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Preface

Intelligent materials are being incorporated into many new applications/devices, and
the science develops at a breakneck pace. The new approach to material design,
synthesis, and system integration, as championed in this book with conducting elec-
troactive polymers, has many adherents. The desire to have built-in sensing, pro-
cessing, actuating, energy conversion, and storage functions continues to require
the identification of dynamic materials with chemical and physical properties that
are readily manipulated. The need to create these materials in different forms to
enable integration into or interfacing with other structures, including living bodies
and cells, is vital.

Natural polymers remain an inspiration and provide considerable stimulation for
researchers of artificial intelligent materials and systems. For example, antibodies
and enzymes provide the molecular recognition capabilities used so magnificently
by nature. Macromolecules are also the basis of that most useful of actuator systems:
muscles. Furthermore, it is the generation and transmission of electrical signals that
regulate the processes behind the formation and operation of these biosystems.

Rapid advances in synthetic polymer science and nanotechnology have now
placed us in a position to utilize the unique properties of this versatile class of mate-
rials. Our ability to design and assemble polymers from the molecular level, coupled
with a better understanding of structure—property relationships enables the design of
sophisticated structures. We believe that inherently conducting electroactive poly-
mers (CEPs) will continue to play a central role in the development of intelligent
material science over the following decades.

The parameters affecting the formation of important CEPs, such as polypyrroles,
polyanilines and polythiphenes are discussed. How these parameters can be used to
manipulate the chemical, physical, and energy parameters of these polymers is then
revealed. We attempt to clarify the chemical and energy parameters that determine
the structure and, hence, the chemical, electrical, and mechanical properties of these
fascinating structures. We present examples wherein the ability to manipulate the
structure and properties of conducting polymers is used to produce materials with
useful sensing, processing, and actuating capabilities.

We’ve tried to include all substantial developments and advances in this new
edition. Significant developments in biomedical applications, microelectromechani-
cal systems, and electronic textiles have been included, as has synthesis of nano-
structured CEPs. New methods for characterizing CEPs, such as electrochemical
Raman and electron spin resonance spectroscopy, have also been described. Signifi-
cant progress is also detailed in techniques for processing CEPs and the fabrication
of devices.

xi
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’I Introduction

Conducting electroactive polymers (CEPs) such as polypyrrole, polythiophene, poly-
aniline, and sulfonated polyaniline (1-4 shown subsequently) are complex, dynamic
structures that captivate the imagination of those of us involved in intelligent mate-
rial research.!2343
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(The number of monomer units per unit positive charge is usually 3—4 for polypyr-
role and polythiophene. A~ is a counterion incorporated during synthesis.)

Polyaniline: leucoemeraldine (y = 1), emeraldine (y = 0.5), and pernigraniline (y =
0); m determines the molecular weight.
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2 Conductive Electroactive Polymers

It is possible to create conducting polymers with a diverse range of properties. For
example, chemical properties can be manipulated to produce materials capable of
trapping simple anions, or to render them bioactive. Electrical properties can also
be manipulated to produce materials with different conductivities, capacitance, or
redox properties. After synthesis, the properties of these fascinating structures can
be manipulated further through electrochemical switching. The application of elec-
trical stimuli can result in drastic changes in the chemical, electrical, and mechan-
ical properties of CEPs. These complex properties can only be controlled if we
understand, first, the nature of the processes that regulate them during the synthesis
of the conducting polymers, and second, the extent to which these properties are
changed by the application of an electrical stimulus. It is these dynamic properties
of CEPs that are the focus of this text, because it is the ability to control them in
various operational environments that should lead to the development of Intelligent
Material Systems.

The state of the art is such that an understanding of these processes is now well
established, and an exciting fertile field lies before intelligent material research scien-
tists. We can, by design, control the chemical and electrical properties of conducting
polymers at the point of assembly. How these properties are likely to vary as a result of
application of external stimuli can also be manipulated by the synthesis process.

Of course, the molecular organization required to achieve the desired chemi-
cal and electrical properties will also determine the mechanical properties of any
practical structure we are to make. These three properties (chemical, electrical, and
mechanical) are inextricably linked.

The method of assembly is also important as it determines the physical form of
the materials. A wide variety of synthesis and processing methods now exist that
can be manipulated to produce materials in forms that can be integrated into truly
intelligent structures.

Before exploring these materials in detail, some general discussion of intelligent
material science is warranted.

WHAT ARE INTELLIGENT MATERIAL SYSTEMS AND STRUCTURES?

This question has already been addressed by numerous authors,®”%%1% and many
definitions are employed. For the purpose of our work, we will use the following:
An intelligent material is capable of recognizing appropriate environmental stimuli,
processing the information arising from the stimuli, and responding to it in an appro-
priate manner and time frame. A further desirable feature is that the material should
ideally be self-powered, having energy conversion/storage functions (Figure 1.1).

What is particularly important is that the responses obtained be appropriate.
That is, they must result in desirable behavior that enhances the performance of the
material itself or the structure within which the material is operational. For exam-
ple, the first instance might involve the material responding to stress by increasing
strength. In the second instance, the material may become capable of initiating con-
trolled release of a drug as part of an environmentally stimulated (e.g., change in
temperature) biodegradation process. So, although the performance of the material
itself is not enhanced, that of the overall system is.
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FIGURE 1.1  An “intelligent material”: the surface of polypyrrole (as seen with an electron
microscope) in the shape of a human brain. The intelligent material, similar to our brain,
processes information from sensors to actuate an appropriate response, and is supported by
energy conversion/storage systems.

No matter what definition we employ, the underlying feature that differentiates
intelligent materials from more conventional ones is their dynamic character. With-
out such character, there can be no intelligence. However, this character must be
controllable, and the time frame within which it responds must be appropriate if
truly intelligent behavior is to be realized. If it is too slow, it may have no practical
application. If it is too fast, it may be useless, or even dangerous.

There is little doubt that intelligence is more demonstrable when physical pro-
cesses such as motion (mechanical activity) are apparent. However, we should
remember that in complex systems such as living entities, motion is a physical mani-
festation of activity at the molecular and electronic levels. Similarly, motion result-
ing from the application of an external force causes changes both at the molecular
and electronic levels within a material.

If the stimulus and response required are chemical or biochemical in nature,
involving activity only at the cellular, molecular, or even atomic level, then the use of
a single intelligent material may be possible. Also, a mechanical stress of a gradual
or slight nature may be recognized and responded to with a single material. How-
ever, in many applications, more that one material is required to perform the desired
functions. This is when we encounter intelligent material systems, which in turn may
be incorporated into much larger intelligent structures made up of a number of com-
ponent systems and materials of varying kinds and functions. In intelligent material
systems and structures, the individual functions of stimuli recognition, information
processing, and response generation are brought about by the combination of appro-
priate materials. The greater the severity and variety of the stimuli, and the more
demanding the requirements of the response, the more complex the intelligent mate-
rial structure must be.

However, again, there is the underlying fundamental requirement that the cre-
ation of intelligent material systems must involve the identification of molecular sys-
tems whose chemical and electrical properties can be manipulated and controlled.

To continue to operate effectively, the material may be required to learn, grow,
and even decay in a fashion determined by the operational environment. What is
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clear is that the properties of such materials must change with time; that is, they must
be dynamic. We must identify material systems in which chronological behavior
can be controlled, plotted, and predicted as a function of the environmental stimuli
that are likely to be encountered. Then, if the materials are to behave properly, we
must develop procedures to manipulate their molecular structure, and thereby their
dynamic character during the early stages of synthesis and processing.

THE BASIS OF THE REVOLUTION

The diversity of approaches used to develop intelligent material systems and struc-
tures is a healthy symptom of the stage of development of this scientific endeavor.
At least two distinct approaches are currently obvious:

e Integration of functions at the bulk material level
¢ Integration of functions at the molecular level

The concept of intelligent material systems and structures emerged from the research
activities of the U.S. Army Research Office. Scientists here realized that integration
of appropriate materials at the bulk material level could produce a system capable of
monitoring and responding to environmental conditions. The concept of embedding
sensors and actuators within structures, coupled with localized processing, remains
the shortest-term approach to gaining benefits in the intelligent material area.

However, information is much easier to process and transmit in a material inte-
grated at the molecular level, and preferably integrated during processing or growth.
Nature and biological systems have refined this approach and provide many exam-
ples. There is indeed great potential for diversity at this level of organization.

Nature achieves intelligent behavior by assembling appropriate molecules in a
more sophisticated and timely fashion than we humans have been able to achieve
artificially to date. Macromolecular structures may be integrated into systems com-
posed of numerous other inorganic materials or, preferably as nature does, the active
(organic) components may create the required mechanical structure. The molecular
approach to the development of synthetic intelligent systems involves the design and
assembly of appropriate molecules to produce the properties required to sense, pro-
cess, and respond to information.

Progress in this approach may be accelerated by borrowing selected macromol-
ecules, such as proteins, from nature to become active components in our synthetic
structures. Nature has developed the appropriate stimuli recognition, information
processing and storage, and response mechanisms to allow life, as we know it, to
continue to exist. This is no mean feat, and to emulate it we must consider a macro-
molecular approach.

Many materials are, of course, composed of molecular building blocks. It is how
we put them together, and how we integrate and spatially distribute the components
required for intelligence that is important. This approach requires the identifica-
tion of suitable building blocks, that is, suitable molecular components. There is a
need for molecular conducting wires, molecular insulators, and molecular switches.
It will take some time to develop, understand, and integrate many of the molecular
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components, but much work in the field of molecular engineering and molecular
electronics is already under way.

There is also a need for a more detailed chemical understanding of these mate-
rial systems. Inevitably, they involve chemical processes occurring at a dynamic
heterogeneous interface. The well-defined chemical rules that apply in homogeneous
solutions no longer apply. Instead, we must deal with chemical (molecular) interac-
tions in which spatial distribution of active sites occurs at the nanodimensional level,
and the fact that the nature of these sites varies as a function of time and environ-
mental stimuli is important.

Of course, not all molecular systems are suitable. It appears likely that only a
handful of systems will be produced to solve our intelligent material systems needs.
It is not so much that sophisticated molecules are required to produce materials
capable of sophisticated behavioral patterns; simple molecules, assembled creatively,
achieve this objective in nature, and this is something those of us involved in syn-
thetic materials aspire to.

IDENTIFYING MACROMOLECULAR BUILDING BLOCKS

CEPs have emerged as one of the champions in intelligent material research. They
have all the desirable properties: they are readily engineered at the molecular level to
recognize specific stimuli; they facilitate transport of electrical information as they
are conductive; and they are capable of localized processing as well as actuation of
response mechanisms. A wide range of CEPs are available (Table 1.1).

CEPs have a further unique and practical advantage. The fact that they conduct
electricity means that we can communicate with them using electronic tools (com-
puters and interfaces) that have become part of our scientific lives. Information on
the behavior of these systems can be retrieved from real in situ environments using
existing and emerging characterization tools (described later). In addition, their
behavior can be manipulated in situ using appropriate electrical stimuli (Table 1.2).

In the Intelligent Polymer Research Institute (IPRI), the unique features of CEPs
were identified based on pyrrole, aniline, and thiophene. Stimuli-recognition sites
can be incorporated into these CEPs, for which information-processing capabilities
are inherent, and various response mechanisms can be integrated into them.

There is no doubt that conducting polymers are a class of materials destined
to play a major role in intelligent material science. As outlined in the remainder of
this text, the properties of these materials are versatile and possess the dynamism
required for intelligent behavior.

ACADEMIC RESEARCH IN CONDUCTING POLYMERS

Since their discovery in the mid-1970s, conducting polymers have been a hot
research area for many academic institutions. This research has supported the indus-
trial development of conducting polymer products and has provided the fundamental
understanding of the chemistry, physics, and materials science of these materials.
The impact of the field on science, in general, was recognized in 2000 by the award-
ing of the Nobel Prize for Chemistry to the three discoverers of conducting poly-
mers: Alan MacDiarmid, Alan Heeger, and Hideki Shirakawa (Figure 1.2).
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TABLE 1.1
Typical Conducting Polymer Structures
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TABLE 1.1 (Continued)

Typical Conducting Polymer Structures

(in Undoped Form)

Name
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TABLE 1.1 (Continued)
Typical Conducting Polymer Structures
(in Undoped Form)

Name Structure
Poly(fluorene) @ @
H' YH
Polypyridine m
N n

TABLE 1.2
Property Changes Typically Observed upon Electrical Stimulation
to Switch CEPs between Oxidized and Reduced States

Property Typical Change Potential Application
Conductivity From 1077 to 103 S/cm Electronic components, sensors
Volume 10% Electromechanical actuators
Color 300 nm shift in absorbance band Displays, smart windows
Mechanical Ductile to brittle transition —

Ion permeability From 0 to 10* mol cm~? s™! in solution Membranes

FIGURE 1.2 The three discoverers of polyacetylene, the first inherently conducting poly-
mer: Alan Heeger, Alan MacDiarmid, and Hideki Shirakawa.
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FIGURE 1.3 Number of journal articles published annually relating to CEPs; (a) data
obtained from chemical abstracts (1975-2000); (b) data obtained from ISI Thomson Scien-
tific Web of Science (1995-2005).

A search of chemical abstracts over the period 1975-2000 shows the level of
publications increasing rapidly after 1980 (Figure 1.3a). The data suggest a peak in
patenting in the late 1980s, and the rate of scientific publications increased unabated
through the end of the 1990s. A similar trend is shown in journal articles tracked
by ISI Thomson Scientific Web of Science, with the steady increase in journals pub-
lished per year relating to CEPs continuing to the present time (Figure 1.3b).

Figure 1.4 shows the main areas of interest for papers published on CEPs, with
almost half of the publications relating to synthesis of new types of CEPs or modi-
fications to existing ones. The next largest area of research has been in the physics
of the conduction mechanisms, while applications of CEPs account for less than
20% of publications. A further breakdown of the areas of application of CEPs shows
a great deal of interest in batteries, followed by sensors, membranes, and polymer
light-emitting diodes (PLEDs). There has been a distinct move in recent years toward
biological/biomedical applications of CEPs.
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FIGURE 1.4 Scientific papers published on conducting polymers (1990-2000) categorized
into various topics.

Research in CEPs remains extremely fruitful, with fundamental studies under-
pinning the exciting commercial developments described in the following sections.

SHORTER-TERM OPPORTUNITIES: OTHER APPLICATIONS
OF CEPS

In pursuing the development of intelligent materials, it is impossible to ignore the
shorter-term opportunities that are available for applications of CEPs. The science
is such that a better understanding of dynamic materials has been obtained, and this
has been used to advantage in the development of new and improved products.

The potential applications of conducting polymers have been discussed at
length in numerous reviews.!:1213:1415.16.17.18 From Figure 1.3 it is evident that the pat-
ent activity relating to conducting polymers peaked in the mid-to-late 1980s. The
rapid increase in patents in the early 1980s reflects the growing appreciation of the
versatility of conducting polymers in many application areas. The commercializa-
tion of conducting polymers has been particularly boosted since the mid-1990s by
breakthroughs in processing technologies that have given both soluble and melt-pro-
cessable forms of conducting polymers. The various spin-off application areas are
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described in the following sections, and processing and device fabrication technolo-
gies are described in Chapter 7.

APPLICATIONS UTILIZING THE POLYMERS’
INHERENT CONDUCTIVITY

On realizing that polymers could be made electrically conductive, the possibility
of having lightweight conductors capable of replacing metals in many applications
was immediately grasped. However, this promise has not been realized to date. The
development of highly conducting polymers with adequate mechanical properties
and stability is yet to be achieved. However, materials with lower conductivities
(100-200 S/cm) that can be produced routinely are proving extremely useful in elec-
tromagnetic shielding applications.

Another area that utilizes the semiconducting nature of conducting polymers
is antistatic applications. Electrostatic discharge (ESD) is particularly damaging
for electronic components; a high-voltage surge can destroy componentry. Conse-
quently, all electronic components are shipped in antistatic packaging materials. It
is often desirable that the packaging material be transparent so that the contents can
be viewed. The challenge for antistatic coatings (metals and polymers) is to provide
both the desired levels of surface conductivity and transparency (coupled with adhe-
sion and scratch resistance).

A number of companies seek to overcome the limitations of existing materials
by using conducting polymers for ESD protection. The main materials currently in
use are ionic conductors, carbon-black-filled plastics, and vacuum metallized plas-
tics.'” Ionic conductors operate by absorbing moisture from the atmosphere to form
a conductive surface (10''-10'? Q/square). They are highly transparent coatings, but
are also highly sensitive to moisture and become ineffective when humidity is low.
The ionic conductors are also easily removed by washing, so reuse of the container
is difficult. Carbon-black-loaded polymers give lower surface resistivities (103-10°¢/
square), which are suitable for electromagnetic interference shielding, but are too
low for ESD protection. Carbon-black-filled polymers are also intensely colored and
suffer from the loss of carbon particles from friction (a serious problem in clean-
room applications). Metallized plastics are only transparent for very thin coatings,
and adhesion to the polymer is difficult to achieve. Further development of conduct-
ing polymers to give acceptable surface resistivity (especially over time and after
repeated washing) and adhesion to the substrate will overcome many of the limita-
tions of existing methods for ESD protection. Similarly, highly conducting CEPs are
being investigated for shielding of electromagnetic interference (EMI). CEPs are
strong absorbers of electromagnetic radiation over a wide frequency range and CEP-
coated textile fabrics have been investigated for EMI shielding applications.?%-21-22

Recently, conducting polymers have been considered for microelectronics appli-
cations. Electronics company Philips is involved in the development of “plastic chip”
technology using conducting polymers.?? In this application, a simple processor chip
is fabricated using polyaniline electrodes and a polythienylenevinylene semiconduc-
tor layer. The layers are spin-coated onto a polyimide substrate. Patterning of the
polyaniline electrodes is achieved by exposing the polymer to UV light through a
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suitable mask. A photosensitizer molecule incorporated into the polyaniline absorbs
the UV light and induces a photochemical reaction that leads to an increase in con-
ductivity of 10 orders of magnitude. The end result is patterned tracks of conducting
polyaniline in a nonconducting matrix. The performance of the all-plastic circuits
is poor compared to silicon-based electronics. However, the devices are designed
for applications where low cost and mechanical flexibility are desired. One example
being pursued is the “smart label” to replace the ubiquitous barcode incorporated in
virtually all packaged products. As recently reviewed,?* prototype products based
on printed CEP circuits are showing promise. An example is the printed transistor
circuit produced by PolyIC in Germany.?’

Conducting polymers also have other applications in microelectronics, as
reviewed by Angelopolous.?® Polyaniline layers have been shown to improve the
resolution of electron-beam patterning, where the conducting polymer prevents the
buildup of charge in the resist layer and so eliminates distortion. Polyaniline conduc-
tivities of 10~* S/cm were shown to be effective at eliminating resist layer charging.
Mitsubishi Rayon in Japan has been producing a water-soluble sulfonated methoxy-
aniline polymer for use in e-beam lithography. Similarly, IBM has introduced a fam-
ily of water-soluble polyanilines (PanAquas) that are effective at eliminating resist
layer charging when used as 200 nm-thick layers. The same polymers were also
shown to be effective in reducing charging of nonconducting specimens during scan-
ning electron microscopy. The advantage of using conducting polymers (compared
with more traditional sputtered metal coatings) is that the polymer can be easily dis-
solved so that specimens can be nondestructively analyzed.?” Other applications for
conducting polymers in microelectronics fabrication include the use of polyaniline
coatings for electroless deposition of copper connectors, and future applications may
include interconnects and even devices such as diodes and transistors.

ELECTROCHEMICAL SWITCHING/ENERGY STORAGE/CONVERSION

The next most obvious applications of conducting polymers utilize their conductivity
and electroactivity. Conducting polymers such as polypyrrole are readily oxidized
and reduced, according to the reaction in Figure 1.5, in cases where the counterion
is able to freely leave the CEP matrix and is immobilized within the CEP matrix.

N + mA~
- H /n
m
AND/OR

0

+eo, Xt / \ A~

+; N X+

—_e H
n m

[n, A7, m defined on page 1]

FIGURE 1.5 The electrodynamic character of polypyrroles.
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TABLE 1.3
Battery Performance Data

Open Circuit Voltage Charge Density

Anode Cathode V) (Ah/kg)
Lithium Polyacetylene 3.5-39 100-300
Lithium Polyaniline 3.04.0 50-150
Lithium Polypyrrole 3.04.0 50-170

Source: From Angelopoulos, M. IBM I. Res. Dev. 2001, 45(1): 57.

The general changes in the properties of the polymer that accompany this reaction
are indicated in Table 1.2.

Anion movement predominates in cases where a small mobile dopant, e.g., CI,
is used. If large anion dopants such as polyelectrolytes are employed, then cation
movement will predominate.

The fact that conducting polymers can be charged and discharged has aroused
much interest among those involved in developing new rechargeable battery tech-
nologies.?® Conducting polymers are usually combined in a cell with lithium as the
other electrode, and a usable voltage of approximately 3 V is obtained. The achiev-
able energy densities are several times that of the nickel-cadmium and lead-acid
batteries. Typical performances of several CEP-based batteries are summarized in
Table 1.3.

These solid-state batteries were introduced commercially in the early 1990s
by Bridgestone (Japan), Allied Signal (USA), and Volta (Germany), but the prod-
ucts were discontinued because of low sales. The slow sales have been attributed
to the release of other competing battery technologies, such as lithium-ion batter-
ies. A breakthrough in battery design was announced by John Hopkins University
researchers in 1996.%° Whereas previous battery designs used a conducting polymer
as one electrode only (cathode), the new design incorporates a polymer cathode,
an anode, and electrolyte. The design gives good battery performance and has the
advantages of high flexibility and light weight. Such improvements may give a new
impetus to polymer battery commercialization. Alternatively, novel forms of CEPs
may facilitate their use as batteries in nonconventional applications. For example,
a recent report describes CEP fibers as battery materials, and conducting-polymer-
coated textiles have been shown to be highly effective battery electrodes.’® Fully
packaged CEP fiber batteries may be useful as a power source for wearable elec-
tronic systems.

Recent research has suggested that conducting polymers are also set to emerge in
devices used to store energy in the form of supercapacitors and photovoltaic systems.
The intense interest in these applications is driven by developments in electric-pow-
ered vehicles and alternative energy in general. Supercapacitors are those devices able
to store a charge of 50 F/g (or 30 F/cm?®) or higher. This high storage capacity and abil-
ity to deliver high power density can be utilized in electronic equipment and electric
vehicles.?! The fast discharge rate obtainable from capacitors means that high power
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FIGURE 1.6 Device design for polymer photovoltaic device (the thickness of the polymer
layer is greatly exaggerated).

can be delivered for short periods. Conducting polymers are being researched for
“redox supercapacitors.” In these devices, the redox chemistry of the polymer is used
in the same way as described earlier for batteries. However, the design of the device
is such that the conducting polymer is applied as a thin coating on a high-surface-area
substrate. This design allows for very rapid charging and discharging of the polymer
so that capacitor-like performance is obtained, with specific capacitances reported up
to 250 F/g (based on the weight of the polymer).?® All solid-state redox supercapaci-
tors using PTh and PPy with solid polymer electrolytes have been reported*? as having
storage capacities of 18 F/g, and more recent reports show that supercapacitors with
solid electrolytes can have capacities even higher than their liquid electrolyte counter-
parts.* Ionic liquid electrolytes also provide significant advantages to supercapacitor
performance, such as greatly increased cycle life.3*

The development of organic-inorganic hybrid materials as capacitors presents
additional opportunities,’ with the inherent capacity of metal oxides such as V,0;
being used to advantage.?

POLYMER PHOTOVOLTAICS (LIGHT-INDUCED
CHARGE SEPARATION)

Polymer photovoltaic devices using conducting polymers are also being developed.?’
In a typical arrangement, the photosensitive polymer (such as PPV and its derivatives)
is sandwiched between two electrodes (Figure 1.6). One is a transparent material,
typically indium tin oxide (ITO)-coated glass, and the other electrode is a low-work-
function metal, such as aluminum or calcium. Light is absorbed by the polymer,
creating excitons (electron—hole pairs) that dissociate at an appropriate interface to
give charge separation and, hence, current flow. The advantages of using CEPs in
solar cells have been summarized recently:3

e Stable after absorption of visible light in an inert atmosphere

e Strong absorbers of visible light

* Tunable absorption spectrum

* High yield of charge generation when mixed with electron-accepting materials
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Efficiencies of polymer-based photovoltaic devices are currently low compared
with silicon semiconductor materials. However, polymer photovoltaics have the
potential to be manufactured very cheaply and can be applied to very large areas,
such as rooftops and exterior walls of buildings. The large surface areas can com-
pensate for the lower efficiencies to provide an adequate supply of electricity. Of
course, efficiencies are being improved by chemical modification of the polymer and
better design of the photovoltaic devices. One approach to polymer modification is to
attach “light-harvesting” groups to the polymer chains so as to increase the amount
of light absorbed. Once again, the fabrication of the device is critical in determining
device performance. It has been shown that formation of interpenetrating networks
of donor- and acceptor-type polymers results in marked improvements in photovol-
taic efficiency, as reviewed recently.*® The distance moved by the separated charge
is very small in CEPs due to low carrier mobilities,*® so efficient charges generation
requires a large interface between the electron donor (CEP) and the electron accep-
tor materials. Nanostructured metal oxides and Buckminster fullerenes have been
shown to be suitable acceptor materials.®

CEPs have also been used as the photoactive component in photoelectrochemi-
cal (Gratzel) cells**# as well as catalytic counter electrodes in place of platinum.*?

DISPLAY TECHNOLOGIES: ELECTRICALLY
STIMULATED LIGHT EMISSION

The process used for the photovoltaic device can be reversed to produce a light-emitting
diode. When an electric field is applied to two electrodes, as shown in Figure 1.7, elec-
trons are injected into the conduction band of the polymer layer from the cathode (usu-
ally a high-work-function metal, such as aluminum or calcium). At the ITO-glass anode,
electrons are removed from the valence band of the polymer, to produce vacancies, or
holes. The free electrons and holes move in opposite directions under the influence of
the electric field, and when they combine, a photon of light is emitted. The color of the
light emitted depends on the band gap between the valence and conduction bands in the
polymer. Appropriate derivitization of PPV polymers has produced polymer light-emit-
ting diodes (PLEDs) that emit the three primary colors: red, blue, and green.

The PLED was first demonstrated by Richard Friend and coworkers at Cambridge
University in 1990. The early PLED devices from Friend’s group in Cambridge had
an efficiency of only 0.01%, but this has now been improved to 4% or better, which
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FIGURE 1.7 Device design for a polymer light-emitting diode (PLED).
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provides sufficient light to be seen in daylight. Early devices also suffered prob-
lems of stability, but improved lifetimes have been obtained by totally sealing the
devices from oxygen and moisture. Removal of excess heat also stabilizes the poly-
mer against degradation. A great many conjugated polymers and copolymer systems
have been investigated for use in PLEDs, with significant advances made in terms
of processability and color tuning. However, according to a recent review, a great
deal of work still remains to be done to fully understand the complex mechanisms
involved in device operation and to fully optimize device performance.*

PLEDs offer one of the most exciting prospects for conducting polymer com-
mercialization as they offer several advantages over existing technologies for flat
panel displays. Several breakthroughs in the synthesis and processing of electrolu-
minescent PPV by the Cambridge University group have spearheaded the commer-
cial development of flat screen displays. The first products were backlit displays for
automobile instrument panels and mobile phones. The displays were being manufac-
tured by electronics giant Philips in partnership with Cambridge Display Technolo-
gies, a company spun off from the original research at Cambridge University. Philips
released an electric razor in 2002 that used a PLED display. Uniax Corporation,
United States, has also entered into a partnership with Philips to commercialize con-
ducting polymer displays based on the research work of Nobel Laureate Prof. Alan
Heeger’s group at the University of California, Santa Barbara. PLED development
is also an interest for most major chemical companies, including DuPont, Hoechst,
and Dow Chemical.

ELECTROCHROMICS

Another interesting application that uses the dynamic properties of conducting poly-
mers is electrochromic devices.**4647 An electrochromic device based on polypyr-
role is shown in Figure 1.8. The polypyrrole changes from colorless to black when
it is oxidized by the application of positive potentials. Similarly, polythiophene and
polyaniline undergo distinct color changes when an electrical potential is applied.

FIGURE 1.8 Example of electrochromic device based on polypyrrole-coated glass.
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Thin films of polythiophene can be switched from red (oxidized) to blue (reduced),
and polyaniline displays a spectrum of colors as different potentials are applied to it.
The polythiophenes are particularly interesting, given the diverse chemistries avail-
able to enable fine-tuning of the polymer band gap and, hence, the color changes
observed upon electrochemical switching.*849-303152 This has possible applications in
advertising displays and smart windows. This bistable material can also be used as
a memory storage device for information storage. All of the preceding applications
use conducting polymers in the solid state in environments in which the dynamic
character is readily characterized, controlled, and utilized. Recently, however, ionic
liquid electrolytes have proved to be very beneficial, especially in terms of enhanced
lifetime of CEP devices.>® One electrochromic device was cycled 10° times without
significant loss in performance.>

ELECTROMECHANICAL ACTUATORS

More futuristic applications for conducting polymers that are receiving considerable
attention include electromechanical actuators (artificial muscles).” Allied Signal
(now Honeywell International) is interested in the development of lower-power/
lower-voltage moving parts for micromachined optical devices. NASA has also been
involved in the development of low-power, lightweight actuators for the window
wiper on the Mars Explorer. Companies dedicated to the development of artificial
muscles based on conducting polymers have also emerged in recent years. Micro-
Muscle based in Sweden and EAMEX from Japan are both actively pursuing actua-
tors for biomedical and electronics applications. Academic laboratories have also
developed several demonstration products, including a variable camber hydrofoil,*®
a gas valve,’” and a micropump.3?

IPRI is also currently involved in the development of actuators for an electronic
Braille screen (Figure 1.9) in collaboration with Quantum Technology (Sydney, Aus-
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FIGURE 1.9 The electronic Braille screen based on conducting electroactive polymers.
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tralia).® Lack of a convenient user interface is the single biggest barrier to blind peo-
ple accessing information in the Internet age. The future of Braille lies in a low-cost
refreshable surface, or screen, where the individual Braille dots are raised and low-
ered electronically by low-voltage/low-power actuator systems, allowing changing
messages or decision options to be displayed.

We envisage the screen as a device consisting of multiple rows of a new type
of Braille cell. The pins making up each Braille cell of the screen are driven elec-
tronically by polymer actuators in place of the piezoelectric mechanisms of existing
technology. Because of its size and simple mechanical design, the proposed cell can
be used to make multiple lines of Braille. These can be manufactured in modular
building blocks suitable for use in a wide variety of product configurations, from a
full-page screen to electronic note takers, ATMs, etc. The target performance char-
acteristics for the actuating elements of the Braille cell are

¢ Axial movement of 0.5 mm in 0.2 s with a tensile load of 50 mN (1% strain;
5% s7! strain rate; 0.2 MPa isotonic stress for a cell 50 mm high working
against a 0.1 N/m spring)

e Operating voltage <20 V

e Operating lifetime > 10 cycles

Electromechanical actuators are materials that can change their physical dimensions
when stimulated by an electrical signal. In the case of conducting polymers, the vol-
ume change occurs as a result of ion movement into and out of the polymer during
redox cycling.®® The change in volume can be more than 10%; in length and thickness,
changes of more that 30% have recently been reported.t-6263 When tested isometri-
cally (at constant length), the stress generated by volume changes is on the order of
10 MPa. The performance of conducting polymer actuators compares favorably with
natural muscle (10% stroke and 0.3 MPa stress) and piezoelectric polymers (0.1%
stroke and 6 MPa). Piezoelectric polymers are driven by high electric fields, usually
100-200 V, whereas conducting polymers require only 1-5 V to operate. Some of
the disadvantages of CEP actuators include slow response time and limited lifetime,
although recent studies have shown strain rates of >10%/s** (natural muscle can
respond at 10%/s) so that bending-type actuators can operate at close to 100 Hz.%

An important development in conducting polymer actuators has been the use of
a solid polymer electrolyte (SPE),% an important advance in terms of realizing prac-
tically useful devices. Figure 1.10 shows the bending operation of a solid-state actua-
tor consisting of five layers: gold, CEP, SPE, CEP, and gold. The SPE acts as both an
ion source and ion sink, and replaces the liquid electrolyte used in previous studies.
Ionic gels made by polymerizing a conventional polymer (such as polymethylmeth-
acrylate) in an ionic liquid have also been shown to be stable solid-state electrolytes
for CEP actuators.%” Such gels are inherently more stable, both environmentally and
electrochemically, than traditional SPEs.

SEPARATION TECHNOLOGIES

The dynamic character of conducting polymers has been used to advantage in the
development of new smart membrane technologies.®®6%70772 A membrane consist-
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FIGURE 1.10 Time lapse photographs showing bending movement of bimorph-type actua-
tor (two active electrodes) made from polypyrrole and a porous membrane separator, and
activated by 1.5 V potential difference between the polymer electrodes.

ing of, or coated with, a CEP can be stimulated in sifu using small electrical pulses
to trigger the transport of electroinactive ions such as K* and Na*, transition metal
ions such as Cu?* and Fe*, small organic molecules such as sulfonated aromatics,
and even large macromolecular species such as proteins (see Figure 1.11). The flux
and selectivity attainable are dependent on several factors:

1. The composition of the membrane.

2. The porosity as determined by the CEP and/or a more porous substrate onto
which the polymer may be coated.

3. The electrochemical conditions used during operation (potential pulse
height and pulse width are critical).

Switching the polymer repeatedly between its available oxidation states facilitates
transport of ionic/molecular species through the polymer membrane. Changes in
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FIGURE 1.11 (a) Controlled transport of myoglobin across a conducting polymer mem-
brane. Fast transport occurs when an electrical potential is applied to the polymer (0—A, B-C,
and D-E). Undetectable permeation occurs when no potential is applied (A-B, C-D, and
E-F). (b) Schematic diagram of the membrane transport cell. The membrane separates the
stirred feed and receiving solutions and is connected to a galvanostat/potentiostat for control
of the electrical potential and current.

permeability between these different states occur due to differences in their densi-
ties and charge. Consequently, different species will diffuse through the polymer
structure at different rates depending on the oxidation state of the membrane poly-
mer. lonic species can also be “electrochemically pumped” through the membrane
by switching between oxidation states. If the polymer is synthesized using a large,
immobile counterion, then reduction of the polymer causes cations from the sur-
rounding electrolyte to be incorporated into the polymer. Subsequent reoxidation
of the polymer ejects these cations. In this manner, cations can be incorporated into
the polymer membrane from the feed solution and ejected into the receiving side of
the membrane. Selectivity to certain ions is based on size and charge. An exciting
prospect is in chiral separations, where chiral-conducting polymers can discriminate
between different hands of the target molecule.
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FIGURE 1.12 Electrochemically controlled liquid chromatography column.

The full utilization of this fascinating new membrane technology is currently
limited by our ability to process and fabricate large-surface-area membrane struc-
tures at a reasonable cost. Such separation technologies should have a widespread
impact in chemical separations for processing and refining purposes and in con-
trolled-release technologies.” The separation of neutral volatile organic species using
pervaporation has also been achieved using conducting polymer membranes,’”*” and
recently, the use of CEPs for gas separation has been explored.”®’’

Electrochemically controlled chemical behavior can also be used to design sur-
faces capable of selective molecular recognition. This has potential for the develop-
ment of new chromatographic separation media.”® In fact, the chemical properties of
the chromatographic phase can be tuned in situ to effect the desired separation char-
acteristics. Using a specially designed chromatographic column (see Figure 1.12)
that allows electrical potentials to be applied during separation, the chemical affinity
of the polymer can be adjusted as required.

CONTROLLED-RELEASE DEVICES

Conducting polymer films and coatings are also ideal hosts for the controlled release
of chemical substances including therapeutic drugs, pesticides, fungicides, and
many others. Figure 1.5 shows that the oxidation/reduction of polymer involves the
movement of ionic species into and out of the polymer material. By incorporating the
target species as the dopant in the conducting polymer, the redox chemistry of the
polymer can be used to release the target species at the desired time.

Both anionic and cationic species can be incorporated into the polymer and
released at the desired time. Anionic species are the usual dopant ions incorporated
with PPy, PAn, and PTh polymers; however, it is also possible to trap cations. The
incorporation of cations involves synthesizing the polymer using a large, immobile
polyanion such as poly(vinyl sulfonate). When this polymer is reduced, the large
anion cannot leave the polymer, so cations from the surrounding electrolyte are incor-
porated into the polymer to balance the charge of the polyanion. Subsequent oxidation
of this polymer releases the cation species back into the surrounding electrolyte. The
possible ion flows during redox reactions of PPy are illustrated in Figure 1.5.
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Initially, the ability to incorporate biomolecules during the growth of conduct-
ing polymers and to expel these molecules by electrical stimulation was seen as a
means to develop novel controlled-release systems’-3 for active ingredients such as
anticancer drugs (flouracil)®' or anti-inflammatories (dexamethasone).®

In other applications the release can also be automatically stimulated by a change
in the environment. For example, it is known that the galvanic coupling of conduct-
ing polymer coatings (such as polyaniline) to metals such as steel and aluminum
causes a reduction of the polymer from the emeraldine salt state to the leucoemeral-
dine base state, and this process involves the release of the dopant ion into the sur-
rounding electrolyte. It has been speculated®? that the dopant could be designed such
that it acts as a corrosion inhibitor for the metal so that the polymer can release the
inhibitor at the point when corrosive conditions first form. Indeed, a number of stud-
ies have shown that the dopant used with PAn has a large impact on the corrosion
protection provided by the polyaniline, suggesting that the inhibition process may be
involved in corrosion protection.

CORROSION PROTECTION

Controlled release of corrosion inhibitors may be involved in new-generation corrosion
protection coatings based on conducting polymers.®*$> There is considerable evidence
indicating that conducting polymers provide beneficial protection to many metals in
a corrosive environment. Many studies since the mid-1980s have shown that a coat-
ing of PAn, PPy, or PTh can inhibit the corrosion rate of mild steel,?® stainless steel,®’
aluminum,®® and copper.®?® The conducting polymer can either be applied as a neat
coating or as a dispersion in another polymer binder. In most studies, a barrier topcoat
is also applied over the top of the conducting polymer “primer.” Figure 1.13 shows an
example from our laboratories illustrating the corrosion resistance of mild steel coated
with PAn primer/epoxy topcoat after a 3-yr immersion in saltwater. Although large
blisters have formed (after approximately 2 yr), there is little sign of steel rusting.

Elucidation of the corrosion mechanism is complicated by the many testing vari-
ables involved: type of polymer used; form in which the polymer is applied to the
metal; use, type, and thickness of the topcoat; preparation of the metal; and nature
of the corrosive environment. All of these factors will influence corrosion perfor-
mance. Elsenbaumer®® has proposed the concept that the conducting polymer pro-
motes the formation of a passive oxide at the polymer—-metal interface. It is believed
that the dense nature of this oxide impedes electrochemical corrosion reactions.
Studies of the interface region have shown that oxide layers are present.” However,
many other factors may also be involved in the overall process, such as the forma-
tion of metal ion—polymer complexes and the release of corrosion inhibitors by the
polymer; simple barrier protection has also been suggested as being involved in the
corrosion process. The use of conducting polymers as corrosion protection coatings
has recently been reviewed.”?

CHEMICAL SENSORS

The combination of tunable chemical properties with the electronic properties
of conducting polymers has also had a tremendous impact on the development
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FIGURE 1.13  Steel sample coated with a polyaniline primer and an epoxy topcoat after a
3-yr immersion in saltwater—note the absence of corrosion products in the test solution.

of new sensors. The use of conducting polymers in sensors has been reviewed
recently.?394.95.96.97.98.99.100 Senging surfaces have been designed that are capable of
interacting with simple anions,'°! metal ions,'%>!9 small organic molecules,!04105.106
or proteins.'?71% The electrical signals measured can be current flow, change in
capacitance, or change in resistance. The area of biosensors has proved particularly
interesting in this regard, as conducting polymer systems have been shown to be
capable of in situ control of antibody—antigen interactions, making them reversible
under selected conditions. The sensors are used in a flow-injection analysis mode
enabling rapid sample throughput.

Biosensors combine a specific biorecognition process with a signal transduction
process. In CEPs, biorecognition has been demonstrated through the incorporation
of oligonucleotides, enzymes, or antigens/antibodies into the polymer. The incor-
poration of these species has been achieved either by covalent attachment to the
polymer backbone or by use of the biological agent as a dopant. Once interaction
has occurred between the CEP and the target analyte, a signal must be detected
by the transduction system. Various means for detecting the interaction have been
developed including optical, electrical (e.g., by using a field-effect transistor), elec-
trochemical (including potentiometric, amperometric, or impedimetric approaches),
and mass changes (as detected by a quartz crystal microbalance, for example). The
extensive literature relating to CEP biosensors has recently been reviewed.!””

Electronic nose systems that utilize conducting polymers as the sensor ele-
ments have also been developed.!*111112.113.114 Thege systems utilize arrays of robust
CEPs, each with differing chemical selectivity, using changes in resistance as the
signal generation method. The change in resistivity (or conductivity) is brought
about either through a change in doping level or through a change in polymer
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conformation. Vapors such as NO, (A), H,S (D), and NH; (D) that are either elec-
tron donors (D) or electron acceptors (A) have a dramatic effect on conductivity.
Changes in polymer chain conformation can also affect conductivity by increas-
ing or decreasing the localization length over which electrons can move freely.
Importantly, both mechanisms appear to be fully reversible in most cases, because
the conductivity can be reset to the original values by exposing the polymer to a
“neutral” vapor, such as dry nitrogen (Figure 1.14).

Such an approach has been used to develop customized noses (specific arrays of
polymers) for classification of beers, detection and identification of microorganisms,
olive oil characterization, and detection/classification of BTEX compounds (volatile
organic carbons).

Conducting polymer sensors can be operated either to quantitatively measure
the concentration of a target vapor species or to qualitatively analyze a complex
mixture of vapors. For single vapors, the detection limits can be in the low-ppm
region. Exposure to a mixture of vapors results in a unique pattern of responses,
which is usually deciphered using standard chemometric techniques. The pattern
can be used like a fingerprint to identify certain products, or to establish the qual-
ity of foodstuffs, wines, perfumes, etc. The electronic nose has similar compo-
nents as the natural nose; this is illustrated in Figure 1.15.

The electronic nose has found the most widespread application in the food
industry. Ongoing research is aimed at improving the selectivity and sensitivity
both in the vapor and solution phases using resistometric and other detection
systems. Particular emphasis has been placed on chemical functionalization of
the polymer to increase the selectivity of the sensor to the desired species in a
complex mixture. The sensitivity at present is limited primarily by the method
of sensor fabrication: the detection limit is lowered by producing ultrathin and
coherent layers of the conducting polymer. Screen-printing and ink-jet printing
techniques provide some interesting opportunities in this regard. Improvements
in device fabrication should expand applications to environmental and biomedi-
cal areas.

BIOMEDICAL APPLICATIONS

The most striking advances in research areas concerned with the application of
CEPs has in recent years been in the area of biomedical applications. The wet
and soft nature of conducting polymers combined with their multifunctionality
makes them immediately interesting. The separate functions of controlled surface
energy, controlled release, and actuation are being exploited for many applica-
tions, both internal (implants) and external to the body. For implants, biocom-
patibility is a required attribute that is met by a number of CEP formulations. A
number of biomedical and bioengineering applications are described in the fol-
lowing sections to illustrate the enormous potential of conducting polymers in the
area of bionics—requiring effective interfacing of the biological and electronic
worlds to improve human performance. The following examples cover bionic
applications at the cellular (relevant to implantable devices) and skeletal (relevant
to wearable) levels.
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nose with an array of conducting polymer sensors (bottom left).
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CeLLULAR COMMUNICATIONS

The versatility in the synthesis of some CEPs (especially polypyrrole) now enables
a range of bioactive surfaces to be created. For example, the incorporation of pro-
teins'!’S such as enzymes or antibodies is readily achieved. Combined with the chemi-
cal tuning available, this can be used in the development of biocompatible and/or
new surfaces for biotechnology processing applications. Studies!'®!""118 involving the
growth and control of biological cell cultures on conducting polymers were initiated
in the early 1990s (Figure 1.16). Using this approach, it is envisaged that electrical
and chemical stimuli can be used to address living cells in culture and thereby stimu-
late and regulate growth.

The ability to support mammalian cell growth on CEP surfaces is enhanced by
the application of electrical stimuli. The majority of studies to date have focused on
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FIGURE 1.16  Schematic illustration of the use of intelligent membranes for cell culturing.
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nerve cells. Given the enormous benefits to be gained from effectively interfacing
nerves and conducting materials for implants such as the cochlear implant or artificial
retina, this is not surprising. The possibility of using such materials for nerve repair
either in the peripheral nervous system or even for spinal chord regeneration under-
scores the need for this ongoing research. It was shown in 1994!'7 that the growth
and differentiation of PC12 cells can be assisted by electrically controlled release of
a nerve growth factor protein. Langer’s group!'® has subsequently shown that neurite
outgrowth on polypyrrole is facilitated by passage of current through the structure. It
has also shown that the electrochemical effects on cell growth are fibronectin depen-
dent,'” a finding recently substantiated by Schmidt.'? It has been demonstrated that
neural glial cells can be attracted to and grown on PPy-coated electrodes containing
the nonapeptide CDPGYIGSR.!?! Improved adhesion of osteoblast cells to titanium-
coated PPy containing a synthetic peptide has been observed.'??

Even without the release of chemical species, CEPs have also been demonstrated
to be potentially very useful materials for tissue-engineering scaffolds.'?* Electrical
stimulation of CEPs was found to promote favorable cell growth, including nerve
cells, leading to the development of CEPs for a range of implant applications.

In a recent work, it was shown that a neurotrophin (NT;) can be incorporated
into polypyrrole'>* and released using mild electrical stimulation. These materials
were found to promote a significant increase in neurite extension from a cochlear
explant (Figure 1.17).!5 At the skeletal level, materials capable of both monitoring
and manipulating human movement are important.

SENSORS FOR BIOMECHANICS

Conducting polymers can also be used as sensors for the physical environment,
particularly for strain or stress. Polypyrrole strain gauges have been constructed
from both neat films and from coated stretch fabrics, such as Lycra®. Strain gauge
materials are characterized by their gauge factor (change in resistance per change in
length), dynamic range, linearity, and hysteresis. These parameters are illustrated in
Figure 1.18. The use of polypyrrole to stretch fabrics to give strain gauge materials
having a dynamic range up to 100% has opened up several new exciting applications.
Figure 1.18 shows that an almost linear strain gauge response with low hysteresis
can be obtained from polypyrrole-coated Lycra from 20 to 60% strain. These results
compare with existing capacitive-based strain gauges that show a gauge factor of
2—4 and dynamic range to only 4%.

CEP materials have particular application in the field of biomechanics, where the
strain gauge fabrics can be incorporated into regular sports clothing. Figure 1.19 shows
an example of a patented knee sleeve using PPy and Lycra combined with a feedback
device that emits an audible signal when the knee angle reaches a preset degree.

ARTIFICIAL MUSCLES: MANIPULATING MOVEMENT

Numerous examples of developing conducting polymer actuators to operate as artifi-
cial muscles have been described in the literature. For example, a steerable cochlear
implant with the CRC Cochlear Implant. (Melbourne, Australia), is under develop-
ment.'?® The microactuator will assist surgeons during implantation of the “Bionic
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FIGURE 1.17  Electrical stimulation of PPy for release of NT3. Explants were grown for 24
h on CAM-coated PPy/pTS or PPy/pTS/NT3 and subjected to a biphasic current pulse stimu-
lus for 1 h. Neurite outgrowth was examined after a further 3 d in culture. A greater number
of neurites per explant were observed on explants grown on (a) the stimulated PPy/pTS/NT3
compared to explants grown on (b) stimulated PPy/pTS. (c) Stimulation of PPy/pTS did not
significantly alter the number of neurites per explant compared to unstimulated PPy/pTS (p
= 1.0). On the other hand, explants grown on PPy/pTS/NT3 with applied stimulation had
enhanced outgrowth of neurites compared to explants grown on unstimulated PPy/pTS/NT3
and stimulated or unstimulated PPy/pTS (p < 0.001). (R.T. Richardson et al. 2007. Biomateri-
als, 28, 513. With permission from Elsevier.)
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FIGURE 1.18 Resistance change during stretching of PPy-coated Lycra® (graph courtesy
of T. Campbell).

FIGURE 1.19 Example of fabric strain gauge for determining knee flexion; such devices
can be used in sports training, biomechanics studies, and rehabilitation.
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FIGURE 1.20 The connector for blood vessels, as developed by Micromuscle AB. (Figure
reproduced with permission from Micromuscle AB; http:/www.micromuscle.com).

Ear,” a device used to assist performally deaf patients, giving the ability to hear. The
implantation process is a delicate one and the ability to steer the implant through the
narrow channel will help prevent any damage, while leaving the device as close as
possible to the inner ear after insertion.

Implantable devices using conducting polymer actuators are also being pursued
in other areas of bioengineering, as reviewed recently.'?” In one concept being devel-
oped,'?® Micromuscle AB in Sweden has produced a clamp as shown in Figure 1.20.
A hollow polymer actuator cylinder (approx. 1 mm in diameter and 3 mm in length)
is used to reconnect separated blood vessels. The cylinder’s diameter expands or
collapses at small electric potentials. Micromuscle is also working with medical
device companies on other actuator applications. More futuristic micromuscle sys-
tems have also been proposed for bioengineering. One example shows how boxes
may be opened and closed, perhaps allowing single cell capture and manipulation.'?®
The use of electromechanical actuators based on CEPs is also being pursued in exo-
skeleton applications. For example, a rehabilitation glove is currently being built in
collaboration with North Shore Hospital Service (Sydney, Australia) (Figure 1.21).

FIGURE 1.21 The rehabilitation glove showing sensor strips on each finger.
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Actuators will be integrated throughout the wearable glove structure to provide
assisted movement during rehabilitation.

MICRO-ELECTROMECHANICAL SYSTEMS
(MEMS) AND OTHER MICRODEVICES

MEMS are devices that are fabricated in the 1-100 mm range. Whereas most current
MEMS applications are sensors (such as the air bag accelerometer), a growing num-
ber of actuator systems are also emerging (such as the micropumps used on ink-jet
printers). Microsystems are sensor and actuator elements linked by a signal trans-
duction or processing unit,'3® which has uncanny parallels to the intelligent materi-
als system shown earlier in Figure 1.1. In both systems, the fundamental idea is the
same: the sensor detects a change in the local environment (such as temperature,
pressure, or chemical species), and the actuator produces an output response (such as
a movement or change in color).

In many respects, conjugated polymers are well suited for microdevices. CEPs
enable useful functionality in terms of actuation, sensing, and energy storage, as well
as compatibility with wet biological environments. Furthermore, the speed of micro-
sized CEP devices can be greatly enhanced over macroscale devices, as ion transport
distances are small and surface areas are large. Finally, a wide range of patterning
methods suitable for conjugated polymers enables straightforward microfabrication
of these materials. The application of CEPs in microdevices and the fabrication
methods used for constructing these devices have recently been reviewed.'!

Perhaps the most spectacular CEP microdevice yet constructed is the microrobot
arm produced by researchers at Linkoping University in Sweden.!*> This microrobot
consists of several CEP actuators that provide elbow-, wrist-, and finger-like move-
ments. The robot has been demonstrated through a series of maneuvers where it first
grasps, picks up, moves, and releases a glass sphere.

The processability of certain CEPs has been utilized in the construction of
microsystems, particularly miniature sensor systems. For example, simply dip-coat-
ing connecting platinum wires with a polyaniline formulation produces a useful
humidity sensor.!** CEPs can also be screen-printed or ink-jet-printed to produce
the complex shapes needed for various devices. Electrodeposition of CEPs is also
a popular processing method, and this technique is compatible with conventional
MEMS fabrication, where lithography and etching can be used to prepattern metal
electrodes. Subsequent deposition of CEP by electrochemical polymerization pro-
duces the CEP microdevice.'”

Microfluidics is an area that is particularly attractive for CEP-based MEMS
because of the compatibility of CEPs with wet environments. Micropump systems
have been developed using CEP actuators. Lee and coworkers'3* have presented
a membrane pump using polypyrrole as a diaphragm so that the displacement in
liquid electrolyte was hundreds of microns. Wu has used the thickness direction
expansion of polypyrrole layers to generate a pumping action on the order of 2.5
mL/min.’® Similarly, thickness direction expansion can be used as a valve to seal a
fluid channel.!® Other valve systems have been demonstrated using bending-type
CEP actuators.!*
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Changes in polymer surface energy are also potentially useful in microfluidic
applications.'3”!3 In one study,'* the surface energies of polyaniline and polythiophene
CEPs were found to change significantly by oxidation and reduction. By producing a
gradient in the doping level of a polyaniline film, a water droplet was made to move
toward the reduced side. In a separate study,'*° polypyrrole coated on microchannels
was made to move the electrolyte in the channel by reducing the polypyrrole.

COMMUNICATION AND CHARACTERIZATION TOOLS

An important criterion in choosing intelligent material building blocks is that we be
able to communicate with the assemblages produced from them. That is, we must
be able to monitor behavior in the operational environment, apply stimuli, and study
property (behavioral) changes in real time. This will undoubtedly be an iterative
process, with the communication tools being refined as the science progresses. In
fact, the intelligent materials produced may well serve as the future transducers and
conduits of information that are required for us to obtain information at a molecular
level. Only then can we understand, manipulate, and imprint the desired behavior
characteristics into the material.

Traditionally, new material characterization is performed ex situ using tech-
niques that require environments which distort the properties of the material under
consideration. Consequently, they are of little use in characterizing dynamic struc-
tures. Most spectroscopic techniques, for example, are used in air or in a vacuum.
For dynamic polymer systems that are used in solution, such methods do not provide
all essential information. In addition, conventional techniques do not normally allow
the imposition of stimuli capable of collecting information on the molecular changes
brought about by these stimuli in real time.

Consequently, numerous techniques that allow dynamic materials such as con-
ducting polymers to be studied in situ have been developed or newly applied over the
last decade (Figure 1.22). These include

e Electrochemical methods
* Dynamic contact angle measurements
e Quartz crystal mircogravimetry
e In situ spectroscopy
e UV-visible spectroscopy
e Circular dichroism spectroscopy
e Raman spectroscopy
e Electron spin resonance spectroscopy
¢ Inverse chromatography
e Scanning probe microscopy
e In situ mechanical testing

ELECTROCHEMICAL METHODS

Electrochemical methods are applicable in our case due to the inherent conductivity
of the polymers under investigation. As we shall show throughout this work, elec-
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FIGURE 1.22 Emerging tools for “communication” with dynamic polymer structures.

trochemical methods provide the major means of communicating with conducting
polymer—solution interfaces. Given our current fascination with electronic commu-
nications, it is fortuitous that conducting polymers are so open to communication
through this medium.

The most common electrochemical method employed for characterization is
cyclic voltammetry (CV)."*142 This involves application of a potential gradient in
forward and backward directions to the polymer as an electrode in an electrolyte
solution. The current flow as a function of this potential variation is measured, and
a typical readout is shown in Figure 1.23. According to Figure 1.5, this current flow
is a result of the oxidation/reduction processes and the concomitant ion flow that
occurs. The readout is useful in characterizing the electroactivity of the material.
The oxidation and reduction potentials under solution conditions can be estimated
from the peak positions, and the peak areas allow quantification of the charge passed
during oxidation and reduction. Comparing the peak areas for oxidation and reduc-
tion provides an assessment of the reversibility of the electrochemical reactions.

CVs typically obtained for conducting polymers do not fit the model expected
for ideal, reversible electrochemical systems. Instead, CEP CVs often display a
large separation between the oxidation and reduction peaks, often showing large,
constant current flow over a range of voltages. These properties significantly
depend on polymer composition and preparation conditions. The effect of polymer
composition on the polymer electroactivity (switching properties) is considered in
more detail in following chapters. A great deal of research has been conducted to
elucidate the origin of specific features in the CVs of conducting polymers.'*} The
current understanding is that separation of the oxidation and reduction peaks is
due to the molecular reorganization that accompanies doping and dedoping of the
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FIGURE 1.23 Communicating with a conducting polymer PPy/Cl in solution: (a) cyclic
voltammetry—a plot of current flow versus the electrical (potential) stimulus applied; (b)
the electrochemical quartz crystal mircobalance readout—mass polymer versus electrical
(potential) stimulus applied; (c) the resistometry readout—resistance of the polymer versus
the electrical (potential) stimulus applied. (Printed with permission from Materials Science
Forum, Vol. 189-190, “Characterization of conducting polymer-solution interfacial pro-
cesses using a new electrochemical method,” A. Talaie, G. G. Wallace, 1995, p. 188, Trans
Tech Publications, Switzerland.)

polymer. In particular, the oxidized polymer is believed to adopt a more planar
conformation to allow better conjugation. The constant-current region (between 0
and +0.4 V in Figure 1.23) is thought to be due to the overlap of very many redox
peaks. As the polymer is a mixture of molecular weights and each has a differ-
ent oxidation potential, the CV records a continuous current corresponding to the
sequential oxidation (reduction) of different oligomeric/polymeric species in the
sample. The practical consequence is that the oxidation and reduction potentials of
the conducting polymers are ill defined, and a rather wide range of potentials have
been reported (Table 1.4).

The data in Table 1.4, accepted by many scientists for the best part of a decade,
belie the complexity of the controllable dynamic behavior of conducting polymers.



Introduction 35

TABLE 1.4

Oxidation and Reduction Potentials
(versus SCE) and Maximum Doping
Levels for Selected Conducting Polymers

Polymer E%, (V) E°,4 (V) Doping Level

Polyacetylene 0.75 -1.35 0.1
Polythiophene 0.70 +0.66 0.3
Polypyrrole -0.20 —-0.54 0.4
Polyaniline 0.60 +0.16 1

¢ Charge per monomer unit.

