
corresponds better to the industrial criteria mentioned above. 

Galvanostatic Study 

For this purpose, we have checked, on the laboratory scale, the possibility of 
simulating the hydrodynamic conditions of a production line, using a disk 
electrode rotating at 4000 rpm in the galvanostatic mode. Under these 
conditions, when a current density of 5 mA/cm2 is used, homogeneous PPy films 
are formed at about 0.65 V, with a growth rate of 1 μπι/min, i.e. a 
polymerization level of about 100%. However, this polymerization rate is too 
low for industrial use that requires 2 to 3 μπι of polymer film in 3s. In this case, 
the theoretical current density is 20 A/dm2 (200 mA/cm2). In order to use such a 
high current density, we have examined the possibility of reducing the bath 
resistivity. It was found that for a pyrrole concentration of 0.5 M, the 
conductivity of the bath is increased from 37 to 50 S cm"1 when the NaSac 
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Figure 2. Cyclic voltammogram of a Zn electrode in an aqueous solution of! 
M NaSac and 0.5 M pyrrole at pH 5 (scan rate: 10mV/s) 
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concentration increased from 1 to 2 M. Using the high NaSac concentration, PPy 
films can be synthesized in the galvanostatic mode at j = 20 A/dm2 with a very 
short induction time and at a potential stabilized at about 4 V (see Figure 3). 
Under these conditions, it is demonstrated that very adherent deposits are 
obtained with a good electrical yield (about 100%) and with the required 
polymer film growth of 2 μπι in 3s. 

Figure 3. Galvanostatic response of a Zn electrode during 
electropolymerization of PPy at j = 20 A/dm2 in an aqueous solution of 2 M 
NaSac + 0.5 M pyrrole at pH 5. Rotation speed of the electrode: 4000 rpm 

Figure 4 shows a micrographie cut of a PPy film deposited under the 
optimized conditions on 2 μπι zincated steel. It can be seen that the PPy film is 
homogeneous and without any defect. 

Another very important fact is the high versatility of this process with makes 
is veiy attractive. Indeed, several zincated electrodes with various surface states 
(more or less oxidized or rough) as well as different substrates (iron, mild steel, 
aluminum, copper and tin) were tested. In every case, PPy is synthesized without 
any difficulty with the same electrochemical behavior. 

Conclusion 

We have shown that pyrrole can be electropolymerized on various 
oxidizable metals such as iron, mild steel, aluminum, copper, tin and zinc, and 
that this can be achieved in one or two steps. During our investigations, the 
strategy adopted was to circumvent the unfavorable thermodynamic data by the 
optimization of kinetic conditions. To this end, we have developed various 
processes, in which the metal is initially passivated with respect to corrosion 
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Figure 4. Micrographie cut of PPy/Zn/Steel synthesized in galvanostatic mode 
at j = 20 mA/dm2 during 3 s in aqueous solution consisting of2MNaSac and 

0.5 M pyrrole at pH 5. Rotation speed of the electrode: 4000 rpm. 

while remaining suitable for electropolymerization. The first one consists of a 
two-step process, in which the metal is preliminarily treated with dilute nitric 
acid (mild steel) and sodium sulfate solution, chemically or electrochemically 
(zinc). In order to satisfy industrial requirements, a one-step process has been 
developed, using an aqueous salicylate electrolyte. In this way, polymerization of 
pyrrole in aqueous solution containing 2 M SacNa + 0.5 M pyrrole at pH 5 leads 
to very adherent films with a coulombic yield of 100% and at a deposition rate 
of 2 μτη in 3s. To our knowledge, the possibility of introducing the 
electrochemical deposition of PPy into an industrial process is described for the 
first time. 
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Chapter 11 

Selective Electrocatalytic Reduction of CO 2 

on Electroprepared [Ru(L)(CO)2]n Polymeric Film: 
L = 2,2'-Bipyridine Derivatives 
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We describe here an original electrochemical proceeding for 
elaboration of a new kind of organometallic polymer having 
the generic formula : [Ru(L)(CO)2]n (L = 2,2’-bipyridine 
derivatives). The polymer displays outstanding electrocatalytic 
activity toward reduction of carbon dioxide. These molecular 
cathodes are prepared as thin films on conductive materials by 
electroreduction of a mononuclear ruthenium complex 
precursor like [Ru(L)(CO)2Cl2]. The overvall process involves 
llthe addition of two electron per complex associated with the 
loss of two Cl- ligands. It has been demonstrated that 
polymerization occurs by an electrochemical propagation 
process. Charaterization of the [Ru(L)(CO)2]n polymer has 
been made using various physico-chemical techniques. These 
modified electrodes have been applied with success to 
electrocatalytic reduction of CO 2 into CO or HCOO- in pure 
aqueous electrolyte, the selectivity of the reaction depending 
on the nature of the L ligand. 
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Introduction 

Interest in the electrocatalytic reduction of C0 2 with a view to the 
construction of artificial photosynthetic systems has been increasing very rapidly 
in the last 10 years (i, 2). A large variety of transition metal complexes has been 
studied as electrocatalysts (J), however only a few appear to be effective in pure 
aqueous electrolyte. The accompanying reduction of protons limits the efficiency 
of the electrocatalysis. One solution to this problem is to use complexes in a 
polymer-confined system deposited on metallic cathode surfaces. Some attempts 
have been reported recently in the literature (4), but successes obtained with this 
type of device have been very scarce. 

In view to reach this goal we have developed over the last few years (5) an 
electrocatalytic system based on a new kind of organometallic polymeric films, 
such as [Ru(L)(CO)2]ft (L = 2,2'-bipyridine derivatives), containing metal-metal 
bonds (Fig. 1(a)). These molecular cathodes appear to be highly selective for 
reduction of C0 2 into CO or HCOO' at a rather low overvoltage in pure aqueous 
electrolyte {6-8). 

Figure 1 : Formula of the polymer [Ru(L)(CO)zfn M <md precursor 
[Ru(L)(CO)fil2Î (t>);L= 2f2'-bipyridine 

Results 

Film formation 

Films of [Ru(L)(CO)2]n can be easily obtained by the two-electron reduction 
of a mononuclear ruthenium(H) complex precursor like [Ru(L)(CO)2Cl2]. Two 
CI" ligands per molecule of precursor are released during the 
electropolymerization. Equation (1) summarizes the overall process. 
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n[Run(L)(CO)2Cl2] + 2 ne -> [Ru°(L)(CO)2]n + 2 nCl" (1) 

Fig. 2 shows for instance, the cyclic voltammogram of a solution of 
[Ru(bpy)(CO)2Cl2] bpy = regular 2,2'-bipyridine in CH3CN + 0.1 M TBAP at a 
Pt electrode. It exhibits a two-electron irreversible cathodic peak associated on 
the reverse scan with an irreversible anodic peak. The shape of this cathodic-
anodic peak system is typical of an electroprecipitation redissolution phenomena 
Iterative CV between - 0.80 V and - 2.00 V (Fig. 3) or electrolysis at - 1.65 V 
induces the electropolymerization and then produces the growth of an 
electroactive organometallic polymer of [Ru(bpy)(CO)2]n on the working 
electrode 

Figure 2 : Cyclic voltammogram in CH3CN + 0.1 M 
TBAP ofRu(bpy)(CO)2Cl2j (1 mM) at a Pt electrode (diam. 

5 mm). Scan rate 100 mVs'1. 

Fig. 4 illustrates the redox properties of the polymer after its transfer into a 
pure electrolyte solution CH3CN + 0.1 M TBAP. Films are prepared here on a 
vitreous carbon (VC) electrode. The electroactivity is stable when scan limit 
potentials are conveniently chosen. It is characterized essentially by two redox 
system at Ei^ = - 1.51V and at - 0.92 V corresponding respectively to electronic 
transfers localized on the ligand (bpy0/) and the metal (Ru0/1) within the 
polymer. However this organometallic polymer is irreversibly oxidized at 
potentials higher than -0.70 V. For instance successive scans beyond the 
desorption potential show the fast progressive disappearance of the initial strong 
oxidation peak at -0.72 V causing the desorption of the polymer film in 
electrolyte solution. A first exhaustive one-electron oxidation carried out at 0.2 
surface. 
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V leads mainly to a dimeric soluble ruthenium(I) complex according to equation 
(2). 

[Ru°(L)(CO)2]n

 C B C N > n/2[RuI(bpy)(CO)2(CH3CN)]2

2+ + ne" (2) 

A two-electron oxidation which induces the cleavage of all Ru-Ru (bonds) 
is obtained by a further oxidation at 1 V leading to the mononuclear 
ruthenium(II) complex [Run(bpy)(CH3CN)(CO)2]2+ (equation 3). 

[RuI(bpy)(CO)2(CH3CN]2

2+ C H ? C N > 2 [Run(bpy)(CO)2(CH3CN)2]2+ + 2 e (3) 

Similar films can be easily obtained by reduction of precursors containing 
substituted bipyridine and even some phenanthroline instead of the regular 2-2, 
bipyridine (9). Polymerization occurs when electron-donating or withdrawing 
groups are present on the chelating bpy ligand on the 4,4'-positions, except with 
nitro groups. In fact, the electron properties of this substituted bpy undergo a 
strong stabilization of the reduced forms of the complex due to an efficient 
electron derealization mostly centered on the bidentate ligand preventing the 
formation of the polymer. It has been also shown that the substitution on the 
6,6'-positions of the bpy ligand by a moderately bulky group does not prevent 
the polymerization process. On the other hand precursors containing other 
leaving groups thant CI" ligands give similar [Ru(bpy)(CO)2]n films as 
demonstrated for the case of CH3CN, CH 3 C0 2 , CF3S03" or SCN* ligands. 

Figure 4 : Cyclic voltammogram between - 0.85 and -2.00 V of a 
VC/[Ru°(bpy)(CO)zln modified electrode (diam. 3 mm) in CH3CN +0.1 M 

TBAP. Scan rate 100 mVs1. 
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Physico-chemical characterization of films 

In order to confirm the identity of the oxidized and reduced form of films 
we used EPR spectroelectrochemistiy at 100°K. Experiments were conducted 
with a [Ru(L)(CO)2]n polymer containing 4,7-diphenyl-2,9- phenanthroline as 
ligand L. This film is EPR silent initially, but when the modified electrode is held 
at constant potential of -1.80 V corresponding to the reduction peak of the 
ligand in die film, L'~ radical anions are generated. The narrow and symmetrical 
EPR signal with g = 2.0034 observed is typical of paramagnetic organic species 
having an unpared electron localized on the Π orbitals of the ligand. 

The absence of hyperfine splitting is due to intramolecular electron hopping 
between close ligand. In a similar fashion the EPR spectrum obtained at - 0.95 V 
(Ru0/1 couple) is typical of a film containing a Ru1 metal centre. The g value is 
then higher (g = 2.0132) confirming that in this electrogenerated species the 
electron is predominantly metal centered. 

A full characterization of this kind of film is difficult to obtain since the 
films are unstable at potentials higher than - 0.60 V, so they cannot be handled in 
air. However, the formulation of their structure as [Ru(L)(CO)2]n is strongly 
supported by the following observations: 

1. The great insolubility of films, even in solvents like DMF and DMSO, is in 
favor of a polymeric structure. 

2. Elemental analyses are consistent with die formulation [Ru°(L2)(CO)2]n. 
3. FAB-MS studies (using w-nitrobenzyl alcohol (m-NBA)/CH3CN as a 

matrix) show peaks at m/z values of 1137, 966, and 794 corresponding to 
the fragments [Ru3(L)3(CO)6(/w-NBA)(CH3CN) + H], [Ru2(L)3(CO)5(/n-
NBA)(CH3CN) + H], and [Ru2(L)2(CO)H3(m-NBA)], respectively ; L = 
2,2'-bipyridine. 

4. The absorption of the film electrodeposited on an optically transparent 
electrode exhibits three intense bands in the visible region (λ ,^χ = 475, 600, 
and 760 nm). The shape of this absorption spectrum strongly suggests the 
presence of metal-metal bonds in die film. 

5. The presence of metal-metal bonds (Ru°-Ru°) is confirmed by the presence 
of a band around 170 cm-1 in the FT-IR spectrum. No vRu_ci stretching 
vibration is detected. Those films exhibit several vibrations between 1920 
and 2010 cm"1 and the usual bands due to the vibrations of the bipyridine 
ligand in the 1620-1540 cm"1 region. 

The fact that quantitative desorption and oxidation of [Ru(L)(CO)2]n (with L = 
bpy) in CH3CN leads successively to the soluble dimer 
[Ru\L)(eOMCH3CN)]2

2+ and monomer [Ru^LXCOMCHjCN)^ supports 
strongly the propounded structure. This indicates unambiguously that the basic 
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structure of the precursor is retained in the polymeric film. In other words, only 
simple chemical reactions like dimerization or polymerization (no loss of CO or 
bpy ligand for instance) occur during the electroreduction. The two initial CI" 
ligands are replaced by two CH3CN ligands since the film is dissolved in pure 
CH3CN which does not contain any CI" anions. The morphology of the film 
[Ru(L)(CO)2]n has been examined by scanning electron microscopy. The surface 
of the film exhibits a quasi-homogeneous distribution of the polymeric nuclei 
(-3000-6000 À). Some excrescences are clearly visible and are due to growths 
like "cotton flower" of the polymer on the nuclei. The presence of ruthenium 
atoms is confirmed by a strong signal observed at 2.5 keV by EDXRA 
experiments. 

Polymerization mechanism 

We have shown (70) that polymerization occurs upon reduction of 
[Ru(bpy)(CO)2Cl2] by an electrochemical propagation process (equations 4-6). 

[Run(bpy)(CO)2Cl2] + e- -> [Run(bpy )(C0)2C12]- (4) 

[Run(bpy -)(C0)2C12]- -» [Ru^bpyXCO^Cl] + CT (5) 

[RufypyXCO^Cl] -» -» -> dimer, tetramer, polymer (6) 

This is a consequence of the easier or similar reducibility of the dimer 
[Ru(bpy)(CO)2Cl]2 and parent oligomers. An electrochemical study conducted 
on the independently chemically prepared dimer has demonstrated that the latter 
is reduced at a less cathodic potential (Epc = -1.46 V) than the precursor 
[Ru(bpy)(CO)2Cl2], Epc = -1.52 V. 

In terms of mechanism it means that the polymerization proceeds via the 
initial formation of the instable anion radical of the bpy ligand (equation 4) 
leading to an Ru1 species by the break of the Ru-Cl bond. This other instable 
species (17 electron complex) dimerizes into the dimer which is reduced at a 
close potential. 

A crucial point for the formation of the polymeric structure is the presence 
of two leaving groups. .For instance, the mononuclear complex 
[Ru(bpy)(CO)2(C(0)OCH3)Cl] bearing a C(0)OMe group, known to be a poor 
leaving group, instead of a CI" ligand undergoes a one-electron (Epc = -1.68 V) 
electrochemical dimerization. This corresponding dimer has been isolated and 
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characterized but does not polymerize and exhibits a quasi reversible one-
electron reduction at a more cathodic potential (Em = -198 V). 

At this stage of the study it should be recalled that the mononuclear 
precursor [Run(bpy)(CO)2Cl2] exists in two stereoisomers forms having trans-

CVcis-CO (a) and cis-CVcis-CO (b) configurations (Fig. 5). These two 
stereoisomers can be easily distinguished by *H NMR experiments. The aromatic 
parts of die lH NMR spectra are shown in Fig. 5 for comparison purposes. 
Insets on this figure show the structures and attribution of the aromatic patterns. 
For die c/s-Cl isomer die spectrum (Fig. 5B) shows eight well resolved signals 
(each integrate for one proton) as expected for eight unique non symmetric 
aromatic protons. The spectrum is consistent with an asymmetry in the 
equatorial plan of the bipyridine ligand. It should be noted that die same splitting 
pattern is observed for the 1 3C-NMR spectra of the isomers. In contrast only four 
sets of protons are observed for the trans-Cl isomer (Fig. 5 A). 