It was only the subsequent development of other in sifu techniques that revealed the
complexities that take us closer to fully understanding and controlling the behavior
of CEPs.

ELECTROCHEMICAL QUARTZ CRYSTAL MICROBALANCE

A system developed recently sheds further light on these dynamic processes. The
technique is the electrochemical quartz crystal microbalance (EQCM), wherein the
polymer is deposited on a gold-coated quartz crystal. Changes in polymer mass,
as the polymer is electrochemically reduced or oxidized, can then be monitored in
situ*+1% For example, as the polymer is reduced, anion removal is indicated by the
change in mass observed, as shown in Figure 1.23b. This technique has proved par-
ticularly useful for the study of complex systems, e.g., those containing polyelectro-
lytes, wherein cation movement rather than anion predominates, and this is reflected
in increases in mass at negative potentials.

RESISTOMETRY

An alternative in situ electrochemical method provides another piece of valuable
information. Resistometry, a technique invented by Fletcher and coworkers, and first
used for CEPs in our laboratories,'*® enables changes in the resistance of conducting
polymers to be monitored in situ. The increase in resistance of the polymer material
as it is reduced is obvious (Figure 1.23c). The definite potential/time lag between the
current flow and resistance change is also apparent. This lag is due to the finite time
required for the chemical processes causing the resistance change to occur.

This method indicates that the description of Figure 1.5 is an oversimplification.
Although anions are expelled, it is not a simple redox process. Rather, anions are
continuously expelled, starting at anodic potentials, suggesting the presence of mul-
tiple redox sites, all with different standard potential (E°) values. When the polymer
is grown containing a different counterion, the behavior observed can be markedly
different. For example, Figure 1.24 shows the response observed with a polypyr-
role-dodecyl sulfate (PPy/DS) electrode when applying these same electrochemical
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FIGURE 1.24 Communication with the PPy/DS electrode in solution: (a) cyclic voltam-
metry, (b) electrochemical quartz crystal microbalance readout, (c) resistometry readout.
(Printed with permission from Materials Science Forum, Vol. 189-190, “Characterization of
conducting polymer-solution interfacial processes using a new electrochemical method.” A.
Talaie, G. G. Wallace, 1995, p. 188, Trans Tech Publications, Switzerland).

potentials scanned in 1 M NaCl. In this case, mass loss (due to anion movement) as
the potential is scanned to a more negative value is minimal. However, excursion
to even more negative potentials results in an increase in the mass of the polymer
system as cation is incorporated into the polymer (see Figure 1.5). Note also that the
potential-resistance profile is markedly different from that obtained when PPy/Cl is
reduced. This information is obtained using a simultaneous-analysis technique that
has been developed'’ to allow current, mass flow, and changes in electronic proper-
ties (resistance) to be monitored simultaneously in situ as the polymer is stimulated
by varying conditions of electrical potentials.

ELECTROMECHANICAL ANALYSIS

A complementary technique to EQCM is to monitor volume changes during cyclic
potential sweeps—electromechanical analysis (EMA). This method is based on work
by Pei and Inganas'#%!1%° and has been further developed at IPRI (see Chapter 3). The
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FIGURE 1.25 Electromechanical analysis (EMA) data showing length changes (strain)
during potential cycling of PPy/pTS.

technique involves stretching a film of the conductive polymer in an electrochemi-
cal cell and monitoring the force or length changes within the film as the potential
is cycled. Insertion of ions into the polymer causes swelling and stress relaxation,
whereas expelling ions from the polymer causes contraction and stress generation.

An example of length changes from an EMA study is given in Figure 1.25, which
show the changes in length (as percentage stretch) within a PPy/pTS film as a result
of swelling and contraction during a potential cycle from —1.0 to +0.75 V (versus
Ag/AgCl) in a NaNO; solution. Cation incorporation occurs at negative potentials,
followed by a salt-draining process in which Na*pTS- ion pairs diffuse from the
polymer. At positive potentials, the polymer is reoxidized and anions from the elec-
trolyte diffuse into the polymer, which again causes an increase in length.

In situ mechanical tests have also been performed on conducting polymers. For
polypyrrole, a strong ductile—brittle transition was observed when the polymer was
changed from the reduced to the oxidized state (Figure 1.26). The transition is simi-
lar to that observed when polymers are cooled to below their glass transition tem-
perature. The brittleness of the oxidized state was attributed to the greater extent
of intermolecular bonding occurring as a result of dipole—dipole secondary bonds
within the polymer structure. These bonds restrict molecular motion and therefore
promote brittleness.

CHEMICAL ANALYSIS

Other in situ techniques have also been developed in recent years that measure
changes in the chemical interactions that occur.® They include inverse chroma-
tography, in which the polymer is used as the stationary phase in a column or thin-
layer mode, and a series of molecular probes is used to determine the molecular
interaction capabilities of the polymer. These systems may be adopted to allow the
application of electrical stimuli (as shown in Figure 1.27) to the polymer and to study
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FIGURE 1.26 Stress—strain curves generated by tensile testing immersed PPy samples at
different electrochemical potentials.
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FIGURE 1.27 The inverse electrochemical TLC experimental setup (ITLC).
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TABLE 1.5
A Molecular Probe Series for Inverse HPLC (Ge Series)
Molecular Probe Functional Group Molecular Interaction
Benzene (principal unit) Standard
Toluene —CH, Nonpolar
Phenol —-OH Polar, H-bonding
Benzoic acid —-COOH Proton donor, anion exchange
Aniline -NH, Electron donor, cation exchange
N,N-dimethylaniline CH, Nonspecific adsorption
\
CH;,

the effect of these stimuli on the molecular interaction capabilities. The key to this
technique lies in the identification of appropriate molecular probes. Such probes
must be capable of interacting (reversibly) with the polymeric phase so that well-
defined chromatograms can be obtained. To obtain pertinent information, the series
of probes must vary in a logical and ordered fashion so that the effect of a particular
molecular interaction parameter can be defined. Typically, the strength of the inter-
action with the polymer is related to the retention of the molecular probe (strong
interactions produce long retention).

The Ge series allows interactions listed in Table 1.5 to be determined. Using
column chromatography, a comparison of the retention of a test molecule compared
to the base molecule benzene allows the presence of certain types of interactions to
be assessed. Using capacity factors (k”), a quantitative measure of the interaction
parameter (IP) for a hydrophobic interaction can be obtained according to

P= k’ test molecule

k’ benzene

Example of an ion exchange:

IP (an ion exchange) = M
k’ benzene

These parameters must be quoted for a particular solvent, as the solvent as well as
the intrinsic nature of the polymer will determine what interactions occur. Selected
data on conducting polymer phases obtained using this series are shown in Table 1.6,
where they are compared with a conventional hydrophobic material, carbon (Cjq
alkyl chains)-coated silica. The retention index obtained using toluene indicates
that the conducting polymers are capable of nonpolar interactions. The high reten-
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TABLE 1.6
Chromatographic Interactions on Polypyrrole-Coated C,; (a Silica-
Based Phase Coated with an Octadecyl Carbon Chain)

PPy-C,4 PPy Chloride PPy Dodecyl Sulfate
1'¢/4 K/k K/k
Test Compounds Benzene Benzene Benzene
Benzene 1.00 1.0 1.00
Toulene 1.81 1.79 1.82
Phenol 0.30 0.38 0.33
Benzoic acid 0.06 oo oo
Aniline 0.42 0.34 1.29
N,N-dimethylaniline 2.12 1.72 6.0

tion index obtained using benzoic acid indicates that the polymers are also strong
anion exchangers.

Another interesting series of molecular probes is the polyaromatic hydrocarbons
(Table 1.7). These can be used to probe the ability of new polymer phases to dis-
criminate on the basis of molecular size and shape.

In another work, the use of inverse electrochemical thin-layer chromatography
(ITLC) (Figure 1.27) has been investigated. This approach was found to be com-
plementary to inverse chromatography using high-pressure liquid chromatography
(HPLC), as the physical characteristics of the polymers appropriate for each method
were very different. This technique is much simpler in that it does not require expen-
sive HPLC pumps, injectors, and detectors. The chromatographic run is carried out
in a basic thin-layer chromatography (TLC) tank. The ability to electrically stimu-
late the polymer to obtain information on the molecular interaction capabilities as a
function of potential is more easily achieved using the TLC approach. Detection of
test molecules is usually carried out visually. We have used a series of amino acids
as the molecular probes.

These simple groups of molecules have tremendous molecular flexibility in terms
of the reactions they can undergo, and they were particularly useful for ITLC. The
molecules are readily visualized after transfer onto filter paper followed by a conven-
tional chemical derivatization with a ninhydrin reagent. This series has been used to
study both polypyrrole and polyaniline materials. A typical readout is shown in Fig-
ure 1.28. Using different solvents, interactions based on either hydrophobic interac-
tions or ion exchanges were highlighted. This ion-exchange selectivity was markedly
different from that observed for conventional ion exchangers.!*! Other workers!'>2153
have used a series of volatile molecular probes to characterize conducting polymers
using inverse gas chromatography.

DYNAMIC CONTACT ANGLE ANALYSES

Dynamic contact angle (DCA) analysis is a technique that allows polymer—solvent
interactions to be quantified.’>* These are inherent for all processes occurring at
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TABLE 1.7
The Structure of PAHs
naphthalene phenanthrene anthracene
pyrene triphenylene benzanthracene
chrysene perylene benzo(a)pyrene
dibenz(a,c) anthracene o- terphenyl

polymer—solution interfaces and are likely to be responsible for the dynamic behav-
ior of conducting polymers. Information regarding these interactions is of central
importance to our understanding of the properties of these materials. Also, it pro-
vides information on how exposure to different solvent environments affects the
chemical properties of the material. It is also possible to apply electrical stimuli to
the polymer during DCA analysis'> to characterize the effect this has on the interac-
tions between the polymer and its environment.

The method is based on Wilhelmy’s plate technique for measuring DCAs. The
technique involves the measurement of force as a plate is (automatically) immersed
into and then emersed from a liquid at a constant rate. The forces (weight) can be
plotted as a function of the immersion depth, and, from this, contact angles calcu-
lated (Figure 1.29a,b).
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FIGURE 1.28 Typical readout from inverse thin-layer chromatography.

This technique has been used to study the wettability of different conducting
polymer systems (see Table 1.8) and how this is influenced by the counterion incor-
porated during synthesis and/or functionalization of the monomer.'> The monomers
studied are shown in Table 1.8.

These results indicate that the functional groups on poly(3-carboxy-4-methyl-
pyrrole) (PCMP) and poly(3-carbethoxy-4-methylpyrrole (PCEMP) act to increase
the hydrogen-bonding interactions of the conducting polymers, as the 6, values for
each of these are less than those for polypyrrole, which is indicative of a stronger
interaction between the solid and liquid phases. Also, the 6, value for the polypyr-
role/PCMP copolymer is intermediate between the values for the constituent mono-
mers. Furthermore, the magnitude of the trend is very close to that which could have
been predicted from an analysis of the functional groups on the monomers.

SCANNING PROBE MICROSCOPY

Since the pioneering work of Binnig!®” in the 1980s, the family of microscopic
techniques collectively known as scanned probe microscopy (or SPM) has become
widely available and is extensively used in conducting polymer research. SPM con-
sists of a number of related techniques in which a fine probe is rastered across a
sample surface. Interaction between the probe tip and the sample drives a feedback
system that allows topographical mapping of the sample surface. Scanning tunnel-
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FIGURE 1.29 Force—distance plot for (a) polypyrrole (NO5~) and (b) polyaniline (HCI) on
carbon foil.

ing microscopy (STM) uses the tunneling current between the tip and the (electri-
cally conductive) surface, whereas atomic force microscopy (AFM) uses the force
of attraction (or repulsion) between the tip and the sample surface. The resolution of
the piezoelectric transducers used to move the tip is such that atomic-scale resolution
can be achieved (magnification x 10%). AFM has been further developed such that
qualitative information concerning the properties of the sample surface can also be
obtained. Thus, differences in molecular friction and surface mechanical proper-
ties can be discerned. Other techniques can map the surface magnetic domains and
electrical properties.

Recent applications of SPM techniques have revealed new details of the electri-
cal properties of conducting polymers. In one example, STM images were taken of
the granular structure of electrochemically prepared polyaniline films. Simultane-
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TABLE 1.8

Comparison of cos 6, 6, and A6 Values for Polypyrrole,
Poly(3-carboxy-4-methylpyrrole) (PCMP), and Poly(3-
carbethoxy-4-methylpyrrole) (PCEMP) on Glassy Carbon

Sample cos 0, cos 6, 0, 0, AO
Polypyrrole 0.09 1.08 85° u 85%%
Polypyrrole/PCMP 0.048 1.01 61° u 61°%
PCMP 0.60 1.01 53¢ u 530
PCEMP 0.39 1.02 67° u 67°%*

0, Advancing contact angle; 6,: Receding contact angle, # = undefined.

G COOH ¢—o—ci,—cH,
[y Iy 0¥
N N N
H H H
(PPy) (PCMP) (PCEMP)

ously, the electrical characteristics of the surface were analyzed by scanning tunnel-
ing spectroscopy (STS). In STS, the tip remains at a constant vertical position above
the surface, and the voltage difference between the tip and sample is changed. By
also measuring the current flow, it is possible to obtain the current—voltage (I-V)
curve of regions of the sample surface only a few nanometers in diameter. Addition-
ally, a map of the electronic properties of the surface can be obtained by taking I-V
curves at discrete points in a 2-D array across the sample surface. This technique
is known as current-imaging tunneling spectroscopy (CITS); CITS images of poly-
aniline in the doped (emeraldine salt) and deprotonated (emeraldine base) forms are
shown in Figure 1.30. These images show insulating regions as white and “metallic”
regions as gray or black. The electronically conducting emeraldine salt displays a
continuous pathway of metallic domains (20-80 nm in diameter). In comparison,
the emeraldine base shows fewer metallic domains that are surrounded by insulating
regions, and these structures account for the very low electronic conductivity of the
deprotonated polyaniline.

By applying a potential difference between an oscillating tip in the so-called
“tapping mode” of the AFM operation, it is possible to also investigate the electronic
properties of conducting materials. The imaging method is called electrical force
microscopy (EFM), and the microscope acts like a Kelvin probe, allowing the mate-
rial work function to be determined. The work function is the energy required to
remove an electron from the bulk of the material to a point just outside that phase.
Although measured in different ways, the work function and oxidation potential of a
material are related, because both are measures of the energy needed to remove an
electron. Work function (WF) measurements of conducting polymers are therefore
useful in characterizing the electrochemical properties. The EFM method offers a
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FIGURE 1.30 Topographical and CITS images of: (a,b) doped and (c,d) undoped
polyaniline.

spatial resolution of a few nanometers, so the technique provides a unique insight
into the local electrical properties of a conducting surface.!3815°

Figure 1.31 shows the topography image and the work function image of a sam-
ple of polypyrrole. The topography is the granular structure typical of these poly-
mers with grain sizes in the range 50—100 nm. The EFM image shows a distinct
contrast in the WF between the center of the grains and the peripheral regions, with
the center showing a higher WF. The interpretation of these images is that the central
regions are more highly doped and that the E° value varies on a local scale. These
results support the view that, macroscopically, conducting polymers behave as a
mixture of materials having slightly different E° values, as concluded from electro-
chemical studies described earlier.

In other EFM studies,'® part of the sample was electrochemically oxidized by
partially immersing in electrolyte and applying a positive potential. The EFM image
clearly showed a distinction between the immersed (oxidized) and nonimmersed
(less oxidized) parts of the sample in terms of relative work function. Similar shifts
in work function had also been observed for polythiophenes when exposed in situ
to ultraviolet (UV) radiation during EFM imaging.'®® An increase in the work func-
tion upon UV exposure is due to the formation of electron—hole pairs that produce
photocurrent in photovoltaic devices. Thus, the EFM provides fundamental insights
into the processes involved in many of the applications for CEPs.



46 Conductive Electroactive Polymers

250 pM

Data Type Height Data Type Potential
Z Range 180 nM Z Range 0.200 V

FIGURE 1.31 Topography image (left) and electrical force microscopy (EFM) image (right)
of a polypyrrole film. Darker regions in the EFM image indicate higher work function.

The great advantage of SPM for conducting polymer research is its suitability for
in situ imaging, giving rise to such techniques as electrochemical AFM (EC-AFM)
and electrochemical STM (EC-STM). It is therefore possible to track topography
changes caused by electrochemical oxidation/reduction of the polymer. Chainet and
Billon'®! have carefully imaged the same area of a polypyrrole sample while elec-
trochemically cycling between the oxidized and reduced states. The nodular sur-
face features were observed to become enlarged during oxidation, demonstrating
the microscopic origin of the volume changes responsible for the artificial muscles
described earlier.

IN SITU SPECTROSCOPY

In recent years, spectroscopic techniques have become invaluable tools for prob-
ing the molecular structures and interactions in CEPs. Three of the most useful are
the UV-visible, circular dichroism, and Raman spectroscopy techniques. In each of
these cases, absorption of the incident radiation by water (and many other electro-
lytes) is minimal, meaning that it is possible to obtain the spectra by reflection or
transmission of light from the sample while it is immersed in an electrolyte as part
of an electrochemical cell. Another valuable technique has been electron spin reso-
nance (ESR) spectroscopy, which involves the absorption of microwaves.

UV-VISIBLE SPECTROSCOPY

Light absorption by a CEP causes electronic transitions from its valence band to
the conduction band (m—mt" transitions) as well as to bands within the band gap (e.g.,
ni—polaron transitions). The resultant UV-visible spectra are very sensitive to the
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oxidation state of the CEPs and to the 3-D arrangement adopted by their chains.
When CEPs are switched from one oxidation state to another, their color changes
dramatically (e.g., for polypyrrole, between black and pale yellow), which is reflected
in their UV-visible spectra. MacDiarmid and coworkers'®? have, for example, used
UV-visible spectroscopy as a rapid and simple technique to estimate quantitatively
the proportions of each of the three oxidation states (leucoemeraldine, emeraldine,
and pernigraniline) present in polyaniline samples. The specific absorption peaks
observed are also indicative of the nature of the charge carriers (e.g., polarons or
bipolarons) and the number of such charge carriers present.

Extension into the near-infrared (NIR) region provides new insights into molec-
ular conformations of CEPs. Classical studies have been conducted on polyaniline
emeraldine salts, where the presence or absence of a strong, broad absorbance in the
NIR region (called the “free-carrier tail”) was strongly associated with molecular
conformations. The presence of an intense free-carrier tail in the NIR region has
been reported by MacDiarmid and coworkers'®*1%4 to be diagnostic of an emeraldine
salt in an “extended coil” conformation. In contrast, this NIR band is replaced by
a localized polaron band in the region 750-900 nm for emeraldine salts where the
chains adopt a “compact coil” conformation. The conformation can be altered by the
use of different dopants and even by exposing the doped polymer to certain solvents
and vapors (a process dubbed “secondary doping” by MacDiarmid). As the polymer
conformation changes from a “compact coil” to an “extended coil,” the m-orbitals
more effectively overlap to allow greater in-chain conduction. The presence of the
free-carrier tail in the UV-visible-NIR spectrum is therefore strongly correlated with
the electrical conductivity in polyaniline.

For CEP films deposited on transparent electrodes such as indium tin oxide
(ITO)-coated glass, in situ spectroelectrochemical studies are possible by insertion
in an electrochemical cell constructed in a 1-cm quartz cuvette. Changes in the UV-
visible spectrum of such a CEP with changes in applied potential have provided
valuable information on the electrochemical redox switching of CEPs.163:166.167 The
technique has also been used to monitor in situ the electrochemical polymerization of
monomers such as aniline to generate conducting CEPs on an ITO-coated glass work-
ing electrode, giving insights into the mechanism of such polymerizations.'6%.16

CIRCULAR DICHROISM (CD) SPECTROSCOPY

There has been considerable recent interest in chiral CEPs in which polymer chains
(or aggregates of polymer chains) adopt a one-handed helical arrangement. Circular
dichroism (CD) spectroscopy provides a powerful tool to probe the chain confor-
mation (and preferred hand) in such chiral polymers. This spectroscopic technique
measures the difference in absorption of left- and right-hand circularly polarized
light by a chiral sample as follows:

Agl-r =&—-¢&

where € and € are the extinction coefficients measured for the absorption of the left-
and right-hand circularly polarized light, respectively.
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In situ spectroelectrochemical studies can also be carried out on chiral CEP
films deposited on ITO-coated glass electrodes inserted in electrochemical cells
constructed in quartz cuvettes, allowing detailed studies of the changes in the CEP
structures upon redox switching between different oxidation states.

RAMAN SPECTROSCOPY

The Raman spectrum is produced by irradiating the sample with laser light of a
certain frequency and analysing the scattered radiation caused by the Stokes shift.
The difference in frequency of the incident and scattered light is equal to the actual
vibrational frequencies of the material. Thus, the Raman spectrum can identify and
track changes in specific chemical groups. The Raman spectrum may be obtained
using a light microscope so that mapping of a surface is possible to a resolution of
around 1 pm.

Raman spectroscopy has been used to study the chemical stability of conducting
polymers. Conductivity is known to decline upon aging in ambient environments,
but the process is accelerated by elevated temperatures mainly owing to the thermal
loss of dopant.” In addition, high electrical potentials can also result in “over-oxida-
tion.” Over-oxidation is the irreversible, electrochemical oxidative degradation of a
conducting polymer under an anodic applied potential.'”" During over-oxidation, a
polymer loses conductivity, charge storage ability, electrochromism, electroactivity,
conjugation, mechanical properties, and adhesion to the substrate. In fact, almost all
of the beneficial features of a conducting polymer are destroyed by this process.

It is important to understand the over-oxidation phenomenon to ensure long life-
times for intelligent material systems using conducting polymer electrodes.'”? In situ
Raman studies (in which an electrochemical cell is attached to a Raman spectrom-
eter) have shown that PPy (doped with p-toluene sulfonate) undergoes irreversible
chemical degradation when it is immersed in an aqueous electrolyte and a poten-
tial of +0.8 V (versus Ag/AgCl reference) is applied. Changes occur rather quickly
(within 5 min) and can be ascribed to the formation of oxygen-containing groups
in the polymer. The carbonyl groups (C=0) shown in Figure 1.32 are one possible
source of the peak, indicated “c” in Figure 1.33, suggesting that the over-oxidation
rapidly reduces the conjugation of the polymer, leading to a loss of conductivity.

Conducting polymer can be reversibly switched between the first three states
at the electrochemical potentials shown (the exact potential depends on the nature
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FIGURE 1.32 Oxidation states of polypyrrole.
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FIGURE 1.33 Raman spectrum of PPy/pTS held at 0.8 V (versus Ag/AgCl) in 1 M NaCl
with a pH of 2.25. (From T. Lewis, PhD thesis, University of Wollongong, 1998.)

of the counterion, A-, incorporated with the polymer). The highest oxidation state
is referred to as over-oxidized, because the conductivity decreases owing to loss of
conjugation, and oxidation from the third to fourth state is not reversible.

In situ electrochemical Raman spectroscopy has also proved invaluable in
identifying the neutral, radical cation and dication species formed during redox
switching of polypyrroles. For example, the appearance and disappearing of Raman
peaks characteristic of these during the reversible electrochemical cycling of a PPy/
dodecylbenzenesulfonate film between —0.9 and +0.5 V (versus Ag/AgCl) in 0.10 M
NaClO,."”> Raman spectroscopy also provides very useful information on the relative
proportion of benzenoid and quioid rings present in polyaniline in its three oxidation
states (leucoemeraldine, emeraldine, and pernigraniline),' and in establishing the
species formed on heating or degradation of polyaniline samples.'”> Redox switching
between the three oxidation states of polyaniline can be readily monitored by in situ
electrochemical Raman spectroscopy.!”

ELECTRON SPIN RESONANCE (ESR) SPECTROSCOPY

In ESR spectroscopy, absorption of microwaves by molecules causes unpaired elec-
trons within the structure to change spin. Consequently, it has been widely used as a
tool for identifying (and quantifying) the presence of polaron charge carriers (which
have spin) in CEPs, in contrast to bipolaron charge carriers, which are dications with
no spin.””” A typical ESR spectrum is shown in Figure 1.34, which is for fully sul-
fonated polyaniline, poly(2-methoxyaniline-5-sulfonic acid) (PMAS) in water. The
intensity of the ESR signal is directly related to the concentration of polaronic spe-
cies in the sample, and the g value obtained from the spectrum gives insights into the
chemical environment of the unpaired electron. ESR spectroscopy is also a sensitive
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tool for identifying changes in a conducting polymer caused by environmental fac-
tors, such as when polyaniline emeraldine salt films are exposed to moisture.'”

In situ electrochemical ESR studies, employing an ESR spectrometer to which
an electrochemical cell is attached, have also proved very useful in elucidating the
redox mechanisms of CEPs and their precursors.!”*180

LOCALIZED ELECTROCHEMICAL MAPPING

Recently, two new electrochemical mapping techniques have become available: the
scanning vibrating electrode technique (SVET) and the localized electrochemical
impedance spectroscopy (LEIS) technique. These techniques provide the capability
to identify and monitor electrochemical behavior down to the micron level. These
represent significant advances over traditional electrochemical methods (cyclic
voltammetry, EIS, and even EQCM), which provide data that reflect only an average
over the entire sample surface. Although such data are very useful, a major drawback
is that no local or spatial information is obtained.

SVET detects the electrochemical potential of a sample surface (with respect to
areference electrode) with a spatial resolution of tens of microns. The technique uses
a probe tip that is rastered above the sample surface and then is oscillated perpen-
dicular to the sample surface with an amplitude of 1-60 pum.

One of the first uses of SVET for conducting polymer analysis (Figure 1.35) was
in the area of corrosion protection.'®! In these studies, the SVET probe was rastered
over a pinhole defect in a conducting polymer coating on aluminum. The SVET
method clearly showed that the pinhole was anodic, whereas the conducting polymer
coating was cathodic. After a short period of immersion, the anodic activity at the
pinhole ceased, which is believed to be due to the passivation induced by galvanic
coupling with the conducting polymer coating.

In LEIS, the full electrochemical impedance spectrum of the sample/electrolyte
interface can be obtained at the submillimeter level. The system works by stepping
a probe tip across the sample surface (the smallest step size is 0.5 um) while the
sample (connected as the working electrode) is perturbed by an ac voltage waveform
(usually about the open-circuit potential with an amplitude typically of 20 mV). The
probe tip consists of two separated platinum electrodes, separated by a known dis-
tance. Measurement of the potential difference between the two electrodes allows
the calculation of the potential gradients above the sample surface, which then give
the current density. Comparison of the in-phase and out-of-phase current flow pro-
duces the impedance data, as with the regular EIS. The data can be plotted as Bode
or Nyquist charts for specific points on the surface, or impedance maps of the sample
surface can be obtained.

CONCLUSIONS: CONDUCTING POLYMERS
AS INTELLIGENT MATERIALS
The areas of application and the ability to characterize and communicate with con-

ducting polymers using emerging technologies highlight the versatile, dynamic, yet
controllable, nature of these materials. They undoubtedly possess properties that
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make their use in the pursuit of intelligent materials systems or structures inevitable.
For example, they are sensitive to numerous stimuli and can be made to respond.
They can store information and energy, and are capable of performing intelligent
functions. Further, we can communicate with these systems using tools now avail-
able in research laboratories.

The following chapters will describe how the design and assembly of various
important polymers can be used to produce predetermined properties. (The synthe-
sis and properties of polypyrroles, polyanilines, and polythiophenes are discussed
in detail and differences between these systems emphasized.) A multitude of other
CEP systems exist, and the interested reader is referred to the extensive literature
now available. Furthermore, the synthesis of CEPs to produce different forms that
enable integration of all the functions required for intelligent operation or that allow
incorporation into a larger structure will be described.

Undoubtedly, this pursuit will result in spin-off benefits for conducting polymer
research and, perhaps, polymer (macromolecular) science in general. For too long,
the implications of the inherent dynamic properties of polymers have been ignored,
as we have devised ingenious ways to eradicate them. A more sophisticated approach
to its understanding and manipulating these dynamic properties may revolutionize
polymer science in its own right.
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2 Assembly of Polypyrroles

Stability and homogeneity of materials were formerly viewed as desirable
properties by scientists. Any modifications made to such materials required
ingenious and complex chemical processes. Although these properties will
always have a place in structural components, a new generation of materi-
als have been discovered by scientists that are defined by their heterogeneity
and dynamic properties. As can be concluded from studying natural materials
and reactions, which have evolved to a level of complexity and diversity using
simple building blocks, the capability to change in response to their environ-
ment is a powerful one. We now strive to recreate such sophisticated behavior
using conducting polymers as simple building blocks.

Polypyrroles (PPy’s) are formed by the oxidation of pyrrole or substituted pyr-
role monomers. In the vast majority of cases, these oxidations have been car-
ried out by either (1) electropolymerization at a conductive substrate (electrode)
through the application of an external potential or (2) chemical polymerization
in solution by the use of a chemical oxidant. Photochemically initiated and
enzyme-catalyzed polymerization routes have also been described but are less
developed. These various approaches produce polypyrrole (PPy) materials with
different forms—chemical oxidations generally produce powders, whereas
electrochemical synthesis leads to films deposited on the working electrode,
and enzymatic polymerization gives aqueous dispersions. The conducting
polymer products also possess different chemical/electrical properties. These
alternative routes to PPy’s are therefore discussed separately in this chapter.

This chapter deals with the creation of conducting PPy’s, including the param-
eters that are important in affecting the polymerization process. Chapter 3
discusses how these synthesis parameters influence the polymer properties.

ELECTROPOLYMERIZATION—“A COMPLEX
PROCESS OVERSIMPLIFIED”

PPy can be formed by the oxidation of pyrrole at a suitable anode. Upon application
of a positive potential, an insoluble, conducting polymeric material is deposited at
the anode. The polymerization reaction can be represented simply as:
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[m relates to the polymer chain length, which determines molecular weight].

In this representation (Equation 2.1), A~ is a counterion necessary to balance
the charge on the polymer backbone. The counterion content is high (can be greater
than 50% w/w) and is usually incorporated between the PPy planes' that are pre-
dominantly o—a bonded? (as shown). In an “ideal” PPy (Figure 2.1), it is assumed
that the geometry is such that the counterion is intercalated between the planar poly-
mer chains.? In real materials, this idealized structure must be distorted somewhat
because highly insoluble and highly crosslinked materials are formed.* The molecu-
lar structure of PPy is further described later in this chapter.

The simplistic polymerization process (Equation 2.1) and the idealized structure
(Figure 2.1) both belie the complexity of this polymerization process.* A greater
understanding of this process has led to the development of innovative processing
approaches in recent years. As pointed out in the introduction, intelligent material
structures require a dynamic character. This dynamic, interactive nature is present
right from the point when polymer synthesis is initiated; hence, the assembly of
these materials is not as straightforward as illustrated in Equation 2.1. The first step
(monomer oxidation) is slow; the radical-radical coupling, deprotonation, and sub-
sequent oxidation are fast. Polymerization is believed to proceed via a radical-radi-
cal coupling mechanism,® wherein the natural repulsion of the radicals is assumed
to be negated by the solvent, the counterion, and even the monomer. Chain growth
then continues until the charge on the chain is such that a counterion is incorporated.
Eventually, as the polymer chain exceeds a critical length, the solubility limit is
exceeded, and the polymer precipitates on the electrode surface.

A major point of contention involves where radical-radical coupling occurs and
whether continued growth is in solution or from the electrode surface. At least some
polymerization occurs in solution,” but how much depends on the experimental con-
ditions employed. This polymer then interacts with the bare electrode or previously
deposited polymer as the reaction proceeds to produce the final structure.

Once the initial layer of PPy is deposited, it becomes a reactant that determines
the course of the remainder of the polymerization process. Polymerization occurs
more readily (at a lower potential) on the already-deposited PPy than on the anode
surface. This process of product becoming reactant continues until the reaction is
stopped. A more detailed investigation of the polymerization process reveals the
intricacies involved in producing these sophisticated dynamic structures. Thus, the
overall process may be broken into several discrete steps, as shown in Figure 2.1
(details are available in Reference 4).

The electrochemical conditions, electrode material, solvent, counterion, and
monomer all influence the nature of the processes occurring. For example, if the
applied potential is too low (under certain conditions), the rate of polymerization
will be such that no precipitate forms. If the solvent is nucleophilic (or contains
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FIGURE 2.1 A more detailed look at PPy formation.
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dissolved oxygen), it will react with the free-radical intermediates. If the electrode
material is extremely polar, at the potential required for polymerization, deposition
may be discouraged. In addition, the solvent, monomer, counterion, and substrate
interactions are all important because they dictate the solubility and/or deposition of
the resultant polymer.

Another issue arising from closer examination of the mechanism is the question
of what actually controls the rate of polymerization, and hence, the structure of the
polymer. Again, all the parameters mentioned earlier play a role in determining the
overall rate of reaction.® The complexity arises because the role that each plays var-
ies depending on the stage of polymerization. For example, in the initial stages of
polymerization, the electrode substrate plays a critical role that diminishes once the
reaction is initiated. On the other hand, the monomer may be present in excess when
the reaction is initiated, but due to depletion, it may become the rate-determining
factor as the reaction proceeds.

With respect to the rate-determining step, the electrochemical reactions occur-
ring at the cathode cannot be ignored. Particularly in a two-electrode cell, this
electrochemical step may become the rate-determining factor. This is the case, for
example, when reduction of water is the cathodic reaction. Reactions occurring at the
auxiliary electrode (the cathode) in Figure 2.2 are usually assumed to involve reduc-
tion of the supporting electrolyte cation, dissolved oxygen, or solvent itself, unless an
auxiliary reagent such as an electroactive metal ion or ferricyanide is intentionally
added. The auxiliary electrode reaction will then consume this additive.

The hydrodynamics of the electrochemical system and temperature are also
important because these control the rate of transport of reactants and products to and
from the electrochemical reaction zone. This in turn determines the polymerization
efficiency. Hydrodynamics are also important in determining the form of the PPy
produced. For example, using a flow-through cell and in appropriate chemical envi-

Reference
Electrode
Auxiliary
Electrode PAR-173
(Cathode)
Working
Electrode
(Anode)

Monomer
Counterions

Solvent /

FIGURE 2.2 The three-electrode electropolymerization cell.
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ronments, stable colloidal dispersions rather than insoluble films can be produced
(see section titled “The Polymerization Environment/Cell Design™).

Aspects of polymerization efficiency have been studied previously® using elec-
trochemical quartz crystal microbalance techniques, which allow the amount of
polymer deposited to be weighed in situ. This is achieved by depositing polymer on a
gold-coated quartz crystal whose oscillating frequency is continually monitored (see
Chapter 1). The change in frequency can then be related to the change in mass and
plots of charge (Q) versus mass obtained. These workers found that the efficiency
was low in the early stages of polymerization and then increased to a constant level.
They also found that the final electrolytic efficiency decreased as the monomer con-
centration decreased, and varied depending on the electrolyte/solvent combination
employed. In a sense, the electrode acts as a product collection device, interacting
with appropriate components of the polymerization process. These results empha-
size the competitive nature of the electrodeposition process and the fact that the
polymer forms first in solution and then deposits onto the working electrode. Given
the complexity of the polymerization process, each of the experimental properties
that control it will now be considered, in turn.

THE POLYMERIZATION ENVIRONMENT/CELL DESIGN

Although the setup required to induce electropolymerization is simple (Figure 2.2),
the setup required to deliver a product of the necessary quality for real applications
requires some thought and is still the subject of numerous studies. For example, in
our own work,!? we have found that the use of concentric counter electrodes is essen-
tial to coat wire electrodes in a uniform fashion. In more recent work," we have veri-
fied the need for a helical wire interconnect to ensure efficient charge injection into
hollow PPy fibers of micrometer dimensions but centimeters in length (Figure 2.3).

Most laboratory setups employ a three-electrode potentiostated system to ensure
effective potential control and to maximize the reproducibility of the polymerization
process. The positioning of the auxiliary electrode is critical in that it determines
the electrical field generated, which can influence the quality and evenness of the
polymer deposited. The electrode system shown in Figure 2.2 includes a reference
electrode. A two-electrode cell can also be used, usually with galvanostatic (constant
current) electropolymerization methods, but care must be taken to avoid overoxida-
tion of the PPy through poor control of the potential.

Two major considerations accentuated by the nature of conducting polymer syn-
thesis are iR drop effects and the hydrodynamics of the cell. As polymer is depos-
ited on the anode, the resistance of the electrode (substrate and polymer) usually
increases. The cell hydrodynamics, importantly, regulate the movement of reactants
(monomer/lower-molecular weight oligomers) and products (higher-molecular-
weight oligomers and polymers) to/from the electrode. During growth, variations
on the order of millivolts or slight changes in the hydrodynamics of the system may
have a dramatic influence on the polymer produced.

With respect to cell design, the working electrode geometry, the anode—cath-
ode separation, and the nature of the working electrode all influence the nature of
the polymer formed. The use of a thermostated cell is essential for manufacturing
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FIGURE 2.3 Photographs (A) of hollow polymer tubes with helical interconnect used for
actuation testing. The pitch of the helix can be altered with examples shown in (A) of 20,
15, and 10 turns/cm. A hollow tube with no helix (0 turns/cm) is also shown. Schematic
diagram (B) showing method of construction for these actuators. (A) 25 um platinum wire is
wrapped around the 125 um wire as a spiral; (B) Polymer synthesis—the assembly is placed
in polymer electrolyte solution (0.5 M Py, 0.25 M TBA PF; in propylene carbonate) and elec-
troplated for 24 h at —28°C; (B) Polymer coating forms around wire and spiral; (C) 125 um
center wire is withdrawn from the polymer tube/helix; (D) Two short connectors of 125 um
wire are inserted into each end; (E) 25 um wire is pulled tight around these ends for a good
electrical connection and epoxy-glued (F) to hold it in place.
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FIGURE 2.4 Rotary drum anode (1) used for continuous production of CEP polymer tape
on collector roller (2), which is continuously stripped from anode as it is deposited from the
electropolymerization bath (3).

polymers in a reproducible fashion. Given the chemical steps involved in the polym-
erization process, the hydrodynamics and temperature control of the cell design are
important. Not only does the temperature influence the rates of transport in the cell
but it is also important in determining the extent to which unwanted side reactions
occur. For example, it is known that the radicals generated during polymerization
can react with oxygen to form an inferior product. At higher temperatures, such
reactions would proceed more rapidly. Several workers'? have shown that polymers
with higher conductivity are produced from polymerizations carried out at low tem-
perature. In our own work, temperatures as low as —28°C, using propylene carbonate
(PC) as solvent, have been necessary to achieve optimal polymer conductivity.

The transport of reactants and products to and from the reaction zone is extremely
dependent on the cell hydrodynamics and on whether the solution is stationary or
moving. Products generated at the auxiliary electrode may also be critical, and for
this reason, the auxiliary electrode should be separated or placed downstream.

Continuous processing using electrodeposition requires that

* A mechanically stable and conductive polymer be deposited
* The polymer be continuously removed from the electrochemical cell

Continuous processing cells have been described previously by Naarmann.'® The
most popular approach involves the use of a rotated drum electrode. Polymer is elec-
trodeposited onto the electrode as it passes through the cell and then continuously
stripped from the electrode as it rotates out of the cell (Figure 2.4).

In our own laboratories,"* we have used the fact the polymerization occurs in
solution to develop a flow-through electrochemical cell (Figure 2.5) to produce col-
loids'>10118 or water-soluble'®22! CEPs continuously. The use of a highly porous
anode (reticulated vitreous carbon—RVC) ensures that a high surface area is avail-
able for electropolymerization and that a flowing solution can be used to prevent
polymer deposition. The use of steric stabilizers (such as polyethylene oxide or poly-
vinylalcohol) in the flow-through electrolyte (see use of stabilizers—under “Chemical
Polymerization”) also helps prevent deposition and promotes colloid formation. Both
PPy and polyaniline (PAn) colloids have been prepared using this approach.

The beauty of this electrochemical approach to production of colloids is that a
range of dopants (A~) can be incorporated into the polymer. For example, functional
dopants such as corrosion inhibitors,' proteins,'® and polyelectrolytes'’ have been
incorporated. Even dopants that produce chiral activity within the conducting poly-
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FIGURE 2.5 A flow-through electrochemical cell.

mer colloid have been successfully incorporated.'® This approach can also be used to
produce novel nanocomposite structures. For example, a conducting polymer layer
has been coated onto nanosized polyurethane.?>23

Other workers?* have used similar principles to enable continuous production
of conducting polymer fibers in a flow-through electrochemical cell. As with the
hydrodynamic system described in the preceding text, polymer is produced at the
anode and continuously removed from the cell in the form of a fiber. Alternatively,
other fibers such as Kevlar® or nylon can be coated using such hydrodynamically
controlled polymerization systems.

The hydrodynamic aspects of cell design have been studied using a rotating elec-
trode setup.” As the electrode rotation speed is increased, the potential required to
sustain constant-current deposition increases. The hydrodynamics increase the rate of
oligomer transport away from the electrode and therefore prevent polymer deposition.

ELECTROCHEMICAL CONDITIONS

The simplest means of inducing the polymerization process is to apply a sufficiently
positive constant potential. The potential chosen will influence the rate of oxidation
and, therefore, polymerization. If the rate of polymerization is too slow, oxidation
of the pyrrole monomer may occur without deposition, because the critical chain
length may not be reached, and hence, the solubility will not be exceeded before
the products leave the reaction zone near the electrode surface. However, the upper
value of the potential is limited by a process that results in overoxidation of the
polymer. This results in a less conductive and more porous polymer product?*2” with
inferior mechanical properties. In general, because of the heterogeneity of electrode
substrates (see later text), constant potential growth does not result in even coatings
on electrode surfaces. In addition, constant potential growth is sensitive to iR drop
effects. As the polymer is deposited, electrode resistance (R) increases and the effec-
tive potential drops, thereby changing the growth characteristics of the polymer.
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An alternative is to apply a constant current to drive the reaction. This usually
results in more even film growth although local variations in current density will
produce a heterogeneous polymer. The rate of polymerization is dictated by the cur-
rent density applied. Again, if the rate is too low, oxidation without deposition may
occur. However, if the rate is too high, the potential may stray into the region where
overoxidation of the polymer occurs.

Finally, transient potential/current waveforms may be used for polymerization.
Cyclic voltammetric growth has mostly been used to carry out mechanistic studies.
The use of pulsed current or potential is not a common practice. Recently, how-
ever, pulsed-current methods?®*? have been used by Mitchell and coworkers to pro-
duce more ordered anisotropic films. The use of transient waveforms adds another
dimension to electropolymer growth, because the oxidation/reduction of the polymer
according to Equation 2.2 will occur during growth, and the effect of this on the
polymerization process must be considered.

Contracted State

+2e” —2A7 || —2e” + 2A~

Expanded State

[A™ represents anions, e~ electrons
m determines molecular weight] 2.2)

In fact it is this oxidation/reduction process that results in the more ordered
structure obtained by Mitchell and coworkers. They postulate that deposition will be
regulated by the oxidation/reduction process.

Transient waveforms can also be used to modify the monomer prior to polymer-
ization in situ. For example, the polymerization of monomer 1 does not proceed if a
constant positive potential is applied.
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However, when a transient waveform is used, reduction of monomer 1 to form
2 can occur at negative potentials. The polymerization of 2 proceeds according to
Equation 2.3 as the working electrode is exposed to more positive potentials.3

W COOH . / \ +A_ COOH

N N
H H /i

3 2.3)

ELECTRODE MATERIALS

The electrode substrate should be considered an integral part of the polymer pro-
duction process,?3>3 particularly in the initial stages of growth. The nature of the
electrode material determines how easily the pyrrole monomer can be oxidized. It
also determines the degree of adsorption of the monomer, the oligomers, and finally,
the polymer that occurs during polymerization. Whether or not deposition occurs
depends on the surface energy of the electrode and controls the hydrophobic/hydro-
philic nature of the deposited polymer. It has been postulated that some oxide-con-
taining electrodes undergo covalent-bonding reactions with the polymer to form an
extremely adherent film.3* It is possible to use electrodes as templates to produce
nanostructured electrodeposits (see later section on nanostructured PPy).

It is known that deposition on substrates where nonconductive metal oxide lay-
ers are formed at positive potentials is difficult. This includes electrodes made of
stainless steel, tantalum, and aluminum. However, the rate of oxide formation is
important because we have shown that stainless steel is an ideal substrate for depo-
sition of some PPy’s. The rate of oxide formation depends on the solution and the
electrochemical conditions employed. If the polymer can deposit before the onset of
metal oxide formation, then consistent films of excellent quality can be deposited.
This is aptly demonstrated with the successful electrocoating of aluminum when the
electrocatalyst Tiron 4 is used.

OH
OH

0,8 SO;

The Tiron mediates the monomer/oliger oxidation process resulting in a signifi-
cant decrease in the polymerization potential. Tiron does also interact with alumi-
num and may assist in binding the polymer product to the surface.

Other workers have shown that the use of specific dopants to assist in rapid depo-
sition and/or metal passivation of active metals can help in this regard. For exam-
ple, oxalic acid® or molybdate*® containing electrolytes have been used to facilitate
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electrodeposition of PPy on Al. Others have used ammonium oxalate electrolyte to
facilitate the coating of nickel-plated copper.*’

The adhesion of the polymer to the electrode surface is another consideration.
For example, the polymer can be generated at an electrode such as tantalum, where
it will not deposit. In our laboratories®® we have used the fact that deposition of
PPy onto tantalum is difficult in the design of an electrochemical slurry cell to coat
silica particles. The polymer generated at the tantalum anode does not deposit there;
instead, it deposits on the more receptive (silica particle) surfaces in the electro-
chemical cell. This represents a unique polymerization process whereby the polymer
is generated electrochemically in an environment that allows nonconductive sub-
strates to be coated, resulting in unique composite structures.

An interesting result obtained recently shows that the substrate employed may dic-
tate the surface (polymer/solution) properties of even relatively thick polymers.*® For
example, with polymers grown from dodecyl sulfate (DS)-containing electrolytes, the
nature of the substrate used dictated the hydrophobicity/hydrophilicity of the conduct-
ing polymer—solution interface. Polymers grown on a carbon-foil substrate shown to
be hydrophobic produced a more hydrophilic polymer surface. Finally, those grown on
platinum, a more hydrophilic substrate, produce a more hydrophobic polymer.

These results indicate that the surfactant counterion is capable of imparting
either hydrophobic or hydrophilic properties to the polymer, depending on the sub-
strate material. This may be due to a different orientation of the surfactant counter-
ion within the polymer for each substrate. Because the carbon foil has a much more
hydrophobic surface, the surfactant counterions could be expected to align them-
selves more, with the nonpolar end toward the substrate and the charged end toward
the solution on the carbon-foil material. This would explain the difference in surface
interactions between the polymers on these two substrates.

The size of the working electrode is also important. This will influence the elec-
tropolymerization process in that the conductivity decrease during deposition can
be minimized; also, depletion effects are more pronounced with large electrodes.
With smaller (< 20 um diameter) electrodes, electropolymerization can be carried
out in low-conductivity media; also, the rate of transport to and from the electroac-
tive center is markedly enhanced. In some cases, this latter feature can be a problem
in that the enhanced rate of transport away from the microelectrode causes increased
difficulty in obtaining a polymer deposit.

The auxiliary electrode used is usually electrochemically inert, yet capable of
maintaining rapid cathodic reactions to maintain the desired polymerization rate at
the working electrode surface. During deposition at anodic potentials, the auxiliary
electrode is exposed to (sometimes extreme) negative potentials. The increase in pH
(due to the reduction of dissolved oxygen in the solution and to the reduction of water
itself) may interfere with the polymerization process; hence, the positioning of the
auxiliary electrode is of paramount importance. To prevent an increase in pH, easily
reduced species such as copper or silver salts may be added. This provides a more
facile electrode reaction at the cathode and prevents electrode reactions that result
in a change in pH.

When cyclic voltammetric growth or pulsed-potential deposition is used, the
behavior of the auxiliary electrode at anodic potentials is also important because
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exposure to extreme positive potentials may occur. If easily oxidized (e.g., stainless
steel), the release of metal ions into solution can interfere with the polymerization
process at the anode. Alternatively, generation of products from water oxidation or
organic solvent oxidation can cause problems. This again emphasizes the need to
control the reactions occurring at the auxiliary electrode.

THE SOLVENT

Given that some of the solvent becomes an integral part of the final product and par-
ticipates in the auxiliary electrode reaction, it is more than just a reaction medium.
It is a reactant and should be considered as such. The solvent will also have an effect
in determining the conformational nature of the polymer. This effect is analogous to
that observed with other macromolecules, such as proteins, that can fold in aqueous
solution to protect their hydrophobic groups but unfold in more nonpolar solvents to
expose the hydrophobic groups. The choice of solvent is critical, and its role should
be considered in light of the detailed polymerization mechanism.

Obviously, the solvent should be as pure as possible. Even the presence of dis-
solved oxygen may pose problems as it reacts with radical intermediates and is
reduced at the auxiliary electrode to form hydroxide during the polymerization
process. There is a major attraction in the use of pyrrole over other heterocyclics
because this monomer is water soluble. Aqueous solvents are preferred to organic
solvents from the point of view of cost, ease of handling, safety, and the range of
counterions that can be used.

The solvent should, of course, be capable of dissolving the monomer and counter-
ion at appropriate concentrations, and it should not decompose at potentials required
for polymerization. If the products of such decomposition reactions are innocuous,
no problems should arise. However, other reagents (e.g., metal ions) can be added to
control the auxiliary electrode reaction if necessary, as described earlier.

The interaction of the solvent with the electrode, substrate, monomer, and coun-
terion should also be considered. Even before a potential is applied, it is these interac-
tions that will determine the conditions within the electroreaction zone because the
degree of adsorption of the monomer and counterion will be solvent dependent. As
the electropolymerization reaction proceeds, the nature of the solvent will also deter-
mine the solubility of the resultant polymer. Somewhat independently, the nature of
the solvent will control the extent of interaction of these products with the electrode.

The nucleophilicity of the solvent is also important*® because a more nucleophilic
solvent is likely to react with the free-radical intermediates. Dong and Ding*' suggest
that PPy grown electrochemically in aqueous solvent reacts with water molecules
to produce carboxyl groups that inhibit further growth. However, the importance of
water molecules in hydrating the polymer has also been discussed.*> These work-
ers have shown that with an optimal amount of water (2—4% in the polymer, or one
water molecule for every five to ten pyrrole rings), the water appears to participate
in a favorable way in the redox reaction—decreasing the activation barrier. Interest-
ingly, drying the polymer at 40°C for 2-3 h reduces the water content to this level,
and it is extremely difficult to dry any further. With some polymeric systems,we have
recently found® that thin layers of polymer contain large percentages of water (see
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later under “The Counterion/Cation Effect”). Interestingly, when dehydrated and
then exposed to moisture, the polymers exhibit hygroscopic properties, rapidly read-
sorbing water from the atmosphere. In addition, the counterions incorporated during
polymerization may have solvent molecules associated with them. In the case where
water is the solvent, hydrated counterions and/or cations will be incorporated.

In the case of acetonitrile solvent, where the solvation of anions is unlikely to
occur, pyrrole can solvate anions itself.** This may explain why PPy films formed
from acetonitrile with perchlorate counterions are less porous; with pyrrole solvat-
ing the counterion during synthesis, a denser structure would be expected. This also
results in polymers that are more conductive and have lower capacitance and greater
electrochemical reversibility than those grown from water. Similar differences in
conductivity were observed between acetonitrile and water when DS was used as the
counterion,® although the differences in conductivity were not so marked. The pres-
ence of DS probably provides some protection from the nucleophilic solvent. In other
work,* we have shown that pyrrole can be reversibly oxidized in surfactant-contain-
ing media (i.e., the surfactant stabilizes the free radical produced). This reversibility
could not be detected in the absence of surfactants.

The use of specific solvents that stabilize n segments along the polymer chain
give rise to increased conductivity and stability of PPy. Propylene carbonate has
proved to be a useful solvent in this regard.*’ This will influence subsequent polym-
erization processes, as the deposition of a more conductive polymer leads to more
efficient electrochemistry as the polymerization proceeds.

More recently, the use of ionic liquid (IL) electrolytes (Figure 2.6) to prepare
conducting polymers has been investigated. These unusual solvents are molten (lig-
uid) salts at low temperature (< 100°C). They function as the solvent and also provide
the electrolyte ions. It has been shown that PPys grown from these solvents have
distinctly different morphologies from those electrosynthesized from conventional
electrolytes.*® Electrochemical growth of PPy at an IL-air interface results in a
microporous web of conducting polymers (Figure 2.7).4°

THeE CouUNTERION/CATION EFrecT: CHOICE OF ELECTROLYTE

Numerous workers>%31:5233 have studied the effect of the counterion on the electropo-
lymerization process. The high concentration of counterion employed means that it
can have a dramatic effect on the polymerization process. The electrolyte will influ-
ence the conductivity of the solution, the polymer properties and, hence, the rate of
polymerization. The nature of the electrolyte salt employed can also have a marked
effect on polymer—solvent interactions.

This latter phenomenon has not yet been studied in detail as far as conduct-
ing polymers are concerned. However, in other areas the ability of particular salts
to dehydrate macromolecular (in this case proteins) structures has been known for
some time.>* This dehydration can have a marked effect on the polymeric struc-
ture produced with conducting polymers and the inherent stability of the structure
obtained.*

It has been shown that the concentration of counterion employed not only has an
effect on the amount of anion incorporated into the polymer but also on its structure
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FIGURE 2.6 Typical ionic liquid ions.

FIGURE 2.7 Fine-structured poly(pyrrole) film formed on the ionic liquid surface using 10
ms voltage pulses. (Source: Dr. Jenny Pringle, Monash University, Australia.)
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and morphology.*® These differences in morphology will influence surface area and
the subsequent rate of polymerization.

Other workers have carried out electropolymerization in the presence of chemi-
cal oxidants.”” This results in the production of much more porous, yet mechanically
stable conducting polymer materials.

For efficient polymerization, the counterion should be readily incorporated.
Therefore, some studies have suggested that small size and high charge density are
preferable. We have shown, however, that polyelectrolytes are readily incorporated.®
This affects the subsequent polymerization process because polymers with very high
water content are obtained. Formation of the open hydrophilic polymer network
encourages continued growth of such structures because the polymer prefers to grow
and deposit in the more hydrophobic regions.

The counterion should also be stable both chemically and electrochemically;
otherwise, breakdown products may interfere in the polymerization process. If it
is electroactive at potentials lower than the monomer oxidation potential, it can be
incorporated using potentiostatic methods but not with constant-current techniques
because the counterion will be preferentially oxidized.

The counterion may be catalytic,” in which case it will have a dramatic effect
on the polymerization process. For example, Tiron 4 (shown earlier) has a catalytic
effect on the electropolymerization of pyrrole, thereby enabling the process to be
carried out at a more rapid rate at lower applied potentials. The ability of the coun-
terion to ion pair with charged oligomers produced as part of the polymerization
process will also have an effect.

The “magical” counterions in terms of conductivity and mechanical properties
appear to be sulfonated aromatics,>®3-0:61.62 in particular, para-toluene sulfonate (pTS).
It has been shown that the benzene sulfonates induce a degree of crystallinity?® that
results in higher conductivity. This higher conductivity enables the polymerization
process to proceed efficiently. It has also been suggested that the sulfonated aromatics
exhibit surfactant-like behavior as the radicals are stabilized and presumably protected
from unwanted side reactions with the solvent, oxygen, or other nucleophiles.

The direct incorporation of biological dopants into inherently conducting
polymers is providing a number of new opportunities in areas such as biosensors,
bioreactors, and novel surfaces for cell culturing (see Chapter 1). For example, oli-
gonucleotides have been incorporated directly as dopants,’® as has salmon sperm
DNA® and even intact red blood cells.®

An interesting option in terms of dopants is to incorporate an inherently con-
ducting polymer such as a sulfonated polyaniline (PMAS; Figure 2.8) as the molecu-
lar dopant. An interesting electrically conducting hydrogel (>90% [w/w] H,0O) with
multiple electrochemical switches is the result.®

The counterion employed also has a marked effect on the electropolymeriza-
tion process in organic solvents. For example, the polymerization of poly(methyl
carboxypyrrole) (PMCP) proceeds differently in para-toluenesulfonic acid (pTS),
tetrabutylammonium perchlorate (TBAP), tetrabutylammonium tetrafluoroborate
(TBABF,), and tetrabutylammonium hexafluorophosphate (TBAPF).%3 As reported
in that work, the rate of polymerization (at constant potential) and the time required
for the onset of polymer deposition varied with the counterion employed.
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There is no doubt that the counterion incorporated during synthesis influences
the ability of the polymer to interact with different solvents and other molecules.
These “surface properties” also influence the interfacial structure and properties
that are critically important when conducting polymers are integrated with other
materials and structures.

THE MONOMER

A number of N-substituted pyrroles have been prepared previously.®* Such substitu-
tion lowers the electronic conductivity of the resultant materials and usually results
in deterioration of the polymer’s mechanical properties.

Pyrroles substituted in the 3 or 4 () position are usually preferred. It has been
shown that o-substituted monomers do not undergo polymerization, because these
sites are required for polymer formation. Provided the substituents are not electron
withdrawing and/or too bulky, these monomers are easily oxidized and yield poly-
mers with good conductivity.®>¢7

The derivatized monomers will influence the electropolymerization process
in various ways. Differing functional groups will influence the solubility of the
monomer, oligomers, and resultant polymer. For example, PPy’s can be made sol-
uble in organic solvents by alkylation at the 3-position.®®® This influences the
polymerization process because polymer may always be produced at the bare elec-
trode (because there is no deposit). The production of soluble polymers provides a
well-controlled means of polymerization. An indication of the achievable solubili-
ties is given in Table 2.1. Although the side chain promotes solubility, the degree
attainable is still dependent on the dopant incorporated and the solvent used for
electropolymerization.

Some functional groups will have a dramatic effect on the polymerization pro-
cess because they will provide self-doping. For example, monomers 5 and 6 exhibit
this phenomenon.

H,C ~ COOH

@\/\SO3H Z_g

N
H H
3-propylsulfonate pyrrole 3-methyl-4-carboxy-pyrrole

5 6
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TABLE 2.1
Solubility Data at 25°C for PODP

Solubility (g/L)

Polymer CH,Cl, CCl, Xylene
PODP-CIO, (electrodeposited from CH,Cl,) 36 525 57
PODP-CIO, (electrodeposited from THF) 3.5 13.5 30.5
PODP-CIO, (electrodeposited from THF/CH,;CN media) 5 1 0
PODP-CIO, (electrodeposited from CCl,/CH,Cl, media) 10 5 1

PODP-pTS (electrodeposited from CH,CL,/CH;CN media) 40 34 51

The ionizable —SO;H and —COOH groups provide the charge required to dope
the polymer during oxidation and polymerization. For example, in the case of 6, this
results in a polymer with a very low additional counterion content. Monomer 5 can
be polymerized without additional counterion.

Water-soluble polymers can also be produced by functionalizing the monomer
with an alkyl sulfonate group. Havinga and coworkers™ have shown that a polymer
paste is formed upon oxidation of monomers such as 5, shown earlier.

CHEMICAL POLYMERIZATION

The number of experimental variables available with chemical polymerization is
greatly reduced because no electrochemical cell or electrodes are employed. The
range of dopant counterions (A-) that may be incorporated into the PPy backbone
during polymerization has also, until recently, been generally limited to ions asso-
ciated with the oxidant. However, chemical polymerization remains of interest for
processing purposes because it may be easier to scale up this batch process and it
results in the formation of powders or colloidal dispersions. Furthermore, it is pos-
sible to use chemical deposition to coat other nonconducting materials.

Pyrrole polymerizations have a significant advantage in terms of flexibility over
polyaniline syntheses, described later in Chapter 4, in that they may be carried out in
neutral aqueous solution (i.e., no acid is required). A range of organic solvents may
also be employed, the limitation being the requirement to dissolve both the pyrrole
monomer and the oxidant.

MECHANISM OF CHEMICAL POLYMERIZATION

It is usually assumed that the mechanism of chemical polymerization is similar to
that described earlier in electropolymerization. However, work in our own labora-
tories’! highlights the fact that it is difficult to duplicate the products of electropoly-
merization using a chemical oxidant. Studies using 3-methyl-4-carboxy-pyrrole have
demonstrated that polymers obtained with both techniques are similar in chemical
composition but differ markedly with respect to polymer morphology.
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INFLUENCE OF POLYMERIZATION CONDITIONS

THE OXIDANT

The most widely used chemical oxidants have been ammonium persulfate,
(NH,),S,04, and FeCl,, although hydrogen peroxide and a range of transition metal
salts (e.g., Fe3*, Ce*, Cu?*, Cr®, and Mn™) have also been employed. The use of H,0,
(with Fe3* catalyst) is attractive environmentally, as the only by-product is water. For
the metal-based oxidants considered by Chao and March,” infrared (IR) spectros-
copy confirmed that similar PPy backbones were formed in each case.

For one-electron oxidants such as FeCl,, an [oxidant]/[pyrrole] molar ratio of ca.
2.3 is usually employed. Two electrons are required for the oxidation of each pyr-
role unit, with the remaining 0.3 electrons being used for ca. 30% oxidative doping
of the neutral PPy product into its conducting form, which carries a positive charge
on about every third pyrrole unit. However, with respect to polymer conductivity,
Miyata and coworkers have shown that control of the redox potential in solution by
adjusting the concentration of the redox couple can be used to advantage.”? The use
of binary systems (mixtures of two different oxidants) has also proved useful in this
regard.™ If the oxidizing strength is too high, the rate of polymerization is too fast,
resulting in an aggregated, low-conductivity material.

The use of halogens as oxidizing agents has also been reported,” resulting
in a PPy/X product containing halide (X°) ions as the dopant counterions. These
same workers used chemical polymerization to produce PPy-polymethylpyrrole
copolymers.

Kang and coworkers™ have also used organic electron acceptors such as 2,3-
dichloro-5,6-dicyano-p-benzoquinone (DDQ) and chloranil. A solvent effect was
observed when polymerization was carried out using DDQ. Polymerization in ace-
tonitrile gave the lowest conductivity, and in water it was slightly better. A similar
solvent dependence was observed for chloranil oxidations.

THE SOLVENT

Solvent effects have also been reported for the polymerization of pyrrole using FeCl, as
oxidant.”” The conductivities of the PPy products prepared in water and alcohols rang-
ing from MeOH to octanol were considerably higher than for the polymers prepared
under the same conditions in acetonitrile, tetrahydrofuran, chloroform, and benzene.

A biphasic solvent system consisting of ionic liquids and H,O has also been
used as the solvent media for chemical polymerization of the conducting polymers
poly(pyrrole), poly(terthiophene), and poly(3,4-ethylenedioxythiophene). Using gold
chloride as the oxidant, unusual highly fibrillar conducting polymer morphologies
were observed at the polymer—ionic liquid interface (Figure 2.9).7

POLYMERIZATION TEMPERATURE

The vast majority of chemical polymerizations of pyrrole have been carried out
between 0°C and room temperature. In one of the few systematic studies of the influ-
ence of temperature, Miyata and coworkers’” examined polymerization with FeCl,
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FIGURE 2.9 Poly(terthiophene) from interfacial polymerization using AuCl; in water layer
and terthiophene in ionic liquid 1-ethyl-3-methylimidazolium bis(trifluoromethanesulfoni-
mide), emiNTT,.

in MeOH solvent over the range —20 to —60°C. Maximum conductivity was observed
for the PPy product synthesized at 0°C.

THe DopANT COUNTERION (A-)

The dopant anions (A-) incorporated into conducting PPy’s are positioned intersti-
tially between the polymer chains and, as discussed earlier for electropolymeriza-
tion, their nature consequentially influences both the polymerization process and the
properties of the resultant polymers. In initial chemical polymerization studies, the
incorporated anions were limited to those arising from the oxidant employed; for
example, FeCl; and (NH,),S,0; oxidants provided C1- and HSO,/SO,* counterions,
respectively. These could in many cases be subsequently replaced by a range of other
anions through either ion-exchange or redox cycling.

More recently, it has been found that anions such as polyelectrolytes and sur-
factant-like anions, for example, dodecylbenzenesulfonate (DBSA), can be inserted
directly into PPy products during polymerization in competition with anions arising
from the oxidant. This very useful development will be discussed later in a section
dealing with PPy processability.

ACHIEVING REGIOSELECTIVE COUPLING
WITH PYRROLE MONOMERS

For the formation of PPy’s with extended n-conjugation and high electrical conduc-
tivity, it is necessary to have only 2,5-couplings, through the preferential linking
of radical cations of type (IIT) as depicted in Figure 2.1. Unfortunately, 2,3’- and
2,4’-couplings also occur, leading to structural defects (branching) in the resultant
polymers. This results in diminished supramolecular order and lower electrical con-
ductivity, as well as decreased crystallinity and the impairment of other properties.

Synthetic routes to structurally perfect oligomers of PPy, involving only 2,5'-
couplings of the individual pyrrole repeat units (idealized structure shown in Equa-



78 Conductive Electroactive Polymers

tion 2.1), have been successfully devised. For example, 2,5-disubstituted pyrrole
monomers 7 (X = Br, Y = SnMe;) bearing a tert-butoxycarbonyl (BOC) protecting
group on the N center have been polymerized to oligomers with 16—20 pyrrole units,
through a Stille coupling using organometallic reagents (Equation 2.4).” Reductive
Ullman coupling of 2,5-dibromo-N-BOC-pyrrole has similarly yielded oligomers
with up to 20 pyrrole units.®® A less sophisticated way to at least reduce the oppor-
tunity for unwanted 2,3’- and 2,4’-couplings is to employ the dimer 2,2"-bipyrrole as
the substrate in a standard chemical polymerization.®!

/U\ Stille or Ullman m De-protection m
—_— —_—
X7 ONT Y Coupling ITI n N

| H (24
BOC BOC

7 8

IN SITU CHEMICAL POLYMERIZATION

The previous chemical polymerization routes usually precipitate the conducting
PPy’s as black powders. However, it has been found that PPy’s may also be depos-
ited as films on the surfaces of insulating substrates by immersing the substrates in
the polymerization solution. Careful control of the polymerization conditions can
maximize film deposition rather than bulk precipitation,®? as illustrated elegantly
by Saurin and Armes®? for the deposition of PPy onto printed circuit boards. They
employed the Fe(III) complex of 5-sulfosalicyclic acid as a mild chemical oxidant
rather than an Fe(IIl) salt and a high oxidant-to-monomer ratio. In situ chemical
deposition has now become established as a simple and cost-effective method for the
deposition of thin films of PPy on a wide range of substrate materials, examples of
which are described in the following text.

Deposition on glass/plastics. Kuhn, MacDiarmid, and coworkers®* have shown
that in situ polymerization of pyrrole (0.009 M) with FeCl, (0.02 M) in the presence of
HCI or an organosulfonic acid dopant (0.003 M) leads to the facile deposition of thin,
uniform PPy films on glass substrates and overhead transparencies. The conductivity
of the films was highest for hydrophobic substrates. In related studies using (NH,),S,Oq
as oxidant, they found that the in situ deposition of PPy films occurs more readily on
hydrophobic surfaces, such as Si/SiO, and glass pretreated with octadeylsiloxane, than
on related hydrophilic surfaces.®® They exploited these different deposition rates to
produce patterned microstructures of conducting PPy’s by a microcontact “stamp’-
printing technique. PPy features as small as 2 um could thereby be produced.

PPy may be similarly coated on low-density polyethylene (LDPE), whereas
grafting of the LPDE surface with acrylic acid enhances film growth and adhesion.
The in situ oxidation of pyrrole by Fe(III) can also be used to deposit PPy films on
polystyrene substrates.®’ In a variation of this method, polyimide films exhaustively
soaked in pyrrole (with up to 14% monomer uptake) have been coated with PPy via
oxidation with FeCl, in acetonitrile solvent.®® The resultant material shows electrical
conductivity of ca. 4 x 1072 S cm™..

Deposition on Fibers/Fabrics. Following pioneering studies by Kuhn and
coworkers,? a wide variety of textile substrates have been successfully coated with
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conducting PPy’s through in situ chemical polymerization. These include nylon fab-
rics, where H-bonding between carboxyl groups on the nylon backbone and pyrrole
monomers is believed to lead to a more ordered PPy product.”® Vapor-phase in situ
deposition has also been employed, for example, by passing pyrrole vapor over cot-
ton thread coated with the oxidant FeCl,.”! Typically, the surface resistance of such
conducting polymer-coated fabrics decreases the greater the polymer deposition.

It has been shown that conducting PPy’s can be formed by exposing a layer of
the oxidant salt (e.g., FeCl,) to pyrrole monomer in the vapor phase.”> Adherent con-
ducting polymer films can be produced in this way. Interestingly, the vapor-phase
polymerization method gives rise to a highly swollen polymer structure containing
excess oxidant. This is readily removed using a washing step.* By including func-
tional molecules such as organometallic catalysts or even enzymes in the wash solu-
tion, this provides a convenient way to load the conducting polymers with functional
molecules.*

ROUTES TO MORE PROCESSABLE PPY’S

Both chemically and electrochemically synthesized PPy’s are typically insoluble
in water and organic solvents, and are infusible because of strong intermolecular
and intramolecular interactions of their polymer chains. There has been intense
research over the past decade to overcome this serious hindrance to their proces-
sibility and subsequent utilization. Several approaches have now been developed to
improve the solubility of PPy’s, namely (1) counterion-induced solubilization, (2)
colloid formation, and (3) side-chain-induced solubilization. Each of these will be
discussed in turn.

COUNTERION-INDUCED SOLUBILIZATION

An important breakthrough in PPy chemistry was the discovery by Lee and cowork-
ers” in 1995 of a chemical polymerization route to an unsubstituted PPy that was
soluble in organic solvents. They exploited the surfactant-like qualities of added
dodecylbenzenesulfonate (DBSA; 9) as a dopant anion to solubilize PPy formed dur-
ing oxidation of pyrrole by aqueous (NH,),S,0;. The PPy/DBSA product, isolated as
a black powder in 42% yield after 40 h reaction at 0°C, was very soluble in m-cresol,
and could be dissolved in weakly polar solvents such as chloroform and dichloro-
methane by the addition of an equimolar amount of dodecylbenzenesulfonic acid. A
film cast from chloroform solution exhibited an electrical conductivity of 5 S cm™!,
and its UV-visible spectrum was similar to that of electrochemically deposited PPy.

The solubilizing ability of the DBSA dopant is believed to arise from the long-
chain dodecyl group reducing the interactions between the PPy chains as well as
assisting solvation by the organic solvents. Subsequent studies have shown that a
range of other large, surfactant-like sulfonic acids, added during polymerization of
pyrrole by aqueous (NH,),S,0q, can similarly cause dopant-ion-induced solubili-
zation of PPy.**798 These include B-naphthalenesulfonic acid (NSA, 10), 5-butyl-
naphthalenesulfonic acid (BNSA, and 11) and anthraquinonesulfonic acid (AQSA).
Freestanding films of the doped PPy products may be cast from solutions in m-cre-
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sol, CHCl;, DMSO or N-methylpyrrolidinone (NMP) solvents, exhibiting electrical
conductivities in the range 102-1 S cm™!. Marked changes in the UV-visible spec-
trum of PPy/DBSA when dissolved in the preceding range of solvents indicate a
strong solvent dependence for the polymer chain conformation (see Chapter 3).

SO,H
HO,S (CH,),,CH; O
C4Hy

9 11

SO;H

When camphorsulfonic acid (HCSA) is used as the sulfonic acid dopant in
related syntheses, a highly conducting (8 = 15 S cm™') PPy/HCSA product is iso-
lated, but it is completely insoluble in any solvent.’® This latter polymer may be
prepared in soluble form by analogous chemical polymerization of pyrrole in organic
solvents such as CHCl;, THF, or CH;NO,. However, it is nonconductive, emphasiz-
ing the influence of the polymerization solvent on the properties of the PPy product.
A similar solvent effect was observed when PPy/HCSA was prepared using H,O, as
the oxidant (with Fe3* catalyst).”” Kudoh has used aqueous Fe,(SO,), as the oxidant
to produce a similar range of surfactant-solubilized PPy’s.!%0

In a recent development, the first alcohol-soluble PPy’s have been synthesized by
the oxidation of pyrrole with aqueous (NH,),S,04 using di(2-ethylhexyl) sulfosuc-
cinate sodium salt (NaDEHS; 12) as the dopant anion.'! This dopant contains both
nonpolar alkyl chains and polar oxygen centers, the latter of which are believed to
form H-bonds with alcohol solvents, thereby facilitating dissolution.

(@]

Na*~03S

CoLLoipAL PPy DISPERSIONS

Other workers have used additives to enable the preparation of effectively
“water-soluble” conductive polymer colloids. As early as 1986, Bjorklund and
Liedberg!®? observed that when pyrrole was oxidized by FeCl, in the presence of
aqueous methylcellulose (MWt 100,000), a PPy/methylcellulose sol was formed
that could be characterized by scanning electron microscopy. Thin films could be
obtained from the sol, exhibiting a conductivity of ca. 0.2 S cm~!. Subsequently,
a range of neutral, water-soluble steric stabilizers such as poly(vinylalcohol),
poly(ethyleneoxide) (PEO), or poly(vinylpyridine) have been successfully
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employed to produce stable, relatively monodispersed colloidal sols.!03:104.105.106
Cationic and anionic polyelectrolytes have also been used.!?”!% FeCl, has been
the most common oxidant employed for PPy colloid preparation. In contrast to
bulk PPy syntheses, (NH,),S,04 has found little application. It has been suggested
that its more rapid oxidation of pyrrole monomers may lead to uncontrolled fast
nucleation, causing macroscopic precipitation.

Colloidal PPy’s prepared in aqueous solution are generally spherical. Particle
size is very dependent on the synthetic conditions (stabilizer, oxidant, etc.), with
sizes between 30 and 445 nm being described by Armes and Vincent.!** The elec-
trical conductivities of the PPy colloids are frequently a few orders of magnitude
lower than those observed for macroscopically precipitated PPy’s. This presumably
arises from the insulating nature of the attached polymeric stabilizers. Data reported
by Armes and Aldissi'” indicate that the thickness of the stabilizer is in the range
of 33-36 nm. They also showed that it is possible to strip the stabilizer (PEO) after
chemical polymerization and to replace it with another one. They indicated that the
molecular weight and nature of the stabilizer, as well as the concentration and nature
of the oxidant, influence particle size.

These same workers described an inverse emulsion-type polymerization pro-
cess.!” They used a conventional process in which microemulsions of water in
hydrocarbon readily form in the presence of Aerosol-OT(AOT). The droplets are
essentially swollen cells, where radius is controlled by the water/AOT ratio. As drop-
lets collide, hydrophilic reagents contained in them are exchanged. When pyrrole
and (NH,),S,0, dispersions were mixed, eventually a sediment appeared. However,
if poly(vinyl pyrrolidone) (PVP) was added at different intervals, stable dispersions
of small particles could be prepared.

Armes and Aldissi'® reported the synthesis of PPy colloids in nonaqueous
solvents by the polymerization of pyrrole with FeCl; in alkylester solvents using
poly(vinylacetate) as a stabilizer. The same stabilizer has been similarly used to give
PPy colloidal dispersions in 2-methoxyethanol and acetonitrile/methanol."'® Methyl-
acetate, methylformate, and propylformate solvents have also been used for colloidal
PPy formation."'"!1? A greater rate of polymerization was observed than that found
in water, which may account for the broader particle size distribution in organic
solvents compared with H,0. Once again, these studies highlighted the influence of
the nature of the solvent on the conductivity of the PPy colloids. Solvents with more
polar character gave rise to colloids with higher conductivities.

Others!' have highlighted the role of the solvent in enabling the steric stabi-
lizer to function in the colloid-forming role. At room temperature, they showed that
poly(vinylmethylether), which does not function as a steric stabilizer in water, does
so in ethanol. However, the colloids produced in an ethanol-containing solution were
much lower in conductivity.

SIDE-CHAIN-INDUCED SOLUBILIZATION

The presence of flexible alkyl or alkoxy groups in the 3-ring position or the N cen-
ter of polypyyrole renders the polymer soluble in organic solvents. The appropri-
ate 3-alkyl substituted pyrrole monomers may be synthesized by Friedel-Crafts
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FIGURE 2.10 Synthesis of alkylated pyrroles.
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FIGURE 2.11 Route to N-functionalized pyrrole monomers.

alkylation of N-protected pyrrole, followed by Clemmenson reduction, as illus-
trated in Figure 2.10.""* Electrochemical or chemical oxidation (e.g., FeCl;) of
the substituted monomer then yields the poly(3-alkylpyrrole) products.!'>!® The
enhanced processibility of these 3-alkyl- and 3-alkoxy-substituted PPy’s comes,
however, at the price of reduced electric conductivity, because of steric crowd-
ing by the substituents twisting the polymer backbone from planarity. It should
also be noted that, unlike analogous substituted polythiophenes where routes to
regioregular polymers have been developed (see Chapter 6), these 3-substituted
PPy’s are presumably mixtures of regioisomers (head-to-tail, head-to-head, tail-
to-tail, etc.).

N-functionalized pyrrole monomers are available by the general route shown in
Figure 2.11, involving reaction of pyrrole with potassium metal (in THF) to yield a
pyrrole-1-yl potassium compound, which may be attacked by a variety alkyl and aryl
halides. Chemical or electrochemical polymerization then yields the N-substituted
PPy’s. Although soluble in organic solvents, their electrical conductivities are unfor-
tunately even lower than those of the 3-substituted PPy’s. An interesting example,
involving a reactive substituent, is the N-vinylpyrrole monomer, whose vinyl group
may be polymerized by radical polymerization and the pyrrole units oxidatively
polymerized with FeCl;.!"

The introduction of alkylsulfonic acid substituents onto the pyrrole rings, as
in the series of 3-substituted polymers 13 (n = 3, 4, or 6), results in water-soluble
PPy’s.!'"® These polymers were obtained through either electrochemical or chemi-
cal (FeCl;) oxidative polymerization of the appropriate substituted monomers.
They are self-doped by the anionic sulfonate substituents and exhibit electrical
conductivities in the range 10-0.5 S cm™'. In our laboratories, we have alterna-
tively synthesized 13 (n = 4) via an electrohydrodynamic processing technique
using a flow-through cell with reticulated vitreous carbon anode and cathode,
obtaining a polymer with a molecular weight of ca. 10,500 and a conductivity of
0.01 S cm™'."" A water-soluble carboxylic acid substituted PPy 14 has also been
reported, obtained by electrochemical oxidation of 3-methylpyrrole-4-carboxylic
acid in CH;CN.!20
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PHOTOCHEMICALLY INITIATED POLYMERIZATION

Several photochemical routes to PPy have been described that have advantages in
some applications over the conventional chemical and electrochemical syntheses.
Shimidzu and coworkers!?! reported that visible light irradiation of an aqueous pyr-
role solution in the presence of [Ru(bipy);]** (bipy = 2,2"-bipyridine) as the photosen-
sitizer and [CoCI(NH,)s]** as a sacrificial oxidant led to the deposition PPy/Cl. This
powdery product exhibited a relatively low conductivity (3 x 104 S cm™") compared
to PPy/ClI prepared via standard chemical or electrochemical methods. The photo-
chemically initiated polymerization is believed to proceed via the mechanism shown
in Figure 2.12, where oxidation of the pyrrole is performed by the strong oxidant
[Ru(bipy);]** generated by oxidative quenching of the photo-excited *[Ru(bipy);]**
species by the sacrificial Co(III) complex. By employing the anionic polymeric
membrane Nafion to absorb both the photosensitizer and the sacrificial oxidant, and
irradiating with a laser at 490 nm through a photomask, Shimidzu and coworkers!?!
further demonstrated the ability to deposit fine (10 um) patterns of conducting PPy
directly on the Nafion membrane. Other researchers'?> have similarly employed the
complex [Cu(dpp),]* (dpp = 2,9-diphenyl-1,10-phenanthroline) as photosensitizer
and p-nitrobenzyl bromide as the sacrificial oxidant to photodeposit conducting PPy
on a variety of surfaces such as paper and glassy carbon.

ENZYME- AND ACID-CATALYZED POLYMERIZATIONS

Aizawa and Wang have reported'?® that the copper-containing enzyme, bilirubin
oxidase (BOX), catalyzes the oxidative polymerization of pyrrole to give thin films
of PPy on substrates such as glass, plastic, or platinum plates. The BOX was first
adsorbed onto the matrix support from an aqueous acetate buffer solution (pH 5.5),
followed by incubation with the pyrrole monomer (0.2 M) in acetate buffer (pH 6) for
several hours at room temperature. The deposited PPy film was reported to have sim-
ilar properties to PPy made by conventional chemical or electrochemical methods.

[CoCI(NHy)s1** “[Ru(bipy);]®* <—2— [Ru(bipy)s]** PPy
Co** [Ru(bipy)gla* pyrrole

FIGURE 2.12 Photoelectrochemical generation of polypyrrole.
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Treatment of pyrrole with aqueous 6.0 M HCl is reported to rapidly (< 1 min)
yield the trimer, 2.5-dipyrrole-2-yl-pyrrolidine, in which the central heterocyclic
ring is saturated.'”* The use of longer reaction times (4 h) or higher temperatures
(100°C) has been shown to lead to the formation of polymeric species that possess
alternating pyrroline and pyrrolidine groups together with varying degrees of ring-
opened pyrrole units.'”> These brown polymers are nonconductive, but the presence
of amine and carbonyl functional groups along their chains may prove useful for
further derivatization.

THE QUEST FOR EXTRA FUNCTIONALITY

It has proved possible to add a wide range of additional functionalities to the parent
polypyrrole (PPy) structure, opening up an exciting array of potential applications
for these materials. Two distinct approaches to achieving this additional functional-
ity have been successfully employed, namely:

1. Covalent attachment of specific groups to the PPy backbone (either before
or after polymerization)

2. Incorporation of specific dopant anions (as discussed previously in this
chapter)

The attachment of simple substituents such as alkyl or methoxy groups to the back-
bone of PPy’s is well known to markedly enhance their solubility in organic solvents
and, consequently, their processability (see the preceding text). Covalent binding of
more sophisticated substituents to PPy can provide a wide range of other attributes.
A number of these are discussed in the following text, with particular emphasis on
the synthesis of derivatized PPy’s with sensing capabilities.

The usual approach has been to synthesize a monomer or dimer containing the
appropriate recognition group, and this is subsequently oxidized to produce the
conducting polymer.'?® A drawback with this approach to functionalized polymers
is that the synthesis of the initial substituted monomer may be complex and time
consuming. In addition, subsequent oxidation to the desired polymer may prove
difficult because of steric hindrance by the functional group or electronic effects
that shift the oxidation potential of the monomer. A significant recent development,
therefore, is a route involving the facile modification of preformed PPy’s contain-
ing good leaving groups such as N-hydroxysuccinamide.'?” Using this approach,
crown ethers and electroactive groups such as ferrocene, as well as oligonucle-
otides have been covalently attached to the pyrrole rings (e.g., Figure 2.13).127:128
This generic approach should be extendable to analogous polythiophenes and
polyanilines (PAn’s).

Another significant development has been the synthesis of chiral PPy’s. These
were first prepared by Baughman and coworkers'?® by the electropolymerization
of pyrrole monomers bearing chiral substituents covalently attached to the pyr-
role N centers. However, the chiroptical properties of these polymers were not
investigated. Subsequently, Delabouglise and Garnier'*® prepared a series of chi-
ral PPy’s 15 (R = CH,0OH, CHMe,, Ph) by electropolymerizing pyrrole monomers
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FIGURE 2.13 Covalent attachment of ferrocene to polypyrrole.

with amino acid substituents at the 3-position of the pyrrole ring. As with other
3-substituted PPy’s, these novel polymers exhibited lower conductivities (ca. 1 S
cm™!) compared to unsubstituted PPy’s. Circular dichroism studies showed them
to be optically active, and it was suggested that the presence of the chiral amino
acid substituents on the pyrrole rings caused the polymer chains to preferentially
adopt a one-handed helical arrangement. Recently, optically active PPy’s contain-
ing (-)—ethyl-L-lactate as the chiral inducing agent (e.g., polymer 16) have been
similarly electrochemically synthesized.'! Although their circular dichroism
spectra were not recorded, they were shown to possess enantioselective recogni-
tion properties (see Chapter 3).
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An optically active PPy 17 has also been synthesized by the electropolymer-
ization of pyrrole monomer bearing a homochiral sugar covalently attached to the
pyrrole nitrogen.!* This chiral polymer discriminated between (+)— and (-)— cam-
phorsulfonate ions as potential anionic dopants in cyclic voltammetry studies.
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Other interesting recent examples of poly(3- or N-substituted pyrrole)s are the
polymers 18 and 19, which contain either cyclohexylphenyl or biphenyl groups to
give liquid crystalline properties.'** These can be prepared by either potentiostatic
electropolymerization or by chemical oxidation using FeCl; and 1-naphthalenesul-
fonic acid. The products are of relatively low molecular weight (M, = 2,500-10,300,
depending on synthesis conditions) and low conductivity (10-4-~10~7 S cm™) after
I, doping. A mesophase was observed only for the lower-molecular-weight (M, <
5,000) materials. Pyrrole monomers have also been synthesized with calix[4]arenes
grafted to the N atom of the pyrrole ring.!3*!3 Electropolymerization to give films of
the corresponding N-substituted PPy’s 20 was more facile for the monomer with the
longer alkyl spacing arm length (n = 4).

—
NHCO—— (CH,), —N
/

OMe 4

20

MOLECULAR STRUCTURE AND MICROSTRUCTURE OF PPY

The polymerization conditions used to prepare PPy not only determine the polymer
composition but also influence the structure of the polymer from the molecular level
to the microscopic level. In this section, studies characterizing the detailed structure
of PPy films, coatings, particles, and colloidal dispersions are reviewed. These stud-
ies provide the foundation for understanding the properties of PPy’s, as described in
Chapter 3.

MoLECULAR WEIGHT, BRANCHING, AND CROSSLINKING

A key structural parameter for all thermoplastic polymer materials is the molecular
weight. The molecular weight has a profound effect on physical properties such as
mechanical strength and toughness and the viscosity of polymer solutions and poly-
mer melts. Because synthetic polymers contain a distribution of molecular weights,
it is most informative to measure the full distribution using techniques such as gel
permeation chromatography (GPC) and to obtain the average molecular weight from
such distribution.

Unfortunately, the intractable nature of PPy has made molecular weight determi-
nations virtually impossible. Methods such as GPC and other techniques including
light scattering, viscosity measurements, and vapor pressure osmosis, all require the
polymer to be dissolved completely. Because PPy prepared by conventional methods
does not dissolve, these analyses have not been possible.
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FIGURE 2.14 Polypyrrole chain structure showing o—o. and o.—f couplings leading to
chain branching and crosslinking.

The intractable nature of PPy is a strong indication that the unsubstituted poly-
mer is substantially crosslinked. In the case of crosslinked polymers, the molecular
weight parameter becomes meaningless, and it is the density of crosslinking that is
strongly correlated to physical properties such as strength, toughness, and solvent
swellability. Direct evidence of chemical crosslinking in PPy is rare, but "N NMR
studies have shown evidence of both o—a and o—f3 linkages.!* In more recent times,
theoretical methods have been used to estimate the probability of branched struc-
tures forming during polymerization of pyrrole. These simulations give a degree of
branching on the order of 20% for room temperature polymerization and show a slight
dependency of branching on polymerization temperature (increasing with increasing
temperature).’’” These estimates agree well with recent XPS studies of PPy/PF, and
PPy/DBSA that show the degree of branching/crosslinking as 33 and 22%, respec-
tively.!® The branched and crosslinked structures are shown in Figure 2.14.

Only in specific instances has it been possible to prepare soluble PPy, as sum-
marized in a recent review.!* Two approaches have been used: alkyl-substituted pyr-
roles (as described earlier) and the use of certain dopants. In the former case, it is
likely that the alkyl substituents block the branching and crosslinking reactions that
occur in conventional preparations of PPy. Tritium-labeled 2,2’-dimethylpyrrole was
studied by Nazzal and Street,'%° and their studies showed a molecular size of between
100 and 1000 pyrrole units. It has been reported that PPy’s soluble in alcohols and
other organic solvents can be prepared using solubilizing dopants. Solubilities of
up to 11% (w/w) were obtained using sodium bis(2-ethylhexyl) sulfosuccinate as
a doping agent.'*! Analysis of polymers formed with this dopant gave an average
molecular weight of 62,000 (303 pyrrole rings) and conductivities of 12 S cm™'. The
dopant-induced solubility is thought to be due to the dopant destabilizing the poly-
mer—polymer interactions relative to the polymer—solvent interactions.'*? The large
size of the dopant reduces the number of side chains and crosslinks, and so the inter-
chain interactions are weakened.!*® Synthesis conditions have been found to affect
the solubility and conductivity of PPy films cast from PPy solutions. Higher conduc-
tivities are obtained when polymerization is carried out using a higher oxidant-to-
monomer ratio, and lower polymerization temperatures and shorter polymerization
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times.'* Lower temperatures favor the formation of a more linear polymer that is
more soluble and gives higher conductivity. Longer polymerization times lead to
higher yields and higher doping levels, but when large dopants such as DBSA are
used, the interchain interaction is reduced, leading to lower conductivity.

Turcu and coworkers'*? compared the optical properties of PPy/DBSA and the
soluble fraction extracted from the as-prepared polymer. The IR spectra indicated
that the soluble fraction contained shorter conjugation lengths. The conjugation
lengths were also sensitive to the type of solvent used, with chloroform giving longer
conformation lengths and higher conductivity than m-cresol.

CRYSTALLINITY AND MOLECULAR ORDER

Several studies have investigated the manner in which polymer chains are arranged
in the solid state for PPy. The chief investigative tool in these studies is x-ray dif-
fraction, where scattering of incident x-rays occurs at specific angles related to
the spacing between molecular layers in ordered crystal structures. The earliest
studies by Mitchell'¥® and Mitchell and Geri'** revealed a molecular anisotropy in
electrochemically prepared PPy/pTS (para-toluene sulfonate) films. The anisot-
ropy was interpreted as being due to all trans-coupled PPy chains lying in planes
parallel to the electrode surface, but randomly oriented in the direction perpen-
dicular to the electrode. Further studies on other dopants revealed that anisotropy
was mainly observed when planar dopants were used. In such cases, the planar
dopant is regarded as a template for ordering the polymer chains. In contrast,
nonplanar dopants, such as ClO,~, BF,~, and SO,?, produce films that appear iso-
tropic in x-ray diffraction studies.'*>!46 The degree of anisotropy was found to
increase with lower polymerization temperature,'** high anodic polymerization
potentials,'** high dopant:monomer molar ratios in the polymerization electro-
lyte,'*” and mechanical stretching.!*®!4° One study of thin PPy coatings suggested a
degree of crystallinity of 68%.!%° In all cases, the conditions that favor an increase
in molecular anisotropy also favor an increase in electrical conductivity, suggest-
ing that the anisotropy is due to molecular orientation favoring an increase in
conjugation length.

More detailed studies of the molecular structure of PPy/PF, (hexafluorophos-
phate) have recently been published. Nogami and coworkers'>! have reported scat-
tering peaks due to amorphous order that is independent of the film orientation.
This finding is consistent with those described earlier because the PF,~ counter-
ion is symmetrical and does not induce orientational order. Recent studies by Yoon
and coworkers'>? suggested a partially crystalline structure, with the polymer chain
aligned along the b-direction and stacked along the c-direction in a monoclinic
arrangement (Figure 2.15). Polymerization conditions that favor higher conductiv-
ity (low temperatures and low current densities) also produce a higher degree of
crystallinity (up to 37%) and a larger crystallite domain length (up to 2.6 nm or ~ 8
pyrrole rings).

A recent detailed x-ray diffraction (XRD) study of PPy/PF, during electrochem-
ical cycling revealed new insights into the microstructure.”® In the fully oxidized
state, the XRD patterns could be interpreted as dopant ions homogeneously dis-
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FIGURE 2.15 Schematic illustration of crystalline structure of PPy/PF,.

tributed in both amorphous and crystalline regions. During the initial reduction of
the polymer, the proportion of amorphous regions diminished as might be expected
because of the egress of dopant ions. In addition, the XRD peaks associated with
crystalline regions increased in intensity, suggesting that the remaining dopant ions
formed more ordered structures with the polymer chains. Continued reduction of
the polymer then produced a decrease in intensity of the crystalline peaks resulting
from the further loss of dopant ions and a decrease in interchain interaction arising
from n—n stacking.

Although most of the available literature supports the planar frans arrangement
for electrochemically prepared PPy, one study suggests an alternative conformation.
Davidson and coworkers'* found clear evidence of a helical structure produced from
an all cis coupling of pyrrole rings. These workers used dodecyl sulfate as dopant,
but also argue that all published literature on XRD of PPy is also consistent with the
helical structure. Furthermore, the helical structure is identical to that proposed for
poly(3-alkylthiophenes) as described further in Chapter 6.

Although molecular anisotropy has been noted in several PPy films, the overall
degree of crystallinity is very low in these materials. The work by Davidson and
coworkers'>* on thin PPy films (prepared at very short polymerization times) pro-
vides evidence of crystal formation, but the crystal growth is not maintained as the
film thickens. Thus, the polymer first formed on the electrode surface may have a
high degree of order but does not extend into the bulk structure of thick films.

SURFACE MORPHOLOGY AND FitM DENSITY

The most readily observed structure of PPy samples is the peculiar surface mor-
phology common to all electropolymerized PPy films and coatings. The morphol-
ogy consists of nodules ranging in size to hundreds of microns and that themselves
consist of aggregations of smaller particles. The structure has been referred to as a
“cauliflower”- or “fractal”-like surface.
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Many studies have considered the origin of the cauliflower morphology in
PPy, and many factors have been identified as influencing the type of structure
formed. For example, the type of dopant used during electropolymerization pro-
foundly affects the surface morphology. Even when using two similar anions (chlo-
ride and bromide), significant differences were observed in the polymer structure at
the nanoscale and microscale.’ Recently, Lemon and Haigh'>® have reported that
the nodular morphology arises from gas evolution at the working electrode during
electropolymerization. Thus, the simultaneous formation of O, gas at the electrode
surface and polymer formation results in polymer forming over the gas bubble and
producing a roughened surface. The reaction occurring is suggested as

40H — 2H,0 + O, + 4e-

Yoon and coworkers!? have also observed large (5-10 um diameter) pores on the
electrode side of PPy films prepared on unpolished platinum electrodes. Well-ordered
microstructures have been formed on electrode services by using gas bubbles as tem-
plates. Thus, microscale shapes in the form of cups, bowls, and bottles have been
formed from PPy doped with camphorsulfonic acid.'’

More recent studies have used atomic force microscopy (AFM) to determine sur-
face morphology and surface roughness of electrochemically prepared PPy films. Li
and coworkers'>® showed that the nodular surface arises very early in the electropoly-
merization process, where “microislands” first form on the (gold) electrode surface.
With longer polymerization times, the film thickness increases and the film surface
consists of close-packed nodular grains of submicron diameters. Barisci and cowork-
ers'® found a strong correlation between the surface potential of PPy films and the
nodular surface morphology. These workers concluded that the nodules are dop-
ant-rich, high-conductivity regions where nuclei initially formed and around which
polymer subsequently grew preferentially. This growth concept had been previously
described by Yang and coworkers'® and Jeon and coworkers.'®! Interestingly, MacDi-
armid and coworkers'®> have shown that a similar globular surface morphology is also
found in chemically polymerized PPy films when deposited on various substrates.

The influence of dopant type on surface morphology has been studied using
AFM by Silk and coworkers.'®*1%4 For thin films (< 1 um thick), the PPy films pre-
pared with four different dopants (Cl-, ClO,~, SO,*, and dodecyl sulfate) were
indistinguishable, with all consisting of globules of 100-300 nm in diameter and
10-30 nm in height. With thicker films (> 5 pum thick), however, clear differences
were observed: the sulfate- and dodecyl-sulfate-doped films maintained approxi-
mately the same surface structure in thick films as in the thinner films. However,
the CI~- and CIO, -doped films generated large cauliflower structures consisting of
large protrusions of ~2 um in diameter and 0.5—1 pm in height. These protrusions
showed a substructure of the smaller globules seen in thinner films. For all dopant
types, the diameter of the smaller globules increased linearly with the square root of
film thickness, suggesting a similar growth mechanism for all dopant types. Similar
structures and similar dependence of globule diameter and film thickness has also
been reported for PAn films, suggesting that globule formation and growth is com-
mon to both electrochemically formed polymers.
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The electrode material has also been found to influence the surface morphol-
ogy of electrochemically prepared PPy films. In our own work, we used transmis-
sion electron microscopy (TEM) to investigate the cross-sectional structure of PPy
films prepared on different substrates.'® In all cases, the large surface globules were
observed to be the caps of cone-shaped structures that extended to the electrode sur-
face of the PPy film (see Chapter 3). Interestingly, Yoon and coworkers showed that
the cauliflower-type surface morphology could be virtually eliminated by carefully
polishing the electrode surface.'>

The film densities reported for PPy have been shown to be highly dependent on
dopant and preparation conditions. For example, the low-temperature polymeriza-
tion (—40°C) of pyrrole with PF,~ counterion produces films with a density of 1.4
g/cm?.152 In contrast, the same films prepared at room temperature have much lower
densities of 0.6-0.8 g/cm’.

NANOSTRUCTURED PPY’S

One approach to the formation of CEP nanoparticles is through the use of micellar
polymerization and microemulsion techniques. The advantage of such an approach
is that the particle size can be predefined by establishing the appropriate size and
geometry of the templating micelle (Figure 2.16).

Using this approach Jang and coworkers!®® have reported the synthesis of PPy
nanoparticles at the 2 nm scale. Typical surfactants used in the preparation of these
sub-5-nm particles were quaternary ammonium-based cations such as octyltrimeth-
ylammonium bromide or decyltrimethylammonium bromide. Reactions at room
temperature produced nanoparticles with diameters on the order of 10 nm, whereas
at 70°C ca. 50 nm diameter particles were observed.

Selvan and coworkers!¢”'1%% utilized a block copolymer micelle of polystyrene-
block-poly(2-vinylpyridine) in toluene exposed to tetrachloroauric acid that was
selectively adsorbed by the micelle structure. On exposure of this solution to pyrrole
monomer, doped PPy was obtained concurrently with the formation of metallic gold
nanoparticles. The product formed consisted of a monodispersed (7-9 nm) gold core
surrounded by a PPy shell. Dendritic nanoaggregate structures were also reported

“
m‘; e ” -

Oxidant

é

mwm-fh

O Monomer-containing Micelle ‘ Polymer-containing Micelle
FIGURE 2.16 Schematic illustrating micellar/microemulsion nanoparticle synthesis. (With

permission from G. G. Wallace and P. C. Innis, J. Nanosci. Nanotech. 2, 441 (2002). © 2002,
American Scientific Publishers.)
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to form via a vapor-phase polymerization of the pyrrole monomer onto cast films of
the block copolymer.

PPy nanotubes have also been synthesized by inducing polymerization in an
inverse microemulsion.'® Nanotubes were synthesized by using bis(2-ethylhexyl)sul
fosuccinate (20.3 mmol) in hexane (40 mL), which form tubelike or rodlike micelles.
The oxidant (FeCl, ) is effectively trapped in the core of the micelle. Addition of
pyrrole then results in interfacial polymerization at the micelle surface, resulting in
hollow nanotubes 95 nm in diameter and up to 5 um in length. The electrical con-
ductivity of these nanotubes was up to 30 S cm™™.

A comprehensive study indicating how nanostructure can be influenced by the
use of appropriate anionic or cationic surfactants, and even the oxidant used, has
been produced recently by Zhang and coworkers.!™

Chitosan has been used as a molecular template to promote formation of nano-
sized PPy particles on silica.'”! Interestingly, another biomolecule (Heparin) has
been shown to have a similar templating effect. In the case of Heparin, it acts as both
the molecular dopant and a (nano) structure-directing template.!’? Interestingly, the
fibrils continue to grow in this form even after they leave the constraints of the mem-
brane,'” indicating that once a pattern of growth is imprinted, it continues.

Conducting polymers have been grown within zeolites.”!”> With channels as
small as 0.3 nm, this allows assembly of single molecular wires. Conductivities of
10° S cm™ for such wires contained within zeolites have been reported, and this
increases to 1072 S cm™!' when the polymer is extracted from the host structure.

Martin and coworkers!’*!7'"® have used controlled pore-size membranes as tem-
plates to electrochemically grow fibrillar mats of CEPs. Similar structures have also
been produced using nanoporous particle track-etched polycarbonate membranes
with both PPy!7180.181.182 and PAn'®? via chemical and electrochemical techniques.
The approach involves the oxidation of the monomer within the pores of a template.
This is achieved electrochemically as illustrated in Figure 2.17. The electrode sub-
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FIGURE 2.17 Assembly of fibrillar CEPs using controlled pore-size templates. (With per-
mission from G. G. Wallace and P. C. Innis, J. Nanosci. Nanotech. 2, 441 (2002). © 2002,
American Scientific Publishers.)
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strate used can be a conventional flat surface system such as solid gold, platinum, or
glassy carbon, resulting in structures such as shown in Figure 2.18a. Alternatively,
more novel electrode substrates such as platinized PVDF membranes with nominal
pore size of 0.45 um can be used (Figure 2.18b).
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FIGURE 2.18 Scanning electron micrographs of fibrillar structure of PPy/pTS on (a) a flat
electrode surface and (b) a PVDF membrane. (With permission from V. Misoska, Ph.D. the-
sis, University of Wollongong, 2002.)
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FIGURE 2.19  Self-assembly of opal structures onto electrode substrates via monodispersed
colloidal dispersions. (With permission from V. Misoska, Ph.D. thesis, University of Wol-
longong, 2002.)
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FIGURE 2.20 Schematic illustrating preparation of an inverse CEP opal using a synthetic
opal template. (With permission from G. G. Wallace and P. C. Innis, J. Nanosci. Nanotech.
2,441 (2002). © 2002, American Scientific Publishers.)

Other templates used to assist assembly of nanostructured conducting polymers
are synthetic opals!3+185186.187.183.189 hased on polystyrene or silica spheres. Opal tem-
plates provide a route to establishing high range order in the nanodomain, resulting in
high surface-to-volume ratios. Template opal structures (Figure 2.19) are preformed
from monodisperse spherical colloidal particles that are permitted to self-assemble
into close-packed arrays via a sedimentation process assisted by either gravity or
pressure/microfiltration. After template formation, conducting polymer is formed
by infiltration of monomer into the void spaces within the structure, followed by
subsequent oxidative polymerization. The final stage is the removal of the templat-
ing core to leave an inverse structure from the templating material with essentially
the same optical properties as the original host'3¢ (Figure 2.20). Others'3+13> used
a similar templating approach but prepared self-assembled polystyrene (PS) latex
opals onto gold substrates followed by the direct electropolymerization of PPy, PAn,
and polybithiophene (PBT) into the interstitial void spaces of the host matrix. Using
this approach, interchanneling between adjacent template layers was evident, giving
evidence for the formation of a 3-D macroporous nanostructure.

Others have shown that molecular templates, such as a polyacrylate film prede-
posited on a carbon electrode, can be used effectively to create PPy nanowires via
electrochemical oxidation of pyrrole.”®%!*! Electropolymerization in the presence of
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pyrenesulfonic acid also results in formation of nanowires with diameters in the
range 150-200 nm.'*?

Shen and Wan'®* have shown that chemical oxidation of pyrrole (by APS) in the
presence of B-naphthalenesulfonic acid (3-NSA) results in the formation of tubules
down to ca. 200 nm in diameter. The tubular structures had reasonable conductivity
(10 S cm™) and were soluble in m-cresol. In later work,!** it was reported that the mor-
phology was significantly influenced by the concentration of the B-NSA. Granular
morphologies were present when [3-NSA] was less than 0.2 M, whereas on increas-
ing the B-NSA concentration, fiber formation became the dominant morphology.

Other morphology types have also been noted using the B-NSA anion, namely,
hollow microspheres ranging from 450 to 1370 nm (with inner wall thicknesses of
20-250 nm,) and conductivities of up to 190 mS cm1.1%

Others!®® have used lipid tubules as templates during chemical oxidation of pyr-
role to form nanofibers with diameters between 10 and 50 nm and lengths reaching
up to several hundred microns.

Thin 50-100 nm freestanding PPy nanofilms have been synthesized, utilizing
oxidative interfacial polymerization at a water—chloroform interface.'”’ Thicker 3—4
um PPy films have been produced via this method.””® Control over the final film
thickness was achieved by removal of the immiscible solvents from above and below
the nucleating film after a few minutes of polymerization. Stirring of the interfacial
solutions resulted in the inhibition of polymer nucleation at the interface. Thin 5
nm PPy films on mica and graphite surfaces have also been formed via a micellar
polymerization route.!”” The thin films were formed owing to the surfactant (CTAB
and SDS) in solution adsorbing to the substrate surface as a thin-film micelle con-
taining the pyrrole monomer, which was subsequently polymerized by ferric chlo-
ride solution.

Recent work aimed at other objectives may also provide an interesting route to
the production of CEP-containing nanocomposites: this is in the use of carbon nano-
tubes (CNTs) as host “platforms.” CNTs in their own right possess interesting elec-
tronic properties and, when combined with other conjugated polymers, synergistic
effects have been observed.?%20! Our studies have focused on the use of aligned car-
bon nanotubes as templates for CEP deposition. Our recent work in this area?’? has
revealed significant improvements when PPy glucose oxidase (GOD) is coated onto
aligned CNTs for use as biosensors (Figure 2.21). We have also shown that CEPs
can be highly effective dispersants for CNTs, presumably attaching themselves to
the CNT structure. The properties of these novel dispersants of nanomaterials are
yet to be investigated.
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FIGURE 2.21 Aligned carbon nanotubes with a bioactive conducting polymer: (a) Pure
CNT array before treatment, (b) aligned CEP-CNT coaxial nanowires; inset shows clear
image of single tube coated with PPy, (c) PPy only deposited on the top of CNT surface
because of high density of tubes, and (d) polymer formed on both outside of walls and the top
of the surface of the CNT array. (With permission from Electroanalysis, 15, 1089 (2003). ©
2003, Wiley-VCH.)
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3 Properties of Polypyrroles

The assembly of polypyrroles (PPy’s) is an intricate process and determines
the molecular structure and microstructure of the polymer obtained. This
in turn influences the chemical, electrical, and mechanical properties of the
material. It is impossible to optimize a single property of materials such as
polypyrrole (PPy) in isolation. The chemical, electrical, and mechanical prop-
erties are inextricably linked.

To function as intelligent materials, conducting polymers must be capable
of stimuli recognition, information processing, and response actuation. As
a result, they must possess appropriate chemical properties that change in
response to stimuli and appropriate electrical properties that allow infor-
mation to be transported within the structure and switches to be actuated.
The mechanical properties must also be considered, because the creation of
materials with ideal chemical and electrical properties, but with inappropriate
mechanical properties, will be of questionable value.

To fully optimize the material properties, the relationships between the struc-
ture and the properties must be thoroughly understood. The current state of
knowledge concerning the electrical, chemical, and mechanical properties of
PPy structures are reviewed in this chapter.

ELECTRICAL PROPERTIES: CONDUCTIVITY

The electrical properties of intelligent materials are important as they determine
the following:

* The ability to transport information from one part of the structure to another
* The ability to store information

* The ability to trigger responses

* The ability to convert and/or store energy

Electrical conductivity in PPy involves the movement of positively charged carriers
and/or electrons along polymer chains and the hopping of these carriers between
chains. It is generally believed that the intrachain hopping resistance is much greater
than the interchain transport resistance.
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=== Amorphous Sea of
<= Conducting Polymer

- Highly Conducting

Islands

FIGURE 3.1 Highly conducting islands of polymer in a sea of amorphous, less conducting
polymer.

Electron and x-ray diffraction data suggest that the polymer chains in elec-
trochemically synthesized PPy lie parallel to the substrate electrode surface, as
described in Chapter 2. This is reflected in the anisotropic nature of the conductivity
of PPy.! The resistance along the surface of the film is known to be less than that
across the film. However, this anisotropy is lost with thicker films.

At a more microscopic level, the variation of the bulk conductivity observed
as a function of temperature is best explained using a model consisting of highly
conducting islands of polymer in a sea of amorphous, less conducting material??3 as
depicted in Figure 3.1.

Conductivity within conducting electroactive polymers (CEPs) is a complex
issue. A polymer that can exhibit conductivity across a range of some 15 orders of
magnitude most likely utilizes different mechanisms under different conditions. In
addition to the electronic conductivity exhibited by CEPs, they possess ionic conduc-
tivity because of the solvent or electrolyte incorporated during synthesis. The experi-
mental parameters encountered during synthesis (as listed and discussed in Chapter
2) have an effect on the polymer conductivity. In particular, the electrochemical con-
ditions, the solvent, the counterion, and monomers used during synthesis influence
the electronic properties of the resulting polymer.

The electrochemical conditions during synthesis can be manipulated to vary
the concentration of electrons removed per unit time. This, of course, will have a
dramatic effect on the resulting polymer. The polymer must be grown at potentials
anodic enough to initiate polymerization, yet care must be taken not to overoxidize,
because this results in less conductive materials. Previous workers* studied the effect
of increased current density during growth on the conductivity of PPy/DS (DS =
dodecyl sulfate) polymers. Over the range 2.0-8.8 mA/cm?, they indicated that ini-
tially an increase in conductivity was observed that leveled out and then dropped off
again at higher current densities. As Diaz and Lacroix pointed out,> however, the
optimal current density depends on the counterion/solvent system under investiga-
tion. They have shown that the quality of the films obtained deteriorated with the
presence of nucleophiles during polymerization. Water itself can act as a nucleo-
phile, attacking the pyrrole ring to form carboxyl groups that break up the polymer
chain, thereby causing a decrease in conductivity and mechanical properties. The
magnitude of this effect is electrolyte dependent because surfactants, for example,
are known to stabilize the pyrrole radical® even in nucleophilic solvents. Despite this
enhanced stability, other workers have shown that PPy/DS has higher conductivity
when grown from CH,;CN rather than water.’
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It has been shown?® that a cauliflower structure was observed for polymers grown
from water because of hydrophobic effects. Such unevenness decreases conductivity.
Aavapiriyanont and coworkers® have also shown that the presence of small amounts
of water affects the rate of growth and polymer conductivity. More recently, Trivedi
and coworkers have shown that conducting polymers grown from ionic liquids have
improved conductivity.!°

The most studied of all variables is the counterion. Several workers'’!>!13 have
shown that the incorporated counterion has a dramatic effect on the conductivity
of the polymer. For a given counterion, the concentration employed also affects the
conductivity of the resultant polymer."* Maddison and Jenden'> even showed that
counterion exchange after synthesis has an effect on the polymer conductivity. Con-
ductivity decreases as the electron affinity of the counterion is increased. It has been
reported'® that the degree of oxidation of the polymer does not vary appreciably as
the counterion is varied. The trend in conductivity is related to the nucleophilicity of
the counterion employed; this may be due to some sort of anion-induced localization
of the radical cation in the polymer. The effect of even slight changes in the molecu-
lar structure of the counterion on the conductivity of a range of PPy’s has been
studied'” (Table 3.1). In some cases, the use of mixed counterion systems also has a
marked effect on conductivity'® (Table 3.2).

Other workers! indicated that anions can be exchanged after polymer growth
with minimal effect on conductivity, suggesting that the polymer superstructure is
determined during synthesis and the incorporation of other ions has minimal effect
on this. The addition of functional groups to the pyrrole monomer influences the
electronic properties of the resultant polymer. Steric effects introduced by bulky
functional groups, for example, decrease the conductivity, particularly when present
as N-substituents.?’ The presence of substituents on the 3-position of the pyrrole ring
has less effect, but still results in a decrease in conductivity (see Table 3.3).

Other workers?! have shown that conductivity can be improved by stretching
the polymer after growth. The increase in conductivity occurred in the direction of
stretching, and was caused by alignment of polymer units.

The conditions applied during chemical polymerization also influence the con-
ductivity of the resultant polymer. For example, Kang and coworkers??> used simul-
taneous chemical polymerization (using I, or Br,) at 0—4°C to produce more highly
conducting polymers. Whang and coworkers?} have shown that judicious choice of
the Fe!'/Fe!!! ratio, in order to manipulate the E° value of the oxidizing solution,
results in greatly improved conductivities.

SWITCHING PROPERTIES

The fact that these unique polymer materials conduct electricity is fascinating enough,
but the ability to switch their properties in situ using simple electrical stimuli is
intriguing. Of course, this ability is dependent on possessing conductivity initially.
Charge can be reversibly added to or removed from a conducting polymer by
cycling the material through oxidized and reduced states. As the switch from oxi-
dized to reduced state occurs, there is a concomitant decrease in the conductivity.
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TABLE 3.3
Effect of Substituents on Conductivity
of PPy’s

Typical Conductivity Range
// \E 90-110
N
H

H,C COOH 2

/ \

N
H

The process for PPy’s is often described rather simplistically as indicated in Equa-
tion 3.1:

Contracted State

+2e” —2A7 || —2e” + 2A°

Expanded State

[A™ represents anions, e” electrons,
m determines molecular weight] 3.1

The switch involves mass and charge transport in the film, and charge transfer at the
point of electrical contact (usually an inert electrode substrate). It has been shown
previously?* that reduction proceeds from the point of electrical contact, as does
reoxidation (Figure 3.2).

At a molecular level, it is envisaged that the reduction front percolates through
the polymer material, limited (in simple cases) by the diffusion of anions out of the
polymer material. The composition of the film is not uniform but varies with time
during the conversion process. Upon reoxidation, anions must be reinserted into the
polymer, usually a slower process. The reoxidation is less energy efficient because
the reduced polymer is less conductive.
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Contact
Polymer
Reductlon
Front
Reduction Time
. Oxidized Polymer - Reduced Polymer
FIGURE 3.2 Schematic illustrating reduction of a conducting polymer.
Potentiostat Used to
Apply Potential
Electrochemical Cell
Containing Polymer
as a Working
Electrode
y
EQCM . .
Measure Af of Quartz Melas?orremA;tignO:ntam Measure AR to Obtain
Crystal to Obtain Mass E/R Plots
Current Flow
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Am i R
_— —_— » _—
E E E

FIGURE 3.3 The multidimensional analyses technique used to obtain Ai, Am, and AR as
the polymer is oxidized and reduced. (Ai = changes in current flow, Am = changes in mass,
and AR = transitions in resistance).

As discussed in Chapter 1, these processes can be studied more closely in situ
using a number of techniques (Figure 3.3). One technique allows current flow, mass
changes, and transitions in resistance to be monitored in situ as the polymer is oxi-
dized or reduced.

A typical cyclic voltammogram and a corresponding cyclic resistogram for
a well-defined polymer system are shown in Chapter 1, Figure 1.23. The mass
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E(Volt)

FIGURE 3.4 Cyclic voltammograms obtained for PPy/pTS coated electrodes: (a) 0.2 M
KCl, (b) 0.2 M CaCl,; and for PPy/MS coated electrodes: (c) 0.2 M KCl, (d) 0.2 M CaCl,.
Scan rate: 20 mV/s. (From Zhao, H.; Price, W.E.; Wallace, G.G. J. Memb. Sci. 1994, 87: 47. p.
51. With permission from Elsevier Science-NL, Sara Burgerhartstraat, 1055 kV Amsterdam,
The Netherlands.)
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changes observed can be attributed to anion movement (see Equation 3.1) as
the polymer is oxidized and reduced. As the polymer is reduced, a well-defined
resistance transition is also observed, which is reversed upon reoxidation. The
resistance changes observed do not accompany the current flow due to oxida-
tion/reduction but lag behind it owing to the ion-exchange process occurring
more slowly.