At negative potentials this c/s-Cl isomer exhibits the same kind of cyclic 
voltammogram that of the trans-C\ one with an electroprecipitation-redissolution 
phenomenon. A slight shift ( - 40 mV) of the cathodic peak potential is observed 
compared with the value obtained for die trans-Cl complex. This statement 
confirms that the electronic density inherent to the reduction process is probably 
located on the bidentate bipyridyl ligand since it is only very slightly influenced 
by the structure of the complex. Iterative CV between - 0.85 V and - 2.00 V or 
electrolysis at -1.60 V induces the electropolymerization and then produces the 
growth of an electroactive organometallic polymer of [Ru(bpy)(CO)2]n on the 
working electrode surface. It should be noted that this polymer is less adherent 
than die one obtained from die trans chloro complex. Electrochemical properties 
and physico-chemical characteristics of this films are essentially die same as 
those of the polymer obtained by electroreduction of the trans-Cl isomer. So 
regardless of the complex stereochemistry, the two-electron reduction leads to 
the formation of an organometallic polymer (77). 

Electrocatalytic activity vs C 0 2 reduction of [Ru(LKCO)2]n films 

Fig. 6 shows the cyclic voltammogram under Ar and C0 2 of the 
[Ru(bpy)(CO)2]n film in an aqueous medium. The electroactivity of the modified 
electrode remains almost identical to that observed in CH3CN under Ar. 
Bubbling C0 2 induces a strong increase of the cathodic current indicating a 
strong electrocatalytic phenomenon. Electrolysis at -1.20 V on a carbon felt 
electrode coated with [Ru°(bpy)(CO)2]n (prepared by passing 1.5 C) produces 
CO with current efficiency > 97 % after 60 C has been consumed. By this time, 
the electrolysis current had dropped to 40 % of its initial value and a pseudo-
plateau was reached. 

Taking into account the proposed structure of the polymeric film we suggest 
die following mechanism for the electrocatalytic cycle. The initial step involves a 
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Figure 5 : Aromatic regions of!H-NMR spectra of (A) trans-Cl isomer 
(B) cis-Cl isomer. 
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Figure 6 : Cyclic voltammogram in H20 + L1CIO4 ΙΟ1 M of a film of 
[Ru(bpy)(CO)2]n ; under (a) Ar and (b) CO* Scan rate 100 mVs1. 
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one-electron reduction of the electroactive [Ru(bpy)(CO)2] unit in the polymeric 
film to give [Ru(bpy*~)(CO)2]". This species is not fully stable and may liberate 
CO, generating a pentacoordinated species[Ru(bpy )(CO)]". In the presence of 
C0 2 , the latter coordinates this species to produce [Ru(bpy)(CO)2]+ via 
[Ru(bpy)(CO)(C(0)OH)] in the presence of water, which acts as a proton 
source. At that potential [Ru(bpy)(CO)2f is reduced back to [Ru(bpy)(CO)2], 
which is ready for participation in another electrocatalytic cycle. 
Electrogeneration of pentacoordinated metallic carbonyl complexes like 
[Ru°(bpy)2(CO)] and [ReI(bpy)(CO)2Cl]" has been postulated previously as a key 
species in some homogeneous electrocatalytic processes (12,13). 

An important feature of this kind of polymer is that the product distribution 
of the electrocatalytic reduction can be changed dramatically with films using a 
bpy ligand disubstituted on the 4,4' position with electron withdrawing groups 
like esters, since HCOO" is now the main product of the reduction of C0 2 over a 
large pH range (pH > 5). An optimum current efficiency of 90% for HCOO" was 
obtained at pH 12. However, it should be noted that T]HCOO- decreases slowly as 
the charge passed increases, for instance when 30 C has been consumed then 
production of HCOO" reaches a plateau (η = 80 %). Since in this case HCOO' is 
the reduction product, the mechanism involved is probably different although the 
[Ru(L )(CO)]' species should be considered as the key transient intermediate. 
One plausible hypothesis is that C0 2 coordinates the metal in a formate form 
(M-O-C(O)H) instead of an hydroxycarbonyl form (M-C(O)OH). The origin of 
this formato bond could result from an initial formation of an metal-hydride 
followed by insertion of C0 2. A similar mechanism has been proposed with 
other metal complexes able to reduce C0 2 into HCOO" ions more or less 
selectively [14]. Here the presence of electron withdrawing ester groups induces 
a strong decrease of the electronic density on the metal site favoring formation 
of an oxygen-metal bond at the expense of a carbon-metal bond. It should be 
mentioned that some effects of the bpy substitution on the selectivity of the 
electrocatalyzed reduction of C0 2 by [Ru(bpy)2(CO)2]2+ complexes have been 
observed previously [13]. Electron donating groups such as Me on the bpy 
ligand increases the amount of CO (99%). 

The main difficulty relative to the utilization of [Ru(L)(CO)2]„ cathodes 
arises from their instability at potentials higher than - 0.70 V. The presence of 
molecular oxygen also induces oxidation of the polymeric material into dimeric 
and monomelic complexes and disintegration of the molecular cathodes. As a 
consequence [Ru(L)(CO)2]n films cannot be handled easily in air. In order to 
circumvent this difficulty molecular electrodes e.g. p/?jr-[Ru(L)(CO)2Cl2] with 
preformed films of monomelic [Ru(L)(CO)2Cl2] complexes can be used. They 
are prepared as functionalized polypyrrolic films (15) by anodic oxidation of the 
corresponding monomelic complex containing a bipyridine ligand having pyrrole 
groups as substituents. The formation of metal-metal bonds within the film via a 
mechanism similar to that of [Ru(bpy)(CO)2]n formation from fram-Cl-
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Figure 7 : Schematic structure of the ppyr-fRufr^fCOz)]„ composite material 

[Ru(bpy)(CO)2Cl2] can be easily achieved electrochemically by continuous 
cycling the potential of the Pt or the VCI p/^-[Rui(Li)(CO)2Cl2] modified 
electrode in the cathodic range (- 0.9 -> - 2.0 V for instance) or by 
potentiostating the electrode at- 1,28 V and -1.60 V depending on the ligand L 
used. Fig. 7 shows the proposed structure of the resulting />/^-[Ru(t^)(CO)2]n 

composite material with a ligand also substituted by an ester group L 2 Like 
[Ru(bpy)(CO)2]lb/>/?>r-[Ru(LiXCO)2]n films give CO as the main product of the 
reduction of C0 2 . 

The same study has been carried out with C | /?/^r-[Ru(L2)(CO)2]n films. As 
expected, the orientation of the C0 2 reduction toward HCOO" brought about by 
the ester groups is maintained in the preformed polypyrrole film. It should be 
noted that the catalytic currrent decreased slowly as die charge passed increased 
(about 30 % after 100 C ; H 2 0 + 0.1 M Na2S04 in the presence of phosphate 
buffers). The utilization of a more conductive medium : 0.5 M Na2S04 without 
phosphate ions or 0.5 M Na2S04 + 0.1 M NaHCOs allows perfectly stable 
catalytic currents to be obtained. No noticable decrease in current intensity was 
observed after 800 C has been consumed. Moreover this kind of modified 
electrodes can be reused five times without any change in the intensity of the 
catalytic steady current. Under these conditions a formate current efficiency 
of 99% can be reached at a veiy low overvoltage (- 0.75 V) (16). 
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Chapter 12 
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New tissue engineering technologies will rely increasingly 
more on interactive biomaterials that can both physically 
support tissue growth and stimulate specific cell functions. In 
our research, we have focused on a biomaterial with electrical 
properties (i.e., the electrically conducting polymer, 
polypyrrole) that has been shown to improve the regeneration 
of several tissues including nerve. We have modified 
polypyrrole for tissue engineering applications by either 
incorporating biological molecules that can specifically trigger 
desired cellular responses (e.g., the formation of new blood 
vessels), or by adding unique linkage sites within the 
polypyrrole backbone to control its degradation and 
mechanical integrity. To this end, we are synthesizing two 
distinct materials: (1) composites of polypyrrole and the 
polysaccharide hyaluronan which stimulates angiogenesis as it 
degrades; and (2) conducting pyrrole oligomers of three units 
in length connected using degradable ester linkages. These 
materials are promising candidates for tissue engineering 
applications, such as nerve repair, that may benefit from 
electrical stimulation and/or enhanced vascularization. 
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Introduction 

The emergence of new tissue engineering technologies will ultimately 
require that biomaterials be designed both to physically support tissue growth as 
well as to elicit desired receptor-specific responses from particular cell types. 
One way of achieving such interactive biomaterials is with the incorporation of 
biological molecules into synthetic matrices. Further specificity may be gained 
by choosing a material with inherent properties that enhance desired cellular 
responses - for example, an electroactive material that can stimulate electrically 
responsive cell types such as bone or nerve. In this paper, we summarize our 
research to further modify an electrically conducting polymer, polypyrrole, for 
neural tissue engineering applications by (1) the incorporation of biological 
molecules (i.e., hyaluronan) that can specifically trigger desired cellular 
responses (e.g., the formation of new blood vessels), and (2) the addition of 
unique linkage sites within the polypyrrole backbone to control its degradation, 
mechanical integrity, processibility, and electrical properties. 

The Clinical Need for New Biomaterials in Neural Tissue Engineering 

Current clinical treatments for peripheral nerve injury are surgical end-to-
end anastomoses and autologous nerve grafts. Surgical end-to-end repair 
involves the direct reconnection of individual nerve fibers, and is useful only if 
the damaged nerve ends are adjacent (i). To repair a large nerve defect, 
autologous nerve grafts are used to bridge the gap and to guide the regenerating 
axons (2). However, there are several drawbacks to this approach, including loss 
of function at the donor site and the need for multiple surgeries. 

In an effort to surpass these limitations, research is focused on creating the 
ideal scaffold that can be used to bridge damaged nerve ends (Figure 1). 

Nerve Guidance Channel 
I suture 

Proximal 
Nerve Stump 

Distal 
Nerve Stump 

Figure L Schematic of surgical placement of a nerve guidance channel 
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These nerve guidance channels help direct axons sprouting off the 
regenerating (proximal) nerve end, provide a conduit for diffusion of 
neurotrophic factors secreted by the damaged nerve ends, and minimize 
infiltrating fibrous tissue. Over the years, researchers and surgeons have used 
various existing natural and synthetic materials to physically bridge nerve 
defects; however, none of these materials has matched the effectiveness of nerve 
grafts. As a result, researchers are now focusing on the combination of existing 
materials with adhesive and growth-promoting molecules and the creation of 
new materials that can actively stimulate the repair process. 

Polypyrrole (PP) as a Biomaterial 

In its oxidized form (Figure 2a), polypyrrole (PP) is a polycation with 
delocalized positive charges along its highly conjugated backbone. The 
conjugated backbone permits electron transfer between different chains, giving 
rise to electronic conduction. Negatively charged counter ions or dopant ions (X" 
in Figure 2a) associate with polycationic PP to yield overall charge neutrality. 

Several biomedical applications have been developed based on the 
electrochemical properties of PP including its use as a matrix for controlled 
delivery of the neurotransmitter dopamine (3) and as a biosensor for glucose 
detection (4). PP can also be easily fabricated electrochemically into thin films 
for use with in vitro microscopy studies or into thick films for use with in vivo 
implantation studies. Studies with PP have shown that it is not toxic to cells, and 
that this material can be formed into conduits (i.e., nerve guidance channels) to 
support the regeneration of damaged peripheral nerves in rats (5). Research has 
also shown that in vitro electrical stimulation of PC12 cells (i.e., a neuron-like 
cell line) using PP as the substratum results in nearly a two-fold enhancement of 
neurite (axon) outgrowth compared to unstimulated controls (5). 

Another useful property of PP is that its synthesis requires the incorporation 
of negatively charged dopant ions. By selecting an appropriate dopant, the 
properties of PP can be tailored. In the past, PP has been doped with a wide 
variety of materials, including small anions (6), polymeric anions (7), and 
biologically active anions such as ATP (8) and heparin (9). As part of the studies 
summarized here, we incorporated hyaluronan as a biologically-active dopant 
ion as a means to trigger angiogenesis and enhance nerve regeneration. 

Hyaluronan and the Role of Angiogenesis in Nerve Regeneration 

We sought to couple the ability of PP to electrically stimulate tissue 
regeneration with the specific biological activity of hyaluronan or hyaluronic 
acid (HA) (10). HA, a major component of the extracellular matrix (ECM), is a 
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high molecular weight glycosaminoglycan composed of a disaccharide repeat of 
N-acetylglucosamine and D-glucuronic acid (Figure 2b). Each glucuronic acid 
unit contains one carboxyl group, giving rise to HA's polyanionic character at 
physiologic pH. HA was chosen because it can be used as a negative dopant ion 
during PP synthesis, as well as for its known beneficial role in wound healing, as 
described below. HA's high density of negative charges also yields a highly 
hydrophilic nature. In water, HA expands in volume 1000 times. HA is thought 
to play roles as space filler, lubricant, and osmotic buffer in the ECM. 

J η 

x~ r 

CH 3 

Figure 2. Chemical structure of oxidized polypyrrole (a) and hyaluronan φ). 

HA is also involved in cell signaling events including migration, 
attachment, and neuronal sprouting (77). These matrix-induced processes are 
mediated through a group of proteins collectively called hyaladherins or 
hyaluronan binding proteins (HA-binding proteins). Hyaladherins include two 
types of binding proteins: those that network HA with other ECM molecules, 
and those, such as the receptor for HA-mediated motility (RHAMM), that are 
found on the cell surface and act as receptors for HA (72). Therefore, HA may 
affect cell behavior indirectly by altering the physical and hydrodynamic 
properties of the ECM or direciy via cell surface receptors (73). 

In addition, and of key interest for tissue regeneration, fragments of HA 
appear to promote angiogenesis. While long chain HA has been shown to inhibit 
angiogenesis, degradation products of 4-25 disaccharide unite have been shown 
to stimulate in vivo capillary growth (74) and 3-16 disaccharide units have been 
shown to induce in vitro endothelial proliferation, migration and tube formation 
(75-77). The cellular mechanisms by which HA oligosaccharides promote 
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angiogenesis are not completely understood, although studies suggest that 
binding of the CD44 cell surface receptor to HA is involved (15,18). 

The vasculature plays a critical role in wound healing by supporting the 
metabolism of regenerating cells. Various researchers have found vasculature to 
limit nerve regeneration in nerve guidance channels - increases in capillary 
number and permeability appear in a wave, proceeding neurite outgrowth (19, 
20). Thus, targeting angiogenesis, in combination with the use of electroactive 
nerve guidance channels, should further enhance the nerve repair process. 

The Need for a Biodegradable and Processible Form of PP 

PP in its present form (Figure 2a) is not easily processed into various forms 
and is non-degradable. Although several applications that exploit the electronic 
conductivity (glucose sensors) and reversible electrochemistry (dopamine 
release) of PP have been explored, these applications for PP could be expanded 
if it possessed reasonable processibility. For example, in tissue engineering, the 
control over three-dimensional architecture in a predictable fashion is crucial to 
elicit desired cellular responses. Hence, the synthesis of PP with some degree of 
processibility and pliability would be an enormous contribution. Furthermore, 
although PP appears to exhibit good short-term and long-term tissue 
compatibility, a biodegradable form of the material would be ultimately desired. 
The long-term presence of any foreign material, especially with implants in the 
nervous system, always poses a potential risk. As a result of die possible dangers 
associated with permanent materials, the use of biodegradable materials in 
clinical applications has become more attractive (21). 