The following factors are important as far as the design of intelligent material
systems is concerned:

* The electrical potential of transitions
e The rate of transitions
* Molecular events occurring during transitions

Several parameters will influence the electrochemical switching process. The most
important are

e The anion or cation incorporated during synthesis
* The solvent/electrolyte system used

The effect of the anion on the cyclic voltammograms obtained during cyclic voltam-
metry is shown in Figure 3.4. These cycles can be repeated, provided the potential
range is restricted. If the potential applied is too positive, overoxidation of the poly-
mer occurs.?>2% This overoxidation process ultimately results in the formation of the
following product 1:

This polymeric material has inferior electrical and mechanical properties. If the
potential applied is too negative, hydrogen evolution and subsequent deterioration
of the polymer occur. Using the same electrochemical quartz crystal microbalance
(EQCM) techniques, previous workers?»?$2° have shown that cations (X*) are incor-
porated during the reduction of PPy’s with large counterions that cannot be removed
according to Equation 3.2:
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Contracted State

+2e” = 2X* || - 2e” +2X*

Expanded State

[A~ represents anions, X* represents cations, e~ electrons
m determines molecular weight] (3.2)

As the polymer is reduced, anions are no longer electrostatically attracted and can
leave the polymer; however, if this process is too slow, then charge compensation
may be achieved by cation incorporation, the cation coming from the electrolyte
in which the polymer is reduced. In some cases, where the anion incorporated dur-
ing the synthesis is bulky (e.g., a polyelectrolyte such as polyvinyl sulfonate) and/or
has a bulky hydrophobic component (e.g., a surfactant molecule such as dodecyl
sulfate), the cation incorporation process will predominate and the polymer mass
will increase upon reduction (see Chapter 1). The change in resistance, at least in
solution as measured here, is much less when cation rather than anion movement
predominates in the polymer oxidation/reduction process.

Although the role of the solvent during synthesis is probably more important in
determining the conductivity and porosity of the polymer (as these contribute to the
kinetics of switching), it may also be important in determining the electrodynamic
properties. It has been shown that water will solvate polymers such as PPy, and this
influences conductivity, and consequently, switching. Also, other workers*"3? have
shown that there is substantial movement of solvent in or out of the polymer during
the oxidation/reduction process, which may also contribute to changes in mass.

Even subtle changes in the counterion play a direct role in influencing switch-
ing characteristics. For example, it has been shown that the counterion incorporated
during synthesis affects the ion-exchange selectivity series (Table 3.4), which then
influences switching characteristics. Because charge can only move in tandem with
a chemical transformation, the mobility/affinity (for the polymer) of the counterion
is extremely important. Visy and coworkers® indicated that the nature of the coun-
terion is only important when dehydrated. They observed major differences with
different counterions in acetonitrile, but with other data quoted for water no major
difference was found. Others** have shown that the counterion incorporated during
synthesis affects both the potential and the rate of switching processes.

The effect of even subtle changes in the structure of sulfonated counterions influ-
ences the switching process. These changes are evident in the cyclic resistograms®
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TABLE 3.4

lon-Exchange Sequence

Polymer Composition lon-Exchange Sequence
PPy/Cl1 Br > SCN->S0O,> > I > CrO,*
PPy/ClO, SCN-> Br > 1> S0, > CrO,*
Conventional resin SO, >1">CrO,> >Br =SCN->Cl-

recorded during the switching of a number of PPy’s with different sulfonated coun-
terions. These small differences at a molecular level are often amplified during
switching. Not only do the initial steps depend on anion-exchange processes, but
subsequent steps during switching are also influenced by the chemical (e.g., hydro-
phobic or hydrophilic) and physical (e.g., resistance) characteristics induced in the
polymer by the inserted ions.

Salmon and coworkers'® showed that the nature of the monomer was important
in determining the switching potential. Specifically, he found that poly-N-methylpyr-
role was more difficult to oxidize or reduce than PPy, and that intermediate poten-
tials were required to switch copolymers of these two pyrroles. An elegant study by
Delabouglise and Garnier showed how attaching various amino acids to the polymer
backbone could be used to modify the switching characteristics.3¢

Salmon and coworkers'® reported that although N-substituted pyrroles could be
switched, it required greater potentials to do so. This was not always due to conductivity
changes (e.g., N-phenyl [6 = 1073 S cm™, E° = 650 mV] and i-butyl [c =2 x 107 S cm,
E*° =600 mV]). Presumably, this was due to differing monomer/counterion affinities.

Other workers have shown that the use of copolymers of pyrrole with substituted
pyrroles (N-methylpyrrole, in this case) can be used to alter the switching potential.?’
In our laboratories, studies involving a functionalized PPy3® have shown that the
switching characteristics are markedly affected by the counteranion incorporated
during the synthesis. Obviously, this counteranion effect can be amplified by the
presence of certain substituents.

Zhang and Dong*® have shown the importance of the supporting electrolyte on the
switching properties using in situ resistance- and current-measuring techniques. Both
the potential required to trigger the switching and the rate of switching are determined
by the supporting electrolyte. The solubility of the ions in the solvent used and their
affinity for the polymer matrix determine the switching behavior. In some electrolytes
where the anion of the electrolyte is difficult to incorporate (e.g., DS), this has a marked
effect on the switching characteristics, resulting in cation incorporation.

The electrolyte can also have another effect, not commonly recognized by many
researchers, the chaotropic effect.*® This effect, more commonly discussed in bio-
chemical circles, is related to variations in the water-structuring ability of different
salts. This ability is used, for example, to dehydrate and salt out macromolecular
proteins. The same effect can be expected with conducting polymers. As well as
ion-size effects, this may be used to explain the large shifts in switching potentials
observed in different electrolytes* when the cation was varied and the difference in
overoxidation potentials observed in different electrolytes.*?
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The presence of nucleophiles during potential scanning decreases polymer sta-
bility because the polymer becomes reactive at anodic potentials.** This finding was
used to demonstrate the formation of covalent bonds between OH~ or CN~ and pyr-
role at positive potentials.

The use of ionic liquid electrolytes has been shown to influence electrochemical
switching potentials.** However, even more significant with the use of ionic liquid elec-
trolytes is the ability to greatly expand the electrochemical potential window within
which conducting polymers retain their physical and mechanical properties.*-4¢

The size of the electrode also affects switching properties. The ability to switch
at high scan rates has been demonstrated previously by other workers, using micro-
electrodes.*” Conversely, larger electrodes will be slower to switch, and the degree
(percentage of material affected) of switching will be much less efficient.

CHEMICAL AND BIOCHEMICAL PROPERTIES

The chemical properties of the CEP structure determine the ability to recognize
particular stimuli and respond to them appropriately. In addition, these properties
determine how the conducting polymer interacts with other materials in the con-
struction of composite intelligent material structures. Most polymers are capable of,
and indeed do, interact with other molecules. Such molecules may be part of larger
molecular structures (important in the area of compatible materials), or they may be
solvent molecules (such interaction can influence many processes including dissolu-
tion) or specific molecules in a solvent or gaseous medium.

As shown in Table 3.5, all such interactions can be broken down into definable
modes of molecular interactions. Organized in appropriate spatial and temporal
domains, these interactions combine to give rise to chemical recognition phenom-
ena such as complexation and enzyme or antibody/antigen interactions. In a more
general sense, how these interactions are influenced by environmental stimuli deter-
mines the behavior of the polymer system.

The most common interaction of polymers is with solvents. However, only a
limited number of studies have been carried out to investigate the effect of solvents
on PPy’s. We have considered the use of dynamic contact angle analyses and have
shown that the ability of PPy’s to interact with water is influenced by the counterion
employed during synthesis and the presence of functional groups on the polymer
backbone.*® These preliminary studies have also shown that in the process of expos-
ing PPy’s to water, the polymer structure responds by becoming easier to wet. This
is evident from the subsequent dynamic contact angle scan, showing that the poly-
mer is reluctant to shed water that has previously been incorporated. Using more
conventional contact angle measurements, we have determined that the wettability
of conducting PPy’s is markedly affected by the counterion incorporated during syn-
thesis (Table 3.6).

Even simple PPy’s (with simple counterions such as chloride or nitrate incorpo-
rated) are inherently versatile molecular structures, capable of undergoing all the
interactions listed in Table 3.5. Most particularly, they are strong anion exchang-
ers?>3031 that are also capable of undergoing hydrophobic interactions. Other ion-
exchange groups (e.g., carboxy groups)®? or self-doping sulfonate groups® can be
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TABLE 3.5
Summary and Examples of the Types of Molecular Interactions
Molecular Relative Distance
Interaction Example Strength Dependence Directionality
Tonic H 0 Very strong 1/r No
I Vi
R—N—H ~O0—C
\
H R
Ion-dipole <:| Strong 1/r? Yes
H O
/L 7
R—N 0—C
\
H R
Polar < ] < ] Moderate 1/ Yes
H OH
/ /
R—N O0=C
\ \
H R’
ITon-induction : Weak 1/ No
I 1
R—N*—H H—?—R
I
H H
Dipole-induction < ] Very weak 1/1¢ No
H OH
I /
R—C—H 0O=C
I
H R
London dispersion & & Very weak® 1/r¢ No
H H

I I
R—C—H H—C—F

4 London dispersion forces increase with the size and polarizability of the molecule.
{—— Permanent dipole moment.

&—— Induced dipole moment.

& Instantaneous dipole moment.




116 Conductive Electroactive Polymers

TABLE 3.6
Contact Angles Determined
for Different PPy’s

Substrate Contact Angle (°)

ITO 75.6
PPy/Cl 65.0
PPy/DS 59.7
PPy/PAA 37.8

PPy = polypyrrole; ITO = indium tin
oxide coated glass; DS = dodecyl
sulfate; PAA = poly(acrylic acid).

added to the monomer prior to polymerization to modify these properties. For exam-
ple, we have used the presence of the carboxy group to produce chromatographic sta-
tionary phases capable of separating small molecules or proteins by cation-exchange
chromatography.> In these cases, the cation-exchange interactions took place on the
carboxy groups.

A dramatic impact on chemical properties is achieved by the appropriate choice
of counterion. The counterion employed during synthesis can have a marked effect
on the anion-exchange selectivity series of conducting polymers.>* Table 3.4 shows
the anion-exchange selectivity series obtained for both polypyrrole chloride and
polypyrrole perchlorate. As illustrated, polypyrrole salts do not behave similar to
conventional ion-exchange resins.

The interplanar distance of neutral PPy has been reported to be 2.41 A. If the
anions are intercalated between the planes of PPy chains, as has been suggested
previously (see Chapter 2), then the interplanar spacing should expand according to
the size of the anions incorporated during synthesis. It appears that a small interpla-
nar space is formed when small anions such as Cl- are used as counterions during
polymerization. This small interplanar spacing makes it difficult to replace the anion
within the polymer plane with a much larger anion from solution. This then affects
subsequent ion-exchange processes.

Results obtained from our work correlate with those predicted by the postulated
hypothesis. The ionic radii of some ions used for ion-exchange investigations are
as follows:

Tons Cl- Br- I- SO, Clo, CrO%
Radii (A) 1.81 195 216 230 236 240

The ion-exchange sequence (Table 3.4) on PPy/ClO, follows this sequence. There-
fore, CrO,>~ was found to be more difficult to exchange with ClO,~ compared to
other ions. The selectivity toward SO,>~ over CrO,>~ is amazing given the difference
in size of 0.1 A. This is probably due to the larger size of CrO,2-, but suggests that
the polymer chains are held rigidly in place once the polymer is formed. A similar
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trend was noted on PPy/Cl. However, as CI- is smaller than C10,~, lesser Cl~ could
be exchanged.

In extreme cases, the incorporation of larger hydrophobic counterions (e.g.,
dodecyl sulfate) results in the formation of a polymer not capable of anion exchange
but quite hydrophobic in nature.3-¢ Counterions that are intermediate in nature [e.g.,
para-toluenesulfonate 2] induce intermediate behavior because they are charged,
relatively small anions and have some hydrophobic character.

CH,

SO;

Para-toluene sulfonate (pTS,
2

Polyelectrolytes may also be incorporated as counterions during synthesis®”383%60
and as they would be difficult to remove, the anion-exchange capacity is again
reduced as the cation-exchange capacity concomitantly increases.

It is also possible to incorporate a range of chemically functional counterions
into PPy.?16263 The fact that pyrrole can be polymerized from aqueous solutions
enables a wide range of counterions to be included in the structure. In cases where a
counterion with a specific activity is incorporated, the polymer may act as no more
than a carrier or a means of electronic communication. Numerous examples of inclu-
sion of antibodies®*63-6%57 and enzymes®®979.7172 have been reported. In some cases,
additives (molecular carriers) have been used to facilitate the incorporation of these
large, low-charge-density molecules.”® For example, the interaction of anionic sur-
factants with proteins to produce higher-charged molecules can be used to enhance
incorporation. Another novel approach to facilitating protein incorporation involved
the attachment of the biomolecule to colloidal gold prior to electropolymerization.
Using appropriate assembly techniques, the bioactivity of such components can be
retained even after immobilization in the conducting polymer.

It is also possible to integrate the chemical properties of other functional mol-
ecules into the conducting polymer by direct inclusion as the molecular dopant. For
example, electrocatalysts,”*7>7¢ complexing agents,””’8” and polynucleotides®®8! or
even DNAS® have all been incorporated to induce the specific properties of these
molecules. We have successfully incorporated mammalian red blood cells during
electrosynthesis, using polyelectrolytes in the synthesis mixture (Figure 3.5).%3
It is also possible to covalently attach bioactive sites to conducting polymers
directly.?+858 The use of such approaches to attach digionucleotides®*3* is par-
ticularly exciting in that it provides a platform for a new range of DNA testing
technologies. A range of temperature-sensitive polyelectrolytes®’$%3% 3 have also
been incorporated into conducting polymers to make the properties of the resultant
materials temperature dependent.
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Scale bar 30 um.

FIGURE 3.5 A matrix formed by electropolymerizing pyrrole using human red blood cells
and poly(vinyl sulfate) as dopant anion (using a current density of 0.5 mA-cm~2 for 10 sec).
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We have also shown how ion-exchange properties and hydrophobic character can be
adjusted.”*! The potential stimuli or chemical property behavior is dependent on
the counterion incorporated during synthesis, as discussed previously. As illustrated
in Figure 3.6, the chemical interaction properties (cation exchange, hydrophobic,
and anion exchange) and the way they vary as a function of potential are markedly
dependent on the counterion (Cl~, pT'S~, or DS") incorporated during synthesis.

In addition, the activity of incorporated functional molecules such as proteins
can be altered by application of appropriate electrical stimuli.®*639293 In a previous
work,” incorporation of proteins into phases suitable for affinity chromatography
was demonstrated. It was also shown that the application of electrical potential influ-
ences the Ag—Ab interaction during the column load-up stage of the experiment.
Although the mechanism is not absolutely clear, perhaps the application of potential
changes the protein conformation owing to changes in the hydrophobicity of the
polymer surface. Attempts to reverse the Ab—Ag interaction using applied potentials
on the affinity column were unsuccessful. However, by using the same principles in
the form of a sensing technology incorporated into a flow-injection analysis system
and a repetitive-pulsed-potential waveform routine, reversibility of the interaction
could be attained,® and the same phenomena have been used more recently in the
development of new biosensing technologies.00:67.92:93.95
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FIGURE 3.6 A schematic illustration of the effect of applied potential on the ion-exchange
properties of PPy’s containing different counteranions (DS = dodecyl sulfate).

OPTICAL PROPERTIES OF PPY’S

ELecTRONIC BAND STRUCTURE

Figure 3.7 shows the electronic levels or bands proposed by Bredas and coworkers®
for PPy, on the basis of semiempirical theoretical calculations, as it is progressively
doped from its neutral undoped state to a maximum of ca. 35% doping. In its neutral
state, PPy is predicted to have a very large n—n* (valence — conduction) band gap of
3.2 eV. When one electron is removed to form a polaron (radical cation), two polar-
onic levels appear in the band gap as shown in Figure 3.7b. The lower of these polar-
onic levels is half-filled for such partly doped PPy’s (with one positive charge for
every 4—6 monomer units), as confirmed by an electron spin resonance (ESR) signal
for the unpaired electron. Further electron removal results in the formation of a spin-
less bipolaron and the energy levels shown in Figure 3.7c (together with the loss of
the ESR signal). These electronic states coalesce into bipolaron bands (Figure 3.7d)
with further doping to ca. 35% (one positive charge for every three pyrrole monomer
units). The —m* band gap is also predicted® to increase to 3.6 eV.

CB

Energy

VB

(@ (b) (O] (d

v

Doping Level

FIGURE 3.7 Calculated electronic levels or bands for PPy’s with increasing doping (CB
= conduction band, VB = valence band): (a) neutral polymer, (b) polaron orbitals form, (c)
bipolaron orbitals form, and (d) bipolaron bands form.
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FIGURE 3.8 UV-visible spectrum of PPy/DNA grown galvanostatically (2 mA cm) for 2
min onto ITO-coated glass from an aqueous solution containing 0.2 M pyrrole and 0.2% w/v
salmon sperm DNA.

UV-VisiBLE-NIR SpecTRA: DEPENDENCE ON DOPING
LeveL AND CHAIN CONFORMATION

The UV-visible spectra of PPy’s and their changes with varying doping levels have,
in a number of cases, been correlated with the previous predictions, as first discussed
by Bredas and coworkers.” For example, the change in color of neutral PPy from
pale yellow to gray-black as it is electrochemically oxidized to PPy/ClO, is accompa-
nied by progressive changes in the UV-visible-NIR (NIR = near infrared) spectrum
consistent with the initial appearance of polarons and their subsequent replacement
by bipolarons.®’ In general, highly doped PPy’s exhibit two characteristic bipolaron
bands at ca. 1.0 and 2.6 eV (1240 and 475 nm) as well as a n—m* band.’®%°

A typical UV-visible spectrum obtained for PPy/DNA is shown in Figure 3.8.
This reveals a m—n* band and bipolaron bands at ca. 525 and 1000 nm.

The position and shape of the bipolaron/polaron bands have been shown to be
very dependent on environmental factors such as the deposition surface or solvent.
These changes in UV-visible-NIR spectra are believed to arise from (and to be indic-
ative of) conformational changes in the PPy chains. For example, whereas conduct-
ing PPy films deposited on hydrophilic glass surfaces exhibit an absorption band at
ca. 1180 nm, this band is replaced by an intense free-carrier tail extending to 2600
nm for analogous films deposited on hydrophobic, silanized glass.'” By analogy
with related studies of polyanilines (see Chapter 5), the presence of the free-carrier
tail for PPy deposited on hydrophobic surfaces is attributed to the adoption of an
extended coil conformation by the polymer chains. This contrasts with the compact
coil conformation favored on hydrophobic surfaces.

Similar marked changes in their UV-visible-NIR spectra occur for the recently
discovered!?! “soluble” PPy’s when the organic solvent is varied.®’192103.104 For exam-
ple, the bipolaron band observed at 475 nm for PPy/DBSA (DBSA = dodecylben-
zenesulfonate) in chloroform solvent undergoes a large blue shift to ca. 425 nm with
m-cresol or dimethyl sulfoxide (DMSO) as solvent.””1% This suggests a shorter con-
jugation length for the PPy in m-cresol and DMSO. This is consistent with the lower
electrical conductivity observed for PPy/DBSA films cast from solutions in m-cresol
than from chloroform solutions.”® The intensity of the NIR bipolaron band of PPy/
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DBSA is also very sensitive to the nature of the organic solvent. Oh and coworkers'*
reported that this NIR band is more intense in relatively nonpolar solvents such as
chloroform than in the aromatic solvents m-cresol or benzylalcohol, and is markedly
reduced in the polar solvents DMSO and N-methyl pyrrolidinone (NMP) as well as
blue-shifted to ca. 850900 nm. These spectral changes were attributed to micelle
formation by the DBSA and solvent interactions with the PPy chains. This leads
to rearrangement of the polymer backbone from an extended coil conformation in
chloroform to a relatively compact coil one in NMP and DMSO.

Similar changes have been recently observed in the intensity and wavelength of
the NIR bipolaron band of the polymer PPy/DEHS [DEHS = di(2-ethylhexyl)sulfsu
ccinate] in alcohol solvents of varying polarity.'°> The nonpolar 2-ethylhexyl groups
are believed to solvate the PPy chains more effectively in weakly polar alcohols such
as t-butyl alcohol, resulting in an extended coil conformation and an intense NIR
free-carrier tail. In contrast, in polar ethanol or 2,2,2-trifluroethanol solvents this
solvation is less effective, leading to the adoption of a compact coil conformation and
markedly less-intense NIR absorption.

CHIROPTICAL PROPERTIES OF OPTICALLY ACTIVE PPY’S

The first reported circular dichroism (CD) study of chiral PPy’s was by Delabouglise
and Garnier'® on the polymers 4 (R = CH,0OH, CHMe,, and Ph), in which a series of
amino acids are covalently bound at the 3-position of each pyrrole ring. They exhibit
a CD band at ca. 470 nm associated with the absorption band at 460 nm. This optical
activity is believed to be induced by the presence of the chiral amino acid substitu-
ents, leading to the adoption of a one-handed helical structure by the PPy chains.

CO,Me

d

R
O

/

More recently, Pleus and Schwientek!%® prepared a series of related chiral PPy’s
bearing (-)-ethyl L-lactate as the chiral functional group located at either the pyrrole
ring 3-position or the ring N centre (e.g., polymers 5 and 6). Although no CD studies
were carried out on the PPy films, cyclic voltammograms recorded in the presence of
(+)— or (-)-CSA~ (CSA- = camphor sulfonate) revealed them to be enantioselective.
Preferential doping of the chiral PPy by the (—)-CSA™ anion took place, as indicated
by the substantially higher charge passed when cycling the potential in the presence
of this enantiomer rather than (+)-CSA-. Similar enantioselectivity between the (+)—
and (-)-CSA- ions is exhibited by optically active films of the polymer 6, which has
a glucose derivative covalently bound at the pyrrole N centers.'?
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ELECTROCHEMICAL ASYMMETRIC SYNTHESIS,
CHIRAL SEPARATIONS, AND SENSING

Very significantly, recent studies by Pleus and coworkers'®® have revealed that the
conducting films 5 and 6 may be employed as chiral electrodes for the enantioselec-
tive electroreduction of acetophenone and 4-methylbenzophenone in DMF to their
corresponding alcohols, using DMF/LiBr as electrolyte and phenol as the proton
donor. The nature of the electrolyte used for electrodeposition of the polymers influ-
enced the optical purity of the chiral alcohol products obtained with enantioselec-
tivities as high as 58% being achieved.

Separation of enantiomeric amino acids using chiral-conducting PPy membranes
has also been reported by Ogata.!” The enantioselective membranes were prepared
by electrodeposition of PPy in the presence of the chiral dopants poly(L-glutamic
acid) or dextran sulfate onto a platinum-coated poly(vinylidene difluoride) mem-
brane. The chiral separation of racemic tryptophan was demonstrated. In an alterna-
tive approach, Nagaoka and coworkers''? have prepared molecularly imprinted PPy
(by overoxidation of PPy doped with L-lactate and L-glutamate) for use in chiral
separations. These chiral dopant anions were removed during electrochemical over-
oxidation and a complementary cavity for the anion created. The resultant imprinted
PPy’s exhibited high enantioselectivity for the L-acids over the D-enantiomers. A
column packed with carbon fibers modified with the imprinted PPy’s was used for
the enantioselective uptake of the particular acid anion.

Recently, Costello and coworkers'!! developed chiral vapor-phase sensors based
on chiral poly(3-substituted pyrroles). The chiral PPy’s were fabricated into chiral
sensors using a three-step process: (1) coating of the chiral monomer onto poly(vi
nylidene)difluoride (PVDF) membrane, (2) polymerization of the monomer within
the membrane structure using an excess of aqueous ferric chloride oxidant, and (3)
mounting the membrane between silver contacts to obtain the sensor. Chiral dis-
crimination and sensor properties of the sensors were investigated using enantiomers
of butanol, limonene, and carvone. The chiral polymer sensors were found to show
differential changes in electrical resistance and mass when exposed to different
enantiomers in the vapor phase. The results suggested that the chiral side group on
the pyrrole repeat units plays the main role in the selective adsorption characteristics
of the polymers.
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MECHANICAL PROPERTIES OF PPY

To be functional, any material must possess adequate mechanical properties to with-
stand the stresses and strains that occur during service. For example, stand-alone
membranes must be sufficiently stiff to maintain their shape and sufficiently strong
to resist rupture when subjected to pressure gradients. Similarly, coatings are sub-
jected to high stress resulting from the different thermal expansion between coating
and substrate. Thus, the coating material must show high ductility, so that it is able
to expand and contract without cracking or delaminating. Membranes and coatings
are just two of the many potential applications for CEPs, but they demonstrate the
key importance of mechanical properties.

It is commonly recognized by researchers in this field that the mechanical prop-
erties of PPy’s vary widely from strength and tenacity to extreme brittleness. Conse-
quently, it is necessary to understand how the mechanical properties are affected by
the chemical structure, the processing conditions, and the conditions of use (service
environment). The ultimate aim is to develop and understand causal relationships
between the structure of the PPy and the mechanical properties. Such relationships
would enable the deliberate manipulation of the structure (e.g., by controlling the
processing conditions) to produce desired mechanical properties.

The published work on the mechanical properties of PPy is reviewed below. Most
of this work has been conducted on dry films, which is discussed first. Some recent
work on the adhesion of PPy to electrode materials is also presented along with the
results of investigations into environmental effects on mechanical properties.

DRY-STATE MECHANICAL PROPERTIES

Several investigators have specifically studied the mechanical properties of PPy,
whereas numerous others have reported such properties as incidental to other find-
ings. The most commonly reported values are the Young’s modulus (£, a measure of
material stiffness), the tensile strength (Gy), and the percentage of elongation to break
(€5, a measure of ductility or brittleness). All tests described in Table 3.7 have been
conducted in tension, using thin films as samples (apart from Bloor and coworkers!'!?
who used 1-mm-thick plates).

The most pertinent feature in Table 3.7 is the vast range of mechanical properties
that have been reported for PPy. It is apparent that the composition of the polymer
(e.g., counterion type) and the polymerization conditions have a significant effect
on the polymer properties. However, the relationships are not straightforward. For
example, Wynne and Street''3 have shown that acetonitrile solvent yields PPy films
with very good mechanical properties, whereas Sun and coworkers!! and others have
reported the opposite. It is clear that systematic analyses are required to elucidate the
determinants of the mechanical properties of PPy’s.

Most of the previous studies have been empirical in nature. However, they
have been important in demonstrating those factors that influence the mechanical
properties. For example, mechanical properties of PPy films have been observed
to improve as the polymerization temperature decreases. Sun and coworkers!! have
observed that the tensile strength of PPy/pTS increases as the synthesis temperature
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decreases. Similarly, Hagiwara and coworkers'*!15 have observed that the elonga-
tion to break of PPy/ClO, and PPy/PF; films, respectively, increase upon decreas-
ing polymerization temperature. Sun and coworkers'' attributed the differences in
mechanical properties to changes in the molecular structure of the polymer (e.g., con-
jugation length or molecular weight) caused by the decreasing reaction temperature.
Wang and coworkers!'® have shown that smoother films formed at lower polymeriza-
tion temperatures lead to higher tensile strength and elongation to break, suggesting
that the nodular surface structure and porosity act as stress concentrators.

The applied potential and current density used during electropolymerization
have also been found to be significant variables. A steady decrease in the tensile
strength of PPy/pT'S films has been observed as the applied potential during polym-
erization was increased.!” Another study reported lower tensile strengths for more
highly doped PPy.""® Other workers'” have also reported a decrease in the Young’s
modulus of PPy/pTS with increasing applied potential during electropolymeriza-
tion. No specific explanation has been offered for the behavior; however, it has been
suggested!'” that the change in the mechanical properties may be associated with a
decrease in the density of the films as the potential of polymerization was increased,
with a “more open, mechanically less durable material” being produced. Hagiwara
and coworkers!!'*!> observed an increase in the elongation to break of PPy films as
the potential was increased during polymerization. This was also accompanied by
variations in film density. A similar correlation between density and mechanical
strength has been noted by Wang and coworkers.!'® Higher densities and strengths
were obtained by addition of specific cosolvents to the polymerization bath. Also,
a comparison of films obtained on the front side (facing the cathode) and back side
of the anode revealed a higher density and strength in the latter. Simple electron
microscope (SEM) micrographs confirmed a more porous, rougher structure in the
low-density films.

The solvent used during electropolymerization also affects mechanical proper-
ties. For example, Wynne and Street!'® observed that the incorporation of a small
amount of water with acetonitrile as the polymerization solvent improves the
mechanical properties of the PPy/pTS films. This was attributed either to differences
in the composition or in molecular weight. However, the latter was not determined,
and minimal differences were reported in the former. In contrast, others!'?* have
shown that large additions of water to acetonitrile result in a substantial decrease in
strength. It has also been noted that PPy/pTS films formed from propylene carbon-
ate were superior to those formed from acetonitrile solvent in terms of mechanical
properties, but again, reasons were not suggested.'?!

Several researchers have observed that PPy films may be plasticized by solvents
such as water, leading to a decrease in brittleness.!10%113117 Wynne and Street!!?
showed that PPy/pT'S reversibly absorbs moisture, causing plasticization of the films.
Sun and coworkers!' have noted that the loss of moisture from PPy/pTS films with
time leads to embrittlement, and the incorporation of phthalate plasticizers into the
films improved ductility. Similarly, several workers'?>!23 have used surfactants as
counterions, resulting in a good plasticizing effect.

By far the most important processing variable for mechanical properties is the
type of counterion used (Table 3.7). The effects of various counterions incorporated
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into PPy films on the mechanical properties have been studied by several work-
ers.!7121.123 For example, Cvetko and coworkers!?? observed that the pT'S- counterion
produced flexible films, whereas all other counterions investigated produced brittle
films. These other counterions included BF,-, AsF,-, ClO,~, HSO,~, BrC;H,SO;",
and CF;COO~. Our own studies (Tables 3.1 and 3.2) have also demonstrated the
dramatic effect the choice of counterion has on tensile strength.

Buckley and coworkers'” have further investigated the effects of counterion
structure on the mechanical properties of PPy films by using variations on the pI'S~
structure, for example, C;H;SO;~, CH;CH,CH,SO;~, and CH;(CH,),,C,H,SO;™. The
pI'S~ counterion again showed the best results. Buckley and coworkers have demon-
strated that the current density used during polymerization may have a more signifi-
cant effect, because the p-dodecylbenzenesulfonate counterion gives very similar
mechanical properties to the pI'S™ when a similar current density was used. These
workers suggested that the wide variations in properties reported may be attributed
to differences in polymerization conditions.

The key to understanding the properties of PPy films is to develop an under-
standing of the relationship between the structure of the polymer and its mechanical
properties. Unfortunately, few studies have been devoted to gaining such an under-
standing. This is due, in part, to the intractable nature of PPy films that makes struc-
tural characterization difficult.

The molecular weight of PPy is one variable that has sometimes been quoted as
a possible explanation for differences in the mechanical properties of PPy’s prepared
in different ways. Wynne and Street'!® suggested that the change in mechanical prop-
erties of PPy/pTS with changing solvent might be due to production of polymers
having different molecular weights. Others!! have also proposed that differences
in molecular weight may account for the different mechanical properties observed
in PPy/pTS films prepared at different temperatures. Unfortunately, the molecular
weights of polymers were not determined in these studies; consequently, it is not
possible to confirm these assertions.

Buckley and coworkers!!7 have noted a correlation between the composition of
the PPy, in terms of the ratio of counterion to monomer and the tensile strength of the
films. These workers observed that the concentration of counterion intercalated with
the polymer depends upon the potential applied during polymerization. However,
they noted that the change in mechanical properties could also be due to changes
in the density of films,'” as also noted in a more recent study.!'® Thus, the effect of
counterion content and polymerization potential on the mechanical properties of the
films remains unknown.

Crosslinking is likely to significantly affect the mechanical properties of the
polymer; the greater the degree of crosslinking, the more brittle the material. Unfor-
tunately, there have been no reports on the effect of polymerization conditions or
counterion type on the degree of crosslinking produced in polypyrrole. Consequently,
it is not known to what extent crosslinking varies as a result of differing conditions
and to what extent it affects the mechanical properties.

Numerous x-ray diffraction studies have been conducted on PPy films in order to
characterize the degree of molecular order (as described earlier). It has been noted'?*
that the degree of alignment increased as the applied potential and temperature of
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FIGURE 3.9 Illustration of proposed deposition mechanism leading to cone/nodule forma-
tion and fracture points for CEPs: (a) preferential deposition occurs at discrete sites on the
electrode surface resulting in “microisland” formation, and (b) microislands form upward
and outward with continued deposition.

polymerization decreased. As reported above, the mechanical properties of PPy
films were observed to improve under such conditions. Thus, there may be some
correlation between molecular order and the mechanical properties of the films.

A greater degree of order has been observed upon mechanically stretching the
films."*!15 This stretching is believed to orient the molecular chains in the direction
of the applied stress. However, the effects of stretching on mechanical properties
have not been reported.

Several studies have shown that electrochemically prepared films have an inho-
mogeneous nodular (or “cauliflower”) structure.'?> A number of studies have reported
the morphology of PPy films as a function of various processing variables; however,
little is known of the mechanism of formation of the nodular structure or the effect
of this structure on mechanical properties.

Qian and Qui'?® have observed that the morphology of PPy films depends upon
the type of counterion used. For example, Cl1O,~, BF,~, and PF,~ yielded films with
high concentrations of voids, whereas PPy/pTS films consisted of densely packed
nodules. Other workers have noted a dependence of the density of PPy films on the
polymerization conditions.!!>!16:117 Thus, the change in film morphology may explain
the effect of counterion type and polymerization conditions on mechanical proper-
ties, as surveyed previously.

One study in our laboratories investigated the direct link between PPy film mor-
phology and mechanical properties.'?® Observation of the fracture surfaces of the films
showed a roughened surface with cone-shaped features (Figure 3.9), similar to those
observed in transmission electron microscope (TEM) micrographs of the film cross
sections (described earlier). It was concluded from this study that the cone boundar-
ies are points of weakness within the film that allow easier crack propagation. Thus,
films with less prominent boundaries should show improved fracture resistance.

On the basis of these reports, it seems that the relationship between the morphology
of PPy films and mechanical properties needs to be further assessed. Once this relation-
ship is known, the effects of smaller scale variations in structure can be determined.

ENVIRONMENTAL EFFECTS ON MECHANICAL PROPERTIES

Some information is available about the environmental effects on the mechanical
properties of PPy. For most intelligent polymer systems, mechanical properties need
to be stable with time in the service environment. One study has tracked the changes
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FIGURE 3.10 In situ cell for mechanical testing. (From Polymer, Vol. 36, No. 25, “Film
substrate and mechanical properties of electrochemically prepared PPy,” M. Ghandhi and
coworkers, p. 4762. With permission from Elsevier Science Ltd., Oxford, England.)

in the mechanical properties of PPy during aging over 12 months.""® However, some
systems may require mechanical actuation properties of the polymer; indeed, such
actuation may need to occur in response to environmental changes. For these rea-
sons, it is instructive to study the effects of environment on mechanical properties.

Two aspects of the mechanical properties of PPy in different environments have
been studied in our laboratories'?’: the effects of different salt solutions and the effect
of an applied potential. The latter was achieved using the experimental setup shown
in Figure 3.10. In both cases, the Young’s modulus, elongation at break, and tensile
strength were measured. Additionally, in the latter, the mechanical actuating behav-
ior of the PPy was also examined. The actuating behavior of conductive polymers
has also been studied by other workers and was reviewed in Chapter 1.

Figures 3.11a and 3.11b show the effect of different aqueous environments on the
mechanical properties of PPy/pTS. It is clear that the films become more ductile in
potassium chloride and potassium hydroxide solutions. Little change in properties
is noted for films in air, water, sulfuric acid, or potassium sulfate. The reasons for
these changes are not clear at present, although it is known that alkaline solutions
have a degradative effect on PPy.!?8 These processes are likely to cause a reduction in
the molecular weight and/or crosslink density of the polymer, and hence increase its
ductility. The sensitivity of the polymer to environmental conditions demonstrates
the importance of determining its behavior in the actual service environment.

When electrical potentials are applied, equally dramatic changes in mechani-
cal properties have been observed.'” That is, negative potential induced a much
higher plasticity in the PPy/pTS samples. When tested without an applied poten-
tial, the samples showed classical brittle behavior with an elongation at break of
10%. However, when the polymer was reduced, the elongation at break increased to
approximately 20%. The electrolyte solution influenced the changes in mechanical
properties, with divalent cations requiring a more negative potential to induce duc-
tility. This correlates with the ease of ion transport into the polymer. Application of
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FIGURE 3.11 (a) Young’s moduli of PPy/pTS films tested immediately after immersion in
various aqueous environments (the modulus in air is included for comparison). (b) Elongation
at break of PPy/pTS films tested immediately after immersion in various environments (the
elongation in air is included for comparison).
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FIGURE 3.12 Effect of applied potential on tensile strength.
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FIGURE 3.13 Changes in force recorded for a stretched PPy film subjected to a cyclically
varying potential.

positive potentials was found to have a minimal effect on the mechanical properties
compared to the dry-state behavior. The effect of an applied potential (in different
electrolytes) on the tensile strength is shown in Figure 3.12.

The changes in force within a PPy/pTS film held at a constant strain and sub-
jected to cyclically varying potential have been studied (Figure 3.13). Such changes
are caused by contraction or swelling of the polymer, which can be correlated with
ion flow out of or into it.

The actuation force or movement generated during redox cycling is directly related
to the concomitant changes in mechanical properties. Using a simple linear elastic model
of the small-strain mechanical properties of PPy, it has been shown that the actuation
strain (€0) at a constant applied stress () is accurately predicted from Equation 3.3
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€, =€y + 0[1—1] (3.3)

where €, is the actuation strain at zero applied stress, and ¥ and Y’ are the Young’s
moduli before and after the actuation voltage has been applied. In a typical PPy
actuation experiment, a positive voltage that causes oxidation of the polymer induces
swelling due to the ingress of dopant ions. The oxidation also causes an increase in
the Young’s modulus. As a consequence of the modulus shift, the net actuation strain
(eo) decreases with increasing applied stress (G). Similarly, the stress generated by
the actuator (at fixed length) is also affected by the modulus shift:

/
AcczY’eo+o[Y;Y] (3.4

so that a smaller stress is generated when Young’s modulus increases and the polymer
swells during oxidation. Several studies of modulus changes during redox cycling
have confirmed that it is generally true that the modulus increases during oxida-
tion, 39131132 although the change is much reduced in ionic liquid electrolytes.

CONCLUSIONS

Obviously, the way in which CEPs such as PPy’s are assembled has a dramatic effect
on their chemical, electrical, and mechanical properties. This information can be
used to advantage by those of us involved in material design from the molecular
level. Factors influencing the electrical and chemical properties of CEPs continue to
be studied, adding more information to the already massive databank indicating that
these are not simple systems.

Fully understanding the mechanical, electrical, and chemical properties of a
material is vital for its successful application. The literature reports confirm that the
properties of PPy’s vary widely, and are related to composition and processing con-
ditions in a complex way. Thus, the study of the basic properties must be conducted
at a fundamental level, by developing structure—property relationships. This, how-
ever, requires a greater understanding of the structure of PPy’s, both at the molecular
and supramolecular levels.

A further aspect that has not been described in detail is the effect of service envi-
ronments on the properties of the PPy’s. Although the effects of aging on electrical
properties have received most attention, the changes in mechanical and chemical
properties are less well known. If PPy’s are to be confidently used in service, their
performance must be assessed at various temperatures, under varying strain rates
and cyclic loads, in contact with various liquid or gaseous media, and under the
influence of applied electrical fields. Recent studies have begun to explore the influ-
ence of changes in mechanical properties during redox cycling on the performance
of PPy as an electromechanical actuator. Such studies highlight the problems—and
also opportunities—that arise in these dynamic materials.
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4 Synthesis of Polyanilines

Polyaniline (PAn) has been known for over a century since the synthesis of
the so-called aniline blacks that enjoyed early use as cotton dyes in the 1860s.
Systematic studies'? of its properties before World War I led to the proposal
by Green and Woodhead? of an aniline octamer structure and the existence of
several oxidation states. Only sporadic studies of PAn’s were undertaken over
the following 70 years until investigations by MacDiarmid and coworkers in
the mid-1980s,3* and in particular, the discovery of electrical conductivity for
its emeraldine salt (ES) form, led to an explosion of interest in this fascinat-
ing polymer.

PAn is now accepted to have the general polymeric structure shown as 1. It dif-
fers from most other conducting electroactive polymers, such as polypyrroles
(PPy’s; Chapters 2 and 3) and polythiophenes (Chapter 6), in that it possesses
three readily accessible oxidation states. These range from the fully reduced
(y = 1) leucoemeraldine state to the half-oxidized (y = 0.5) emeraldine form to
the fully oxidized (y = 0) pernigraniline state. The ES form 2 is the state with
the highest conductivity.

J{@NH@N}[){@NGNﬁ

y = 1 (leucoemeraldine), 0.5 (emeraldine) and 0 (pernigraniline) as base forms

2
emeraldine salt (ES), PAn.HA

PAn also differs from PPy’s and polythiophenes in that the N heteroatom par-
ticipates directly in the polymerization process (PAn is a ladder polymer that
polymerizes head to tail) and participates in the conjugation of the conducting
form of the polymer to a greater extent than the N and S heteroatoms in PPy
and polythiophene.
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In addition, PAn is unique among the conducting electroactive polymers in
that it can be rapidly converted between base and salt forms by treatment
with acid or base. These reversible redox and pH-switching properties (see
Chapter 5 for details), together with the electrical conductivity of its ES form
2, its ease and cheapness of synthesis, and its good environmental stability
have led to PAn becoming the most extensively studied conducting organic
polymer over the past decade, and a wide range of potential applications are
currently being developed.

PAn’s are most commonly prepared through the chemical or electrochemical oxi-
dative polymerization of the respective aniline monomers in acidic solution. How-
ever, a range of polymerization techniques has now been developed, including

1. Electrochemical polymerization

2. Chemical polymerization

3. Photochemically initiated polymerization

4. Enzyme-catalyzed polymerization

5. Polymerization employing electron acceptors

ELECTROCHEMICAL POLYMERIZATION

The electrochemical cell arrangement described for production of PPy (see Chapter
2) is applicable to the electropolymerization of PAn. The polymerization cell design
is of equal importance for the preparation of PAn as for PPy. All the requirements
of the cell design apply, and the same versatility of the form of assembly can be
attained, although in practice PAn has not been investigated as extensively as the lat-
ter in this regard. The only additional requirement of a polymerization cell for PAn
is that the electrode and construction materials should be stable in acid media.

Electrochemical polymerization is routinely carried out in an acidic aqueous
solution of aniline. This low pH is required to solubilize the monomer and to gener-
ate the PAn/HA (HA = acid) emeraldine salt as the only conducting form of PAn.
Constant potential (potentiostatic) or potentiodynamic techniques are generally
employed because the overoxidation potential for PAn is very close to that required
for monomer oxidation.

Defects due to overoxidation of the polymer have been proposed; however, the
exact nature of overoxidation is not known. One theory is that crosslinking occurs,?
whereas another proposes the opening of the chain after the formation of a paraqui-
none.® It is reported that a short-term increase of the applied potential to 0.9-1.1 V
(versus Ag/AgCl) during potentiostatic deposition gives more adherent films.’”

MECHANISM OF ELECTROCHEMICAL POLYMERIZATION

The generally accepted mechanism for the electropolymerization of aniline is an
E(CE), process, as presented in Figure 4.1.8-1° Formation of the radical cation of ani-
line by oxidation on the electrode surface (step 1) is considered the rate-determining
step. This is followed by coupling of radicals, mainly N- and para-forms, and elimi-
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.
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Step 2. Radical Coupling and Rearomatization
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Step 3. Chain Propagation
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Step 4. Oxidation and Doping of the Polymer

Step 1. Oxidation of Monomer

OOt 5 H OO

FIGURE 4.1 Electropolymerization of aniline.

nation of two protons. The dimer (oligomer) formed then undergoes oxidation on the
electrode surface along with aniline. The radical cation of the oligomer couples with
an aniline radical cation, resulting in propagation of the chain. The acid (HA) pres-
ent in the solution dopes the formed polymer to give PAn/HA (step 4).

The growth of PAn has been found to be self-catalyzing''-'?; the more polymer
deposited, the higher the rate of polymer formation. A mechanism for this has been
proposed, involving adsorption of the anilinium ion onto the most oxidized form of
PAn, followed by electron transfer to form the radical cation and subsequent reoxida-
tion of the polymer to its most oxidized state.!?
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ELECTRODE MATERIALS

A variety of working electrodes may be used, including platinum or gold plates,
glassy carbon, reticulated vitreous carbon, as well as indium-tin-oxide (ITO)-coated
glass. As with PPy’s, the electrode substrate plays a critical role in determining the
extent of polymer deposition and the nature of the deposit formed. In extreme condi-
tions, the surface chemistry of the electrode can be so incompatible that no PAn will
deposit; in fact, surface treatments of ITO exploit this phenomenon in microcontact
printing to allow patterns of conducting polymers to be produced on the substrate.!
Others have shown that the inherent conductivity of the underlying substrates can
have a dramatic effect on the conductivity of the resulting polymer deposited.'*

For some applications, especially in the area of corrosion protection, the elec-
tropolymerization of PAn onto active substrate is of interest. Lacroix and cowork-
ers'> have achieved this by first coating mild steel with a very thin PPy layer and
then electrocoating PAn over it. Others have electrodeposited PAn—PPy composites
on aluminum'® or steel'” surfaces using oxalic acid electrolytes. A number of ring-
substituted anilines have also been directly electrodeposited on active iron substrates
using an oxalic acid electrolyte.'®

CONCENTRATION AND NATURE OF THE DopPaNT Acip (HA)

The electropolymerization of aniline is almost always carried out in strong aqueous
acids (HA) at a low pH of <2. Only a few polymerizations have been performed at
higher pH values (23). An in situ UV-visible spectroscopic study of the galvanostatic
(constant-current) polymerization of aniline in aqueous HCI at pH between 0.2 and
3.7 showed that typical PAn/HCl emeraldine salts were formed using pH < 1.7. How-
ever, the film deposited at pH 3.7 was quite different in nature, its spectrum being
consistent with an oligomeric material with chains of short conjugation length, inter-
rupted sometimes with heterojunctions or ortho-coupling.!®

The dopant A~ incorporated into the polymer is usually the conjugate base from
this acid. As with other conducting electroactive polymers (CEPs), the nature of the
anion is critical in determining the morphology,?® conductivity,?' and subsequent
switching characteristics of the polymer (see later in this chapter and Chapter 5).
It also plays a critical role during growth, because some oligomers or polymers
(e.g., those containing HSO,7/SO,?") are inherently more soluble and this delays the
onset of precipitation onto the electrode surface.?? The PAn grown from oxyacids
has a sponge-like structure. Those grown from HCI form a spaghetti-like structure
because, as with PPy, the anion used influences the rate of polymerization.??

It has been shown that addition of polyelectrolytes to the polymerization solu-
tion can result in the incorporation of these larger molecules as dopants even when
the acid is in excess.?* Others have shown that the addition of inert salts (e.g., LiCl,
CaCl,) to the acid electrolyte can result in significant increases in molecular weight:
up to 160,000 gmol~'.23

A significant development in PAn chemistry was our report?%?’ of the first opti-
cally active PAn’s, prepared through the electrochemical polymerization of ani-
line in the presence of the chiral dopant acids (+)- or (—)-10-camphorsulfonic acid
(HCSA). Films of the emeraldine salts PAn/(+)- HCSA and PAn/(-)-HCSA can be
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readily deposited on ITO-coated glass electrodes using either potentiostatic (0.8—1.1
V versus Ag/AgCl), potentiodynamic (sweeping the potential from —0.2 to 1.0 V), or
galvanostatic (applied current density of 0.5 mAcm2) methods. These films exhibit
strong circular dichroism (CD) bands in the visible region (see Chapter 5), indicat-
ing the induction of chirality into the PAn chains by the (+)- and (-)-HCSA dopants.
Analogous electrochemical oxidation of the monomer 2-methoxyaniline in the pres-
ence of (+)- and (—)-HCSA has provided a similar route to optically active poly(2-
methoxyaniline), POMA/HCSA, films.?

The converse approach to inducing chirality into conducting polymer chains,
namely, the incorporation of an optically active cation, has also been successfully
employed in our laboratories to produce the first optically active water-soluble sul-
fonated PAn. Poly(2-methoxyaniline-5-sulfonic acid) has been prepared in optically
active form through the electropolymerization of 2-methoxyaniline-5-sulfonic acid
in the presence of (R)-(+)- or (S)-(-)-1-phenylethylamine.? The optical activity and
electroactivity of the chiral sulfonated PAn’s are retained when immobilized on
poly(4-vinylpyridine) (see Chapter 5).

SOLVENT

The electropolymerization of aniline has almost always been carried out in aqueous
solution. However, a limited number of studies have described polymerization from
organic solvents. In 1989, Watanabe and coworkers* electropolymerized aniline (0.10
M) in 0.10 M LiCIO /acetonitrile solution at a Pt-coated glass working electrode by
applying a constant potential of 2.0 V (versus standard calomel electrode) for 1 h. The
UV-visible spectrum and redox switching properties of the polymeric material obtained
were consistent with those of the formation of PAn. Others have used acetonitrile® with
dodecylbenzenesulfonate as the dopant anion to facilitate solubility of aniline.

More recently, several papers have appeared in which 2-halogeno-substituted (X
= Cl, Br, I) anilines were potentiodynamically polymerized in acetonitrile solvent
containing 0.03 M HCIO,/0.10 M [Bu,N] ClO,~ by sweeping the potential between
—0.30 and +1.9 V (versus Ag/AgCl).3>-3* The polymers obtained again showed UV-
visible spectral and cyclic voltammetric behavior characteristics of PAn’s. However,
their electrical conductivities (ca. 10~ S/cm) were 3—4 orders of magnitude lower
than that typically found for unsubstituted PAn/HA salts, perhaps due to the steric
influence of the halogeno substituents. The potentiostatic electropolymerization of
a range of N-alkylanilines (alkyl ranging from methyl to dodecyl) has also been
reported in either acetonitrile or dimethylsulfoxide solvent.’ However, the extremely
low conductivities (ca. 10~1° S/cm) of all the products except for the N-hexyl, -heptyl,
and -octyl polymers suggest that they are not typical emeraldine salts.

Acetonitrile was also used as the solvent for the first successful synthesis of a
PAn/PPy copolymer via galvanostatic (constant-current) electropolymerization of
mixtures of aniline (0.5 M) and pyrrole (0.1-1.0 M) in acetonitrile solvent in the
presence of CF,COOH as acid and tetraethylammonium tetrafluoroborate as sup-
porting electrolyte. Differential scanning calorimetry and Fourier transform infra-
red (FTIR) measurements confirmed that the electrically conducting product was a
mixture of PAn, PPy, and a random PAn/PPy copolymer.3¢
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Ionic liquid electrolytes have recently been used for the electrosynthesis of
PAn.¥ The rate of polymerization of aniline was found to be high, and adhesion of
the conducting polymer product to the metal electrode was enhanced.

TEMPERATURE

A remarkable recent example of the influence of electropolymerization temperature
on the properties of PAn products is observed in the potentiostatic polymerization
of aniline in the presence of chiral (+)-HCSA to give optically active PAn/(+)-HCSA
films. The CD spectra of the polymers electrodeposited at < 25°C were inverted com-
pared to the spectra of analogous emeraldine salts deposited at > 40°C, indicating
an inversion of the preferred helical hand for PAn chains.? The observations may be
rationalized in terms of a temperature-induced interconversion between two initially
(kinetically) formed diastereomeric PAn products.

MoNOMER TYPE

A tremendous range of monomer derivatives of aniline has been investigated,’*-*
with many of them forming polymers having properties significantly different from
those of PAn. In most instances the conductivity, electroactivity, and other elec-
trochemical attributes of the resultant polymers have been studied. The electronic
properties have also been investigated.*® However, the chemical properties of these
substituted PAn’s have not been investigated to any great extent. Other workers*8
have attached sulfonate groups to PAn after polymerization to make the polymer
water soluble. Alternatively, the functionalized aniline monomer 3 containing a
methoxy and a sulfonate group has been polymerized electrochemically to produce
water-soluble conducting PAn’s.* Using a flow-through electrochemical method,
accurate control over molecular weight, and hence conductivity, can be obtained. It
is also possible to produce copolymers with aniline using this approach.

OMe
NH,

SO;

CotLoipaL PAN’s

Using a flow-through electrochemical cell, we have developed an electrohydrody-
namic route to PAn colloids (rather than the more traditional chemical oxidation
route), including dispersions with novel functionality. For example, we recently
reported the first optically active PAn colloids, obtained through the electropoly-
merization of aniline in the presence of poly(styrenesulfonate) as an electrosteric
stabilizer and (+)-HCSA as the chiral inducing agent.” Chiral PAn colloids have also
been synthesized using the core-shell technique, in which PAn/(+)-HCSA/SiO,’' and
PAn/(+)-HCSA/PU (PU = polyurethane)*> nanocomposites were generated through
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the electropolymerization of aniline onto the surface of small silica (20 nm) and PU
(40 nm) particles in aqueous dispersion. In the case of the PAn/HA/PU dispersions,
the film-forming properties of the PU component assisted the subsequent formation
of uniform, strongly adhering conducting polymer films. The chiroptical properties
of these novel chiral PAn colloids are described in Chapter 5.

CHEMICAL POLYMERIZATION

Chemical synthesis has the advantage of being a simple process capable of produc-
ing bulk quantities of CEPs on a batch basis. To date, it has been the major com-
mercial method of producing PAn’s, several companies producing bulk powders,
dispersions, and coated products.

For chemical polymerization, the oxidizing force is supplied by a chemical oxi-
dant in the solution. The most widely employed chemical oxidant has been aqueous
ammonium persulfate, (NH,),S,0;, leading to the incorporation of HSO,/SO,*~ as
the dopant anions (A~) in the PAn/HA product. Acidic conditions (pH < 3) are usu-
ally required to assist the solubilization of the aniline in water and to avoid excessive
formation of undesired branched products.’ An (NH,),S,04/aniline molar ratio of
< 1.2 is usually employed. As the S,04>~ anion is a two-electron oxidizer (acceptor),
this suggests that a little over two electrons are removed from each aniline monomer
during polymerization.

MEcHANISM OF CHEMICAL POLYMERIZATION

The chemical polymerization of aniline by (NH,),S,0; is believed to proceed in its
initial stages by a mechanism similar to that described earlier for electrochemical
polymerization.3#-3¢ The first step involves the formation of the aniline radical cat-
ion. In the second step, coupling of N- and para-radical cations occurs, with subse-
quent rearomatization of the dication of p-aminodiphenylamine (PADPA). It is then
oxidized to the diradical dication. Although head-to-tail (i.e., N-para) coupling is
predominant, some coupling in the ortho-position also occurs, leading to defects in
conjugation in the resultant polymer.

A significant variation from the electropolymerization route occurs in the subse-
quent chain propagation and product formation steps (Figure 4.2). The initial polymer
product has been confirmed from spectroscopic studies®™® to be the fully oxidized
pernigraniline salt form of PAn, which is not surprising in view of the high oxidiz-
ing power (2.16 V, versus Ag/AgCl) of ammonium persulfate. When the oxidant is
completely consumed, the remaining aniline in solution reduces the pernigraniline
to form the final product, the green ES (step 4). Color changes during the reaction
reflect the described steps: during the second step the solution is pink because of
PADPA; during the third step the solution becomes deep-blue because of formation
of protonated pernigraniline; and in the final step green ES precipitates.

The properties of PAn’s, such as electrical conductivity, morphology, molecular
weight, and stereoregularity, are sensitive to the polymerizing conditions employed.
On the basis of extensive studies, the influence of various polymerization conditions
on the properties of ESs (PAn/HA) are summarized in the following sections.
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POLYMERIZATION TEMPERATURE

Chemical polymerizations of aniline with (NH,),S,04 were initially performed at
room temperature. However, later studies showed that the PAn obtained was of rela-
tively low molecular weight and contained significant defect sites such as undesir-
able branching due to ortho-coupling.>>%° Subsequently, the most widely employed
temperature for chemical polymerization of aniline monomers has been ca. 1-5°C,
as described by MacDiarmid and coworkers,® providing a PAn whose emeraldine
base (EB) forms have molecular weights (M,,) of 30,000-60,000 g mol-".