Materials and Methods 

Synthesis and Characterization of Polypyrrole-HA Composites 

PP/HA Material Synthesis 

PP/HA films were compared to PP films doped with poly(styrenesulfonate) 
(PSS) because PP/PSS films have been well characterized (5). PP/HA bilayer 
films were synthesized because films composed entirely of PP/HA (i.e., no 
underlying PP/PSS) were mechanically and electrically inferior (10). Bilayer 
films consist of a PP/PSS layer that provides bulk polymeric properties (good 
mechanical and electrical properties) and a PP/HA layer that provides biological 
activity. PP/HA bilayer films were electrochemically synthesized by 
polymerizing a film of PP/PSS onto an ITO-coated glass slide (from a solution 
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of 0.1 M pyrrole, 0.1 M PSS) and polymerizing a PP/HA layer on top of the 
PP/PSS film (from a solution of 0.1 M pyrrole, 2 mg/ml HA). Film thickness 
was varied between 0.15 and 2 μπι, depending on the application (e.g., animal 
implantation studies require thick, strong films). For consistency in HA content, 
the PP/HA layer thickness was kept at 0.05 μιη, and the underlying PP/PSS 
layer thickness was varied to give the desired total thickness. 

PP/HA Material Characterization 

PP conductivity was measured using a four-point probe technique (10). 
Nickel print conductive bus material was applied to the corners of PP films (2 
μπι). A constant current was applied between two adjacent corners, and the 
voltage across the other two comers was measured. Conductivities were 
calculated from these measurements using the equations of Van der Pauw (22). 

To detect HA on the surfaces of PP films, a colorimetric enzyme-based 
assay was used. PP/PSS and PP/HA bilayer films (0.15 μπι) were blocked using 
3% BSA and then incubated in biotinylated HA binding protein (bHABP) 
solution. Avidin-biotin-peroxidase complex (Vectastain kit PK-4000, Vector 
Laboratories) and o-phenylenediamine dihydrochloride (OPD) substrate were 
used to create a colored product Absorbances were measured at 490 nm. 

In vivo vascularization in response to PP films were evaluated. PP/PSS and 
PP/HA bilayer films (2 μπι) were synthesized and laminated to poly(lactic acid-
co-glycolic acid) (PLGA) films to prevent folding during implantation. Small 
subcutaneous pouches were created near the shoulder blades of male rats under 
general anesthesia, and squares ( l x l cm) of PLGA-laminated PP/PSS and 
PP/HA bilayer films were implanted. Films were harvested after 2 and 6 weeks, 
and the explanted tissues were fixed in formalin and stained using a standard 
hematoxylin and eosin protocol. For each sample, 5 images within a 550 μπι 
vicinity of the implant were captured using brightfield microscopy. N M Image 
software was used to measure the total area occupied by blood vessels 
(expressed as %blood vessels, relative to total area of tissue in image). 

Additional detailed characterization studies of PP/HA using cyclic 
voltammetry, scanning electron microscopy, x-ray photoelectron spectroscopy, 
and reflectance-absorbance infrared spectroscopy are described elsewhere (10). 

Synthesis of a Biodegradable Form of Polypyrrole 

We are in the process of synthesizing a polymer containing electrically 
conducting oligomers of pyrrole coupled to one another via degradable ester 
linkages. The resulting polymer is expected to not only be electronically 
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conductive upon chemical or electrochemical oxidation but also exhibit 
excellent mechanical properties and processibility. 

The goal is to synthesize electrically conducting units of three pyrroles 
connected via aliphatic chains and degradable ester linkages (Figure 3). The 
motivation for dûs particular structure is based on several considerations. (1) In 
an electrochemically synthesized PP film, the conjugation length is typically 3-5 
pyrrole units. Beyond this length, the conjugation is disrupted as the result of a 
defect, possibly in the form of a C-C inter or intra-chain bond from radical 
coupling. This suggests that a minimum PP chain of approximately 3-5 pyrrole 
units would be sufficient to impart conductivity. (2) Conductivity in PP, unlike 
with other organic conductors such as polyacetylene or poly(p-phenylene), 
résulte primarily from the hopping of electrons between chains (inter chain) and 
not along the chain (intra chain). Thus, for die microphase separated structure of 
the proposed polymer, good π-π overlap could be expected and the electrical 
conductivity should be preserved within an order of magnitude. (3) The aliphatic 
chain separating the terpyrrole oligomers will impart an overall flexibility to the 
final polymer structure. In addition, the alkyl chain length can be varied to alter 
the mechanical and degradation properties of the final polymer. (4) The ester 
linkages will be degraded in vivo by hydrolysis and enzymes, giving rise to 
biodegradable characteristics. 

J n 

Figure 3. Schematic of conductive terpyrrole units connected via degradable 
ester linkages and flexible aliphatic chains. 

The synthesis of biodegradable PP is being carried out in five major steps: 

1. Terpyrroles with methyl esters groups at their α positions will be 
synthesized, using modified procedures of Wallace et al. (23) and Merrill 
andLeGoff(24). 

2. The methyl esters of the terpyrrole will be hydrolyzed to form diacids. 
3. The diacids will be converted to esters with hydroxyl groups at the end. 
4. The hydroxy-terminated oligomers will be reacted with an alkyl diacid 

chloride to yield the biodegradable PP. 
5. The polymer will be transformed to its conductive form (Figure 3) via either 

chemical and/or electrochemical oxidatioa 
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Results 

Synthesis and Characterization of Polypyrrole-HA Composites 

PP/HA bilayer films have electrical conductivities (σ = 8.02 ± 0.21 S/cm, η 
= 3) statistically indistinguishable from those of PP/PSS films (σ = 9.25 ± 1.68 
S/cm, η = 3). The conductivities of PP/PSS and the PP/HA bilayer films are 
typical of conductivities of doped PP materials reported in the literature (25). 
These data demonstrate that the electrical characteristics of the PP backbone 
were not compromised by the inclusion of HA as a dopant ion. 

We used a biotinylated HA binding protein (bHABP) to probe for HA on 
the PP films. The PP/HA bilayer films stain heavily with bHABP, and the 
PP/PSS films are statistically indistinguishable from the blank values. The 
absorbance for PP/HA bilayer films (0.955 ± 0.222, η = 6) is statistically higher 
than that for PP/PSS (0.081 ± 0.007, η = 6) (p < 0.005). This suggests that HA is 
present and biologically active on the surfaces of the PP/HA bilayer films. 

Because degradation products of HA are known to stimulate angiogenesis, 
we evaluated the vascularization response to PP films. Compared to PP/PSS 
films, PP/HA bilayer films exhibit enhanced vascularization (Figure 4). 

Figure 4. In vivo vascularization surrounding PP/PSS (a) and PP/HA φ) films. 
Scale bar, 100 μm. 

(Reproduced with permission from reference 36. Copyright 2000 J. Bio-
med. Mater. Res.) 

As shown in Figure 4b, numerous blood vessels (indicated by arrows) are 
found to surround the PP/HA bilayer implant (black material in figure) after 2 
weeks of implantation, compared to fewer vessels surrounding PP/PSS films 
(Figure 4a). Furthermore, the blood vessels surrounding the PP/HA bilayer 
implants are consistently larger. Vascularization of tissue surrounding the 
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PP/PSS films (2.4 ± 1.2%, η = 9) (p < 0.005). This represents nearly a two-fold 
enhancement of blood vessel growth near the PP/HA implants compared to 
vascularization near PP/PSS implants after 2 weeks of implantation. 

Synthesis of a Biodegradable Form of Polypyrrole 

The synthesis of the biodegradable form of polypyrrole was initiated using 
the five steps outlined under Material and Methods. As part of this scheme, the 
synthesis of terpyrrole diacids (step 2) and their subsequent conversion to esters 
bearing hydroxyl groups (step 3) is crucial to the formation of the final polymer. 
However, it was found that the diacid was sparingly soluble in common organic 
solvents. Since polythiophenes demonstrate the same conductive properties as 
polypyrrole and are noted for having increased solubilities, the center nitrogen 
of the terpyrrole was replaced by a sulfur atom to form a thiophene unit. The 
diacid of this terpyrrole derivative is soluble in common organic solvents and is 
being used for the remainder of the synthesis. Thus, Figure 5 summarizes our 
altered chemical strategy to produce a biodegradable form of polypyrrole. 
Figure 5a represents the terpyrrole derivative that has already been synthesized, 
as described below, and Figure 5b gives the predicted final structure of the 
polymer using the terpyrrole derivative as a precursor. 

Figure 5. (a) Structure of new terpyrrole derivative with thiophene unit, 
(b) Final predicted structure of biodegradable polypyrrole-derivative. 

Currently, the hydroxy-terminated terpyrrole derivative (as shown in Figure 
5a) has been successfully synthesized and characterized using NMR (*H and 
1 3C) and mass spectroscopy. Figure 6 shows the proton NMR of the terpyrrole 
derivative that is depicted in Figure 5a The peak located farthest downfield 
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represents the pyrrole proton (12.22), followed by the aromatic ring protons (H-
thiophene, 7.55; H-pyrrole-thiophene 6.80; H-pyrrole-ester, 6.39). The 
remaining peaks correspond to the hydroxyl proton (4.56) and the propyl 
protons (Ca, 3.52; C p , 1.82; and Cy, 4.27). These peaks are consistent with the 
structure given in Figure 5a. We are currently in the process of creating the full 
biodegradable polymer (as shown in Figure 5 b) from this precursor, following 
the methods outlined in the Materials and Methods section. 

7.55 
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Figure 6. Proton fH) NMR for terpyrrole derivative in Figure 5a. NMR 
obtained using a Varian Ultra Plus (300MHz). 

Conclusions 

In this paper, we summarized our research to further modify PP for neural 
tissue engineering applications by (1) the incorporation of biological molecules 
(i.e., hyaluronan) that can specifically trigger angiogenesis, and (2) the addition 
of unique linkage sites within the PP backbone to control its degradation, 
mechanical integrity, processibility, and electrical properties. In the first set of 
experiments, we were able to produce PP/HA composite materials with good 
electrical conductivity and electrochemical properties. In addition, PP/HA 
biomaterials were found to increase the formation of new blood vessels by two
fold compared to controls when implanted into rats. Another aspect of our 
research that is discussed in this paper is our goal to synthesize a biodegradable 
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and more processible form of PP, which will ultimately have the positive 
attributes of being inherently electrically conductive and also have the clinical 
appeal of being biodegradable. To accomplish this goal, we are in the process of 
synthesizing a polymer containing electrically conducting oligomers of pyrrole 
coupled to one another via hydrolyzable ester linkages. In summary, both 
materials - PP/HA composites and biodgradable PP - are promising candidates 
for tissue engineering applications, such as nerve repair, that may benefit from 
electrical stimulation and/or enhanced vascularization. 
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Heldin for bHABP, and Glenn Prestwich, Koen Vercruysse, and Grant Willson 
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Chapter 13 

Conducting Polymer-Supported Fuel Cell Catalysts 
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The use of conducting polymer supported metal catalysts for the 
main fuel cell reactions (oxygen reduction, hydrogen oxidation, 
and methanol oxidation) is reviewed and new results are 
presented for oxygen reduction at polyaniline supported Pt and 
methanol oxidation at poly(3,4-ethylenedioxythiophene) 
supported Pt-Ru. It is shown that polymer supported electrodes 
can provide performances that approach those of commercial 
carbon supported catalysts, but that stability problems currently 
make applications in fuel cells impractical. 

The potential use of polymer supports in electrocatalysis has been one of 
the major factors driving the development of polymer modified electrodes over 
the past 20 years (1, 2). The early focus was on the use of molecular catalysts 
such as porphyrins and other macrocyclic complexes. However, such systems 
provide limited activity and durability and are therefore not suitable for applica
tion in fuel cells. There has therefore been an increasing focus on the use of bulk 
metals, alloys, and oxides on polymer supporte. 

Polymer supports are attractive for use in fuel cells because their properties 
can (in theory) be tailored to provide the most efficient use of precious metal 
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catalysts. Key parameters are the electronic and proton conductivity of the support, 
its porosity and ability to facilitate and maintain dispersion of the catalytic particles, 
and its hydrophilicity. The latter is important in that the catalyst layer in the fuel cell 
must remain sufficiently hydrated to provide good proton conductivity and 
electrochemical kinetics, while rejecting water to prevent flooding of its pores. 

The need for high electronic conductivity has meant that work has focused on 
the use of the so called conducting polymers, exemplified by polypyrrole, 
polyaniline and polythiophene (Structures 1 to 3). These materials must be in their 
p-doped (partially oxidized) states (right hand side of eq. 1, for example) to exhibit 
sufficient electronic conductivity. Unfortunately, the p-doped polymers are cationic 
and will therefore tend to exclude the protons needed for the fuel cell reactions. To 
circumvent this problem, composites of conducting polymers with cation exchange 
polymers have been used. Thus p-doped polypyrrole / poly(styrene-4-suiphonate) 
(PSS), for example, exhibits both proton and electron conductivity (8). 

Platinum has been the most widely used catalyst, since it (and its alloys) is the 
only sufficiently efficient catalyst material for oxygen reduction in low temperature 
(< 120 °C) fuel cells. For fuel cell anodes, Pt-Ru alloys provide better tolerance to 
CO in the fuel stream (hydrogen from reformed methane or methanol) and have 
been found to be most effective for methanol oxidation. 

Catalysts for Oxygen Reduction 

Polypyrrole Supported Catalysts 

The first demonstration of oxygen reduction at a polypyrrole supported Pt 
catalyst appears to have been by Holdcroft and Funt (3). They electrochemically 
deposited a polypyrrole film on a glassy carbon electrode and then electrochemi
cally deposited Pt from H2PtCl6 onto and within this polymer matrix. The use of 
various Pt deposition protocols allowed the spacial distribution in the polypyrrole 
film to be varied. It was found that electrodes in which Pt was dispersed homoge
neously through the film, in order to increase its surface area, suffered severe mass 
transport limitation due to the low oxygen permeability of the polypyrrole matrix. 
This therefore offsets the the advantage of dispersing the Pt over simply depositing 
it on a flat surface. 

Rajeshwar and coworkers (4-6) took the important step of using colloidal Pt 
particles, which are necessary to provide efficient use of the expensive Pt catalyst. 
They electrochemically deposited polypyrrole onto glassy carbon electrodes from 
a colloidal Pt suspension containing pyrrole. These authors draw the interesting 
conclusions that the polypyrrole support itself shows some activity for oxygen 
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reduction, and that the rate of oxygen reduction in their system is not limited by 
permeation of oxygen into the film, despite the uniform Pt distribution. 

Although electrochemically prepared poiypyrrole films are useful for 
fundamental studies, they are not practical for use in fuel cells. Apart from the 
difficulty of their large scale production, their permeability is insufficient for 
generation of the large current densities (> 500 mA cm"2) required of commercial 
cells. To circumvent these problems, we have used chemically prepared 
polypyrrole/poly(styrene-4-sulphate) powders, which we have rendered catatalytic 
by the chemical deposition of Pt particles by various methods (7-9). These 
poiypyrrole supported Pt catalysts can easily be mass-produced, and can be formed 
into catalyst layers for fuel cell gas diffusion electrodes using the technology 
currently used commercially for carbon supported catalysts. 

Although some of these catalysts provided encouraging performances for 
oxygen reduction in gas diffusion electrodes, yielding current densities as high as 
100 mA cm"2 (8), we were unable to produce materials with both sufficiently small 
Pt particles and sufficient electronic conductivity. Deposition of Pt nanoparticles 
(ca. 4 nm) by formaldehyde reduction of Pt(NH3)4Cl2 (or H2PtCl6), or Pt02 

nanoparticles (ca. 2 nm) by H 2 0 2 oxidation of Na6Pt(S03)4, both resulted in a loss 
of electronic conductivity of the poiypyrrole support to ca. 10 s S cm 4 (7). Pt 
deposition by reduction of K2PtCL| with H 2 produced a catalyst with a much higher 
electronic conductivity (ca. 0.3 S cm"1), but large (ca. 200 nm) Pt particle size. Use 
of citrate to reduce H2PtCl6 to colloidal Pt (4) does not degrade the conductivity of 
the poiypyrrole as much as formaldehye, but we have not been able to prepare 
effective catalysts by this method. 