For industrial applications, it is desirable to have PAn’s with high molecular
weights (M,, ca. 100,000) and low polydispersity (PD < 2.0). The use of low tem-
peratures down to —30° or —40°C (achieved through the addition of salts such as LiCl
and CaF,) has led to the formation of PAn’s with much higher molecular weights (up
to 400,000).92-% The *C NMR studies of leucoemeraldine base (LB) forms of the
PAn products (obtained by subsequent reduction) revealed that the most structurally
regular PAn was obtained at —30°C. However, these reactions generally require over
48 h to complete, and the polydispersity is relatively high (PD > 2.5). Researchers
at DuPont Technologies have recently reported that the best results are achieved by
polymerization at 0°C in the presence of higher concentrations of LiCl or NaCl (5-10
M), under which conditions polymerization is complete within 3 h with a higher
yield (80%) and superior polydispersity (PD < 2.0).%¢

NATURE AND CONCENTRATION OF THE DoPANT AciD (HA)

The nature and concentration of the protonic acid (HA) employed in aniline polym-
erization with S,04>~ have a significant effect on the physicochemical properties
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and molecular weights of the PAn/HA products. For example, the polymerization
reaction time using HCIO, as the dopant acid was observed to be ca. twice as long
as that using HCI, HNO,, or H,SO,, which may be associated with a more compact
morphology for the PAn/HCIO, products.®’

Chemical oxidation of aniline to give conducting PAn/HA emeraldine salts
is typically carried out at low pH (0-2) using strong aqueous acids. In one of the
few studies of polymerization at higher pH, Fu and Elsenbaumer®® established
from calorimetric and UV-visible spectral studies that materials of low molecular
weight and low electrical conductivity were formed in media of pH 4-6. Their
properties were inconsistent with the formation of ESs. There has been consider-
able recent interest in the chemical polymerization of aniline at relatively high
pH because of the unusual nanostructures formed. From the early stages of the
polymerization of aniline with ammonium persulfate in aqueous HCI at pH val-
ues of 3—4, MacDiarmid and coworkers® have isolated yellow-brown products
that they propose (from spectroscopic and elemental analyses) to be a new class of
polymeric or oligomeric azane species containing N-N bonds in their backbones.
Related studies by Stejskal and coworkers’™ of the polymerization of aniline by
the same oxidant in 0.4 M aqueous acetic acid suggest that the oligomeric and
nonconducting (conductivity ca. 10719 S/cm) species formed initially at pH > 4
have phenazine-like structures formed as a result of ortho-coupling of aniline
monomers.

Other recent papers indicate that PAn-like materials can in fact be grown from
chemical oxidation of aniline in basic solutions of aqueous NaOH.”!72 These species
again possess unique nanostructures such as nanotubes and hollow microspheres
that may have exciting potential applications in nanoscience.

NATURE OF THE OXIDANT

A wide range of other chemical oxidants has also been successfully employed for
the polymerization of aniline monomers. Although the standard electrode potential
for FeCl, is low (0.77 V) compared to (NH,),S,0Os, it has proved to be a particularly
useful oxidant, resulting in PAn’s with M, > 20,000. Maximum yield and molecular
weight of the PAn/HCI product are reported’ to occur without added acid. The opti-
mum reaction temperature (35°C) is higher than that found earlier for (NH,),S,0q
(< 0°C), which may be due to the slower electron transfer rate of FeCl;. The poly-
mer product has electrochemical properties similar to that of PAn produced with
(NH,),S,04. Solid-state 3C NMR studies of the corresponding EBs (obtained by
alkaline dedoping) also show the FeCl;- and (NH,),S,04-derived polymers to be
very similar. The use of FeCl, also enables polymerization to be carried out in polar
organic solvents such as methanol rather than in water.

Other chemical oxidants that have been examined include ceric ammonium
sulfate,’* potassium dichromate,” and hydrogen peroxide,’® although it is reported
that optimal conductivities are obtained when (NH,),S,0q is used as oxidant. It has
been suggested that the polymerization process is less dependent on the oxidation
potential of the particular oxidant (see Table 4.1) than on the degradation processes
associated with each.
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TABLE 4.1
Commonly Used Oxidants and Their
Oxidation Potentials

Oxidant E° (V, versus Standard Hydrogen Electrode)
(NH,),S,0; 1.94
H,0, 1.78
Ce(SO,), 1.72
K,Cr,0, 1.23
FeCl, 0.77

NATURE OF THE SOLVENT

Chemical polymerization of aniline and substituted anilines has generally been
carried out in aqueous solution. Addition of 0.2-0.6 v/v acetone, tetrahydrofuran
(THF), or ethanol to the reaction mixture was found to slow down the polymeriza-
tion of aniline using (NH,),S,04/HCI, with reaction times varying on the order t, ..
~ trgr> temanor- | T he yields of ES products (ca. 65%) and the electrical conductivities
of the products (ca. 10 S cm™") were similar in each case to those obtained without
added organic solvent, but their molecular weights were lower. Similarly, Kuramoto
and coworkers’®” have polymerized the dodecylbenzenesulfonic acid (DBSA) salt
of aniline (dissolved in chloroform) with (NH,),S,0s (in a small amount of water). A
homogeneous green/black suspension was obtained from which the PAn/DBSA ES
product could be readily isolated by the addition of excess methanol or acetone. PAn
has also been prepared in acetonitrile and chloroform solvents using Fe(ClO,), and
tetrabutylammonium periodate as the oxidant, respectively.308!

INTERFACIAL POLYMERIZATION

The chemical polymerization of aniline at the interface between two immiscible
solvents provides an attractive alternative route to PAn’s. Such interfacial polym-
erization was first demonstrated in 1994 by Michaelson and McEvoy,%? who pro-
duced a freestanding PAn film at the interface between a solution of aniline/sodium
dodecylsulfate in carbon tetrachloride and an aqueous oxidant solution containing
ammonium persulfate/HCI. The analogous interfacial polymerization of a range of
N-alkylanilines and o-alkylanilines using hexane and water phases for chemical oxi-
dation with ammonium persulfate has also been briefly described.®}

SELF-STABILIZED DISPERSION POLYMERIZATION

Another exciting new approach to the synthesis of defect-free PAn is self-stabilized
dispersion polymerization (SSDP), recently reported by Lee and coworkers.? In this
process, aniline solution in aqueous HCI was added to a chloroform—water mixture
and stirred to give a cloudy colloid to which was added ammonium persulfate oxi-
dant in HCI, producing the green ES product. The difference between SDDP and
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interfacial polymerization described in the previous section (where reaction occurs
at the interface between two liquid phases, each containing one of the reactants) is
that polymerization occurs in the aqueous phase.

The authors hypothesized that the organic phase in SSDP would separate the
insoluble aniline oligomers and grown PAn chains from the reactive ends of the
chains in the aqueous phase, thereby hindering unwanted side-branching (ortho-
coupling) and crosslinking. This goal appears to have been achieved; the PAn
products obtained (after conversion to camphorsulfonate salts) were found to have
unprecedentedly high electrical conductivities (8) of up to 1300 S/cm and to exhibit
4 versus temperature profiles consistent with metallic character.®® The availability of
such a simple route to high-performance, metal-like PAn opens up new opportunities
for CEP applications in plastic electronics.

ACHIEVING REGIOSELECTIVE COUPLING WITH ANILINE MONOMERS

For the oxidative formation of PAn with extended n-conjugation and high conduc-
tivity, the regioselective head-to-tail para-coupling of the initially formed radical
cations is required, as depicted in Figures 4.1 and 4.2. However, the coupling of the
N-centered radical cation with the ortho-sited radical also occurs to a limited extent,
resulting in branched PAn chains. The extent of such ortho-coupling has been esti-
mated by C NMR spectroscopy to be ca. 5% for chemically synthesized emeral-
dine base. This undesired coupling can be reduced by the use of aniline monomers
bearing blocking substituents in the ortho-position. However, these are generally
less readily oxidized than the parent aniline, and the ES products are less conducting
because of the twisting of PAn chains from planarity caused by steric interactions
by the ring substituents.

TeMPLATE-GUIDED SYNTHESIS

Employing a polyelectrolyte to bind to and preferentially align the aniline monomers
before polymerization (e.g., by S,04>") has shown promise in facilitating the desired
head-to-tail coupling of the aniline substrates. During polymerization, the anionic
polyelectrolytes such as poly(styrenesulfonate) and poly(acrylate)®-38 also provide
the required counterions for charge compensation in the doped PAn products. This
can lead to water-soluble or water-dispersed ES products.

CoOMPARISON OF CHEMICALLY AND ELECTROCHEMICALLY PREPARED
PAN FiLms

Until recently, it has been generally considered®®®® that PAn’s prepared by the
alternative chemical and electrochemical routes have similar chemical structures,
although differences in morphology were noted and there was disagreement in the
literature as to which route produces material of higher molecular weight.?*? Sig-
nificantly, from a comparison of the CD spectra of chemically and electrochemi-
cally prepared PAn/(+)-HCSA films (see Chapter 5), we have recently found the first
unequivocal evidence that these PAn’s possess different structures or conforma-
tions for their chains.??
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VAPOR-PHASE DEPOSITION

An alternative to solvent-phase synthesis of CEPs is vapor-phase polymerization
(VPP). This route was first used for PAn’s in 1998 for the deposition of conducting
PAn films on cotton fibers, by impregnating the thread with (NH,),S,0; oxidant and
then exposing the surface to aniline vapor.’* Polyacrylamide films coated with con-
ducting PAn (conductivity ca. 107 S cm™) have been similarly prepared.”

More recently, using the chiral Fe(IIl) salt Fe(III)(R)-(+)-camphorsulfonate
[Fe(IIT)(R)-HCSA] as chemical oxidant, the direct vapor-phase deposition of opti-
cally active PAn/(+)-HCSA films has been achieved on nonconductive substrates
such as glass and poly(ethylene terephthalate). Postpolymerization cyclic voltam-
metric and Raman spectral studies showed that these chiral ES films possessed sta-
ble electrochemical activity in acidic environments.*®

PHOTOCHEMICALLY INITIATED POLYMERIZATION

Kobayashi and coworkers®”® have recently reported the photochemically initiated
polymerization of aniline by irradiation with visible light of either bilayer or single-
layer films containing [Ru(bipy);]** as initiator and methylviologen (MV?*) as sac-
rificial oxidant. Irradiation of [Ru(bipy),]** near its absorption band at 452 nm leads
to the generation of the triplet excited state *[Ru(bipy),]** species. Electron transfer
between *[Ru(bipy);]>* and MV?* generates the strong oxidant [Ru(bipy),]**, respon-
sible for the oxidation/polymerization of aniline to PAn.

These studies focused on the deposition of PAn on bilayer or single-layer elec-
trodes for image formation and use in molecular electronics, rather than bulk PAn
synthesis. Using appropriate masks, these photochemical routes were shown to
have exciting potential for the generation of patterns of CEPs on substrates (with
definitions as low as 2 um). It was, however, observed that small amounts of ani-
line dimer (e.g., 10 M) were necessary in the aniline monomer (0.3 M) substrate
solution to achieve photopolymerization. This was attributed to the lower oxidation
potential of the dimer compared to aniline, with the dimeric radical cation formed
in the initial oxidation step then reacting with aniline monomer to give an even more
readily oxidized trimer, eventually leading to PAn.

We have independently explored the use of both [Ru(bipy),]** and [Ru(phen),]**
as polymerization photo-initiators for the bulk synthesis of PAn’s. By employing
the Co(I1I) complexes [CoCl(NH,)s]* and [Co(H,0)(NH;);]** as the sacrificial oxi-
dants rather than methylviologen, we found®® that aniline can be readily photopoly-
merized to PAn/HNO; and PAn/HCSA salts without needing the addition of aniline
dimer. Facile polymerization of substituted anilines could be similarly achieved
yielding, for example, poly(n-butylaniline)/ HNO; and poly(2,5-dimethoxyaniline)/
HNO; salts.

ENZYME-CATALYZED POLYMERIZATION

Recently, there has been considerable interest in the use of enzymes such as horse-
radish peroxidase (HRP) as catalysts for the synthesis of PAn’s and PPy’s with
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oxidants such as peroxide.!?®!°! Although this method has the advantage of being
environmentally benign (the H,O, oxidant is converted into water), early studies
produced polymers with low molecular weight and extensive chain branching. Sam-
uelson and coworkers'?2193 have largely overcome these problems for the HRP-cata-
lyzed synthesis of PAn through an elegant approach using polyelectrolytes such as
poly(styrenesulfonate) (PSS) as templates in the reaction mixture to induce more
structural order during PAn growth. The PSS plays three roles in this approach:

1. Serves as a template that aligns the aniline monomers before polymeriza-
tion so as to promote the desired head-to-tail coupling

2. Provides the counterions for doping the synthesized PAn to the conducting
emeraldine salt form

3. Imparts water solubility to the PAn/PSS product

Another advantage of this enzyme-catalyzed route to colloidal PAn salts is the con-
siderably higher pH that can be employed compared to the previous chemical and
electrochemical polymerization methods. Horseradish peroxidase immobilized on
chitosan powder as a solid support has also been found to catalyze the H,O, oxida-
tion of aniline to a similar PAn/PSS product, opening up the prospect of enzyme
reuse and the design of enzyme reactors for PAn synthesis.!%*

The mild (pH = 4.3) conditions for these HRP-catalyzed syntheses have led to
the similar employment of more delicate biological polyelectrolytes such as DNA
as aligning templates.'?>1% In the latter case, electrostatic interactions between the
DNA phosphate groups and protonated aniline monomers before polymerization
are believed to provide the preferential alignment leading to para-directed coupling
of the aniline units. As discussed in Chapter 5, the binding of DNA to PAn in the
PAn/DNA product leads to a remarkable, reversible change in the conformation of
DNA chains.!07

POLYMERIZATION USING ELECTRON ACCEPTORS

Kuramoto and coworkers!’® have developed a novel route to conducting PAn’s through
the reaction of dodecylbenzenesulfonic acid salts (4) of aniline or 2-methoxyaniline
with the strong organic electron acceptor dichlorodicyanobenzoquinone (DDQ) in
chloroform solvent. The PAn/DBSA product was isolated by the addition of excess
methanol and acetone to the polymerization mixture, simultaneously removing
oligomers and other organic by-products. In contrast, the weaker organic electron
acceptors chloranil and tetracyanoquinodimethane (TCNQ) showed no oxidative
polymerization activity. These researchers have more recently extended this approach
to the synthesis of optically active PAn’s with the polymerization of aniline and its
substituted analogs 2-methoxyaniline, 2-ethoxyaniline, and o-toluidine with DDQ in
mixed chloroform/THF solvent.!07109

4
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MISCELLANEOUS POLYMERIZATION METHODS

Plasma polymerization of aniline in the absence of a solvent or a chemical oxidant,
giving neutral undoped PAn, was first described in 1984.!"° This method has been
further developed'!!''? recently with, for example, Cruz and coworkers, describing
the deposition of PAn film using radio frequency (RF) glow discharges between
stainless steel electrodes and at 0.02-0.08 atm pressures. The aniline monomer
reacts with electrons in the plasma, and the polymer deposits on the reactor wall
after growth.!%0

Recently, acidic (0.6 M H,SO,) aniline solutions have been reported to undergo
slow (10 d), spontaneous polymerization on platinum or palladium foil surfaces, pro-
viding a novel, electroless polymerization route to PAn.'3 X-ray photoelectron spec-
troscopy and FTIR spectral studies suggest that the deposited PAn materials are in
the rarely reported nigraniline oxidation state, intermediate between the well-known
emeraldine and pernigraniline states.

ROUTES TO MORE PROCESSABLE PAN’S

Emeraldine salts prepared by the previous chemical (and electrochemical) oxidative
routes are typically amorphous, infusible solids that are insoluble in both organic
solvents and water. These intractable characteristics have hindered the development
of applications for PAn, and considerable research has been carried out over the past
decade to develop routes to more readily processable PAn’s.

Approaches that have proved successful in enhancing processibility include (1)
emulsion polymerization and (2) synthesis of colloidal PAn’s. The former leads to
PAn that is soluble in organic solvents, whereas the latter provides effectively water-
soluble materials. An alternative has been side-chain functionalization, involving
the polymerization of ring or N-substituted aniline monomers bearing either alkyl
or alkoxy groups (to enhance solubility in organic solvents) or sulfonate or carbox-
ylate groups (to induce water solubility). These approaches are discussed in the
following sections.

EMuLSION POLYMERIZATION

In initial emulsion polymerization studies,''*!'> oxidation of the aniline monomer was
carried out in xylene—water or chloroform—water emulsions containing DBSA. PAn/
DBSA polymers with high molecular weights were obtained, with a higher degree
of crystallinity, and the polymers exhibited a fibril structure. These differences in
properties were attributed to the fact that the higher solubility of the PAn product in
the emulsion sustained the polymerization reaction.!®® Further applications of this
synthetic route include the preparation of a PAn/chlorophyll material, which exhibits
good solubility in organic solvents such as chloroform, benzene, and THF.!'¢
However, the PAn products were not easily recovered and generally were iso-
lated by breaking the emulsion (e.g., by adding acetone), to precipitate the ES. A
major development with this method was therefore the discovery of a direct syn-
thesis of an ES that is highly soluble in organic solvents by workers at Monsanto.!"”
The method uses a reverse emulsion procedure involving initial formation of emul-
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sion particles consisting of a water-soluble organic solvent (e.g., 2-butoxyethanol), a
water-insoluble surfactant-like dopant (dinonylnaphthalenesulfonic acid, DNNSA;
5), aniline, and water, with (NH,),S,0O;4 as oxidant. As the reaction proceeds, the
mixture changes from an emulsion to a two-phase system, with the PAn product
remaining in the organic phase. This solution is typically diluted with toluene and
has been sold commercially under the trade name PANDA™.

CoHyo l l CoHyg

SO,H

The PAn/DNNSA is highly soluble (it is not a dispersion) in nonpolar organic
solvents such as xylene and toluene, common solvents used in many paints. It has a
molecular weight (M,,) > 22,000 and an electrical conductivity of 10~ S cm™'. Inter-
estingly, treatment of a PAn/DNNSA film with methanol or acetone leads to a marked
(five orders of magnitude) increase in conductivity, which is believed to arise from
extraction of excess DNNSA dopant causing an increase in polymer crystallinity.

CoLLoipAL PAN DISPERSIONS

The most commercially successful method of producing processable forms of CEPs
has been the aqueous colloidal dispersion route pioneered by Vincent and Armes!8-120
(see two recent reviews by Armes'?! and Wessling'??). Unlike the methods discussed
earlier, which all require extensive derivatization of the aniline monomer, disper-
sions are readily formed from unsubstituted aniline and are readily manufactured in
bulk quantities.

The major route to colloidal (effectively water soluble) PAn has been through the
chemical oxidation (S,04>") of the monomer in the presence of polymeric steric sta-
bilizers and electrosteric stabilizers (polyelectrolytes), such as poly(vinyl alcohol),
poly(N-vinyl pyrrolidone), poly(ethylene oxide), poly(styrene sulfonate), dodecylben-
zene sulfonate, and dextran sulfonate. It has been found that the stabilizer can act
simultaneously as a dopant, imparting new functionality to the polymer or additional
compatibility for the final application.

Colloid formation during chemical synthesis occurs because of the formation of
small, growing PAn particles in aqueous solution adsorbing the stabilizer onto their
outer layers, typically through hydrogen bonding. The adsorbed outer layer then
stabilizes the particle and prevents coalescence. Typical particle sizes range from
60 to 300 nm'?* and are strongly dependent on the type of stabilizer, oxidant type
and concentration, monomer concentration, temperature, etc., and they can exist as
either discrete particles or group together as conglomerate structures. Recently, col-
loidal PAn/HCI/DBSA dispersions containing 10-20 nm particles and PAn/HCI/
PVA [PVA = poly(vinyl alcohol)] dispersions with particles as small as 5 nm have
been reported,!>*!1? the latter in mixed DMSO-water solvent.
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We have shown that such colloids are electroactive and can be electrodeposited.'?¢
However, the electrodeposited films are not coherent and redissolve once the nega-
tive potential is removed. Optically active colloidal PAn nanocomposites of the type
PAn/HCSA/polyacrylic acid have also recently been synthesized using the chemical
oxidation route, by the oxidation of aniline with (NH,),S,0Oy in the presence of (+)- or
(=)-HCSA as the dopant acid and polyacrylic acid as the steric stabilizer.'”’

Alternatively, the core-shell approach has been employed to generate aqueous
dispersions (or nanocomposites) in which PAn’s are deposited on the surfaces of
nanoparticles such as silica'?®!'? or TiO,"° during polymerization. The resultant
core-shell structures often group together as conglomerate structures described as
having a raspberry-like morphology.?!

A detailed 'H NMR kinetic investigation'*? of the polymerization of aniline in
DC1/D,0 solution has revealed no significant differences between the rates of dis-
persion polymerization using a poly(ethylene oxide)-based stabilizer and standard
precipitation polymerization in the absence of any stabilizer. However, faster polym-
erization of aniline was observed in the presence of 20 nm silica particles, leading
to PAn—silica nanocomposites. In contrast, slower polymerization occurred in the
presence of surfactant micelles to form surfactant-stabilized PAn particles, presum-
ably owing to the high solution viscosity.

SUBSTITUTED PAN’S

ALKYL- AND ALKOXY-SUBSTITUTED PAN’s

A wide range of alkyl- and alkoxy-substituted PAn’s of the general types 6 and 7
have been synthesized by the chemical or electrochemical oxidation of appropri-
ately substituted aniline monomers.'** Such substitution imparts markedly improved
solubility in organic solvents to the emeraldine salt products compared to the parent
(unsubstituted) PAn/HA salts. The poly(2-methoxyaniline) (POMA) species, in par-
ticular, has been the subject of extensive studies.'**-137 This species has the additional
attractive feature of being soluble in water after being wet with acetone.

O30 oloh
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The substituted PAn products often have much lower molecular weights than
the parent unsubstituted PAn, although M,, values as high as 400,000 g mol-! have
been reported for POMA by controlled chemical polymerization at —40°C.%® This
improvement in processability for substituted PAn’s is also generally gained at the
expense of a large decrease in electrical conductivity, due to twisting of the polymer
chains from planarity by the bulky substituents.

Oxidative polymerization of substituted aniline monomers is frequently more
difficult than that of aniline. A significant recent advance has therefore been the
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synthesis of the novel poly(aniline boronic acid), which can be readily converted
into a range of other substituted PAn’s, including previously inaccessible polymers
(vide infra).'3

CoVALENTLY BOUND CHIRAL SUBSTITUENTS

A significant recent development has been the synthesis of PAn’s in which chiral
substituents have been covalently attached to the aniline rings. Chiral ethers were
bound to the aniline monomer before its chemical oxidation by persulfate,'*® produc-
ing chiral PAn’s possessing strong optical activity as evidenced by their CD spectra.
Previous routes to chiral PAn’s had employed chiral dopant anions to induce chiral-
ity into PAn chains.

SutrFoNIc AciD SussTITUTED PAN's

There has also been considerable interest in the polymerization of sulfonated ani-
line monomers in the hope of producing water-soluble sulfonated PAn’s. Attempts
to polymerize o- or m-aminobenzenesulfonic acid using both chemical and elec-
trochemical means have generally been unsuccessful, which has been attributed to
steric and electronic deactivation by the electron-withdrawing sulfonic acid substitu-
ent.%14! However, Young and coworkers'*? have reported that o- and m-aminoben-
zenesulfonic acid can be synthesized by a novel, high-pressure (19 kbar) procedure
using (NH,),S,04 as oxidant in the presence of 5.0 M LiCl and 5% FeSO,, yielding
the fully sulfonated, self-doped PAn (SPAN; 8). However, its UV-visible spectrum is
inconsistent with an emeraldine salt.

The related fully sulfonated, self-doped polymer poly(2-methoxyaniline-5-
sulfonic acid) (PMAS; 9) may be prepared under normal atmospheric pressure by
the oxidation of 2-methoxyaniline-5-sulfonic acid (MAS) monomer with aqueous
(NH,),S,04 in the presence of ammonia or pyridine (to permit dissolution of the
MAS monomer)."! The polymerization pH was therefore >3.5. Subsequent studies
showed that the product consisted of two fractions: a major fraction with M,, of
ca. 10,000 Da whose electrical conductivity and spectroscopic and redox switching
properties were consistent with a PAn emeraldine salt, as well as a nonconducting,
electroinactive oligomer (M, ca. 2,000 Da).!%3144 Pure samples of each of these mate-
rials can be obtained using cross-flow dialysis.!*
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The self-doped polymer, poly{N-(4-sulfophenyl)aniline} 10, bearing a sulfonated
substituent on each of its N centers, has also been prepared by oxidizing the relevant
monomer with (NH,),S,0; in aqueous HCL.16-147 Phosphonic acid substituents can
also be utilized to generate self-doping PAn’s, as illustrated by the oxidation using
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S,04> of the monomer o-aminobenzylphosphonic acid to give the novel polymer
11.18 Its low conductivity (ca. 10 S cm™) may arise from H-bonding between the
PO,(OH)~ substituents and NH** radical cation sites on the polymer chain, causing
significant charge-pinning.
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POSTPOLYMERIZATION MODIFICATION:
ENHANCING FUNCTIONALITY

An alternative approach to increasing the solubility, and hence the processability of
PAn, has been a variety of postpolymerization methods. Such modifications have
also been pursued in order to introduce added functionality to PAn, allowing their
use in a range of applications such as chemical and biochemical sensors. The post-
polymerization modifications typically involve either (1) chemical reactions on pre-
formed emeraldine base (EB), leucoemeraldine base (LB), or pernigraniline base
(PB) leading to covalent binding of groups to the aniline rings or N centers, or (2)
doping of preformed EB with agents such as Bronsted acids (HA), Lewis acids, and
metal complexes, or organic electron acceptors. These various approaches are sum-
marized in the following sections.

COVALENTLY SuBsTITUTED PAN’s

In addition to their direct synthesis from sulfonated aniline monomers described ear-
lier, a number of water-soluble, self-doped sulfonated PAn’s may also be prepared by
postpolymerization methods. The most widely investigated has been the synthesis of
the ring-substituted SPAN 8. Treatment of EB with fuming sulfuric acid gave a SPAN
product with ca. 50% of the aniline rings sulfonated.'*® Subsequently, it was found that
up to 70% of the aniline rings could be sulfonated by similar treatment of LB, giving
a polymer with enhanced electrical conductivity (ca. 1 S cm™)."** The substitution of
amino and alkylthio groups onto the aniline rings of PAn has similarly been achieved
through the treatment of EB (or PB) with alkyl amines and alkylthiols.!>°

Deprotonation of the amine centers in EB by treatment with NaH in DMSO,
followed by reaction with 1,3-propanesulfone, provides a route to the water-soluble,
self-doped polymer 12, in which a —(CH,);SO;H group is covalently attached to ca.
50% of the N centers along the polymer chain.>! The use of the fully reduced LB as
substrate should lead to a higher degree of N-substitution. This has been confirmed
in a related study where subsequent treatment of the deprotonated LB with alkyl
halides has provided a general route to poly(N-alkylaniline)s, with alkyl chains vary-
ing in length from butyl to octadecyl.!>?
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In our laboratories, we have used a related approach to covalently attach chiral
camphorsulfonate groups to N centers of PAn, by the reaction of EB with (1S)-(+)-
10-camphorsulfonyl chloride in NMP/pyridine.">* The optically active product 13,
isolated as the HCI salt, is believed to preferentially adopt a one-handed helical con-
formation for its polymer chains. This provides the first example of chiral induction
in a PAn species through a covalently attached group. A significant advantage for the
product 13 compared to the chiral PAn/HCSA salts described earlier is that it conse-
quently retains its optical activity upon alkaline dedoping in solution to its EB form.

H+ H I|{
OO HOE0
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A factor hindering the expansion of PAn chemistry to date has been the lack of a generic
route to variously substituted derivatives. An exciting development in this respect is the
recent synthesis of the novel poly(aniline boronic acid).!*® Aromatic boronic acids are
versatile chemical precursors, undergoing a wide range of transformations and this pro-
vides a facile route to a wide range of substituted PAn’s that are difficult to synthesize
directly from their respective monomers. This approach has been successfully demon-
strated for the synthesis of poly(hydroxyaniline) and for poly(halogenoaniline).!3®

DorING oF EB witH BRONSTED Acips (HA)

PAn is unique among inherently conducting polymers in that it can be converted into
a conducting form by a nonredox, acid-doping process, exemplified by the doping
of EB with Bronsted acids (HA) to yield electronically conducting PAn/HA emer-
aldine salts (Equation 4.1). A wide variety of acids may be employed, ranging from
inorganic acids such as HCl, HNO;, H,SO,, H,PO,, and HBF, to organic sulfonic

and carboxylic acids.
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In an important discovery in the early 1990s, Cao and coworkers'>* found that organic
solvent solubility can be imparted to conducting PAn salts by the incorporation of
surfactant-like dopant acids (HA). For example, by doping EB with large bifunc-
tional protonic acids such as HCSA or DBSA, it is possible to solubilize fractions of
these polymers in their fully doped state into solvents such as m-cresol, chloroform,
toluene, and xylene. This solubilization is caused by the hydrocarbon “tail” in the
dopants, while the sulfonate (SO;°) “head” forms an ionic bond with radical cation
NH-~ sites on the PAn chains. There is some debate as to whether this approach pro-
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duces true solutions or forms dispersions in organic media. In practical terms the
result is the same—solution-processable, unsubstituted conducting polymers in the
doped state.

Films of the PAn/HCSA and PAn/DBSA polymers may be cast from these solu-
tions; the properties of the films are highly dependent on the solvent employed.!>>!¢
This is attributed to the solvent’s ability to produce either a rodlike (more highly
conducting) or coil-like (less conducting) polymer structure (see Chapter 5). The
solubility of these polymers in organic solvents has also facilitated the preparation
of conducting blends of PAn with various insulating polymers."”138 The blends can
exhibit a very low percolation threshold, believed to arise from the formation of an
interpenetrating network morphology.!

It has recently been shown that acid doping of EB can also be carried out in the
solid state.'®® For example, the mechanical blending of stoichiometric amounts of
solid EB and HCSA or picric acid leads to electrically conducting PAn/HA salts.

Water-soluble ESs can also be prepared by this acid-doping technique. For exam-
ple, doping of EB with phosphonic acid containing poly(ethyleneglycol)monoethyl
ether (PEGME) as a hydrophilic tail gives a mildly conducting PAn that is soluble
(or dispersible) in water.'¢!

With the water-soluble poly(o-methoxyaniline) (POMA), Mattoso and
coworkers'®? have reported the self-assembly of multilayer conducting polymer
films by depositing alternating layers of the POMA cation and polyanionic dop-
ants such as poly(styrenesulfonate) and poly(vinylsulfonate) onto a glass sub-
strate. This concept has been further developed with POMA by employing the
anion of poly(3-thiopheneacetic acid) as the polyanionic dopant, giving novel
self-assembled films in which both the cationic and anionic components are elec-
troactive polymers.'63

We have employed a related approach in generating films containing alternating
layers of the anionic, water-soluble sulfonated polyaniline PMAS 9 and the poly-
cation, poly(vinylpyridine).!** The analogous self-assembly of multilayer films of
the sulfonated SPAN 8 and the light-sensitive polycation, diazoresin, has also been
described recently.'%?

INCORPORATION OF CHIRAL DOPANT ANIONS
OR CATIONS

This synthetically facile acid-doping approach (Equation 4.1) has also been success-
fully employed by us and others to produce optically active PAn’s. The addition of
the chiral dopant (+)- or (-)- HCSA to EB in organic solvents such as N-methylpyr-
rolidinone rapidly generates optically active PAn/HCSA salts in solution, where the
PAn chains are believed to adopt a one-handed helical arrangement (see Chapter
5).166.167 Qptically active PAn/HCSA films can be cast onto glass from these solutions.
We have observed similar, but less rapid, chiral induction by doping the EB forms
of the ring-substituted polymers poly(2-methoxyaniline) (POMA) and poly(ortho-
toluidine) with (+)- and (—)-HCSA.1%8.1° Optically active PAn’s can also be similarly
produced by employing other chiral dopant acids such as (+)- or (-)- tartaric acid and
0,0’-dibenzoyl derivatives.!”
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DoriNG oF EB witH Lewis Acibps

Solutions of EB may be also readily doped with a range of metal salts and Lewis
acids in a process (Equation 4.2) reminiscent of the Bronsted acid doping of EB
described earlier. Similar to protonic doping, binding of the metal ions to imine N
sites on the EB chains is believed to occur, leading to conducting PAn products of
the general type 14.

HO-O-O=COm, e — H OO,
N
14 @.2)

Considerable attention has been paid to the doping of EB with LiCl and other lithium
salts because of its significance to lithium-ion rechargeable batteries.!”'-!7* The coor-
dination of transition metal ions such as Zn(II) and Pd(IT) to PAn N centers has also
been described by several research groups.'¢%!7-176 For the reaction of Pd(II) species
with EB, a redox reaction involving partial oxidation of the PAn to its pernigraniline
state and concomitant reduction of Pd** to Pd® is reported to accompany the com-
plexation reaction.!”’ The Pd-containing PAn species have significant catalytic activ-
ity for a range of reactions. Similar doping and redox processes have been suggested
during the related reaction of CuCl, with EB in NMP solvent.'”

Complexation (doping) of EB with classic Lewis bases such as AICl;, GaCls,
SnCl,, and FeCl, solubilizes PAn in acetonitrile and nitromethane, solvents that will
not dissolve EB or its protonated PAn/HA ESs.!” This improved solubility is attrib-
uted to metal doping at all the PAn basic sites, eliminating H-bonding between adja-
cent polymer chains, which is one of the major contributors to poor PAn solubility
(see Chapter 5).

The generation of octahedral transition metal (TM) complexes of PAn through
related reactions of EB with complexes containing readily removable ligands
should have considerable advantages over the aforementioned doping with simple
metal salts. These include a variety of fixed geometric (cis or frans) and chiral
configurations, distinctive redox/spectroscopic properties associated with their
metal-ligand interactions, and their potential use as probes for the nature and site
of metal binding to PAn. To this end, we have doped EB in CHCI, solvent with
the Cr(III) complexes cis-[Cr(L-L),(CF;SO;),]* (L-L = 1,2 diaminoethane; 1,10-
phenanthroline or 2,2"-bipyridine) and cis- and trans- [Cr(cyclam)(CF,SO,),]* con-
taining readily replaced triflate ligands, as summarized in Equation 4.3.3° In the
cis-[Cr(phen),(CF;SO,),]* case, strong support for coordination of Cr(III) to imine
N sites on the polymer chains came from photoluminescence studies on the related

reaction with the aniline tetramer.
H
N OOk
+@N—®—N—®—N=©=N]l + [Cr(LL),(CE,50;),]* —> WM,
HO-O:
@3
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In a recent fascinating development of this approach, Hirao and coworkers'®! have
produced chiral induction in poly(ortho-toluidine) via the complexation of EB with
chiral Pd(II) complexes bearing one labile coordination site. The chirality of the
ligand moieties of the Pd complex is believed to induce a propeller twist of the PAn
backbone.

DorING OF EB wiTH ORGANIC ELECTRON ACCEPTORS

“Pseudodoping” of EB by a range of organic acceptors has also been reported by
Kang and coworkers,!$>!83 producing charge transfer complexes with conductivi-
ties as high as 0.1 S cm™. On the basis of the maximum conductivity achieved,
the complexing/doping ability of the organic acceptors with EB decreases in the
order: TCNE ~ o-chloranil > DDQ > o-bromanil > p-fluoranil > p-chloranil. With o-
chloranil, x-ray photoelectron spectroscopic (XPS) studies show the formation of CI-
ions and positively charged N centers on the PAn chains and a concomitant decrease
in imine N sites. This indicates that the charge transfer interaction between the elec-
tron acceptor and EB must proceed beyond the simple formation of a charge transfer
complex, consistent with pseudodoping of EB. Similar charge transfer interactions
are observed between o-chloranil or o-bromanil and substituted EBs to give substi-
tuted PAn’s such as poly(2-chloraniline), poly(3-chloroaniline), and poly(2-ethylani-
line).'8* However, XPS data reveal less extensive charge transfer, presumably owing
to steric hindrance associated with the aniline ring substituents.

IoN IMPLANTATION

Ion implantation has recently been employed as an alternative doping method to con-
vert neutral, nonconducting PAn into a conducting form. For example, bombarding
PAn with high energy (24 keV) I* ions is reported'® to cause a 12 orders of magni-
tude increase in the conductivity of the polymer.

STRUCTURE OF PAN

PAn’s formed by both the chemical and electrochemical processes have been exten-
sively studied to establish structure—property relationships. In this section, the
structural studies of PAn are reviewed; the influence of structure on properties is
considered in Chapter 5. The description of PAn structure is complicated by its com-
plexity. As described earlier, PAn can exist in six different forms (the salt or base
forms of leucoemeraldine, emeraldine, and pernigraniline). In addition, the proton-
ated forms of PAn also have counteranions intimately associated with the positively
charged PAn chains. Finally, it has also been observed that PAn’s may contain con-
siderable amounts of solvent molecules.

MOLECULAR STRUCTURE AND CONFORMATION

PAn formed by either the electrochemical or chemical process give essentially lin-
ear chains with predominantly para head-to-tail couplings. As reviewed previously,
variations to the linear structure have been introduced by substitutions on the ben-
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zene ring. Only the unsubstituted PAn’s are described in the following sections, as
fewer structural studies have been reported on substituted PAn’s.

MOLECULAR WEIGHT

A few studies have investigated the molecular weight of PAn as prepared by standard
methods. In an early work, MacDiarmid and Epstein'®® reported that normal gel per-
meation chromatography (GPC) techniques could be used to determine molecular
weight distributions of PAn. The EB form of PAn was dissolved in NMP with 0.5
wt% LiCl to prevent gelation. Using narrow polystyrene standards, the PAn molecu-
lar weight was estimated to be 64,452 (M,,) and 25,283 (M,), giving a polydispersity
of 2.55. The molecular weights could be increased (to M,, = 440,000; M, = 127,000;
PDI = 3.5) by cooling the reaction solution to —9°C (in the presence of LiCl) to pre-
cipitate anilinium hydrochloride and to minimize the concentration of free aniline
in the solution. These authors also compared the molecular weights obtained from
GPC (using polystyrene standards) and that obtained from light scattering of leuco-
emeraldine solutions. The leucoemeraldine was obtained by reducing the EB using
hydrazine, and the molecular weight by light scattering was found to be approxi-
mately one half of that estimated using GPC.

More recently, Mattes and coworkers'®” have investigated the effect of polymer-
ization temperature on the molecular weight of chemically synthesized PAn. Using
polystyrene standards, the molecular weights (M,,) increased from 31,000 to 235,000
as the polymerization temperature decreased from 0 to —40°C. LiCl was used during
polymerization, while the EB was dissolved in NMP using 2-methylaziridine as an
antigelation agent.

Mattes and coworkers also determined the Mark—-Houwink constants for PAn
EB in NMP. The Mark-Houwink equation relates the intrinsic viscosity (solution
viscosity at infinite dilution) to the polymer molecular weight:

[n] = KM

where [n] is the intrinsic viscosity and K and o. are the Mark—Houwink constants. By
relating the intrinsic viscosity of four different EB samples to their weight average
molecular weight (determined from GPC using polystyrene standards), the Mark—
Houwink constants were determined to be K = 1.2 x 10~* dlg™! and o = 0.77. These
values are in the range expected for flexible chain conformations. In a comparative
study of different polymerization methods, Jayakannan and coworkers'®® found that
the intrinsic viscosity (and, therefore, molecular weight) decreased in the listed order
for PAn ES (doped with pTS) prepared by

1. Redoping an EB sample prepared by chemical polymerization of aniline
in HCI solution giving ES—CI and subsequent deprotonation using ammo-
nium hydroxide

2. Direct polymerization of aniline in a water—toluene stirred mixture con-
taining pT'S acid dopant
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3. Interfacial polymerization of aniline in a water—toluene stirred mixture
containing pI'S acid dopant

The importance of using LiCl to prevent polymer aggregation has been demonstrated
by Angelopoulos and coworkers'® in GPC studies. These workers noted that without
LiCI the GPC chromatogram showed a bimodal distribution. The high molecular
weight peak, however, disappeared when LiCl was added to the solution, suggesting
that this peak was due to polymer aggregation. NMP can H-bond to the PAn, but
this solvent does not sufficiently solvate the polymer to disrupt all PAn interactions.
Thus, additives such as LiCl must be added to prevent PAn H-bonding interactions.

CHAIN CONFORMATION

A number of studies have considered the nature of the PAn conformation in solution
as an effect of solvent/dopant/oxidation state. As described in Chapter 5, the PAn
can form either tight coils or expanded chains depending on the nature of the sol-
vent used. This behavior is typical of polymers in either “poor” or “good” solvents,
but has a significant impact on the electrical properties of conjugated polymers, as
described in Chapter 5 for PAn.

BULK STRUCTURE

NANOSCALE HETEROGENEITY

There is considerable evidence and widespread acceptance that PAn forms a hetero-
geneous structure in its emeraldine salt (ES) form. The evidence comes mainly from
electronic transport studies in which the temperature dependence of conductivity fits
a charge-hopping model.'° It is proposed that small domains of highly ordered poly-
mer are surrounded by less ordered material and that electron transport is dominated
by the slow conduction through the latter. In the ordered regions, it is suggested that
the polymer chains lie flat, allowing a longer conjugation length as the r orbitals can
overlap. In the amorphous regions, the chains are more twisted, causing less overlap
of m orbitals and shorter conjugation lengths.

Recently, there have been a number of studies that provide direct evidence of the
heterogeneous structure of PAn ES. In our own work (see Chapter 1, Figure 1.30),'!
we have used a variant of the scanning tunneling microscope to probe the electronic
structure of ES. In this technique (called current-imaging tunneling spectroscopy
[CITS]), the I-V characteristics of the polymer are mapped with nanometer resolu-
tion. For PAn ES, it was found that small (20—80 nm) domains having metallic-like
I-V curves were surrounded by an insulating matrix. The structure fitted very well
with the description provided by conductivity modeling.

CRYSTALLINITY, MOLECULAR ORDER, AND
CONFORMATION IN SOLID STATE

The exact nature of the structure of the ordered phase in PAn is an ongoing research
area. The elucidation of such structure is complicated by the various means of pro-
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ducing ES films or coatings: direct electropolymerization or through acid doping
(protonation) of EB. The latter technique has the advantage that the EB is highly
soluble, and good-quality films and coatings can be cast from the solution. Subse-
quent treatment of the EB films gives the ES. It has been known for some time that
certain dopants render the PAn ES soluble. Thus, it is also possible to form films and
coatings by direct casting from ES solutions. However, as described previously, the
nature of the solvent used for the ES can profoundly affect the conformation of the
PAn in solution, and these conformational differences are also carried over to the
cast films. The following sections review the structural studies of solution-cast and
electropolymerized PAn in both the EB and ES forms.

Pouget and coworkers made an exhaustive study of PAn crystallinity in 1991,'%2
and this work remains the main reference point for more recent studies. Pouget and
coworkers report two forms of crystallinity in the ES form of PAn and that these two
structures are produced by different processing methods. The so-called ES-I struc-
ture is produced by direct polymerization of aniline in acid to produce the doped
PAn ES, either electrochemically or by using chemical oxidants. Deprotonation of
the ES-I produces an amorphous EB (denoted EB-I), and reprotonation of EB-I once
again generates the ES-I structure. A new crystallographic structure is produced,
however, when EB-I is dissolved in solvents such as NMP and cast as a film; the EB
is crystalline with a degree of crystallinity ~50%. This structure is denoted EB-II.
When EB-II is doped with HCI, it produces the ES-II structure, again with a degree
of crystallinity of 50%, but fundamentally different from the ES-I structure. Curi-
ously, when ES-II is deprotonated, it produces an amorphous EB, and reprotonation
of this amorphous EB gives the ES-II structure (not ES-I). More specific descrip-
tions of these crystal structures and a summary of more recent studies are given in
the following sections.

SOLUTION-CAST EMERALDINE BASE

The EB form of PAn can be either crystalline or amorphous depending on its prepa-
ration conditions. The crystalline form (EB-II) has a degree of crystallinity of up
to 50% and a crystallite size of 5-15 nm."°2 The crystal structure has been indexed
as an orthorhombic lattice with the polymer chains oriented in the c-direction. The
lattice parameters enable the ring-N-ring angle (3) about the amine nitrogen to be
estimated as between 131 and 141°. Furthermore, modeling of the structure enables
an estimate of the ring tilt angle (0), where the phenyl rings are tilted out of the plane
defined by the N atoms by +30° and —30° for alternating rings. The chain structure
is represented in Figure 4.3, and the proposed!®? orthorhombic structure is shown in
Figure 4.4.

Some studies have examined the effect of solvent on the structure of EB films
cast from solutions. For example, Ou and Samuels'®? found that EB films cast from
NMP solution were partially crystalline, as evidenced by shoulders appearing above
the amorphous band in x-ray diffraction (XRD) studies. However, when the EB was
cast from a solution in N, N-dimethyl propylene urea (DMPU), no evidence of crys-
tallinity was observed. Whereas the NMP solutions were unstable (undergoing gela-
tion owing to the formation of H-bonded networks between the PAn chains), the



162 Conductive Electroactive Polymers

> < Z, T

FIGURE 4.3 Definition of the chain angles & (bond angle ring-amine N-ring) and 6 (ring
torsional twist).

FIGURE 4.4 Proposed EB-II orthorhombic crystal structure for emeraldine base.

DMPU solutions were stable probably because the DMPU can itself H-bond to the
PAn. The implication of these observations is that the structure formed in solution
is likely to become nucleation sites for crystallization upon solidification by solvent
evaporation. Disrupting the solution structure reduces the number of nucleation sites
and effectively prevents crystallization. Contrasting results have been reported by
Angelopoulos and coworkers,'® who showed that crystallinity was only observed
in films cast from low concentrations of EB in NMP (< 10 wt%). The interpretation
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from these results was that the solution network in higher concentrations actually
impedes crystal formation upon solvent evaporation.

There is general agreement that increased crystallinity of EB can be induced by
mechanically stretching the films or fibers. Ou and Samuels'®? estimate the crystal-
linity for undrawn EB to be 11-15%, which increases to 20-30% with a draw ratio
of 3.5. Mechanical drawing also results in a high degree of anisotropy, with the
crystallites oriented in the draw direction. XRD studies by Fischer and coworkers'**
confirm the increase in crystallinity with drawing of EB fibers. The increase in crys-
tallinity was attributed to the nucleation of new crystallites rather than to the growth
of existing crystals. These workers also noted an orientation effect of the amorphous
phase, so that highly drawn (L/L, = 4.5) EB has an amorphous phase analogous to
the nematic liquid crystal structure.

EMERALDINE SALT FROM PROTONATION OF EB

Protonation of the EB can produce two types of ES crystal structures. The structures
are denoted ES-I (from protonation of amorphous EB-I) and ES-II (from protonation
of EB-II).

The ES-II structure, similar to the EB-II structure from which it is formed, is
likely to have an orthorhombic lattice. Model calculations show the ring tilt angle to
be close to 0°, accounting for the higher conductivity of the ES compared to EB. The
formation of the ES-II structure by doping EB-II can be visualized by a shift of the
middle chain in Figure 4.4 by b /2 and + ¢ /2 and insertion of dopantions between
the (a,c) layers.!??

The ES-I structure is less well defined, but likely involves a tilting of the chains
with respect to the (a,b) basal plane. There are similarities between the EB-II struc-
ture and the ES-I structure in terms of d-spacings, and a model ES-I structure can be
derived from the EB-II structure by inserting a dopant ion in the channel delimited
by four adjacent chains.'”> A compact structure is obtained by assuming that the
dopant sits in the hollow of the polymer chain zig-zag. Good agreement of calculated
and experimental XRD spectra is obtained by assuming such a structure, although
some subtle differences remain unexplained.'”> The model structure assumes a ring
tilt angle of 0—15° and a chain twist angle (of the chain with respect to the c-axis) of
20-30°.

More detailed studies of the ES-I structure have shown variations depending on
the type of dopant. When ES is prepared by protonating EB using different acids, the
crystal structure has been shown to be dependent on the type of acid used.'®” Small
dopant ions, such as pTS and 5-sulfosalicilic acid, induce less crystalline ordering
than larger dopants such as CSA and DBSA. The latter give diffraction peaks that
suggest a larger degree of separation between polymer chains, as described in detail
in the following sections.

SOLUTION-CAST EMERALDINE SALT

ES films can be prepared directly from solutions when particular counterions are
used to impart solubility. The most extensively studied system is the camphorsul-
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fonic-acid-doped ES as cast from a m-cresol solution. Luzny and coworkers have
considered the crystal structure of camphorsulfonic-acid-doped polyaniline (PAn/
CSA) as cast from m-cresol.!”> Although presenting a clear crystal structure with
a degree of crystallinity of 25%, the unit cell structure has no resemblance to the
structures formed by the EB.

In fact, Minto and Vaughan'®® argue that the PAn/CSA crystal structure is a
variation of the ES-I crystal structure described earlier. The interactions between
the phenyl rings in the CSA~anion and the polymer produce a more planar structure
of the polymer chains compared with the ES-I structure (ring tilt angle up to 15°).
The planar arrangement also reduces the interchain separation from a = 0.426 nm for
ES-I (HCI-doped) to a = 0.35 nm for PAn/CSA. Furthermore, Minto and Vaughan
describe a liquid-crystal-like order in the amorphous phase of PAn/CSA owing to
the ordering and solvation by residual m-cresol solvent. Finally, the unstretched films
examined by them showed a preferred orientation of the polymer chains parallel to
the substrate.

More recent studies have shown the consistency of the crystal structure of PAn/
CSA to be variable and highly dependent on the conditions of film preparation. Sara-
vanan and coworkers'®” have reported a crystallinity as high as 56% in CSA-doped
PAn. Djurado and coworkers!'?® have speculated that the influence of chain branching
during polymerization may play a role in the nature of the crystal structure formed.

Pron and coworkers'® have investigated the crystal structure of other soluble
ESs. In these studies, the solubility of the ES was induced using dialkyl ester sulfo-
nate dopants (15), where R = n-pentyl, n-octyl, n-dodecyl, or other alkyl chains:

O
Il

HO,S C—O0—R
: :ﬁ—O—R
o}
15

The general model of the crystal structure proposed by Pron and coworkers!® is
shown schematically in Figure 4.5. In this structure, the alkyl chains separate the
ordered PAn chains and the separation of the latter depends on the alkyl chain length.
In fact, detailed analysis suggests that the alkyl chains are interdigitated, as shown in
the figure. Similar structures have been proposed for DBSA-doped PAn.2%

A similar layered, or lamellar, structure has been described by Laska and
coworkers?! for PAn ES doped with alkyl phosphates. These dopants both solu-
bilize and plasticize the polymer. The effect of doping level on the microstructure
has been reported, with the degree of crystallinity generally decreasing with an
increasing level of doping. The fully doped ES had a degree of crystallinity almost
half that of the lightly doped structure (dopant:aniline at unit molar ratio of 0.2). It
was proposed that the increased concentration of bulky dopant ions around the PAn
chains at the fully doped state (dopant:aniline at unit molar ratio of 0.5) disrupted
the ordered structure.
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ELECTROPOLYMERIZED EMERALDINE SALT

The crystal structure of electropolymerized PAn ES has been shown to conform to
the ES-I structure, at least for simple counterions such as Cl-. Zhu and coworkers??
used STM/AFM to obtain high-resolution images of both electrochemically grown
and solution-cast PAn films with different dopants. They found a high degree of
molecular ordering with extended PAn chains stacked in parallel rows and separated
by a distance that correlated with dopant size. The interchain separation was found
to be 0.4 nm for Cl--doped ES, close to the expected chain separation for the ES-I
crystal structure. The interchain distance increased to 0.7 nm for C10,~ dopants and
1.4 nm for pTS-doped ES. These separations were found to closely agree with molec-
ular mechanics calculations. More recently, it has been shown that the presence of
neutral KI salts increased the crystallinity of electrochemically prepared PAn.?%

INFLUENCE OF WATER AND “SECONDARY
DOPANTS” ON PAN CRYSTALLINITY

An increase in crystallinity of PAn ES has been reported by the incorporation of sec-
ondary plasticizing agents. Pron and coworkers!®® have shown that the incorporation
of an “external” plasticizer enhances the crystallinity of dialkyl-ester-doped PAn.
The use of dioctylphthalate or tritolyl phosphate was shown to increase the intensity
of WAXD scattering peaks and to also increase the electrical transport properties.
With about 30 wt% of external plasticizer added (with respect to the PAn base), it is
estimated that one plasticizer molecule is associated with 13.5-14 PAn repeat units.
The analysis of the XRD peaks shows that the plasticizer does not enter the crys-
talline domains and must, thus, remain in the amorphous regions. The plasticizer,
therefore, is believed to enhance the crystallization of the PAn by allowing greater
chain flexibility during the latter stages of film casting.

MORPHOLOGY AND DENSITY

The film morphology of electrochemically prepared PAn has been shown by many
workers to be fibrillar in nature and often quite porous. In contrast, solution-cast
films are flat and featureless with little porosity. The density of cast PAn films has
been found to depend on the dopant and degree of crystallinity,?’* as expected. Con-
ditions that favor lower crystallinity (such as higher polymerization temperature) and
the incorporation of bulky dopants will produce lower-density films. The density
of electropolymerized coatings will also be affected by the porosity and coating
morphology. The factors influencing the morphology of electropolymerized PAn are
reviewed in the following text.

Armes and coworkers have investigated the structure of both PAn colloid parti-
cles [stabilized with poly(vinyl alcohol)] and electrochemically prepared PAn films.
In both cases the fundamental morphology was nanoparticles of up to 20 nm in
diameter. Colloid particles were rice grain shaped. Thick films showed submicron-
sized features that appear to be aggregates of the smaller particles.

Several other studies have indicated that the PAn film morphology changes dur-
ing the polymerization process. Abrantes and coworkers,?% for example, used ellip-
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sometry techniques to investigate the thickness and properties of PAn/SO, films
prepared potentiodynamically. These workers found clear evidence of a less dense
structure forming at longer polymerization times. Desilvestro and Scheifele??® have
reviewed some of the early structural studies on PAn. They report that SEM and
ellipsometry studies have shown that thin (< 150 nm) PAn films prepared electro-
chemically are compact with densities of ~1.45 g/cm?. Thicker films become very
porous with a granular or fibrous surface structure. Films that are many tens of
microns thick can have porosities in excess of 80%.

On the basis of studies of polymerization of aniline in a number of support-
ing electrolytes, Desilvestro and Scheifele?® have proposed the following growth
mechanism for electrodeposited PAn. There is an induction period initially in which
a dense layer of globular morphology is deposited. Polymerization then proceeds
from localized globules, leading to fibrils of roughly uniform diameter. Further
deposition occurs at the active ends of fibrils and at branch points (which are evenly
distributed). Partial thickening of the fibrils also takes place during further polymer-
ization. Porosities are consistently reduced when faster polymerization occurs (e.g.,
potentiodynamic polymerization, higher aniline concentrations).

A number of studies have investigated the effect of counterion on PAn film
morphology. In our own studies, we have commonly observed a powdery deposit
for electrochemically prepared PAn (see Chapter 5). Comparing small counterions,
Duic and coworkers?®’ found a correlation between film morphology and conductiv-
ity. Fibrous morphologies were produced by using four acids, with the diameter of
the fibrils decreasing with different anions as follows: HSO,~> NO;~> Cl-> CIO,".
The rate of polymerization (under identical potentiodynamic conditions) followed
the same order; it is possibly related to specific anion adsorption on the electrode
promoting a higher concentration of the anion at the polymerization site. The C1- ion
promotes less branching of fibrils than the oxyacids, and the lower degree of branch-
ing may account for the lower conductivity (10~ S/cm) of the PAn/Cl compared with
the PAn prepared from oxyacid electrolytes (1-8 S/cm).

Hwang and Yang?®® have compared the morphology and porosity of PAn pre-
pared with polyelectrolytes. Similarly to other workers, they found that HCI produces
a porous, fibrous network with fiber diameters ~100 nm. The addition of poly(acrylic
acid) produced extended, long needles of PAn loosely connected together. Other
polyelectrolytes, such as poly(vinylsulfonate) and poly(stryrenesulfonate), produce
more globular surface structures.?® Yang has advanced the hypothesis that the mor-
phology is determined by H-bonding interactions between the anilinium ions and
the polyelectrolyte chains to produce the so-called double strand PAn.

The morphology of in situ deposited PAn’s using chemical oxidants is very simi-
lar to that of thin electrodeposited films. For thin films (60 nm thick), AFM studies
reveal granular features of 50-100 nm in diameter that are densely packed giving
smooth films.?*® Thicker films are much rougher with granular features up to 200
nm in diameter.

The growth mechanism of in situ deposited films proposed by Stejskal and
coworkers?!? has similarities to that described earlier for electrodeposited PAn. It
is important to note that the in situ method produces both a surface coating as well
as the normal powdery precipitate from the bulk of the solution. It is proposed by
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Stejskal that aniline radical cations adsorb on the substrate surface during an induc-
tion period before bulk polymerization is observed. The adsorbed species promote
the formation of a dense film initially on the substrate surface. Once this film has
formed, further growth occurs on the PAn surface in a manner similar to the growth
of localized globules during electropolymerization. The surface roughness of in situ
PAn films may be further increased by the incorporation of PAn precipitates from
the bulk solution.

NANOSTRUCTURED POLYANILINES

As for PPy’s, there has been an explosion of interest in the synthesis of PAn’s with
nanodimensions, as such materials have been shown to have enhanced electronic
and electrochemical properties. Formation of PAn nanoparticles has been achieved
via polymerization in micelles, using either sodium dodecyl sulfate (SDS)*!! or
DBSAZ?!2-214 a5 the surfactant stabilizer. Particle sizes in the range of 10-30 nm with
conductivities as high as 24 S cm™! have been reported.

Control of the micelle size utilized in the formation of PAn nanoparticles has
been achieved by tailoring the stabilizer to modify the resulting micelle dimensions.
Kim and coworkers?'>2!¢ used amphiphilic polymer molecules and hydrophobically
end-capped poly(ethylene oxide) [PEO], and varied the hydrophilic regions in it
to control the final micelle size. The resultant nanostructures ranged from 20 to
approximately 300 nm in size, depending on the molecular weight of the hydrophilic
PEO midsection.

Using inverse microemulsions, it has been shown that small monodisperse PAn
particles can be produced.?'-21° Particle sizes in the range of 10-35 nm diameter were
obtained. After washing to remove the surfactant, chemically prepared materials
exhibited conductivities of up to 10 S cm™!, whereas for electrochemically prepared
materials conductivities as high as 200 S cm™' were reported. Gan and coworkers
used?'® an inverse microemulsion approach that involved the formation of barium
sulfate nanoparticles, which were then coated by PAn. These composite nanoparti-
cles had a reported conductivity from 0.017 to 5 S cm™!, with particles ranging in size
from 10 to 20 nm. Xia and Wang??° have used ultrasonication during inverse micro-
emulsion polymerization of PAn to produce spherical nanoparticles with diameters
of 10-50 nm and conductivities on the order of 10 S cm™'. The ultrasonication was
found to increase the rate of polymerization of aniline, which is typically slow when
the microemulsion route is used. Rate increases are obtained by acceleration of het-
erogeneous liquid—liquid chemical reactions in solution. A secondary advantage is
the prevention of aggregation due to particle agitation induced by ultrasonication.

Physical templates have also been used to facilitate the growth of PAn nanostruc-
tures. Nanofibril arrays were prepared by chemically depositing PAn into 20-200
nm pores in anodic aluminum oxide film (30—60 um thick) that was subsequently
etched away with 0.3 M H,PO, or through ultrasonication.??!

Hollow CEP cigar-shaped nanotubes with sealed ends, synthesized via the track-
etched polycarbonate template route, have also been reported by Mativetsky and
Datars.???> These materials exhibited a small drop in conductivity as the diameter
decreased from 400 to 50 nm, contrary to previous reports.??>-22¢ The small decrease
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in conductivity on the order of 50 mS cm™" is believed to result from an increase in
the electron scattering within the nanocylinder walls or from the presence of large
impedances in the nanostructure.

Choi and Park??® have modified surfaces with cyclodextrins to assist in the elec-
troformation of PAn nanowires. Others have utilized the concept of molecular tem-
plates to form PAn supramolecular rods with electrical conductivity improved by
two orders of magnitude.??’

A template-guided synthesis of water-soluble chiral-conducting PAn in the pres-
ence of (S)-(-)- and (R)-(+)-2-pyrrolidone-5-carboxylic acid [(S)-PCA and (R)-PCA]
has been reported to produce nanotubes.??® The structures prepared have outer diam-
eters of 80—220 nm with an inner tube diameter of 50—130 nm. It was proposed that
the tubular structures form as a result of the hydrophobic aniline being templated by
the hydrophilic carboxylic acid groups of the PCA in aqueous media during chiral
tube formation. The resultant tubes were shown to be optically active, suggesting
that the PAn chains possess a preferred helical screw.

McCarthy and coworkers'?%-2? reported a template-guided synthesis of water-
soluble chiral PAn nanocomposites. The nanoparticles were prepared by the physical
adsorption of aniline monomer onto a templating poly(acrylic acid) in the presence
of (+)- or (-)-CSA, followed by chemical oxidation. Using this approach, optically
active nanocomposites of approximately 100 nm diameter were formed. Earlier work
by Sun and Yang?3® using polyelectrolytes produced similar nonchiral dispersions
in which the PAn chain is interwound with a water-soluble polymer by electrostatic
forces.??! Similar work by Samuelson and coworkers utilized DNA as a chiral tem-
plate for PAn.?3

The concept of using molecular templates has been taken a step further by Zhang
and Wan?* by the incorporation of 10 nm Fe,O, nanomagnet particles into the B-NSA
nanorods and nanotubes that are 80—-100 nm in diameter. These PAn/B-NSA/Fe,0,
nanostructures were observed to exhibit superparamagnetic behavior (i.e., hyster-
esis loop effects). More importantly, both the electrical conductivity and magnetic
properties of these nanoparticles could be manipulated by control over the load-
ing level of the nanomagnetic particles. Increased loading of the Fe,O, nanoparticle
decreased the conductivity from ca. 70 mS cm™! for no loading to ca. 10 mS cm™ at
20 wt%, while inducing the superparamagnetic behavior in the nanocomposite.

Self-assembled PAn nanofibers and nanotubes that also exhibit photoisomeriza-
tion functionality have been described by Huang and Wan?3*; azobenzenesulfonic
acid (ABSA) was used as the molecular templating surfactant, dopant, and photoac-
tive agent. The nanostructures formed were similar to those synthesized by Wan and
coworkers??8:235-237.233 (discussed previously), with diameters of 110-130 nm and fiber
lengths of 3—8 um. The photoinduced isomerization, from trans to cis, of the ABSA
dopant was observed using UV-visible spectroscopy at 430 nm (n—7t" transition) after
irradiation of the nanocomposites at 365 nm (for 0, 2, 6, 10, and 12 min) by UV-vis-
ible spectroscopy from 300 to 800 nm. The photoisomerization of the composite
material was observed to be slower than that for ABSA owing to steric hinderance as
a result of the frans-ABSA interacting along the polymer backbone.

Recent elegant studies by Kaner and coworkers?**2% have shown that interfacial
polymerization provides a facile and versatile method to produce PAn’s as nanofi-
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bers with diameters between 30 and 120 nm, depending on the nature of the dopant
anion employed. In addition, by constraining the aniline polymerization to the sol-
vent interface, this synthetic approach is believed to hinder undesired reactions such
as ortho-coupling and lead to PAn’s with fewer defects.

There are a number of alternate routes that are capable of producing nanopar-
ticles in the absence of a precursor substrate or a molecular template. For example,
He and coworkers?*° have described a technique in which PAn is deposited between
two nanoelectrodes to form a nanojunction. As the junction is decreased in size to
just a few nanometers, abrupt switching characteristics are observed as opposed to
the more gradual transition observed during electrochemical switching of PAn struc-
tures with larger dimensions. A further report from the same laboratory?** added a
new dimension by initiating growth of PAn between an STM tip and a gold substrate.
The STM tip was modified to allow only a few nanometers to take part in the growth
of the nanowire. During growth, the tip and substrate were monitored at 20—100 nm
resolution. After growth, the nanowire could be stretched by moving the STM tip
to produce wires up to 200 nm in length and with diameters as low as 6 nm. These
structures had conductivities of about 5 S cm~!.

Electrodeposition of PAn containing (C60) fullerene as dopant??24% has been
shown to result in 2-D or 3-D fibrillar structures.?*>?** Diameters from 10 to 100
nm with fibril lengths of up to 3000 nm were observed. The fibrillar network had
conductivities in the range 10-100 S cm'. 2-D networks have been prepared using
pulsed-potential techniques, whereas 3-D networks were observed to form over lon-
ger synthesis times. With this approach, there is apparent control over the density of
contact points for the individual nanonetworks.

Electrospinning®324¢ is another recent nontemplated method. This simple
approach is based on the electrostatic fiber spinning of composite fibers of PAn with
poly(ethylene oxide), polystyrene, or polyacrylonitrile. These fibers are formed when
a high electric field (5-14 kV) is placed between the tip of a metallic anodic spinning
needle loaded with the dissolved polymer solution (0.5-4 wt% PAn and 2—4 wt%
host polymer) and an opposing cathode plate separated by 20 cm. The presence of
the high electric field causes the electrostatic forces on the polymer-loaded solution
at the needle tip to overcome the surface tension, thereby expelling a polymer fiber
from the surface toward the opposing cathodic plate. The transit time from the anode
tip to the cathode plate is accompanied by a desolvation and drying process, in part
assisted by the electrostatic charges placed upon the solvent molecules causing elec-
trostatic repulsion. The resulting nanofiber composite is reported to have lengths in
the meter range and is collected as an interwoven mesh with large surface-to-volume
ratios (~10° m?/g). These fibers are ohmic in nature. Fiber dimensions of < 100 nm
have been routinely produced by this technique. More recently,>* fibers of PAn have
been directly spun from a 20 wt% solution of PAn (Versicon™) in 98% sulfuric acid
at 5 kV. The electrospinning method has also been extended to produce continuous
PAn/poly(ethylene oxide) monofilament nanofibers down to 60 nm diameter at a
maximum spin rate of 1130 m/min and a conductivity of 33 S cm™.24

Aligned polymer nanowire structures have been developed using an electro-
chemical deposition technique to form aligned PAn arrays on smooth and textured
electrode substrates without the need for a porous templating structure.?*324 QOri-



Synthesis of Polyanilines 171

Infiltration Host
— —
XA o
Opal Template ICP Infiltrated Opal ICP Inverse Opal

Template

FIGURE 4.6 Schematic showing the approach used to produce highly ordered inverse opal
structures with conducting polymers.

ented polymer nanowires were formed using a preprogrammed constant-current
deposition method in which the current density was stepped down throughout the
nanowire growth.

In order to create novel nanostructures, PAn’s have been recently deposited on
aligned carbon nanotubes®@ or into the interstitial spaces of inverse opals®!?% to
create novel, ordered 3-D networks (Figure 4.6). Molecular templates (such as cyclo-
dextrin) have also been added to electrode surfaces to facilitate the electrodeposition
of nanostructures.?>

DEPOSITION IN NANOSCALE MATRICES

An elaboration of this technique, incorporating the concept of template-guided syn-
thesis, is the use of nanoporous matrices such as zeolites and polycarbonates as
a template within whole pores to perform the chemical polymerization of aniline
monomers. For example, Wu and Bein?3* have prepared nanofilaments of conduct-
ing PAn in the 3-nm-wide channels (pores) of the aluminosilicate host, MCM-4l,
through initial adsorption of aniline vapor into the dehydrated host followed by oxi-
dation with (NH),S,Oq.
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5 Properties of Polyanilines

As with polypyrrole (PPy), the electrical, chemical, and mechanical properties
of polyaniline (PAn) are inextricably linked. In addition, PAn has spectacular
optical and chromic properties that distinguish it from other conducting elec-
troactive polymers (CEPs). The current state of knowledge concerning proper-
ties of PAn is reviewed in this chapter.

ELECTRICAL PROPERTIES

CoNDUCTIVITY

PAn has an electronic conduction mechanism that seems to be unique among conduct-
ing polymers, as it is doped by protonation as well as by undergoing the p-type doping
described for PPy. This results in the formation of a nitrogen radical cation rather
than the carbonium ion of other p-doped polymers.! Many of the unusual properties
of PAn’s arise because of the A-B nature of the polymer configuration, whereas most
other conducting polymers are of the A-A type. Furthermore, the B component is the
basic N heteroatom, which is involved with the conjugation in polyaniline PAn more
than the heteroatoms in PPy and similar polymers. Therefore, the conductivity of PAn
depends on both the oxidation state of the polymer and its degree of protonation.

PAn can exist in a range of oxidation states. The one that can be doped to the
highly conducting state is called emeraldine. In the base font it consists of amine (-
NH-) and imine (=N-) sites in equal proportions. The imine sites can be protonated? to
the bipolaron (dication) emeraldine salt form. However, this undergoes a further rear-
rangement to form the delocalized polaron lattice, which is a polysemiquinone radical
cation salt. The structures at each stage of this process are shown in Figure 5.1.

Although theoretical calculations have predicted that the bipolaron state is ener-
getically more favored than the polaron,? it is widely agreed that polarons are the
charge carriers responsible for the high-conductivity PAn.>#367 It has been proposed
that the presence of coulombic interactions, dielectric screening, and local disorder
in the PAn lattice act to stabilize the delocalized polaron state.® It has also been
shown that bipolaron states do exist in PAn, but they are few in number and are not
associated with the conducting regions of the polymer.?

The conductivity of the PAn/HA emeraldine salts (ES) is dependent upon the
temperature® as well as humidity and, hence, polymer water content.!®!! In general,
attachment of functional groups decreases the conductivity, whereas the formation
of copolymers between aniline and functionalized aniline results in polymers with
intermediate conductivity. In addition, the preparation conditions,'>!3 particularly as
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FIGURE 5.1 The doping of emeraldine base with protons to form the conducting emeral-
dine salt form of polyaniline (a polaron lattice).
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they relate to the formation of structural defects'* and the polymer morphology,'>16
influence conductivity. It has also been reported that the conductivity of PAn is
dependent on the solvent it is cast from or exposed to. This phenomenon has been
referred to as secondary doping.'”'® The solvent causes a change in the polymer con-
formation that results in increased conductivity.

However, the most significant dependence of the conductivity of PAn is on the
proton-doping level.!” The maximum conductivity occurs when PAn is 50% doped
by protons, to give the polaron lattice structure shown in Figure 5.1. Under these
conditions, the conduction mechanism is similar to that for the other polymers
described, with the polaron states overlapping to form midgap bands. The electrons
are thermally promoted at ambient temperatures to the lower energy-unfilled bands
that permits conduction.?’

Even so, the occurrence of a charge exchange phenomenon is necessary to
produce the conductivity levels observed, even in 50% doped PAn, because of the
presence of structural defects other than those caused by inadequate protonation of
the nitrogen sites. It is proposed that this involves interchain or intrachain proton
exchange as well as electron transport. This explains the observed dependence of
conductivity on the ambient humidity, as the presence of water within the polymer
lattice would facilitate this proton-exchange phenomenon.'®

At doping levels higher than 50%, some amine sites are protonated, and at levels
lower than this, some imine sites remain unprotonated. In both instances, delocaliza-
tion of the charge carriers over the polymer backbone is disrupted, thereby reduc-
ing the polymer conductivity. When significant proportions of these nonconducting
phases occur, PAn behaves in a manner equivalent to a conducting system in which
metallic islands are dispersed throughout a nonconducting media. In such a system,
transport of the charge carriers occurs through ‘“charge energy-limited tunneling”
involving long-range hopping. This is similar to that which occurs in granular con-
duction models, except that it occurs on a molecular scale in PAn. This complex
relationship between the conductivity of PAn and the chemical nature of its environ-
ment has resulted in great efforts to characterize these phenomena and, particularly
recently, to find applications where these unusual properties are of benefit. Further
discussion of this aspect appears in the section on the switching properties of PAn.

There has been much recent interest in enhancing the order and consequent con-
ducting properties of conducting PAn salts via postpolymerization treatment with
an appropriate “secondary dopant.” In particular, much attention has focused on the
influence of m-cresol 1 solvent or vapor on the properties of the ES PAn/(+)-HCSA
salt obtained by doping emeraldine base (EB) with racemic (z)- 10-camphorsul-
fonic acid (HCSA).?!2223 Emeraldine salt films cast from such doping reactions in
DMSO, DMF, N—methylpyrrolidinone (NMP), and chloroform solvents are consid-
ered to possess a compact coil conformation of their PAn chains.?*?* These tightly
coiled chains exhibit a characteristic localized polaron band at ca. 800 nm in their
UV-visible spectra and show relatively low electrical conductivities (typically 0.1-1
S/cm). In contrast, PAn’s cast from similarly doped solutions in m-cresol solvent
have been assigned an expanded coil conformation on the basis of their markedly
higher electrical conductivities (150-200 S/cm) and strikingly different absorption
spectra.?®2* Most diagnostic is the replacement of the high-wavelength (ca. 800 nm)



182 Conductive Electroactive Polymers

polaron band by an intense, broad free-carrier tail absorption in the near-infrared
(1000-2500 nm) region.

Meta-cresol vapor has also been shown to have a major effect on the properties
of PAn/(+)-HCSA salts. Exposure to m-cresol vapor of films originally cast in the
compact coil conformation causes a change to an expanded coil arrangement for
the polymer chain and a large (ca. two orders of magnitude) increase in electrical
conductivity.?>?> Once again, associated with these changes is the disappearance of
the localized polaron band in the visible absorption spectrum at ca. 800 nm char-
acteristic of the compact coil conformation and its replacement by a strong, broad
free-carrier tail in the near-infrared region.

In both the liquid and gas phases, the m-cresol is considered to act as a sec-
ondary dopant for the PAn chains, leading to the previous conformational changes.
Theoretical studies?®?’ suggest that the effects associated with m-cresol arise from
a synergistic combination of interactions between the m-cresol, HCSA, and PAn
chains. These involve H-bonding between the phenolic OH group of the m-cresol
and the carbonyl group of the HCSA, and n-stacking of phenyl rings in the second-
ary dopant and the PAn chain.

Other phenolic compounds have also been shown to cause similar changes in
conformation and physical properties of PAn/HCSA salts.?*?® Most of these, for
example, m-cresol, are highly corrosive and toxic, limiting their desirability for
processing and enhancing the electrical conductivity of PAn’s. However, we have
recently found that the structurally related molecules thymol 2 and carvacrol 3,
which are much less toxic than m-cresol, can also function as effective secondary
dopants for PAn/(+)-HCSA films and increase the electrical conductivity by up to
two orders of magnitude.?®

OH OH
OH

The UV-visible spectrum for PAn/(+)-HCSA obtained by doping EB with (+)-
HCSA in carvacrol is shown in Figure 5.2.

METALLIC POLYANILINE

Although conducting electroactive polymers (CEPs) have been known for three
decades, the goal of producing a polymer with transport properties typical of a metal
has to date eluded researchers. CEPs such as PAn emeraldine salts have not exhib-
ited the monotonic decrease in resistivity with temperature expected of a metal, and
their electrical conductivities are not as high as one would theoretically expect. In
consequence, their microstructures are generally regarded to consist of islands of
highly conducting, crystalline regions surrounded by regions of amorphous noncon-
ducting material.
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FIGURE 5.2 UV-visible spectrum for PAn/(+)-HCSA obtained by doping EB with (+)-
HCSA in carvacrol.

The recent report? of PAn/HCSA salts possessing unprecedentedly high elec-
trical conductivities of up to 1300 S/cm and that exhibit resistivity versus tempera-
ture profiles typical of a metal is, therefore, highly significant. These remarkable
PAn’s were prepared via a novel self-stabilized dispersion polymerization route
(see Chapter 4) that minimizes defects in the PAn product arising from undesirable
ortho-coupling and crosslinking during the polymerization. Further support for the
superior nature of these new PAn materials is their high crystallinity evidenced from
x-ray diffraction (XRD) studies. This route to improved, high-performance PAn may
open up exciting new prospects in “plastic electronics.”

SWITCHING PROPERTIES

PAn is an interesting material that undergoes two distinct redox processes when in
the protonated state (Figure 5.3).3° These processes are readily observed using cyclic
voltammetry (Figure 5.4). The most conductive form of PAn is the emeraldine salt
form that occurs between approximately +0.20 and +0.60 V versus Ag/AgCl. At less
positive potentials, the fully undoped form (leucoemeraldine) is less conductive, as
is the fully oxidized form (pernigraniline) at higher potentials.

The doping reaction is the same as that which occurs during the polymerization
process, and the dedoping reaction is the reverse process. Many of the side reactions
that can occur during polymerization can also be a problem during doping, particu-
larly those involving overoxidation.

PAn can be “switched” by the addition of acids and bases that protonate and
deprotonate the base sites within the polymer. This leads to the dependence of the
polymer states, and thus the reactions, on the pH of the solutions. At solutions of pH
greater than 4, PAn loses its electroactivity entirely because the emeraldine salt, the
only conducting form of the polymer, cannot form.
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FIGURE 5.4 Cyclic voltammogram of PAn/HCI on a glassy carbon electrode; 1 M HCl(aq);
50 mV/s; the potentials at which structure and color changes occur and the change in the
potential of the second redox reaction with pH are shown as well. The second oxidation peak
moves to a less positive potential with increasing pH.

If the PAn polymer is exposed to potentials greater than the second oxidation
process, a third voltammetric response appears upon cycling the potential. This is
due to oxidation/reduction of a degradation product.’ In fact, insoluble degradation
products are formed, probably owing to chain scission by hydrolysis of amine groups
to form benzoquinone and acrylamine terminations.

PAn has been shown to exhibit similar redox behavior in both aqueous and non-
aqueous media.’> However, in organic solvents, the second (more positive) oxidation
response is irreversible owing to the lack of protons in such media.

Thus, PAn undergoes transitions between various states. Therefore, its chemical
properties are varied and can be controlled by application of a potential and/or an
acid or base. Not only do the conductivity and chemical properties of PAn change
but the color of the polymer also changes between each of these states.’*3* These
chromatic changes in PAn have led to an interest in its use for display devices, redox
and pH indicators, and other applications.

The electrochemical switching of PAn can be readily monitored by cyclic voltam-
metry. However, because of the dependence of the switching on the protonation level
of the solution, the peak potentials vary with the pH. A signature voltammogram for
PAn at a pH of 0 is shown in Figure 5.4, including the potentials at which structural
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and color changes occur. The trend observed for the peak potential with increasing
pH is also indicated. The rate of switching depends on the electrolyte used® (with
smaller ions, the switching is faster) and the solvent employed.3°

It has been established that when polyelectrolytes are incorporated as dopants
in PAn, the switch from conducting to nonconducting material is shifted to very-
high-pH solutions, enabling electrochemistry to be carried out on PAn in neutral
solutions.’” Poly(methoxyanilines) have been used as the basis of electromechanical
actuating; changes in dimensions in the thickness direction of more than 20% were
reported as the polymers are doped and dedoped.’®* Similar effects are observed if
some level of self-doping is introduced into the PAn backbone.*

CHEMICAL PROPERTIES

Many of the properties of PPy mentioned in earlier chapters apply to PAn as well.
The electron-rich, nonpolar backbone of the polymer is dispersed with functional
groups of the N heteroatom that may participate in hydrogen bonding, as well as
introduce a polar functional group to the various forms. In the conducting state, PAn
also has a positive charge delocalized over the backbone of the polymer and over
a much larger range than in traditional ion-exchange materials. The ion-exchange
properties of PAn may be derived from a similar source to PPy, although in the PAn,
the positive charge is in the form of a radical cation rather than a dication. The effect
of this difference on the chemical properties cannot be predicted with certainty. The
dependence of this state of the polymer on the pH of its environment will also make
a major contribution to the observed chemical properties.

Several studies*** have indicated that the strongest chemical interaction of
PAn is anion-exchange properties and that these properties differ in several ways
from those of conventional ion-exchange resins. The reason may be attributed to the
charge delocalization. Charge configurational phenomena have also been observed
in studies with amino acid interactions on PAn.** For example, it has been shown that
for two amino acids with similar charge densities but different molecular configu-
rations, the ability to interact with PAn was markedly different. Studies involving
inverse chromatography** have shown that PAn’s are more hydrophilic than PPy, as
may be expected from the increased charge density. It has also been observed that
PAn stationary phases are capable of discriminating between polyaromatic hydro-
carbons on the basis of planarity and/or length-to-breadth ratio.**

A smaller range of counterions has been incorporated into PAn than into PPy;
therefore, the range of chemical interactions imparted by the counterions has not
been as significant. A number of different functional groups have been added to
the aniline monomer although these have predominantly been investigated for their
influence on the conductivity or polymerization of PAn, as mentioned previously.
However, these may also be used to introduce various chemical interactions to PAn,
in a manner similar to that described for PPy.

Incorporation of bioactive molecules into PAn is not so readily achieved
because electropolymerization must normally be carried out at low pH. However,
thin polymeric coatings containing enzymes have been produced by polymeriza-
tion from buffer solutions (pH = 7).* Tatsuma and coworkers*® have immobilized
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horseradish peroxidase into films composed of a sulfonated PAn and poly(L-lysine)
or poly(ethyleneimine). In other work, Ogura and coworkers added tungsten tri-
oxide to polyaniline—polyvinylsulfate electrodes, and they used these to facilitate
the electroreduction of CO, to lactic acid, formic acid, ethanol, and methanol.*’ In
another report from the same laboratory,*® a range of different Fe complex struc-
tures were added to PAn prussian blue films to enable the electrocatalytic reduction
of CO,.

Films of optically active PAn salts, such as PAn/(+)-HCSA 4 or the optically
active EB derived from them, have recently been shown*® to exhibit discrimination
toward chiral compounds such as the enantiomers of CSA- and amino acids. The
studies suggest that these novel chiral materials may indeed have potential for the
separation of enantiomeric chemicals, such as chiral drugs.

1O 3O »

CSA~

MECHANICAL PROPERTIES OF POLYANILINE

The mechanical properties of PAn differ considerably between the electrochemi-
cally prepared polymer and that produced from solvent casting. As described ear-
lier, electropolymerized emeraldine salts are highly porous and, consequently, have
low mechanical strength. Freestanding films may be prepared electrochemically, but
their poor mechanical properties limit their usefulness. In contrast, the polymers
made from solution are much less porous and are widely used as freestanding films
and fibers. The effect of polymer structures and morphology on PAn mechanical
properties are described in the following text.

ELECTROCHEMICALLY PREPARED FILMS

A limited number of studies have considered the effects of electropolymerization
conditions on the mechanical properties of PAn. Kitani and coworkers,* for exam-
ple, have shown that it is possible to prepare freestanding films from PAn in the
reduced (leucoemeraldine) state. When oxidized to the emeraldine state, the films
became brittle. Similar behavior was described in Chapter 3 for PPy and the change
in mechanical properties in that case was related to the increased interchain bonding
between charged chains resulting in a decrease in toughness. Presumably, a similar
explanation applies to PAn.

The polymerization potential has also been found to influence the mechanical
properties of polyaniline PAn/HA emeraldine salt films.>° The most extensible films
were formed at a polymerization potential of 0.65 V (versus Ag/Ag*), which dis-
played an extension to break of around 40%. Preparation of the PAn/HA films at
0.8 V and 1.0 V resulted in more brittle films. It was suggested that degradation
of the PAn at polymerization potentials in excess of 0.8 V might explain the poor
properties of the 1.0 V film. The difference in behavior of the films prepared at 0.65
V and 0.8 V was attributed to differences in their crosslink density. Unfortunately,
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FIGURE 5.5 Scanning electron micrograph of polyaniline/HCI.

structural characterizations of the PAn films prepared under these conditions were
not conducted, making it impossible to explore the structure—property relationships
in more detail.

Our studies have shown that the electropolymerization method produces a
powdery deposit (Figure 5.5) and that the adhesion of the deposit to the working
electrode depends on the reaction conditions. For example, a finer powder PAn/
HNO; salt produced by using the NO;~ counterion gave stronger adhesion than
the coarser PAn/HCI produced when the CI- counterion was used. Also, cyclic
application of the electropolymerization potential gave the most strongly adher-
ent deposits, whereas galvanostatic growth gave a polymer that was less adherent.
Finally, the potentiostatic method produced the lowest adhesion. To date, the effect
of these parameters on other mechanical properties of the coatings and films has
not been reported.

PAn can be successfully plasticized to improve the ductility and toughness.
Residual solvent (e.g., NMP) in solution-cast films and fibers undoubtedly affects
the mechanical properties by increasing elongation at break and reducing the
elastic modulus. Fedorko and coworkers®-*? have recently demonstrated dramatic
improvements in the ductility of PAn films using plasticizing dopants. Thus, the
di(2-ethylhexyl)ester of 4-sulfophthalic acid (DEHEPSA) was used to prepare PAn
that was soluble (in the ES form) in dichloroacetic acid. Cast films had similar con-
ductivities to PAn/HCSA of ~ 100 S/cm. Tensile testing gave an elongation at break
of 28% for the PAn/DEHEPSA films compared with only 2% for the ES-CSA. The
tensile strength for both films was similar: 14 and 16 MPa, respectively. This tensile
strength is comparable with that obtained for unoriented EB films. PAn gels have
also been prepared containing large amounts of solvents such as NMP or m-cresol.
In one study,”® high-conductivity gels (up to 100 S/cm) have been prepared with
Youngs moduli up to 1 MPa (typical of rubber).

Most fibers (see Chapter 7) and films of PAn have been prepared from a solution
of EB and converted to the emeraldine salt by acid doping. The choice of dopant acid
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has a profound effect on mechanical properties. In fact, MacDiarmid and cowork-
ers>* have shown that the mechanical properties depend in a complex way on dopant,
casting solvent, and polymer molecular weight. EB films have also been thermally
crosslinked, with the degree of crosslinking (controlled by the thermal treatment
temperature) greatly affecting the tensile strength.3 Although the strength increased
with crosslinking, the ability to protonate the EB using acids was diminished. Full
details of the effects of polymer structure (as influenced by dopant and solvent) on
the mechanical properties are yet to be elucidated.

Thermal analysis has been used to study thermal transitions in PAn, specifi-
cally the glass transition. This polymer has been shown to display a distinct glass
temperature (T,) with the transition being sensitive to the degree of plasticization.
DMA studies>® on PAn-EB films cast from NMP have shown multiple transitions at
142, 198, and 272°C. The lower temperature transitions disappeared when residual
NMP was removed, suggesting that the highest temperature transition represents
the T, of PAn-EB. Gregory®’ has evaluated the thermal properties of the LB form of
PAn using differential scanning calorimetry (DSC) and DMA. A broad endotherm
was observed at ~385°C, substantially higher in temperature than the T, at ~200°C.
The endotherm was attributed to melting of a crystalline phase as supported by x-ray
diffraction (XRD) and microscopy data. DMA data also confirmed significant soft-
ening of the polymer at ~375°C. The fibers and films used by Gregory were prepared
from DMPU, a solvent that inhibits gelation of the EB in solution.

OPTICAL PROPERTIES OF POLYANILINES

Semiempirical molecular orbital calculations,>® and more recently, ab initio calcula-
tions® on the conducting emeraldine salt form of PAn predict, in contrast to PPy and
polythiophene, the presence of a single broad polaron band deep in the band gap.
This band is half-filled, giving rise to an ESR signal.®®

These band-structure calculations are in agreement with the observed UV-vis-
ible-NIR spectra. In their compact coil conformation, emeraldine salt typically
exhibit three peaks: a n—n* (band gap) band at ca. 330 nm and two visible-region
bands at ca. 430 and 800 nm that may be assigned as m — polaron band and polaron
— 7* band transitions, respectively® (see Figure 5.6).

BASE FORMS OF POLYANILINE

Electronic band structures have also been calculated for each of the base forms of
PAn, namely: the fully reduced leucoemeraldine base (LEB), the half-oxidized EB,
and the fully oxidized pernigraniline base (PB).%> The observed UV-visible spectra
of LEB, EB, and PB are in good agreement with these calculated band structures. The
lowest energy absorption band for LEB occurs at ca. 320 nm and may be assigned
to the m—mt* electronic transition, that is, between the valence and conduction bands.
For EB, as well as a similar low-wavelength n—n* band, there is a strong band at ca.
600 nm that has been attributed to a local charge transfer between a quinoid ring
and the adjacent imine-phenyl-amine units giving rise to an intramolecular charge
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FIGURE 5.6 UV-visible spectra of polyaniline showing EB and ES forms.

transfer exciton.®® PB also exhibits two absorption peaks: a n—m* band at ca. 320 nm
and a band at ca. 530 nm assigned to a Peierls gap transition.

Protonation of PB causes a violet-to-blue color change due to the formation of
pernigraniline salt (PS). This color change is associated with the loss of the PB band
at 530 nm and the appearance of a strong PS peak at ca. 700 nm.

In general, conjugated polymers such as PAn show a strong coupling between
their electronic structure and geometric features such as the polymer chain confor-
mation. There have been a number of theoretical studies examining the influence of
PAn chain conformation and, in particular, the role of phenyl and phenyl/quinoid tor-
sional angles along the chain, on the electronic structure of PAn (and consequently
their electronic absorption spectra). These include semiempirical calculations by
Brédas and coworkers®?-¢+65 and by de Oliveira and coworkers® on oligomeric mod-
els of the PAn base forms LB, EB, and PB, as well as some ab initio calculations.®’

The position and intensity of the absorption bands for PAn species are, there-
fore, sensitive to the conformation adopted by the polymer chains, as well as the
conjugation length. With emeraldine salt, the A, for the longest-wavelength
absorption band is red-shifted for polymers with longer conjugation length. Most
interest in this particular polaron band has centered, however, on its use as a diag-
nostic test for the conformation of the PAn chains. As seen in Figure 5.6, this band
typically appears as a strong peak in the region 750—-850 nm when the PAn chains
adopt a compact coil conformation. However, when an extended coil conformation
is adopted, this localized polaron band is replaced by a broad, strong free-carrier
tail in the NIR, with A,,,, red-shifted to 1500-2500 nm. The delocalization of the
polaron along the PAn chain in this extended coil conformation results in a much-
enhanced electrical conductivity.

As a consequence, there has been extensive recent interest in exploring means
of modifying PAn chain conformations, using UV-visible-NIR spectra (and asso-
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ciated circular—dichroism [CD] spectra for chiral PAn) to monitor such changes.
The influence of secondary dopants such as m-cresol and carvacrol on the confor-
mation of PAn’s was discussed earlier in this chapter,?'® whereas other significant
advances in this area are summarized later in the section entitled “Solvatochromism
and Thermochromism.”

CIRCULAR DICHROISM SPECTRA

The first reported optically active PAn’s were the PAn/(+)-HCSA and PAn/(-)-HCSA
salts (HCSA = 10-camphorsulfonic acid), prepared in our laboratories by the elec-
tropolymerization of aniline in the presence of either (+)- or (-)-HCSA.%-%° The opti-
cally active dopant anions are believed to induce a preferred one-handed helical
arrangement in the PAn chains in these emeraldine salts 4, giving rise to intense
CD bands in the visible region. Recent studies by Li and Wang” have shown that
PAn/(+)-HCSA films of exceptionally high optical activity can be electrochemically
deposited by polymerizing the aniline monomer in the presence of small amounts of
aniline oligomers.

An alternative facile approach to optically active PAn is the doping of EB with
optically active dopant anions such as (+)- or (-)- CSA~ in a variety of organic sol-
vents.”"273 The PAn/(+)-HCSA and PAn/(—)-HCSA salts exhibit mirror-imaged cir-
cular dichroism (CD) spectra, indicating enantioselectivity in the doping of the EB
chains with (+)- and (-)-HCSA. Figure 5.7 shows the CD spectrum of PAn/(+)-HCSA
in NMP solvent. It exhibits bisignate CD bands at ca. 720 and 795 nm associated
with the high-wavelength polaron absorption band observed (Figure 5.6) at ca. 775
nm. Overlapping bisignate CD bands are also observed at lower wavelengths (includ-
ing a characteristic band at ca. 450 nm), associated with the low-wavelength polaron
band and n—n* absorption band observed in this region.
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FIGURE 5.7 CD spectrum of PAn/(+)-HCSA in NMP solvent.
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We have rationalized the optical activity of these PAn/HCSA (and related PAn/
tartrate) salts in terms of the preferential adsorption of a one-handed helical con-
formation by the PAn chains, depending on which enantiomer of the CSA~ anion is
employed in the doping.®®%737 Alternatively, as suggested by Meijer and cowork-
ers” (and has been established for chiral poly(alkylthiophenes); see Chapter 6), the
observed optical activity may arise from the formation of chiral supramolecular
aggregates. However, in contrast to chiral poly(alkylthiophenes), PAn/(+)-HCSA
exhibits a strong CD spectra in “good” solvents such as NMP and DMPU (where
interchain aggregation is believed to be minimized) as well as in “poor” solvents,
supporting one-handed helical chains as a major contribution to the observed CD
spectra of PAn.HCSA salts in organic solvents.

Optically active poly(2-methoxyaniline)/HCSA (POMA/(+)-HCSA and
POMA/(-)-HCSA) salts can also be made either electrochemically or by the pre-
vious doping method, again exhibiting bisignate CD bands associated with the
visible-region absorption bands.”®’” More recently, optically active POMA/HCSA
and poly(2-ethoxyaniline)/HCSA salts have also been generated by the oxidation
of the corresponding substituted aniline monomers with the electron acceptor 2, 3-
dichloro-5,6-dicyanobenzoquinone (DDQ) in organic solvents such as chloroform/
THF mixture.”s”

Optically active films of PAn/(+)-HCSA and POMA/(+)-HCSA may be dedoped
in 1 M NH,OH to give the corresponding optically active EBs,%°7¢ and the oxidation
(with S,04%7) and reduction (with N,H,) of such films have also been shown to yield
optically active PB and LEB films, whose chiroptical properties have been exhibited
by CD spectra.’°

In an alternative approach, optically active forms of the anionic fully sulfonated
PAn, poly(2-methoxyaniline-5-sulfonic acid) [PMAS] can be generated via the incor-
poration of the ammonium ions of chiral amines or aminoalcohols as the counter cat-
ions. This was achieved either during electropolymerization of the MAS monomer®!
or via addition of the chiral ammonium cations to preformed PMAS.?? The PMAS
polymer chains (or assemblies of chains) are believed to preferentially adopt a one-
handed helical conformation, the chiral induction being initiated by acid—base inter-
action of the chiral amines with “free” sulfonic acid groups on the PMAS chains.
CD spectra of these polymers show that enantiomeric amines such as (R)-(+)- and
(S)-(—)-1-phenylethylamine induce the opposite helical hands for the PMAS chains
(see Figure 5.8). However, there was no clear correlation between the CD signals for
the PMAS.(amine) films and the configuration of structurally diverse amines.

CD is a very sensitive spectroscopic tool for probing chain conformations in opti-
cally active polymers. For example, with peptides, CD spectroscopy has been widely
employed to estimate the proportion of the chain present as the alternative o-helix,
B-sheet, and random coil conformations.®* Following the discovery of electrochemi-
cal®®% and chemical” 2 routes to chiral PAn. HCSA and related ring-substituted PAn’s,
we have employed CD spectroscopy extensively to (1) distinguish between extended
coil and compact coil PAn conformations, (2) probe redox and pH switching in PAn,
(3) characterize conformational changes in solvatochromism and thermochromism
for PAn, and (4) distinguish unequivocally between the conformations/structures of
electrochemically and chemically prepared PAn. Similar valuable information on
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FIGURE 5.8 CD spectra of spun-cast 1:1 PMAS/(+)-PhEA and PMAS/(—)PhEA films.

PAn structures and chiral recognition properties has been increasingly reported by
other research groups over the last few years, as summarized in the following text.

CHIRAL DISCRIMINATION AND ASYMMETRIC
INDUCTION WITH CHIRAL POLYANILINES

Kaner and coworkers®+#° have recently reported enantiomeric discrimination of amino
acids by chiral PAn films. The EB form of PAn doped with (S)—(+)- or (R)-(-)-10-
camphorsulfonic acid was used to separate racemates of DL-amino acids. The interac-
tions of the chiral PAn films with amino acids suggested that the chiral recognition
ability of dedoped PAn is size and shape dependent. These properties may be useful
in the employment of chiral PAn as a chiral stationary phase for chromatography.

A striking example of asymmetric induction by chiral PAn’s has been the recent
demonstration that thin optically active PAn film layers can act as platforms to induce
optical activity in PAn’s containing only achiral dopants that are subsequently elec-
trochemically deposited on these surfaces.®® The origin of this remarkable macromo-
lecular asymmetric induction is currently uncertain. Interestingly, Samuelson and
coworkers®” have recently observed related asymmetric induction in the horseradish
peroxidase catalyzed synthesis of PAn/(+)-HCSA/PAA, PAn/(-)-HCSA/PAA and
PAn/(rac)-HCSA/PAA nanocomposites (PAA = polyacrylic acid), where the PAn
chains adopted the same helical hand, irrespective of the hand of HCSA employed.

SOLVATOCHROMISM AND THERMOCHROMISM

Marked changes in the UV-visible and CD spectra of PAn/HCSA salts have been
widely reported by changing the nature of the organic solvent, the solvatochromism
being associated with changes in the PAn backbone conformation/structure. How-
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ever, there have been few studies of thermochromism. We have recently shown from
CD studies of PAn/(+)-HCSA that the conformation of electrochemically deposited
films is changed upon heating to 140°C from a largely extended coil conforma-
tion to a compact coil conformation.®® This study also unequivocally established
that electrochemically and chemically prepared PAn/(+)-HCSA salts have different
conformations/structures.

Kaner and coworkers® have reported that in the doping of EB with (+)-HCSA,
the presence of water in the NMP solvent causes the PAn/(+)-HCSA formed to have
an inverted CD spectrum compared to that exhibited by the chiral salt formed in the
absence of water. More recent studies in our laboratories® of similar chiral doping
of EB in a range of organic solvents (NMP, DMSO, DMF, and DMPU) containing
1-10% v/v water reveal marked changes in CD spectra due to the presence of water,
in some cases, leading to inversion of configuration. These inversions may arise
from prior H-bonding of the EB substrate by water, which competes with H-bonding
between the dopant (+)-HCSA carbonyl group and the PAn amine groups believed to
be responsible for chiral induction in the polymer chains. Surprisingly, the presence
of 25-50% water in the organic solvent leads to optically inactive PAn. Kuramoto
and coworkers’®”! have also recently observed fascinating solvent-mediated changes
in the CD spectra for PAn/(+)-HCSA salts produced via their electron acceptor route.
They have also pointed out’®” that PAn/(+)-HCSA and POMA/(+)-HCSA salts pre-
pared from water and organic solvents possess different conformations.
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6 Synthesis and Properties
of Polythiophenes

Polythiophenes (PTh’s) (1 shown subsequently) have much in common with
polypyrroles. They are formed from a cyclepenta-diene molecule, but which
has an S heteroatom. Thiophene is oxidized to form a conducting electroactive
polymer (CEP), with the greatest conductivity obtained from a-o linkages.
There are some important differences between polythiophenes and polypyr-
roles, and these are discussed here.

SYNTHESIS OF POLYTHIOPHENE

ELECTROPOLYMERIZATION

Polythiophene 1 can be synthesized either electrochemically or chemically using a
simple oxidation process according to

// \\ Oxidise
S

A~ molecular dopant, m determines molecular weight 6.1)

As with polypyrrole, A~ is a counterion incorporated into the polymer during growth
to balance the charge on the polymer backbone, and m is a parameter proportional
to the molecular weight. As with polypyrroles, the mechanism of polymerization
involves formation of radical cations that react with one another or the starting
monomer to develop the polymeric structure (Figure 6.1). The reaction of the radical
cation with the thiophene monomer has been elegantly demonstrated in studies in
which small amounts of bi- or ter-thiophene were added to reduce the polymeriza-
tion potential.! Even after the additive was consumed, polymerization continued at
lower potentials.

This is particularly important because the development of systems utilizing
thiophene have been thwarted by the “polythiophene paradox.”? It has been clearly
shown that at potentials required to oxidize the thiophene monomer, the polymer itself
becomes overoxidized. This overoxidation process proceeds according to Equation
6.2,3 and results in deterioration in the chemical and physical properties of the polymer.
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FIGURE 6.1 Polymerization of thiophene (Where R = H or a substituent).

Therefore, if using constant-current or constant-potential polymerization, the product
obtained will be a mixture of polythiophene and overoxidized polythiophene.

W + 2H,0 ——— / S\ + 4H* + 4e”
Nm VN

Various substituted thiophenes have been produced, the most common being
3-alkyl thiophenes. Sato and coworkers* carried out a comprehensive study using
thiophene (Th 2), 3-methylthiophene (MTh 3), and 3-ethylthiophene (ETh 4).

C,Hs

@Cﬁd

They found that all the monomers could be oxidized to form conducting poly-
mers, and that the oxidation potentials increased such that MTh < ETh < Th. The
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FIGURE 6.2 Effect of substituents on oxidation potential of substituted thiophenes.

fact that ETh was harder to oxidize than MTh was attributed to steric effects. Low-
ering of the oxidation potential by addition of alkyl groups at a B carbon position
avoids the polythiophene paradox during polymerization.

Other workers>® have minimized overoxidation during polymerization by using
bithiophenes or terthiophenes as starting materials for the polymerization process.
The polymerization potential has been shown to decrease such that terthiophene <
bithiophene < thiophene. As reviewed by Roncali, polythiophenes produced from
these starting materials generally have lower conductivity.” However, addition of
small amounts of bithiophene® influences the polymerization process and results in
polymers with increased conjugation length and, therefore, fewer structural defects.
This translates to improved electronic properties.

We®10 have recently shown that the attachment of a range of electron-donating or
electron-withdrawing groups through a conjugated linker (Figure 6.2) has a dramatic
effect on polymerization potential and subsequent photovoltaic performance.*!

A range of alkoxy groups'' 5, 6, 7 has also been added to the bithiophene start-
ing material to reduce the oxidation potential even further. Attachment of the alkyl
group 7 also facilitates the solubility of the polymer in nonpolar organic solvents.

C4HgO CioH21

Y T\ s I\ s

oo Tl T

A range of copolymers involving functional thiophenes have also been formed
electrochemically. For example, Sato and coworkers'? formed a copolymer contain-
ing 3-dodecylthiophene and 3-methylthiophene. The material had a solubility of 75
(W/w)% in chloroform and a conductivity of 220 S cm™!.

Polythiophenes are normally produced from nonaqueous media because the
monomer is more soluble in these. Also, a wider electrochemical potential window
is available, and this is required as polythiophene is more difficult to oxidize than
pyrrole. The influence of water on the polymerization process for thiophene and on
the redox switching properties has been studied.'>'* The presence of water as low as
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1% causes mislinkages and a subsequent deterioration in polymer properties.'3 Other
authors'> have claimed that optimal polymers are produced from propylene carbon-
ate.* These same workers also point out that the minimum thiophene concentra-
tion required to enable polymerization is solvent dependent. The required minimal
monomer concentration decreases for solvents with a large dielectric constant. They
claim that solvents with a high dielectric constant (having an electron-withdrawing
substituent) influence the reactivity of the intermediate cation radical and, therefore,
play an important role in the polymerization process.

The counterion employed can also affect the rate of polymerization at a fixed
potential. The effect of the counterion’s chemical nature on the oxidation of
3-methylthiophene was found to be potential dependent.!> At relatively low anodic
potentials (+1.25 to +1.34 V), the initial rate of reaction was found to be quickest
when the C10,~ anion was used as dopant. The next quickest rate was with the BF,~
ion, closely followed by PF,~. This trend was similar to the oxidation potentials
measured by cyclic voltammetry. At higher anodic potentials (+1.40 to +1.5 V), the
ClO,~ ion showed the slowest reaction rate. At even higher potentials (> +1.50 V),
the reaction involving ClO,~ was severely inhibited, with currents dropping to low
values. The perchlorate ion is known to undergo oxidation at these potentials to form
ClO,. This species may well have reacted with the intermediate monomer radicals to
inhibit the polymerization process.

Recently novel polyelectrolytes 8 have been incorporated into polythiophene
structures and found to generate a mechanically strong electroactive deposit.'®

OSO3;TBA" OH
CH,4 ] [ _ (|:H3 _
—O0 ) ) 0 )
O O | Q
CH; n CH; m
8

TBA = Tetrabutylammonium

The ability to incorporate different counterions into any conducting polymer
backbone is largely dictated by the requirement for mutual monomer—counterion
solubility. Whereas for polyanilines this is limited by the need for acid conditions
to dissolve the monomer, for polythiophenes it is often limited by the need for an
organic solvent to achieve monomer dissolution.

Ionic liquids introduce a new possibility in this regard, as their ability to provide dis-
solution is often unpredictable and sometimes useful. These ionic liquid properties have
been used recently to achieve incorporation of dye molecules into polyterthiophene.!”

Polythiophenes have been polymerized on a range of substrates" including Pt,
Au, Cr, and Ni. However, as with polypyrrole, they do not grow on more easily oxi-
dized substrates such as Cu, Ag, Pb, or Zn.

Other workers have shown that polymerization of functional thiophenes from
aqueous media is possible if surfactants are used to help solubilize the mono-
mer.'31%20.21 T the case of SDS being used as a solubilizing agent for bithiophene,'
it was also found to lower the oxidation potential and inhibit the dissolution of the
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iron, enabling electropolymerization on this active substrate. SDS was also found to
lower the oxidation potential of EDOT structure 5'° and other copolymers contain-
ing alkoxythiophene and bithiophene groups.?

The effect of temperature on the polymerization process for thiophene®? has
been investigated. Results show that when polymerization is carried out at 15-20°C,
polymers with optimal properties are obtained. Ultrasonication has been used to
improve the efficiency (improved yield, lowering of polymerization potentials) of the
electropolymerization process for polythiophene.?

CHEMICAL POLYMERIZATION

As with polypyrrole, polythiophene can be produced using a chemical oxidant. How-
ever, owing to the limited solubility of thiophene, this reaction must be carried out
in nonaqueous media. Copper (II) perchlorate has been used as an oxidizing agent
in acetonitrile to yield a simultaneous polymerization/doping process.?* This results
in polymer materials with conductivities of approximately 8 S cm~!. Alternatively,?
the Grignard reaction can be used (Figure 6.3) to produce polythiophene, which is
the first time conventional synthesis techniques have been used. Others?® have used
a chemical polymerization process that ensures the production of well-defined head-
to-tail (HT)-coupled poly(3-alkylthiophenes).

The first controlled chemical syntheses of polythiophene were reported in 1980
by two different groups; they used metal-catalyzed coupling of 2,5-dibromothio-
phene (Equation 6.3).2”2% In both cases, the dibromothiophene substrate was first
reacted with Mg in THF, replacing either the 2- or 5-bromo substituent with MgBr.
Self-coupling was then achieved, with either Ni(bipy)Cl,?” or M(acac), (M = Co, Ni,

Br CioHys
// \; C1aHps-MgBr // \;
S NiCl,(dppp), ether S

CH,Cl, \ Heating

HNO,, I,| 6hr

C12H25

CioHos
Mg, Ether
*@Mgl o Iﬂl
Reﬂux, 6 hr S

NiCl,(dppp) | 100 °C
Anisole 5hr
: CioHos

FIGURE 6.3 Chemical synthesis of alkylated polythiophenes.
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Pd) or Fe(acac),?® as catalyst, the condensation reactions eventually leading to poly-
thiophenes of low molecular weight.

N /@\Br Mg/THF /\ S

Metal Complex Catalyst S \ /

n (6.3)

Such polycondensation dehalogenation reactions remain a commonly employed route
to polythiophene, and a range of solvents, halogenothiophene substrates, and other
metal-based catalysts have been examined, as recently reviewed.?® For example, the
reaction of 2,5-dibromothiophene with Ni(cyclooctadiene), and triphenylphosphine
in DMF leads to an almost quantitative yield of polythiophene.®® Solid-state 3C
NMR studies confirm exclusive 2,5-coupling of the thiophene repeat units in the
polymeric product. The 2,5-dichlorothiophene monomer is less active as a substrate
in such reactions; however, the corresponding 2,5-diiodothiophene is reported to be
a good substrate.’!

The direct oxidative polymerization of a thiophene monomer has also been suc-
cessfully employed to prepare polythiophene, for example, using FeCl, in chloro-
form solvent.?> MoCls; may be similarly employed as both the oxidant and dopant.?
Subsequent reduction with ammonia of the doped polythiophene products from
these FeCl; and MoCl; oxidations provides the neutral polymer.

Despite their low molecular weights, these unsubstituted polythiophenes are
insoluble in THF and other common organic solvents, and are also infusible. Their
poor processability has therefore led to extensive studies of alkyl- and alkoxy-sub-
stituted polythiophenes in the hope of enhancing solubility in organic solvents and
allowing melt processing. Synthetic approaches to these substituted polythiophenes
are described in the following text.

VAPOR-PHASE POLYMERIZATION

Vapor-phase polymerization (VPP) has also been employed in a few cases to pre-
pare polythiophene-based films. This approach was first successfully used by de
Leeuw and coworkers* in 1994 to prepare smooth films of poly(3,4-ethylenedioxy-
thiophene) (PEDOT) using ferric p-toluenesulfonate as the oxidant. Imidazole was
added as inhibitor to suppress the polymerization of the EDOT monomer until the
solvent was evaporated. Fe(III) sulfonates do not have sufficient oxidizing power in
VPP to produce coherent and conducting polythiophenes from the thiophene mono-
mer itself. However, Winther-Jensen and coworkers® have recently prepared polybi-
thiophene (PBTh) and polyterthiophene (PTTh) via the vapor-phase polymerization
of the more readily oxidized bithiophene and terthiophene using Fe(III) tosylate as
oxidant. Both polymers were formed in their blue, oxidized state, but spontaneously
reduced to their neutral, yellow-orange state upon washing in ethanol. The cyclic
voltammograms of the PBTh and PTTh films on Pt-coated PET foils in 0.10 M
[Bu,N]ClO,/acetonitrile were similar to those previously described3® for analogous
electrochemically produced films, confirming their electroactivity.
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Vapor-phase polymerization has been used to create a PEDOT structure into
which even delicate biomolecules such as enzymes can be incorporated during the
subsequent washing step.?’

UV POLYMERIZATION OF OLIGOTHIOPHENES

There have been several reports indicating that oligothiophenes can also be polymer-
ized by UV irradiation.’***40 In a recent study in 2004, Huisman and coworkers*
showed that when thin films of bithiophene and terthiophene were irradiated with a
150 W xenon lamp, dimerization occurred, giving quarterthiophene (4T) and sexi-
thiophene (6T), respectively. Similar photochemical dimerizations were achieved
with solutions of bithiophene and terthiophene in chloroform or toluene, or when
films of nanocrystalline titanium dioxide (nc-TiO,) soaked with bithiophene and
terthiophene were irradiated. The latter approach provides a convenient method to
partly fill nc-TiO, pores with 4T and 6T oligothiophenes, which is of potential use
in the fabrication of photovoltaic devices. Interestingly, the authors reported a pho-
tovoltaic response when nc-TiO,/4T or nc-TiO,/6T interpenetrating structures were
irradiated with visible light.

SUBSTITUTED POLYTHIOPHENES

PoLY(3-ALKYLTHIOPHENES) AND POLY(3-ALKOXYTHIOPHENES)

Elsenbaumer and coworkers*#? reported the first synthesis of soluble poly(3-alkyl-
thiophenes) in 1985, using the metal-catalyzed cross-coupling polymerization
reaction shown in Equation 6.4, with 2,5-diiodo-3-alkylthiophenes as substrates.
Poly(3-alkylthiophene) products with butyl or longer alkyl substituents were found to
be soluble in a wide range of common organic solvents, such as chloroform, dichlo-
romethane, THF, toluene, and nitrobenzene, permitting the casting of thin films of
the polymers. Melt processing into films was also possible, whereas 'H NMR studies
confirmed that only 2,5"-couplings had occurred. Undesirable 2,3’- and 2,4’-cou-
plings (leading to branching structural defects) were absent, presumably owing to
steric hindrance by the 3-alkyl group.

/O\ _ MgITHE / \
Ni( dppp Cl, \ /
6.4)

The direct oxidative polymerization of 3-alkylthiophenes with FeCl, in an organic
solvent such as chloroform has also been widely used to prepare poly(3-alkylthio-
phenes) with molecular weights between 30,000 and 300,000.2°-33434445 This route,
like the Grignard-type coupling methods mentioned earlier, proceeds by 2,5"-cou-
plings of the alkylthiophene repeat units, with little or no undesirable 2,4’-couplings.
This is consistent with a mechanism proposed for FeCl;-based polymerizations,
involving initial oxidation of the 3-alkylthiophenes to radical cations with the radi-
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cal centers predominantly located on the thiophene ring 2- and 5-positions, followed
by chain propagation (Equation 6.5).46

R R R
// \( FeCl; // i /—\ :{ \( Polymerisation
S ST ~—7 s

Plus Other Couplings 6.5)

The FeCl; oxidative polymerization route has also been employed for the synthe-
sis of poly(3-alkoxythiophenes).?*#748 Increasing the alkoxy substituent chain length
leads to improved solubility in organic solvents. The smaller steric demands of the
alkoxy groups compared to the corresponding alkyl substituents results in less twist-
ing of the polythiophene backbone. An extreme illustration of this is in the polymer-
ization of 3,4-disubstituted thiophene monomers. Whereas the presence of two alkyl
substituents causes marked twisting of the polymer chain from planarity and a con-
sequent large decrease in electrical conductivity,*” a film of poly(3-butoxy-4-methyl-
thiophene) 9 exhibits a UV-visible spectrum (A,,, = 545 nm) typical of a highly
conjugated (planar) polymer and has high conductivity after doping with FeCl, (3 =
2 S em™).# Another interesting and useful disubstituted polymer is PEDOT 10. This
can be readily prepared by the FeCl; oxidation of the corresponding monomer, and
has an exceptionally high conductivity (6 = 13-30 S cm™!, depending on the organic
solvent employed in the synthesis).*

Me OBu (@) (0]
/ /
S n S n
9 10

Alkoxy-substituted bithiophenes have also been successfully polymerized, using
Cu(ClO,), as oxidant.’® As with related FeCl, oxidations of alkyl-substituted bithio-
phenes,’! these dimeric substrates are easier to oxidize than the corresponding sub-
stituted thiophene monomers, due to their lower oxidation potentials.

Despite the predominant 2,5-coupling with both the 3-alkyl and 3-alkoxy thio-
phene monomer substrates, the presence of the ring substituents introduces a fur-
ther structural complication. Coupling of the substituted thiophene units can now
lead to four possible triad regioisomers for the resultant polymers, depending on
whether the coupling occurs in a 2,5-head-to-tail (HT), 2,2-head-to-head (HH), or
5,5-tail-to-tail (TT) manner. These structures 11-14 for the polythiophene products
are depicted in Figure 6.4 (X = S).

When a mixture of these regioisomers is formed, the resulting substituted poly-
thiophenes are described as regiorandom or irregular. This has major implications
for the properties of the polymers. Strong steric interactions between alkyl (R) groups
in cases of HH couplings, as in regioisomers 12 and 14, cause marked twisting of
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R

[/ \; 3 (R = alkyl, alkoxy, etc)
S

11 (HT-HT)
12 (HT-HH)
13 (TT-HT)

14 (TT-HH)

FIGURE 6.4 Structures of substituted polythiophenes.

the polymer chain from planarity, thereby decreasing the conjugation length and
electrical conductivity of the polythiophene. In contrast, the less sterically crowded
regioregular HT-HT structure 11 results in little twisting, and this species can adopt
an almost planar arrangement for its polymer backbone. These predictions are sup-
ported by gas-phase molecular mechanics and ab initio calculations.>?33

"H NMR studies have shown that metal-catalyzed cross-coupling polymeriza-
tions of 3-alkylthiophenes such as reactions 6.4, generally lead to regiorandom poly-
thiophenes. A similar situation holds for polymerizations performed by the oxidation
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of 3-alkylthiophenes with FeCl,.33434445 The poly(3-alkylthiophene) products from
this latter route usually have only ca. 70-80% HT coupling; i.e., they are regioran-
dom. However, it has been reported that in the polymerization of 3-(4-octylphenyl)-
thiophene 15, the slow addition of the FeCl, oxidant can result in up to 94% HT
couplings.>* Improved polymerization conditions have similarly led to an 84% HT
polymer from FeCl, oxidation of 3-octylthiophene.>

C8]—[17

/

15

REGIOREGULAR SUBSTITUTED POLYTHIOPHENES

An important development has been the discovery of effective routes to highly regio-
regular (HT) poly(3-alkylthiophenes). The first such regiospecific polymerization
was reported by McCullough and Lowe*® in 1992. This one-pot synthesis involves
the regioselective lithiation of 2-bromo-3-alkylthiophene 16 and subsequent in situ
generation of the Grignard reagent 17, followed by polymerization via the addition
of NiCl,(dppe) catalyst, to give poly(3-alkylthiophenes) with 98—-100% HT-HT cou-
plings (Figure 6.5). These regioregular polymers (M, = 20,000—-40,000) possess
markedly improved properties over the related regiorandom polymers, including
enhanced electrical conductivity, nonlinear optical properties, and crystallinity. For
example, regioregular poly(3-dodecylthiophene) exhibits a conductivity of 1000 S
cm™!, compared to 20 S cm™! for its regiorandom analog.”’