Another problem encountered in this work was that both the uncatalysed 
polypyrrole/PSS support and catalysed samples lost conductivity during storage. 
The conductivity of an uncatalysed polypyrrole/PSS sample decreased from 3 S cm" 
1 to 0.1 S cm"1 over a period of 9 months under vacuum, while the conductivity of 
a Pt catalysed sample dropped from 0.3 S cm*1 to 10̂  S cm"1. These observations 
indicate that poiypyrrole supported catalysts are unlikely to be suitable for oxygen 
reduction in fuel cells. 

Polyaniline 

Polyaniline has only recently been employed to support Pt particles for oxygen 
reduction (10,11). In one approach, polyaniline films were cast onto glassy carbon 
electrodes from a solution of camphorsulfonic acid doped polyaniline, and then Pt 
was electrochemically deposited from a H2PtCl6 solution. The polyaniline film was 
found to provide a higher surface area for Pt deposition but exhibited limited 
permeability to oxygen. Use of a composite of polyaniline and Nafion (a proton 
conducting polymer commonly used in the fabrication of fuel cell electrodes) 
resulted in better oxygen permeabilty (11). 
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We have investigated the use of chemically prepared polyaniline and 
polyaniline/poly(styrene-4-sulphonate) powders rendered catalytic with Pt by 
various chemical deposition methods. Heating polyaniline in the presence of 
formaldehyde decreases its conductivity to unacceptably low values, and so 
effective catalysts could not be prepared by formaldehyde reduction of Pt 
compounds. Nanometer size (ca. 10 nm) Pt particles could be deposited by citrate 
reduction of H2PtCl6 without unaccepted loss of conductivity (to 10"2 S cm"1), but 
the catalytic activity of this catalyst was not investigated since more promising 
results were obtained by H 2 reduction of K2PtCl4, as described here. 

Fig. 1 shows cyclic voltammograms (under nitrogen) of gas diffusion 
electrodes catalysed with polyaniline and polyaniline/PSS supported Pt. Oxygen 
reduction polarization curves for the same electrodes are shown in Fig. 2. The 
polyaniline based catalysts exhibit voltammetric peaks in the 0 to +1 V region 
characteristic of the electrochemistry of the polyaniline support, and increasing 
cathodic currents at potentials below ca. -0.25 V due to hydrogen evolution. 
Interestingly, the composite with PSS gives much lower polyaniline peaks, but 
higher hydrogen evolution currents than the polyaniline without PSS. Although no 
waves due to hydrogen adsorption/desorption on Pt within the catalyst layer can be 
observed in the cyclic voltammograms in Fig. 1, the presence of electroactive Pt is 
confirmed by the substantial hydrogen evolution currents and the activity of the 
electrodes for oxygen reduction. Interestingly, some other polyaniline supported 
catalysts did show significant hydrogen adsorption/desorption waves (e.g. Fig. 3) 
but these proved to be less effective catalysts for oxygen reduction. We speculate 
that the appearance of hydrogen adsorption/desorption waves depends on the 
conductivity of the polyaniline at potentials below 0 V, which can vary quite 
significantly between samples because in this potential region the polymer is only 
lightly doped. Oxygen reduction, which is studied at potentials where all samples 
are presumably sufficiently conducting, will be influenced more by the porosity and 
ionic conductivity of the catalyst layer. 

The polarization curves in Fig. 2 show that polyaniline is a more effective 
catalyst support than its composite with PSS, and that its effectiveness can be 
enhanced considerably by addition of a proton conductor (Nafion) to the catalyst 
layer. The beneficial effect of Nafion here is not surprising because polyaniline is 
not likely to be a good proton conductor. 

The best oxygen reduction performance observed to date for a polyaniline 
supported catalyst is comparable to the best obtained with poiypyrrole (Fig. 4) (8). 
As for poiypyrrole, polyaniline supported catalysts lose conductivity during storage 
and are therefore unlikely to be suitable for use in fuel cells. 
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Figure 1. Cyclic voltammograms (100 mVs"', under Ν J ofCFP \ catalyst layer 
I Nafion 117 electrodes in 1 ΜΗβΟ/aq). A. Pt on polyaniline/PSS; B. Pt on 

polyaniline; C. Pt on polyaniline with Nafion (0.1 mg cm'2) added to the 
catalyst layer. Pt loadings were all nominally ca. 0.2 mg cm"3. 
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Figure 2. Normal Pulse (12 s step time; 2 s pulse width) oxygen reduction 
polarization curves for the electrodes described for Fig. 1. 
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Figure 3. Cyclic voltammograms (lOOmVs1, under NJ of a CFP | catalyst 
layer | Nafion 117 electrode in 1 ΜΗβΟ/αφ. The catalyst layer was Pt on 

polyaniline with Nafion added. 
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Figure 4. Oxygen reduction polarization curves for our best electrodes 
containing PEDOT/PSS, polypyrrole/PSS, and polyaniline supported catalysts. 

Pt loadings were 0.9, 0.8, and 0.2 mg cm'2, respectively. 
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Polythiophenes 

The outstanding stability reported for poly(3,4-ethylenedioxythiophene) 
(PEDOT) prompted us to switch our attention to it as an oxygen reduction catalyst 
support. Much earlier, Yassar et al. (12) had described the use of Pd modified 
poly(3-methylthiophene) for oxygen reduction with promising results. 

Our approach followed that used for preparing poiypyrrole and polyaniline 
supported catalysts. Thus we prepared PEDOT/PSS composite powders by 
oxidative chemical polymerization of 3,4-ethylenedioxythiophene in the presence 
of NaPSS (13), and deposited Pt particles onto these via formaldehyde reduction 
of H2PtCl6 (14, 15). These catalysts have provided much better oxygen reduction 
performances than any other polymer supported catalysts (see Fig. 4 for a 
comparison with our poiypyrrole and polyaniline supported catalysts) but are still 
inferior to commercial carbon supported catalysts (15). Our failure to beat the 
performance of carbon, thus far, appears to result from a combination of factors, 
including electronic isolation and poisoning of Pt particles, and our slightly higher 
Pt particles sizes (16). 

The main advantage of PEDOT over other conducting polymers is that it is 
sufficiently stable that we have been able to deposit colloidal Pt on it without 
incurring a large loss of conductivity. It is probable that poiypyrrole and polyaniline 
catalysts with similar performances can be prepared under sufficiently mild Pt 
deposition conditions. However, the problem of long term stability remains even 
with PEDOT (15). The electronic conductivities of PEDOT/PSS supported Pt 
catalysts drop from 0.1 -1 S cm"1 to typically ca. 10*2 S cm"1 over a period of months 
in air. However, more disturbingly, they lose much of their catalytic activity for 
oxygen reduction within days of storage in air. It is not clear at this stage whether 
this is due to local loss of conductivity, causing electronic isolation of the Pt 
particles, or some sort of slow poisoning effect. 

Catalysts for Hydrogen Oxidation 

Hydrogen oxidation has been studied at electrodes coated with Pt supported 
on electrochemically deposited films of poiypyrrole (5, 17), polyaniline (17, 18), 
and poly(pyrrole-co-dithiophene) (19). It appears that the kinetics and mechanism 
of H 2 oxidation are similar to those on bulk Pt (18), as long as the Pt is deposited 
on the surface of the polymer to avoid mass transport limitation in the polymer 
matrix (17) and the polymer is sufficiently conductive at the H7H 2 formal potential 
(17). The latter point is particularly important since the electronic conductivities of 
all these p-doped conducting polymers decrease with decreasing potential, and can 
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vary considerably between samples at low potentials. This presumably explains why 
Vork et al. (17) found that the onset of hydrogen oxidation was shifted to higher 
potentials at Pt/polyaniline coated electrodes, while Lamy and coworkers (18) did 
not. Inspection of Chen el al.'s (5) voltammograms for hydrogen oxidation at 
poiypyrrole supported Pt reveals a positive shift that was not observed by Vork et 
al (for poiypyrrole) (17). Chen et al. (5) claim a five-fold rate enhancement for their 
poiypyrrole supported colloidal Pt electrodes over bulk Pt, due to formation of an 
efficient three-dimensional reaction zone and a catalyst-polymer interaction. 
However, these conclusions are based on inverse Levich plots which yield 
significant uncertainties and may be influenced by other factors, such as turbulence 
due to electrode roughness and inaccurate subtraction of background currents. 

Our results for hydrogen oxidation at gas diffusion electrodes containing Pt 
supported on chemically prepared PEDOT/PSS have been disappointing, with large 
overpotentials required to drive practical current densities (e.g. -400 mV at 0.5 A 
cm"2) (15). This was attributed to the limited electronic conductivity of the polymer 
support at the H7H 2 formal potential. 

In light of the excellent performances of carbon supported catalysts for 
hydrogen oxidation in fuel cells, and the problem of obtaining and maintaining 
sufficient conductivity for polymer supports at the low potentials required, the 
prospects for polymer supported catalysts appear to be weak. 

Catalysts for Methanol Oxidation 

The relatively high operating potentials of methanol anodes, and slowness and 
mechanistic complexity of the methanol oxidation reaction provide considerable 
incentive to develop polymer supported catalysts, and this has resulted in much 
research activity. Poiypyrrole has been most widely used as a support, presumably 
because its conductivity extends to lower potentials than for most other conducting 
polymers. Polyaniline has also attracted significant attention, and some 
polythiophenes are attractive for their enhanced stability. 

Poiypyrrole Supported Catalysts 

All reported studies of methanol oxidation at poiypyrrole supported catalysts 
have involved the use of electrochemically prepared films of the polymer on a solid 
electrode. Strike et al. (20), who electrochemically deposited Pt onto such 
electrodes from a H2PtCl6 solution, reported current densities for methanol 
oxidation that were enhanced by factors of 10-100 over those at bulk Pt and 
platinized gold electrodes. Furthermore, a less rapid decay of the current with time 
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indicated that the poiypyrrole supported particles were less susceptible to poisoning 
by intermediates. 

Since the advantages of the poiypyrrole support appear to stem from 
dispersion of the Pt particles (20-22), other ways of producing the Pt particles have 
been explored. One promising approach is to incorporate PtCl4

2" into the 
poiypyrrole film during its formation, and subsequently reduce this to form a 
uniform distribution of Pt particles within the film (23). 

Poly(N-methylpyrrole) has been used in several studies because of its higher 
stability than unsubstituted poiypyrrole (24,25). A poly(N-methylpyrrole)/Nafion 
composite was found to be an effective support, and is attractive for use in fuel 
cells because of its proton conductivity (24). Incorporation of polynuclear 
ruthenium oxide/cyanoruthenates into poly(N-methylpyrrole) containing Pt particles 
produced a synergistic increase in methanol oxidation activity (25). 

Polyaniline 

Studies of methanol oxidation with polyaniline supported catalysts have 
focused on the use of bimetallic catalysts. As for the bulk metals and carbon 
supported metals, Pt-Ru and Pt-Sn are both more effective than Pt for methanol 
oxidation when supported on polyaniline (26, 27). Pt-Ru also provides more 
complete oxidation of methanol to C0 2 (27). 

The more porous, fibrous structure of polyaniline (26) makes it a more 
attractive support than poiypyrrole, and the high dispersion of the catalyst that can 
be achieved has produced current densities for methanol oxidation as high as 65 
mA cm"2 (26). The polyaniline support also appears to prevent the absorption of 
CO on Pt, resulting in less poisoning (28), 

Poly(3,4-ethylenedioxythiophene) / poly(styrene-4-sulphonate) 

The excellent oxygen reduction performances that we obtained for Pt 
supported on chemically prepared PEDOT/PSS powders, and the known superior 
activity of Pt-Ru alloys over Pt for methanol oxidation, prompted us to prepare a 
series of PEDOT/PSS supported Pt-Ru catalysts (15). Preliminary results (15) 
showed them to be quite effective catalysts for methanol oxidation, although not 
as effective as Pt-Ru supported on carbon. Some new results for methanol 
oxidation at a PEDOT/PSS supported catalyst are reported here. 

To provide more controlled experimental conditions, and to allow more 
accurate comparisons with literature data for films of polymer supported catalysts 
on electrodes, we have immobilized our catalyst powders on glassy carbon rotating 
disc electrodes using a procedure reported by Gojkovic et al. (29), Thus, an 
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appropriate amount of catalyst is suspended in a 5 % Nafion solution and a small 
amount of this suspension is applied to the carbon electrode and allowed to dry. 
The resulting thin films do not significantly restrict mass transport to the catalytic 
sites and are sufficiently robust for extended rotating disc studies. For carbon 
supported Pt catalysts virtually 100 % of the Pt surface area is electrochemically 
active, while PEDOT/PSS catalysts show only 30-50% activity (16). The lower 
activity of the polymer supported catalysts appears to be due to electronic isolation 
of some Pt particles and/or poisoning. 

Fig. 5 shows normal pulse voltammograms for methanol oxidation at a rotating 
electrode coated with PEDOT/PSS supported Pt-Ru. The pulse width of 10 s 
corresponds to a similar timescale to the linear scan rate of 5 mV s'1 used by Hable 
and Wrighton (26) in their study of polyaniline supported Pt-Ru. At ambient 
temperature, our electrode with a Pt-Ru loading of 0.1 mg cm"2 gave a current 
density of ca. 3 mA cm"2 at 0.5 V vs SCE. Extrapolation of Hable and Wrighton's 
data to the same loading produces a similar current density (ca. 2.5 mA cm"2). We 
also see the strong temperature dépendance reported by Hable and Wrighton, with 
currents rising by a factor of about ten when the temperature is increased to 60 °C. 

These comparisons show that our PEDOT/PSS supported catalysts are as 
active for methanol oxidation as the best polymer supported catalysts reported in 
the literature. However, a question that must be answered is whether polymer 
supported catalysts can provide superior performance to commercially available 
carbon supported catalysts. To answer this, the PEDOT/PSS supported catalyst 
used for the experiments in Fig. 5, was compared with a commercial (E-TEK) 
carbon supported Pt-Ru alloy catalyst. Fig. 6 shows normal pulse voltammograms 
at 60° C, while Fig. 7 shows the results of constant potential experiments (at 22 °C) 
over a much longer time period. In both experiments, and over all timescales 
studied, the carbon supported catalyst delivers currents that are as much as 10 
times higher than for the polymer supported catalyst. The only conditions under 
which the polymer supported catalyst is superior are at short times and high 
potentials, which are not relevant to fuel cell operation. 

The inferiority of the PEDOT/PSS supported catalyst to the carbon supported 
catalyst can largely be accounted for by the slightly higher Pt-Ru particle size, 
which decreases the available surface area, and lower catalyst utilization (16). Thus 
optimization of the support material (to prevent poisoning and conductivity loss) 
and metal deposition procedure should allow one to achieve comparable, if not 
superior, performances to commercial carbon supported catalysts. 

Concluding Remarks 

Although a wide range of conducting polymers have been shown to be 
effective supports for electrocatalysts, there have been few attempts to assess and 
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Figure 5. Normal Pulse voltammograms (20 s step time; 10 s pulse width) for 
methanol (lMinl ΜΗβΟ/aq) ) oxidation at glassy carbon rotating (1500 
rpm) disc electrodes coated with 35% Pt-Ru (0.10 mg cm'2; 1.3:1 Pt.Ru) on 

PEDOT/PSS in a Nafion matrix. 
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Figure 6. Normal Pulse voltammograms for methanol oxidation at 60 °C as in 
Fig. 6. A. 35% Pt-Ru (0.10 mg cm'2; 1.3:1 Pt.Ru) on PEDOT/PSS; B. 20% Pt-

Ru (0.10 mg cm2; 1:1 Pt.Ru) on Vulcan XC-72 carbon (E-TEK). 
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Figure 7. Chronoamperometry for methanol oxidation (22 "C; +0.5 V) at 
rotating disc electrodes under the conditions described for Fig. 5, for the 

electrodes described for Fig. 6. 
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optimize the performance of these materials in fuel cell electrodes. Most studies 
have focused on thin films of the polymer on solid electrodes, and so have failed 
to demonstrate sufficient current densities for use in fuel cells. More seriously, this 
type of study has failed to reveal the limited durability of polymer supported 
catalysts. 

Our studies of chemically prepared catalyst powders in gas diffusion electrodes 
have demonstrated that conducting polymer supported catalysts can provide similar 
current densities to commercial carbon supported catalysts. They indicate that with 
further optimization, the ion conducting properties of certain polymer supported 
catalysts may allow them to exceed the performance of carbon supported catalysts. 
However, it is clear that substantial improvements in the stability of the polymer 
support materials will have to be made before applications in fuel cells can be 
realized. 

Experimental 

Polyaniline was prepared by oxidation of aniline (2.5 mmol) with (NH4) 2S 20 8 

(2.9 mmol) in ca. 25 mL of 0.5 M H2S04(aq). The reaction mixture was centri-
fuged after ca. 1 h, and the precipitate was washed with 0.5 M H2S04(aq). Half of 
the sample was dried and the electronic conductivity of a pressed pellet was 
measured to be ca. 4 S cm"1. The other half (ca. 100 mg) was stirred with 25 mL 
of 5 mM K 2PtCl 4 (24 mg Pt) for 24 h, and then H 2 was bubbled through the 
suspension for 1 h. The catalysed polymer was collected, washed with 0.5 M 
H2S04(aq), and dried under vacuum at ambient temperature. It had an electronic 
conductivity of ca. 0,1 S cm'1. 

Polyaniline/PSS was prepared by oxidation of aniline (0,80 mmol) with 
(NH^SA (0.96 mmol) in ca. 25 mL of 0.1 M H2S04(aq) containing NaPSS (0.40 
mmol -S03"; Aldrich). The reaction mixture was centrifuged after ca. 1.5 h, and the 
precipitate was catalysed with Pt (24 mg) as described above for polyaniline. 

The synthesis and characterization of the PEDOT/PSS supported catalyst 
followed a previously reported procedure (13, 15), with formaldehyde as the 
reductant for metal deposition. A 4:1 RuCl3:H2PtCl6 mole ratio was required to 
provide a Ru:Pt mole ratio close to the target of 1:1. 

Oxygen reduction studies and cyclic voltammetry were carried out at ambient 
temperature (22±2°C) in 1 cm2 gas diffusion electrodes as previously described (8). 
The catalyst, mixed with ca. 50 mass % PTFE as a binder (and Nafion solution in 
one case), was spread on carbon fibre paper (CFP; Toray TGPH090), which was 
then hot-bonded to a Nafion 117 membrane. In the cell, a controlled flow of gas 
(02, or N 2 for cyclic voltammetry) was passed over the CFP and the membrane was 
in contact with a 1 M H2S04(aq) solution containing counter and reference (SCE) 
electrodes. 
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Methanol oxidation was studied at 0.071 cm2 glassy carbon rotating disc 
electrodes coated with a thin film of catalyst in a Nafion matrix (16). 
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Chapter 14 

Estimating Concentrations of Condensed 
Counterions around a Polyelectrolyte 

by Chemical Trapping 

Barbara A. McKernan, Gerald S. Manning, 
and Laurence S. Romsted* 

Department of Chemistry, Wright-Rieman Laboratories, Rutgers, 
The State University of New Jersey, New Brunswick, ΝJ 08903 

We have developed a novel experimental method for 
estimating the concentration of “condensed” counterions in the 
immediate vicinity of the anionic polyelectrolyte sodium 
polyacrylate, NaPAA, based on product yields from 
dediazoniation of 2,4,6-trimethylbenzenediazonium ion, 1-
ArN 2

+. l-ArN2

+reacts with the pendent carboxylate groups of 
NaPAA to give an aryl ester tag, and with water in the 
condensed volume and water in the bulk to give a phenol. 
HPLC measurements of the fraction of reactive groups tagged 
are combined with the independently measured selectivity of 
the dediazoniation reaction toward carboxylate groups and 
water and the exchange constant between Na+ and l-ArN2

+, 
measured by 23Na NMR, to estimate Na+ and l-ArN2

+ 

concentrations in the condensed region. 

184 © 2003 American Chemical Society 
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Counterions condense on a polyelectrolyte when the charge density, £ 
created by the head groups along the polyelectrolyte exceeds a critical value (7). 
As ξ increases, more counterions condense so that the net charge density of the 
polyelectrolyte remains at the critical value. Constant net charge density has 
been demonstrated by using pH {2,3), refractive index (4), ultrasound absorption 
(5), and 1 3 C NMR relaxation rates (6). 

Counterion condensation theory (CCT) predicts the concentration of bound 
counterions (7-5). However, traditional experimental methods only measure the 
fraction of counterions bound and not their concentration within the condensed 
volume. The chemical trapping method provides this information (7-77). Here, 
we use chemical trapping to estimate the concentration of counterions in the 
condensed volume of an anionic polyelectrolyte, sodium polyacrylate, NaPAA 
and compare our result with that obtained from CCT. 

Condensed Counterion Theory 

CCT has been described in detail (7,72,75). The concentration of univalent 
counterions in the condensed volume, cj00 (7), can be calculated from: 

^ 10000, 24.3 

where 0\ is the number of condensed counterions per charged group on the 
polyelectrolyte, Vp is the volume in which those counterions are found in units of 
cm3/mol. The second equality permits estimation of cj^from the charge 
density, ξ, and the average spacing between charged groups along the 
polyelectrolyte chain, b. The final units are moles of counterion per liter of 
condensed volume surrounding the polyelectrolyte. Values of ξ and b for a 
variety of polyelectrolytes are available in the literature (7, 14). 

Chemical Trapping 

The chemical trapping method was originally developed to estimate the 
interfacial nucleophile compositions of surfactant aggregates and the 
assumptions of the method and the information it provides have been discussed 
in detail (7-77). 

In chemical trapping experiments in aqueous solutions of NaPAA, 
counterions are assumed to be either bound ions or free, i.e., a two-site model, 
and 2,4,6-trimethylbenzenediazonium ions, l-ArN 2

+, added as its 
tetrafluoroborate salt, exchange with Na+ in the condensed volume. Bound 
l-ArN 2

+ reacts with the carboxylate groups of NaPAA to form ester "tags", 
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l-Ar02CR, and with water in the condensed volume to form 2,4,6-
trimethylphenol, 1-ArOH, Scheme 1. l-ArN 2

+ in the bulk reacts with water to 
form the phenolic product Three pieces of information are needed to determine 
the concentration of condensed counterions: (a) the exchange constant for Na+ 

and l-ArN 2

+ between the condensed region and the bulk aqueous solution; (b) 
the selectivity of l-ArN 2

+ towards RC027RC02H versus water; and (c) the 
percent tagging of the polyelectrolyte by l-ArN 2

+. The exchange constant, 
K ^ n ; , was determined from ̂ Na NMR relaxation rates; the selectivity, S ° A c , 

from reaction of l-ArN 2

+ in aqueous acetic acid/acetate solutions as a model 
system for the condensed volume; and the percent tagging from product yields 
measured by reverse phase HPLC. 

Scheme 1. Dediazoniation mechanism. R = (CH2CH) monomer unit for 
NaPAA, CH3 for acetate ion. 

Results 

Ion Exchange Constant 

In aqueous solutions of NaPAA containing added l-ArN 2

+, the distribution 
of the two cations between the condensed volume and the bulk water is 
described by an exchange constant: 

R N a + [Na;][l-ArN-J 
1**2 [Na;][l-ArN^b] 

where Na+

W, Na\, l -ArN 2

+

w and l-ArN 2

+

b are, respectfully: the concentration of 
Na+ in the bulk water, the concentration of Na+ in the condensed volume, the 
concentration of l-ArN 2

+ in the bulk water, and the concentration of l-ArN 2

+ in 
the condensed volume. Square brackets here and throughout the text indicate 
units of moles per liter of solution volume to explicitly differentiate bulk 
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concentrations from moles per liter of condensed volume indicated by subscript 
'cv' (see below). 

The equilibrium constant for this exchange was obtained by using 2 3Na 
NMR (15,16) to measure the change in the relaxation time of Na+ as a function 
of added [l-ArN2

+]. We assume that the total number of counterions in the 
condensed volume remains constant, i.e. one-to-one exchange of counterions. 
The assumption of one-to-one exchange is supported by the repeated 
observation that the fraction of counterions bound to a polyelectrolyte is 
unaffected by dilution or added electrolyte (1,6,12,13,17,18). 

Na+

W and Na+

b exchange rapidly on the NMR time scale and give a single 
weighted average spin lattice relaxation time, Ti, in ̂ a NMR (15). In pulsed 
experiments (See Experimental), the rate of relaxation, Robs, (Robs " 1/Ti) of the 
total sodium ion, Na+i, in the system is the weighted sum of the relaxation rates 
of Na +

b and Na+

W: 

where fb, fw, Rb, and R w , are, respectfully, the fraction of sodium ions condensed 
on the polyelectrolyte, the fraction of sodium ions "free" in the bulk water, the 
relaxation of the Na+ in the condensed region, and the relaxation of the Na+ in 
the bulk water (19,20). 

Rw was obtained by measuring the relaxation time of Na+ in a solution of 
NaCl at 19.9 °C in the absence of NaPAA, equation 3 at fb= 0; R w = 26.6 s'1, in 
good agreement with literature values (21,22). Rb was determined by measuring 
the relaxation time of Na* in NaPAA solutions. The degree of ionization of fully 
deprotonated NaPAA is 35% (23), i.e. 35% of the Na+ are free in the bulk 
solution. Thus fw - 0.35 and fb = 0.65, because fb = 1 - fw in a two site model 
(20). Measurements of Robs on NaPAA solutions at 19.9 °C gave Rb = 179 s'1. 
Rb » Rw is to be expected because a bound Na+ has a longer relaxation rate due 
to its more constricted environment (15,16). 

Values of K ^ N + , were estimated from a series of Robs measurements with 

increasing amounts of l-ArN 2

+ in NaPAA solutions. Equation 4, obtained by 
combining equation 3 with fw + fb = 1, was used to estimate the fraction of Na+ 

displaced, fw: 

Robs - fi> Rb + fw Rw (3) 

(4) 

and then 4. The values for fw and ft were used to estimate [Na+

W] and [Na+tJ 
from: 
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[Na+

w] = fw[Na+

T] (5) 

[Na+

b] = fb[Na+

T] (6) 

[l-ArN2\] is calculated from [Na\] and p[NaPAA], the total fraction of bound 
counterions. 

[l-ArN2

+

b] = p[NaPAA] - [Na+

b] (7) 

[l-ArN2

+

w] is given by: 

[l-ArN2

+

w] = [l-ArN2

+

T] - [l-ArN2

+

b] (8) 

where [l-ArN2

+

T] is the stoichiometric concentration of l-ArN 2

+. 

Concentrations obtained from equations 5 - 8 are used to estimate K ^ N , , 

equation 2. The results, Table I, show that as [l-ArN2

+

T] increases, the value of 
ΚΓllr* decreases from about 4 to 1. This decrease is attributed to an ionic 

1-ArNj 
strength effect. 2 3Na relaxation experiments carried out at constant total 
counterion concentration, i.e. by varying the concentration ratio of l-ArN 2BF 4 

and NaCl, but keeping their total constant shew that at constant total counterion 
concentration, = 1, Table Π. 

Selectivity of l-ArN2

+ towards RC027RC02H versus H20 

Solutions of sodium acetate/acetic acid were used as a model system for the 
condensed volume. l-ArN 2

+ reacts with water and acetate ion, Scheme 1, and 
also acetic acid to give stable products. The selectivity of the l-ArN 2

+ toward 
acetate versus water is then defined as (7): 

S OAC = [H2Q](%l-ArOAc) 
[OAc](%l-ArOH) 

where %1-ArOAc and %1-ArOH are the normalized yields of ester and phenolic 
products from reaction with acetate ion and acetic acid and H 20, respectfully. 
[H20] is calculated from the measured weight of water in each solution and 
[OAc] is the total concentration of HO Ac and Ο Ac" in solution. 

Values for S° A c were obtained in solutions over a concentration range of 
1 - 5 M total acetate at pH values of 3, 5 and 7, spanning the pKa of acetic acid 
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(4.76). As the total acetate concentration increases, the yield ratio of 1-ArOAc 
to 1-ArOH, at each pH, also increases, but the selectivity remains about 
constant, Table ΙΠ. At pH 3, 5, and 7, the average selectivities are 1.8, 2.4, and 
1.6, respectfully. Despite the change in acetate from primarily acetic acid, to 
about 50:50 acetic acid and acetate ion, to primarily acetate ion, the selectivities 
are almost constant and the average value is about 2.0. 

Table III. Selectivity of l-ArN2

+towards total acetate (HOAc and OAc ) 
versus water at pH = 3,5, and 7 from normalized yields at 40 °C. 

pH [OAc](bA) %(l-ArOAc)a %(l-ArOH)a [H20](Mf 

3 1.0 3.0 97.0 52.5 1.6 
2.0 7.2 92.8 49.7 1.9 
4.0 15.5 84.5 43.8 2.0 

5 1.0 4.0 96.0 52.8 2.2 
2.0 8.5 91.5 50.0 2.3 
3.0 14.4 85.7 46.9 2.6 
4.0 18.6 81.4 44.7 2.6 
5,0 22.8 77.3 42.2 2.5 

7 1.0 3.3 96.8 52.9 1.7 
2.0 6.2 93.7 50.0 1.7 
3.0 7.7 92.3 46.7 1.3 
4.0 11.7 88.3 45.4 1.5 

a. Normalized yields. 
b. Calculated from measured weights of H 20 in each solution. 

Percent Tagging 

Dediazoniation reactions were carried out over a range of NaPAA 
concentration ranges, 1.57-8.22 g/L (0.0167-00874 M). The 'tagged' 
polyelectrolyte was isolated by size exclusion chromatography, subjected to 
alkaline hydrolysis to remove the ester tags, followed by neutralization to give 
1-ArOH. The yield 1-ArOH, which is equivalent to the amount of tagging, was 
determined by reverse phase HPLC using fluorescence instead of UV detection 
because of the low 1-ArOH yield. The percent tagging of NaPAA is given by 
equation 10: 

percent tagging = — L * 100% 
^ * 5 [l-ArN;T] 

(10) 
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where [1-ArOH] is concentration of phenol formed from hydrolysis of tagged 
NaPAA and [1-ΑτΝ2

+τ] is the stoichiometric concentration of arenediazonium 
ion, Table IV. The percent tagging is essentially constant over the NaPAA 
concentration range used, and has an average value of about 0.28%. 

Table IV. Percent tagging of NaPAA by l-ArN2

+ at 40 °C. 

[NaPAA] QA)a [l-ArN2+] (M) Percent Tagging 

0.0167 5.07 χ 10"4 0.24 
0.0185 5.51 χ 10"4 0.27 
0.0248 7.51 χ ΙΟ"4 0.26 
0.0287 8.69 χ ΙΟ-4 0.34 
0.0323 9.75 χ 10-4 0.15 
0.0457 1.44 xlO"3 0.27 
0.0646 2.03 χ ΙΟ-3 0.23 
0.0874 2.62 χ 10"3 0.38 

Average: 0.28 ± 0.06 
a. Molarity of the monomer unit (CH2CHC02Na) of NaPAA. 

Discussion 

The polyelectrolyte NaPAA was selected because it is 90% ionized at pH < 
7 and adopts the extended rod conformation (24) and no other reactions 
compete with dediazoniation (7, 25). 

To estimate local concentration of counterions in the immediate vicinity of 
NaPAA, we first calculated the local concentration of pendent carboxylate 
groups by using equation 11, 

H 2 O c v (%l-Ar0 2 CP) 
PC02C V = 2 ° v — - ( ι l ) 

C V s£ A c (%l-ArOH b ) 

and the results are summarized in Table V. 
Equation 11 is based on the assumption that the selectivity of the chemical 

trapping reaction within the immediate vicinity of NaPAA, is the same as the 
average value of the selectivity in aqueous acetate solutions, i.e., = 2.0. 
This is based on an assumption made in the chemical trapping method that the 
selectivity of the reaction is the same in bulk solution as it is the the interfacial 
region of rnicelles.(7-70, 26) Equation 11 is formally equivalent to equation 9 
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except that the molarity of water, Η2Οςν, the percent yield of phenol, %1-ArOHb, 
and the percent yield of trapped pendent carboxylate groups on NaPAA, %1-
Ar02CP, are for reaction within the condensed volume around NaPAA. The 
concentrations of carboxylate groups and Na+ and l-ArN 2

+ counterions in the 
condensed volume are relatively small, and we assume that H2Ob - 55 M. 