‘MgBr.OEtz

R

Ni(dppp)Cl, / \
B ———
BrMg S Br

(100% HT-HT)

FIGURE 6.5 Regioregular synthesis of substituted polythiophene.
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In a second useful approach to regioregular (HT) poly(3-alkylthiophenes),
developed by Rieke and coworkers,>® highly reactive zinc (Zn*) is reacted with 2,5-
dibromo-3-alkylthiophene substrates 18 to yield metallated species 19 with high
regiospecificity. Treatment of this intermediate with the cross-coupling catalyst
NiCl,(dppe) results in a regioregular (HT) poly(3-alkylthiophene) (Equation 6.6).
The polythiophene products from the alternative McCullough and Rieke synthetic
routes have similar properties.

R R

/U\ 70 /U\ Ni(dppp)Cl,
H S Br —  BrZn S Br

18 19

(Zn* prepared by reaction of ZnCl, with Li naphthalene) (HT-HT) 6.6)

An alternative, less sophisticated approach to regioregular substituted polythio-
phenes is the use of asymmetric 3,4-disubstituted thiophene monomers as substrates,
resulting in the selective activation of either the 2- or 5- positions on the thiophene
ring. Using this method, poly(3-alkoxy-4-methylthiophenes) with > 95% HT cou-
plings have been prepared via FeCl, oxidation.*->°

Using these chemical synthetic approaches, a wide range of substituted poly-
thiophenes have now been prepared, bearing functional groups that impart specific
properties to the polymers such as water solubility, sensor capabilities, and chirality.
Some specific examples are described here.

REGIOREGULAR POLY(3-ALKYLTHIOPHENES) WITH Low
PoLyDIsPERSITIES AND CONTROLLED MOLECULAR WEIGHTS

Although poly(3-alkylthiophenes) with high HT regioselectivity are available
from the preceding routes, their polydispersities (M,/M,) before subsequent frac-
tionation are typically high, and their molecular weights not readily controlled.
A significant recent development has therefore been the report by Yokozawa and
coworkers® of the polymerization of 2-bromo-3-hexyl-5-iodothiophene 20 by the
Ni(dppp)Cl, catalyst to give poly(3-hexylthiophene) in high yield, having greater
than 98% HT coupling, and possessing a low polydispersity of 1.30—1.39. The
molecular weight of the polymer product was also closely controlled by the 20:
catalyst ratio employed. This new synthetic route should be extendable to the
production of other HT poly(3-alkylthiophenes) of requisite molecular weight
and low polydispersity, assisting the development of superior electrical and opti-
cal devices.

C6]_[13

20
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POLYTHIOPHENES WITH SPECIAL FUNCTIONAL GROUPS

WATER-SOLUBLE POLYTHIOPHENES

Self-doped water-soluble sulfonated polythiophenes of type 21 (x = 3 or 6) have been
prepared by the FeCl, oxidation of the corresponding monomers.5"-6263 TH and '3C
NMR studies of these self-doped polymers in D,0/DMSO-d, or D,O/acetonitrile-d,
showed a HT:HH ratio of 4:1 in both cases.%® Related poly[(3-thienyl)alkane sulfonic
acid] polymers 21 (x = 2, 6, 10) have been similarly chemically synthesized, wherein
the doping level was found to be dependent on the length of the alkyl side chain.®* More
recently, self-doped conducting sulfonated polythiophene films have been prepared via
electropolymerization of thiophene in acetonitrile solvent containing fluorosulfonic
acid.% The degree of thiophene ring sulfonation and water solubility of the resultant
polymers increased with increasing concentration of fluorosulfonic acid employed,
whereas the electrical conductivity decreased, presumably because of the twisting of
the polymer chains caused by the presence of the sulfonic acid ring substituents.

Related water-soluble polythiophenes with carboxylic acid substituents covalently
bound at the thiophene ring 3-position have also been reported. For example, poly(3-
thiophene acetic acid) 22 has been synthesized by Osada and coworkers® in 75% yield
by FeCl, oxidation of 3-thiophene methyl acetate, followed by alkaline hydrolysis and
protonation. Its hydrogel has also been described.®” The polymer has a molecular weight
of 16,000 and a polydispersity of 2.8. "H NMR studies show it to be regiorandom, with
less than 40% HT-HT couplings.®® At around pH 5-6 in aqueous solution, the polymer
main chain of 22 undergoes an abrupt conformational change from the aggregated to
the extended state, caused by electrostatic repulsions between the dissociated carboxylic
acid substituents. McCullough and coworkers®® have also prepared novel regioregular
water-soluble polythiophenes with a propionic acid group at the ring 3-position that self-
assemble through carboxylic acid dimer pairs between adjacent chains. These undergo
dramatic pH- and cation-induced color changes attributed to “unzipping” of the purple
self-assembled state to a yellow, disassembled, and twisted structure.

(CH,),SO5 CH,COOH
/ /
S n S n
(x=3o0r6)
21 22

Another interesting water-soluble polythiophene is 23 (L-POWT), bearing a chiral
amino acid side chain, which was prepared by Inganis and coworkers® by oxidative
polymerization with FeCl; (Figure 6.6). The chiroptical and solvatochromic proper-
ties of this optically active polymer are described later.

ORGANIC-SOLVENT-SOLUBLE CHIRAL POLYTHIOPHENES

A large number of optically active polythiophenes have been prepared through the
chemical polymerization of monomers bearing chiral substituents covalently bound
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FIGURE 6.6 (i) TsCl, pyridine, CHCl;, 86%; (ii) N-t-Boc-D-Ser, K,CO,, DMF, 35°C, 57%;
(iii) CH,CI,/TFA (1:1), quant.; (iv) FeCl;, TBA-trifluoromethanesulfonate, CHCl;, 15°C, 61%;
and (v) using N-t-Boc-L-ser. (From Andersson, M.; Ekeblad, P.O.; Hjertberg, T.; Wenner-
strom, O.; Inganis, O. Polym. Commun. 1991, 32: 546. With permission.)

at the 3-position of the thiophene ring. For example, Meijer and coworkers™ prepared
the regioregular (HT) chiral polythiophene 24 by polymerizing the (S)-(+)-2-phen-
ylbutyl ether of 3-propylthiophene by the McCullough method. The strong optical
activity observed for the polymer is induced by the chiral substituent and is believed
to be associated with aggregation of the polymer chains. Polymer 24 is soluble in
a range of organic solvents, its chiroptical properties showing marked solvent and
temperature dependence.

CH, CH, CH,

O\)\/CH3 CH
[\ / ’

S S n
24 25

n

Similar thermochromic and solvatochromic effects have been observed by Bidan
and coworkers”" for the optically active polymer 25 prepared in a regiospecific fash-
ion (100% HT-HT coupling) by the McCullough method. In contrast, the analogous
regiorandom polymer prepared by oxidation with FeCl, in chloroform has only weak
optical activity. However, the disubstituted chiral polythiophene 26, synthesized by
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Meijer and coworkers’ through the FeCl, route, is strongly optically active and
also exhibits solvatochromism and thermochromism. This optical activity is again
believed to be associated with a chiral n-stacked aggregated phase of the polymer,
which is highly ordered owing to the stereoregular structure of the substituent side
chains.

CHg CHy
Hy;C O O\)\/CH3
mn\
26

Other optically active polythiophenes recently prepared using the regiospecific
McCullough approach are 27 and 28. The former polymer bears a chiral oxazoline
group in its side chain, and complexation of this group by metal ions induces solvent-
dependent chirality in the polythiophene.”>™ Polythiophene formed using monomer
28 is water soluble and becomes optically active upon binding to DNA.”> To our
knowledge, this represents the first example of induction of chirality into an achiral
polythiophene through binding to a chiral moiety.

0/5’ Et

—N

8 1h

POSTPOLYMERIZATION MODIFICATION:
ENHANCING FUNCTIONALITY

The synthesis of many substituted polythiophenes from their respective monomers is
difficult because of the intolerance of the functional group to the synthetic conditions
or owing to electronic/steric retardation of the polymerization by the substituent.
As described in Chapters 2 and 4 for polypyrroles and polyanilines, postpolymer-
ization modification of preformed polythiophenes provides an alternative approach
for preparation of functionalized polythiophenes. For example, nucleophilic substi-
tution of overoxidized polythiophenes with methoxy and halogeno groups in the
4-ring position has been described.”®”” More recently, facile electrophilic substi-
tutions of poly(3-hexylthiophene) to give 4-halogeno (Cl, Br) and 4-nitro deriva-
tives have been shown to produce high yields (> 90%) (Figure 6.7).”® Halogenations
were carried out using N-bromosuccinamide (NBS) and N-chlorosuccinamide
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n

FIGURE 6.7 Electrophilic substitutions of polythiophenes.

(NCS) in chloroform at room temperature, and nitration employed fuming nitric
acid at 0°C. The halogenated polythiophenes may be useful precursors for further
derivatization/functionalization.

STRUCTURE OF POLYTHIOPHENES

In this section, the structural studies of polythiophenes are reviewed; the influence
of structure on properties is considered in subsequent sections. The description of
polythiophene structures include the alkyl-substituted thiophenes, such as poly(3-
alkylthiophenes) (P3ATh’s).

MOLECULAR STRUCTURE AND CONFORMATION

The molecular structure of chemically polymerized 3-pentylthiophene has been
reported in one study.”” Such polymers [poly(3-alkylthiophenes) with alkyl groups
longer than 4 carbons] are soluble in common solvents, and therefore, conveniently
studied using techniques including NMR, GPC, and others. Proton NMR analysis of
the chemically prepared poly(3-pentylthiophenes) (P3PTh) showed that 81% of the
polymer content was HT configuration, the remainder being HH or TT sequences.
Infrared spectra taken of the P3PTh powder showed the absence of 2-4-coupled
thiophenes. The conclusion was that all sequences were 2,5"-coupled.

A comparison of doped and undoped PTh by '*C NMR has been reported by
Hotta and coworkers.® Their results show remarkably simple spectra for both forms
of the polymer consistent with all 2,5” (0—a) coupling and in contrast to the more
complex spectra obtained for polypyrrole.®! The doped PTh showed an upfield shift
compared with the undoped PTh, consistent with an increase in electron density of
the former.

MoLEcULAR WEIGHT

The study by Czerwinski and coworkers,” described earlier, included an analysis of
the molecular weight of soluble poly(3-pentylthiophene) by GPC. An estimate of the
polymer molecular weight was made using polystyrene standards, and the average
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molecular size was determined to be 118 repeat units. The polydispersity was 4.8,
which is typical for such chemically oxidized polymers. A study of the effect of syn-
thesis conditions on the molecular weight of a chemically polymerized terthiophene
(3,3’-didodecyl-2,2":5,2 - terthiophene) has shown that higher molecular weights (with
no insoluble material) could be obtained by carefully purifying the oxidant, and with
slow addition of oxidant to the monomer solution.’? The measurement of the molecu-
lar weight of soluble PTh’s is discussed by Verilhac and coworkers.®}

ELECTROPOLYMERIZED POLYTHIOPHENES

CRYSTALLINITY, MOLECULAR ORDER, CONFORMATION IN SOLID STATE

As with polypyrroles, electrochemically prepared polythiophenes show small degrees
of crystallinity (~5%). The nature of the crystal structure has been investigated using
x-ray diffraction. Ito and coworkers showed that electrochemically deposited PTh
had a preferred molecular orientation parallel to the electrode surface.’* Again, this
structural feature is the same as that observed in polypyrrole (Chapter 2). Later work
by these same researchers® investigated the reduced form of the electropolymerized
PTh. The reduced PTh showed a crystallinity that was tentatively assigned an ortho-
rhombic unit cell on the basis of earlier work by Mo and coworkers.% Reflections of
the (110) and (200) planes were identified, and corresponded to the unit cell dimen-
sions a = 0.780 nm, b = 0.555 nm, and ¢ = 0.803. Mechanical drawing of the reduced
PTh (draw ratio 1.8) showed preferential orientation of the c-axis parallel to the film
surface. Satoh and coworkers®” have also noted a preferred orientation parallel to the
film surface upon mechanical drawing of the reduced PTh. However, the orientation
effect was not as strong as that noted by Ito,® and the assigned crystal structure was
somewhat different (orthorhombic a = 0.108 nm, b = 0.474 nm, ¢ = 0.756 nm). The
differences in the two studies may reflect the influence of different electrochemical
preparation conditions.

Surprisingly high crystallinity has been recently reported’® for electrochemi-
cally polymerized thiophene using a nickel electrode with an ionic liquid (BF;~
diethyl ether: (C,H;);0*.BF,") electrolyte. The estimated degree of crystallinity of
the PTh films made in this way was over 70%, and the structure was assigned to a
monoclinic unit cell with parameters a = 0.624 nm, b = 0.593 nm, ¢ = 596 nm, and
B=103.6°. The obtained films showed high tensile strengths (80 MPa) but relatively
low conductivity (3.5 x 1072 S cm™). Another study has shown that the use of small
amounts of a hydrogen scavenger reduces the instance of hydrogenation during elec-
trochemical polymerization of thiophene.®* The effect is a greater degree of packing
of the PTh chains, this time with the thiophene rings oriented perpendicular to the
electrode surface. Very high tensile strengths (135 MPa) and conductivities (1300 S
cm™) were reported for these PTh films.

Electrochemically prepared alkylated polythiophenes have been investigated by
Garnier and coworkers.”>”! When comparing polythiophene and monosubstituted
polyalkylthiophenes, these workers found an increase in crystallinity of the substi-
tuted thiophenes in comparison to the unsubstituted polythiophene. The degree of
crystallinity was low (5%), but the crystal structure was assigned to a hexagonal cell
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(@=0.97 nm, ¢ = 1.22 nm). The structure could be described by a helical conforma-
tion with 11 thiophene units making one loop of the coil.

MORPHOLOGY AND DENSITY

The film morphology of electrochemically prepared polythiophene has been shown
in numerous studies to be almost identical to that commonly observed for polypyr-
role (described in Chapter 2). A nodular surface is observed for both unsubstituted
and 3-alkyl substituted thiophenes.”? As with PPy, the electrochemical preparation
of PTh at higher current densities produced rougher surface morphologies. The simi-
larity in morphologies suggest a similar growth mechanism for electrochemically
polymerized PPy and PTh.

A number of studies have investigated the effect of film thickness on PTh mor-
phology. As with PPy, the films show a rougher surface texture with increasing
polymerization time.”*** Tourillon and Garnier also compared unsubstituted PTh
and 3-methyl-substituted P3MTh and found different morphologies. In both cases,
thin films gave flat and featureless surfaces. Thicker films (0.5-1.0 um), however,
showed wrinkled roughness for PTh and nodular roughness for PAMTh when both
were oxidized and doped with PF,~. A much flatter surface was produced when
P3MTh was doped with CF;SO;~. Different morphologies were observed in the
reduced state, which also depended on the dopant present in the oxidized form of
the polymer.

Masuda and coworkers® have considered the morphology of PTh’s produced by
an entirely different electrochemical procedure. In their work, the starting mono-
mer was 2,5-bis(trimethylsilyl)thiophene (BTMSTh), which produces unsubstituted
PTh upon electropolymerization. Masuda and coworkers® found that PF,~-doped
PTh produced from thiophene monomer gave a nodular surface morphology,
whereas BF,~ gave a much flatter surface. However, for PTh produced from BTM-
STh, the surface morphology was completely different: a fine nodular texture was
produced with PF¢~ as dopant, but a rough nodular structure was produced with
BF,~ as dopant.

It is apparent that the determinants of the PTh morphology are complex, as with
other conducting polymers. However, the effects on mechanical and electrical prop-
erties, as well as switching properties, are likely to be significant and worthy of
further investigation.

SOLUTION-CAST POLYTHIOPHENES

A great deal of work has been done to characterize the structure of films cast from
chemically prepared polythiophenes.”® Most of this work has been conducted on
undoped PTh’s because of their importance in electronic devices, such as thin-film
transistors and photovoltaics. Depending on composition and processing condi-
tions, the crystallinity can be as high as 30% in polythiophenes.”” A layered struc-
ture is usually formed in PTh crystals between extended chains held together by
n-stacking, with additional structural order introduced by alkyl side-chain inter-
actions in functionalized PTh’s.”® Chemically synthesized PTh powders exhibit a
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FIGURE 6.8 Illustration of stacking arrangements proposed for polythiophene (PTh) and
poly(3-alkylthiophenes) in their undoped state. (From Winokur, M.J., in Handbook of Con-
ducting Polymers. Conjugated Polymers. Theory, Synthesis, Properties and Characterisa-
tion, 3rd edition, Skotheim, T.A. and Reynolds, J.R. (Eds.), CRC Press, Boca Raton, 2007,
17-1). Oriented chains extend into and out of the page. (a) herringbone stacking arrangement,
(b) lamellar stacking arrangement.

partially crystalline structure in which the chains align and pack in a herringbone
arrangement (Figure 6.8a) in the crystalline regions.”® Polyalkylthiophenes adopt a
simple layered-type structure because of interactions between the alkyl chains on
neighboring polymer molecules (Figure 6.8b).”® Commercially important PEDOT
shows less-well-defined structural order.”

A number of studies have considered how PTh composition and molecular weight
influence crystallinity. Regioregular HT poly(3-alkyl thiophenes) produce more
crystalline materials than their nonregioregular counterparts.”>!°° The HT coupling
allows regular packing of the alkyl side chains (Figure 6.9). HH and TT couplings
disrupt the regularity of the structure (Figure 6.9) and lead to lower crystallinity.!*!
Although it has been reported that higher molecular weights lead to higher degrees
of crystallinity,”” it has also been shown that lower molecular weights produce more-
well-defined crystals.$*192 Atomic force microscopy (AFM) studies have shown
regular rodlike crystallites in low-molecular-weight regioregular PTh’s. Higher-
molecular-weight samples show less-well-resolved crystals.®* The orientation of the
extended chains is perpendicular to the long axis of the rod-shaped crystals, and the
crystal width is correlated with molecular weight. In high-molecular-weight PTh’s it
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FIGURE 6.9 Tllustration of chain structure of poly(3-alkylthiophene) showing effect of
head—head (HH) coupling in a mainly head—tail (HT) coupled chain. (From Jeffries-El, M.
and McCullough, R.D., in Handbook of Conducting Polymers. Conjugated Polymers. The-
ory, Synthesis, Properties and Characterisation, 3rd edition, Skotheim, T.A. and Reynolds,
J.R. (Eds.), CRC Press, Boca Raton, 2007, 9—1. With permission.)
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FIGURE 6.10 TIllustration of chain stacking of poly(3-alkylthiophene) in rodlike struc-
tures at (a) low and (b) high molecular weight. (From Verilhac, J.M.; LeBlevennec, G.; Dju-
rado, D.; Rieutord, F.; Chouiki, M.; Travers, J.P.; Pron, A. Synth. Met. 2006, 156: 815. With
permission.)

is likely that a single chain passes between one crystal and another. The individual
crystals are then less well defined. A schematic illustration of the crystal structure in
low- and high-molecular-weight regioregular PTh’s is given in Figure 6.10.

X-ray diffraction (XRD) studies have shown that the interchain spacing is
dependent on the alkyl chain length.!* Comparison of various side-chain lengths for
P3AT’s” shows an increase in interchain spacing. The interchain spacing increases
about 0.16 nm for each methylene group in the side chain. Recent studies have shown
some discrepancies in this general behavior, with some long side chains actually giv-
ing smaller interchain separations.!® It is possible that in these cases, side chains on
neighboring polymer molecules interdigitate. However, in one study, it was shown
that such interdigitating chains are unlikely and, instead, a different crystal structure
forms that involves a greater tilt angle of the side branches.!**

Processing conditions have also been shown to affect the crystallinity of PTh’s.
In particular, surface treatments applied to substrates have been shown to have a
significant effect on the ordering of adjacent PTh crystals. For example, the addi-
tion of silane hydrophobic treatments to silicon induces an alignment in the PTh
chains such that the thiophene ring is oriented perpendicular to the substrate sur-
face.!% Other surface treatments lead to ordering with the thiophene ring oriented
parallel to the substrate surface.!’® A distinct layered structure has been observed in
doped poly(3-hexylthiophene), where doping is higher in disordered layers between
less doped and more highly crystalline layers.'° Doped poly(3,4-ethylenedioxythio-
phene) (PEDOT) also is reported to have a layered structure, with mt-stacked chains
separated by layers of dopant ions.!”7 In addition, the solution-casting processes can
also influence the nature of the crystals formed. Thus, slow evaporation of solvent or
annealing after casting typically produce higher degrees of crystallinity.!0>108

PEDOT has been synthesized via the micellar route with sodium dodecyl sulfate
and dodecylbenzene sulfonic acid.'®!'9Tt has been obtained with particle diameters
of 35 to 100 nm and conductivities on the order of 50 S cm~'. Nanocomposites con-
taining polythiophene and poly(N-vinylcarbazole) have been formed with average
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particle size in the range 20—80 nm.!!'! However, the dc conductivities measured were
low, on the order of 10-° S cm™!. Reverse cylindrical micelles obtained by adding
the oxidant FeCl; to a solution containing sodium bis(2-ethylhexyl)sulfosuccinate
were used to facilitate oxidation of EDOT and the subsequent formation of PEDOT.
Nanorods with diameters of 40 + 20 nm, lengths of 200 + 30 nm, and conductivi-
ties of 72 S ecm™ were recorded.'’? MacDiarmid and coworkers''3 have used V,Oj
nanofibers as sacrificial seeds to promote formation of PEDOT nanofibers (3—10
pum long and 100-180 nm in diameter) with pressed pellet conductivity of 16 S cm™.
Others have used vapor-phase polymerization to produce nanodimensional coatings
of PEDOT with low resistance and high transparency.'* As for polypyrroles and
polyanilines, physical templates have been used to produce nanodimensional struc-
tures of polythiophenes.!3

PROPERTIES OF POLYTHIOPHENES

Because polythiophene itself is prone to overoxidation during polymerization, most
practical work has been carried out using alkylated thiophenes, which have higher
overoxidation potentials. Synthesis of functionalized thiophenes (such as alkyl-
ated monomers) is much easier to achieve than that of its pyrrole counterpart. The
decreased activity of the sulfur group compared to that of the -NH group means that
the laborious steps involved in protecting the heteroatom during synthesis are not
required for thiophene.

CONDUCTIVITY

To achieve high conductivities, the polythiophene paradox must be overcome. The
polymerization process and conductivity of the resultant material are influenced by
the concentration of monomer used during polymerization''® because, if this is too
low, the overoxidation reaction predominates, at least when galvanostatic polymer-
ization is used. Synthesis at reduced temperatures will help avoid overoxidation and
can be used to increase the conductivity of the resultant material.'”?

As stated earlier, the presence of alkyl functional groups on the monomer''®
can be used to advantage in preventing overoxidation of the polythiophenes dur-
ing synthesis. Conductivities as high as 7500 S cm™ have been obtained for
poly(methylthiophene).'

As with polypyrroles, the counterion used during electropolymerization influ-
ences the conductivity of polythiophenes.!?*1?! Electrochemically produced copo-
lymers'?? of 3-dodecylthiophene (DTh) and 3-methylthiophene (MTh) have been
shown to exhibit conductivities intermediate to the two homopolymers. The actual
value depends on the ratio of MTh to DTh in the polymer.

Other workers have reported that thinner, more compact polymers are more
conductive than polymers grown to be thicker.!?3 It has been shown that the conduc-
tivity of poly(2-octylthiophenes) decreases when exposed to atmospheres of higher
humidity. This is presumably due to dedoping'?* of the polymer, although swelling
at higher humidity would also decrease conductivity. This same group of research-
ers'? has shown that the conductive properties of polythiophenes could be stabi-
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lized by heat treatment. This thermal annealing process increased the crystallinity
of the polymer.

The conductive properties of alkylated thiophenes are known to be unstable,
particularly at elevated temperatures. The mechanism of thermal undoping has
been associated with thermal mobility. Consequently, various workers'?® have con-
sidered synthesis of random copolymers (e.g., thiophene and 3-octylthiophene),
with well-distributed octyl side groups leaving space around the main chains to
accommodate dopants.

In general, the conductivity of materials produced using the chemical oxidation
process is lower. Higher conductivities can be obtained by chemical production of
copolymers; for example, using poly(methylthiophene) and polyurethane,'”’ conduc-
tivities as high as 26 S cm~! have been reported.

The conductivity of polythiophenes in the undoped state is particularly important
in electronics applications.!® Both molecular weight and morphology have been found
to significantly affect the charge carrier mobility in PTh’s. Because the morphology
is strongly influenced by the molecular weight, it has proved difficult to determine
how each of these factors individually affects crystallinity. In low-molecular-weight
PTh’s, the conductivity is limited mainly due to poor conduction between crystal
grains.!® The surface of these grains is covered by insulating alkyl side chains, so
the grain boundaries become conduction barriers. The conductivity of such films
can be greatly increased by controlling the morphology. For example, substrate sur-
face treatments that produce aligned crystals will produce higher in-plane charge
mobilities because individual crystals can join in the m-staking direction.'® Higher-
molecular-weight PTh’s are less affected by processing conditions, because grain
boundaries are blurred as individual chains pass from one grain to another. Higher
charge carrier mobilities are found in higher-molecular-weight PTh’s.1?8

MECHANICAL PROPERTIES OF POLYTHIOPHENES

As with polyanilines, polythiophenes can either be prepared directly by electropo-
lymerization, or by casting from solutions (for alkyl-substituted thiophenes). Most
interest has focused on the latter because of their improved mechanical properties
compared with those of electrochemically prepared films. The factors influencing
the mechanical properties of PTh’s are reviewed in this section.

Mechanical properties of electrochemically prepared PTh’s have generally been
poor;'?° however, recent reports have described the preparation of PTh films hav-
ing extremely high tensile strength and modulus.'*? In one study, electropolymeriza-
tion of thiophene monomers was conducted in a solvated Lewis acid to lower the
oxidation potential. The resultant films had tensile strengths of 140 MPa,"?! with
conductivities of ~100 S cm™'. Similarly, high tensile strengths (135 MPa) with very
high modulus (46 GPa) and reasonable elongation to break (4%) were obtained when
thiophene was electropolymerized in the presence of a hydrogen scavenger. These
samples also produced very high conductivities (up to 1300 S cm™).1*% The results
were attributed to more regioregular structure produced with fewer crosslinks.

Wang and Feng have reported on the effect of film thickness on the mechanical
properties of PTh films prepared using the same Lewis acid/hydrogen scavenger



218 Conductive Electroactive Polymers

electropolymerization.'* The modulus obtained from these studies was in the range
3—7 GPa, which is more typical of unoriented polymers, and was found to be higher
in thin films. Similarly, films having a thickness less than 10 um were slightly stron-
ger (~100 MPa) than thicker films (80—-100 MPa). Thicker films were found to be
slightly porous, hence, leading to lower modulus and tensile strengths. Strains at
failure were between 2 and 6%.

The relationship between the mechanical properties and the morphology of
electrochemically prepared PTh has been examined by Ito and coworkers.'3? Their
results showed that the Young’s modulus (E) and breaking strength (c,) decreased
by approximately 50% when the current density during polymerization increased
from 0.7 to 5.0 mA/cm?. The oxidized PTh films were powdery, which presumably
reduced the strength and gave a lower elongation at break. A higher current density
for growth produced excessively high cell potentials that were thought to cause deg-
radation of the polymer. The higher current density also increased the roughness
of the surface nodules, and the same relationship between nodular boundaries and
tensile strength observed for polypyrroles (see Chapter 3) is also likely to hold for the
PTh films. Thus, higher current densities produce a rougher morphology and weaker
boundaries between the nodules, which results in mechanical failure at lower stress
and strain.

The effect of doping on mechanical properties has been reported by a number
of workers. Yoshino and coworkers'** observed that undoped PTh had a higher
stiffness (E = 1300 MPa) and tensile strength (¢ = 55 MPa) than PTh doped with
BF,~ (E = 360 MPa; ¢ = 15 MPa). Similarly, Ito and coworkers observed that the
mechanical properties (E, 6, and, strain at break, €,) of electrochemically reduced
PTh films were all increased compared with the as-prepared, oxidized films.!*?
Again, the reduced films showed lower strength, modulus, and elongation at break
when prepared at a higher current density. In the best case (current density 0.7
mA/cm?), the reduced PTh had E~3.3 GPa, yield stress ~70 MPa, G, ~265 MPa,
and €,~95%. The general observation of increased stiffness and strength for the
reduced polythiophene is the opposite of that observed for polypyrroles (see Chap-
ter 3). In the case of polypyrroles, the oxidized state was observed to be stiffer,
stronger, but less ductile than the reduced state owing to the ionic crosslinking
induced by the ionic nature of the polymer. In the case of PTh, it is possible for
the increased solvent content that accompanies oxidation to cause a plasticization
effect that is greater than the ionic crosslinking, so that the oxidized films are more
ductile and flexible.

Moulten and Smith!3>13¢ have reported the effects of doping and alkyl-sub-
stituent length on the mechanical properties of P3ATh’s cast from 3% solutions
in chloroform. In contrast to the studies reported previously for electrochemically
prepared PTh, it was shown that the alkylthiophenes became stiffer (by an order
of magnitude) and stronger (doubled) when doped with FeCl,. They also noted that
anhydrous FeCl, doping produces brittle polymers; further, this problem could be
avoided by using 1 M FeCl;.6H,0, presumably because of the plasticization by
water molecules. The increase in stiffness and strength of PTh upon doping was
attributed to more effective interchain bonding through n—m overlaps of neighbor-
ing thiophene rings.
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Mechanical drawing of PTh films and fibers has also been observed to increase
the stiffness and strength.$>13¢ Tto and coworkers showed that drawing the reduced
PTh increased E to 8.5 GPa and G, to 265 MPa (draw ratio of 1.8).8> Commonly
observed in many polymers (including other CEPs), the increased stiffness and
strength is attributed to the alignment of the macromolecules in the draw direction.
Moulten and Smith!3¢ observed similar behavior with 3-substituted polythiophenes;
however, the increase in stiffness and strength were not as significant as reported
by Ito and coworkers.!** In fact, for a given draw ratio, the increase in stiffness and
strength decreased as the length of the alkyl chain increased. Similar results have
been obtained by Van de Leur and coworkers'?” using dynamic mechanical analysis
of hexyl-, octyl-, and dodecyl-substituted PTh’s.

The mechanical properties of PTh’s have been modeled by Moulten and Smith!3¢
in terms of the macromolecular structure and intermolecular bonding. On the basis
of their model, these authors have found good agreement between the measured and
predicted Young’s modulus. Thus, the effect of the alkyl side chain can be explained
by a dilution effect, whereby longer side chains result in greater separation of mac-
romolecules. This means that there are fewer load-bearing covalent bonds per unit
cross-sectional area, so the stiffness is lower. In addition, these workers found that
coupling defects (i.e., head-head and tail-tail couplings in P3ATh’s) reduce the
effective n—m overlaps between macromolecules and also reduce stiffness. A slight
variation in the number of such defects was observed in the three P3ATh’s studied—
defects were slightly higher in the octyl- and dodecyl-substituted PTh’s compared
with the hexyl-substituted PTh.

CHEMICAL PROPERTIES

Studies of the chemical properties of polythiophenes have been limited. As with
polypyrroles, a hydrophobic backbone is formed, and the polymer has ion-exchange
properties. Modification of chemical properties by incorporation of appropriate
counterions is not so readily addressable because polymerization must be carried
out from nonaqueous solution and occurs at more anodic potentials compared to
pyrrole.

However, some workers have incorporated a selection of counterions.!?!-122:123
Others'*® have incorporated heteropolyanions with a view to their use as electro-
catalytic electrodes. The fact that thiophenes are easier to derivitize than pyrroles
is also attractive in that chemical functionality can be introduced by derivatization.
A range of functional groups have been introduced'3*140:141.142.143.144 16 modify the
chemical properties of polythiophenes. The ability to attach active groups such as
amino acids provides an attractive route for modifying the molecular recognition
properties of the resultant polymers. The decreased activity of the sulfur group
compared to the NH group also means that derivatization after polymerization is
more easily accomplished.'*

SWITCHING PROPERTIES

As with polypyrroles, the properties of the polythiophenes can be modulated by
application of electrical stimuli according to Equation 6.7:
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Contracted State in Reduced Form

+2e” —2A7 || —2e” +2A°

Expanded State in Oxidized Form

[A~ represents anions, e~ electrons
m determines molecular weight]
Polythiophene - a dynamic (electroactive) polymer structure 6.7)

This picture is undoubtedly oversimplified. Different sites are switched at different
potentials, and when A~ is relatively immobile, cation movement accompanies the
oxidation/reduction process.

The switching properties are determined by the electrochemical condi-
tions employed during growth, the counterion incorporated, and the substituents
attached to the thiophene ring.'*¢ For example, poly(3-heptoxyl-4-methylthiophene)
29 switches at 0.76 V, whereas under the same conditions, poly(3-octylthiophene)
switches at 1.01 V. The electrolyte used for switching also has a marked effect on the
potential, rate, and reversibility of the switching process.'’
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poly (3-heptoxy-4-methylthiophene)
P3H4MTh

29

Polythiophenes are in general more hydrophobic materials that polypyrroles. Elec-
trochemical switching is not so efficient in aqueous media. Therefore, some workers
have used the ability to attach functional groups such as polyethers'® to increase
hydrophilicity and improve electrochemical behavior in aqueous solutions.

N-DoOPING OF POLYTHIOPHENES

Polythiophenes, similarly to other polyheterocycles, exhibit hole-dominated transport
(p-doping). However, electron-dominated transport (or n-doping) has begun to attract
increasing interest. Decreasing the polymer band gap should produce polymers with
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more positive reduction potentials and that are therefore more accessible to n-dop-
ing, and this has been successfully achieved by the use of donor and acceptor units
in the polymer structure (see reviews by Roncali,'* and Meijer and coworkers'>). For
example, Reynolds and coworkers'! have synthesized a family of polymers based on
an alternating 3,4-ethylenedioxythiophene dimer (BIEDOT) donor and pyridine-type
acceptor. By varying the strength of the substituted pyridine acceptors, they have
more recently generated thiophene-based polymers with readily accessible reduced
forms and three or more distinct oxidation states of various colors, which can be
switched electrochemically. Manipulation of the polymer band gap in this manner
promises to provide novel devices for applications such as electrochromics.

OprTicAL PROPERTIES OF POLYTHIOPHENES
Electronic Band Structure and UV-Visible Spectra

Theoretical studies indicate that neutral polythiophene (similar to polypyrrole) has
a nondegenerate ground state, with mesomeric aromatic and quinoidal structures of
nonequivalent energy.'”> Oxidative doping leads to the formation of two bands in the
band gap corresponding to a polaron (radical cation). However, both calculations!>?!53
and measurements of UV-visible spectra during increasing doping'** suggest that the
polarons are unstable compared with spinless bipolarons (dications). The two subgap
absorption bands that appear at ca. 0.5 and 1.5 eV with increasing doping of poly-
thiophene have therefore generally been assigned to electronic transitions involving
bipolarons. However, other studies of lightly doped poly(3-methylthiophene) suggest
that polarons may instead be involved.!>®

The majority of UV-visible spectral studies have been carried out on neutral
polythiophenes, whose spectra are dominated by the band gap n—n* transition. The
position of this peak has been widely used as a measure of the conjugation length
of the polymer backbone, undergoing a red shift with increasing conjugation length.
Extensive comparisons have been made between regioregular and regioirregular
poly(3-alkylthiophenes), where the much-lower-energy n—n* transitions of regioreg-
ular polymers indicates a longer conjugation length compared to corresponding regio-
irregular polythiophenes.!® Another feature of the regioregular poly(alkylthiophenes)
is the appearance of vibronic structures on the n—n* absorption bands.

Thermochromism and Solvatochromism in Poly(3-alkylthiophenes)

A striking feature of neutral poly(3-alkylthiophenes) is their thermochromism,
observed both in the solid and solution states.'”’'>8 Upon heating, a marked blue shift
occurs for the highest-wavelength n—m* absorption band. Similar marked changes in
color are observed upon transferring from a “poor” solvent to a “good” solvent.!¥7-15°
In both cases, these color changes have been attributed to a twisting of the poly-
thiophene backbone from an essentially planar to a less ordered nonplanar confor-
mation. This is supported by theoretical calculations.'®® Further evidence for the
conformational changes occurring in these systems comes from circular dichroism
(CD) spectral studies of optically active poly(3-alkylthiophenes), described in the
following text.
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CHiropPTICAL PROPERTIES OF OPTICALLY ACTIVE POLYTHIOPHENES

A wide range of optically active polythiophenes have been reported, prepared in
general through electrochemical or chemical oxidation of monomers in which a chi-
ral substituent is covalently attached to the 3-position of the thiophene ring. The
first example was the electrochemically prepared polymer 30, which exhibited a
very large optical rotation ([0, = +3000°) compared to the corresponding monomer
([o], = +21°).1" This high optical activity was interpreted in terms of the adoption
of a one-handed helical conformation by the polythiophene main chain induced by
the presence of the chiral propyl-2-phenylbutyl ether substituent. Unfortunately, no
CD spectrum was recorded. However, cyclic voltammograms of (5)-30, recorded in
acetonitrile solvent in the presence, alternately, of (+)- and (-)-camphorsulfonic acid
(HCSA), revealed significant chiral discrimination by the polymer in its doping with
the enantiomeric CSA- anions (50% higher with (+)-CSA- compared to (-)CSA").
The opposite enantioselectivity was observed with (R)-30.

LE NN

Inganas and coworkers!®> have reported the CD spectrum of the related chiral poly-
thiophene 23, which contains a chiral amino acid group attached to the thiophene
units by an ether linkage. In water solvent, a pair of exciton-coupled CD bands are
observed in the visible region associated with the m—n* transition band in the UV-
visible spectrum at ca. 430 nm. These chiroptical features are attributed to a helical
conformation adopted by the polymer backbone under the influence of the chiral
side chain. However, in methanol solvent, no CD bands are observed, and the n—mn*
absorption band is blue-shifted. This suggests a change in the polymer chain confor-
mation in methanol solvent to a more planar arrangement.

In a series of elegant papers, Meijer and coworkers’®!63164165 have observed
remarkable solvent- and temperature-dependent CD spectra for a range of regio-
regular (HT) chiral polythiophenes. For example, although the regioregular poly-
thiophene 24 is optically inactive in the good solvent chloroform, the successive
addition of the poor solvent methanol results in the progressive appearance of three
(overlapping) exciton-coupled CD bands corresponding to the three vibronic bands
of the n—m* transition seen at 512, 540, and 592 nm in the visible spectrum.”” An
extremely high chiral anisotropy factor (g = Ae/e) of ca. 2.2% was determined for a
solution of 24 in 40% CHCIl,/60% CH;OH. The authors attributed the observed opti-
cal activity to the helical packing of the polymer chains into a chiral supramolecular
aggregate induced by the optical active side chains, rather than the adoption of a heli-
cal conformation by individual polythiophene chains. Films of polymer 24 spun-cast
from solution also show optical activity associated with the n—n* absorption band,
but this is lost upon heating above the polymer melting point of 160°C. Surprisingly,
whereas the original polymer optical activity is recovered upon slow cooling, rapid
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cooling generates a film with the inverse CD spectrum, indicating the formation of a
chiral superstructure of opposite handedness.

This sensitivity of the handedness of chiral-substituted polythiophenes to the
conditions under which microaggregation occurs has been further confirmed in
detailed thermochromic and solvatochromic studies by Meijer and coworkers!63:164165
on 24 and the related chiral polythiophenes 31 and 26. Polymers 24 and 31 are opti-
cally inactive in dichloromethane solvent at room temperature, but develop strong
CD spectra upon cooling to —73°C.!3 In contrast, in 1-decanol solvent, 24 and 31
are optically active at room temperature, presumably because of their ability to form
a chiral-aggregated phase at room temperature in this poor solvent. Significantly,
the CD spectra in 1-decanol are inverted compared to those recorded in dichloro-
methane, indicating the adoption of opposite handedness by the chiral superstruc-
tures. The sensitivity of the hand of the chiral organization of the polymer chains to
the ordering conditions suggests only a small difference in energy between the two
diastereomeric forms.'> The disubstituted chiral polythiophene 26 similarly only
exhibits optical activity at room temperature in the presence of poor solvents such
as methanol.’>1%* In this aggregated form, the photoluminescence spectrum of 26 is
also circularly polarized.'®> Heating the solution to 120°C causes a conformational
change to an optically inactive disordered form.’>!64
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Similar remarkable inversions of CD spectra have been reported by Bidan and
coworkers’! for the stereoregular form of the chiral polythiophene 25. This poly-
mer is optically inactive in the good solvent chloroform. No change occurs in the
UV-visible and CD spectra upon addition of up to 30% of the poor solvent metha-
nol. However, from 35 to 37.5% methanol, strong CD bands appear in the visible
region between 430 and 630 nm, presumably associated with the formation of a
chiral aggregate. Interestingly, the addition of further methanol (42-50%) results in
the progressive appearance of an inverted CD spectrum, consistent with the adop-
tion of a chiral superstructure of the opposite hand. Other researchers’™ have recently
reported similar inversions of chirality for optically active polymer 27, bearing a
chiral oxazoline residue in its side chain.

However, another paper'® reports what appears to be the first example of an opti-
cally active substituted polythiophene in a good solvent, that is, where the polymer
is believed to be in an unaggregated form. This disubstituted polymer 32 exhibits
bisignate CD bands at ca. 300 and 337 nm, associated with the nm—n* absorption
band at 318 nm. The large blue shift of this n—n* absorption band compared to other
poly(3-alkylthiophene)’s indicates a short conjugation length for this polymer, aris-
ing from twisting of the polythiophene backbone from planarity. It was suggested
that the observed bisignate CD bands of unequal rotational strength arise from dia-
stereomeric helical sections of the chains, with the majority adopting a (+)- Cotton
screw-sense and the minority a (—)-screw-sense.
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Recently, optically active polythiophenes, incorporating as ring substituents chiral
selectors such as (R)-(-)- and (S)-(+)-N-(3,5-dinitrobenzoyl)-a-phenylglycine used
in Pirkle-type stationary phases, have been synthesized.'” These may have potential
in enantioselective analysis of chiral chemicals using high performance liquid chro-
matography (HPLC).

The chiral polythiophene, poly(3-[(S)-5-amino-5-carboxyl-3-oxapentyl]-2,5-
thiophenylene) hydrochloride, L-POWT, ring-functionalized with the amino acid
L-serine, has been synthesized by Inganis and coworkers, %1% and was found to
exhibit pH-dependent UV-visible, fluorescence emission, and CD spectra. At a pH
equal to the isoelectric point of the amino acid, the polythiophene chains separate
and adopt a nonplanar right-handed helical conformation. Increasing the pH leads to
a more planar conformation of the backbone and aggregation of the polymer chains.

More recently, the analogous chiral polythiophene, D-POWT, containing the
enantiomeric amino acid D-serine in its side chain, has been synthesized.!*® It exhib-
its pH-dependent optical phenomena similar to L-POWT, indicating that the non-
planar-to-planar conformation of the polythiophene backbone is not affected by the
enantiomeric stereochemistry of the zwitterionic amino acid side chain. However,
the L- and D-POWT polymers have mirror-imaged CD spectra, showing that the chi-
rality of the zwitterionic side chain is reflected in the conformation of the polymer
backbone. In subsequent studies,'”® these enantiomeric-substituted polythiophenes
have been used as conformation-sensitive optical probes for the detection of pH-
induced conformational changes within a synthetic peptide. Interaction of the poly-
mers with the peptide initially induced a more planar conformation for the backbone,
separation of the polymer chains, and an increase in fluorescence emission. Specific
chiral recognition could be quantified as differences in fluorescence emission based
on both single- and two-photon excitation from the two enantiomeric polymers,
which interact differently with the peptide.

The regioregular (HT) poly[3-{4-(R)-4-ethyl-2-oxazolin-2-yl)phenyl}thiophene]
27 bears a chiral oxazoline residue. This polymer was found” to exhibit strong CD
bands associated with its m—* bands when complexed with metal ions such as copper
(IT) and iron (III) in the good solvent chloroform, despite the fact that no aggregation
was observed. The induced chirality in this case is believed to arise from the main
chain chirality. However, in the absence of metal ions, although optically inactive in
chloroform, it generates an induced CD when poor solvents such as methanol and
acetone are added.”'7! Membrane filtration, XRD, and AFM measurements indicate
that the polymer chirality induced in these mixed solvents arises from the formation
of chiral aggregates. Interestingly, chirality of these supramolecular aggregates is
reported!”? to be reversibly switched “on” and “off” via electron transfer. The CD
vanishes upon oxidative doping of the polymer main chain, presumably because of
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the formation of a more rigid planar conformation, but is regenerated upon subse-
quent chemical reduction with amines such as triethylenetetramine. Such a redox-
induced supramolecular chirality switch may provide novel molecular devices for
applications such as data storage.

A fascinating recent development has been the preparation of a supramolecular
chiral, insulated “molecular wire” by self-assembly between an achiral water-soluble
polythiophene 33 and a natural polysaccharide, schizophyllan (SPG).'”* SPG is a j3-
1,3-glucan that exists as a right-handed triple helix (t-SPG) in water and as a single
random coil (s-SPG) in dimethylsulfoxide (DMSO). The achiral polythiophene 33
exhibited no CD spectrum in water or water—-DMSO mixtures. However, upon addi-
tion of s-SPG-DMSO, an intense CD spectrum was induced in the n—n* region,
which was stable at temperatures as high as 90°C. The induction of polythiophene
main chain chirality is believed to arise from intrachain effects rather than inter-
chain n-stacking, with a predominantly one-handed helical structure being induced
via interpolymer complexation of the polythiophene with s-SPG. Such molecular
wires based on conjugated polymers have potential applications in areas such as
molecular electronics and sensor signal amplification.

i O(CH,)sN(CHa);CI-
s n

33

Chiral disubstituted PEDOTSs have recently been prepared for the first time via trans-
etherification of 3,4-dimethoxythiophene monomers with chiral glycols followed by
potentiodynamic oxidation.”” An alternative approach to optically active PEDOTs
has also been recently described, which involves the electrochemical polymerization
of the EDOT monomer in aqueous hydroxypropyl cellulose (HPC) as a polymer lyo-
tropic liquid crystal to give a chiral PEDOT/HPC hybrid.'”” The PEDOT prepared in
this chiral nematic liquid crystal exhibited optically active electrochromism in that
it could be electrochemically switched between a dark blue reduced state and a sky
blue oxidized form that exhibited a different CD spectrum.

CONCLUSIONS

Polythiophenes, although maintaining dynamic properties (switching characteristics)
similar to polypyrroles, are distinct in a number of ways. The chemistry is such that
a wide range of molecular building blocks in the form of functionalized monomers
are more readily produced. For example, this enables addition of redox groups, light-
harvesting groups, and other metal-complexing groups covalently to the polymer
backbone. The switching characteristics are also different in that polythiophenes
are in general more difficult to oxidize and to overoxidize. However, the fact that
polythiophenes must normally be prepared from nonaqueous media limits the range
of dopants that can be incorporated. The use of surfactants to solubilize thiophene
monomers in water is an interesting approach to overcoming this limitation.
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7 Processing and
Device Fabrication

All the practical uses of conductive electroactive polymers (CEPs), including
intelligent material systems, require the ability to integrate them into other
structures or to implement innovative device fabrication protocols using them.
As pointed out in previous chapters, the optimization of chemical properties
results in some compromise in electrical and mechanical properties, and vice
versa. There is a further requirement for the use of integrated material sys-
tems in the development of intelligent structures, and from that arises the
need to spatially resolve function. The discrete physical location of sensing
and actuating loci throughout a “mechanically stable” structure is required
for many applications. Practically useful, intelligent structures based on these
materials can, therefore, only be realized if the properties of CEPs can be
retained and a structural integrity obtained by weaving the active compo-
nents throughout other synthetic or naturally occurring systems. This can be
achieved either by combining the conducting polymers within other struc-
tures or devices after polymerization or by assembling the conducting poly-
mer within a host matrix.

INTEGRATION/FABRICATION AFTER POLYMERIZATION

For most conventional polymer structures, blending is used to achieve the desired
properties of the composite structure. Conventional polymers are amenable to this
approach, because they are either soluble in common organic solvents or fusible (melt
before decomposing). This has generally not been the case with CEPs, although sig-
nificant advances have been made through modifications to the polymer structure.
Outlined in the following text are recent advances in the integration of CEPs into
other polymer structures by either solution or melt processes.

SOLUTION-PROCESSABLE CEPS

Polyaniline (PAn) is most amenable to solution processing. The emeraldine base
(EB) form of PAn is soluble in selected solvents such as methyl pyrrolidinone! or
strong acids.>* More recently, it has been discovered that solubility of the doped
form can be induced by the use of appropriate “surfactant-like” molecules as dop-
ants.* Camphorsulfonic acid (HCSA) and dodecylbenzenesulfonic acid have proved
particularly useful in this regard. Once solubilized, these PAn’s can be cast into
sheets or blended with other conventional polymer structures. For example, the pres-
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ence of the surfactant counterion facilitates the blending process® with polymers
such as:

e Polyethylene

e Nylons

» Polycarbonate

e Polystyrene

* Poly(vinylacetate)

e Poly(vinylchloride) (PVC).

When PAn/CSA is dissolved in m-cresol with poly(methyl methacrylate)-(PMMA),
this can be spun-cast to form optically transparent films.?

Pron and coworkers® have blended PAn with cellulose acetate and cast from m-
cresol to produce highly transparent and conductive (=1 S cm™) PAn. Addition of
plasticizers (in particular, phenylphosphonic acid) not only resulted in more flexible
films but lowered the percolation threshold for PAn to an amazing 0.05% (w/w).

De Paoli and coworkers’ have used the more soluble poly(o-methoxyaniline) doped
with p-toluene sulfonic acid to prepare a composite blend with poly(epichlorohydrin-
co-ethylene oxide), but conductivities were relatively low (10 S cm™) even with a
high 50% (w/w) conducting polymer loading.

Others® have blended PAn doped with dodecylbenzenesulfonic acid with
poly(vinyl alcohol) (PVA) in water or with polyacrylate in organic solvents to obtain
transparent conductive composites.

Solution processing of polypyrroles (PPy’s) and polythiophenes has been limited
by these materials’ lack of solubility. To overcome this, some work®!%!! has been
concerned with attaching alkyl groups to PPy’s or polythiophenes to increase solu-
bility. This has had the desired effect of increasing solubility in common solvents
such as CH,Cl, or CHCI;, in some cases to levels in excess of 300 g/L polymer.

The solubility of polythiophenes has also been increased by attaching alkoxy
groups to bithiophere monomers.'> Other workers!*!+!5 have been concerned with
producing pyrroles and thiophenes with alkyl-sulfonated chains attached to increase
the water solubility of the polymer.

Sulfonate groups have also been attached to PAn either after'® or before!” polymer-
ization to induce water solubility. The latter approach requires addition of a methoxy
(electron-donating group) to the aniline ring to counterbalance the effects of the
electron-withdrawing sulfonate group during polymerization—see structure 1.

SO;
NH,
OCH,

Solubility, and hence processability, is improved at the expense of the electri-
cal (decreased conductivity) properties of the polymer. The flow-through electro-



Processing and Device Fabrication 233

synthesis approach described in Chapter 2 has been used to prepare PMAS 2.1819
Subsequently, we developed a purification scheme that enables removal of low-
molecular-weight by-products that arise from the monomer oxidation process.
Removal of these by-products has a dramatic effect on the electronic properties of
the water-soluble polymer obtained, increasing conductivity by approximately two
orders of magnitude to 1 S cm.2°

503 ~0s5
+e
NH NH>*
m
OMe OMe
2

Given the lack of solubility of conducting polymers that have the desired elec-
trochemical and/or chemical properties, colloidal processing provides an attractive
alternative. Colloids are readily dispersed throughout other solutions for subsequent
processing into other structures. Conductive electroactive colloids of PPy’s or PAn’s
are readily prepared by carrying out the oxidative polymerization in the presence
of a steric stabilizer.”! Stabilizers such as PVA, poly(vinyl pyrrolidone) (PVP), and
poly(ethylene oxide) (PEO) have been used, and conducting polymer particles with
sizes in the range 10—100 nm can be prepared. While the conductivity of the colloids
is less than that of electrodeposited films, it is respectable (up to 10 S cm™).

Once formed, these colloids may be used for further processing. For example,
they can be mixed with paints.?> The products formed are as conductive as those
obtained when carbon black is added to paints. However, they are also electroactive
and presumably (at least the colloidal component) retain the unique chemical proper-
ties of the conducting polymer.

In some cases, larger conducting polymer particles have been mixed with other
polymers. For example, Bose and coworkers?® incorporated chemically synthesized
polypyrrole (PPy) into PVC or nafion. After casting, the materials were shown to be
electroactive and demonstrated electrocatalytic properties.

MELT-PROCESSABLE CEPS

As with solution processing, there have been significant recent advances in melt pro-
cessing of CEPs.?+23:26 Again, most interest has been with PAn. The most successful
approach has been to use specific dopants to induce melt processability. Thus, vari-
ous dopants, such as 3-5 (Figure 7.1), have been used that combine an acid group
(e.g., sulfonic or phosphoric acid) with hydrophobic segments. The latter cause a
plasticization of the host PAn and reduce the strong interchain bonding caused by
its aromaticity, H-bonding, and charge delocalization. Once suitably plasticized, the
doped PAn is able to be fused to form free-standing films by hot pressing.

In one series of studies, Paul and Pillai*> used various phosphate ester dopants
to induce melt processability in PAn. Conductivities as high as 1.8 S cm™ were
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FIGURE 7.1 Dopants used to induce thermal processing.

reported for melt-pressed pellets of PAn/PDPPA.?¢ The doped polymers were found
to be thermally stable up to 200°C so that melt pressing at 160°C did not induce any
thermal degradation. Blends of the phosphate-ester-doped PAn were readily pre-
pared with PVC by dry mixing at room temperature followed by hot pressing. The
blends were found to give flexible films with a percolation threshold of 5% PAn con-
tent (by weight) and a conductivity of 2.5 x 102 S cm™! for a blend having 30 wt%
PAn/PDPPA in PVC.

In other work, Paul and coworkers?® have reported melt-processed PAn using
sulfonic acid dopants (Figure 7.2). These dopants also gave flexible free-standing
films of doped PAn after hot pressing, exhibiting higher conductivities than the phos-
phate-ester-doped PAn (up to 65 S cm™ for doped systems prepared by an emul-
sion polymerization technique). The conductivity was dependent upon the pressing
temperature, reaching a maximum at around 140°C. The decline in conductivity at
higher pressing temperatures was probably due to thermal crosslinking of the PAn,
reducing electron delocalization.

H CH, CH,COOH
o~ o~ o~
CisHs; CisHs; CisHs;
SO,H SO,H SO,H
PDPAA

FIGURE 7.2  Structures of sulfonic acid dopants used.
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These demonstrations of melt processability for PAn provide an avenue for the
convenient preparation of films and fibers of CEPs. The absence of solvent makes the
melt-processing route more attractive and environment-friendly than alternative sol-
vent processing. In addition, the melt-processable CEPs are then easily incorporated
into polymer blends using the well-developed processing techniques (extrusion and
so on) widely used for thermoplastic polymers.

ASSEMBLY OF CONDUCTING POLYMERS IN HOST MATRICES

Conducting polymers can be integrated into other structures at the point of assembly
using either the chemical or the electrochemical oxidative route.

CHEMICAL POLYMERIZATION

The simplest approach is to have a suitable host structure imbibe the oxidant or
monomer. This material is then exposed to the monomer or oxidant, respectively,
and the polymer material is grown throughout. For example, Bjorklund and Lund-
strom?’ described a procedure in which cellulose paper was first exposed to a metal
salt (FeCl,) that would act as the polymerization agent. The metal salt-soaked paper
was then exposed to the pyrrole monomer in liquid or vapor form. Materials with
conductivities of approximately 2 S cm™! could be produced using this approach.

We have found similar results in our laboratories making impregnated papers
with PPy and PAn for inverse thin-layer chromatography.?® The method we used
to prepare PAn-modified paper was to load filter paper strips with aniline, which
was allowed to diffuse throughout the paper for about 10 min. The strips were then
immersed in FeCl, that had been acidified with HC1. The PAn adheres well to the fil-
ter paper when it is dried, and no problems with chemical instability were observed.
The morphology of the polymer surface was that of the filter paper substrate.

It was noted by MacDiarmid and Epstein as early as 1989 that PAn salts may
also be deposited as films on a variety of substrates by immersing the substrate in
the polymerization mixture.? In fact, during standard chemical polymerization, one
often observes the deposition of a thin, extremely adherent green emeraldine salt
(ES) film on the walls of glass reaction vessels, as well as the bulk precipitation of
PAn/HA powder. By judicious manipulation of the polymerization conditions such
as reagent concentrations/ratios and modification of the substrate surface, one can
maximize the surface deposition as opposed to polymer precipitation.’® This phe-
nomenon has been developed into a widely useful in situ polymerization technique
for the preparation of PAn films on a variety of insulating surfaces such as glass and
plastics, as well as on fibers and fabrics.