Table V. Estimated concentrations of counterions in the condensed region 
of NaPAA by chemical trapping at 40 °C. 

[NaPAA] [l-ArN2\] [l-Ar02CP] %1- PC02cv 
r 

(M)° (M) (xlO4) (M) (xlO6) Ar02CP 

0.0167 1.61 1.22 0.76 0.21 0.14 
0.0185 1.75 1.49 0.85 0.24 0.15 
0.0248 2.38 1.95 0.82 0.23 0.15 
0.0287 2.76 2.95 1.10 0.30 0.19 
0.0323 3.09 1.46 0.47 0.13 0.09 
0.0457 4.57 3.89 0.85 0.24 0.15 
0.0646 6.44 4.67 0.73 0.20 0.13 
0.0874 8.31 9.96 1.20 0.33 0.22 

Average: 0.15 ±0.04 

a. [l-ArN 2

+

T] = [NaPAA]/33 

Values for %l-Ar02CP and %l-ArOHb for each chemical trapping experiment 
are obtained as follows. 

The yield of tagged carboxylate groups, %l-Ar02CP, is obtained from 
equation 12 and the phenol yield from reaction with local water is obtained by 
difference from equation 13: 

%l-ArO 2CP = I 1 " A r Q 2 C P ] *100% (12) 
[l-ArNj b] 

(%l-ArOHb)=100 - (%l-Ar02CP) (13) 

Values of [l-ArN2

+

b] for each tagging experiment are obtained from equation 2, 
setting [l-ArN2

+

w] = [l-ArN2

+

T] - [l-ArN2

+

b] and Κ * a ^ N + = 4.0 (see Results). 
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We assume that net surface charge density (5) and similarly the fraction of 
bound counterions to NaPAA, are is independent of counterion type. Thus the 
total concentration of Na+ and l-ArN 2

+ counterions is 65% of that of the pendent 
carboxylate groups, fa = 0.65. Over a 5-fold polymer dilution, the average 
interfacial counterion concentration in the condensed volume, Ccv' around 
NaPAA is about 0.14 M estimated by chemical trapping. 

We then compare our experimental estimate to the theoretical estimate 
made by CCT using equation 1. For NaPAA, the distance in angstroms, b, 
between the charged sites is b = 2.5/a and the linear charge density is ξ- 2.85α, 
where α is the degree of neutralization (7). Our chemical trapping experiments 
were carried out at pH = 7, where α = 0.9 for NaPAA (24). For these 
conditions, c|oc = 0.44 M around NaPAA. The local concentration of the 
counterion condensate is predicted by CCT to be constant at 0.44 M as long as 
the bulk concentration is less man 0.44 M. The average value 0.15 M, obtained 
by chemical trapping, is within a factor of 3 of the CCT estimate of 0.44 M. 

Several factors may contribute to the 3 fold difference between the CCT 
and chemical trapping estimate of counterion concentration in the condensed 
volume. CCT treats ions as point charges, but the exchange constant between 1-
ArN 2

+ and Na+ in NaPAA solutions is 4, indicating stronger specific interactions 
between Na+ and carboxylate groups than l-ArN 2

+ and carboxylate groups along 
the polyion chain. How to best treat this problem is still unresolved. In these 
initial experiments, the NMR exchange constants were estimated at 5 °C to 
rriinimize decomposition of l-ArN 2

+, but the chemical trapping experiments 
were carried out at 40 °C. We are currently determining the temperature 
dependence of exchange constants. Finally, the assumption of constant α for 
different counterions might not be exact and the exchange constant might be 
better treated as a variable. 

Conclusions 

Chemical trapping with an arenediazonium ion provides the first 
experimental estimate of counterion concentration in the condensed volume 
around an anionic polyelectrolyte, NaPAA. The method can be applied to other 
polyelectrolyte systems. Inherent advantages of the method are the low 
selectivity of the probe towards a variety of nucleophiles and its insensitivity to 
medium effects such that product yields are almost directly proportional to 
nucleophile concentration. We are currently using chemical trapping to estimate 
the concentration of condensed counterions around sodium polystyrene 
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sulfonate, NaPSS, where specific counterion effects should not be as significant. 
Sulfonic acids are stronger acids than carboxylic acids and are not expected to 
bind counterions as specifically. Our unpublished estimate of the exchange 
constant for Na+ and l-ArN 2

+ in NaPSS solutions is approximately 1, consistent 
with the weaker binding of Na+ to PSS than PAA. 

Experimental 

Materials 

Polyacrylic acid, sodium salt (35% solution, MW - 60,000) was purchased 
from Polysciences. A 5% solution was prepared and passed over a size 
exclusion chromatography (SEC) PD-10 Sephadex, G-25M column in 2.5 ml 
portions to remove acrylic acid and other low molecular weight impurities. The 
NaPAA was dried by lyophilization to constant weight to ensure removal of all 
water. 2,4,6-Trimethylphenol, 1-ArOH (99%), Aldrich, was purified by 
repeated dissolution in acetonitrile followed by precipitation with pentane. A 
single peak was obtained in its HPLC chromatograms. HPLC grade methanol, 
sodium acetate, acetic acid, and HEPES buffer were purchased from Sigma 
Aldrich and used as received. Isopropanol, acetonitrile, sodium hydroxide 
solutions, sulfuric acid and hydrochloric acid were purchased from Fisher 
Scientific and used as received. The preparation of 2,4,6-
trimethylbenzenediazonium tetra-fluoroborate, l-ArN2BF4, and 2,4,6-
trimethylphenyl acetate, 1-ArOAc, have been described (7, 9). All aqueous 
solutions were prepared by using distilled water that was passed over activated 
carbon and deionizing resin and redistilled. 

Methods 

UV/visible spectra and kinetic data were collected on a Perkin-Elmer 559A 
spectrophotometer or a Perkin Elmer Lambda 40 spectrophotometer. Product 
yields were determined on a Perkin-Elmer LC-235 HPLC equipped with a 235C 
diode-array detector measuring absorbance at λ = 220 run and a LC 240 
fluorescence detector, (ex. λ = 210 ran, em λ = 330 nm). The HPLC was fitted 
with a Rainin Microsorb-MV C-18 reverse phase column (4.6 mm ID χ 25 cm; 
5-nm particle size); a 200 μΐ sample loop. The mobile phase for product 
separation was 80% MeOH/20% H 20 with a flow rate of 0.8 ml/min for all runs. 
Reported peak areas are averages of triplicate injections. Solution pH was 
measured with an Orion combination pH microelectrode, model 8103. ^ a 
spin-lattice relaxation times, Ti, were measured on a Varian VXR-200 and 

In Conducting Polymers and Polymer Electrolytes; Rubinson, J., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2002. 



196 

determined by an inversion recovery Fourier transform method (27, 28), using 
an 180°-t-90° pulse sequence over a range from 0.001 to 0.05 seconds. 

^ a NMR Experiments 

Stock solutions of NaCl and NaPAA were prepared in 50:50 H20:D20. 
Weighed samples of solid l-ArN 2BF 4 were added to 5.00 mL portions of PAA 
stock solution to give final l-ArN 2

+ concentrations of 0.008 M to 0.07 M. 
Experiments were run at 5 °C to minimize l-ArN 2

+ decomposition. 

Determination of Selectivity 

Sodium acetate, NaO Ac, acetic acid, HO Ac, solutions were prepared at pH 
= 3, 5, and 7 by adjusting the NaOAc/HOAC molar ratio, over a concentration 
range of 1-5 M. Reaction was initiated by injecting aliquots of freshly prepared, 
ice cold, stock solutions of l-ArN2BF4, 0.01 M in methanol, to give final 
concentrations of 1-5 χ 10"4 M. Solutions were layered with cyclohexane to 
minimize loss of volatile products (7). Reaction flasks were placed in 40 °C 
water bath for a minimum of eight hours. Product solutions were made 
homogeneous by adding sufficient isopropanol, i-PrOH, to dissolve both the 
cyclohexane and aqueous phase and then analyzed by HPLC using UV detection 
in triplicate 20 μΐ injections. 

Product yields of 1-ArOH and 1-ArOAc from reaction with water and 
acetate ion, respectfully, were identified in HPLC chromatograms by spiking 
experiments using independently prepared 1-ArOAc (9) and commercially 
available 1-ArOH. Calibration curves were prepared from peak areas by using 
stock solutions of each product in MeOH over a concentration range of 1 χ 10*4 

- 5 χ 10"3 M. Plots of peak area as a function of 1-ArX (X = OH or OAc) 
concentration are linear and give an equation of the form Area = m[l-ArX]. 
Concentrations were calculated by multiplying peak areas by 1/m. The values of 
m are 4.06 χ 109 uV-sec/M (cc. = 1.000) and 2.83 χ 109 uV-sec/M (ce. - L000) 
for 1-ArOH and 1-ArOAc, respectfully. 

Tagging Experiments 

Aqueous sodium polyacrylate solutions were prepared in 1 χ 10~3 M HEPES 
buffer at pH 7. Solid l-ArN 2BF 4 was added to each solution such that the ratio 
of polyelectrolyte to l-ArN 2

+ was approximately 33:1. Solutions were placed in 
a 40 °C constant temperature water bath for a minimum of ten half lives. 
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Product solutions were passed over a size exclusion chromatography column to 
remove 1-ArOH formed from reaction of l-ArN 2

+ with water. These solutions 
containing tagged polyelectrolyte were hydrolyzed in 1 M NaOH at ambient 
temperature for 30 hours to ensure complete hydrolysis of the ester linkages. 
The half-life for the hydrolysis of the model compound 1-ArOAc is only about 5 
minutes under these conditions based on its measured second order rate constant 
of 2.8 χ 10'3 M"1 sec"1. After the hydrolyses were complete, the pH of each 
solution was adjusted to 7.0 by titrating with 6 M HC1 and monitoring with a pH 
meter. The yields of 1-ArOH were analyzed by HPLC by fluoresence detection 
in triplicate 100 ul injections. 

Kinetics 

Dediazoniation reactions rates were carried out in NaOAc and NaPAA at 
various pH's. NaOAc solutions are self buffered, and NaPAA solutions were 
buffered with 1 χ 10"3 M HEPES. Reactions were monitored at 40 °C ± 0.1 °C, 
and were followed for at least 10 half lives at λ = 285 nm. Reactions were 
initiated by injecting aliquots (-50 uL) of l-ArN2BF4, of a freshly prepared ice 
cold 0.01 - 0.02 M stock solutions in CH3CN, into 5.0 - 10.0 mL of reaction 
solution to give final [l-ArN2BF4] of-1 χ 10"4 M. Plots of In (A* - A) versus 
time were linear for 3 - 4 half lives with cc > 0.998. The dediazoniation rate is 
essentially constant from pH 4 to 9 (k^ = 3.4 χ 10"4 s'1, 8 data points). The 
reaction in NaPAA solutions pH 7.0 is slightly faster, kobs = 5.0 χ 10"4 s'1. 

The rate of alkaline hydrolysis of 1-ArOAc to form 1-ArOH was monitored 
at 25 °C ± 0.1 °C, and was followed for 10 half lives at λ = 275 nm. 1 χ ΙΟ"4 M 
1-ArOAc was dissolved in 0,1 M NaOR The plots of In (Aoo - A) versus time 
were linear for 3 - 4 half lives with cc > 0.998. The second order rate constant 
for hydrolysis is 2.8 χ 10"3 M"1 sec"1. Reported rates of alkaline hydrolysis for 
phenyl acetate and ĵ -tolyi acetate are 0.576 and 0.310 M"1 sec"1, respectfiilly 
(29). The rate of alkaline hydrolysis of 1-ArOAc should be slower than that of 
phenyl acetate and /?-tolyl acetate because of the two ortho-methyl groups of 
1-ArOAc, are electron-donating and sterically hinder attack of the Off. 
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Chapter 15 

Challenges and Opportunities: Where Do We Go 
from Here? 
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Washington, DC 20057-1227 

Editors of a volume such as this are instructed that they should include a 
chapter addressing the questions “Where do we go from here?”or “What are the 
directions that are seen for future research and development in the area?” Truth be 
told, we felt that it would be more than a little risky to make any specific 
predictions at this time. After all, when Alan MacDiarmid, the 2000 Nobel 
Laureate in Chemistry, published the definitive papers on the conductivity 
properties of the inorganic polymer, poly(sulfur nitride), a few electrochemists took 
notice because they could see that this polymer, as an electrode material, would 
have a very different solution/electrode interface structure and, perhaps, different 
electron transfer kinetics. No grand new applications were envisioned. However, 
when his first seminal publications on the organic conducting polymer, 
polyacetylene, appeared, great breakthroughs and/or new materials were 
instantaneously predicted. These included superlight all-organic batteries, highly 
efficient solar energy conversion systems, and organic room temperature 
superconductors. Although these lines of research have not yet proved as 
successful as anticipated, the “detours” along the way have led to a multitude of 
specialized electrochemical applications that never could have been developed 
without the unique properties of these organic conducting polymer materials. 

We think it is safe to say that there will be practical batteries developed that 
rely on a combination of electronic- and ionic-conducting organic polymers, the 
so-called “Jelly Roll.” Although long-term stability is still a problem with these 
systems, they have been shown to have very rapid charge/discharge characteristics, 
and it is just a matter of time before more stable polymers are synthesized. 
Furthermore, synthetic research will produce materials for “super capacitors” for 

© 2003 American Chemical Society 203 

In Conducting Polymers and Polymer Electrolytes; Rubinson, J., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2002. 



204 

massive energy storage and for stable fuel cells. Synthesis of derivatives of the the 
original conducting polymers have produced, and are likely to continue to produce, 
great strides in the area of photovoltaic devices. 

The ability to tailor the behavior of these polymers by way of attachment of 
specific structural groups will, no doubt, lead to expansion of their capabilities in 
areas ranging from electrocatalysis to sensors with a high degree of specificity. 
Corrosion science should benefit from the work of those presently looking at the 
mechanisms by which conducting polymers lead to inhibition of corrosion. Another 
area in which we expect to see widespread application is in the area of biomedical 
research and engineering. The promising results in terms of biocompatibility will 
very likely lead to their use both for in vitro and in vivo purposes. 

A colleague recently remarked that “Conducting polymers are not the answer 
to everything!” However, drawing on the expertise brought to the table by 
interdisciplinary teams such as those presently exploring their possibilities, the types 
and numbers of applications will doubtless continue to expand in the years to come. 
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protection of metals, 129 

structures of pyrrole and 
copolymerized derivatives, 132 

surface pretreatment by immersion, 
133-134 

thermodynamic conditions for 
electropolymerization of pyrrole or 
aniline, 129-130 

two-step PPy deposition on mild 
steel, 130-133 

two-step PPy deposition on zinc, 
133-134 

use of oxidized polyaniline (PANI), 
129 

voltammetric study, 136, 137/ 
work on PPy, 129 

Anti human serum albumin, 
immobilization for sensors, 9t 

Arsenic analysis, conducting 
polymers, 12 

Au//?- aminothiophenol (p-ATP) 
substrates. See Multi-layer film 
electrodes 

Β 

Batteries, electronic and ionic-
conducting organic polymers, 203 

Biodegradable polymers. See 
Biomaterials, electroactive 

Biomaterials, electroactive 
chemical structure of oxidized 

polypyrrole (PP) and hyaluronan, 
157/ 

clinical need for new biomaterials for 
neural tissue engineering, 155— 
156 

*H NMR for terpyrrole derivative, 
163/ 

209 
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hyaluronan and role of angiogenesis 
in nerve regeneration, 156— 
158 

hyaluronic acid (HA) in cell 
signaling events, 157 

in vivo vascularization surrounding 
PP/PSS [poly(styrenesulfonate)] 
and PP/HA films, 161/ 

need for biodegradable and 
processible form of PP, 158 

PP as biomaterial, 156, 157/ 
predicted structure of biodegradable 

PP derivative, 162/ 
schematic of conductive terpyrrole 

units connected via degradable 
ester linkages and flexible 
aliphatic chains, 160/ 

schematic of surgical placement of 
nerve guidance channel, 155/ 

structure of new terpyrrole derivative 
with thiophene unit, 162/ 

synthesis and characterization 
methods of PP-HA composites, 
158-159 

synthesis and characterization of PP-
HA composites, 161-162 

synthesis method of biodegradable 
form of PP, 159-160 

synthesis of biodegradable form of 
PP, 162-163 

Biomedical applications, conducting 
polymers, 11-12 

Biomedical research and engineering, 
204 

Biotinylated hepatitis C probe, 
immobilization for sensor 
applications, 8i 

Bipyridine (bpy) ligands. See 
Organometallic polymer 
[Ru(L)(CO)2]n 

Bithiophene (BT) 
inclusion complexes formation with 

cyclodextrins, 41-43 
See also Thiophene derivatives 

Bode-[Z] diagrams 

effect of exposing poly(3-
methylthiophene) film to iodine, 
31/ 

poly(3-methylthiophene) films, 21, 
23/24 

C 

Capacitance, poly(3-methylthiophene) 
films, 24 

Capacitors, conducting polymers, 5 
Carbon dioxide (C02) 
electrocatalytic reduction, 142 
emeraldine base-type 

polyaniline/poly(vinyl alcohol) 
(EB-PAn/PVA) composite, 96, 
99- 101 

response of C 0 2 to EB-PAn/PVA, 
100- 101 

See also Organometallic polymer 
[Ru(L)(CO)2]n 

Catalysis, conducting polymers, 7,11 
Catalysts. See Polymer supported fuel 

cell catalysts 
Cell culture, conducting polymers, 

11-12 
Cell signaling events, hyaluronic acid, 

157 
Characterization 
conducting polymers, 3-4 
electrochemical impedance 

spectroscopy (EIS), 19 
electrochemical quartz crystal 

microbalance (EQCM), 60 
Chromate reduction, conducting 

polymers, 12 
Coatings. See Anticorrosion coatings 
Composites. See Biomaterials, 

electroactive; Polymer composites 
Conducting polymers 
adhesion, 4 
anticorrosion, 5-6 
applications, 4-12 
characterization, 3-4 

In Conducting Polymers and Polymer Electrolytes; Rubinson, J., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2002. 



211 

electrocatalysis, 4-5 
electronics, 5 
entrapment and release of bioactive 

substances, 11 
environmental monitoring and 

remediation, 12 
fuel cell design, 6 
future of, electrodes, 203-204 
immobilization of enzymes, 

polynucleotide, and antibodies, 7, 
11 

morphology, 3-4 
neuroscience and cell culture 

applications, 11-12 
photovoltaics, 5 
sensing or catalysis, 7, 11 
sensors and detection, 6-7 
solid-state reference electrodes, 12 
synthesis, 3 
tailoring behavior, 204 
See also Poly(3-methylthiophene) 

Conductivity 
polymer, 4 
See also Polymer composites 

Conjugated polymers 
anodic electrochemiluminescence 

(ECL) for 4-methoxy(2'-
ethylhexoxyl)-2,5-poly(p-
phenylenevinylene) (MEH-PPV), 
111/ 

cyclic voltammetry of MEH-PPV 
coated Pt electrode, 108/ 

derivatives ofPPV, 104 
effect of polarization change during 

anodic ECL, 111/ 
electrochemiluminescence (ECL) by 

reactions, 106-107 
electrochemiluminescence for M E H -

PPV, 110/ 
electroluminescence, 103-104 
emission of ECL from MEH-PPV, 

106, 108/ 
experimental, 104-105 
general mechanism for production of 

luminescence, 106 

kinetics of ECL, 109, 111/ 
light emission kinetics, 107, 109 
MEH-PPV synthesis, 104-105 
oxidation and/or reduction, 105-106 
potential step generated cathodic and 

anodic ECL, 108/ 
See also Anticorrosion coatings 

Copper. See Polymeric electrodeposits 
with metallic particles 

Counterions, condensed 
chemical trapping, 185-186 
comparing experimental to 

theoretical estimates, 194 
dediazoniation mechanism, 186 
dediazoniation reaction rates, 197 
determination of selectivity, 196 
equilibrium constant for obtaining 

2 3Na NMR, 187 
estimated concentrations in region of 

sodium polyacrylate (NaPAA) by 
chemical trapping at 40°C, 193? 

estimating local concentrations, 192— 
193 

experimental materials, 195 
experimental methods, 195-196 
factors contributing to difference 

between theory and chemical 
trapping estimate, 194 

ion exchange constant, 186-188 
kinetics, 197 
2 3Na NMR experiments, 196 
NaPAA selection, 192 
2 3Na relaxation times for determining 

exchange constant for Na+ and 1-
ArN 2

+ on NaPAA, 189/, 190* 
percent tagging, 191-192 
rate of alkaline hydrolysis, 197 
rate of relaxation, 187 
selectivity of l-ArN 2

+ toward acetate 
versus water, 188, 191 

tagging experiments, 196-197 
theory (CCT), 185 
yield of tagged carboxylate groups, 

193-194 
Cyclodextrins (CDs) 
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electropolymerization of host-guest 
complexes with thiophene 
derivatives, 40-46 

guests in host-guest complexes, 40 
host-guest inclusion complexes 

formation, 41-43 
host-guest polymerization, 43 
See also Thiophene derivatives 

D 

Detection, conducting polymers, 6-7 
Diaminopyridine, immobilization for 

sensors, 8/ 
Dispersed metallic particles. See 

Polymeric electrodeposits with 
metallic particles 

Dopamine, entrapment and release, 11 
Dopant, addition to organic polymer, 

18-19 

Ε 

Electroactive biomaterials. See 
Biomaterials, electroactive 

Electrocatalysis, conducting polymers, 
4-5 

Electrocatalytic reduction of C0 2 , 142 
Electrochemical impedance 

spectroscopy (EIS) 
electrochemically active polymers, 

19 
parameters for poly(3-

methylthiophene) films, 2$t 
See also Poly(3-methylthiophene) 

Electrochemical quartz crystal 
microbalance (EQCM) 

characterization method, 60 
EQCM electrooxidative deposition 

data, 68r 
See also Perylene containing films 

Electrochemiluminescence (ECL) 

anodic ECL for 4-methoxy(2f-
ethylhexoxyl)-2,5-PPV (MEH-
PPV), 111/ 

effect of polarization change during 
anodic ECL, 111/ 

emission of ECL from MEH-PPV, 
106, 108/ 

kinetics, 109, 111/ 
potential step generating cathodic 

and anodic ECL, 108/ 
reactions for ECL from conjugated 

polymers, 106-107 
See also Conjugated polymers 

Electrochemistry. See Poly(3-
methylthiophene) 

Electrodes 
future of conducting polymer, 203-

204 
in vivo applications, 12 
solid-state reference, 12 
See also Multi-layer film electrodes; 

Polymeric electrodeposits with 
metallic particles 

Electroluminescence 
anthracene crystals, 103-104 
See also Conjugated polymers 

Electrolytes, cyclic voltammograms of 
polyaniline and polythiophene 
derivatives, 55-57 

Electronics, conducting polymers, 5 
Electrooxidative polymerization. See 

Perylene containing films 
Electropolymerization 
factors hindering thiophene 

derivatives, 39 
host-guest complexes of thiophene 

derivatives-cyclodextrins, 40̂ 46 
thermodynamic conditions for 

pyrrole and aniline, 129-130 
thiophene derivatives in aqueous 

solution, 39 
thiophene derivatives in micellar 

solutions, 46-50 
See also Thiophene derivatives 
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Emulsion polymerization. See 
Micelles 

Energy band diagram, metal island 
model, 122/ 

Environmental monitoring and 
remediation, conducting polymers, 
12 

Enzymes, immobilization for sensing 
or catalysis, 7, 11 

1 -Ethy 1-3 -methy limidazolium 
bis((trifluoromethyl)sulfonyl)imide 
(EMITFSI), cyclic voltammograms 
of polyaniline and polythiophene 
derivatives, 55-57 

3,4-Ethylenedioxythiophene (EDOT). 
See Thiophene derivatives 

F 

Fuel cell design, conducting polymers, 
6 

Fuel cells. See Polymer supported fuel 
cell catalysts 

cyclodextrins, 40 
electropolymerization, 40^6 
formation of inclusion complexes, 

41^3 
polymerization, 43 
See also Thiophene derivatives 

Humidity 
dependence of electrical conductivity 

of poly(anthranilic 
acid)/poly(vinyl alcohol) 
(PANA/PVA) and PANA-
SA(doped with sulfuric acid)/PVA 
composite on humidity, 98/ 

PANA/PVA composite as sensor, 96, 
98 

See also Carbon dioxide (C02) 
Hyaluronan 
cell signaling events, 157 
chemical structure, 157/ 
role of angiogenesis in nerve 

regeneration, 156-158 
synthesis and characterization of 

polypyrrole-hyaluronic acid (HA) 
composites, 158-159, 161-162 

See also Biomaterials, electroactive 
Hydrogen oxidation, catalysts, 175-176 

Galvanostatic study 
zinc, 136, 138 
See also Anticorrosion coatings 

Glucose oxidase, immobilization for 
sensor, 9t, \0t 

Gold electrodes. See Multi-layer film 
electrodes 

Granular metal island model, 
explaining conductivity of 
polyaniline, 121-122 

H 

Horseradish peroxidase (HPR), 
immobilization for sensor, 9t 

Host-guest complexes 

I 

Immobilization 
enzymes, polynucleotide, or 

antibodies, 7, 11 
sensor applications, Si, 9t, 10/ 

Incident-photon-to-current efficiencies 
(IPCE), definition, 119 

Iodine 
doping poly(3-methylthiophene), 24, 

28 
effect of exposure of poly(3-

methylthiophene) as Bode-[Z] 
plot, 31/ 

effect of exposure of poly(3-
methylthiophene) by testing 
electrode, 28, 29/ 30/ 
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See also Poly(3-methylthiophene) 
Ion-selective conducting polymer. See 

Poly(3 -methy lthiophene) 
Iron 
effect of surface treatment on 

electrochemical response, 131-133 
See also Anticorrosion coatings 

J 

Jelly Roll, conducting organic 
polymers, 203 

L 

Lead. See Polymeric electrodeposits 
with metallic particles 

Light-emitting diodes, conducting 
polymers, 5 

Luminescence 
general mechanism for production, 

106 

See also Conjugated polymers 

M 

MacDiarmid, Alan, poly(sulfur 
nitride), 203 

Metal catalysts. See Polymer 
supported fuel cell catalysts 

Metal island model 
energy band diagram, 122/ 
explaining conductivity of 

polyaniline, 121-122 
Metallic particles. See Polymeric 

electrodeposits with metallic 
particles 

Metals. See Anticorrosion coatings 
Methanol oxidation 
catalysts, 176-178 
chronoamperometry, 180/ 
experimental, 182 

normal pulse voltammograms, 
179/ 

poly(3,4-ethylenedioxythiophene)/ 
poly(styrene-4-sulphonate), 177— 
178 

polyaniline, 177 
polypyrrole supported catalysts, 176-

177 
See also Polymer supported fuel cell 

catalysts 
3-Methoxythiophene (MOT). See 

Thiophene derivatives 
Micelles 
atomic force microscopy (AFM) 

images of poly(3,4-
ethylenedioxythiophene) (PEDOT) 
films electrosynthesized in sodium 
dodecylsulfate (SDS), 49/ 

electropolymerization of thiophene 
derivatives, 46-50 

electropolymerization of thiophene 
derivatives in SDS, 47 

electrosynthesis of poly(3-
methoxythiophene) [poly(MOT)] 
at Pt electrode, 48/ 

poly(MOT) structures prepared in 
SDS, 50 

surfactant monomer-electrode 
interactions, 46 

See also Thiophene derivatives 
Mild steel 
two-step polypyrrole deposition, 

130-133 
See also Anticorrosion coatings 

Model, granular metal island, for 
polyaniline, 121-122 

Morphology, conducting polymers, 3-
4 

Mott Schottky plots, poly(3-
methylthiophene) films in LiC104, 
34/35/ 

Multi-layer film electrodes 
apparatus, 115-116 
apparent mass change vs. time 

transient for jp-aminothiophenol 
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(ρ-ΑΎΡ) adsorption on Au by self-
assembly, 117/ 

chemicals, 115 
energy band diagram for metal island 

model of granular polyaniline 
(PANI) film, 122/ 

experimental, 115-116 
film preparation method, 116 
formation and photoelectrochemical 

behavior of PANI film on Au/p-
ATP, 118-122 

formation of Au/p-ATP monolayer 
on Au, 116 

Fowler plots of photocurrent data for 
anodic and cathodic photocurrent 
of PANI film on ordered Au/p-
ATP, 121/ 

granular metal island model, 121-
122 

incident-photon-to-current 
efficiencies (IPCE), 119 

photocurrent spectra of PANI film on 
ordered Au/p- ATP, 120/ 

photocurrent spectra of PANI/Ti02 

film on ordered Au/p-ATP, 
124/ 

photocurrent vs. potential 
dependence for PANI and 
PANI/Ti02 films on Au/p-ATP, 
123/ 

photoelectrochemical behavior of 
PANI/Ti02 film on Au//?-ATP, 
122-125 

potential dependence of photocurrent 
for reduced, partially-oxidized, 
and oxidized states of PANI film 
on ordered Au/p-ATP, 119/ 

use of self-assembly monolayers, 
115 

variation of current-potential and 
apparent mass-potential 
characteristics during PANI film 
formation on Au/p-AT?, 118/ 

Ν 

Nanojunction switch, polyaniline, 5 
Nano-particulate Au/p-

aminothiophenol/polyaniline/Ti02 

films 
photocurrent spectra of polyaniline 

(PANI)/Ti02 film on ordered 
Au/p-ATP, 124/ 

photocurrent vs. potential 
dependence for PANI and 
PANI/Ti02 films on ordered Au/p-
ATP, 123/ 

photoelectrochemical behavior, 122— 
125 

See also Multi-layer film electrodes 
Nerve guidance channel, schematic of 

surgical placement, 155/ 
Nerve regeneration, hyaluronan and 

role of antiogenesis, 156-158 
Neural tissue engineering, need for 

new biomaterials, 155-156 
Neuroscience, conducting polymers, 

11-12 
Nyquist diagram, poly(3-

methylthiophene) films, 21, 22/ 24 

Ο 

Oligonucleotide, immobilization for 
sensor applications, 8/, 9t 

Organic polymers 
addition of dopant, 18-19 
batteries relying on electronic and 

ionic-conducting, 203 
See also Anticorrosion coatings; 

Poly(3 -methylthiophene) 
Organometallic polymer 

[Ru(L)(CO)2]n 

aromatic regions of ^ - N M R spectra 
of trans-C\ and cis-C\ isomers, 
149/ 
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cyclic voltammogram of vitreous 
carbon (VC)/[Ru°(bpy)(CO)2]n 

modified electrode, 143, 145/ 
cyclic voltammograms in CH 3 CN + 

TBAP of, at Pt electrode, 143/ 
cyclic voltammogram under Ar and 

C 0 2 in aqueous medium, 150/ 
difficulty in utilization of, cathodes, 

151-152 
electrocatalytic activity vs. C 0 2 

reduction of, films, 148, 151-152 
film formation, 142-147 
formula of polymer and precursor, 