DEPOSITION ON GLASS/PLASTICS

In situ polymerization of aniline is generally carried out in aqueous (NH,),S,0,/HCL
The glass support is typically removed from the reaction mixture during the polym-
erization at the stage when a blue/violet film of pernigraniline salt has formed on its
surface. This film is then reduced to the green ES product by reaction with a separate
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aniline/HCI solution.’' Alternatively, the glass support may be left immersed in the
reaction mixture until the polymerization is complete.??

The in situ deposition of conducting PAn films was found by MacDiarmid and
coworkers® to occur more readily on hydrophobic surfaces, such as Si/SiO, and
glass pretreated with octadecylsiloxane (OTS), than on related hydrophilic surfaces.
They exploited these different deposition rates to produce patterned microstructures
of PAn, by the microcontact “stamp” printing of patterned hydrophilic films of OTS
on hydrophilic glass substrates before the aniline polymerization. Conducting PAn
features as small as 2 um in lateral dimension could be produced with this method.
In collaboration with Alan MacDiarmid, we have prepared optically active PAn/(+)-
HCSA and PAn/(-)-HCSA films on glass using this in situ route, by replacing the
HCl in the polymerization solution by (+)- or (=)- camphorsulfonic acid.?*

Not surprizingly, in view of the preceding preference for hydrophobic surfaces,
PAn can also be deposited by the in situ method on supports such as low-density
polyethylene (LDPE).»> Modification of the LDPE surface by grafting with acrylic
acid promotes the growth and adhesion of the PAn films. Conducting PAn coating
may be similarly deposited on PVC and PMMA surfaces through chemical oxidative
polymerization.3¢

An important development, pioneered by Kuhn and coworkers,*”3 has been the
deposition of conducting PAn’s onto fibers and fabrics. Not only hydrophobic fibers
such as polyesters and polypropylene but also hydrophilic textiles such as rayon and
cotton can be coated with PAn with this in situ polymerization method. PAn/nylon-
6 composite films have also been prepared by adsorbing aniline onto thin nylon-6
films and then treating with aqueous (NH,),S,04.* The composite films exhibited a
low percolation threshold requiring just 4% PAn for electrical conductivity.

Quartz fibers and Kevlar have also been coated. A uniform adherent, conduct-
ing, and electroactive coating is produced using this simple approach. The mechani-
cal properties of the base textile are not significantly affected. The authors suggest
that the adherent coating arises from the fact that it is not the monomer or oxidant
that is adsorbed onto the textile, but rather the radical and/or oligomers.

Nylon, glass fabric, and glass wool*? have been coated with PAn using similar
procedures. In this case, the material to be coated is soaked in a solution contain-
ing aniline and a doping agent such as benzene sulfonic acid, p-toluene sulfonic
acid, 5-sulfosalicylic acid, or sulfuric acid is added with the oxidant (ammonium
peroxydisulfate). The fibers appear to be uniformly coated with the CEP, and the
coatings obtained are electroactive.

PAn has been integrated into other structures (polyethylene, polyterephthalate,
polyester, and polystyrene) by soaking in monomer solutions and then exposing to
acidic oxidant (FeCl,) solutions.*' Results suggest that the polymers were swollen by
the aniline monomer and that polymerization occurred within these swollen media
to produce dispersed PAn granules. Conductivities on the order of 10! S cm™! were
obtained.

PPy has been coated on PMMA or polyethylene spheres*? using a chemical
polymerization process. The spheres were dispersed in methanol and then added to
water containing FeCl,; oxidant. Pyrrole dissolved in water was subsequently added.
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The coated spheres could be mixed with noncoated spheres of PMMA and hot-
pressed to obtain films with conductivities of 3.5 S cm™™.

Other workers have coated nylon by imbibing pyrrole into the film followed by
exposure to oxidant.** Polymerization only occurred in the surface layer (5 um),
resulting in the formation of a heterogeneous structure. Nylon 6,6 (N66) with incor-
porated PPy had a much higher initial modulus of 2.6 GPa, compared to 1.7 GPa for
N66 alone. However, the elongation to break was also markedly reduced, from 350%
for N66 to 60% for N66/Ppy.

Kelkar and Bhat** described a modified method for making nylon-PPy compos-
ites. In the modified method, the nylon is first doped with copper chloride. Because
CuCl, acted as an initiation site for polymerization, the authors argue that this
resulted in more continuous conducting polymer chains throughout the nylon and a
higher bulk conductivity.

Chemical polymerization onto sulfonated (dopant-containing) synthetic poly-
mers has also been described.* Sulfonated polyethylene—polystyrene was exposed
to monomer and then the oxidant. A mixture of Fe!' and Fe''! led to more accurate
control of the E° value of solution. These same workers also described a novel chem-
ical/electrochemical method, in which pyrrole was initially polymerized using a low
concentration of Fe™. The reduced Fe'" could then be reoxidized electrochemically
to regenerate the oxidant. Using this chemical/electrochemical process, composite
polymers with conductivities as high at 35 S cm~! were obtained.

PPy’s have been integrated into other structures by polymerizing in the presence
of a dissolved polymer. For example,*® polymerization of pyrrole has been achieved
in a solution of polycarbonate dissolved in CHCl; with FeCl; as oxidant. The com-
posite was then precipitated using a nonsolvent such as methanol, ethanol, or acetone.
The resultant structure was polycarbonate with conducting PPy dispersed through-
out the matrix.

A similar procedure was used to produce PPy—poly(ethylene-co-vinyl acetate)
[PEVA] composites.*” The host polymer can be dissolved in a toluene solution with
pyrrole. A concentrated dispersion is then formed by adding it to an aqueous solution
containing a surfactant. An aqueous solution of the oxidant (FeCl,) is then intro-
duced to form the polymer. The conductivity of the resultant materials is approxi-
mately 5 S cm™'. The PEVA-based composites can be processed into films and other
shaped articles by hot pressing at approximately 100-150°C and 15-20 MPa pres-
sure for 1 h. The mechanical properties are determined by the PEVA content. For
example, for composites of PPy—PEVA containing 20% (w/w) PPy, soft flexible films
that can be extended up to 600% were produced. For pure PPy films, elongations of
less than 5% are achievable.

From the same laboratory, another report*® describes the use of this approach to
prepare PPy/poly(alkyl methacrylate). In this case, a chloroform solution of poly(alkyl
methacrylate) and pyrrole is dispersed in an aqueous surfactant solution whereupon
the oxidant is added. The PPy deposits on the host polymer, and again a nonsol-
vent is used to precipitate the composite. The composites can then be hot-pressed to
obtain films or other objects. Compared to cold pressing, hot pressing improves the
mechanical properties but decreases the conductivities. In the hot-pressed materials,
a distinct PPy phase could not be observed.
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A similar approach* was used to prepare PAn/poly(alkylmethacrylate) compos-
ites. Sodium persulfate was used as the oxidant in acidic (HCl) media, and the com-
posite was precipitated by the addition of methanol. Again, hot pressing was found
to improve the mechanical properties, and conductivities of 2 S cm~! were obtained.
Although higher conductivities could be obtained with cold pressing, the mechanical
properties were inferior.

PAn composites have been formed by polymerizing aniline in the presence of
a latex.’® The latexes were chlorinated copolymers (Haloflex EP 252), which were
film-forming latexes. Interestingly, the thermal stability of the resultant composite
was better than either of the individual components. Polyaniline—polyacrylamide®!
composites have been prepared by carrying out a chemical oxidation of aniline in
the presence of polyacrylamide. Films that could be cast were stable up to 250°C.
However, conductivities were low (approximately 5 x 102 S cm™).

An alternative approach® involves polymerization of conventional polymer
in the presence of a soluble conducting polymer (alkylated thiophene) to form a
semi-interpenetrating network. The polythiophene was dissolved in solutions of sty-
rene and divinyl benzene; conductivities in the range 0.01-0.10 S cm™" were obtained.

Conducting polymers have been formed inside other porous structures such as
crosslinked polystyrene.>>>* In the latter report, attachment of alkyl chains to the
pyrrole improved the wetting characteristics, and hence, the mechanical properties
of the composite.

Aninteresting approach to conducting polymer composite formation was reported
by Mohammadi and coworkers,> who used Cu(II) complexed to poly(vinylpyridine)
as the oxidant. They reported that composites with adequate mechanical and electri-
cal properties can be obtained using this approach.

INTERFACIAL POLYMERIZATION

Where the support material to be employed is porous to the monomer and/or oxidant,
a novel approach termed interfacial or diaphragmatic chemical polymerization may
be used (Figure 7.3).

Essentially, a membrane transport cell is used with oxidant on one side and
monomer solution on the other. Where polymerization occurs depends on the relative
mobility of the oxidant and the monomer.>® In fact, this can be used to localize con-
ducting polymer formation within the membranes. For example, with a nafion mem-
brane and the use of S,04% as oxidant, polymerization is restricted to the oxidant side
of the membrane owing to anion exclusion (nafion is negatively charged). When Fe*
is used as oxidant, polymerization occurs throughout the membrane. The use of dif-
ferent solvents can also affect the transport processes for oxidant and monomer. This

V777
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Oxidant

Solution WY Solution
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FIGURE 7.3 Interfacial polymerization to produce conducting polymer membrane.
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was used to fix the point of polymerization by other coworkers who prepared PPy—
PVC structures.’” Similar procedures have been used to coat PPy onto cellulose ace-
tate and PVC.*® Others have used a vapor-phase interfacial polymerization approach
to produce thin conducting polymer coatings on conventional membranes.>

ELECTROCHEMICAL INTEGRATION

Provided electrodes can somehow be embedded into another polymeric material that
has sufficient porosity to allow monomer and counterion species to ingress, elec-
tropolymerization can also be used to make composite materials.

Electropolymerization can be used to coat other substrates, not just planar elec-
trodes, resulting in the production of conducting polymer “composites.” For exam-
ple, electrochemical methods have been used to coat spherical graphite particles in
a pulsed bed reactor.%® In fact, the substrate to be coated need not be conductive.
Electropolymerization can be used to coat other structures by producing polymer in
solution that is subsequently deposited onto other surfaces. This is possible because
conducting polymers are formed in solution even when electrochemical methods are
used. Judicious cell design, therefore, enables conducting polymers to be produced at
an electrode where they are not adhesive, and to coat other surfaces that adsorb the
CEPs more readily. For example, nonconductive silica particles can be coated using
this method.®' This same principle has been used to coat fibers in a flow-through
electrochemical cell (Figure 7.4).9 For poly(3-methylthiophene) and PPy fiber,
growth rates of approximately 30 cm h™! are achievable. Coated Kevlar or polyester
string shows good adhesion of CEPs. Stand-alone conducting polymer fibers (with
conductivities of 6.2 S cm™) have also been produced using this approach.

Electrochemical polymerization has also been used to coat natural fibers such as
cotton, silk, and wool® or synthetic carbon fibers® with PPy.

As early as 1984,556 it was reported that conductive polymer composites could
be prepared electrochemically by polymerizing pyrrole on a working electrode
coated with the support polymer (e.g., PVC). According to Wang and coworkers,®’
the uniformity and conductivity of the polymer were improved if electrolyte was
incorporated into the PVC before to inducing electropolymerization.

Other workers have prepared poly(N-methylpyrrole)/poly(biphenol-A-carbon-
ate) (PC) using this approach.®® The electrodes were dip-coated with the PC and
then electropolymerization was induced. Thermogravimetric analysis verified that a
graft copolymer was produced. A similar procedure has been used to prepare PAn
composites with the same host polymer.® The in situ electrochemical polymeriza-
tion process has also been used to prepare polyacrylonitrile/PPy composite films.”

With these systems, conducting polymers start to grow from the electrode side.
If polymerization times are short, only the electrode side is conductive, enabling a
degree of spatial control that allows structures to be formed. As pointed out earlier,
this may be important in producing intelligent material structures where localized
polymerization is required to provide spatial distribution of function.

PPy/polyurethane (PU) composites with conductivities as high as 1 S cm™! have
also been prepared.”! The PU was initially cast on indium—tin oxide coated glass elec-
trodes, whereupon electropolymerization was carried out. The condition employed
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FIGURE 7.4 Schematic of the electrochemical flow cell used to grow conducting poly(3-
MeTh) on fibers. A centrifugal pump is used to pump the electrolyte solution through the gel.
(From Li, S.; White, H.S. J. Electrochem. Soc. 1993, 140: 2473. With permission.)

during polymerization has a marked effect on the mechanical and electrical proper-
ties obtained.

PPy/poly(vinyl-methylketone) (PVMK) composites have been prepared using
both chemical and electrochemical polymerization.”>? Both PPy and PVMK are
capable of forming intramolecular hydrogen bonds, as evidenced in the resultant
composites. The morphologies of the blends produced using the two approaches are
different, the chemically prepared material being more thermally stable.

A similar approach has been used to prepare PAn/PVA composites.” In this
case, the PVA is dip-coated using a DMSO solution, and the electropolymerization
is initiated before the DMSO is completely removed. PAn has been electropolymer-
ized™ onto a platinum electrode wrapped in an aromatic copolyamide. PAn—nafion
composites can be prepared using the coating-electropolymerization method.”

PAn-nitrilic rubber composites’ have been prepared using rubber-coated
anodes for electyropolymerization. The resultant material has the mechanical prop-
erties of a crosslinked elastomer with the electrical and electro-optical properties
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FIGURE 7.5 Crosslinked polyacrylamides.

of PAn. The polymer composite properties vary markedly with the electrolyte used
during electropolymerization.

PAn/PC composites have been prepared’” using the materials wherein the elec-
trode is initially dip-coated with the host (PC) polymer. As for the corresponding
PPy composite discussed earlier, Fourier Transform Infrared (FTIR) and Differ-
ential Scanning Calorimetry (DSC) data suggest that the resulting product is not a
simple composite but involves H-bonding between the two compounds.

Hydrogels are fascinating polymeric structures (an open porous network con-
taining sometimes > 90% water by weight) that are ideally suited for electrochem-
istry. Crosslinked polyacrylamides (Figure 7.5) and agarose gels are two commonly
used examples.

The polyacrylamides are readily modified chemically to change both their physi-
cal and chemical properties. The mechanical properties of these gels are such that
electrodes can be cast in the gel at the time of polymerization/gelation. Monomer
and electrolyte can then be introduced to the gel, and polymerization induced elec-
trochemically. The electrochemical gel cell setup is shown in Figure 7.6. Upon appli-
cation of an appropriate negative potential, conducting polymer growth is initiated
and eventually “fills” the gel (Figure 7.6).

Retaining the open porous structure of gels, these polymers contain approxi-
mately 90% water’®” (Figure 7.7). They retain the redox switching characteristics
of PPy films and the inherent ability of the hydrogel host to be dehydrated and
rehydrated. Presumably, this is because the growth of the conducting polymer is reg-
ulated by the crosslinked hydrogel network. The resultant gel composites are electro-
active and electrically conducting. The large open porous structure results in a high
degree of electrochemical efficiency, which in turn improves the controlled-release
capabilities of the conducting polymer. This has been demonstrated by comparing
the release profiles of a sulfonated dye from a simple PPy structure and from a con-
ducting polymer—gel composite. In the latter case, the rate of electrically stimulated
release increased by more than an order of magnitude.”

The mechanical infrastructure provided by the gels enables polymers of large
dimensions and various shapes to be produced. The conducting polymer will grow
throughout the gel. By appropriate placement of electrodes, it is possible to grow
composite structures with conducting polymers strategically placed with predeter-
mined spatial resolution throughout the gel.
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FIGURE 7.6 The gel cell.

FIGURE 7.7 A slab of polypyrrole gel composite.
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This ability to pattern in three or two dimensions is critical to the development
of intelligent material structures containing conducting electroactive polymers.
Advances in patterning are described in the following section.

DEVICE FABRICATION

Processable conducting polymers, either by melt or solution means, are suitable for
fabrication into the myriad of devices envisaged for these dynamic polymer systems.
The nature of the fabrication process is necessarily determined by the performance
required of the final product. However, the ultimate size and cost of the fabricated
part are equally as important as the performance characteristics. In this section, we
review some recent developments in the area of printing and fiber-spinning technolo-
gies that will impact the fabrication of conducting polymer devices in the future.

FIBER-SPINNING TECHNOLOGIES

Fibers are useful building blocks for devices because of the well-developed spinning
and weaving technologies that are available and because of the increasing use of
high-performance fibers in advanced materials. Mass production of fibers and their
weaving into textiles dates back to the early stages of the Industrial Revolution. The
alignment of polymer chains (natural or synthetic) along the fiber axis enhances
performance: both conductivity and mechanical properties of conducting polymers
have been shown to be improved by producing fibers (including a draw process).
The assembly of fibers through weaving and other processes is the basis of the mass
production of textiles, carpets, and even paper products. Utilizing these well-devel-
oped technologies for the construction of conducting polymer-based devices is an
extremely attractive prospect.

It is in the emerging field of electronic textiles that fiber spinning and conducting
polymer technologies merge. An electronic textile contains electronic components
seamlessly integrated into a conventional fabric structure. Although some exam-
ples seem futuristic (computers or mobile phones built into a sports jacket), others
appear more achievable. For example, the addition to conventional fabrics of fibers
that can also provide energy storage (batteries, capacitors) or energy conversion
(photovoltaic, thermal energy harvesting, etc.) will be extremely useful for persons
living or traveling in remote areas. The energy fabrics can be manufactured into
tents and blankets, and the energy device can be used to power all manner of elec-
trical devices from communications to cooking. Another application is in the area
of biomedical monitoring. Here, a number of sensor fibers are built into garments
and the sensor responses recorded, and in some scenarios automatically transmit-
ted to health service providers. The range of potential applications is immense and
includes baby monitors and triage services for injured soldiers.

Already solution-processable conducting polymers have been used to develop
fiber products that may be used in the applications described earlier. In one commer-
cial operation (Santa Fe Science and Technology, Inc.), continuous lengths of PAn
fibers are made by a wet-spinning operation. The continuous nature of the opera-
tions enables control of fiber diameter and electronic properties. Conductivities of
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FIGURE 7.8 The polyaniline fiber-spinning facility at Santa Fe Science and Technology,
United States (photo courtesy Ben Mattes).

up to 1000 S cm™' have been reported and the mechanical properties are described
as being similar to Nylon-6. Figure 7.8 shows the SFST fiber-spinning operation and
the resultant product.

A number of workers have shown that it is necessary to synthesize PAn to high
molecular weights to successfully prepare fibers and films with adequate mechanical
properties. Laughlin and Monkman® have shown that a molecular weight of 130,000
g/mol is sufficient, whereas Mattes and coworkers®' have investigated the effect of
molecular weight in the range 100,000-300,000 g/mol. The higher the molecular
weight, the more the films could be drawn and the higher was the tensile strength.
Mattes and coworkers®? have prepared PAn emeraldine base (EB) fibers by wet spin-
ning. As-spun fibers had a modulus of 0.54 GPa, tensile strength of 15 MPa, and
elongation at break of 9%, which were altered by drawing (4x) to 1.85 GPa, 63 MPa,
and 6%, respectively.

As expected, the stretching of PAn films and fibers has a dramatic effect on the
mechanical properties. In another study, EB films could be stretched by over 5 times
their original length (at 140°C), and this process was shown to produce a 10-fold
increase in tensile strength (to 226 MPa?®). Similarly, thermal stretch-orientation of
EB fibers produces a tensile strength of 318 MPa, which reduces to 150 MPa when
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HCl-doped to the emeraldine salt. Similar increases in elastic modulus would be
expected to result from the mechanical drawing, because the process causes consid-
erable alignment of the polymer chains in the draw direction. In one study, drawn EB
films gave a room temperature modulus of 12 GPa,3* which is considerably higher
than is typical of unoriented polymers. Such mechanical orientation also increases
the crystallinity®* and conductivity of the PAn films and fibers.

Direct preparation of PAn ES films and fibers from solution is also possible.
Monkman and coworkers®> have reported ES fibers showing a modulus of 2 GPa and
tensile strength of 97 MPa with a conductivity of 600 S cm™. These fiber properties
were obtained after high-temperature drawing and annealing of the as-spun fibers.
Similarly, in our own laboratories, we have produced PAn ES fibers in a one-step
spinning process with and without carbon nanotubes as reinforcement.3® The drawn
fibers had a modulus of 3.4 GPa, tensile strength of 170 MPa, and elongation at
break of 9%. With the addition of 0.76% (w/w) carbon nanotubes, these properties
changed to 7.3 GPa, 255 MPa, and 4%. In addition, the conductivity increased from
500 to 700 S/cm with the addition of the nanotubes. In comparison, PAn ES fibers
prepared by first wet-spinning leucoemeraldine and then post-treating to produce the
ES showed inferior mechanical and electrical properties: modulus 3.5 GPa, tensile
strength 45 MPa, elongation at break 4.6%, and conductivity 96 S/cm,®’

An important hardware addition in the development of fiber-spinning protocols
is the availability of customized wet-spinning apparatus from Nakamura Services
Co. in Japan (Figure 7.9).

Recently,?:3%9 there has also been much interest in the formation of nanofibers
using electrospinning. The method (illustrated in Figure 7.10) is a straightforward
way to make long polymer fibers with diameters ranging from 100 nm to 2 um.

FIGURE 7.9 The customized wet-spinning apparatus at the Intelligent Polymer Research
Institute, University of Wollongong.
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FIGURE 7.10  Schematic diagram of electrospinning. (From Dan Li, Jesse T. McCann, and
Younan Xia, Electrospinning: A simple and versatile technique for producing ceramic nano-
fibers and nanotubes, J. Am. Ceram. Soc., 2006, 89, 1861-69. With permission.)

The method involves dissolving the polymer in a suitable solvent and then applying
a large voltage difference between a metal capillary containing the solution (e.g.,
a syringe) and a target. The target may be a metal foil upon which the nanofibers
deposit. The high voltage induces the free charges in the polymer solution to move,
and the result is a jet of solution that flows from the capillary to the target to form an
oriented network (Figure 7.10). Recently, a method was also reported for fiber align-
ment using a modified electrospinning method.® Conducting polymer fibers have
recently been formed by the electrospinning process as reported by MacDiarmid and
coworkers,” whereas Figure 7.11 shows fibers containing polythiophenes produced
in this manner with one of our collaborators.

PRINTING TECHNOLOGIES

Printing is also an old art that is now seen in a new light for fabrication of advanced
products including electronic components. Solution-processable CEPs are inherently
suitable for fabrication using printing methods, and their availability is already lead-
ing to low-cost sensors and cheap, disposable electronics.

In our own laboratories,” we have used conventional screen-printing techniques
for the manufacture of sensors (Figure 7.12). In one example, conducting tracks of
~1 mm in width and 17 mm long were printed onto plastic substrates, and conducting
polymer was subsequently deposited over the tracks to make a four-probe gas sensor.
Similar techniques have been used to generate all-polymer field-effect transistors.
The great advantage of screen printing is its suitability for coating fabrics. Thus,
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FIGURE 7.11  Electrospun fibers of poly(vinylalcohol) containing sulfonated polyaniline.
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FIGURE 7.12 The screen-printing process involved in preparation of carbon track elec-
trodes on polymer substrates.
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screen printing provides a new option for preparing electronic textiles in addition
to the CEP fiber structures described earlier. The biggest disadvantage of screen
printing is that only 100 um resolution is typically available, making it unsuitable
for microfabrication.

Recent developments show, however, that microscale electronics can be made
even with readily available ink-jet printers. De Rossi and coworkers®® have used
ink-jet printing to make 3-D structures from soluble conducting polymers. Several
groups have reported the production of polymer light-emitting diodes using ink-jet
printing to deposit lines or pixels. The thickness of the deposited layers is ~200 nm,
and the minimum width is limited to ~200 nm. The resolution is ultimately limited
by the ink-jet printing process, which involves the deposition of droplets onto the
substrate. The droplet size and spreading before evaporation determine the resolu-
tion. Richard Friend and coworkers®® from the Cavendish Laboratory, University of
Cambridge, have significantly improved the resolution of the ink-jet printing process
by first patterning the surface with hydrophilic and hydrophobic regions. Using such
methods, these researchers were able to prepare features to 5 um in width and pre-
pared all-polymer transistor circuits that showed performance similar to those made
by photolithography methods.

Yoshioka and Jabbour have used a desktop ink-jet printer to prepare PEDOT/PSS
electrodes as components for organic light-emitting diodes.”* We have prepared PAn
nanodispersions that are amenable to printing from a desktop unit.> This has been
used as a convenient route to producing novel chemical-sensing surfaces. Reactive
printing in which the oxidant is delivered using ink-jet printing to produce patterns
followed by exposure to monomer in the vapor phase is an alternative approach to
obtaining printed patterns.’®

A significant advance for these involved in the use of ink-jet printing for device
fabrication is the introduction of much more flexible ink-jet printing hardware. For
example, the Dimatix printer (Figure 7.13) enables printing of solutions/dispersions
using a range of solvents with temperature control of both the printing head and the
substrate stage. We have used this system to print PAn-based “inks” with high reso-
lution and low resistivity."”

Similar techniques have been used to generate finer resolution by microcontact
printing methods. These methods are suitable for preparing features as small as 100
nm.”® The process involves forming a rubber stamp, the surface of which is painted
with a masking ink. The ink is transferred to the substrate and forms the pattern of the
stamp on the substrate. The stamped areas can then be coated with soluble conduct-
ing polymers. In one example, polythiophenes were deposited on hydrophilic areas
formed in a prior microprinting step. In another process, a polythiophene derivative
was directly stamped onto a conductive ITO-glass surface although the feature size
was quite large (100 um). A final variation of the microcontact printing technique
has been widely explored by Alan MacDiarmid and colleagues.”” In this method,
the surface to be coated is stamped with a hydrophobic self-assembled monolayer
(e.g., organothiol on a gold surface), and a conducting polymer is deposited by elec-
tropolymerization. MacDiarmid’s contribution was to use the same technique but
with chemical-initiated polymerization. Conducting polymer lines and other shapes
could then be deposited on virtually any substrate, including flexible plastics. In yet
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FIGURE 7.13 Dimatix DMP2800 ink-jet printer.

another variation, Honholtz and MacDiarmid'° also showed that the mask could be
made by a regular office laser printer. A printed substrate could be uniformly coated
by in situ polymerization and the laser-printed regions subsequently removed by
ultrasonication.

These examples serve to illustrate the enormous interest in mass production
techniques for preparing low-cost devices based on conducting electroactive poly-
mers. No doubt, the future development of such techniques will lead to commercial
products allowing the integration of electronics into a number of conventional host
structures. The most dramatic of which may include flexible plastic electronic com-
ponents and electronic textiles and fabrics. These developments have been hastened
by the recent advent of processable conducting polymers. Tremendous opportunities
now arise in marrying these processable conducting polymers with the age-old arts
of knitting, weaving, and printing.
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CD, see Circular dichroism (CD) spectra and
spectroscopy
Cellular communications, 2627
Chain conformation, 160
Chaotropic effect, 113
Characterization tools, 32
Charge delocalization, 186
CHCI; solvent, 80
Chemical analysis, 37, 39-40
Chemical polymerization
polyaniline synthesis, 143—147
polypyrroles assembly, 75
polythiophene synthesis, 201-202
processing and device fabrication, 235

253
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Chemical properties
polyanilines, 186—187
polypyrroles, 114-118
polythiophenes, 219
Chemical sensors, 22-24
Chiral characteristics
discrimination, 193
dopant anions/cations, 156—158
induction, poly(ortho-toluidine), 158
separations, 122
Chiroptical properties
polypyrroles, 121
polythiophenes, 222-225
Chitosan, 92
Chloranil
electron acceptors polymerization, 149
oxidants, 76
Circular dichroism (CD) spectra and
spectroscopy
chiroptical properties, polythiophenes,
222-225
fundamentals, 46, 47-48
polyanilines, 191-192
solvatochromism, 221
thermochromism, 221
CITS, see Current-imaging tunneling
spectroscopy (CITS)
Clemmenson reduction, 82
CNT, see Carbon nanotubes (CNT)
Cochlear explant, 27
Cochlear implant, 27
Cold pressing, 237
Colloidal dispersions
polyaniline synthesis approach, 150, 151-152
polypyrroles assembly, 80—81
Colloids
polyaniline electrochemical polymerization,
142-143
solution-processable CEPs, 233
Colors and color changes
chemical polymerization mechanism, 143
electrochromic devices, 16—17
switching properties, 185-186
water-soluble polythiophenes, 208
Communications tools, 32
Compact coil conformation
conductivity, 181
level and chain conformation, 120
polyaniline base forms, 190
Complexation, see Doping
Conductive electroactive polymers, 5
Conductivity
alkylated thiophenes, 217
obtaining higher, 87
polyaniline electrical properties, 179, 181-182
polypyrroles, 103—105
polythiophenes, 216-217
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Conformation
electropolymerized polythiophenes, 212-213
polyaniline synthesis, 158161
polythiophenes, 211-212
Controlled-release devices, 21-22
Copper, corrosion protection, 22
Core-shell approach, 152
Corrosion protection, 22, 140
Counterion/cation effect, 71, 73-74
Counterion-induced solubilization, 79-80
Counterions
chemical properties, 116-117, 186
conductivity, 105
dry-state mechanical properties, 126-127
electropolymerization, 200
morphology and density, 167
polythiophene properties, 219-220
Covalently bound chiral substitution, 153
Covalent substitution, 154—155
CRC Cochlear Implant, 27
Cross-coupling, 205
Crosslinking
dry-state mechanical properties, 127
electrochemically prepared films, 187
melt-processable CEPs, 234
polyacrylamides, 241
polypyrroles assembly, 86—88
polythiophene properties, 217
self-stabilized dispersion polymerization, 147
Crystallinity
electropolymerized polythiophenes, 212-213
polyaniline synthesis, 160-161, 166
polypyrroles assembly, 88—89
Current-imaging tunneling spectroscopy (CITS)
nanoscale heterogeneity, 160
scanning probe microscopy, 44
CV, see Cyclic voltammetry (CV)
Cyclic resistogram, 109
Cyclic voltammetry (CV)
electrochemical conditions, 67
electrochemical methods, 33-34
electrode materials, 69-70
localized electrochemical mapping, 51
switching properties, 109, 183
vapor-phase deposition, 148
Cyclodextrins, 169, 171

D

DBSA (dodecylbenzenesulfonate)
Bronsted acids, 155
counterion-induced stabilization, 79-80
dopant counterion, 77
level and chain conformation, 120-121
nanostructured polyanilines, 168

DCA, see Dynamic contact angle (DCA) analysis
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DDQ (2,3-dichloro-5,6-dicyano-p-
benzoquinone), 76
DEHPSA (di(2-ethylhexyl)ester of 4-
sulfophthalic acid), 188
Delocalization, charge, 186
Dendritic nanoaggregate structures, 91-92
Density
polyanilines, 166—168
surface morphology and films, 89-91
Deposition
electrode materials, 68
polyaniline synthesis, 171
in situ chemical polymerization, 78-79
Deposition, on glass/plastics, 235-238
Devices, fabrication, 243, see also Processing
and device fabrication
Diaphragmatic chemical polymerization,
238-239
Differential scanning calorimetry (DSC)
electrochemical integration, 241
electrochemically prepared films, 189
solvents, 141
Dimatix printer, 248
Display technologies, 15-16
DMA, 189
DMEF, 194
DMPU (N, N’-dimethyl propylene urea)
solution-cast emeraldine base, 161-162
solvatochromism and thermochromism, 194
DMSO (dimethylsulfoxide)
counterion-induced stabilization, 80
electrochemical integration, 240
solvatochromism and thermochromism, 194
Dodecylbenzenesulfonic acid, 231
Dopants
anions/cations, 156—158
counterion (A, 77
polyaniline chemical polymerization,
144-145
polyaniline electrochemical polymerization,
140-141
Doping
polythiophene properties, 220-221
secondary, 166, 181
Double-strand polyanilines, 167
Dow Chemical (company), 16
Dry-state properties, 123, 126-128
DSC, see Differential scanning calorimetry
(DSC)
Ductility, 188
DuPont (company), 16
Dynamic contact angle (DCA) analysis, 40—42

E
EAMEX, 17
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EB, see Emeraldine base (EB)
EC-AFM, see Electrochemical atomic force
microscopy (EC-AFM)
EC-STM, see Electrochemical scanning
tunneling microscopy (EC-STM)
EDOT
chiroptical properties, polythiophenes, 225
electropolymerization, 201
vapor-phase polymerization, 202
EFM, see Electrical force microscopy (EFM)
EIS, 51
Electrical force microscopy (EFM), 44-45
Electrically stimulated light emission, 15-16
Electrical properties
polyanilines, 179-183
polypyrroles, 103—105
Electrochemical atomic force microscopy (EC-
AFM), 46
Electrochemical properties and conditions
asymmetric synthesis, 122
integration, 239-243
polymerization, 138-143
polypyrroles assembly, 6675
prepared films, 187-189
pumping, 20
switching/energy storage/conversion,
12-14
tools, 32-35
Electrochemical quartz crystal microbalance
(EQCM)
fundamentals, 35
localized electrochemical mapping, 51
switching properties, 111
Electrochemical scanning tunneling microscopy
(EC-STM), 46
Electrochromics, 16—-17
Electrode materials
polyaniline electrochemical polymerization,
140
polypyrroles assembly, 68—70
Electrodeposition, 31
Electroless polymerization, 150
Electrolyte choice, 71, 73-74
Electromagnetic interference (EMI), 11
Electromechanical actuators, 17-18
Electromechanical analysis (EMA), 36-37
Electron acceptor polymerization, 149
Electron-beam patterning resolution, 12
Electronic band structure
optical properties, 119
polythiophene optical properties, 221
Electronic nose systems, 23-24
Electronic textiles, see Fiber-spinning
technologies
Electron spin resonance (ESR) spectroscopy
fundamentals, 49, 51
polyaniline optical properties, 189
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Electropolymerization, see also Polymerization
polypyrroles assembly, 59-60, 62—63
polythiophenes, 197-201, 212-213

Electrospinning
fiber-spinning technologies, 245-246
nanostructured polyanilines, 170

Electrostatic discharge (ESD), 11

Elongation at break, 129, see also Young’s

modulus

EMA, see Electromechanical analysis (EMA)

Emeraldine base (EB)
chiral discrimination, 193
chiral dopant anions/cations, 156
circular dichroism spectra, 191-192
conductivity, 179
electrochemically prepared films, 188—189
enhancing functionality, 154155
fiber-spinning technologies, 244
Lewis acids, 157
molecular structure, 160-161
molecular weight, 159
polyaniline base forms, 189-190
polyaniline synthesis, 161-163
salt from protonation, 163
solution-cast, 161-163
solution-processable CEPs, 231
solvatochromism and thermochromism, 194

Emeraldine salt (ES) and salt state
chemical polymerization, 235
conductivity, 137, 179
controlled-release devices, 22
deposition, on glass/plastics, 235
electrochemically prepared films, 187189
electropolymerized, 166
fiber-spinning technologies, 245
molecular structure, 160-161
nanoscale heterogeneity, 160
polyanilines, 150, 163-166
solution-cast, 163164
sulfonic acid substitution, 153

EMLI, see Electromagnetic interference (EMI)

Emulsion polymerization, 150-151

Environmental effects on, 128—132

Enzyme-catalyzed polymerization
polyaniline synthesis, 148—-149
polypyrroles assembly, 83—84

EQCM, see Electrochemical quartz crystal

microbalance (EQCM)

ESD, see Electrostatic discharge (ESD)

ESR, see Electron spin resonance (ESR)

spectroscopy

Etching, 31

Expanded/extended coil conformation
conductivity, 181
level and chain conformation, 120
polyaniline base forms, 190

Extra functionality, 84-86
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F

Fabrication after polymerization, 231
Fabrics
deposition, on glass/plastics, 236
in situ chemical polymerization, 78-79
Fibers
polymerization environment/cell design, 66
in situ chemical polymerization, 78-79
Fiber-spinning technologies, 243-246
Films
chemical properties, 187
comparison, 147
density, 89-91
freestanding, 187
polythiophene properties, 218
thickness, 213
Flow-through electrochemical cell, 65
Fourier transform infrared (FTIR)
nigraniline oxidation state, 150
solvents, 141
Freestanding films, 187
Friedel-Crafts alkylation, 81-82
Fullerene, 170
Functional groups
conductivity, 105
monomer, 74
Functionality, enhanced, 84-86

G

Galvanic coupling, 22

Gel permeation chromatography (GPC), 86

Gels, 241

Ge series probe, 39

Glass deposition, 78

Glass fabrics, 236

Glass wool, 236

Glucose oxidase (GOD), 95

GOD, see Glucose oxidase (GOD)

GPC, see Gel permeation chromatography (GPC)

Grignard reaction and coupling methods
chemical polymerization, 201
substituted polythiophenes, 203, 206

H

Halogens, oxidants, 76

HCSA (camphorsulfonic acid)
Bronsted acids, 155
chiral discrimination, 193
chiral dopant anions/cations, 156
circular dichroism spectra, 191-192
counterion-induced stabilization, 80
solution-processable CEPs, 231
solvatochromism and thermochromism,

193-194
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Head-to-tail couplings and position
Bronsted acids, 155
chemical polymerization mechanism, 143
fundamentals, 137
molecular structure and conformation, 158
regioselective coupling, 147
Heeger, Alan, 5, 8
Heparin, 92
Heteropolyanions, 219
High-performance liquid chromatography
(HPLC), 224
High-pressure liquid chromatography (HPLC),
40
'H NMR studies
colloidal dispersions, 152
substituted polythiophenes, 205
Hoechst (company), 16
Hollow microspheres, 95
Honeywell International (company), 17
Horseradish peroxidase (HRP)
chemical properties, 186187
photochemically initiated polymerization,
148-149
Hot pressing, 237
HPC (hydroxypropyl cellulose), 225
HPLC, see High-pressure liquid chromatography
(HPLC)

IBM (company), 12
IL, see Ionic liquids (IL)
Implantable devices, 24, 30
Indium tin oxide (ITO)-coated glass
circular dichroism spectroscopy, 48
polyaniline electrode material, 140
UV-visible spectroscopy, 47
Induction period, 168
Ink-jet printers, 248
In situ chemical polymerization, 78—79
In situ spectroscopy, 46
Integration/fabrication after polymerization,
231
Intelligent materials
defined, 2
fundamentals, 2—4, 51, 53
historical developments, 4-5
selection of, 32
structures, 3
systems, 3
Intelligent Polymer Research Institute (IPRI)
Braille, 17-18
CEP unique features, 5
electromechanical analysis, 36
Interchain spacing, 215
Interfacial polymerization
nanostructured polyanilines, 169-170
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polyaniline chemical polymerization, 146
processing and device fabrication, 238-239
Interstitial spaces, 171
Inverse chromatography, 37
Inverse electrochemical thin-layer
chromatography (ITLC), 40
Inverse microemulsion approach, 168
Inverse opals, 171
Inverse thin-layer chromatography, 235
Ionic liquids (IL)
electrolytes, 71
electropolymerization, 200
Ton implantation, 158
ITLC, see Inverse electrochemical thin-layer
chromatography (ITLC)

J

John Hopkins University, 13

K

Kevlar
deposition, on glass/plastics, 236
polymerization environment/cell design, 66
Kinetic investigation, 152
Knee sleeve, biomechanic sensors, 27

L

Ladder polymer, 137
LB, see Leucoemeraldine base (LB) and base
state
LDPE (low-density polyethylene), 236
LEIS, see Localized electrochemical impedance
spectroscopy (LEIS)
Leucoemeraldine base (LB) and base state
conductivity, 137
controlled-release devices, 22
enhancing functionality, 154
fiber-spinning technologies, 245
polyaniline base forms, 189-190
Lewis acids
chiral dopant anions/cations, 157-158
polythiophene properties, 217
Light-induced charge separation, see Polymer
photovoltaics
Linkoping University, 31
Lipid tubules, 95
Lithium salts
Lewis acids, 157
molecular weight, 159-160
Lithography, 31
Localized electrochemical impedance
spectroscopy (LEIS), 51
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Localized electrochemical mapping, 51
Lycra, 27

M

MacDiarmid, Alan, 5, 8
Macromolecular building blocks, 5
Mark-Houwink constants, 159
Mars Explorer, 17
Masks, 148
Material level, 4-5, see also Intelligent materials
McCullough synthetic route and method,
207-210
m-cresol
conductivity, 182
counterion-induced stabilization, 79
level and chain conformation, 120-121
Mechanical properties
dry-state properties, 123, 126—128
environmental effects on, 128—132
polyanilines, 187
polypyrroles, 123-132
polythiophenes, 217-219
Mechanisms
polyaniline chemical polymerization, 143
polyaniline electrochemical polymerization,
138-139
Melt-processable CEPs, 233-235
Membranes
application area, 9
chiroptical properties, polythiophenes, 224
utilization limitations, 21
MEMS, see Micro-electromechanical systems
(MEMS)
Metal ions, 23
Metallic polyaniline, 182—183
Metals
controlled-release devices, 22
replacement, applications, 11
Microcontact printing methods, 248
Micro-electromechanical systems (MEMS),
31-32
Microfluid applications, 31-32
Microislands, 90
MicroMuscle, 17
MicroMuscle AB, 30
Microrobot arm, 31
Microstructure, polypyrroles assembly, 86-91
Mitsubishi Rayon (company), 12
Molecular level, 4-5, see also Intelligent
materials
Molecular order
electropolymerized polythiophenes,
212-213
polyaniline synthesis, 160—161
polypyrroles assembly, 88—89
Molecular probes, 37, 39
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Molecular structure
polyaniline synthesis, 158—159
polypyrroles assembly, 86-91
polythiophenes, 211-212
Molecular weight
polyaniline synthesis, 159-160
polypyrroles assembly, 86—88
polythiophenes, 211-212
Monomers
polyaniline electrochemical polymerization,
142
polypyrrole electrochemical conditions,
74-75
Morphology
electropolymerized polythiophenes, 213
polyaniline synthesis, 166—-168
Movement, artificial muscles, 27, 30-31
Movement, redox cycling, 131-132

N

Nanoscale heterogeneity, 160

Nanoscale matrices, 171

Nanostructures
polyaniline synthesis, 168—171
polypyrroles assembly, 91-95

NASA (National Aeronautics and Space

Administration), 17

Near-infrared (NIR) region, 47

Nerve cells, 27

Neurotrophin, 27

Nitrilic rubber composites, 240

NMP (N-methylpyrrolidinone)
counterion-induced stabilization, 80
solution-cast emeraldine base, 161-162
solvatochromism and thermochromism, 194

North Shore Hospital Service, 30

NSA (B-naphthalenesulfonic acid), 79

Nucleophilicity, 70

Nylon, 236

(0

Octahedral transition metal (TM) complexes, 157
Opals
nanostructured approach, 94
nanostructured polyanilines, 171
Optical properties and activity
chemical properties, 187
chiral dopant anions/cations, 156
chiroptical properties, 121
circular dichroism spectra, 191-192
colloidal dispersions, 152
electronic band structure, 119
polyanilines, 189
polypyrroles, 119-121



Index

polythiophenes, 221
UV-visible-NIR spectra, 120-121
Organic electron acceptors
chiral dopant anions/cations, 158
oxidants, 76
Organic-solvent-soluble chiral polythiophenes,
208-210
ortho-coupling
dopant acid, 140
metallic polyaniline, 183
regioselective coupling, 147
self-stabilized dispersion polymerization,
147
ortho-position, 143
OTS (octadecylsiloxane), 236
Overoxidation
polythiophenes, 197-199
Raman spectroscopy, 48
Oxidants, 145-146
Oxide formation rate, 68

P

PanAquas, 12

para-head-to-tail, see Head-to-tail couplings and

position
PB, see Pernigraniline base (PB) and state
PC composites, 241
PCEMP (poly(3-carbethoxy-4-methylpyrrole)),
42
PCMP (poly(3-carboxy-4-methylpyrrole)), 42
PEDOT (poly(3,4-ethylenedioxythiophene))
chiroptical properties, polythiophenes, 225
ink-jet printer, 248
solution-cast polythiophenes, 214-216
substituted polythiophenes, 204
vapor-phase polymerization, 202-203
PEO (poly(ethyleneoxide))
colloidal dispersions, 80
nanostructured polyanilines, 168
Pernigraniline base (PB) and state
conductivity, 137
enhancing functionality, 154
polyaniline base forms, 189-190
PEVA (poly(ethylene-co-vinyl acetate)), 237
Philips (company), 11, 16
Photochemically initiated polymerization
polyaniline synthesis, 148
polypyrroles assembly, 83
Photoisomerization, 169
Photovoltaic devices and systems, 14—15
Piezoelectric polymers, 18
Pirkle-type stationary phases, 224
Plasma polymerization, 150
Plastic chip, 11-12
Plasticization, 126
Plastics, 78
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PLEDs, see Polymer light-emitting diodes
(PLEDs)
PMAS (poly(2-methoxyaniline-5-sulfonic acid))
Bronsted acids, 156
circular dichroism spectra, 192
electrolyte choice, 73
electron spin resonance, 49
PMCP (poly(methyl carboxypyrrole)), 73
PMMA (poly(methyl methacrylate)), 236
Polyacrylate predeposition, 94
Polyanilines
asymmetric induction, 193
base forms, 189-191
chemical, 186-187
chiral discrimination, 193
circular dichroism spectra, 191-192
conductivity, 179, 181-182
electrical, 179-183
electrochemically prepared films, 187189
fundamentals, 179
mechanical, 187
metallic polyaniline, 182-183
optical, 189
solvatochromism, 193-194
structure, 1
switching, 183-186
thermochromism, 193-194
Polyanilines, synthesis
alkyl- and alkoxy-substitution, 152
aniline monomers, 147
approaches, 150-152
Bronsted acids, 155-156
bulk structure, 160
chain conformation, 160
chemical polymerization, 143147
chiral dopant anions/cations, 156—158
colloidal dispersions, 151-152
colloids, 142-143
conformation, 158—161
covalently bound chiral substitution, 153
covalent substitution, 154155
crystallinity, 160-161, 166
density, 166—168
deposition, 171
dopant acid, 140-141, 144145
dopants, secondary, 166
electrochemical polymerization, 138-143
electrode materials, 140
electroless polymerization, 150
electron acceptors polymerization, 149
electropolymerized, 166
emeraldine base, 161-163
emeraldine salt, 163—-166
emulsion polymerization, 150—151
enzyme-catalyzed polymerization, 148-149
film comparison, 147
fundamentals, 137-138
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interfacial polymerization, 146
ion implantation, 158
Lewis acids, 157-158
mechanism, 138-139, 143
molecular order, 160-161
molecular structure, 158—159
molecular weight, 159-160
monomer type, 142
morphology, 166—168
nanoscale heterogeneity, 160
nanoscale matrices, 171
nanostructured polyanilines, 168—171
organic electron acceptors, 158
oxidant, 145-146
photochemically initiated polymerization,
148
plasma polymerization, 150
postpolymerization modification, 154-156
regioselective coupling, 147
salt from protonation, 163
self-stabilized dispersion polymerization,
146-147
solid state conformation, 160—161
solution-cast, 161-164
solvent, 141-142, 146
structure, 158
substitution, 152—-154
sulfonic acid substitution, 153—154
temperature, 142, 144
template-guided synthesis, 147
vapor-phase deposition, 148
water, influence, 166
Polycondensation dehalogenation reactions, 202
Polyelectrolytes
dopant counterion, 77
incorporation as counterions, 117
PolyIC (company), 12
Polymerization, see also Electropolymerization
acid-catalyzed, 83—-84
chemical polymerization, 75, 143-147,
201-202, 235
conditions influence, 7677
diaphragmatic chemical polymerization,
238-239
electrochemical properties and conditions,
138-143
electrode materials, 140
electroless, 150
electron acceptors, 149
emulsion, 150-151
environment/cell design, 63, 65-66
enzyme-catalyzed, 83-84, 148—149
fabrication after, 231
interfacial, 146, 169-170, 238-239
photochemically initiated, 83, 148
plasma, 150
rate, 62, 140
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UV, oligothiophenes, 203
vapor-phase polymerization, 148, 202-203
Polymerization environment/cell design, 66
Polymer light-emitting diodes (PLEDs)
application area, 9
display technologies, 15-16
Polymer nanowire structures, 170-171
Polymer photovoltaics, 14-15
Polypyrroles, assembly
acid-catalyzed polymerization, 83—-84
branching, 86—-88
chemical polymerization, 75
colloidal dispersions, 80—81
counterion/cation effect, 71, 73-74
counterion-induced solubilization, 79-80
crosslinking, 86—-88
crystallinity, 88—89
dopant counterion (A”, 77
electrochemical conditions, 6675
electrode materials, 68—70
electropolymerization, 59-60, 62—63
enzyme-catalyzed polymerization, 83—-84
extra functionality, 84—86
film density, 89-91
functionality, enhanced, 84-86
fundamentals, 59, 66—-68, 76
microstructure, 86-91
molecular order, 88—-89
molecular structure, 86-91
molecular weight, 86—88
monomer, 74-75
nanostructured approach, 91-95
photochemically initiated polymerization, 83
polymerization conditions influence, 7677
polymerization environment/cell design, 63,
65-66
regioselective coupling, 77-78
side-chain-induced solubilization, 81-82
in situ chemical polymerization, 78—79
solvent, 70-71, 76
surface morphology, 89-91
temperature, 7677
Polypyrroles, properties
biochemical, 114-118
chemical, 114-118
chiral separations, 122
chiroptical properties, 121
conductivity, 103-105
dry-state properties, 123, 126—128
electrical, 103-105
electrochemical asymmetric synthesis, 122
electronic band structure, 119
environmental effects on, 128—132
fundamentals, 103, 132
mechanical, 123-132
optical, 119-121
sensing, 122
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structure, 1
switching, 105-114
UV-visible-NIR spectra, 120121
Polythiophenes
alkyl- and alkoxy substitutions, 203206
chemical polymerization, 201-202
conformation, 211-213
crystallinity, 212-213
electropolymerization, 197-201, 212-213
fundamentals, 225
molecular order, 212-213
molecular structure, 211-212
molecular weight, 211-212
morphology, 213
paradox, 197
regioregular substitution, 206-207
solid state conformation, 212-213
solution-cast, 213-216
special functional groups, 208-211
structure, 1, 211
substitution, 203207
synthesis, 197-202
UV polymerization, oligothiophenes, 203
vapor-phase polymerization, 202-203
Polythiophenes, properties, 216-225
chemical, 219
chiroptical, 222-225
conductivity, 216-217
doping, 220-221
electronic band structure, 221
mechanical, 217-219
optical, 221
solvatochromism, 221
switching, 219-220
thermochromism, 221
UV-visible spectra, 221
Polyurethane (PU) composites, 239
Poly(vinylalcohol) (PVA)
colloidal dispersions, 80
solution-processable CEPs, 232
Poly(vinylchloride) (PVC), 236
Poly(vinyl-methylketone) (PVMK) composites,
240
Poly(vinylpyridine)
Bronsted acids, 156
colloidal dispersions, 80
POMA (poly(o-methoxyaniline))
Bronsted acids, 156
chiral dopant anions/cations, 156
circular dichroism spectra, 192
Postpolymerization
conductivity, 181
vapor-phase deposition, 148
Postpolymerization modification
polyaniline synthesis, 154-156
polythiophenes, special functional groups,
210-211
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Printing technologies, 246-249

Probes, molecular, 37, 39

Processing and device fabrication
assembly, in host matrices, 235
chemical polymerization, 235
deposition, on glass/plastics, 235-238
device fabrication, 243
electrochemical integration, 239-243
fiber-spinning technologies, 243-246
fundamentals, 231
integration/fabrication after polymerization,

231

interfacial polymerization, 238-239
melt-processable CEPs, 233-235
printing technologies, 246-249
solution-processable CEPs, 231-233

Proteins
chemical sensors, 23
electrical stimuli application, 118

Pseudodoping, 158

PSS (poly(stryrenesulfonate)), 148—149

pTS (para-toluenesulfonic acid), 73

PU, see Polyurethane (PU) composites

Pulsed-potential deposition, 69-70

Purification scheme, 233

PVA, see Poly(vinylalcohol) (PVA)

PVC, see Poly(vinylchloride) (PVC)

PVMK, see Poly(vinyl-methylketone) (PVMK)

composites

Q

Quantum Technology (company), 17-18
Quartz fibers, 236

R

Radical-radical coupling, 60
Radio-frequency (RF) glow discharges, 150
Raman spectroscopy

fundamentals, 46, 48—49

vapor-phase deposition, 148
Redox activity

potential, 76

supercapacitors, 14

switching, 49
Regiorandom properties, 204, 206
Regioregular properties

chiroptical properties, polythiophenes, 222,

224

solution-cast polythiophenes, 214

substituted polythiophenes, 204, 206207
Regioselective coupling

polyaniline chemical polymerization, 147

polypyrroles assembly, 77-78
Rehabilitation glove, 30-31
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Resistometry, 35-36
Rieke synthetic route, 207

S

Salt solutions, 129, see also Emeraldine salt (ES)
and salt state
Santa Fe Science and Technology (company), 243
Scanning probe microscopy (SPM), 42-46
Scanning tunneling microscopy (STM), 42-43
Scanning tunneling spectroscopy (STS), 44
Scanning vibrating electrode technique (SVET),
51
Schizophyllan (SPG), 225
Screen-printing technologies, 246, 248
SDS (sodium dodecyl sulfate), 168
Secondary doping, 181
Selective molecular recognition, 21
Self-assembled nanofibers, 169
Self-catalyzing growth, 139
Self-coupling, 201-202
Self-stabilized dispersion polymerization
(SSDP), 146-147
SEM, see Simple electron microscope (SEM)
Sensing properties, 122
Sensors
application area, 9
biomedical applications, 27
Separation technologies, 18-21
Shirakawa, Hideki, 5, 8
Side-branching, 147
Side-chain-induced solubilization, 81-82
Simple electron microscope (SEM), 126
Single random coil (sSPG), 225
Size, electrode materials, 69
Small organic molecules, 23
Solid polymer electrolyte (SPE), 18
Solid state conformation
electropolymerized polythiophenes, 212-213
polyaniline synthesis, 160—161
Solution-cast, 213-216
Solution-processable CEPs, 231-233
Solvatochromism
organic-solvent-soluble chiral
polythiophenes, 210
polyanilines, 193-194
polythiophene optical properties, 221
Solvents
common interactions, 114
electrochemical conditions, 70-71
polyaniline chemical polymerization, 146
polyaniline electrochemical polymerization,
141-142
polymerization conditions influence, 76
polypyrroles assembly, 7071
SPE, see Solid polymer electrolyte (SPE)
SPG, see Schizophyllan (SPG)
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SPM, see Scanning probe microscopy (SPM)
SSDP, see Self-stabilized dispersion
polymerization (SSDP)
Steel, corrosion protection, 22
Stiffness, 219
STM, see Scanning tunneling microscopy (STM)
Strength, 219
Stretching
conductivity, 105
dry-state mechanical properties, 128
fiber-spinning technologies, 244-245
Structure
polyaniline synthesis, 158
polythiophenes, 1, 211
STS, see Scanning tunneling spectroscopy (STS)
Substitution, polyaniline synthesis, 152—154
Sulfonated polyaniline, 1, see also Polyanilines
Sulfonic acid substitution, 153-154
Supercapacitors, 13—14
Surface morphology, 89-91
Surfactant-like anions, 77
SVET, see Scanning vibrating electrode
technique (SVET)
Switching properties and activity
polyanilines, 183-186
polypyrroles, 105-114
polythiophenes, 219-220
repeated, 19-20
Synthetic opals, 94

T

TBABF, (tetrabutylammonium tetrafluoroborate),
73
TBAPF, (tetrabutylammonium
hexafluorophosphate), 73
TBAP (tetrabutylammonium), 73
TBAP (tetrabutylammonium perchlorate), 73
TCNQ (tetracyanoquinodimethane), 149
TEM, see Transmission electron microscopy
(TEM)
Temperature
dry-state mechanical properties, 127-128
electrochemically prepared films, 189
electropolymerization, 62—63
obtaining higher conductivity, 87-88
polyaniline chemical polymerization, 144
polyaniline electrochemical polymerization,
142
polymerization conditions influence, 7677
Template-guided synthesis, 147
Tensile strength, 129, see also Young’s modulus
Terthiophenes, 199
Thermal analysis, 189
Thermochromism
organic-solvent-soluble chiral
polythiophenes, 210
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polyanilines, 193-194

polythiophene optical properties, 221
Thin films, 95
Thin-layer chromatography (TLC), 40
Three-electrode potentiostated system, 63
Tiron, 68
Tissue-engineering scaffolds, 27
TLC, see Thin-layer chromatography (TLC)
Toughness, 188
Transient waveforms, 67—-68
Transition metal (TM) complexes, 157
Transmission electron microscopy (TEM), 91

U

Uniax Corporation, 16
University of Cambridge, 248
Unzipping, 208
UV polymerization, oligothiophenes, 203
UV-visible-NIR spectra, 120—121
UV-visible spectra and spectroscopy
fundamentals, 46—47
polythiophene optical properties, 221
solvatochromism, 193

\%

Valve systems, 31

Vapor-phase deposition, 148

Vapor-phase polymerization (VPP)
polythiophene synthesis, 202-203
vapor-phase deposition, 148

%%

Water, influence, 166

263

Water-soluble properties
chiral nanocomposites, 169
monomer, 75
polythiophenes, special functional groups,
208
WAXD scattering peaks, 166
WEF, see Work function (WF)
Wilhelmy’s plate technique, 41
Work function (WF), 44-45

X

X-ray diffraction (XRD)
chiroptical properties, polythiophenes, 224
conductivity, 104
crystallinity, 166
dry-state mechanical properties, 127
electrochemically prepared films, 189
metallic polyaniline, 183
molecular structure, 88—89
solution-cast emeraldine base, 161, 163
solution-cast polythiophenes, 215
X-ray photoelectron spectroscopy (XPS)
nigraniline oxidation state, 150
organic electron acceptors, 158

Y

Young’s modulus
dry-state mechanical properties, 126
environmental effects, 129, 132
fiber-spinning technologies, 244-245
polythiophene properties, 218-219

yA
Zeolites, 92
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