142/ 
iterative cyclic voltammograms, 144/ 
observations supporting formulation, 

146 
physico-chemical characterization of 

films, 146-147 
polymerization mechanism, 147-148 
product distribution of 

electrocatalytic reduction, 151 
schematic structure of polypyrrole-

[Ru(L2)(CO)2]n composite 
material, 152/ 

Oxygen reduction 
experimental, 181 
polyaniline, 169-170 
polypyrrole supported catalysts, 167, 

169 
polythiophene, 175 
See also Polymer supported fuel cell 

catalysts 

Perylene containing films 
aggregation, 60 
applications, 59 
cyclic voltammograms of poly-1 film 

and simultaneous mass changes, 
70/ 

cyclic voltammograms of poly-3 film 
and simultaneous mass changes, 
71/ 

diimide and diamide monomers with 
diphenylamine endgroups, 60-61 

electrochemical quartz crystal 
microbalance (EQCM), 60 

electrodes and cells, 63-64 
electrooxidative polymerization of 

monomers, 64-66,68 
EQCM electrooxidative deposition 

data, 68/ 
experimental, 61-64 
frequency changes of quartz crystal 

electrode (QCE) during 
electropolymerization of 
monomers, 66 

instrumentation, 63 
photophysical properties, 59-60 
polymer films, 68, 72 
potential mass correlations >0.0V, 

72/, 73/ 
radical dimerization mechanism of 

arylamines, 64 
reagents, materials, and apparatus, 61 
solution cyclic voltammograms of 

monomer 1 in triethylamine and 
trifluoroacetic acid (TEATFA) 
solution ofCH 2 Cl 2 , 67/ 

solution cyclic voltammograms of 
monomer 3 in 
tetrabutylammonium 
hexafluorophosphate (TBAPF6) 
solution of CH2C12, 65/ 

synthesis, 60 
synthesis of methyl 2-anilino-5-

aminobenzoate, 62-63 
synthesis of monomers, 61-63, 64 
tetraprotonated dimer of monomer 1, 

69 
Photovoltaics, conducting polymers, 5 
Platinum alloy, immobilization for 

sensor applications, 10/ 
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Platinum electrodes. See Polymeric 
electrodeposits with metallic 
particles 

Polyacetylene 
addition of dopant, 18-19 
predictions, 203 

Polyacrylate, sodium (NaPAA). See 
Counterions, condensed 

Polyaniline 
applications and properties, 114-115 
chemical characterization, 89-90 
chemical structure, 168 
cyclic voltammograms in 

electrolytes, 55-56 
cyclic voltammograms of gas 

diffusion electrodes catalyzed 
with, and 
polyaniline/poly(styrenesulfonate) 
supported Pt, 171/ 

electronics, 5 
experimental, 53-54 
formation and photoelectrochemical 

behavior of, film on Au/p-
aminothiophenol substrate, 118-
122 

granular metal island model, 121-
122 

hydrogen adsorption/desorption 
waves, 173/ 

hydrogen oxidation, 175-176 
methanol oxidation, 177 
oxygen reduction, 169-170 
oxygen reduction performance for 

best electrodes, 174/ 
oxygen reduction polarization 

curves, 172/ 
preparation, 77-78, 89, 181 
protecting oxidizable metals, 129 
See also Anticorrosion coatings; 

Multi-layer film electrodes; 
Polymer composites; Polymer 
supported fuel cell catalysts; 
Polymeric electrodeposits with 
metallic particles 

Poly(anthranilic acid) (PANA) 

characterization, 90, 92 
FTIR spectra, 91/ 
mass spectra at different 

temperatures, 94/ 
PANA/poly(vinyl alcohol) (PVA) 

composite as humidity sensor, 96, 
98 

preparation, 89 
relationship between electrical 

conductivity and temperature, 92, 
95/ 

sulfuric acid (SA) doping, 96 
thermogravimetric curve, 93/ 
See also Polymer composites 

Poly(bithiophene) (PBT) 
host-guest polymerization, 43 
structures, 44-46 
See also Thiophene derivatives 

Poly(cyclopenta[2,1 -b;3,4-
b']dithiophene-4-one) (PCDT) 

cyclic voltammograms in 
electrolytes, 56 

structure, 53 
See also Thiophene derivatives 

Polyelectrolyte. See Counterions, 
condensed 

Poly(3,4-ethylene dioxy thiophene) 
(PEDOT), synthesis, 3 

Poly(3,4-ethylene 
dioxythiophene)/poly(styrene-4-
sulphonate), methanol oxidation, 
177-178 

Polyheteroaromatic films 
interest, 39 
See also Thiophene derivatives 

Polymer composites 
characterization of poly(anthranilic 

acid) (PANA) and preparation of 
emeraldine base-type polyaniline 
(EB-PAn), 90, 92, 96 

chemical characterization of PANA 
and polyaniline (PAn), 89-
90 

dependence of electrical conductivity 
of EB-PAn/poly(vinyl alcohol) 
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(PVA) composite on C0 2 

concentration, 99/ 
dependence of electrical conductivity 

of EB-PAn/PVA composite on 
C 0 2 concentration at various 
humidities, 100/ 

dependence of electrical conductivity 
of PANA/PVA and PANA-
SA(doped with sulfuric acid)/PVA 
composites on humidity at 
moistening and desiccating stages, 
98/ 

EB-PAn/PVA composites as C 0 2 

sensor, 96, 99-101 
experimental, 89-90 
FTIR spectra of PANA and heat-

treated PANAs, 91/ 
mass spectra (MS) spectra of PANA 

at different temperatures, 94/ 
PANA/PVA composites as humidity 

sensor, 96, 98 
polyaniline preparation, 89 
preparation of PANA, 89 
pyrolysis of PANA, 97 
relationship between electrical 

conductivity of PANA and 
treatment temperature, 92, 95/ 

response of EB-PAn/PVA composite 
to C0 2 , 100-101 

thermogravimetric (TG) curve of 
PANA, 93/ 

Polymer electrodes, arsenic analysis, 
12 

Polymer supported fuel cell catalysts 
catalysts for hydrogen oxidation, 

175- 176 
catalysts for methanol oxidation, 

176- 178 
catalysts for oxygen reduction, 167-

175 
chronoamperometry for methanol 

oxidation, 180/ 
cyclic voltammograms of gas 

diffusion electrodes catalyzed with 
polyaniline and 

polyaniline/poly(styrene-4-
sulphonate) (PSS) supported Pt, 
171/ 

experimental, 181-182 
hydrogen adsorption/desorption 

waves, 173/ 
normal pulse oxygen reduction 

polarization curves for electrodes 
catalyzed with polyaniline and 
polyaniline/PSS supported Pt, 172/ 

normal pulse voltammograms for 
methanol oxidation, 179/ 

oxygen reduction polarization curves 
for best electrodes, 174/ 

platinum use, 167 
polyaniline for methanol oxidation, 

177 
polyaniline for oxygen reduction, 

169-170 
poly(3,4-

ethylenedioxythiophene)/PSS 
(PEDOT/PSS) for methanol 
oxidation, 177-178 

polypyrrole supported catalysts, 167, 
169, 176-177 

polythiophenes for oxygen reduction, 
175 

potential use, 166-167 
structures of polypyrrole, 

polyaniline, and polythiophene, 
168 

Polymeric electrodeposits with 
metallic particles 

catalytic effect of Pb on electro-
oxidation of formic acid, 78 

Cu dispersion, 80-84 
electrocatalytic activity of electrodes 

using polyaniline (PANI) or 
polypyrrole (PPy), 80 

electrocatalytic oxidation of 
molecules, 76 

electro-obtention of poly(o-
phenylenediamine) (PoPDA), 76-
77 

experimental, 77-78 
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film thickness using polythiophene 
(PTh) matrix, 79 

γ-aminobutyric acid (GABA) 
response on SS/PoPDA, 
SS/PoPDA-Cu modified, and Cu 
electrodes, 81/ 

obtaining optimum Pt/polymer-Pt + 
Pb electrodes behavior, 79 

optimal conditions to prepare 
SS/PoPDA-Cu electrodes, 82/ 

platinum electrodes modified with 
PoPDA, 77-78 

preparation, 76 
Pt and Pt + Pb dispersion, 78-80 
response of electrodes in different 

GABA concentrations, 83/ 
Polymerization. See Thiophene 

derivatives 
Poly(3-methylthiophene) 
behavior of electrodes, 19 
Bode-[Z] diagrams of films in 

tetrabutyl ammonium 
hexafluorophosphate/acetonitrile 
(TBAHFP/AcN), 21, 23/ 24 

comparing AC impedance 
characteristics, 24,28 

effect of exposing film to iodine as 
Bode-[Z] plot, 28,31/32 

effect of exposure of film to iodine 
by testing electrode in TBAHFP 
and LiC104, 28, 29/ 30/ 

effect of iodine doping, 24, 28, 32 
EIS curves for films in LiC104, 26/ 

27/ 
EIS (electrochemical impedance 

spectroscopy), 19 
equivalent circuit for doped and 

undoped, 24, 25/ 
experimental, 20-21 
Mott Schottky plots for films in 

L 1 C I O 4 , 34/ 35/ 

Nyquist diagram of film at different 
potentials, 21,22/ 

phase angle/frequency plots of film 
in TBAHFP/AcN, 33/ 

polymer film parameters for oxidized 
and reduced states, 28/ 

relation between change in electrical 
properties and sensor behavior of 
polymer, 32 

sample preparation, 20-21 
synthesis, 3 

Polynucleotide, immobilization for 
sensing or catalysis, 7, 11 

Poly(ophenylenediamine) (PoPDA) 
electro-obtention, 76-77 
See also Polymeric electrodeposits 

with metallic particles 
Poly(phenylene vinylene) (PPV) 
cyclic voltammetry of 4-methoxy(2'-

ethylhexoxyl)-2,5-PPV (MEH-
PPV), 106, 108/ 

electrochemical formation of excited 
emitting states, 107 

electrochemiluminescence for M E H -
PPV, 110/ 

electroluminescence, 104 
emission of ECL from MEH-PPV, 

106, 108/ 
MEH-PPV synthesis, 104-105 
See also Conjugated polymers 

Polypyrrole 
anticorrosion properties of films, 

132-133 
biomaterial, 156 
chemical structure, 168 
chemical structure of oxidized, 157/ 
chromate reduction, 12 
entrapment and release of bioactive 

substances, 11 
films on oxidizable metals, 129 
galvanostatic study on zinc, 136, 138 
hydrogen oxidation, 175-176 
immobilization for sensor 

applications, 8/, 9/, 10/ 
in vivo applications, 12 
micrographie cut of film on zinc, 

139/ 
need for biodegradable and 

processible form, 158 
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one-step deposition on zinc, 134, 
136, 138 

preparation, 77-78 
supported catalysts for methanol 

oxidation, 176-177 
synthesis and characterization of 

polypyrrole-hyaluronic acid (HA) 
composites, 158-159, 161-162 

synthesis of biodegradable form, 
159-160,162-163 

two-step deposition on mild steel, 
130-133 

two-step deposition on zinc, 133-134 
voltammetric study on zinc, 136, 

137/ 
See also Anticorrosion coatings; 

Biomaterials, electroactive; 
Polymer supported fuel cell 
catalysts; Polymeric 
electrodeposits with metallic 
particles 

Poly(pyrrole-co-dithiophene), 
hydrogen oxidation, 175-176 

Polysaccharide hyaluronan. See 
Biomaterials, electroactive 

Poly(styrenesulfonate) (PSS). See 
Biomaterials, electroactive 

Poly(sulfur nitride), 203 
Poly(terthiophene) (P3T) 
host-guest polymerization, 43 
structures, 44-46 
See also Thiophene derivatives 

Poly-E-a-[(2-thienyl)methylene]-2-(3-
methylthiophene)acetonitrile 
(PTCNT) 

cyclic voltammograms in 
electrolytes, 56-57 

structure, 53 
Polythiophene 
chemical structure, 168 
oxygen reduction, 175 
preparation, 77-78 
See also Polymeric electrodeposits 

with metallic particles; Polymer 
supported fuel cell catalysts 

Polythiophene derivatives 
cyclic voltammograms of 

poly(cyclopenta[2,l-b; 3,4-
b']dithiophene-4-one (PCDT), 56 

cyclic voltammograms of poly-E-ct-
[(2-thienyl)methylene]-2-(3-
methylthiophene)acetonitrile 
(PTCNT), 56-57 

experimental, 53-54 
structures of PCDT and PTCNT, 53 

Polyvinyl alcohol) (PVA). See 
Polymer composites 

Potassium nitrate, iron passivity and 
transpassivity, 132 

Pyrrole 
structure, 132 
thermodynamic conditions for 

electropolymerization, 129-130 

R 

Remediation, conducting polymers, 
12 

Ruthenium. See Organometallic 
polymer [Ru(L)(CO)2]n 

Sensing, conducting polymers, 7, 11 
Sensor applications, immobilization, 

St, % 10r 
Sensors 
conducting polymers, 6-7 
See also Polymer composites 

Sodium dodecylsulfate (SDS) 
electropolymerization of thiophene 

derivatives, 46-50 
See also Micelles; Thiophene 

derivatives 
Sodium polyacrylate (NaPAA). See 

Counterions, condensed 
Sodium sulfate, behavior of mild steel, 

131-132 
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Solid-state reference electrodes, 
conducting polymers, 12 

Steel, mild. See Anticorrosion 
coatings 

Sulfuric acid, doping poly(anthranilic 
acid), 96 

Surface pretreatment 
electrochemical zinc, 134,135/ 
zinc by immersion, 133-134 

Surface treatment, electrochemical 
response of iron, 131-133 

Surgical end-to-end repair, nerve 
fibers, 155 

Synthesis, conducting polymers, 3 

Τ 

Terthiophene (3T) 
inclusion complexes formation with 

cyclodextrins, 41-43 
See also Thiophene derivatives 

Tetraethylammonium 
bis((trifluoromethyl)sulfonyl)imide 
(Et4NTFSI), cyclic voltammograms 
of polyaniline and polythiophene 
derivatives, 55-57 

Tetraethylammonium 
tetrafluoroborate (Et4NBF4), cyclic 
voltammograms of polyaniline and 
polythiophene derivatives, 55-57 

Theory, condensed counterion, 185 
Thiophene derivatives 
atomic force microscopy (AFM) 

images of poly(3,4-
ethylenedioxythiophene) (PEDOT) 
films electrosynthesized in SDS 
micelles and in acetonitrile 
solution, 49/ 

bithiophene (BT) or terthiophene 
(3T),41 

cyclodextrins (CDs) as guest, 40 
electropolymerization in micellar 

solutions, 46-50 

electropolymerization in sodium 
dodecylsulfate (SDS) micelles, 
47 

electropolymerization of host-guest 
derivatives in aqueous solutions, 
40-46 

electrosynthesis of poly(3-
methoxythiophene) [poly(MOT)] 
at Pt electrode in aqueous micellar 
solution, 48/ 

experimental, 39-40 
fluorescence spectra of BT with 

increasing cyclodextrin derivative, 
42/ 

frequency and admittance changes 
observed under double potential 
steps, 45/ 

host-guest inclusion complexes 
formation, 41-43 

host-guest polymerization, 43 
polybithiophene (PBT), 43 
poly(MOT) structures in SDS 

micelles, 50 
polyterthiophene (P3T), 43 
polythiophene derivatives structures, 

47^18, 50 
structures of PBT and P3T, 44-46 
surfactant monomer (M)-electrode 

interactions, 46 
Tissue engineering 
clinical need for new biomaterials, 

155-156 
See also Biomaterials, electroactive 

Titanium dioxide 
electrode material, 114 
See also Multi-layer film electrodes 

Triazine, immobilization for sensor 
applications, 8/ 

V 

Voltammetric study, zinc, 136, 
137/ 
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Ζ 

Zinc 
electrochemical surface pretreatment, 

134,135/ 
galvanostatic study, 136, 138 
micrographie cut of polypyrrole film 

on, 139/ 

one-step polypyrrole deposition, 134, 
136, 138 

surface pretreatment by immersion, 
133-134 

two-step polypyrrole deposition, 
133-134 

voltammetric study, 136, 137/ 
See also Anticorrosion coatings 
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